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Preface

Geoenvironmental Engineering and Geotechnics: Progress in Modeling and
Applications selects 39 papers that represent the latest developments in the
application of soil, rock, and groundwater mechanics in geotechnical engineering
modeling and practice.

All the selected papers were presented at the GeoShanghai Conference, sponsored by
the Geo-Institute of the American Society of Civil Engineers, held in Shanghai,
China, June 3-5, 2010. The papers are selected from the following three technical
sessions: Geoenvironmental Engineering', Geotechnics', and Seepage and Porous
Mechanics. This conference provided a venue for both practitioners and researchers
to showcase recent advances and discuss future directions in geotechnical
engineering.

In the Geoenvironmental Engineering section of this GSP, studies on the engineering
properties of reused waste materials in geotechnical application are presented,
illustrating the close linkage between geotechnical engineering and sustainability. A
number of papers provide insight into the impact Nof environmental contaminants on
the geotechnical properties of geomaterials, demonstrating the importance of
environmental factors in geotechnical applications. This section also highlights the
latest understanding of groundwater contamination and remediation using cutting-
edge interdisciplinary approaches integrating engineering modeling, biology,
chemistry, and hydrogeology. The section of Geotechnics showcases new
experimental evidence and theoretical developments in the strength and
deformational behavior of soil. This section also presents development in a series of
practical geotechnical problems such as stability analysis of slopes and risk analysis
of landslides. Finally, the latest advances in the characterization and modeling of
groundwater flow in geological formations of diverse geotechnical properties are
highlighted in the section of Seepage and Porous Mechanics.

Each paper published in this ASCE Geotechnical Special Publication was evaluated
by two or more reviewers and the editors. All published papers are eligible for
discussion in the Journal of Geotechnical and Geoenvironmental Engineering, and
are also eligible for ASCE awards.

We would like to acknowledge the quality and timely peer reviews provided by the
reviewers listed below. Without their professional contributions, this publication
would not be possible.

Heather J. Brown, Middle Tennessee State University, USA
Jun Chen, Shanghai Jiao-Tong University, China
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Coupled Stability Analyses of Rainfall Induced Landslide: A Case Study in
Taiwan Piedmont Area

Hung-Chieh Lo1, Shih-Meng Hsu2, Su-Yun Chi3, Cheng-Yu Ku4
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ABSTRACT: This study presents a 2D time-dependent infiltration-seepage-stability
coupled hydrogeological model to simulate the seepage and slope stability of an active
landslide site in northern Taiwan. The conceptual model and corresponding hydraulic
and mechanical parameters applied in the model were based on a series of in-situ
investigations and laboratory experimental results. A seepage analysis was conducted,
and the model was calibrated and verified from the field monitoring data in order to
minimize the difference between the computed pore pressures and the observed
piezometric levels. A stability analysis coupled with the results of seepage analysis was
performed to determine the slip potential of the landslide site under the rainfall brought
up by two typhoon events. Various designed rainfall with different patterns, intensity
and accumulated amount was then introduced in the model. The relationship between
different rainfall characteristics and stability of the landslide site was identified and
provided a good indication for the risk management under various rainfall conditions.

INTRODUCTION AND OBJECTIVES

Taiwan is an island located in an active collision zone between the Eurasian Plate and
the Pacific Plate. In recent years, due to the abnormal climate change, typhoon events
with high rainfall intensity frequently occurred during the summer and usually triggered
severe damages such as landslides in piedmont areas. To better understand such an issue,
using a numerical model to simulate rainfall infiltration and slope stability is fairly
suitable. By integrating infiltration-seepage-stability to achieve a coupled
time-dependent analysis, the factor of safety of the slope can be computed under various
rainfall conditions and pore pressure distributions. Several studies performed coupled
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analysis to simulate some actual landslide problems in these years (Gasmo et al., 2000;
Rahardjo et al., 2001 ;Blatz et al., 2004;Casagli et al. 2006;Cascini et al., 2006;Calvello
et al., 2008). In this study, a hydrogeological conceptual model was established to
simulate seepage and slope stability at an active landslide site in northern Taiwan.
Realization of the conceptual model and corresponding hydraulic and mechanical
parameters applied in the model were based on a series of in-situ investigations and
laboratory experimental results. The hydraulic parameters applied in the model were
calibrated based on in-situ observed rainfall and piezometric levels. The precipitation
data observed from two typhoon events, which took place in September of 2008, were
adopted to verify the model. The stability analysis coupled with the result of seepage
analysis was subsequently conducted to determine the slip potential of the slope during
two typhoon events. Finally, various designed rainfall with different patterns, intensity
and amount were introduced in the model, and the relationship between rainfall
characteristics and the slope stability of the landslide site was established.

HYDROGEOLOGICAL INVESTIGATION OF THE LANDSLIDE SITE

The landslide site is located near the middle stream of the Da-Han River in northern
Taiwan (Figure 1). In order to establish a precise hydrogeological conceptual model,
four boreholes were drilled, and a series of investigation approaches including light
detecting and raging (LIDAR), ground resistivity image profiling (RIP), and borehole
image scanning were conducted at the landslide site. According to the results, the
elevation of the landslide site was identified (28 degree in slope angle), and the strata
were divided into three layers, including colluvial cover, weathered bedrock, and
bedrock. The in-situ double-ring infiltration test and packer isolated test were employed
to obtain the hydraulic conductivity of three layers. The laboratory tests, such as
physical properties test, pressure plate test, direct shear test, and triaxial test were
conducted to acquire physical and mechanical parameters for each layer. Furthermore,
the rain gage and piezometers were installed on the landslide site, and the observed data
were collected to calibrate and verify the model.

MODELING OF SEEPAGE AND SLOPE STABILITY

An engineering tool GeoStudio, developed by the University of Calgary, was adopted
to simulate seepage and slope stability of the landslide site in this study.

Seepage Analysis
A finite element analysis module SEEP/W was used to simulate the rainfall

infiltration and groundwater flow in this study. Based on Darcy's law, the governing
equation is given as:

where H^total head; Kx=hydraulic conductivity in x-direction; Kv=hydraulic
conductivity in y-direction; Q=applied boundary flux; ^ =volumetric water content;
and t=time. For the hydraulic boundary conditions applied in the model, the fixed head

2
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was on the right and left while the zero flux was on the bottom. The observed rainfall
data was applied as the recharge flux on slope surface. Both steady-state and transient
analysis were performed. In transient analysis, the daily time step was applied. The
transient hydraulic characteristics, such as flow field, distribution of pressure head and
water content can be computed in SEEP/W. The 2D hydrogeological model of the
landslide site was shown in Figure 1.

FIG. 1. The aerial photo of the landslide site (left); and the 2D hydrogeological
conceptual model (right).

Calibration and Verification
In order to minimize the divergences between the computed results and real scenario,

the calibration and verification of the model are crucial tasks. In this study, three
borehole piezometric data observed from December 1, 2007 to August 1, 2008 were
adopted to calibrate the hydraulic parameters. The calibrated results indicated that the
average errors between simulated and observed groundwater levels of three boreholes
are ranging from 1.82 to 2.28% as shown in Table 1. By comparing calibrated
groundwater level with observed one, a similar trend in groundwater level movement
was found as shown in Figure 2. Because the groundwater is mainly located in the
fractured weathered bedrock, most rainfall may flow downward to the hillside through
the fractures and hardly remained in the layer. Therefore, both groundwater levels
showed small oscillation. Although a well calibration is achieved, the computed
groundwater level is slightly higher than the observed groundwater level, namely, the
numerical model still possessed some deviations and difficult to fully represent the
complexity of real hydrogeological conditions. The calibrated parameters applied in the
model were summarized in Table 2.

The rainfall data collected from Sinlerku and Jangmi typhoons, which occurred on
September 11, 2008 and September 26, 2008, respectively, were introduced to the
model to compute the pore water pressure during two typhoon events. The computed
groundwater level was then compared with the observed piezometric level. The
corresponding trends were found as shown in Figure 3. The average errors between
simulated and observed groundwater levels are ranging from 1.50 to 2.58% for Sinlerku
typhoon, and from 0.76 to 0.94% for Jangmi typhoon. It verified that the model is able
to represent the real situation.

3
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FIG. 2. Comparison of calibrated and observed groundwater level.

Table 1. The error between calibrated and observed groundwater level

Error (%)
Borehole No. AH-03 AH-05 AH-07

Maximum error 7.40 5.71 3.70
Minimum error 0.08 0.05 0.01
Average error 2.02 2.28 1.82

Standard deviation 1.61 1.33 1.19

Table 2. The calibrated hydraulic parameters and applied mechanical parameters

— — — ̂ _______^^ Layer
Parameter ~~~~~~" ___ __

Hydraulic conductivity, K (m/sec)
Volumetric water content, (t} (%)

Hydraulic conductivity anisotropy ratio, Kr
Unit weight, /, (kN/m )

Cohesion, c(kPa)
Friction angel, ̂  (deg)

Colluvial
cover

1.63xlO'5

23
1

16
10
29

Weathered
bedrock
7.94xlO"5

22
0.5
22
80
32

Bedrock

7.75xlO-8

20
1

26
500
42

FIG. 3. Comparison of verified and observed groundwater level for Sinlerku
typhoon event (left); and Jangmi typhoon event (right).
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Slope Stability Analysis
A limit equilibrium method module SLOPE/W was used for the stability analysis.

Three slip surfaces, located in the interface between weathered bedrock and bedrock,
were recognized and specified to the model based on in-situ investigations including
rock core drilling, ground resistivity profiling and borehole image scanning.
Considering the unsaturated soil status, the factor of safety computed by SLOPE/W is
based on Mohr-Coulomb modified equation suggested by Fredlund (1978). The
computed factors of safety during Sinlerku and Jangmi typhoons were shown in Figure
4. Both trends demonstrated that the factor of safety decreased as the rainfall persisted.
A more obvious drop in factor of safety, around 7.2-10.1%, was found in the Sinlerku
typhoon event. Because the Jangmi typhoon had shorter rainfall duration and smaller
rainfall amount, the factor of safety only decreased by 3.2-3.9%. Most results showed
the factors of safety are greater than 1.5 at last stage, which implied the landslide site is
stable under such rainfall condition. The mechanical parameters applied in SLOPE/W
were shown in Table 2.

FIG. 4. The computed factor of safety during Sinlerku typhoon event (left); and
Jangmi typhoon event (right).

THE RELATIONSHIP BETWEEN THE RAINFALL CHARACTERISTICS
AND SLOPE STABILITY

In order to understand the stability of the landslide site under different rainfall
characteristics, three types of deigned rainfall conditions, with different patterns,
intensity and accumulated amount, were introduced in the model. The designed rainfall
was based on the hydrological analysis from the precipitation observed in a rainfall
station near the landslide site. The coupled stability analysis was then conducted to
establish the relationship between the rainfall characteristics and slope stability.

Rainfall Pattern and Slope Stability
Five rainfall patterns with the same rainfall amount (824 mm) and duration (48 hours),

but different precipitation distribution, as model inputs were introduced in the model to
perform the stability analysis (Figure 5). The results were shown in Figure 6. At the
initial stage, about the first 10 hours, the factor of safety for all rainfall patterns had
similar and relatively small decline. As time elapsed, the factor of safety for delayed and

5
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uniform rainfall patterns declined at an accelerated speed while the factor of safety for
other three patterns had a relatively constant decline. At the end of time step, 48 hours
later, the factor of safety for central, doubled, and uniform rainfall patterns decreased by
4.5%, 4.6%, and 7.2%, respectively. The factor of safety for the advanced rainfall
pattern had the smallest drop of 4.1% while that for the delayed rainfall pattern had the
greatest drop of 9.9%. It can be concluded that the delayed rainfall pattern threatens the
slope stability the most among all the rainfall patterns.

FIG. 5. Types of rainfall patterns adopted in this study.

Rainfall Intensity and Slope Stability
The slope stability under different rainfall intensity was also examined. The results

were shown in Figure 7. The factor of safety decreased by 6.8-7.8% when the rainfall
intensity at the levels from 11.4 mm/hr to 22.9 mm/hr. However, as the rainfall intensity
increases to more than 22.9mm/hr, apparent declines in factor of safety were displayed.
Most noticeably, the factor of safety dropped by 16.4% when the rainfall intensity
reached to 68.7 mm/hr. Looking at the rainfall intensity at 68.7 mm/hr, 45.7 mm/hr,
22.9 mm/hr and 11.4 mm/hr after 10 hours, the corresponding decreases in factor of
safety were 14%, 5.5%, 0.9% and 0.2%, respectively. It demonstrated that the slope
stability depends on the degree of rainfall intensity.

The relationship between the rainfall intensity and factor of safety was shown in
Figure 9. The factor of safety apparently dropped in a linear trend when the rainfall
intensity increased from 22.9 to 54.9 mm/hr. However, the pace of decline eased
significantly after the rainfall intensity reached to 68.7 mm/hr. It revealed that a
threshold of rainfall intensity on the slope stability existed. Since the hydraulic
conductivity of the colluvial cover is 1.63x10-5 m/sec (58.68 mm/hr), the rainfall may
not fully infiltrate to the layer while the intensity greater than this value. Therefore, it
can be concluded that the slope stability closely related to the degree of infiltration that

6
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the layer possesses under various rainfall intensities.

FIG. 6. The computed factor of safety FIG. 7. The computed factor of safety
on various rainfall patterns. on various rainfall intensity.

FIG. 8. The computed factor of safety FIG. 9. The relationship between
on various rainfall amount. rainfall conditions and factor of safety.

Cumulative Rainfall and Slope Stability
The influence of the cumulative rainfall on the slope stability is finally discussed. The

factor of safety under different cumulative rainfall was shown in Figure 8, in which
various rainfall amounts applied in the analysis were obtained from rainfall frequency
analysis with 48-hour duration. It is apparent that the degree of decline in the factor of
safety increased as the rainfall amount increased. The decrease in factor of safety for
rainfall amount of 320mm, 674mm and 909mm is 1.3%, 4.2% and 6.4%, respectively.
Figure 9 represented the relationship between the rainfall amount and the factor of
safety. It also showed that the slope stability slightly decreased as the rainfall amount
increased. As the above section described, the groundwater at the landslide site is
mainly located in the fractured weathered bedrock. Most rainfall may flow downward to
the hillside through the fractures and difficult to remain in the pore space. Therefore, the
groundwater may not be easy to rise. Under such circumstance, the factor of safety
would not apparently descend.

7
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CONCLUSIONS

This paper used the numerical model to determine the stability of an active landslide
site under different rainfall conditions. In order to obtain practical results, the hydraulic
parameters in seepage analysis were calibrated according to in-situ long term observed
data. Two typhoon events were used to verify the model. The results indicated that the
model is capable of simulating the real situation. The coupled stability analysis was then
conducted to compute the factor of safety during the typhoon events. The results
revealed that the landslide site is stable under the rainfall conditions for two typhoon
events. The relationships between rainfall characteristics and slope stability were also
discussed. In terms of the rainfall pattern, the delayed rainfall pattern is the type that
threatens the slope stability the most. Besides, the simulation revealed that the factor of
safety decreased as the rainfall intensity increased. Furthermore, the analysis indicated
that the rainfall amount only slightly affect the slope stability. It is due to the higher
hydraulic conductivity of the weathered bedrock that engendered the difficulty in
accumulating pore water pressure in the layer under different accumulated rainfall
amount.

REFERENCES

Fredlund, D., Morgenstern, N., and Widger, R. (1978). "The shear strength of
unsaturated soil." Canadian Geotechnical Journal, Vol.15 (3): 313-32.

Freldlund, D.G. and Xing, A. (1994). "Equations for the soil-water characteristic
curve." Canadian Geotechnical Journal, Vol. 31: 521-532.

Gasmo JM, Rahardjo H, and Leong EC. (2000). "Infiltration effects on stability of
residual soil slope." Computer and Geotechnics, Vol. 26: 145-165.

Rahardjo, H., Li, X.W., Toll, D.G., and Leong, E.C. (2001). "The effect of antecedent
on slope stability." Geotechnical and geological Engineering., Vol. 19: 371-399.

Blatz, J.A., Ferreira, N.J., and Graham, J., (2004). "Effects of near-surface
environmental conditions on instability of an unsaturated soil slope." Canadian
Geotechnical Journal, Vol. 41: 1111-1126.

Casagli, N., Dapporto, S., Lbsen, M.L., Tofani, V., and Vannocci, P. (2006). "Analysis
of the landslide triggering mechanism during the storm of 20th-21th November
2000, in Northern Tuscany." Landslides, Vol. 3: 13-21.

Cascini, L., Gulla, G., and Sorbino, G. (2006). "Groundwater modelling of a weathered
gneissic cover." Canadian GeotechnicalJournal, Vol. 43: 1153-1156.

GEO-SLOPE International Ltd. (2007). Seepage Modeling with SEEP/W, user's guide
second edition. GEO-SLOPE International Ltd., Calgary, Alta.

GEO-SLOPE International Ltd. (2007). Stability modeling with SLOPE/W, user's
guide second edition. GEO-SLOPE International Ltd., Calgary, Alta.

Calvello, M., Cascini, L., and Sorbino, G. (2007). "A numerical procedure for
predicting rainfall-induced movements of active landslides along pre-existing slip
surfaces." International Journals for Numerical and Analytical Methods in
Geomechanics, Vol. 32: 327-351.

Cascini, L., Cuomo, S. and Guida, D. (2008). "Typical source areas of May 1998
flow-like mass movements in the Campania region, Southern Italy." Engineering
Geology, Vo\. 96: 107-125.

8



Integrating Vegetation Role in Computer Simulation for Slope Stability:
the Case Study of a Railway Embankment

Andrea Benedetto

Associate Professor, Dept. Sciences of Civil Engineering, University Roma Tre, via Vito Volterra, 60,
00146 Rome, Italy: benedet@uniroma3.it

ABSTRACT: The problem of slope stability has been studied for many decades, but the
contribution of vegetation to stability has typically been treated empirically. In this
paper we propose to include a rational model for the role of vegetation in a global
computer simulation to evaluate stability. Vegetation can perform an important
engineering function because of its influence on the soil, both in terms of hydrological
and mechanical aspects. Here two advanced numerical models are coupled, one for the
hydrological simulation of soil wetting and drying and one for geotechnical simulation
of the slope stability. The simulation of a railway embankment has been carried out, and
effects of different vegetation properties on stability investigated. This approach is very
flexible, efficient an.d effective to postulate the expected Factor of Safety of a critical
slip surface.

INTRODUCTION

Economical and social growth is, at once, consequence and cause of a wide
development of new transportation infrastructures. High Speed Railways and Highways
are the main lines of the actual. The old and oldest transportation infrastructures have
different destinies all over the world: sometimes they are not considered for possible
reuse and sometimes are rehabilitated for secondary aims or for low speed connections.
But such railways have been often constructed at the beginning of the twentieth century
using inadequate material. The reuse of such railways, constituted for example with
clayey soil embankments, need some rehabilitation, structural stabilization and finally
some stability check. Recently some researchers have been investigating on the
contribution to stability of vegetation. The approach is always empirical. Here a new
approach based on numerical simulation is proposed with the overall objective to
develop a novel general method for checking the stability of vegetated embankments.

THE VEGETATION ROLE FOR SLOPE STABILITY

It is not easy to quantify the effect of vegetation but some empirical equations have
been proposed that can be used to evaluate the contribution of vegetation to the Factor

9
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of Safety (FoS) of a critical slip surface. Such a contribution depends on the RAR. RAR
is the rate between the roots cross section (AR) and the cross section of the area where
the roots are (A):

It can be calibrated from empirical methods. The roots give a contribution to the
stability increasing the shear strength (rv). This can be estimated, knowing the average
roots cohesion (7/?), from the following empirical equation:

This contribution can be easily integrated in the Mohr-Coulomb equation. Vegetation
also plays a role against stability. This is the obvious consequence of the vegetation
weight (Pv). The evaluation of the vegetation weight can be done using the
dendrometric tables or some empirical formulations. Also this contribution can be
easily integrated in the Mohr-Coulomb equation. Moreover vegetation plays the
fundamental role in the transpiration and in the suction that will be discussed in the
following sections.

THE HYDROLOGICAL PROCESSES AT THE SLOPE SCALE

The two main hydrological processes are the infiltration and the
evaporation/transpiration (Griffiths and Lu, 2004). Considering the small dimension of
an embankment slope, the runoff can be neglected in a first approximation, especially in
the case of vegetated slope where erosion is generally not present. Using the well known
model proposed by Penman the potential evaporation (£» and transpiration (7» can be
expressed as it follows (the variables are explained in Chow et alii, 1988):

where: /I evaporation latent heat, pw water density, y psicrometric constant, Rn net solar
radiation, G soil heat flux density, pa air density, ra aerodynamic resistance of vegetation, spt

Brutsaert's coefficient, A slope of the vapour head curve at saturation, rCim\n minimum
resistance of vegetation, rs,m\n minimum stomatic resistance.

The real evaporation (E) and transpiration (T) are limited by the value of Ep and 7/>
and depend on the climatic conditions. The quantitative evaluation of the effects of
vegetation can be done only in two ways: the traditional one that it is based on the
measurements of moisture content variability or the novel way, that is here proposed,
using numerical simulation of all the processes.

THE NUMERICAL APPROACH

In this paper a full simulation approach is proposed to evaluate the stability of
embankments. The steady boundary conditions are determined from the geometry and



GEOTECHNICAL SPECIAL PUBLICATION NO. 204 11

geo-mechanical characteristics of the soils constituting the embankments. The
boundaries are assigned through a finite element model of the embankment. The
variable boundary conditions, such as the variability in time of rain intensity, air
humidity, temperature are assigned from historical data bases. The initial conditions
such as moisture content or water table level are assigned through the finite element
model from initial hypothesis or measurements. Evaporation and transpiration are
computed using the Penman equations, the soil moisture all over each element of the
model is evaluated using the VS2DTI software. VS2DTI is a graphical user interface for
simulating water and solute transport through variably saturated porous media (Lappala
et al, 1987). The model of the soil assumed here is the Van Genuchten model with the
SWCC curve for suction-water content relationship. For the determination of the
SWCC curve the model of Fredlund and Xing (1994) is here used. The parametric
equations of the SWCC model follow here (also in this case the variables are well
explained in the mentioned literature):

where: 9, 6S, &/ normalized, saturation, volumetric at the inflection point of the SWCC
curve water content, e Eulero's number, i// matrix suction, i//p suction in linear
approximation, (/// suction at inflection. Here the equations of the Van Genuchten model
follow (the variables are well explained in literature: Por^bska and alii, 2006).

where h total hydraulic head and a, m, n Van Genuchten's parameter
Integrating these equations in the finite elements domain it is possible to calculate the
variability of the moisture content and the suction in time all over the embankment. The
matrix suction depends on the moisture content in soil (Vanapalli and alii, 1995): as this
reduces the matrix suction increases and with it the shear strength ( r / ) increases less
than linearly. In this case the Frendlund equation has been assumed:

MODEL CALIBRATION AND VALIDATION

Geometrical and geological characteristics
The numerical model has been applied to a real railway embankment. The
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embankment is 7 m high, the section at ground level is 20 m wide and the slope is
originally very safe as 1:3. The groundwater table is, on the average, 6 m deeper than the
ground level. The main characteristics of soils are in table 1. For the FE simulation, half
embankment (the embankment is symmetric) is schematized using a grid with 60 lines
and 47 columns. The FEM is shown in figure 1.

Climatic data
For simulation a historical database has been used. Here the monthly data for

temperature, air relative humidity and rainfall data over three years have been used.

Water content variability and SWCC curve calibration
Using the VS2DTI the process of wetting and drying of embankment has been

simulated, assuming the evaporation and transpiration Penman's models. The moisture
content profile and the hydraulic head all over the embankment in time (monthly
variability) have been calculated. In figure 2 the water content profile in WLC (January)
is shown (Vetiver vegetation is simulated). Using the equations (5) to (9) it is possible to
calibrate the SWCC curves. The curves for WLC are shown in figure 3.

Scenarios of vegetation
Two different vegetations have been considered here and three different scenarios of

vegetated embankment. The effects in terms of stability of Robinia and Vetiver are here
evaluated for these 3 possible scenarios: (1) Robinia, (2) Vetiver and (3) Robinia +
Vetiver. Robinia pseudoacacia, commonly known as the Black Locust, is a tree in the
subfamily Faboideae of the pea family Fabaceae, with a trunk up to 0.8 m diameter
(exceptionally up to 52 m tall and 1.6 m diameter in very old trees). Vetiver
(Chrysopogon zizanioides) is a perennial grass of the Poaceae family. Vetiver can grow
up to 1.5 meters high and form clumps as wide. Unlike most grasses, which form
horizontally spreading mat-like root systems, vetiver's roots grow downward, 2-4 m in
depth. The characteristics of Robinia and Vetiver are summarized in table 2 (O
diameter; H height; F* volume; yv bulk density; Pv weigh).

Table 1. Main soils characteristics of the railway embankment

Codes ref. figure 1

Hydraulic permittivity anisotropy
coefficient (MM)
Horizontal hydraulic permittivity (Khh)
Specific storage (Ss)
Porosity (ri)
Residual moisture content (RMC)
Van Genuchten's parameter a
Van Genuchten's parameter b

SI

lOOm/day
Om'1

40%
0%
0.1
50

S2
TOP SOIL

1

2m/day
Om'1

30%
5%

0.007
1.119

S3

1.9m/day
Om'1

30%
0.6%
0.032
1.368

S4
LCF

London Clay
Fill

1

0.048 m/day
Om'1

30%
0.7%

0.8
1.09

S5
WLC

Weathered
London Clay

1

0.048 m/day
Oni'1

30%
0.7%

0.8
1.09

S6
ULC

Unweathered
London Clay

1

0.040 m/day
Oni'1

30%
0.7%

0.8
1.09

1 1
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Table 2. Characteristics of Robinia and Vetiver (Focks, 2006)

Tr[kN/m3] R A R O [m] H [m] V* [m3] yv[kN/m3] Pv[kN]

Robinia 68,000

Vetiver 80,000

0.0001

0.0004

0.300 10.00

1

1.60

1.00

FIG. 1. Finite Elements Model of half embankment

FIG. 2. Water content profile in WLC (January)

FIG. 3. Water content - suction SWCC curve in WLC

Evaluation of the Factor of Safety
The evaluation of the FoS of the railway embankment has been carried out using the

traditional integral methods of Bishop and Fellenius. To apply these methods the
outcomes of the FEM have been averaged in z. More in depth, from the FEM outcomes
the average water content w=/month)=</(z, month)> and the average hydraulic head
/z=g(month)=<g-(z, month)> are calculated (where / and g are the mean functions).
Basing on the traditional stability model (Morgenstern and Price's method), the
variability of FoS over months has been evaluated using Bishop and Fellenius equations

5.10 8.00
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and referring to the three vegetation scenarios. The outcomes are in table 3. As
mentioned, in the present case the slope is originally very safe.

CONCLUSIONS

The problem of the stability of embankment has been evaluated in the case of non
adequate material, integrating the role of vegetation. A numerical approach has been
followed. This novel approach demonstrates that it is possible to quantify the
contribution of the vegetation. The variability over time can be easily taken into
account. The FoS increases on the average, for the simulated embankment respect to not
vegetated slope, from 5 to 10 %, in the case of Robinia, from 84 to 91 %, in the case of
Vetiver, and from 49 to 55 %, in the case of Mix. Finally the simulation over the time
puts in light that the monthly variability of the FoS is very limited (less than 5%) and
can be neglected, in a first approximation.

Table 3. Factors of Safety from different models scenarios (Standard Dev.).

Fellenius Bishop
No vegetation

2,73
(0.055)

2,89
(0. 058)

Fellenius
Robinia

3,01
(0.048)

Vetiver
5,21

(0.058)

Mix
4,22

(0.058)

Bishop
Robinia

3,05
(0.057)

Vetiver
5,33

(0.069)

Mix
4,30

(0.054)
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ABSTRACT: Based on strength reduction theory, finite element method (FEM) was
selected to analyze the potential destroy mode of some waste-dump slope of open pit
mine in Tongchuan city of Shanxi province. Slippage surface develop character and
corresponding safety factor variation disciplines under different slope height and angle
also were obtained. According to principle of the maximal bear volume, the optimal
slope height and angle would be defined, the potential destroy mode showed that
waste-dump slope shoulder belongs to tensile failure, and waste-dump mass slides like a
circle spoon, and slippage surface incise the bottom rock when the slope height reached
some value. Slippage scope enlarged with the slope height increasing under the natural
condition, and slippage surface trend rearward. Comprised with the natural condition,
depth and scope of slippage surface was bigger under saturation condition. So the
optimization design has important economic effects for reducing land occupation and
increasing the maximum waste-dump capacity.

INTRODUCTION

With the increasing of the human engineering activities and the expanding of
engineering field gradually, now the stability analysis and optimization design of high
and steep slope become one of the frontier problems.

The high and steep dump-waste slope of open pit mine is one typical artificial
accumulated slope, and its stability has direct influence on the operation and safety
production of open-pit mine. Once the landslide occurs, it not only has a threat to
people's lives and property, but also destroys the surrounding ecological environment.
For an example, Antaibao waste dump of Pingshuo mine area (Zhang, 2004),
Fengjiaxigou waste dump of Nafen open pit iron mine (Zhang, 2009 )and waste dump
of North Huolin River open-pit mine (Li, 2006), landslides occurred in these waste
dumps with a great loss. Therefore, it has great theoretical significance and social
effects to study the potential destroy mode and scope of the high and steep waste-dump
slope for reducing engineering accident, and ensuring the normal operation of open-pit
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mine, and protecting the security of people's lives and property.
At present, the research on waste-dump slope of open pit mine mainly focuses on the

analysis and evaluation of slope stability (Pan, 2002, Huang, 2007). The main methods
for stability evaluation are limit equilibrium method (LEM) and finite difference
method (FDM). In recent years, finite element method (FEM) was widely used in
geotechnical engineering field, because FEM considered the stress-strain relationships
of rock or soil by different strength criterions, and it also met the condition of soil static
equilibrium, so it overcome some shortages of the assumptions of LEM. However, there
is less study on optimization design of waste-dump slope currently, and the
optimization design has important economic effects for reducing land occupation and
increasing the capacity of the maximum waste-dump.

In this paper, a typical waste-dump slope of open pit mine was taken for an example.
The potential destroy mode, slippage surface develop character, and corresponding
safety factor variation disciplines was get by strength reduction FEM, and last the
optimal slope height and angle was defined.

DESCRIPTION OF STRENGTH REDUCTION THEORY

In nonlinear strength reduction FEM calculations, strength of rock and soil mass
reduce continuously, and the slope reaches to an unstable condition when static force
does not converge, and the corresponding reduction value is the safety factor (Jiang,
2003). The method needn't to suppose the slippage surface in advance, and when the
slope destroyed, the stability coefficient of dump slope, the position and shape of the
slippage surface can be obtained, and the distribution of stress and deformation also can
be got.

When the soil mass just keep a balance, the stability factor is the ratio of actual shear
strength to minimum shear stress for traditional soil mechanics (Zheng, 2004), the
expressions is equations (1):

Where: S is actual strength of soil, sf is failure strength of soil, ^Msf is reduction
factor when soil or rock mass destroy, c and ̂  are actual strength parameters of soil, an is
the actual normal stress component, cr or$. are the shear strength parameters when the
soil just keep a balanced stress state.

A CASE STUDY

Description of engineering geological conditions. The open-pit mine is located in
Tongchuan City of Shanxi Province, which is 3.22-5.34km long from east to west, and
5.34 ~ 9.56km wide from north to south, and its total area is about 38.27 km2,the highest
and lowest elevations are 1451.83m, 1146.32m separately, so the maximum relative
elevation is about 305.51m.

The typical section of the waste-dump slope of open pit mine is shown in the FIG
l.The main material of the waste is a mixture of soil and rock. Foundation stratum is
made up of upper silt (Cb), middle silty clay (Cb) and the bottom bedrock, The
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brown-yellow Q3 silty soil is the bases of the loess landforms, which is of loose-slightly
dense, and hard-plastic, and high-medium compression and vertical joint growth, and its
average thickness is 21m. Red Ch silty clay is of dense, hard plastic and low-medium
compression, which contained ferromanganese spots, calcium nodule and mica, and its
average depth is 16m.The bedrock is the coarse gray sandstone of upside Shanxi
Formation, moderately weathered, with the coarse-grained structure and the medium
thick layered structure, and the level and oblique bedding could be seen.

Establishment of the model of elastic-plastic finite element. Three-dimensional
dump was simplified as plane strain problems so that the computing time would be
shorten, and the calculating slope model by FEM should be in conformity with the
actual form, so the typical profile of mesh model was shown in FIG 2.

FIG. 1. Typical section of waste-dump. FIG. 2. Finite element mesh.

According to the characteristics of topography, for the sake of the boundary effect
elimination, the boundary condition of slope is constructed as below: the lower
boundary is 150 m below the ground, so the bedrock thickness is about 110m. The
distance L2 from the toe of slope to the right border is 300m around, and the distance LI
from the slope shoulder to the left side boundary is about 1-2 times as long as the limit
slope height H, and the distance L3 from the toe of slope to the right side boundary is
800m. Both the horizontal and vertical directions of the lower boundary are restrained,
and the left and right boundaries are restrained horizontally. It is considered to
approximately obey the static soil pressure distribution at two sides. Only gravity load is
considered, and impact of structures also is ignored.

All the rock and soil of dump slope adopt ideal elastic-plastic model, and obey the
Mohr-Coulomb failure criterion. The mechanical parameters of the waste are defined by
the method of engineering geological analogy, which is in accordance with the
parameter of disposable materials which sampled from the sites nearby the open-cut
coal mine dump. The mechanical parameters of silt, silty clay, and coarse sand are
shown in Table 1, they are defined on the basis of the indoor test, field test and some
local experiences.

Because the site was lack of rain, so the water level fluctuation in waste-dump mass
was ignored, just foundation soil would be considered to be saturation or nature
condition.

Working conditions for calculation. The different slope height H = 90m, 1 lOm.ect,
and the different slope angle a = 21°, 22° were taken respectively for strength reduction
finite element calculation under the natural and saturation conditions.

Scope of potential slippage surface and destroy mode. Taking the 21° slope for an
example, when H changed as 90m, 130m, 190m, the potential slippage surfaces under
nature condition were shown in Figure3 (a)-(c) respectively.



18 GEOTECHNICAL SPECIAL PUBLICATION NO. 204

Table 1. Mechanics Parameters of Soil and Rock Mass.

Soil
layer
Waste

Silt

Silty
Clay
Sands
tone

Condition

natural
saturated
natural

saturated

Compression
Modulus (MPa)

4.2

4.8

11.3

4021

Poisson'
Ratio

0.31

0.31

0.34

0.15

Cohesive
Force (kPa)

20
24
17
45
20

250

Friction
Angle (°)

28
21
17
17
14

43

Weight
KN/m3

19.7
16.5
19.3
20.5
21.4

25.5

FIG. 3. Potential slippage surface.

Contrasting FIG 3 (a)-(c), when slope height is 90m, the potential slippage surface is
near the interface between the silt and silty clay. When the height increases 40m to
130m, slippage surface moves to the interface between the silt and the bedrock. And
then when the height adds 60m from 13 Om to 190m, the depth of the slip surface do not
increase, but the range of the slip surface enlarges. Therefore, with the increasing of the
slope height, the slippage scope enlarges until slippage surface reaches to the interface
between the covering layer and the bedrock, meanwhile the whole slippage surface has
the trend of moving backward.

Taking the 21° slope for an example, FIG 4 (a)-(b) shows the position of the slip
surface under the saturated condition with H=l 10m ,190m.FIG 4 (a) shows that when
the slope height is 110m, the depth of the slip plane has been increased to the nearby
interface between silty clay and bedrock. When the height is 190m, the scope of the silty
clay and silty incised by the potential slippage surface (FIG 4 (b)) under saturated
condition is larger than that under the natural condition (FIG 3 (c)).

From FIG 3- FIG4 we can get the potential destroy mode: the upside waste-dump is
pulled to destroy, and then it slides along the soil layer circle like a circle spoon, and the
slippage surface incises the bottom rock when the slope height reaches some value. The
main reason is that the waste of dump is soil-rock mixtures, and its strength is stronger
than lower silt and silty clay. So the soil layer is easy to distort and move under waste
material loads action.
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FIG. 4. Potential slippage surface.

Maximal height of waste-dump slope. The permissible safe factor is related with the
importance grade of the project and service years, etc. As to important project, the safe
factor should be taken between 1.30 and 1.50 (CIGIS, 2001). Meanwhile, when limit
service time for the waste dump slope is more than 20 years, the safe factor should be
taken between 1.20 and 1.50 (CCCA, 2005). Considering that the destroy mode of the
waste dump is clear by strength reduction method, at the same time, the field
hydrological geology and engineering geology are simple relatively. So the safety factor
can take 1.30 under nature condition and 1.20 under the saturated condition to satisfy
the above two specifications.

Base on the strength reduction theory, we get the stability coefficient contrast diagram
under nature and saturated condition when the slope angle a changed as 21 °,22° and the
height H changed as 90m, 11 Om, 13 Om, 15 Om, 170m, 190m separately. As shown
in FIG 5, we can know:

(1) With the increase of the waste-dump slope height H, the slope stability descent
gradually under the same slope angle and working conditions..

(2)Under the same emission height, when the slope angle is 21°, the stability factor of
the waste-dump slope under he saturated condition is about 8%-l 1% lower than it when
the slope angle is 22°, and is about 11%-13% lower than it under the nature condition .

(3)When the slope angle is 22°, the maximum height is about 170m under nature
condition, but 140m under the saturated condition.

(4) When the slope angle is 21°and the height is from 90 m to 190m, all stability
factors are more than 1.3 in the nature condition. In consideration of the linear
distribution between the slope stability factor and the height, we get the formula by
fitting (FIG 6): FOS = 1.4626667 -0.0013 x(H -120) .When the safety factor is
1.30, the corresponding maximum height is 208m.

(5) Under saturated condition, the maximum height is 170m when the slope angle is
21°. So the optimal slope height and angle was 21° according to principle of the
maximal bear volume.

CONCLUSIONS

(1) Under the natural condition, with the increasing of the height, the scope of slope
sliding also enlarges continuously, until the slippage surface reaches to the interface
between the covering layer and bottom rock, meanwhile the whole slip surface has the
trend of moving backward.

(2)The depth and range of the foundation soil incised by the potential slip surface
under saturated condition are bigger than that under the natural condition, and they have
the same moving backward tendency.
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FIG. 5. Contrast diagram of FOS. FIG. 6. Fitting chart of FOS and H.

(3)The potential destroy mode was that the upside waste-dump was pulled to destroy,
and it slides like a circle spoon in waste-dump mass, and slippage surface incise the
bottom rock when the slope height reached some value.

(4)Compared with slope height, the effect of slope angle is sensitive, so the angle
should be controlled strictly on detailed design and later construction.

REFERENCES
China Coal Construction Association (CCCA). (2005). "Code for design of open pit

mine of coal industry." China Planning Press, 31-33. (in Chinese)
China Institute of Geotechnical Investigation and Surveying (CIGIS). (2001). "Code for

investigation of geotechnical engineering." China Architecture and Building Press,
40-41. (in Chinese)

Huang, M. and Li, X.B. (2007). "Analysis on slope stability of a mine dump."
Engineering of Mining and Metallurgy, Vol. 27 (5): 12-15. (in Chinese)

Jiang, F.X. and Wang, Y.B. (2003). "Analysis on slope stability of waste-dump of
Waitoushan." Journal of Liaoning Engineering and Technology University, Vol.
22 (suppl): 109-111. (in Chinese)

Li, Y.J. and Qi, F.X. (2006). "Analysis and countermeasure on landslide mechanism of
open-pit main waste-dump of north Huolin River." Open-pit Mining Technology,
Vol.3: 14-15. (in Chinese).

Pan, J.P. and Huang, R.Q. (2002). "Study on 3-d numerical simulation of slope stability
on open-pit mine dump of Panzhihua." Journal of ChengDu University of
Technology, Vol. 29 (3): 329-333. (in Chinese).

Zhang, W.G. and Xie, L.J. (2004). "Discussion on landslide mechanism of the
waste-dump underlined loess." Open-pit Mining Technology, Vol. 3: 16-18. (in
Chinese).

Zhang, Z.B. and Li, L.B. (2009). "Analysis on slope stability of the east ditch of Fengjia
of Nafen open—pit iron mine." Bengang Technology, Vol. 1: 1-5. (in Chinese)

Zheng,Y.R. and Zhao, S.Y. (2004). "The application of finite element strength
reduction in slope of soil and rock." Chinese Journal of Rock Mechanics and
Engineering, Vol. 23 (19): 3381-3388. (in Chinese).



Risk Analysis of Individual Landslide in the Three Gorges Reservoir

Li-Xia Chen \ Kim-Long Yin 2, Yang Wang3

1 Doctor, Institute of Geometries and Geophysics, China University of Geosciences, Hongshan district,
Wuhan city, Hubei province, China; ch_l_x@163.com
2 Prof.,School of Engineering, China University of Geosciences, Hongshan district, Wuhan city, Hubei
province, China; wangyangcug@126.com
3 Associate Prof, Graduator school, China University of Geosciences, Hongshan district, Wuhan city,
Hubei province, China;yinkl@cug.edu.cn

ABSTRACT: Landslide along the reservoir bank with secondary surges can form a
hazard chain, causing greater risk than the landslide itself. Taking Zhaoshuling
landslide in the Three Gorges reservoir as an example, the methodology of landslide
risk analysis, including risk identification, probability, vulnerability and hazard
consequence are discussed in this paper. The landslide risk is identified by field
inventory firstly. The annual probability is calculated by Monte Carlo method
according to landslide geology environment. The hazard intensity, landslide velocity
and volume moving into water are assessed by Newton's Second Law and kinematic
equation. Based on the results, landslide initial surge height and propagation distance,
which are important references for surge influence area, are calculated by Pan's
method. In this area, elements at risk are identified and the vulnerability is assessed for
buildings and persons. Based on the result of hazard and vulnerability, economic and
people risk assessment is made. It shows that landslide may cause about 15.447
million RMB annul economic risk and 4.721 people risk with annual probability
0.07556, and about 7.008 million RMB annual economic risk and 10.04 people risk
with annual probability 0.03406. These findings can help local authorities to manage
landslide risk and make emergency measures.

INTRODUCTION

Landslide hazard is the combination of geological phenomena with human society
and economic activities. Surge hazard caused by landslide can form a hazard chain,
leading to stronger damage and higher risk which has been reported by many previous
investigations (Yin and Peng, 2007). There are relatively the most landslides and most
severe damage and losses in The Three Gorges reservoir in China. Therefore, research
of landslides risk assessment and management and the related secondary hazard is
very urgent now.

Since Gill (1974) and Stevenson (1977) proposed the concept of risk to landslide
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research in the last century, the research of landslide risk assessment has been
developed in many countries and regions. After that, Varnes (1984) developed a basic
and uniform conception in a project of UNESCO. Hazard risk is defined as follows:

Risk=H X J/X E
where H is the probability of landslide with a given intensity in a given time; Kis the

vulnerability of the property or people, and is defined as the level of potential damage,
or degree of loss, of a given element (expressed on a scale of 0 to 1) subjected to a
landslide of a given intensity (Fell, 1994; Leone et al., 1996; Wong et al., 1997). E is
the element at risk (e.g. the value of the property).

Many countries and regions, where landslides hazards are frequent, have already
done a lot of work on landslide risk assessment (Evans, 1997; Australian
Geomechanics Society, 2007).For macroscopic risk control, these methodology and
theory have been developed according to the demand of regional hazard risk
management. But with the development of economy and society, macroscopic hazard
risk control can not satisfy social requirement today. The demand of individual hazard
risk research or special elements risk assessment is becoming a problem.

The objective of this study is to find out a valid method to assess the risk of
individual landslide along reservoir banks. Fig. 1 shows the basic framework for
individual landslide risk analysis along reservoir bank. This study is a first step toward
risk management of individual landslide along reservoir bank.

FIG. 1. The framework for risk analysis of landslide along reservoir bank

LANDSLIDE GEOLOGICAL SETTING

Zhaoshuling landslide locates in the Three Gorges reservoir, 74 km west of the
famous dam (Fig. 2). A detailed longitudinal profile is shown in Fig. 3 .The landslid
is an extremely large rock landslide and located in fragment limestone of middle
Triassic age. Three types of materials were identified during detailed field inventory: a
middle Triassic substratum Badong group, described as brown-yellow limestone,
fragment stones with soil and silt with fragment stones. Field survey shows that the
landslide is relatively stable now. But the landside has great probability to be unstabl
under water level fluctuation, or coupled with rainfall.
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FIG. 2. Location and general view of Zhaoshuling landslide.

FIG. 3. Geological profile of Zhaoshuling landslide (Comprehensive
investigation Bureau of Changjiang water resources commission, China,1995).
Legend: (1) Silt with fragment stones; (2) Fragment stones with silt; (3) Red silt stone
fragments with silt; (4) Brawn limestone fragments with silt; (5) Limestione; (6)
Mudstone,silt stone and muddy siltstone; (7) Geological boundary; (8) Slide zone; (9)
Borehole.

PROBABILITY ANALYSIS OF LANDSLIDE STABILITY

Most landslide occurrence has great relationship with rainfall, especially extreme
rainfall event. It is because the rainfall could increase pore pressures, and thus leads to
rainfall-triggered landslides. Extreme rainfall event means the events with extreme
values of multi-days accumulative rainfall or rainfall intensity. To obtain the
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probability of rainfall induced landslide stability, assuming that extreme rainfall event
is A, landslide event is B, then the probability can be expressed as

P = P(A]P(B\A}.

If the probability of extreme rainfall event is in return period 7, then P[A] can be
replaced by \IT. Based on the theory of Gumbel extreme value distribution, 17 years
daily rainfall data from 1990 to 2006 were analyzed. In the Three Gorges reservoir,
there are four periods for water level fluctuation: 145m, 145m to 175m, 175m, 175m
to 145m. Rainfall analysis shows that different period has different rainfall characters.
In this study, water level from 175m to 145m and extreme rainfall with ten return
years' time was chosen as the condition for landslide risk analysis. It was found that
the study area during this period mainly experiences long time but low intensity
rainfall. Fig. 4 shows the expected rainfall in a given number of consecutive days for a
given return time Tin years, from which the value of rainfall with return time Tcan be
easily obtained.

FIG. 4. Expected rainfall in a given number of consecutive days for a given
return time Tin years during the period of water level from 175m to!45m.

To obtain landside probability under the above condition, seepage simulation was
performed in this study. Then the method of transfer coefficient and Monte Carlo
simulation was adopted. Because the landslide geological condition is highly complex,
the predicted landslide velocity should be a value with some probability. Then
landslide volume, initial water wave and propagation wave height based on velocity
calculation should be also a value with corresponding probability. After cutting the
landslide into multiple slices, the acceleration and speed for each slice can be
calculated by considering the forces of water in reservoir (Wang, 2005).The landslide
was thought to stop when the speed of some slice was not higher than zero. Then the
number and volume of the landslide running into water can be obtained. Applying
Pan's method (Pan, 1980), initial surge height, propagation wave distance, height and
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climbing elevation were calculated. The result shows that the landslide may damage in
the toe at a speed of 1.0 m/s with annual probability 0.07556, and about 894 thousands
cubic meters rock and soil may move into water, causing initial surge 9.00 m ; and it
may damage in the toe at a speed of 5.0 m/s with annual probability 0.03406, and
about 3578 thousands cubic meters rock and soil may move into water, causing initial
surge 43.2 m. It also indicated that the generated waves will propagate upstream and
downstream, which will bring great risk to the ships, docks and residents living by the
bank if the wave height exceeds the circular value. Fig. 5 shows the curves of
propagation wave and climbing wave height along the reservoir if landslide damages
in the toe and occurs at the speed of 5m/s.To induce such secondary risk, quantitative
assessment should be made.

FIG. 5. Curves of propagation wave and climbing wave height along the river

INVENTORY SURVEY FOR ELEMENTS AT RISK AND VULNERABILITY
ANALYSIS

With the help of quick bird images and field survey, economic characters of
elements at risk were obtained and they are shown in Table 1. Table 2 and Table 3
respectively show people in buildings on the landslide and people in vehicles at risk.
Table 4 shows docks and ships in propagation wave influence area.

Table 1. Economic characters of elements on landslide

Elements and
characters

Buildings

Brick-wood

Brick

Brick-concrete

Count

513m2

145m2

4079 m2

Unit cost
(Million
RMB)
0.0025

0.005

0.008

Elements and
characters

Pipeline
Electricity transmit

line
Vehicle Passenger

Count

600m
0.61
m
1.7

Unit cost
(Million
RMB)
0.006

0.1

1.2
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Property

Roads
Land

Country
Town
county

For buildings

7
15

0.61 km
205795 m2

0.3
0.5
2

0.0095

car
Truck
Car

Motorcycle
Microbus

30
48.7
109
73

1.0
0.5

0.05
0.2

Table 2. Vulnerability and risk of people in buildings on landslide

Velocity
(m/s)

1.0

5.0

Number of people at risk
(Age, Health, Education)

56(13-60,Good, Elementary)
49( 1 3-60,Good,Intermediate)

0(13-60,Good,High grade)
21(<13 or>60,Good, Elementary)

126

Vulnerability

0.21
0.19
0.16
0.39
1.0

Consequence

29.26

126

Annul
Risk

2.21

4.29

Table 3. Vulnerability and risk of people in vehicles on landslide

velocity(m/s)

1.0

5.0

Vehicle
Microbus
Motorcycle
Car
Truck
Passenger car

Vulnerability
0.045
0.072
0.024
0.03

0.036
Sum.
Microbus
Motorcycle
Car
Truck
Passenger car

0.225
0.36
0.12
0.15
0.18

Sum.

Number of people
11.50
15.70
3.50
1.80
1.26

33.76
57.49
78.48
17.52
9.00
6.30

168.79

Annul Risk
0.869
1.186
0.265
0.136
0.095
2.511
1.958
2.673
0.597
0.307
0.215
5.75

Table 4. Characters and vulnerability of docks and ships

No. Z)*(Km) r* N* H*(m) T, * (S) T, *(S) 

Tg/Te 

y*

Upstream
Y1012
Y1007
Y3035

0.7
2.3
3.7

Cargo ship
Passenger ship

Cargo ship

10
50
2

10.1
4.4
2.9

9-14
13-15
9-14

16.08
16.08
16.24

0.56-0.87
0.81-0.93
0.55-0.86

<l
1

<1
Downstream

Y1014
Y1017
Y3020

0.6
2.7
3.7

Passenger ship
Cargo ship
Cargo ship

3-4
7-8
3-4

11
3.8
2.9

13-15
>14
9-14

16.08
16.18
16.24

0.81-0.93
>0.87

0.55-0.86

1
1

<1
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Note: *D—distance of docks to landslide sites; T* —Ship type; N*— Daily number of ships; H*—

Height of propagation waves; TR —Ships inherent rolling period ; rt, —Wave period; F*—ship

Vulnerability .

The assessment of vulnerability is the key in risk analysis, but it is difficult

especially in quantification (Crozier , 2005;Glade,2005). Dai (2002) pointed out that
it is somewhat subjective and largely based on historic records. But if no historical
records, simulation may be a feasible way for vulnerability analysis.

Vulnerability of buildings before landslide failure
Considering that buildings vulnerability has close relationship with landslide

damage intensity, the buildings deformation was analyzed based on landslide surface
deformation simulation results, the theory of building deformation and failure caused
by mining (Yan, 1995). Based on the national building damage classification standard
(China Coal Industry Bureau, 2000), vulnerability of all the buildings on landslide was
semi-quantitatively evaluated. Table 5 presents the results with maximum damage
degree of all the buildings.

Table 5. Deformation and damage degree of buildings on landslide

No.

1007
2032
2035

s ( mm/m )

BA
0.13
0.76
0.06

BC
0.08

0
0.04

dz ( mm )

BA
35.5

0
29.5

BC
15.84
36.16
43.92

i ( mm/m )

BA
2.74

0
4.11

BC
0.34
2.09
1.41

Degree or
vulnerability(%)

Extremely slight(5%)
Extremely slight(5%)

Slight(15%)

Note: £ — horizontal deformation ratio; / — tilt volume ratio; d. — displacement in direction Z, mm;

BA and BC— two vertical sides of buildings foundation.

The results show that only building No.2035 has a tilt deformation about 4.1 Imm/m.
According to the standard of China Coal Industry Bureau, the building damage may be
slight and the relative damage degree may be 15%. But all the other buildings damage
may be extremely slight and the degree may be 5%. It suggests that the damage of
buildings on landslide would not be extremely serious or even not medium before
landslide failure. It also indicates that there is no building damage risk.

Vulnerability of people before landslide failure
Before landslide failure, probable causalities may be caused indirectly by buildings

collapse. Based on buildings damage degree, people vulnerability is determined by the
following factors: building function, people stay time in builldings and people
awareness for hazard. Then vulnerability can be expressed as:

Where, Vhilkf is the vulnerability of people in buildings;/? is temporal probability of
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people in buildings, which is the product of people's daily probability Pt_d and annual
probability Pt_v in buildings; Vpll is the probability of people who can not escape

successfully from buildings when it collapsed, which can be expressed as
^^((flrxwJ + O f f x H ^ x / * .

Where, wa and wp is weight (wa =0.4, Wp=Q.6);a is correct coefficients for different

buildings function, which is 0.1,0.3,0.3 and 0.1 respectively for public, commerce, city
resident and country resident house ; ft is correct coefficients for different people
awareness to landslide hazard , which is 0.1,0.5,0.5 and 0.8 respectively for public,
commerce, city resident and country resident house ; Pd is the vulnerability of people

in buildings if it collapsed (Finlay , 1997).

Vulnerability of people when landslide failure
Once landslide occurs, people will escape as soon as possible. The faster the

landslide moves, the more difficult the people can escape. Except this, people with
different age, health and education will also have different vulnerability. If there is
pre-warning before landslide failure, the vulnerability is thought to be zero; if not, it is
1.0 when landslide velocity is over 5m/s, and it is zero when velocity is no more than
4m/min. If there is no pre-warning and the velocity is between 3m/min and 5m/s, the
vulnerability can be:

Where,/:/ ,w, is the correct coefficient for different characters of people(Chen,2008).
The vulnerability of people in vehicles is mainly related with landslide velocity.

Besides this, some other factors are also important, such as people responding velocity
to landslide, people characters, vehicles location on landslide, road width, etc. If
landslide velocity v\ is greater than vehicles velocity vv or vv is zero, Pv is 1.0; if not, Pv

is the ratio of v\ and vv. According to this the vulnerability people in vehicles was
obtained (Table 3)

Vulnerability of ships affected by generated waves
Ships in the river will be roll violently and even turn over if being attacked by waves.

But it occurs only when the ratio of ship rolling period and wave period is in the range
of 0.7 to 1.3(Guo, Zhang, 2006).So it can be considered that the vulnerability of ships
affected by generated waves is 1.0 when the ratio falls in the above range.

Ship rolling period varies with ship types. Wave period is determined by wavelength,
water depth and wave velocity. Dong et al. (1999) described a detail method to obtain
the above two values. Table 4 shows the vulnerability of ships in the influence area of
propagation waves when landslide damaged in the toe.

RISK ANALYSIS

Economic risk analysis
Before landslide failure, deformation in landslide surface is not enough to bring

damage to each kind of elements, so economic risk in this phase is zero. But once the
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landslide moves into river, some elements will be immerged and fully damaged. The
results shows that the annual economical risk of landslide damaged in the toe in ten
years return time is 15.447 and 7.008 Million RMB if landslide fails with a velocity of
Im/s and 5m/s respectively.

People risk analysis
The result of vulnerability of buildings before landslide failure shows that there is no

risk for buildings. Therefore, there is no risk for people in buildings in this phase. It
indicates that people risk exist only when landslide occurs and move into the river. So
people risk includes two parts: people in buildings and people in vehicles.

People risk in buildings can be calculated by Equ. (1) and the results are shown in
Table 2. The results indicate that the risk of people in buildings is high if landslide
occurs at the speed of 5m/s, but the probability of this event is very low. People risk in
vehicles can be calculated by the following equation

Where, nr is the number of roads in landslide influence area; p is landslide
probability with some intensity; ppis the vulnerability of people in vehicles; w,.is the

number of people on the road .The results shown in Table 3 indicate that risk of people
in vehicles is high at the speed of 5m/s and more than the case of landslide occurring at
the speed of Im/s.

Adding the above two result of people risk in buildings and in vehicles, we can
obtain the total people risk in ten years return years. It is 4.721 and 10.04 when
landslide occurs at the speed of Im/s and 5m/s respectively.

Risk from generated water waves
The landslide is about 74km away from the Three Gorges dam. Based on the

calculation results of propagation wave height, the farthest distance of propagation
waves is only 27km. Therefore, there is no risk for the dam. But the results of ships
vulnerability shown in Table 4 indicate that ships parking at the docks of No. Y 1007,
Y1014 and Y1017 would turn over due to the waves. The minimum wave height of all
the docks is 2.6m, which means that wave risk exists for the docks and people on it. In
the work of landslide risk management, channel closing and people evacuation is
necessary. Comparing with the elevation of climbing waves and residents and
buildings, we can semi-quantitatively determine who or which building is at risk. The
results show that about 278 people and 55 buildings on the upstream shoreline and
1 186 people and 69 buildings on the downstream shoreline will be at risk.

CONCLUSIONS

Large scale and quantitative landslide risk analysis is difficult issue, especially in the
Three Gorges reservoir area, China. In this study, landslide risk analysis was discussed
in detail. In hazard analysis, landslide velocity, volume moving into water, height of
generated initial surges, distance of propagation waves and relative wave height were
considered. The vulnerability of buildings on landslide is discussed. Besides this, the
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vulnerability of people in vehicles and ships were also analyzed. Finally, economic
and people risk on landslide body and in the area of generated water waves were
quantitatively determined. It was found that the landslide annual probability was 0.0
7556 and 0.03406 respectively when landslide occurs at the speed of Im/s and 5m/s. I
landslide deformation phase, there is no economic and people risk. But once landslide
occur at the speed of Im/s, it will bring about 15.447 million RMB annul economic
risk , about annual 2.21 people risk in buildings , about annual 2.511 people risk in
vehicles. Once landslide occur at the speed of 5m/s, it will bring about 7.008 million
RMB annual economic risk, about 4.29 annual people risk in buildings and about 5.75
people risk in vehicles on landslide body. In the area of generated waves, ships parking
at the docks of No.Y1007, No.YlOH and No.Y1017 are at the risk of turning over.
About 278 people and 55 buildings on the upstream shoreline and 1186 people and 69
buildings on the downstream shoreline will be at risk. But there is no risk for the Three
Gorges dam.
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ABSTRACT: The Dayantang landslide, a fast-moving landslide that occurred on
June 15, 2007, is located in Qingtaiping town of Shuibuya reservoir, Hubei province,
China. Investigations showed that the landslide induced a huge water wave with wave
runup of 50 m on the opposite bank. Based on analysis of the engineering geology and
the in-situ survey after its sliding, back-analysis of water waves generated by the
Dayantang landslide is used to determine the friction angle of the sliding zone in a
state of movement. Newton's second law and the basic principles of kinematics are
used to obtain landslide velocity, and the volume conversion law are applied to
calculate the initial height of the water wave. The propagation process of the water
waves is divided into two stages: a sharp-decay stage and a slow-decay stage. Wave
runup on the opposite bank is calculated with the consideration of slope angle and
runup azimuth. It is concluded that the reduction factor of friction angle of the sliding
zone is between 0.75 and 0.95 with a 10% uncertainty of calculations, while it is
between 0.8 and 0.9 with a 5% uncertainty of calculations.

INTRODUCTION

Shuibuya hydro-junction project is an important project exploited in Qing River in
Hubei province, China. The Dayantang landslide is located on the north bank of Qing
River in Qingtaiping Town. The landslide, with a volume of 300 million m3, occurred
on June 15, 2007 while the water level rose from 250 m to 342 m, and it induced a huge
water wave with wave runup of 50 m on the opposite bank. There were no casualties
on the landslide, however, water wave resulted in 1 death and 7 missing.

The size of water waves generated by landslides are calculated by experiential
method, experimental investigations or numerical analysis and simulation. The
experiential method mainly includes a number of formulas: the Slingerland and Voight,

31
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Noda, Huber and Hager and Synolakis, (Noda, 1970; Chen, 1984; Slingerland and
Voight, 1982; Synolakis, 1987; Huber and Hager, 1997). Some experimental
investigations were performed by Heinrich (1992), Fritz et al., (2003), Fritz et al.,
(2004), Ataie-Ashtiani and Najafi-Jilani, (2008). Numerical analysis and simulation
mainly includes the Saint-Venant equation (Perez et al., 2006), finite element method
(Christopher and Bruce, 1977), finite difference method (Harbitz et al., 1993),
boundary element method (Grilli et al., 2002), Navier-Stokes equation (Rzadkiewicz
et al., 1996), wavelet transform method (Panizzo et al., 2002).

ENGINEERING GEOLOGY OF THE DAYANTANG LANDSLIDE

The Dayantang landslide is a dustpan plane, with the Miaotaizi mountain ridge as the
western boundary (Fig.l, Fig.2), and a small-scale gully as the eastern one. It is about
600 m long and 10 m thick, with an area of 30* 104 m2, a volume of 300x 104 m3 and a
gradient between 35° and 40°. The average width of the landslide area is 500 m, with a
narrower back part of about 300 m and a wider front of 900 m. The elevation of back
part of the landslide is 620 m, and the elevation of back part is 225 m.

FIG. 1. Engineering geology map.

According to rock and soil characteristics, the Dayantang landslide can be divided
into the eastern part (I) and the western part (II). The eastern part is middle-strong
weathered rock mass, and the western part is sloping eluvial deposits of the Quaternary
Period, composed of loose rubble soil with rubble content of 67% -78%. The rubbles
are attributed to limestone and muddy limestone. An average diameter of rubbles is
above 0.5 m.

Bedrock in the landslide was formed in the Daye Formation of the Triassic Period,
mainly composed of middle-thin layer limestone and muddy limestone, with an
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attitude of 252°Z9° (Fig.3). Among the bedrock, there are thin weak carbon mudstone
and carbon muddy limestone, which are greyish white, loose structure, and low
intensity. The rock is cut into block-fracture sharp rock mass with large-density joints
ofl700Z81°and76°Z740.

FIG. 2. The photo of the landslide.

FIG. 3. The cross-section of the Dayantang landslide.

The deformation began to appear in the landslide on May 26, 2007 due to the rising
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water level. The width of the crack reached to 2-6 cm on June 2, 2007, and a
small-scale collapse appeared in the front part of the landslide on June 3, 2007.
Because of continuous rainfall on June 13, 2007, a small-scale collapse with a volume
of 20x 104 m3 took place in the front of the landslide on June 14, 2007, and arc-shaped
crack formed on the back part, with the maximum width of 12-20 cm. A large-scale
landslide occurred at 4:56 PM on June 15, 2007 when the water level rose up to 342 m.

CALCULATIONS OF LANDSLIDE VELOCITY

The assumptions of the analysis are that the section in question is considered as a
rigid body when it moves. According to Newton's second law and assumptions, an
acceleration of section can be represented as (Wang, 2005):

where a\ is the acceleration of section /, W\ is the weight, M\ is the mass, £// is the water
pressure of lower lateral wall, £//+/ is the water pressure of upper lateral wall, UM is the
water pressure of bottom surface, AU\ is resultant water pressure from L// and £//+/, C/
is the cohesion of the sliding zone, (p-, is the internal friction angle of the sliding zone, L/
is the length of bottom surface, and N-, is the positive pressure acting on the bottom
surface, a\ is the obliquity of sliding zone.

Velocity of section / can be calculated as follows:
V^V^2-ai-Li (2)

where K// is the initial velocity, and J^is the terminal velocity

CALCULATION OF THE INITIAL WATER WAVE

The volume conversion law means that the water volume pushed away by the
landslide is equal to the total volume generating water wave in the process of landslide
movement on the assumption that the infiltration of the water in the pores of rock/soil
mass is not taken into account.

Based on the volume conversion law, the initial water wave generated by the
landslide can be calculated as (Wang, 2005):

where g is the acceleration of gravity, h\ is the height of initial water wave generated
by the landslide, ho is the depth of the reservoir, t\ is certain transitory time, V\ is the
volume of soil and rock sliding into the reservoir in t\.

CALCULATION OF THE PROPAGATION OF THE WATER WAVE

In terms of continuity equation, the movement equation of transient flow and the
water head loss theory in an open channel in hydrodynamics, the decay process of
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landslide surge is divided into two stages: sharp-decay stage and slow-decay stage.
It is assumed that the sharp-decay stage is a kind of exponential decay (Li, 1982; Chen, 1984;
Wang, 2005), and the propagation formula in this stage can be expressed as:

where x is spread distance of the sharp-decay stage, / is time, hs is the height of water
wave, k\ is a parameter relative to the height of initial water wave and the width and
depth of the river.

It is assumed that the slow-decay stage is a kind of water head loss with propagation
distance in open channel (Wang, 2005).The propagation formula in this stage can be
expressed as:

where hso is the height of water wave at the start point of slow-decay stage, R is the
hydraulic radius, n is coarse factor, and x\ is the spread distance of the slow-decay
stage.

According to the stable wave height (Kamphis, J.W. and Bowering, R.J., 1971), the
dividing point of the sharp-decay stage and slow-decay stage is about 37 times the
depth of the reservoir.

CALCULATION OF THE RUNUP OF THE WATER WAVE

Wave runup on the opposite bank is calculated on the consideration of slope angle
and runup azimuth (Wang, 2005):

where A// is the height of wave runup on the opposite bank, h is the height of water
wave, a is the slope angle, and p is the runup azimuth.

BACK-ANALYSIS OF WATER WAVES GENERATED BY THE
DAYANTANG LANDSLIDE

The residual strength parameters of the sliding zone at rest are different from those in
a state of movement. According to shear experiment, the cohesion and internal friction
angle of the sliding zone of Dayantang landslide are determined as 28.0 kPa and 24.5°.
Back-analysis of water waves generated by the landslide is used to determine the
friction angle of the sliding zone in a state of movement. On the assumption that the
cohesion of the sliding zone is zero, the reduction factor of friction angle of the sliding
zone in a state of movement is A, i.e. the ratio of internal friction angle in a state of
movement to that at rest is A. The section method is used to calculate velocity, and the
landslide velocity and wave runup on the opposite bank with different values of A are
calculated (Table 1 ).

The typical empirical models have also been used to analyze initial water wave and
Wave runup (Table 1 ). The initial water wave generated by the Xintan landslide can be
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calculated by Noda model (Noda, 1970), and Wave runup can be calculated by Pan
model (Pan, 1980).

The results have not much difference between above-mentioned equations and
typical empirical models. The results from above-mentioned equations are slightly
larger than those from Noda model and Pan model (Table 1). The differences in initial
water wave height are between 2.6% and 12.6%, and the differences in wave runup are
between 2.9% and 4.8%.

Investigations showed that the average velocity of the landslide was about 15 m/s,
and wave runup on the opposite bank is about 50 m. In combination with the
calculation results, an appropriate value of A is between 0.75 and 0.95 with a 10%
uncertainty of calculations, while A is between 0.8 and 0.9 with a 5% uncertainty of
calculations.

Table 1. Results of water wave from back-analysis.

A

0.75
0.80
0.85
0.90
0.95

Landslide
Velocity(m/s)

14.28
13.66
13.01
12.40
11.75

Initial water wave(m)
Eq.3
52.5
51.6
49.1
46.3
43.1

Noda model
45.9
45.4
43.8
43.2
42.0

Wave runup(m)
Eq.6
54.2
53.3
50.7
47.8
44.5

Pan model
51.6
51.0
49.2
46.5
43.2

CONCLUSIONS

In the back-analysis, the Newton's second law is used to obtain landslide velocity,
and the volume conversion law is applied to calculate the initial height of water wave.
The propagation process of landslide surge is divided into two stages: sharp-decay and
slow-decay. These calculation models not only take continuity of the landslide
movement and landslide-generated water wave in reservoir into account, but also
forces of landslide, the depth of the reservoir and the volume of soil and rock sliding
into the reservoir.

Back-analysis of water waves generated by the landslide is used to determine the
friction angle of the sliding zone in a state of movement. The reduction factor of
friction angle of the sliding zone is between 0.75 and 0.95 with a 10% uncertainty of
calculations, while it is between 0.8 and 0.9 with a 5% uncertainty of calculations.

The results have significance for the selection of the friction angle of a sliding zone
in a state of movement, the calculations of landslide velocities and water wave
generated by the landslide.
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ABSTRACT: The service offshore environment of under-water concrete structure of
Hangzhou Bay Bridge is the most serious environment for concrete structure, the
problem of structural durability is very prominent. Based on the characters of material,
structural design, corrosiveness of service environment and site detection results, the
stochastic characters of durability influencing factors such as concrete cover depth,
initial chloride concentration, chloride diffusion coefficient, threshold chloride
concentration and structural surface concentration of chloride are analysis. And through
Monte Carlo stochastic simulation, the statistics distribution character of service life of
under-water concrete structure is gained, which will provide theory method and
foundation for the structural durability design, construction and quality control of
similar project.

INTRODUCTION

Hangzhou Bay Bridge is located at Hangzhou Bay, which has high temperatures, high
humidity, contents high salinity and a large of chloride in the sea water. Because of tidal
fluctuation effects and corrosion environment of the marine atmospheric, the service
life of the bridge will have a significant adverse impact.

Based on the design, construction features, comprehensive consideration of the
corrosive marine environment of Hangzhou Bay, the stochastic durability analysis
theories and methods of under-water concrete structure of Hangzhou Bay Bridge are
established, which will ensure the 100 years design life of Hangzhou Bay Bridge,
improve the durability design and evaluation theory and method of concrete structures
under marine environment.

39
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DURABILITY LIFE OF UNDER- WATER CONCRETE STRUCTURE

Corrosion damage of under-water concrete structures by chloride

As for reinforced concrete structure, the corrosion process is generally divided into
three phases (Zhao et al., 2005): the initial stage of Structure's steel corrosion, tQ as its

mark time point; the stage of the development of the corrosion before concrete cracking,
tcr as its mark time point; the stage of the corrosion damage development after concrete
cracking.

For the under-water concrete structure of Hangzhou Bay Bridge, due to the adverse
nature of its service environment and based on relevant standards (CECS 220:2007;
GB/T 50476-2008), the durability failure criteria of the reinforced concrete structures
(or components) will be established as:

When at certain time the surface of certain concrete structures (or components)
appears cracks that caused by the corrosion of the reinforcement, the durability of the
concrete structures (or components) is failure, and reaches its durable service life tcr .

Diffusion rate model of the chloride ions

According to Pick's second diffusion law, the diffusion process of chloride ions in
un-cracking concrete is normally described as:

Wherein, Cv is the chloride concentration at depth x at time point / ; Cs is the

chloride concentration on the concrete surface; C0 is the initial chloride concentration
in concrete; erf (2} is the error function.

When at certain time, Cv achieves threshold chloride concentration Ccr, which leads
to the corrosion of the reinforcement at concrete cover depth a, the initial corrosion
time tQ of reinforcement caused by chloride ions diffusion can be solved as:

After the structural steel began to corrosion, tc, which is the time period from the
beginning of steel corrosion to concrete crack due to corrosion product can be expressed
as (CECS 220, 2007):

Wherein, tQ + tc = tcr; 6cr is the critical corrosion depth when the concrete cover is

cracked (mm), which can be calculated according to equation (4); Ac/ is the average
corrosion rate of steel before concrete crack in the chloride environment (mm/a), which
can be calculated according to equation (5).
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Wherein, fcvk is the assessment compressive strength of concrete (MPa); d is the
diameter of the reinforcement (mm); a is concrete cover depth (mm).

Wherein, / is the corrosion current density of the reinforcement (juA/cm2), which
can be calculated according to equation (6).

Wherein, T is the temperature of steel surrounding ( °C ); mcl is the local
environmental coefficient; p is the resistivity of the concrete (k£l-cm).

DISTRIBUTION CHARACTERISTICS OF DURABILITY FACTORS

Considering under-water concrete structure of Hangzhou Bay Bridge, /0 and tc is the

key time period for studying the durability life of under-water concrete.

Distribution characteristics of factors that affect tn

Based on the Pick's second diffusion law, a , C0, C v , Ccr, D and other related

parameters are the main parameters to confirm tQ.

(\)a: based on GB/T 50283-1999, the concrete cover depth subject to normal
distribution, and its statistical characteristics is jua = 1.0178, SQa = 0.0496.

(2)C0: site construction test result (Cai et al., 2006; Zhao et al., 2005) show that the

initial chloride content in the concrete mixture is about 0.006% ~ 0.008% of the total
cementitious materials. Based on the relevant standards and research results, C0 can be
suggested as normal distribution.

(3)CA,: CECS 220:2007 give a reference table of concrete surface concentration of the
chloride ion at different marine environment areas, as shown in Table 1. Based on the
relevant research results (Ma and Zhang, 2007), it can be suggested as normal
distribution.

Table 1. Surface concentration of chloride ions.

/^(MPa)

C5(kg/m3)

40

8.1

30

10.8

25

12.9

20

20

(4)C0.: This can be suggested as normal distribution of ju = 0.35% , a = 0.05%
(Total weight of cementitious materials).

(5)Z): through test of chloride ion permeability coefficient of the Hangzhou Bay
Bridge, the diffusion coefficient obeys normal distribution, as shown in Table 2.
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Table 2. Site detection results of chloride diffusion coefficient (8 weeks age).

Number of Tested Box
Girder

267

Average (10'12m2/s)

0.8411

Standard Deviation (
1012m2/s)

0.0821

Variable Coefficient

0.0976

Distribution characteristics of factors that affect t

The cushion cap of the Hangzhou Bay Bridge using C40 concrete, based on the
relevant standards and research results (GB/T 50283-1999), the selected distribution
feature of the relevant factors are shown in Table 3

Table 3. Statistical distribution of factors that affect t .

Parameters

Concrete Strength
Diameter of Reinforcement

Concrete Resistivity

An,

1.4804
1.0
1.0

*°,

0.1578
0.035

0.3

Types of Probability
distribution

Normal
Normal
Normal

PROBABILITY DISTRIBUTION OF DURABLE SERVICE LIFE

Based on the characteristics of the design, construction and service environment of the
Hangzhou Bay Bridge's cushion cap at the wave's splash zone, the statistical
distribution characteristics of the factors that affect durable service life can be suggested
as shown in Table 4.

Table 4. Statistical distribution characteristics of factors.

Parameters

Concrete cover depth ( mm )
Initial chloride concentration (kg/m3)

Chloride diffusion coefficient ( 1 0"12 m2/s )
Threshold chloride concentration (kg/m )
Surface chloride concentration ( kg/m )

Types of the Probability
distribution

N(55.979,2.728)
N(0.032,0.0026)

N(2.0,0.1952)
N(l. 65,0.24)
N(8. 1,0.474)

Based on the above statistical values, considering the changes of the diffusion
coefficient of the chloride ions, through Monte Carlo stochastic simulation, the
statistical distribution of durable service life of under-water concrete structures can be
obtained.

The simulation result of the approximate probability density of durable service life tcr

and t0 are shown in Figure 1.

The K-S testing negative tcr of the under-water concrete structures obey the normal
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distribution assumption, rather than deny its distribution subject to the log-normal
distribution assumptions of LOGN (4.9653, 0.1354).

If takes the reliability rate as 95%, the desirable design standards value of durable
service can be taken as 115(a) ; if takes the reliability rate as 90%, then the desirable
design standards value of durable life can be taken as 121 (a).

FIG. 1. Distribution of Approximate Probability Density of ?crand tQ.

CONCLUSION

Based on the corrosiveness characters of Hangzhou Bay and relevant site test results
of Hangzhou Bay Bridge, the statistical distribution of the factors that affect durable
service life of the under-water concrete structure, such as concrete cover depth, concrete
Strength, diameter of reinforcement, the concrete resistivity, initial chloride
concentration, surface concentration of chloride ions, threshold chloride concentration,
chloride diffusion coefficient and other relevant factors are analyzed. And the
probability distribution characteristics of durable service life of Hangzhou Bay Bridge
cushion cap structure is obtained, the standard design values of durable service life is
suggested according to different reliability rate. The research result provides methods
and theoretical basis for the durability design, construction and quality control for
similar projects.
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ABSTRACT: High head hydraulic pressure in confined aquifer could cause failure of
heaving if the confined aquifer was buried under the bottom of excavation. Therefore,
analysis of heaving stability plays a significant role in the dewatering design. The
objective of analysis is to determine drawdown as well as layout of wells and land
subsidence due to water withdrawal. Currently, the formula widely used in the industry
is based on the pressure balance theory. Physical meaning of the formula is that the
effective stress of the soil below the bottom of excavation is ensured to be greater than
zero. Terzaghi derived a similar formula for excavation in sand. This paper compares
these^two approaches and verifies that these two approaches are essentially similar in
case of safety factor of heaving being unity.

INTRODUCTION

In order to decrease settlement due to groundwater pumping during excavation, the
water level in the pumping wells must be strictly controlled, especially for deep
excavation in soft clay. As for dewatering from artesian aquifer, result of the formula to
check stability of heaving directly determine the drawdown in the pumping wells, so
that the result influences the magnitude of land settlement. The method to check the
stability of heaving related to the safety of excavation, and it relate to the magnitude of
land subsidence. The conservative result of the checking formula will increase land
subsidence, but the immoderate result may result in accident. So the formula to check
the stability of heaving is important for excavation engineering during dewatering.

The formula to check the stability of heaving in the Chinese Code (MCPRC, 2002) is
based on Terzaghi's pressure balance theory. The formula guarantees the effective
stress of the soil greater than zero. So it was widely applied in practice.

REVIEW OF THE HEAVING INSTABILITY RESEARCH

The check formula (1) for heaving instability in Chinese Code (MCPRC, 2002) is
widely applied. The mechanism of heaving is illustrated in Figure 1 for excavation
where the uplift forces from confined aquifer acting upon the bottom of the excavation.
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where yssal =unit saturate weight of the soil above the confined aquifer (kN/m ), t + At

^height of the soil above the confined aquifer (m), Pw ^hydrostatic pressure (kPa).

FIG. 2. Use of flow net to determine factor of safety of row of sheet piles in sand
with respect to piping.(a)Flow net; (b) Forces acting on sand within zone of

potential heave.

Terzaghi (1922) proposed the equation (2) after analyzed the safety of row of sheet
piles in sand with respect to piping by flow net and experiment in sand. It is illustrated in
Figure 2.

Eq. (1) represent the saturate weight of the soil above the confined aquifer is greater
than the hydrostatic pressure from the artesian aquifer. Value 1.1 is the safety factor; it
ranges from 1.05 to 1.20 in local regulation. Engineering practice indicates that the Eq.
(1) is conservative. For example, the safety factor calculated from Eq. (1) for some
finished excavation before 1990 in Changzhou ranges from 0.49 to 0.67 (Liang, 1996).

Liang (1996) and Ma et al (2004) have made some improvement to modify the Eq. (1)
based on the continuum mechanics such as elastic mechanics, material mechanics and
structural mechanics. While soil differs from steel and concrete, the above improvement
hasn't been implied widelv.

FIG. 1. The schematic of checking the anti-seepage stability.

The check formula for heaving instability is:
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where F ^safety factor of heaving (-), W^submerged weight of soil (kN), U ^excess
hydrostatic pressure (kN), Z)=depth of sheet piles under the bottom of the excavation
(m), ha ^height of excess hydrostatic head (m), / ^submerged unit weight of soil

(kN/m3), 7w=unit weight of water (kN/m3).

TRANSFORMATION OF THE TERZAGHI EQUATION

When the safety factor of heaving is equal to unity, the Terzaghi's equation (2)
transform as follow:

Therefore, at the critical state of safety factor of heaving being unity, the Terzaghi's
equation (2) is same as the check formula of equation (1) in Chinese Code (MCPRC,
2002). Terzaghi's equation (2) implies the meaning of pressure balance in Eq (1).

THE FORMULA GUARANTEE EFFECTIVE STRESS GREATER THAN 0

Figure 1 and the check formula of equation (1) in Chinese Code (MCPRC, 2002)
illustrate that, for soil body beneath the excavation face, if safety factor is greater than 1,
then the total stress is greater than the pore water pressure. Thus, this formula
guarantees that the effective stress of soil is greater than zero. The soil will not float if its
effective stress is greater than zero.

CRITICAL STATE ANALYSIS OF FORMULA

The failure type of soil is shear and tension. If the minor principal stress is greater
than zero, then it will not fail in tension. As shown in Figure 3, assumed that the
horizontal and vertical directions are the principal stress direction of soil of potential
heave, the critical stress state is analyzed as follow.
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FIG. 3. The force diagram of soil beneath the excavation face.

The situation of earth pressure at rest

In the situation of earth pressure at rest, the principal stress directions are horizontal
and vertical ,the principal stress are:

where ys' ^submerged unit weight of soil (kN/m3), z =depth of soil under the bottom of

the excavation (m), ^=friction angle (° ).

Coefficient of earth pressure at rest KQ is equal to(l - sin (/>).

If the water head of the confined aquifer beneath the excavation face increases A/z,
the principle stress of soil becomes:

Assumed that the soil would fail in tension if the minor principle stress fell to 0, then

The critical water head at failure of tension is:

where hcr ^critical water head (m), yssaf =saturated unit weight of soil (kN/m3).
Assumed that the soil failed in shear and obeyed Mohr-coulomb strength rule:

The critical water head at failure of shear is:

3>
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The factual critical water head at failure is:

The factual critical water head at failure is:

The situation between rest and active earth pressure, KK e (A^0,l)

KK is earth pressure coefficient and

K,e(KQ,\)

If the water head of the confined aquifer beneath the excavation face increases A/z
the critical water head at failure of tension and shear are:

The situation between rest and passive earth pressure, Kk e [l,ATp)

Kp is passive earth pressure coefficient. If the water head of the confined aquifer
beneath the excavation increases A/7, the critical water head at failure of tension and
shear are*

The factual critical water head at failure is:
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The situation of passive earth pressure

In the situation of passive earth pressure, the soil is at critical state of shear failure. If
the soil is at the failure of tension, the vertical principle stress is zero, the critical water
head is:

Equation (25) is same as equation (1) and (2).

CONCLUSIONS

The check formula for heaving instability in Chinese Code (MCPRC, 2002) is based on
pressure balance theory. When safety factor of heaving being unity, the Terzaghi's
equation is same as the check formula in Chinese code. The formula in Chinese code
guarantees effective stress greater than zero. The critical water heads in four situation of
earth pressure at rest, /C A e (AT 0 , l ) , A^e[ l ,AT p ) and passive earth pressure were

derived.
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ABSTRACT: Internal soil erosion in the form of piping causes excessive seepage
and progressively enlarged channels inside levees and earth dams. This paper reports
the experimental study on the effect of piping on soil's shear strength, which can be
used to realistically evaluate the stability of existing levees and earth dams that have
been subjected to prolonged erosion. Triaxial compression tests are performed on a
sandy clay soil. A soil specimen (10.2cm in diameter) without piping channel is first
tested as a control sample. Then a single hole is formed using a mini hand auger in
the soil during the specimen preparation to simulate a piping channel. Three piping
inclinations are studied: vertical, inclined, and horizontal. For each piping channel
inclination, three hole diameters are tested. After saturation, consolidated-undrained
(CU) compression tests are performed to simulate the slow piping formation followed
by a quick hydraulic loading during a flooding. For each channel inclination and
diameter, three-stage compressions on the same specimen are conducted to obtain
three Mohr's circles in order to obtain the cohesion and the internal friction angle of
the soil element with piping. The experiments showed deteriorating effect of piping
on effective internal friction angle (</)'). $ decreases with the increase of diameter of
vertical holes. It was also observed that $ is not affected by the channel diameters
when the piping channel is horizontal or inclined, although $ does decrease by an
average of 28% of specimens with horizontal and inclined holes when compared with
that of the control specimen.

INTRODUCTION

Subsurface erosion has been one of the most prevalent causes of catastrophic failure
oflevees and earth dams, such as the 1972 failure of the Buffalo Creak dam in West
Virginia (Wahler & Associates, 1973) and the 1990 collapsing of embankment earth
dam in South Carolina (Leonards and Deschamps, 1998). During Hurricane Katrina,
three levee breaches were possibly caused by underseepage-induced failure due to
piping (Seed et al., 2008a, 2008b; Sills et al, 2008). Subsurface erosion changes the
structure of the base soil. It results in fractures in a levee and changes the stress and
strain conditions around the fractures. As a result, localized shear strength reduction
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is possible. In the stability analysis of levees using the finite element method, each
element is assigned a strength value (c and (/)}. If a piping channel penetrates a soil
element, the shear strength of this element should reflect the effect of piping on the
possible shear strength variation. Furthermore, various sizes and orientations of
piping channels make the strength variation less predictable. Fig 1 shows three
piping channel orientations in soil elements in and beneath a levee. The purpose of
this paper is to study the effect of piping erosion on the strength of levees.
Quantification of the effect of erosion on soil's shear strength may provide valuable
information for realistic levee stability analysis.

Channel orientation A: vertical
Channel orientation B: horizontal
Channel orientation C: inclined

FIG. 1. Piping channels in and beneath levees.

EXPERIMENTAL METHODS

Triaxial tests are used in this study to measure the shear strength of soil specimens
with and without piping channels, respectively. A sandy clay soil is tested in this
study. The grain size distribution is shown in Fig 2. The liquid limit is 33 and the
plastic limit is 22. The soil specimens used in the triaxial tests are 10.2 cm in
diameter and 15.24 cm in height. The triaxial experimental setup (vendor: ELE
International) is shown in Fig 3, which includes the triaxial load frame, triaxial cell,
control panel to maintain pressurized water, and load, displacement, pressure, and
volume change transducers, and an automatic data acquisition unit. The soil was
compacted to 85% of its maximum dry density (1.65 g/cm3) at the optimum water
content (19%) to simulate the natural and erosion-prone soil condition. The soil was
compacted with six uniform layers using a small tamper to ensure uniform density.
All the soil specimens were compacted following the same approach and using the
same soil mass and volume to minimize the effect of density and heterogeneity on
soil strength.

Internal channels in levees may be caused by internal erosion, hydraulic fracturing,
or burrowing animals such as beavers. To form a simulated piping channel, a mini
hand auger of three different sizes (2.52cm, 1.87cm, and 1.30cm) is used to drill a
hole during the specimen preparation (Fig 4). The hole in each specimen penetrates
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the specimen. Three orientations are used: horizontal, vertical, and inclined by 60°
(measured from the horizontal direction). For the specimens with a horizontal hole,
the hole penetrates through the specimen. To prevent the cave-in and break of the
membrane during saturation, a plastic mesh that is slightly larger than the hole
diameter was used to cover the hole. Including the control specimen (no piping hole),
ten tests were conducted. The saturation process of each specimen took from 71 to 90
days to complete and the final B values are from 85% to 93%. In order to expedite

Particle Diameters (mm)

FIG. 2. Grain size distribution of the sandy clay.

the tests, four specimens with different hole sizes and orientations are saturated
concurrently (Fig 3). At the end of the saturation, 1-day consolidation is conducted.
Then undrained compression is conducted on the specimen with the pore-pressure
and back-pressure valves closed. According to the American Society for Testing and
Materials (ASTM) specification D2850, Test Method for Unconsolidated Undrained

FIG. 3. Experimental Setup.
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Triaxial Compression Test on Cohesive Soils (ASTM, 2006), the axial strain rate was
chosen to be 0.5 %/min (or 0.762 mm/min for the specimens used in this study)
during the undrained compression. The axial load was measured by the S-type load
transducer, and the deviator stress was calculated by the DS7 software (ELE
International) using the corrected cross sectional area. The axial deformation was
measured by the LVDT transducer. The pore- and back-pressure transducers measure
the pore pressure variation during the compression. In order to obtain three Mohr's
circles to derive the c and ^ values, multiple-stage compressions are conducted on the
same specimen — the first compression is terminated when the stress-strain curve
starts to level off at a small strain, then consolidation is conducted at a higher
confining pressure; at the end of the consolidation, the second undrained compression
is conducted; the third compression followed the same approach. A sample stress-
strain curve for a vertical hole of 1.87 cm is shown in Fig 5. The Mohr's circles are
plotted using the effective minor and major principal stresses, and the effective
internal friction angles and the effective cohesions are obtained from the Mohr-
Coulomb failure envelopes.

FIG. 4. Hole formation in soil specimen.

RESULTS AND ANALYSES

The ten consolidated-undrained (CU) tests with multiple-stage compressions
yield the following strength data as presented in Fig 6 and Fig 7. The undrained
effective cohesion (c'} and internal friction angle ($) of the control specimen are 0
and 40.6°, respectively. The effective cohesion values of the specimens with inclined
and horizontal holes are in a low range of 0 to 10.3 kN/m , which can be practically

FIG. 5. Stress-strain curve of multiple
compression tests on the same specimen.
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considered negligible. But for the specimens with vertical holes, effective cohesion
increases as the hole diameter increases. The authors are yet able to explain this
phenomenon. Fig 7 shows the variation of effective friction angles with piping
diameters and orientations. Under the CU loading condition, effective friction angle
of normally consolidated clays seem to control the soil strength, because c' » 0 and $
exhibits large values. For the specimens with vertical holes, $ decreases from 38.4°
to 16.8° as the hole increases in diameter, the highest reduction is 58% compared to
the control specimen without piping. This indicates the deteriorating effect of piping
sizes on shear strength. For the specimens with horizontal and inclined holes,
although $ reduced by an average of 28% compared to the control specimen, the
variation of <p with hole diameters is small (31.4° to 26.6°). $ remains unchanged for
the different sizes of horizontal holes. This ongoing study still tries to explain the
observation that $ is not affected by the hole diameters when the piping channel is
inclined or horizontal. In the control specimen, distinctive failure plane was observed
after the compression; while no obvious failure plane was shown in all the nine
specimens with simulated piping holes, the specimens simply bulged and the failure
was indicated by the plateaus on the stress-strain curves.

CONCLUSIONS

This paper reports a preliminary experimental study on the quantitative effect
of piping channel orientations and diameters on shear strength of a sandy clay soil.
The research observed deteriorating effect of piping on effective internal friction
angle. $ decreases with the increase of diameter of vertical holes, the maximum
reduction is 58%. It is also observed that (ft is not affected by the channel diameters
when the piping channel is horizontal or inclined, although '̂ does decrease by an
average of 28% when compared with that of the control specimen. This research is
still in progress to explore the fundamental mechanisms of the piping effect on the
cohesion and internal friction angle in order to explain the aforementioned
experimental observations.

FIG. 6. Variation of effective
cohesion with piping
orientations and diameters.

FIG. 7. Variation of effective
internal friction angle with piping
orientations and diameters.
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ABSTRACT: With the survey data of land subsidence in Su-Xi-Chang area, we
found the deformation in the pumped aquifers cannot be neglected, even which is
comparable with the adjacent aquitards. A series of lab high pressure compression
tests on Suzhou aquifer sand from five different depths using costume-made setup
were used to verify the compressibility of the aquifer sand. The test results show that
the compression index of aquifer sand is close to some kinds of clay. With the
comparison of the grain size distribution before and after testing, it can be concluded
that the permanent rearrangement of sand grains is partly responsible for the sand
compression.

INTRODUCTION

Land subsidence has been extensively investigated, not only due to the widely
distribution, but also due to its serve damage and becoming worse conditions. The
excessive groundwater pumping is mainly responsible for the land subsidence. As
one of the most developed area in China, the water usage in Su(zhou)-(Wu)Xi-Chang
(zhou) area is always increasing. The area where the ground surface deformation
excesses 200mm was 5800km2 in 2002, that means half of the Su-Xi-Chang area is
suffering the land subsidence, which is becoming an important limitation of the
economy developing. Many investigators have focused on the land subsidence in this
area (Chai et al., 2004; Shen et al., 2006; Shi et al., 2007; Zhang et al., 2007.).

It is generally accepted that the consolidation of the confined aquitards is the
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main cause of the land subsidence due to groundwater pumping (Poland, 1984).
However, in the survey data of the Su-Xi-Chang area, the deformation in the pumped
aquifer is almost equal to the deformation of its adjacent aquitards which is the new
characteristic of the land subsidence. The deformation at different layers was
measured using the deep benchmarks. Figure 1 clearly shows this phenomenon. The
thicknesses of the 3rd aquifer and aquitard are 24.1 and 26.3m respectively, whilst the
deformations in those two layers from 1990 to 2003 are both almost 100mm. What
made the fairly deformation in sand layers? The possible reason is the high
compressibility of the aquifer sand. Some one may argue that the deformation of the
aquifer should be caused by the compaction of the interbeded clay in the aquifer.
As mentioned above, the aquitard and the aquifer have almost same thickness and
deformation, which means that the strain of these two layers is close. Thus, it can be
imagined that if the deformation of the aquifer is caused by the interbed compaction,
what high compressibility the interbeded clay should have. A series of lab tests
was conducted to investigate the new compression behavior of aquifer sand in
Suzhou.

EXPERIMENTAL STUDY

Tested Material and Setup

The tested soil specimens were taken from the aquifer system in Suzhou. The
depth reached to 250m. Aquifer sand at five different deep places (i.e., 41.5, 66, 92.3,
147, and 223.2m from the ground surface) was drilled out.

The high-pressure compression test equipment was used to perform relative high
pressure compression tests. The pressure can reach 20MPa at most, which is
provided by the compressed air and stored in a steel box. The principle of the test
setup is same as the general one-dimensional consolidation test setup. The setup is
computer-controlled, and the criteria for the next step loading can be set manually
before the test. The typical criteria for the loading incremental are the creep

FIG 1. Land Subsidence Developing in Changzhou.
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deformation in 24 hrs not greater than 0.5mm. Figure 2 shows the schematic figure
of the test setup. There are three portions in the whole equipment, namely; the air
pump, the compression setup, and the computer controller. The inner diameter of the
specimen is 60mm, while the thickness is 20mm.

Test Procedure

Before the test, the grain size distribution curves for different deep aquifer sand
were obtained using sieve analysis test to demonstrate the changing of the grain size
due to compression. The compressive pressures were assigned as 100, 200, 400, 800,
1600, and 3200kPa. For each pressure, two specimens were tested to insure the
credibility of the test results.

FIG 2. Setup of the High-pressure Compression Test.

FIG 3. Compression Curves of Aquifer Sand at Different Depth.

TEST RESULTS ANALYSIS

Figure 3 are the compression curves of the aquifer sand at different depth. It
demonstrates that the aquifer sand can be compressed when the compressive pressure
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is greater than a constant value, which is related to the grain size distribution, the
mineral inclusions, the shape of grain size, the confining pressure and the shear stress
in the sand (Lee and Farhoomand, 1967). Generally, the compressive pressure cannot
reach this value; therefore, the deformation of sand is not significant. However, with
the increasing of pumping depth, the overburden stress of the aquifer might reach
and greater than this value; thus, the aquifer is becoming more compressible. Table 1
summarizes the compression index of those sand specimens after the big compaction
happens. The compression index ranges from 0.10 to 0.20, which is comparable with
the compression index of some kinds of clay. Based on the compression tests, we can
conclude that the compression of the aquifer sand layer cannot be neglected;
conversely, it may dominate the ground surface deformation.

Table 1 Summary of the Compression Index.

Depth/m

Compression Index

41.05

0.16

66.0

0.21

92.3

0.11

147

0.17

223.2

0.16

Figure 4 shows the comparison of grain size distribution of the aquifer sand. The
solid line presents the grain size distribution curve before testing, while the markers
are the grain size after testing. The characters "A" and "B" were used to separate the
two specimens from the same depth. It clearly shows that compression makes the
finer portion of the grain size increasing which is most obvious in Figure 4 (c). It can
be concluded that the permanent rearrangement of sand grains is another reason of
sand compression, which can significantly reduce the permeability of the aquifer.
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FIG. 4. Comparison of Grain Size Distribution before and after Testing at
Different Depth, (a) 41.05m; (b) 66.0m; (c) 92.3m; (d) 147m; and (e) 223.2m
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CONCLUDING REMAEKS

Based on the land subsidence observation data in Su-Xi-Chang area, China, the
deformation of pumped aquifer can not be neglected. The compression behavior of
aquifer sand can be verified. From the test result, the following conclusions can be
obtained:
(1) With the groundwater pumping developing, the new deformation characterize of

pumped aquifer should be paid much attention;
(2) The compression index of aquifer sand in Suzhou area is comparable with some

kinds of clay; and
(3) Permanent rearrangement of sand grains is partly responsible for the sand

compression.

ACKNOWLEDGEMENTS

This paper is a part of the project No.50878051 which is supported by the
National Natural Science Fund of China; and the project "Jiangsu Six Top Talent
Project" which is supported by the Jiangsu Provincial Government. The authors wish
to express their gratitude for the support given to this work.

REFERENCES

Chai, J.C., Shen, S.L., Zhu, H.H., and Zhang, X.L., (2004). "Land subsidence due to
ground water drawdown in Shanghai." Geotechnique, Vol.54, No.2, 143-147.

Lee, K.L., and Farhoomand, I. (1967). "Compressibility and crushing of granular soil
in anisotropic triaxial compression." Canadian GeotechnicalJournal, 4(1), 68-99.

Poland, J. F. (1984). "Guidebook to Studies of Land Subsidence due to
Ground-Water Withdrawal." American Geophysical Union, Chelsea, Michigan.

Shen, S.L., Xu, Y.S., and Hong, Z.S. (2006). "Estimation of land subsidence based on
groundwater flow model." Marine Georesource and Geotechnology, Vol. 24,
149-167.

Shi, X.Q., Xue, Y.Q., Ye, S.J, Wu, J.C., Zhang, Y, and Yu, J. (2007).
"Characterization of land subsidence induced by groundwater withdrawals in
Su-Xi-Chang area, China." Engineering Geology, Vol. 52, 27-40.

Zhang, Y, Xue, Y.Q., Wu, J.C., Ye, S.J., Wei, Z.X., Li, Q.F., and Yu, J. (2007).
"Characteristics of aquifer system deformation in Southern Yangtse Delta, China."
Engineering Geology, 90:160-173.



Parametric Studies of Ground Deformation Induced by Pneumatic Caisson
Construction in Soft Soils

Hailin Wang1, Fangle Peng2, Yong Tan3 and Zhenliang Xu4

Department of Geotechnical Engineering, Tongji University, 1239 Siping Road, Shanghai 200092, P. R.
China; Email: hailin_wang(oU26.com
Department of Geotechnical Engineering, Tongji University, 1239 Siping Road, Shanghai 200092, P. R.
China; Email: pengfangle@tongii.edu.cn
Department of Geotechnical Engineering, Tongji University, 1239 Siping Road, Shanghai 200092, P. R.
China; Email: tanyong21 th@hotmail.com
4Shanghai Urban Construction Design & Research Institute, 3447 Dongfang Road, Shanghai 200125, P.
R. China; Email:guidao5@sucdri.com

ABSTRACT: This paper presents a thorough finite element (FE) parametric study of
ground deformation caused by the new pneumatic caisson (NPC) construction. In this
study, the effects of several parameters which may affect the ground deformation were
investigated in terms of two aspects: surface settlements, and soil upheavals beneath the
caisson. These parameters are (1) skin friction, (2) compressed air pressures, (3)
embedment depth, and (4) distance from the caisson of the protection wall. Based on the
proposed FE simulation techniques, the effects of these parameters were quantified and
discussed, and the factors that help to reduce ground deformations were identified.
Results showed that the compressed air pressures played a very important role in
preventing upheavals of soils at the caisson base. Finally, some suggestions and
recommendations for NPC construction were reached.

INTRODUCTION

Pneumatic caissons are similar to open caissons except that they are provided with
airtight bulkheads above the cutting edge (called the working chamber). The chamber is
pressurized to the extent necessary to control the inflow of soils and water.
Traditionally, workers have to enter into the working chamber and conduct the
excavation under high pressures, high temperatures, and high humidity. While in the
new pneumatic caissons (NPC), both excavation and discharging of soils are done by
the automated excavation and remote controlling systems (Peng et al, 2009). Pneumatic
caissons have been constructed in many countries and areas, especially in Japan (Peng
et al., 2004). In China, there are some traditional pneumatic caissons completed many
years ago and the NPC method has never been used in practice. In 2007, this method
was successfully applied to construct one runnel shaft in Shanghai, China. As the NPC
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is increasingly used in practice, the high sensitive, unstable ground and deep
excavations have been/will be encountered more frequently, which results in adverse
impacts on environment. Therefore, this NPC method is also facing the challenges in
the control of ground deformation, especially when adopted in the densely populated
area.

Some studies (Umeda et al., 2006; Inoue et al., 2006) have been conducted to
investigate ground deformations induced by the NPC construction. Hong et al. (2005)
studied the distribution of the skin friction by analytical methods and field
measurements. Peng et al. (2009) introduced a procedure of how to model the whole
construction process of NPC using FEM techniques, and the predicted ground
deformations were verified by field measurements. However, no efforts were made to
investigate the effects of parameters (skin friction and compressed air pressures) on
ground deformations during NPC construction. Besides this, in some cases, a
supplementary method as protection walls (usually made up of sheet piles) is adopted to
mitigate the influence of NPC construction on the adjacent structures. The effects of
wall parameters (wall distance and embedment depth) also need to be investigated.

The purposes of this study were to identify the parameters that might affect ground
deformations during the NPC construction, to quantify their influences, and to find out
an optimized solution of reducing ground deformations. These were achieved by a
series of comprehensive finite element (FE) analyses. Then, figures which depict the
effects of these parameters were produced. These figures will provide some useful
references for the NPC construction in the soft grounds.

TUNNEL SHAFT CONSTRUCTION IN SHANGHAI USING NPC

The shaft construction using NPC presented in this study was one part of the shield
tunneling project of Metro Line 7 in Shanghai, which would be used as a shield working
shaft initially and as a ventilation shaft in operation. The tunnel shaft was very close to
Huangpu River, and thus it was critical to control ground deformations and groundwater
movements to ensure the construction safety. As shown in Fig. 1, the shaft was a caisson
structure with the external dimensions of 25.2 m (L) *15.6 m (W) x 27.7 m (H), which
included the working chamber. Its total sinking depth was around 29.06 m. The caisson
structure is fabricated in six segments on the ground surface. Before sinking, one
shallow excavation is made for the treatment of shallow ground. When the first three
segments are made, the caisson sunk by 6.00 m. Afterwards, the caisson sunk in three
stages. Depths of sinking in each stage are 4.20 m, 8.80 m, and 10.06 m, respectively.

The construction started in November, 2006 and ended in October, 2007. Observed
data showed that, the caisson construction caused very small soil movements in the first
three sinking stages. However, in the last sinking stage the measured values increased
dramatically, and even some measured points around the caisson were damaged by
excessive settlements. Fortunately in this shaft construction, its adjacent buildings and
pipelines were free from damage. The failure in the last sinking stage raised such
questions: (1) What role does the skin friction play in NPC-induced ground movements
such as surface settlements and soil upheavals beneath the caisson? (2) What is the
effect of the compressed air pressures? (3) If protection walls were installed around the
caisson, is it effective to minimize the environmental effects? (4) What are the suitable
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embedment depth and wall distance for the protection walls? To answer these questions,
a series of FE analyses were carried out and the analysis results will be presented and
discussed in the following sections.

FIG. 1. Profile of the shaft and soil conditions.

PARAMETRIC STUDIES BY FEM

The FE analyses were performed using the two-dimensional finite element code
PLAXIS 8.2 (Brinkgreve et al, 2002). Because of symmetrical geometry, a plane-strain
model with half geometry was adopted and a typical finite element mesh made of
15-node triangle elements is shown in Fig. 2. In the mesh the caisson structure was not
incorporated and the interaction between the caisson and its surrounding soils was
implemented through applying vertical distributed forces (i.e. the skin friction and
cutting force) to the soil on the contact surface. In addition, the protection wall and the
compressed air pressures were taken into consideration.

FIG. 2. Typical FEM mesh in the present study.
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In the parametric numerical simulation, the caisson sinking process was modeled by
four continuous stages. Corresponding forces (skin friction/, cutting force r, and air
pressures p) were applied to the soils in each stage. In the meantime, the "excavated"
soil elements were deactivated accordingly. The ground water table within the region of
the caisson was also updated in each stage. In this study, several sets of FE analyses
were performed by varying values of each aforementioned parameter, based on the
"standard" conditions (i.e. the actual construction conditions of the tunnel shaft in
Shanghai). In the "standard" conditions no protection walls were adopted.

The detailed introduction on how to model the whole construction process of NPC
using PLAXIS 8.2 along with the validation of the analysis procedure by field
measurements is reported by Peng et al. (2009) and will not be repeated here.

Effects of skin friction
The first investigated parameter is the skin friction, / between the caisson and its

surrounding soils. During the NPC construction, the skin friction/is not constant, and it
is highly dependent on soil properties, smoothness of the caisson wall, and other
construction conditions. Especially,/could be reduced largely in situations where some
measures are taken to aid sinking, such as air or slurry coating method. Therefore, it will
be effective to investigate the effects of these auxiliary construction measures indirectly
by parametric studies of/ In the "standard" conditions,/was given a value 20 kPa. In
the present parametric study, five cases of numerical analyses were performed on the
above mentioned Shanghai shaft project, with/of 0 kPa, 10 kPa, 20 kPa, 30 kPa, and 40
kPa, respectively. In these FE analyses, no protection wall was incorporated.

Figs. 3(a) and 3(b) present variation of the final surface settlements and soil upheavals
beneath the caisson with the skin friction/ In Fig. 3(a), the x-coordinate is the distance
away from the outside wall of the caisson (D). The modeling results showed that at the
same final sinking depth, the maximum surface settlement, Sm , occurring at the
periphery of the caisson, increased significantly with increasing of the skin friction/
When/increased from 10 kPa to 40 kPa, 6m was almost increased by 12 times, up to
15.5 cm. In the meantime, the surface settlement profile tended to move downwards as/
increased.

FIG. 3. Variation of surface settlements and soil upheavals with/.
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In Fig. 3(b), the x-coordinate is the distance away from the center line of the caisson.
As the excavation under the caisson started, soil upheavals beneath the caisson would
occur due to unloading. Upheavals located in the center line of the caisson were more
significant. From Fig. 3(b), it can be seen that upheavals beneath the caisson decreased
linearly with the increase of/, but in a relatively gentle rate. This can be attributed to the
downdrag action caused by/, which restrained upward movements of soils beneath the
caisson to some extent.

Effects of compressed air pressures
Compressed air pressures in the working chamber play an important role in the NPC

construction to control the inflow of soil and water. The air pressures are adjusted
timely according to the ground water table levels. To investigate its effects on ground
movements, the air pressure/? was varied from O.Tpo to 1.3/?o, whereto is the recorded
value in the shaft construction. In this set of FE analyses, the "standard" construction
conditions were applied, i.e. / = 20 kPa, no protection wall and so on. Fig. 4(a)
summarized the final surface settlements at different air pressures p. From this graph, it
can be found that/? imposes limited effects on surface settlements, and for various/?, the
surface settlement profiles are similar. On the contrary, upheavals beneath the caisson
are very sensitive to/?, as shown in Fig. 4(b). From Fig. 4(b), it can be observed that the
upheavals were inversely proportional to /?. This fact can be interpreted by that the
compressed air pressures could counteract the unloading to a large extent. This has also
been considered a significant advantage of NPC to other braced excavation methods for
minimizing the construction effects on environments.

FIG. 4. Variation of surface settlements and soil upheavals with/>.

It should be noted that, in theory, the air pressure p equals to the groundwater
pressures at depth of the caisson base. However, it could be adjusted within some ranges
according to the actual ground water table levels in the working chamber, and especially
in some cases, the air pressure /? is reduced designedly to aid the caisson sinking. The
above study results will provide some useful information on the environmental effects.

Effects of embedment depth
In NPC constructions, a supplementary method as a protection wall is sometimes
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adopted in consideration of reducing the construction influence on the adjacent
structures, especially in densely populated area. However, the design method of the
protection wall has not been established yet. In this section and the following, the
effects of the protection wall (wall embedment depth L and wall distance X) will be
investigated by numerical parametric study.

As for the embedment depth Z, a series of FE analysis were performed, in which L was
varied from 10 m to 40 m, keeping the wall distance X= 1.0 m. Considering that the
protection wall was usually made up of sheet piles, the protection wall stiffness, El, was
given a value 1 .Oe+6 kN-m2/m. In the analysis, the case without protection wall was also
incorporated.

Fig. 5 presents variation of the final surface settlements and upheavals beneath the
caisson with L atX= 1.0 m. From Fig. 5(a), it can be observed that when L was smaller
than the final excavation depth //, the wall embedment depth L imposed little effect on
the final surface settlements. The surface settlement profile with protection walls was
closely similar to that with no walls. This could be interpreted that the short walls could
not effectively prevent the surrounding soils moving toward the caisson bottom. The
surface settlements might even a little bigger, due to the additional friction between the
protection wall and soils. While L >H, the protection wall became very effective to
reduce the surface settlements. Outside the protection wall, the surface settlements were
no more than 5 mm. There were even upheavals at the perimeter of the protection wall,
which might be induced by unloading. Within the areas between the caisson and the
protection wall, the surface settlements were substantially decreased to half as
compared with that without protection wall. It is also found that, the longer the
protection wall, the smaller the surface settlements. However, increasing wall
embedment length means increasing project costs. An optimum design of a protection
wall requires an embedment depth that achieves the balance between serviceability and
cost. Therefore, it may be appropriate that the embedment depth L of the protection wall
is designed to equal the excavation depth. Inoue (2007) also confirmed this.

FIG. 5. Variation of surface settlements and soil upheavals with L.

Fig. 5(b) presents the effects of the wall embedment depth on the upheavals beneath
the caisson. As described above, when L<H, the protection wall imposed little effect on
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soil upheavals. While L > H, the soil upheavals were reduced sharply as a result of
existence of the protection wall and decreased slowly with increasing of L. However, in
general, soil upheavals were not very sensitive to L.

Effects of wall distance
As for the wall distance X, five sets of FE analyses were performed. In the analyses X

was varied from 1.0 m to 4.0 m, keeping the wall embedment depth L = 30 m and El =
l.Oe+6 kN-m2/m. Fig. 6 presents variation of the final surface settlements and upheavals
beneath the caisson with X at L = 30.0 m. From Fig. 6(a) it can be seen that, the wall
distance Xhad significant effects on the surface settlement profile. With decreasing ofX,
the surface settlement profile became much flatter. When X = 1.0 m, the surface
settlements outside the protection wall could be negligible. In the case of no protection
wall, some surface upheavals existed beyond some distance from the caisson, due to the
cutting and extruding action of the caisson cutting edge. While in the other cases, under
isolation due to the protection wall, the upheavals were minimized significantly. Fig.
6(b) showed that soil upheavals beneath the caisson were proportional to X. With X
decreased, soil upheavals also decreased.

This paper presents a thorough parametric study on FE-predicted ground movements
induced by the NPC construction, in terms of the two aspects: surface settlements and
upheavals beneath the caisson. Based on the parametric studies, the main conclusions
and suggestions can be drawn as follows:

1) The skin friction/is a key factor in determining surface settlements due to NPC
construction. The modeling results showed that reducing the skin friction could result in
nonlinear substantial reduction of surface settlements during NPC construction. Thus,
to minimize the environmental effects caused by NPC, it is necessary to take some
measures to reduce the skin friction, such as air or slurry coating method.

2) Variation of the compressed air pressure p caused few changes in surface
settlements. While, for a certain excavation depth, p is the most important factor in

FIG. 6. Variation of surface settlements and soil upheavals with X.

CONCLUSIONS
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determining soil upheavals beneath the caisson. The air pressure could, to a great extent,
counteract the unloading due to excavation and then reduce soil upheavals. The
upheavals were inversely proportional top. The results will provide some references on
the environmental effects when the air pressure is adjusted within the allowed ranges.

3) If the protection wall was applied, it was very effective to reduce the surface
settlements at L > H\ and it imposed little effect while L < H. To achieve the balance
between serviceability and cost, L = Hwas appropriate. At the same embedment depth,
surface settlements decreased with decreasing of X, and the surface settlement profile
became much flatter. If it was possible, the protection wall should be placed as much as
close to the caisson. In addition, X and L had limited effects on soil upheavals beneath
the caisson. These findings are of practical use, which can lead to an economical
construction of a protection wall for NPC construction.
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ABSTRACT: Piping, as the result of internal erosion of embankments, is a primary
cause of embankment breaks. Moreover, hollows or cavities of soil structures have been
occasionally reported due to erosion within soils. The inner states of embankments are
needed to be estimated to take appropriate measures for the prevention of the accidents
of soil structures. In this study, simultaneous modeling of the internal erosion and the
deformation of soils is carried out. As for the internal erosion, the equations governing
the erosion and the transport of fine particles within a soil mass are derived with the
concept of erosion rates of soils. Additionally, the constitutive model which can
describe the deformation of soils caused by the internal erosion is proposed in this
paper.

INTRODUCTION

Piping is the phenomenon that a flow path, where the seepage flow concentrates,
appears within soil structures. Usually the flow path is created due to the erosion and the
migration of soil particles. Piping is the primary cause of dam breaks. Actually, Foster
et al. (2000) investigated world-wide embankment dam failures and accidents, and
reported that 46 % of them were triggered by piping. The water leakage from aging
irrigation ponds, which are small embankment dams to store irrigation water, has been
frequently reported in Japan. This phenomenon is considered to result from piping.
Therefore, piping is a serious problem for soil structures subjected to seepage flow.

Up to now, there have been a dozen studies on piping. However, the computational
methods for evaluation of piping potential are currently limited. Piping is a
phenomenon deeply related with erosion within soils, although soil mechanics, at
present, cannot deal with the internal erosion of soils and the transport of eroded soil
particles. In order to treat the internal erosion and the transport of eroded fine particles
within soils, the following must be considered: (1) the velocity field of the intergranular
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saturated-unsaturated seepage flow, (2) the increase in the porosity of soils owing to the
erosion, and (3) the transportation of the eroded soil particles through the soil pores. In
this paper, first, the governing equations for the above three items are introduced with
the Eulerian formulation. Secondly, the simultaneous modeling of the internal erosion
and the deformation of soils is presented, proposing a constitutive model describing the
change of the state surface due to the erosion.

GOVERNING EQUATIONS FOR INTERNAL EROSION

The erosion rate of soils is introduced and the soil phases are considered here in
advance of deriving the governing equations. The erosion rate is defined as the volume
of the eroded soil particles from the unit surface area of the erodible region within a unit
of time, which has the dimensions of velocity. The previous empirical studies and the
recent semi-theoretical investigations have adopted the following form for the erosion
rate as a function of the shear stress exerted onto the erodible soil particles (e.g., Reddi
et al. 2000; Indraratna et al. 2009):

E = a(T-rc) (1)

where E, a, r , and rt. denote the erosion rate, the erodibility coefficient, the shear

stress, and the critical shear stress, respectively. If shear stress r , exerted by a fluid, is
smaller than critical shear stress rc, erosion does not occur.

Figure 1 shows the four phases of soils in order to deal with internal erosion and the
transport of the detached soil particles from the soil skeleton. Soils are usually divided
into three phases, namely, pore air, pore water, and soil particles. When the internal
erosion of soils is considered, however, two types of soil particles exist, i.e., the
particles of the soil skeleton and those eroded or detached from the soil fabric.

FIG. 1. Four phases of soils for considering internal erosion.

As shown in Figure 1, the mixture of pore water and eroded soil particles is defined as
the pore liquid in this paper. V , Fvv, Vmr, and V, denote the volume of the soil mass, the

soil skeleton, the eroded soil particles, and the pore liquid, respectively. Using these
definitions, the soil properties are introduced as follows:

where Q , n , and C denote the volumetric liquid content, the porosity, and the
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concentration of detached soil particles from the soil fabric contained in the pore water,
respectively.

Adopting the concept of the erosion rates E and the definition of the soil properties in
equation (2), governing equations to analyze the internal erosion of saturated soils are
derived as follows:

where / , * . , « , v,. , Ae and c denote time, Cartesian coordinates, the porosity, the
velocity of the pore fluid, the surface area of the erodible region per unit volume and the
concentration of soil particles within the pore fluid, respectively. In the above
equations (3) to (5), the Einstein summation convention is applied (the summation
convention will be applied hereafter with respect to subscripts). The following Darcy's
law is applicable to the flow of the pore fluid;

The shear stress exerted onto erodible soil particles needs to be estimated in order to
evaluate the erosion rate of soils, as seen from equation (1). Efforts to estimate the shear
stress in the interior of soils have required the idealization of the soil pores as an
ensemble of pore tubes. However, the pore tube dimensions distribute within soils and it
is quite difficult to determine the spatially distributed values of shear stress. To
overcome this difficulty, the representative pore tube dimensions have frequently been
used. If the permeability and the porosity of a soil material are given, representative
core diameter D is obtained as

where & v , h , z , uw, p , g denote the permeability, the hydraulic head, the elevation
head, the pressure and the density of pore liquid and the gravitational acceleration,
respectively. With the aid of equations (4) and (6), equation (3) can be reduced into

where K denotes the intrinsic permeability, defined as

where // is the viscosity of the pore liquid. Assuming the Hagen-Poiseulle flow in the
pore tube, the shear stress exerted onto the pore wall is estimated by the following
eauation (e.0.. Reddi et al. 2000V

where / stands for the hydraulic gradient. The erosion rate E can be estimated with
equations (1) and (10) when the permeability, the porosity and the hydraulic gradient
are determined.
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FIG. 2. Illustration of particle distribution curve.

EROSION MODEL

The surface area of credible soil particles per unit volume of soils, Ae, is required in
order to assess how much and how fast the soils erode. However, very few studies have
been done on the erodibility within soils and it is considerably difficult to estimate the
amount of erodible particles in ordinary soils with a wide range in particle distribution.
Therefore, a simple model for the internal erodibility of soils is proposed here in
advance of the subsequent numerical analysis.

Supposing a particle distribution curve is given, as shown in Figure 2, the soil
particles with a diameter between D; , and D. account for the percent of P. - Pi_l by

weight. Letting pv denote the density of the soil grains, the particles with a diameter

between D._, and D. weigh p ^ ( \ - n)(Pt.- P._,) within the unit volume of the soil,

because the soil mass of the unit volume contains the soil particles of ps(\-n) by
weight. Using the following averaged particle diameter D] as the representative value
of the fraction

where A2 and A3 are the shape coefficients used to calculate the surface area and the
volume, respectively. The erodible particles are assumed to be the soil particles which
are smaller than the pore size. Considering representative pore size D, given by
equation (8), with porosity n and intrinsic permeability K, the surface area of the
erodible particles is determined by the following equation:

the surface area of the fraction existing within the unit volume of the soil mass, A'€, is
obtained as follows:
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Due to erosion, the material parameters of the density and the viscosity of the pore
liquid and the permeability vary. The density and the viscosity of the pore liquid are
updated with the following equations:

where pw and 77 denote the density and the viscosity of pure water, respectively. The

permeability varies because of changes in the fluid viscosity, so that it is also updated as
follows :

where CT and Dr are the material constant and the representative particle diameter,
respectively.

REPRODUCTION OF THE EXPERIMENTAL RESULTS

The applicability of the concept presented above is verified here. Reddi et al. (2000)
conducted internal erosion tests using a material comprising 70% Ottawa sand and 30%
kaolinite clay by weight. Details of the experiments are presented in their paper; thus,
only a brief explanation is given here.

Reddi et al. (2000) compacted the test material in the mold and prepared a cylindrical
sample with the dimensions of 101.6 mm in diameter and 50 mm in thickness. The
sample was saturated with and permeated by distilled water, and the seepage flow in the
thickness direction was generated, which caused erosion in the interior of the sample.
They measured the turbidity of the effluent, which was converted to the discharge rate
of kaolinite. During the experiments, they controlled the inflow rate and recorded the
water pressure at the inlet of the sample.

The dashed line in Figure 3 shows the recorded discharge rate of kaolinite. During the
tests, the flow rate was increased linearly from 0 to 200 ml/min up to 900 minutes and
then kept constant at 200 ml/min after that. Since the pore water pressure was
continuously measured, an alteration of the permeability was experimentally obtained
during the tests. In order to verify the proposed concept, a reproduction of the
experimental data by the numerical simulation was carried out. The numerical results of
the kaolinite discharge rate are shown as the solid line in Figure 3. It can be seen that the
numerical results provide a good agreement with the experimental data.

The finite element method was used to solve equation (7) and the finite volume
approach was applied for equation (5). As the boundary conditions, the flow rate
equivalent to their control was imposed on the top and the atmospheric pressure was
applied as the pore liquid pressure at the bottom. Integrating the kaolinite discharge rate
in Figure 3, with respect to time, the initial surface area of the erodible soil particles was
determined by obtaining the total eroded soil mass (= 1.1 x 10"3kg) and multiplying it by
the specific surface area of kaolinite (=20X103 m2/kg). Dividing it by the volume of the
test sample (=4.05X10"4 m3), the surface area per unit volume Ae was obtained. Other
parameters for the gravitational acceleration (=9.8 m/s2), the density of water (=1000
kg/m3), the soil particles (=2600 kg/m3), and the viscosity of pure water (=1.005><10'3

kg/m's) were given, and the critical shear stress (=1.1 Pa) and the initial porosity (=0.27)
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were provided by the results of Reddi et al. (2000). Only the erodibility coefficient, a ,
could not be determined. Thus, its value was arbitrarily given as 5.5E-8 m3/kN's to
match the experimental data shown in Figure 3. Up to now, the direct determination of
the erodibility coefficient for internal erosion has not been done due to the great
difficulty involved in doing so. Khilar et al. (1985) and Reddi et al. (2000), however,
indicated that the erodibility coefficient of internal erosion is even smaller than that of
surface erosion, namely, in the range of 1 .OE-4 to 1 .OE-3 m3/kN's. The estimated value
of the coefficient, 5.5E-8 m3/kN s, is consistent with their indication.

This analysis has shown that the numerical results seen in Figure 3 agree well with the
experimental data and that the proposed approach can reproduce the observed data
sufficiently well.

FIG.3. Relationship between discharge rate of kaolinite and elapsed time
(after Reddi et al., 2000)

CONSTITUTIVE MODEL TREATING DEFORMATION
DUE TO INTERNAL EROSION

Due to the erosion and transport of fine soil particles, the deformation of the soil will
be induced. Wood & Maeda (2008) have reported that the internal erosion affects the
critical state of the soil. As they indicated, the critical state line moves upward (See
Figure 4), which means the soil reaches shear failure at the higher void ratio. Therefore,
the failure and the internal erosion are significantly related with each other, and the
deformation and erosion of soils need to be simultaneously estimated.

Figure 4 shows the change of CSL (critical state line) and NCL (normal consolidation
line) caused by the loss of the fine particles due to the erosion. As seen in the figure,
NCL as well as CSL vary the locations due to the erosion and move upward in the
conventional semi-logarithmic compression plane (specific volume and logarithm of
mean stress). For simplicity, these two lines are assumed to move in parallel, which
corresponds to the parallel shift of the state surface. When the increment of the void
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ratio due to erosion &eE is greater than the displacement of NCL and CSL AT, the
stress point enters the plastic region and the plastic compression occurs. Dividing the
variation of the void ratio Ae into the parts due to the erosion AeE and the deformation
&eD as follows;

the following yield function can be obtained on the basis of Cam-clay model.

where A , K , M , //, <?, AeD
/?and As/ denote the compression and swelling index, the

slope of the failure line, the effective mean stress, the deviator stress, the plastic
component of the void ratio change and the volumetric plastic strain change. pQ and

eQ are the reference effective mean stress and void ratio, respectively. This above
procedure can be applied to any existing constitutive model based on the critical state
concept.Using the yield function of equation (18), the elasto-plastic deformation due to
the internal erosion can be calculated by the equilibrium equation of a soil mass.
However, it has to be noted that equations (3) to (5) must be modified, as follows, by the
Lagrangian formulation considering the deformation of the soil:

where Dtj denotes the stretching tensor for the deformation of the soil.

FIG.4. Conceptual diagram of the alteration of the state surface owing to internal
erosion (Upward shift of NCL and CSL).
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SUMMARY

This paper has presented the simultaneous modeling of the internal erosion and the
deformation of soils. In order to describe internal erosion, the concept of the four phases
of soils has been introduced. Usage of the erosion rate of soils has enabled the simple
derivation of the governing equations for the seepage flow, the changes in porosity, and
the transport of the detached soil particles from the soil skeleton. Considering upward
shift of the state surface of soils, an example of the constitutive models describing the
deformation due to the internal erosion has been proposed on the basis of the Cam-clay
model.
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ABSTRACT: This paper presents analytical solutions of the steady state displacements
and temperature increments of a half space subjected to a circular plane heat source on
the basis of the fundamental solutions of the half space due to a point heat source. The
half space is modeled as a homogeneous isotropic linear elastic medium. The software
Mathematica is used to complete symbolic calculations, and the closed-form solutions
are presented. The governing equations of the mathematical model are based on the
theory of thermoelasticity. The thermal stresses of the half space obey Newton's second
law and Hooke's law. Besides, the energy conservation and heat conduction law are
introduced to formulate the governing equations of thermal flow. The solutions can be
used to test numerical models and the detailed numerical simulations of the
thermoelastic processes near the buried heat sources.

INTRODUCTION

Heat source buried in the stratum leads to thermo-mechanical responses. The heat
source such as a canister of radioactive waste can cause temperature rise in the soil.
Nuclear wastes are usually deposited very deep, such as 200 to 700 meters below
ground, so that they can be isolated from the living environment of human beings.
Many studies suggested that linear theory was adequate for a repository design based on
technical conservatism. For example, Hueckel and Peano (1987) indicated that
European guidelines require that temperature increments in the soil close to the heat
source should not exceed 80°C while the temperature increments at the ground surface
is limited to less than 1°C. Given the modest temperature increments, Hollister et al.
(1981) observed that any significant non-linear behavior and/or plastic deformation of
the soil would be confined to a relatively small volume of soil around the waste canister
itself. In this case, a linear model can provide a reasonable approximation for the
assessment of a proposed design (Smith and Booker, 1996).
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Lu and Lin (2006) displayed the transient ground surface displacement produced by a
point heat source/sink through analog quantities between poroelasticity and
thermoelasticity. Booker and Savvidou (1984, 1985), Savvidou and Booker (1989)
derived an extended Biot theory including the thermal effects and presented solutions of
thermo-consolidation around the spherical and point heat sources. Beside, Lu and Lin
(2007) presented analytical solutions of the transient thermo-consolidation deformation
due to a point heat source of constant strength buried in a saturated isotropic porous
elastic half space.

The ground surface is predominantly modeled as a flat surface in the study of ground
surface responses of geomechanics problems (Nowacki, 1986). The sedimentary soils
or rocks usually have laminated structures. The original primary layers of strata are
always laid out horizontally on mathematical formulation, and abundant groundwater
can be found from the layers with relatively high permeability. The groundwater
moving velocity is generally very slow, and thermal conduction generated by nuclear
waste or geothermal can occur in the laminated strata. The circular plane heat source is
introduced in this paper on the modeling of thermal conduction through the layered
strata.

In this paper, attention is focused on the analytical solutions of the displacements and
temperature increments for an isotropic stratum subject to a circular plane heat source.
The homogeneous isotropic soil mass is modeled as a linear elastic isothermal half
space. The governing equations of the mathematical model are based on the theory of
thermoelasticity. The software Mathematica is used to derive the fundamental solutions
of the half space due to a point heat source. The solutions can be used to test numerical
models and the detailed numerical simulations of the thermoelastic processes near the
buried heat sources.

MATHEMATICAL MODELS

The governing equations of the mathematical model are based on the theory of
thermoelasticity. The thermal stresses of the half space should obey Newton's second
law and Hooke's law. Besides, the energy conservation and heat conduction laws are
introduced to formulate the basic equations of thermal flow. Figure 1 presents a point
heat source buried in an elastic half space at a depth h . The stratum is considered as a
homogeneous isotropic medium with a vertical axis of symmetry. Considering a point
heat of constant strength Q located at point (O,/?), the basic governing equations of the

elastic stratum for linear axially symmetric deformation can be expressed in terms of
displacements u. and temperature increment of the stratum $ in the cylindrical

coordinates (r,Q,z\ as follows (Lu and Lin, 2006):
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in which V2 = d2/dr2 + \/rd/dr + 62/dz2 is the Laplacian operator. The displacements
ur and uz are in the radial and axial directions, respectively. .9 is the temperature

increment measured from the reference state, s = dur /dr + ur/r + duz /dz is the volume

strain of the stratum and the thermal expansion factor /? = 2G(l + v)as/(l -2v). The

constants v , G and as are Poisson's ratio, shear modulus, and linear thermal

expansion coefficient of the skeletal materials, respectively. The constant /I, define the

thermal conductivity of the thermoelastic medium. The symbol <5(x) is the Dirac delta

function.

FIG. 1. Point heat source buried in a thermoelastic half space.

The half space surface at z = 0 is treated as a traction-free and isothermal boundary for
all times / > 0. Its mathematical statements of the boundary conditions are:

Here cr. are the incremental stress components. The rational basis of the isothermal

assumption on the flat surface is that the nuclear waste or geothermal is deposited or
generated at a great depth on the mathematical modeling. Besides, the ground surface is
in contact with atmosphere, and it is kept at isothermal condition at each specific time.

It's reasonable to assume that the point heat source has no effect at the boundary
z —> co for all times. Hence

The analytical solutions of displacements and temperature increments of the stratum
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can be derived from the differential equations (la)-(lc) corresponding with the
boundary conditions at z = 0 and z ->> oo.

FUNDAMENTAL SOLUTIONS

Using Hankel integral transformation with respect to the variable r, the fundamental
solutions of the long-term horizontal displacement w r ( r , z ) , vertical displacement

uz (r,z) and temperature increment i9(r,z) of the isothermal half space due to a point

heat source are obtained as follows:

Eqs. (3a)-(3c) are the fundamental solutions of the thermoelastic half space due to a
point heat source.

CLOSED-FORM SOLUTIONS

The closed-form solutions of the horizontal displacement w,. (r,z) , vertical

displacement u, (r,z) and temperature increment i9(r,z) due to a circular plane heat

source with radius b buried at a depth h, as shown in Figure 2, can be derived from Eqs.
(3a)-(3c). Considering a unit area dA located at a distance s from the center of circular
plane heat source. The heat strength of this unit area is qdA , and it can be approximated

as a point heat source. The increment of displacements ur, uz and temperature

increment «9 due to the elementary circular plane heat source can be obtained by
substituting r-s for r and qsdsdO for Q in Eqs. (3a)-(3c). Thus, the total increment
of displacements and temperature rise of the stratum can be determined by the
integration with radial limits of 5 = 0 to s = b and circumferential limits of 9 = 0 to
9-1n. Using Mathematica to complete the symbolic calculations, the closed-form
solutions are given as below:
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in which and

FIG. 2. Circular plane heat source in a thermoelastic half space.

The ground surface horizontal and vertical displacements are found when z = 0:
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where r = r//z and b = 6//z. The solutions can be used to test numerical models and
the detailed numerical simulations of the thermoelastic processes near the buried heat
sources.

NUMERICAL RESULTS

The normalized parameter of circular plane heat surface radius b to depth h ratio (b/h)
is used to verify the proposed solutions. The profiles of vertical and horizontal
displacements at the ground surface z = 0 are normalized by \qas (l + v) / f 2 jM, as

shown in Figures 3 and 4, respectively. The results shown in Figures 3 and 4 indicate
that the higher normalized parameter b/h can induce larger displacements on the ground
surface. Figure 3 shows that the negative ground surface horizontal displacement value
indicates displacement toward the axial symmetric center near the circular plane heat
source, and the positive value indicates that ground surface horizontal displacement is
outward from axial symmetric center. Figures 3 and 4 also concluded that the
thermoelastic ground surface deformations due to a circular plane heat source reached
their extreme values near the edge of heat source, i.e., r equals b, and then, the
displacements reduced at the remote ground surface boundary.

FIG. 3. Normalized horizontal displacement profile at the ground surface z - 0
due to circular plane heat source.

[qa.(l + v)h*]/A,z = 0 ;
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FIG. 4. Normalized vertical displacement profile at the ground surface z = 0 due
to circular plane heat source.

CONCLUSION

On the basis of the fundamental solutions due to a point heat source, analytical
solutions of the long-term horizontal displacement, vertical displacement and
temperature increment of a thermoelastic half space subject to a circular plane heat
source were obtained. Using the software Mathematica to complete the symbolic
calculations, this study presents the closed-form solutions to this kind of problems. The
solutions provide valuable information to test numerical models and numerical
simulations of the thermoelastic processes near the buried heat sources. The results
show:
1. The numerical results indicate that the larger normalized circular plane heat source

radius b/h can induce larger displacements of the ground surface.
2. It is reasonable to find that the long-term thermoelastic ground surface deformations

due to a circular plane heat source reached their extreme values near the edge of
plane heat source and then reduced at the remote ground surface boundary.
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ABSTRACT: Based on three-dimensional thermoelasticity, the homogeneous
isotropic stratum is modelled as a linear elastic half space. Analytical solutions of the
transient and long-term horizontal and vertical displacements due to a point heat source
are presented. Utilizing Laplace and Hankel integral transforms, the closed-form
solutions of displacements of the ground surface are obtained. The displacements
affected by thermally parameters are illustrated and discussed. The maximum ground
surface horizontal displacement can be exactly derived, and it is around 30% of the
maximum ground surface vertical displacement. Moreover, the golden ratio, known as
$ = 1.618, appears in the maximum ground surface horizontal displacement and
corresponding vertical displacement of a half space. The study concludes that golden
ratio emerges in this phenomenon and the horizontal displacement should be properly
considered in the prediction of vertical displacement induced by a buried heat source.

INTRODUCTION

The golden ratio (/) is well known in mathematics, science, biology, art, architecture,
nature and beyond (Sen and Agarwal, 2008), which is the irrational algebraic number
(1 +V5 )/2 *1.6180339887 (Livio, 2002; Dunlap, 1997). It is interesting to find that
the golden ratio exists in the point heat source induced displacements of a homogeneous
isotropic thermally elastic half space. Examples of the golden ratio in engineering
include the study of shear flow in porous half space (Puri and Jordan, 2006), classical
mechanics of coupled-oscillator problem (Moorman and Goff, 2007), and consolidation
settlement due to a point sink (Lu and Lin, 2008), etc.

Nuclear wastes are usually deposited at a great depth, such as 200 to 700 meters below
ground, so that they can be isolated from the living environment of human beings. It
suggested that linear theory was adequate for a repository design based on technical
conservatism. For example, Hueckel and Peano (1987) indicated that European
guidelines require that temperature increments in the soil close to the heat source should
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not exceed 80°C while the temperature increments at the ground surface is limited to
less than 1°C. Given these modest temperature increments, Hollister et al. (1981)
observed that any significant non-linear behavior and/or plastic deformation of the soil
would be confined to a relatively small volume of soil around the waste canister itself.
In this case, a linear model can provide a reasonable approximation to the assessment of
a proposed design (Smith and Booker, 1996).

Attention is focused on the analytical solutions of the transient and long-term ground
surface displacements of an isotropic stratum due to a point heat source. The responses
of the stratum were satisfactorily modeled by assuming it as a thermoelastic continuum
(Booker and Savvidou, 1985). Lu and Lin (2006) displayed transient ground surface
displacement produced by a point heat source/sink through analog quantities between
poroelasticity and thermoelasticity. Booker and Savvidou (1984, 1985), Savvidou and
Booker (1989) derived an extended Biot theory including the thermal effects and
presented solutions of thermo-consolidation around the spherical and point heat
sources. In their solutions, the flow properties are considered as isotropic or
transversely isotropic, whereas the elastic and thermal properties of the soils are treated
as isotropic.

Based on Biot's three-dimensional consolidation theory of porous media, analytical
solutions of the transient thermo-consolidation deformation due to a point heat source of
constant heat generation rate buried in a saturated isotropic porous elastic half space
were presented by Lu and Lin (2007). In this paper, the point heat source induced
transient ground surface displacements of a thermoelastic medium are derived by using
Laplace and Hankel integral transforms. The soil mass is modeled as a homogeneous
isotropic thermally elastic half space. The case of isothermal half space boundary is
investigated. Results are illustrated and discussed to provide better understanding of the
ground surface displacements due to a point heat source. The solutions can be used to
test numerical models and the detailed numerical simulations of the thermoelastic
processes near buried heat sources.

THE GOLDEN RATIO

The golden ratio ^ can be derived from a geometrical line segment in extreme and
mean ratio as shown in Figure 1, where the ratio of the full length 1 to the length of x is
equal to the ratio of longer section x to shorter section l — x:

Assuming x = l/$, hence, $ satisfies

The golden ratio is the positive root of Eq. (2):
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FIG. 1. Dividing the unit interval according to the golden ratio.

FIG. 2. The golden rectangle.

Figure 2 displayed another geometric description of golden ratio through the golden
rectangle. Given a rectangle with sides' ratio a : b, the removing of square section
leaves a remaining rectangle with the same ratio as the original rectangle, i.e.,

Thus, this solution is also the golden ratio ^:

Based on the theory of thermoelasticity, this study modelled the stratum as a
homogeneous isotropic thermally elastic half space. Closed-form solutions of the
transient and long-term ground surface deformations of the stratum due to a point heat
source of constant heat generation rate are presented in this paper. It is interesting to
find that the golden ratio (/> appears in the point heat source induced maximum ground
surface horizontal displacement and corresponding vertical displacement of a
thermoelastic half space.

MATHEMATICAL MODELS

The ground surface is in contact with atmosphere, and it is kept at isothermal
condition at each specific time. Figure 3 is a hemi-sphere geometry that presents the
relationship between the radius r and a point heat source buried in an elastic half space
at depth h. The stratum is considered as a homogeneous isotropic medium with a
vertical axis of symmetry. Assuming the model is decoupled, i.e., the thermal field $ is
independent of the displacement fields ur and uz in the heat equation (6c) (Nowacki,

1975) and considering a point heat source of constant heat generation rate Q located at

point (0,/z). The basic governing equations of the elastic stratum for linear axially
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symmetric deformation can be expressed in terms of displacements M. and temperature

increment of the stratum ,9 in the cylindrical coordinates (r,#,z) as follows (Lu and

Lin, 2006):

in which V2 = 82/dr2 + l/rd/dr + 82/dz2 is the Laplacian operator. The displacements
ur and uz are in the radial and axial directions, respectively. The parameter »9 is
temperature increment measured from the reference state, and the parameter
£ = dur/dr + ur/r + duz/dz is volume strain of the stratum. The constants v , G and

as are Poisson's ratio, shear modulus, and linear thermal expansion coefficient of the

skeletal materials, respectively. The constants At , p and c define the thermal

conductivity, density and the specific heat of the thermoelastic medium, respectively.
The coefficient c£ = pc, and the thermal expansion factor /? = 2G(l + v)a5/(l-2v).

The symbols u ( t ) and d(x) are called the Heaviside step function and Dirac delta

function, respectively.

FIG. 3. Point heat source induced ground surface displacements model.

The half space surface, z = 0, is treated as a traction-free and isothermal boundary for
all times t > 0. Its mathematical statements of the boundary conditions are:

Here cr. are the incremental stress components. It is reasonable to assume that the
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point heat source has negligible displacement effect when z -» oo for all times. Hence

Assuming no initial change in displacements and temperature increment for the
thermoelastic medium, the initial conditions at time / = 0 of the mathematical model
due to a point heat source can be treated as:

The transient ground surface displacements can be derived from the differential
equations (6a)-(6c) corresponding to the boundary conditions at z = 0 , z -> oo , and
initial conditions at time t = Q.

ANALYTIC SOLUTIONS

The analytical focus is on horizontal and vertical displacements of the ground surface,
z = 0 , due to a point heat source. Using Laplace integral transformation with respect to
variable t and Hankel transformation with respect to the variable r, the transient
horizontal displacement w r ( r ,0 , f ) and vertical displacement w z(r ,0, /) of the

isothermal ground surface due to a point heat source are obtained as follows:

where the parameter c - ht/ce . The special functions erf(x) and erfc(x) denote the
error function and complementary error function, respectively; and Iv (.x) is known as

the modified Bessel function of the first kind of order v. The long-term ground surface
horizontal and vertical displacements are found when t —> oo:
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where R = Vr2 + h2 . The maximum ground surface horizontal displacement urmax and

vertical displacement wzmax of the half space due to a point heat source are derived from

Eqs. (lOa) and (lOb) by letting r = ̂ h «1.272A and r = 0, respectively:

in which (/) = (l + >/5)/2 «1.618 is known as the golden ratio. The maximum ground
surface horizontal and vertical displacements can be exactly derived as shown in Eqs.
(lla)-(llb), and wrmax is around 30% of w z m a x . The value r = J0h is derived when

dur (r,0,oo)/dr is equal to zero, i.e.,

This leads to solutions of r = ±^(\ + ̂ 5)/2h and r = +</(!- V5)/2h. However, only

is realistic for r e [0,oo).

It is interesting to find that the golden ratio <j> is not only appeared in the point heat
source induced maximum ground surface horizontal displacement but also on the
corresponding vertical displacement by letting r = ̂ h in Eq. (lOb). Hence, we have:

This shows that the ground surface vertical displacement is around 61.8% of the
maximum ground surface vertical displacement uzmaK at r - ^h, where the maximum

ground surface horizontal displacement urmax occurred. Besides, the Eqs. (lla)-(llb)

show that the maximum ground surface horizontal and vertical displacements are not
directly dependent on the buried depth h of the point heat source.

The profiles of normalized vertical and horizontal displacements at the ground surface



GEOTECHNICAL SPECIAL PUBLICATION NO. 204 93

z = 0 for different dimensionless time factor ^ct/h2 are shown in Figures 4(a) and
4(b), respectively. Figure 4(a) shows the relationship between normalized radius

r/h - ^(j) and normalized maximum horizontal displacement

Figure 4(b) shows the corresponding vertical displacement when horizontal
displacement is at its maximum. The ground surface reveals significant horizontal
displacement. For example, Fig. 4(a) shows that the maximum ground surface
horizontal displacement is around 30% of the maximum ground surface vertical
displacement at r/h « 1.272 , which can also be found from the ratio of Eqs. (1 la) and
(lib).

FIG. 4. Normalized displacement profiles at the ground surface z = 0 for
isothermal half space.

CONCLUSION

Closed-form solutions of the transient and long-term displacements due to a point heat
source of an isothermal elastic half space were obtained by using Laplace and Hankel
transformations. The results show:
1. The maximum ground surface horizontal displacement is around 30% of the

maximum surface vertical displacement at r/h«^ = 1.272, where

0 = (1 + >/5)/2 «1.618 is known as the golden ratio.
2. It is interesting to find that the golden ratio ^ also appears in the corresponding

vertical displacement of the thermoelastic half space. The ground surface vertical
displacement is around 61.8% of the maximum ground surface vertical
displacement at r = «fij)h.

3. The magnitude of maximum ground surface horizontal displacement and vertical
displacement are independent of the buried depth h of the point heat source.
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ABSTRACT: Incineration of municipal solid waste (MSW) produces by-products
which can be broadly classified as bottom and fly ashes, and the bottom ash is the
primary by-product that accounts for 80% of the total. The main goal of the present
work is to study the engineering properties of the incineration bottom ash, produced by
Ningbo Municipal Solid Waste Incineration Plan in China. The study includes physical
and engineering properties, such as radioactive nuclide, particle size distribution,
physical and chemical compositions, organic matter content, mud content, moisture
content, apparent and bulk densities, water absorption rate, solidity, bearing capacity,
etc. The test results indicate that the harmful substance content of the bottom ash agrees
with the environmental regulations. Compared with natural aggregates, the bottom ash
has more uniform particle size distribution, more complex constituents, higher strength,
higher water content, higher water absorption rate and lower density. So the engineering
characteristics of the bottom ash are close to those of natural aggregates, and its
engineering application is feasible.

INTRODUCTION

To release the pressure of the increasing municipal solid waste, many cities begin to
build the Municipal Solid Waste Incinerator (MSWI) in China recently (Shi et al.,
2004). Incineration of municipal solid waste produces by-products which can be
broadly classified as bottom and fly ashes, and the bottom ash is about 80% (Aubert et
al., 2004; Yuan et al., 2004). At present, the bottom ash and fly ash are combined for
disposal in most operating facilities. The high cost of treatment, the shortage of landfill
space, and the increased environmental awareness have prompted the search for
alternative uses of the ash other than disposal. Bottom ash is mainly composed of Si, Fe,
Ca, Al, Na and K, etc., in the form of oxides, and thus, presents a similar composition to
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that of geological materials (Forteza et al., 2004; Lin et al., 2003; Zhang et al., 2002). As
a result, many researchers in Europe and America tend to use these residues as
aggregate substitutes in roads, highway pavements and other constructions, leading to
beneficial reutilization of resources and reduction in environmental impacts (Chimenos
et al., 1999; Forteza et al., 2004; Juric et al., 2006). The use of incineration ash in
various engineering applications has gained a considerable attention worldwide.
However, the research on using the incineration residues was very limited in China.

To reduce environmental pollution and alleviate the pressure of landfill, it is important
to study the technology of reclamation and treatment of incineration residues in China.
Through studying the engineering properties of the incineration bottom ash, produced
by Ningbo Municipal Solid Waste Incineration Plan in China, such as particle size
distribution, physical and chemical compositions, organic matter content, mud content,
moisture content, apparent and bulk densities, water absorption rate, solidity, bearing
capacity, etc., it is shown that the engineering characteristics of the bottom ash are close
to those of natural aggregates, and its engineering application is feasible.

MATERIALS

Ningbo Municipal Solid Waste Incineration Plan in China was built in 2001, which
disposes 900 tons MSW per day and produces over 60,000 tons of the bottom ash
annually, in which parts of residues are used to produce cement block and the rest are
landfilled. Presently, the landfill in Ningbo is confronted with a saturated state and the
storage capacity has exceeded 140,000 tons. So finding a new way is necessary. If the
bottom ash is used as an aggregate in roads, the vast land resources can be saved, which
is also helpful to preserve the ecological environment.

The study aimed to characterizing the bottom ash produced by Ningbo Municipal
Solid Waste Incineration Plan with the goal of using it in the construction industry. The
test materials chosen have been landfilled over one year.

EXPERIMENTS

Chemical Properties

Radioactive Nuclide

As an aggregate in roads, the bottom ash should be of no environmental pollution.
Especially, there is no pollution to the ground water resources. This test was based on
the China specification GB6566-2001 (2001). The test result is shown in Table 1. The
bottom ash meets the requirements of environmental protection.

Table 1. Experiment Results of Radioactive Nuclide.

Item

Internal Exposure Index (/Ra)
External Exposure Index (/,-)

Requirements by
Regulation

< 1.0
< 1.3

Test
Results

0.22
0.50

Evaluation

Qualified
Qualified
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Elemental Composition

Bottom ash is mainly composed of Si, Al, Fe, Ca, K, Na, Pb, and S, in the form of
oxides, sulphate and silicate. The composition of bottom ash was approximately
determined by the acidic digestion of the sample in a microwave oven and further
analyses of metals and sulfur were conducted using Inductive Coupled Plasma. In
addition, mercury is analyzed by the cold vapor technique and arsine by atomic
fluorescence with hydride generation (Forteza, 2004). Some of the results are shown in
Table 2.

Table 2. Metal Contents in Bottom Ash.

Items Mn As Cd Cr Cu Hg Pb Sb Zn Ni Sn
Content (mg/kg) | 310 | 21 | 10 | 550 | 1800 | 0.8 | 2500 | 110 | 1000 | 190 | 100

Mica

Mica in aggregates may affect the workability and strength of concrete because it has
no cohesion with cement pastes. At the same time, mica has a negative influence on the
frost resistance and permeability of concrete. Mica content determination was
performed according to the China specification JTJ 058-2000 (2000). Particles that are
greater than 5 mm or less than 0.315 mm, were separated. Two samples were used,
which were dried at 105 °C ± 5 °C until a constant weight was reached. Mica was
examined using steel needle and magnifying glass. The test result shows that there is no
mica in bottom ash.

Organic Matter

Organic matter in bottom ash can reduce the strength of cement-stabilized soil or
lime-stabilized soil. A high content of organic compounds will delay the setting time
and strength of concrete. Particularly, it will affect the engineering properties of
aggregate. Organic matter content was determined by oxidation with potassium
permanganate, according to the China specification JTJ 051-93 (1993). Test results are
listed in Table 3 from eight samples.

Table 3. Test Results of Organic Matter Content.

Sample
1
2
3
4
5
6
7
8

Organic Matter Content (%)
4.25
5.35
5 . 1 3
4.66
5.50
4.21
5.00
4.13

Average (%)

4.78
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According to the China specification JTJ 034-2000 (2000), the organic matter content
of aggregate in cement-stabilized soil must be less than 2%. Otherwise, the aggregate
needs to be treated by lime before use.

Physical and Mechanical Properties

Particle Size Distribution

Bottom ash is composed of scoria, brick, glass, ceramics, stone, metal and organic
matter. Particle size distribution of aggregate is closely related to its compression
resistance, permeability and frost resistance. It is generally recognized that the
well-graded aggregates have high bearing capacity, high shear strength and good
stability. Distribution of the aggregate sizes was characterized by using standard sieves
of different sizes. The sizes of the sieves were: 20, 10, 5, 2.5, 1.25, 0.63, 0.315, 0.16
mm, according to the China specification JTJ 058-2000 (2000). The size distribution
curves are shown in Fig. 1.

FIG. 1. Gradation curves of bottom ash.
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According to the gradation curve, coefficient of uniformity (Cu) and coefficient of
curvature (Cc) can be obtained, which are two quantitative indices for evaluating
well-graded or poorly-graded aggregates. Cu shows the particle size distribution of
gradation curve; while Cc expresses the distribution shape. The results for sample 1 are:
Cu=12.2, Cc=1.96; and for sample 2 are: Cu=12.9, Cc=1.74. The specification JTJ
034-2000 (2000) shows that the aggregate is well-graded when Cu>5 and Cc=l~3. Test
results also show that the maximum particle size is not more than 23.5 mm.

Apparent Density and Accumulated Density

According to the China specification JTJ 058-2000 (2000), apparent density is
determined by using the volumetric flask method and accumulated density is by
cylinder (1L bulk volume, 108 mm inside diameter and 109 mm height). Test results
are shown in Table 4.

Table 4. Results of Apparent Density, Accumulated Density and Mud Content.

Items
Test Results

Apparent Density
1.96g/cm3

Accumulated Density
0.938 g/cm3

Mud Content
4.3%

The apparent density of natural stone is in the range of 2.5-3.3 g/cm3. So the apparent
density of bottom ash is less than that of natural stone, which relates to its physical
composition. At the same time, Table 5 shows that the accumulated density of bottom
ash is only 0.938 g/cm3, which is less than that of ordinary sand with an accumulated
density from 1.4 g/cm3 to 1.7 g/cm3.

According to the apparent density and the accumulated density, the percentage of
voids can be obtained, which is 52%.

Mud Content

Mud content has an influence on the cohesiveness between binder materials and
aggregates, and on the strength and durability of concrete. Mud content is used mainly
to measure the content of particles with a diameter less than 0.075 mm in bottom ash,
according to the China specification JTJ 058-2000 (2000). The test result is shown in
Table 4. According to the China specification JTJ 034-2000 (2000), the maximum mud
content of aggregate in cement-stabilized soil should be less than 7%.

Invariability

Invariability is a key index measuring the frost resistance of aggregate. The test
procedure was as follows: the bottom ash was soaked in a saturated solution of sodium
sulfate. Then, the sample was dried and weighed according to the China specification
JTJ 058-2000 (2000). The total weight loss indicates the invariability of bottom ash.
The test results show that the invariability loss is 1.7%.
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Loss on Ignition

Loss on Ignition represents whether the MSW was burned fully or not. The bottom
ash was burned at 950 °C and the weight loss was measured with a value of 7.5%
according to the China specification JTJ 051-93 (1993), which is greater than that of fly
ash type I (5%), and less than that of fly ash type II (8%), as specified in the China
specification of GB 1596>2005 (2005). The reason may be that there are some knitted
fabrics and plastics in bottom ash.

Water Absorption

Water absorption may affect water content of aggregate, and the strength and stability
of mixture. The water absorption of bottom ash determined by the method specified in
the China specification JTJ 058-2000 (2000), is 21.6%. The value is greater than that of
natural stone which ranges from 0.2% to 7.0%.

Bearing Capacity

The CBR index (California Bearing Ratio Test) provides a measurement of the impact
resistance of the compacted aggregate. It is determined as the ratio between the impact
load causing a given penetration in the samples and a fixed pattern, as stated in the
China specification JTJ 051-93 (1993). The results obtained are given in Table 5. The
results show that the maximum dry density is 1.49 g/cm3, and the optimum water
content is 18.2%. Because the water absorption is relatively high and cohesive strength
among particles is small, the bottom ash could be considered as cohesionless soil.

Table 5. Test Results of the CBR Index.

Test
1
2

CBR
19.6%
19.8%

Swelling Amount
0.035%
0.021%

Dry Density
1 .42 g/cm3

1.41 g/cm3

Water Absorption
99 g
62 g

Table 6. Summary of Test Results for Aggregate in Gravel-cement Base.

Items

Particle Size
Distribution

Organic Matter
Mud Content

Loss on Ignition
Invariability

Condition in Regulation
for Road Works

Cu>5, C c=l— 3

<2%
<7%
<8%

<12%

Test Results

Sample 1:CU=12.2, Cc=1.96;
sample 2: CU=12.9,CC=1.74

4.78%
4.3%
7.5%
1.7%

Fulfilled

Yes

No
Yes
Yes
Yes

Possibility of Using Bottom Ash in Gravel-cement Base

According to the China Technical Specifications JTJ 034-2000 (2000) for road works,
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the bottom ash as aggregate substitutes in gravel-cement may be considered. The
gravel-cement is produced by homogeneously mixing aggregates, cement, water, and
additives, and then compacting them into layers. The gravel-cement allows the
formation of more resistant bases than granular layers and is, therefore, adequate for
roads with heavy traffic.

Table 6 reveals that the incineration bottom ash meet the requirements for
gravel-cement bases except organic matter. So the bottom ash must be treated by lime
before used as aggregates, according to the specification JTJ034-2000 (2000).

CONCLUSIONS

In this study, the chemical, physical and mechanical properties of bottom ash from
Ningbo Municipal Solid Waste Incinerator, were studied for its potential application on
the base of roads.

Radioactive nuclide test shows that the /Ra is 0.22 and the 7r is 0.50. So the bottom ash
meets the requirements of environmental protection. The test result shows that there is
no mica in bottom ash. The organic matter content of bottom ash is 4.78%, which is
greater than what is specified in cement-stabilized soil. The bottom ash needs to be
treated by lime before use. The obtained gradation curves cover the whole range
between sand (maximum aggregate size is below 5 mm) and gravel (maximum
aggregate size is above 5 mm).

The apparent density and the accumulated density of bottom ash are all less than those
of natural stone. The percentage of voids of bottom ash reaches 52 %. The water
absorption is greater than that of natural stone. The Mud content is 4.3%. The
invariability and loss on ignition are 1.7% and 7.5% respectively. The maximum dry
density is 1.49 g/cm3, and the optimum water content is 18.2%. Because the organic
matter content is 4.78%, which is greater than that of aggregate in cement-stabilized soil,
the bottom ash must be treated by lime before used as aggregates.

The test results indicate that using bottom ash as a gravel-cement base is feasible
regarding both the environmental safety and the structural properties of this residue. It is
notable that the bottom ash is so highly heterogeneous that test results may vary
significantly under any conditions. Therefore, a continuous quality control on the main
chemical and engineering properties are essential.
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ABSTRACT: Cement can be used as a binder for contaminated land remediation
by reducing the leachability of contaminants. The contaminated soils can achieve a
higher strength after cement solidification/stabilization process. However,
contaminants in soils may interfere with the process of cement hydration, and lead
to a more complicated strength development than conventional cemented soils. For
soils contaminated by different types of heavy metals, the cement stabilized
products may have different strength properties since heavy metals in the soils
would influence the extent of chemical fixation among cement, soil, and
contaminants mixtures. This paper presents an experimental study on the
unconfmed compressive strength of cement stabilized/solidified soils contaminated
by lead, copper, and lead-copper mixture. The control samples (cement treated
soils without any heavy metals) are also prepared for comparison purpose. The test
results show that the presence of heavy metals in soils interferes with the cement
hydration process, which is directly reflected by the variation in the strength
development of samples. It is found that the types of heavy metal, the metal
concentration, and the cement content are main factors which affect the cement
hydration and strength.

INTRODUCTION

"Cement-based solidification/stabilization (S/S) is a chemical treatment
process which aims to either bind or complex the compounds of a hazardous waste
stream into a stable insoluble form (stabilization) or to entrap the waste within a
solid cementitous matrix (solidification)." (Wiles, 1987). It can be applied as an
in-situ or ex-situ technology for contaminated soil remediation with advantages of

103



104 GEOTECHNICAL SPECIAL PUBLICATION NO. 204

relatively low cost, well-known material and technology, good long-term physical
and chemical stability, good mechanical and structural characteristics, and so on
(Conner, 1990; IABEA, 1993).

Soils contaminated by heavy metals could be treated by cement-based S/S
technology through a number of complicated fixation mechanisms including (i)
sorption (including physical adsorption and chemical adsorption), (ii)
complexation, and (iii) precipitation (Yong et al., 1992). Cement treated
contaminated soils could achieve an end product with higher strength than
untreated soils, which can be reused as construction materials such as embankment
fillings in the highway construction. Different heavy metals interact differently
with cement and mineral components in soil, making the cementitious matrix
present different physical or chemical properties (Hill et al., 1997; Yin et al., 2006;
Qiao et al., 2007). The study on the effect of different heavy metals on the strength
performance of S/S treated soils is required for engineering purpose.

The object of this study is to compare the influences of individual heavy metals
and multi-heavy metals on the hydration of cemented soils. Unconfmed
compressive strength of cementitious matrix at different curing time is tested as a
main assessment index for the extent of cement hydration.

EXPERIMENTAL

Materials
The soil used in this study was artificially prepared in the laboratory as a

mixture of river sand and pulverized kaolin with a weight percentage of 85% and
15% respectively. The particle size of dry river sand is below 1 mm and the
product grade of kaolin is 325 screen mesh. 10% moisture content was determined
as the value of optimum water content based on the standard compaction test
(ASTM D968-07) and was finally adopted as the designed water content of
contaminated soil specimen.

The artificial heavy metal contaminated soils were prepared by mixing lead
nitrate and copper nitrate as the source of pollutants into the soil. The nitrate was
selected due to its high solubility and it does not inhibit S/S reactions (Boardman,
1999; Ouki, 2002). Three contents of heavy metal of 100 mg/kg, 500 mg/kg, 1000
mg/kg, and 10000 mg/kg (dry soil weight basis) were studied by simulating their
concentration levels in the earth. Two designed cement contents of 5% and 7.5%
by weight of dry soil were used. The control samples (cement treated soils without
heavy metal) were also prepared for comparison. The detail of mix proportions of
specimens are shown in Table 1.

Preparation and measurement of specimens
During sample preparation, cement agent was first mixed with the dry sand and

kaolin to ensure homogeneous distribution of the cement in the soil. Then the
deionized water which dissolving predetermined amount of lead nitrate or copper
nitrate was added into the mixture. For control samples, the pure deionized water
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was used directly with the designed quantity. It is found that the uniform wet
mixture was obtained within 5-10 minutes of mixing due to the large proportion of
sand in the mixture. After thorough mixing, soils were compacted in
O2.8in><H5.6in cylindrical moulds with designed optimum water content and
maximum dry density.The specimen was initially cured for 2 hours, and then
removed from the mould, sealed in the plastic to avoid water evaporation, and
cured at 20°C for 1, 7, 14, 28, 56 and 90 days. Samples were all prepared in
triplicate denoted MiCj, where i is the concentration of heavy metal M and j is the
cement content. At designed curing time, unconfmed compressive test for each
specimen was e conducted according to ASTM D2166-06.

Table 1. Mix proportions of specimens.

Specimen No.

Pb0.01C5
Pb0.1C5
PblC5

PblC7.5
Cu0.01C5
Cu0.1C5
CulC5

CulC7.5
PbCu0.01C5
PbCu0.05C5
PbCu0.1C5

BlankC5
BlankC7.5

Heavy metal
Type

Lead

Copper

Lead and
Copper

No heavy
metal

Concentration
100mg/kg(0.01%)
1000mg/kg(0.1%)
10000mg/kg(l%)
10000mg/kg(l%)
100mg/kg(0.01%)
1000mg/kg(0.1%)
10000mg/kg(l%)
10000mg/kg(l%)

lOOmg/kg (0.01%) each
500mg/kg (0.05%) each
1000mg/kg(0.1%)each

-
-

Cement
content

5%

7.5%

5%

7.5%

5%

5%
7.5%

Note: The concentrations of heavy metal and cement contents are on the dry soil
weight basis

RESULTS AND DISCUSSION

Unconfined compressive strength (UCS)
Figure 1 and Figure 2 show the influence of different heavy metal pollutants on

the strength development of cement treated soils. The cement content of all
specimens presented in Figs, 1 & 2 was 5%. It can be seen from Figure l(a) that
with the same heavy metal concentration in the soils, the specimen Pb0.01C5,
PbCu0.01C5, and CuO.OlCS have a very close strength development trend during
the beginning 28 days curing time. The similar pattern is also found in Figure l(b)
for specimens under conditions of Pb0.1C5, PbCu0.05C5, PbCu0.1C5, and
Cu0.1C5. After 28 days, Cu0.01C5 and Cu0.1C5 present respectively faster
strength development than Pb0.01C5 and Pb0.1C5. It indicates that the late-age
cement hydration process is different for cement treat soils contaminated by
different heavy metals. Lead ions in soil cause a relatively more retarded or
inhibited effect on the cement hydration as comparing with copper ions.
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For the specimen containing lead-copper ions, the strength development at 90
days curing time follows the order of Pb0.01C5 < PbCu0.01C5 < Cu0.01C5, and
Pb0.1C5 < PbCuO.lCS < CuO.lCS < PbCu0.05C5. It means that when the soil is
polluted by a lead-copper mixture at the concentration level of 100 mg/kg or 1000
mg/kg, the strength of these cemented two-heavy metals contained soils is between
the values of corresponding single metal polluted soils. In this paper, the strength is
relatively close to the value of copper- contaminated soils while considerably
greater than that of lead-contaminated soils. As compared with Cu0.01C5 and
Cu0.1C5, PbCu0.01C5 and PbCuO.lCS contained additional 100 mg/kg and 1000
mg/kg lead ions; however, their strength values are closer to those of Cu0.01C5
and Cu0.1C5 respectively. It is implied that for a two-heavy metals contaminated
soil, after treated by cement, its strength development is mainly controlled by the
metal which has less retardation on the strength development. Similar observation
was also found for the specimen of PbCu0.05C5. Comparing PbCu0.05C5 with
CuO.lCS, they contain an equal quantity of heavy metals, and there is 500 mg/kg
lead in PbCu0.05C5. It seems that the strength of Cu0.1C5 should be higher than
that of PbCu0.05C5, since lead could cause more retardation to cement hydration
than copper. However, the strength of PbCu0.05C5 is obviously higher than that of
Cu0.1C5.

FIG 1. Strength development of 5% cement treated contaminated soils with
low heavy metal content (100 mg/kg-1000 mg/kg).

By comparing the control sample with heavy metal contaminated samples, the
effects of heavy metals on the strength of cemented soils can be analyzed. In the
early curing time, the specimens without heavy metals have the similar strength
development to those containing lead or copper ions. In Figure l(a), after 14 days
curing, BlankCS's cement hydration is slower than that of other specimen leading
to the lowest strength development at 28 days. Then, its cement hydration is
accelerated. The 90 days strength of BlankCS is close to those of Cu0.01C5 and
PbCuO.OlCS, and much higher than that of PbO.OlCS. In Figure l(b), the strength
of BlankCS after 28 days curing is a little lower than that of PbCu0.05C5, but is
higher than those of others.

Given that the heavy metal content of 1000 mg/kg or below is defined as a
relatively low concentration level, which corresponds to a lightly polluted
condition, 10000 mg/kg pollutant concentration is a more serious situation which is



GEOTECHNICAL SPECIAL PUBLICATION NO. 204 107

also analyzed shown in Figure 2. The strength development of cement treated
relatively highly polluted soils are very different with those of lightly polluted case.
Cement hydration of PblC5 and CulCS is seriously retarded or inhibited from the
beginning of curing time when compared with that of BlankCS. The strength
development follows the order of BlankC5 > PblC5 > CulC5. Though the strength
of copper contaminated specimen is higher than that of lead contaminated
specimen at low concentration level as discussed in Figure 1, the strength of
PblC5 is much higher than that of CulC5 which appears to have no significant
strength improvement with the curing time. It indicates that the strength of cement
treated heavy metal soils depends not only on the type of metals, but also on their
concentration. The trends may be reversed as the heavy metal concentration
increases.

FIG. 2. Strength development of 5% cement treated contaminated soils with a
high heavy metal content (10000 mg/kg).

The effect of heavy metal content on the UCS
To investigate the effect of heavy metal content on the strength of specimen, a

normalized strength index was used for comparison purpose. The normalized UCS
is identified as the strength value of cement treated heavy metal contaminated
specimen divided by the value of control sample at the same curing time. The
results are shown in Figure 3. Dash horizontal line with the normalized UCS equal
to 1 is highlighted in Figure 3 to check whether the presence of heavy metals in
soil improves or inhibits the cement hydration of cemented soils.

As shown in Figure 3, the strength of cement treated heavy metal soils with
relatively low metal concentration (100 mg/kg, 1000 mg/kg) is higher than that of
soils with a relatively high metal concentration (10000 mg/kg). Compared with the
control sample, the cement hydration of specimens with a low metal concentration
is retarded at the early age. Then it is accelerated, resulting in 20% to 30%
increases in strength at 28 days. After that, the cement hydration slows down again,
causing a 20% decrease in strength at 90 days for Pb contained specimens. The
strength for PbCu contained and Cu contained specimens at 90 days is close to that
of control sample.

The strength of cement treated heavy metal soils with a high metal
concentration is much lower than that of control sample due to the significant
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retardation or inhibition effect on cement hydration. However, PblC5 has the
similar trend to the control sample. It means the interference effect of high
concentration pollutant on the cement hydration diminished with the curing time.
Oppositely, the strength difference between CulC5 and control sample
considerably increased with the curing time, since cement hydration was seriously
inhibited for CulCS but kept developing for the control sample.

It is also shown in Figure 3 that for cement treated heavy metal contaminated
soils, strength at 28 days of curing time should be cautiously applied to the field
design as the conventional cemented soils without heavy metals. This is because
the strength development of the former is much complicated. Long-term strength
development of cement treated heavy metal contaminated soils is required for the
further investigation.

FIG. 3. Normalized strength of cement treated contaminated soils.

The effect of cement content on the UCS
Though the presence of heavy metals in soils could interfere with the cement

hydration and finally impact the strength development of cemented soils, cement
content is another main factor contributing to the strength development. Figure 4
compares the difference of strength between specimens treated with 5% and 7.5%
cement.
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As shown in Figure 4(a), the strength of BlankC5 is much higher than that of
PblC5. When treated with 7.5% cement, the strength of PblC7.5 and BlankC7.5 is
very close except for the case of 90 days, which exhibits a little difference. In
Figure 4(b), CulC5 almost has no strength development as compared with
BlankC5. After treated by 7.5% cement, CulC7.5 shows a significant strength
increase although it is still slower than BlankC7.5. It indicates that though heavy
metals may retard or inhibit the cement hydration in cemented soil, increasing the
cement content can diminish this interference effect, and promote the strength
development of heavily polluted soils.

FIG. 4. Strength development of cement treated heavy metal contaminated
soils with different cement contents.

CONCLUSIONS

Based on the laboratory tests, following conclusions can be drawn:
1) The types of heavy metals, the metal concentration, and the cement content

are three main factors which interfere with the cement hydration and strength
development.

2) For cement treated soils contaminated by heavy metals, strength at 28 days
should be cautiously used as the characteristic strength for conventional cemented
soils without the presence of heavy metals, because the strength development with
the curing time of the former soil is much complicated.

3) The cement hydration process is different for cement treat soils polluted by
different heavy metals. For soils with relatively low concentration of heavy metals,
the strength development follows the order of Cu0.01C5>Pb0.01C5, and
CuO,lC5>PbO. 1C5. For the soil with relatively high concentrations, the
corresponding strength development follows the order of PblC5>CulC5.

4) For two-heavy metals contaminated soils, after treated by cement, its
strength development is mainly controlled by the corresponding single metal which
has less retardation on strength development. In this study, copper is the dominant
metal for the case of low concentrations of lead-copper contaminated soils.

5) The strength of cement treated heavy metal soils with low metal



110 GEOTECHNICAL SPECIAL PUBLICATION NO. 204

concentrations (100 mg/kg, 1000 mg/kg) is higher than that of soils with a high
metal concentration (10000 mg/kg).

6) The strength of cement treated heavy metal soils with a high metal
concentration is much lower than a control sample due to the retardation on cement
hydration. The strength difference between control samples and heavy metal
contaminated samples decreases or increases with the curing time depending on
the type of metals. However, the interference decreases with an increase in the
cement content.
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ABSTRACT: This paper presents the geotechnical properties of the zinc/lead mine
tailings from Tara Mines in County Meath, Ireland. The coarser and finer materials from
the mechanical crushing and grinding processes were classified as slightly sandy silt and
clayey silt, with high specific gravity of solids values of 2.78 and 2.82, and bulk density
values of 2.01 and 2.08 tonne/m3, respectively. Chemical analysis indicated that the
tailings comprised high proportions of calcium and magnesium (derived from the
limestone ore body), with high residual concentrations of zinc and lead. The materials in
the tailings pond were in a loose to medium dense state, with low to very low hydraulic
conductivity of the order of 10"6-10"8m/s, and values of effective angle of shearing
resistance of 37° (coarse) and 32° (fine). An indicative inert capping layer is presented
that will form part of the rehabilitation works towards reintegrating the tailings pond into
the surrounding landscape when its storage capacity is reached.

INTRODUCTION

Mine tailings consist of the pulverized rock that remains after the mechanical and
chemical processes that are used to extract the metal ores from the ore body. The disposal
and management of tailings storage facilities are fundamental concerns for the mining
industry, owing to the large volume and chemical composition of these spoil materials. At
present, most tailings are retained in slurry form behind dams, embankments or other
surface impoundments. Tailings disposal is subject to stringent regulations (e.g. European
Union Directive on the Management of Waste from Extractive Industries, 2006) in order
to prevent environmental impacts that include, for example, the leaching of heavy metal
pollutants into surrounding watercourses.

Tara Mines is operated by the New Boliden Group and is currently one of the largest
zinc mines in Europe, and the fifth largest in the world, producing about 2.7 million
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tonnes of zinc and lead concentrates annually. The ores are extracted from the limestone
rock using the mechanical and chemical processes of crushing and grinding; froth
floatation; dewatering; and cycloning (Vick, 1990). The mechanical crushing and
grinding processes generate two material types that are distinguished by their particle size
distribution, namely coarser and finer tailings. At Tara Mines, about half of the coarser
tailings are separated by cycloning; mixed with cement at a ratio of 15:1 to 30:1; and
used as mine stope backfill. The remaining tailings are mixed with the process
wastewater and pumped about 5 km to the Randalstown tailings impoundment, where
they are discharged into the tailings beaches, via a series of 200 mm spigots, located at 80
m intervals around the perimeter of the earthflll dams. The tailings pond covers an area of
about 160 ha and the earthflll dams are up to 12.5 m high, with side slopes of one vertica
to two horizontal. The hydraulic deposition process produces heterogeneous tailings
deposits, with the denser particles settling out first. Water ponded over the tailings
surface prevents wind erosion of the tailings dust. Groundwater from the tailings pond is
controlled by a horizontal seepage system, and along with the supernatant water, is
collected and re-circulated back to the mine, where it is reused in the ore extraction
process.

The geotechnical properties of the mine tailings must be understood in order to
construct more environmentally-friendly tailing ponds, and to further improve the
efficiency of these disposal methods. In this paper, the geotechnical properties of the
coarser and finer tailings from the tailings ponds at Tara Mines were studied, along with
the development of an indicative inert capping layer that will form part of the
rehabilitation works towards reintegrating the tailings pond into the surrounding
landscape.

GEOTECHNICAL PROPERTIES

Bulk tailing samples were sourced from shallow depths at the Randalstown tailings
impoundment and stored, prior to testing, in plastic drums at ambient laboratory
temperature. The geotechnical properties were determined using standard laboratory tests
to BS 1377 (1990).

INDEX AND PHYSIOCHEMICAL PROPERTIES

Table 1 lists some index and physical properties of the grayish-black tailings.

Table 1. Index and physical properties of the mine tailings.

Parameter
Liquid limit (%)
Plastic limit (%)

Effective size, D,0 (mm)

Specific gravity of solids

Insitu water content (%)

Insitu void ratio

Coarse
-
-

0.008

2.78

15
0.63

Fine
75
60

<0.002

2.82

20
0.61

Parameter
Max void ratio
Min void ratio

Bulk density (tonne/m3)

Dry density (tonne/m J)

Max dry unit weight (tonne/m )

Min dry unit weight (tonne/m3)

Coarse
0.71
0.47

2.01

1.78

1.89

1.62

Fine
0.64
0.43

2.08

1.83

1.97

1.71
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Figure 1 shows the particle size distribution of the materials that were determined from
a wet-sieve analysis. The coarser and finer tailings were classified as slightly sandy silt
and clayey silt, respectively. The finer tailings had a liquid limit value of 75% (measured
using the fall-cone penetrometer method); a plastic limit value of 60%; and hence a
plasticity index value of 15. The specific gravity of solids was determined using the glass
jar method, with high values of 2.78 (coarse) and 2.82 (fine). High concentrations of
residual zinc and lead are generally contained in the finer tailings (Vick, 1990), which
accounts for its slightly higher specific gravity of solids value. Values of bulk density of
2.01-2.08 tonnes/m3 and dry density of 1.78-1.83 tonnes/m3 were measured over the
water content range 6%-30%.

FIG. 1. Particle size distribution of the tailings.

CHEMICAL PROPERTIES

The chemical composition of the tailings reflects the chemistry of the ore body, the ore
mineralogy and the metallurgical processes. The tailings were slightly alkaline and
comprised high proportions of calcium and magnesium, which were derived from the
limestone ore body, along with high residual concentrations of zinc and lead (Table 2).

Table 2. Chemical composition of the tailings.

Parameter
pH
Aluminum
Arsenic
Barium
Boron
Cadmium
Calcium

Range
7.0-7.9
445-11488
90-600
118-288
<5-16
12.5-39.1
22%-44%

Parameter
Mercury
Molybdenum
Nickel
Potassium
Silver
Sodium
Sulfate

Range
O.5-0.9
<25
47-100
333-10000
<5-18
647-1100
0.19%-6.59%

Parameter
Chromium
Cobalt
Copper
Iron
Lead
Magnesium
Manganese

Range
40-310
15-26
30-171
26.0-69.5
1.4-2.9
11.5-73.0
1.4-2.3

Parameter
Sulfide
Tellurium
Thallium
Tin
Titanium
Uranium
Zinc

Range
3.0%-5.5%
<5-7
17^3
<5-212
5-900
<5
3912-11169

Note: Values are given in mg/kg (i.e. parts
stated. Data are mean values for coarser and

per million) dry mass basis, unless otherwise
finer tailings (Tara Mines Ltd., 1995).
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SHEAR STRENGTH
TRIAXIAL COMPRESSION

Quick-undrained triaxial compression tests were conducted on standard Proctor
compacted specimens, 100 mm in diameter and 200 mm high, over the water content
range 6%-20%. A cell confining pressure of 100 kPa was applied to the triaxial
specimens, which were sheared quickly at a rate of 2% axial strain/min. Figure 2 shows
data for the deviator stress against axial strain.

FIG. 2. Deviator stress against strain data (w, water content).

SHEARBOX

Shearbox tests were conducted on saturated specimens, 60 mm square by 20 mm deep,
which were sheared at a rate of 0.6 mm/min; sufficiently slow to allow full dissipation of
the pore water pressures to occur throughout the specimens under the applied normal
stresses of 50, 100 and 200 kPa (Figs. 3 and 4). The values of effective angle of shearing
resistance of 37° (coarse) and 32° (fine) were determined from the data of shear stress at
failure against normal stress (Fig. 5). As expected, the coarser tailings gave higher shear
stress values at similar applied normal stresses, and hence a higher effective angle of
shearing resistance value.

HYDRAULIC CONDUCTIVITY

The hydraulic conductivity was determined using falling-head permeability tests to BS
1377 (1990). The tailings specimens, 100 mm in diameter and 160 mm high, were loosely
poured into the permeameter, with typical values of relative density of 0.33 (coarse) and
0.18 (fine), simulating insitu conditions. Values of hydraulic conductivity of 6.0 x 10"6

m/s (coarse) and 2.0 x 10"8 m/s (fine) were measured at ambient laboratory temperature of
20°C.
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FIG. 3. Shear stress against horizontal displacement.

FIG. 4. Vertical displacement against horizontal displacement.

FIG. 5. Shear stress against normal stress ($ effective angle of shearing resistance).

COMPRESSION

The compression behavior was determined using oedometer tests, with two-way
specimen drainage to atmosphere, over the applied stress range 6^00 kPa. The test
specimens, 76.2 mm in diameter and 18 mm high, were taken direct from the tailings
pond, simulating insitu conditions. The coarser and finer tailings consolidated quickly,
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although with small load strains of 3%-9% measured under the final compression stage at
400 kPa. Figure 6 shows the data of void ratio against effective stress, with a compression
index value of only 0.09 for the finer tailings, determined from the gradient of its e-log
crv'curve.

FIG. 6. Void ratio against effective stress.

CAPPING LAYER

An inert capping layer, comprising topsoil; subsoil; Terrain non-woven geotextile; and
inert rockfill layer; will be constructed above the tailings pond at full height (Fig. 7), in
order to encourage the growth of vegetation and to reintegrate the tailings pond into the
surrounding landscape. The geotextile layer will prevent the upward migration of fines
from the tailings pond into the capping subsoil and topsoil layers, while the inert rockfill
will act as a drainage layer, and will also serve as a working platform to facilitate the
capping layer construction.

FIG. 7. Proposed capping layer with indicative dimensions.

SUMMARY AND CONCLUSIONS

The coarser and finer tailings from Tara Mines were classified as slightly sandy silt and
clayey silt respectively, and contained high proportions of calcium and magnesium from
the limestone ore body, with specific gravity of solids of 2.78 (coarse) and 2.82 (fine).
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The higher value of the latter was due to its higher concentration of residual zinc and
lead. The values of bulk and dry density were high, although in line with the high values
of specific gravity of solids. The values of effective angle of shearing resistance were 37°
(coarse) and 32° (fine), with values of hydraulic conductivity for the coarse and fine
tailings in the loose to medium dense state of 6.0 x 10"6 m/s and 2.0 x 10"8 m/s,
respectively. The tailings consolidated quickly, with small cumulative strains of 3%-9%
measured during the oedometer tests under applied stresses of up to 400 kPa. An
indicative inert capping layer was presented that will form part of the rehabilitation works
towards reintegrating the tailings pond into the surrounding landscape.
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ABSTRACT: The Na+ and SO42" in the surrounding environment of cement-soil
piles may affect the mechanical properties of cemented soil, which may cause some
serious damage to structures. In order to simulate and study the erosion effect
process, a series of unconfmed compressive tests were conducted on the cemented
soil blocks which were cured in the Na2SC>4 solutions with various concentrations
and ages. For comparison purposes, photos of the blocks were taken and the Na+

and SO42" concentration of the Na2SC>4 solution were recorded after the curing
process. The testing results show that the Na2SC>4 solution does make the
cement-soil block change, and the influence of NaSC>4 to the blocks is increasing
with the concentration of Na2S(>4 and curing time increasing. The unconfmed
compressive strength of cemented soil block is decreased with the increasing of
solution concentration, increased with the curing time. A a coefficient a is put
forward to predict the modification of the compressive strength of cemented soil in
various concentration of Na2SO4 solution. The Na+ and SO42" concentrations of the
solutions decrease with the corrosive time. Chemical analysis indicates that the
corrosion of Na2SC>4 solution to cemented soil is a composite action including
dissolving and crystallizing corrosions. Finally, a strength model of cemented soil is
set up based on the relationship of compressive strength and Na+ and SO42"
concentrations, and its limit is also described. The model may be used in practical
design in the future based on the concentrations of Na+ and SC>42" of corrosive
environment.

INTRODUCTION

The cemented soil technical is a method of mixing cement with the soil in situ in
order to improve soil properties. Because of its material extensive source,
convenient construction, cheaper price, cemented soil technique has been widely
used in ground treatment and retaining projects. However cemented soil, sometimes,
has to be worked in a sulfate and/or alkaline corrosive environment, when the
groundwater is polluted or worked under the seawater such a corrosive environment
inevitably erode the cemented soil affect its mechanical property. In turn, the
reduction of mechanical property of cemented soil can cause some serious damage
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to the structure supported by it, which should be considered in the practical project
(Technical code for ground treatment of buildings, 2002, Pei and Yang, 2000).
Many researchers have paid much affection to the influences study of the sulfate or
alkaline environment on the cemented soil property (Zhang et al., 2003). Zhang's
study shows that the influence of NaaSC^on the cemented soil mainly presents the
diffusions of Na+ and SO42" and their chemical reaction to Ca(OH)2 existed in
cemented soil, the chemical reaction causes the cemented soil decomposed and
broken, so makes its strength decrease. Jiao et al. (2005) analyzed the influencing
factors of cement-soil strength in acid environment. Ning et al. (2005, 2006)
investigated the behaviors of cemented soil under various environmental conditions
and made the conclusion that the environmental erosion had little effects on
fracturing process in contrast to evident influence on mechanical strength. Huang et
al. (2005) designed laboratory experiments on anticorrosion ability of cement soil
and provides feasible directions. Rolling (1999), Bai et al. (2007) and Dong et al.
(2007) tested mechanical property and electrical resistance of cement-soil polluted
by H2SO4. In order to further simulate and study the erosion effect process in
sulfate and/or alkaline corrosive environment, a series of tests including unconfmed
compressive tests were conducted on the cemented soil blocks which were cured in
the Na2SO4 solutions with different concentrations, meanwhile, the appearance
change of the block were taken photos, the Na+ and SO42" concentrations of Na2SC>4
solutions were measured too, after curing the blocks. Chemical analysis indicates
that the corrosion of Na2SC>4 solution to cemented soil is a composite action
including dissolving and crystallizing corrosions. Finally, a multiple linear
regression model was set up to state and to predict strength of the cemented soil
eroded by various concentration of Na2SC>4 solution, and its limit is also described,
which could be used in practical design in the future.

MATERIALS AND METHODS

Preparations of test blocks
The air dried silt soil was used in the tests with 8.1 plasticity index (Ip), taken

from a building site in Taiyuan, China. The cement used was ordinary Portland
cement (OPC), brand 32.5#, produced in Taiyuan SHITOU Cement Co. LTD. Soil,
cement and water were mixed a HJW-30 blender, rotating speed 48 round/min with
certain proportion shown in table 1. After well mixing, the mixture was put into a
steel mold to form a cemented soil block. After molding 24 hours, the blocks were
taken out from the molds, cured in a standard conservative box to cure for 7 days.
Then the cemented soil blocks were cured in the Na2SO4 solutions with various
concentrations prepared in advance.

Table 1 The Formula of Cemented Soil.
Air dried soil (g)

100
Cement (g)

15
Water (g)

50

Preparations of Na2SO4 solution
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The Na2SC>4 concentrations of the solution used in this experiment were 1.5g/L,
4.5g/L, 9.0g/L and 18.0g/L, respectively. The selection of this based on "Code for
investigation of geotechnical engineering (GB 50021-2001, 2002)" and "Code for
anticorrosion design of industrial constructions (GB 50046-95, 1995)". The Na+

and SO42" concentrations of Na2SO4 solution and corrosive evaluation are listed in
table 2, which the grade of circumstance can be marked as B, according to "Code
for investigation of geotechnical engineering", 2002.

Table 2 The chemical ingredients of solutions and corrosive evaluation.

Concentration
(g/L)

1.5
4.5
9.0
18.0

Na+

(mg/L)

521.46
1198.35
1461.40
1670.53

Corrosive
evaluation

no
no
no
no

S04
2

(mg/L)

1001.20
2300.84
2805.88
3207.41

Corrosive
evaluation

weak
medium
medium
strong

Testing procedure
In order to simulate the erosion process and study the erosion mechanism,

following test procedures were adopted:
Step 1 : make cemented-soil blocks, described in above section, 60 blocks were

made in total.
Step 2: cure the blocks in Na2SO4 solutions with 5 concentrations of Na2SO4,

such as 0, 1 .5, 4.5, 9.0 and 1 8.0 g/L respectively.
Step 3: take photos for every block at certain curing time, like 3, 7, 14 and 28

days, respectively, in order to observe the appearance changing during the erosion
process.

Step 4: take the unconfmed compress tests for the blocks at same curing times
as step 3, 3, 7, 14, and 28 days. At each curing time, 3 blocks were tested in parallel
for one concentration of the solution. The average value of the three testing results
is used as the block strength.

Step 5: measure the SO42" concentrations of the solutions immediately after the
blocks were taken out, in turn, the Na+ concentrations of the solutions were
calculated.

RESULTS AND DISCUSSION

Block appearance change
Figures 1 and 2 give the photos of the appearance of the blocks curing in the

solutions for 7 days, and 28 days, respectively. Comparing the 8 photos, it can be
clearly seen that Na2SO4 solution does make the cement-soil block change, mainly
representing as the block appearance peeling off, the block size reducing, even the
block cracking. The influence of Na2SO4 to the blocks is increasing with the
concentration of Na2SO4 and curing time increasing.
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Fig.l. Photos of cemented soil blocks cured 7 days.

Fig.2. Photos of cemented soil blocks cured 28 days.

Unconfined compressive test results
The unconfmed compression strength of the cemented soil blocks are listed in

the table 3, from which equation 1 can be put forward:

Where f'CH is compression strength of the block which cured in Na2SO4 solutions,
a is modified coefficient (table 4), expressing blocks corrosive degree,

fcu is compression strength of the block which cured in pure water.

Table 3. The compressive strength of cemented soil (MPa).

Time (d)

3
7
14
28

Na2SC>4 solution concentration (g/L)
0

1.03
1.82
2.24
2.59

1.5
1.34
2.20
2.67
3.03

4.5
1.18
2.04
2.40
2.51

9.0
0.95
1.64
1.27
1.37

18.0
0.93
1.55
0.99
0.00

The unconfmed compressive strength testing results show that the compression
strength decreases with the increase of the corrosive solution concentration at the
same erosion time, and that the corrosive degree increases with the corrosive time
(Table 3 and fig. 3). From table 4, all the cemented soil strength modified
coefficients are great than 1 for the 1.5 g/L solution environments, from which it
may be drawn out that these environments are beneficial to the strength increasing
of cemented soil. On the other hand, all of strength modified coefficients for the
other solutions are less than 1, which may be indicated out that these environments
are proposing the corrosion to the cemented soil, and cause the strength reduce.
Therefore the working environmental condition of the cemented soil should be
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taken into account when designing and calculating the foundation bearing capacity
and settlement in order to optimize design, reduce the cost, adopt suitable measures,
and assure the safety.

Fig. 3. Relationship between the compressive strength of
cement soil and time.

Table 4. Compressive strengths modified coefficient of cemented soil.

Time (d)

3
7
14
28

NazSO4 solution concentration (g/L)
0
1
1
1
1

1.5
1.30
1.21
1.19
1.17

4.5
1.15
1.12
1.07
0.97

9.0
0.92
0.9

0.83
0.53

18.0
0.9

0.85
0.44

—

The results of Na+ and SCV" concentration in NazSC^ solution after curing the
cemented soil blocks

Figs.4 and 5 give the relationships between the Na+ or SC>42" concentration and
the curing time under various Na2SC>4 solutions, respectively. The concentration of
the Na+ or 864 " decrease with the curing time, and the decreasing degree at the
beginning, see before 7 days is higher than that at the later stage, ie after 7 days.
Also, it can be seen that the concentration change of Na+ or SO42" is very small at
the NaSO4 solution concentration of 1.5 g/L.

Fig. 4. Relationship between
the Na+ concentration and time.

Fig. 5. Relationship between
the SC>42~ concentration and time.
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Corrosive chemical mechanism analysis
The main chemical reaction of cemented soil with Na2SO4 in Na2SO4 solution

is as follow:

It is well known that the resultant volumes of CaSO4-2H2O is 2 times of
Ca(OH)2's, so the new product CaSO4-2H2O may fill into the void in the cemented
soil and be good for unconfined compressive strength of cemented soil, when the
mass of Na2SO4 is suitable and the new reactant CaSO4-2H2O is small. But, the
mass of CaSO4-2H2O will be great and may make the cemented soil block inflate in
turn, block strength decrease when the mass of Na2SO4 is large enough. Therefore,
this explain why the unconfined compressive strength of the cemented soil blocks
cured in the low concentration Na2SO4 solutions (1.5 and 4.5 g/L) are greater than
those cured in either pure water (0 g/L concentration) or higher concentration
solutions.

As mentioned above, the main products are CaSO4'2H2O and NaOH for
reaction between cemented soil and Na2SO4. Further, the new product NaOH may
take chemical reaction with 3CaO-2SiO2-3H2O and 3CaO-Al2O3-6H2O, when the
NaOH is enough in the cemented soil, the chemical equations are given below:

For cemented soil, the 3CaO-2SiO2-3H2O and 3CaO-Al2O3-6H2O are acted as
sticking materials, which make the soil particles stick together and are main
providers of the strength of cemented soil. But, in the Na2SO4 solution, NaOH takes
chemical reactions with 3CaO-2SiO2-3H2O and 3CaO-Al2O3-6H2O and forms new
reactants such as 2Na2SiO3 and Na2O-Al2O3, which are poor coagulation and easy to
produce an unsteady structure, in turn, making the strength of cemented soil reduce.
Therefore the Na+ corrosion to cemented soil is a sort of dissolving corrosion.

Meanwhile, the CaSO4 takes chemical reaction with the cemented soil, as equations
5, 6 and 7, products the 3CaO'Al2O33CaSO4'32H2O and CaCO3-CaSO4CaSiO3-15H2O
crystallizing resultants. When such crystallizing resultants are large enough, the
inflating force would be greater than the sticking force within the cemented soil, so
cracks may bring about in the cemented soil block and the strength would be
reduced. Therefore, the SO42" corrosion to cemented soil is a sort of crystallizing
corrosion.

The Multiple Linear Regression Strength Model of cemented soil
From the above discussion conclusion it is concluded that compressive strength

is closely related with Na+ and SC>42~ contains of Na2SO4 corrosive environment for
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cemented soil. After analyzing the date and regression, a compression strength
forecasting model is set up. The math expression of the strength model is given as
following:

Where fcu is strength of cement soil,

N is Na+ concentration, 400—2000 mg/L,

S is the SO4
2" concentration, 500—3000 mg/L.

Table 5. Predicted values (P) and measured values (M).

g'L1

1 5
4 5
90
18.0

M
/MPa

1 34
1 18
095
0.93

3d
P

/MPa
1 34
1 74
1 0?
0.79

Error
/%

000
508
737
15.81

M
/MPa
770
2.04
1 64
1.55

7d
P

/MPa
759
1 78
1 59
1.33

Error
/%

1773
1775
305
14.19

M
/MPa
767
740
1 77
0.99

14 d
P

/MPa
769
1 97
1 64
1.53

Error
/%

075
1797
7950

-

M
/MPa
303
7 5 1
1 37

-

28d
P

/MPa
7 73
707
1.86

-

Error
/%

10.0
20.0
36.0

-

The predicted and measured values are listed in the table 5. From the table 5,
the range of error is from 0 to 36%, and the predicted values and measured values
are rather close so that the model, based on the concentrations of Na+ and SO42' of
corrosive environment, could be used in practical design in the future.

CONCLUSIONS

The Na2SO4 solution does make the cement-soil block change, mainly
representing as the block appearance peeling off, the block size reducing, even the
block cracking. The influence of NaSO4 to the blocks is increasing with the
increment both of the concentration of Na2SO4 and curing time.

The unconfmed compressive strength of cemented soil block is decreased with
the increasing of NaiSC^ solution concentration, increased with the curing time
development and a coefficient a is put forward to predict the modification of the
compressive strength of cemented soil in various concentration of Na2SO4 solution.

Chemical analysis of corrosive environment indicates that the Na+ and SO42"
concentration decreases with the corrosive time. The Na+ corrosive type is
dissolving type and SO42" corrosive type is crystallizing type, so the Na2SC>4
solution to cemented soil corrosive type is a composite type of dissolving and
crystallizing combination.

A strength model of cement soil is set up based on the relationship of
compressive strength and Na+ and SC>42" concentrations, and the limit for the model
is also described. The predicted and measured values agree well so that the
accuracy of the formula is rather high and the model may be used in practical
design in the future based on the concentrations of Na+ and SO42" in corrosive
environment.

C/
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ABSTRACT: The study aims to investigate the influence of heavy metal
contaminants on the compressibility of clays. Two one-dimensional consolidation
tests were performed on reconstituted kaolinite samples with two types of pore
fluids: distilled water and 2 mM Cu (NO3)2 solution. The influence of the heavy
metal contaminants on compressibility (Cc, Cs, Cae) was then examined. In order to
investigate heavy metal ions interaction with the kaolinte used, a series of batch
tests were conducted. In addition, prior to consolidation, the clay samples were
tested for their microstructure by using scanning electron microscope observation
(SEM) and mercury intrusion pore size distribution measurements (MIP).
Furthermore, the permeability coefficient of the specimens can be estimated using
Terzaghi's one-dimensional consolidation theory. The first results tend to indicate
that the permeability and compressibility of kaolinite were slightly affected when
using the diluted Cu (NO.^ solution.

INTRODUCTION

Over the past forty decades, the effect of pore fluid chemistry on engineering
properties of clays has been of significant interest to geotechnical engineers. Many
studies have been performed to understand the compressibility changes of clays as
induced by the presence of chemical compounds in pore fluids, such as Bolt 1956;
Olson and Mesri 1970; Sridharan and Rao 1973; Maio 1996; Chen et al. 2000 etc.
Accordingly, the compressibility of clays is related to the fabric of the clays and
the pore fluid chemistry. The composition of fluid affects electrostatic forces
developed in the interlayer spaces between contiguous clay particles as well as the
equilibrium between internal and external forces. Furthermore, among all the
studied chemical compounds, the transport of contaminants was also shown to
induce dramatic changes of the permeability of clays (Shackelford et al. 2000, etc).

In the literature, there is a lack of data concerning the effect of heavy metal
compounds on the permeability and compressibility of clays. Ouhadi et al. (2006)
and Souli (2006) studied the influence of heavy metals (Pb, Zn and Cr) on the
compressibility and hydraulic conductivity of reconstituted clays. Despite their
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relatively high hydraulic conductivity, kaolinite clays have been widely used as
clay barrier materials because of their greater chemical resistance, better
workability, and less susceptibility to desiccation-induced cracking (Chen 2000).
Therefore, the purpose of this paper is to present the first results concerning the
influence of heavy metals on the compressibility of reconstituted kaolinite from
macro and micro point of view.

MATERIALS AND METHODS

Kaolinite

In this study, we used Speswhite kaolin. Its mineral composition is 94 %
kaolinite, 4 % Mica, 1 % Montmorillonite, and 1 % Feldspar and quartz. The CEC
is 4-5 meq/100 g at pH 7, and exchangeable ions are Na+, Ca2+, Mg2+, K+ (Wu
2000). Its specific gravity and surface area (BET) are 2.6 and 14 m2/g, respectively
(Imerys Minerals Ltd. UK).

Batch test procedures

According to the ASTM-D4319 norm, the batch tests were conducted with
kaolinite and copper nitrate (Cu(NO3)2»2H2O) solutions. Six solutions with
concentrations varying from 0.1 to 10 mM were prepared. Their pH was adjusted
to 5 by adding HC1 and/or NaOH. Samples were prepared by mixing 2 g of air-
dried kaolinite powders with 20 ml of every single prepared solution. The
equilibration time was tested in preliminary experiments and was found close to 48
hours while the samples were gently agitated. Once equilibrated, samples were
centrifuged for 20 min at 2000 g to separate the solid from the dissolved phases.
Cu concentrations in the dissolved phase were finally analyzed using an atomic
adsorption spectrophotometer (Shimadzu AA-6300).

Consolidation test procedures

Consolidation test were conducted according to the ASTM-D2435 norm. Two
kaolinite suspensions (1:1 of soil:liquid ratio) were prepared by mixing air-dried
kaolinite powders with (i) distilled water and (ii) 2 mM of Cu(NO3)2 solutions. The
suspensions were slowly poured into a consolidameter (30 cm height x 10 cm
diameter). The preconsolidation lasted about five days under a vertical pressure of
40 kPa and double drainage condition until the steady vertical settlement was
achieved. Following the completion of preconsolidation, samples were carefully
trimmed into a suitable size for conventional oedometer tests (19 mm height x 70
mm diameter). The tests were performed by applying incremental loading from 5
kPa to 800 kPa. The successive loading was twice of previous one and each
loading lasted for 24 h. Since the stability of unloading is quickly achieved, each
unloading lasted for 12 h.

MIP test

Samples for MIP were carefully trimmed into small cubes (10 x 10 x 10 mm)
after preconsolidation and ID oedometer tests. In order to prevent the capillary
shrinkage, the samples were freeze-dried. The MIP device is a Micromeritics
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AutoPore 9500 with a maximum intrusion pressure of 210 MPa and permit to
determine the distribution of radii from 3 nm to 360 um.

SEM observation

Fresh fragments produced by breaking carefully the (pre)consolidated samples
were directly analyzed for their microstructure by using an environmental SEM.

EXPERIMENTAL RESULTS AND DISCUSSION

Heavy metals (HMs) and kaolinite physicochemical interaction

The results of the batch tests provided information about the evolution of Cu
bound to the kaolinite suspension as a function of the added Cu concentrations. An
initial linear increase of the sorbed Cu indicated the presence of unoccupied
sorption sites up to 150 mg/L of added Cu. Beyond this value, the sorbed content
remains relatively unchanged. This suggests that almost the totality of the sorption
sites is saturated with Cu.

Consolidation and compressibility behaviour of HMs contaminated kaolinite

The consolidation parameters are presented in Table 1, including the
compression index (Cc), the swelling index (Cs) and secondary compression index
(Cae). In the absence of Cu, the Cc displayed the highest value. Under small
vertical effective pressure, Cu contributed to decrease the void ratio, which is
consistent to the double layer theory. Accordingly, the thickness of the double
layers decreases due to the decrease of interlayer repulsive forces while
exchanging Cu ions with the Na+ and K+ ions within kaolinite. That is confirmed
by the results of SEM imaging for two tested samples before consolidation. At
higher vertical effective pressures, however, the importance of double layers
effects on the void ratios tend to fade out. Besides, the relative smaller void ratio
for Cu sample can also be interpreted in terms of osmotic compressibility (Di Maio
1996 and Ouhadi 2006). The increase of the concentration of Cu in the diffuse
double layers induces an increase of osmotic pressure of the clay system and
subsequently smaller void ratio of the samples.

Table 1 Consolidation and compressibility parameters of tested samples

Parameter

Cc

cs
Cae

Cae/ Cc

Distillled water sample
17kPa 94kPa 768 kPa

0.481
0.103

0,00210
0,00436

0,0074
0,0154

0,0093
0,0193

Cu solution sample
17kPa 94kPa 768 kPa

0.423
0.103

0,00259
0,00612

0,0080
0,0189

0,0073
0,0173

Considering the swelling of the tested samples, Cs remained unchanged. This
indicates that tested Cu concentration did not affect the swelling of reconstituted
kaolinite. That is in agreement with the results of Chen 2000 stating that the
swelling of kaolinite is primarily controlled by mechanical factors such as rebound
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of bent particles, rather than swelling of double layers (Mesri and Olson 1970,
Chen 2000).

FIG. 1. Cae versus a v of kaolinite with distilled water and 2.0 mM Cu(NO3)2
solution.

The relationships between secondary compression index (Cae) and vertical
effective pressure of the samples are presented in Fig. 1. The evolution tendencies
of Cae with an increase of ay were similar for the tested samples. Cae of the
sample contaminated by Cu is little larger than that of no-contaminated one while
the loading is less than 94 kPa, which is the successive loading of approximate
preconslidation pressure; beyond this loading, it becomes little smaller. The change
of Cae due to Cu contamination is supposed to be interpreted in terms of the
findings reported by Wang 2007. It has been proved that secondary consolidation
processes as primary consolidation preferentially occur in the larger and weaker
inter-aggregated pores instead of in the smaller and stronger intra-aggregate pores.
As mentioned above, the double-layers are compressed by the presence of Cu in
pore fluid. Consequently, the particle size of kaolinite is enlarged, and the inter-
aggregate size becomes simultaneously larger. In other words, the contaminated
sample has more large inter-aggregate pores for same void ratio. This is confirmed
by the fact that the increase of permeability of kaolinite was induced by the
presence of Cu in pore fluid, presented in Fig. 2. When the loading is less than 94
kPa, which is the first loading larger than preconsolidation pressure, secondary
compression is dominated by the collapse of the larger and weaker inter-aggregate
pores within samples. Subsequently, most of them collapse with a rearrangement
of kaolinite particles under relative high pressure. As a result, secondary
compression is dominated by the smaller and stronger intra-aggregate pores.
Consequently, the sample becomes less compressible during the secondary
compression, thus Cae was almost unchanged for the tested samples under high
vertical applied pressure (more than 94 kPa). During these high loading stages, the
no-contaminated sample has little larger Cae, this can be interpreted for two
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reasons: (i)For same void ratio, while the contaminated sample has more large
inter-aggregate pores, it should have less intra-aggregate pores, (ii) Due to the
presence of Cu exchanged within the kaolinite particles, the adsorbed water layer
surrounding the particles is fixed more strongly within the contaminated sample.
These deduced interpretations will be further confirmed by using the results of
MIP and SEM.

FIG. 2. Void ratio (e) versus permeability coefficient for kaolinite with
distilled water and 2.0 mM Cu(NO3)i solution, respectively.

Evolution of pore size distribution due to HMs contamination

The pore size distribution of the sample with 2 mM Cu before consolidation
obtained by MIP shows that the PSD of the sample with Cu is bimodal with a peak
located at about 0,1 )um and a minor peak located at 0.015 jam. These pores belong
to the range of large intra-aggregate pore space classified by Wang 2006.
However, the inter-aggregate pores did not appear in the tested sample, likely
because of the too small sample which is not representative for the testing.

CONCLUSION

By comparing the compressibility and consolidation behaviors of reconstituted
kaolinite samples with and without Cu contamination, some interesting findings
were obtained as follows:
(1) The presence of Cu in pore fluid affected the compressibility and consolidation

properties of reconstituted kaolinite, but did not affect their swelling
properties.

(2) The presence of Cu in pore fluid also induced a slight increase of permeability
of reconstituted kaolinite.
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ABSTRACT: Use of virgin and post-consumer corrugated board as a replacement
for bentonite in slurry mixes was investigated. The effectiveness of the slurry mixes
was assessed using typical tests including Marsh funnel viscosity, density, and filtrate
loss. Filter cake permeability was also determined. Corrugated board was fiberized
for the test program. Test results indicated that corrugated board could be used to
replace 9 to 27% (0.5 to 1.5% corrugate content) of bentonite in slurry mixes with a
total solids content of 5.5%. Slurry applications provide a new and viable beneficial
reuse alternative for paper/paperboard products, which constitute the largest weight
and volume fraction of municipal solid waste generated and disposed of in the U.S.

INTRODUCTION

Bentonite slurries are used in construction of vertical cutoff walls for geotechnical
and geoenvironmental applications. The construction of cutoff walls typically is a
step-by-step process, where a trench is excavated, filled first with slurry, and then
backfill. The slurry covers the inside walls of the trench forming a low permeability
filter cake layer. The slurry also provides hydrostatic pressure to keep the trench
open prior to placement of the backfill. Typical slurries consist of 4 to 7% bentonite
and 93 to 96% water by weight (Boyes 1975). Paper and paperboard constitute the
highest fraction by both weight and volume of municipal solid waste generated
(32.7% by weight) and disposed of (22.3% by weight) in the U.S. The amount of
paper and paperboard generated and disposed of was 83 million and 37.8 million tons
in 2007, respectively (USEPA 2009). The use of recovered paper in manufacturing
containerboard has remained stable at approximately 16 million tons since 1997
(Paper Industry Association Council 2008). An economical limit for incorporating
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waste papers into containerboard has been reached. Some corrugated board is not
suitable for conventional recycling due to presence of contamination. Pizza boxes are
a common example, which comprise nearly 1% of the total annual production of 313
million m2 of corrugated board (Flaherty 2009). Residue on pizza boxes is
problematic for recycling as grease prevents absorption of moisture, proper pulping of
paper fiber, and quality of binding of fibers in recycled paper (RecycleBank 2009).
Innovative recycling options (beyond the packaging industry) need to be investigated
to promote beneficial reuse of paper products. This study has been conducted to
evaluate reuse of paper and paperboard in civil engineering applications. Results
from the portion of the study with use of corrugated board in slurry applications are
presented herein.

EXPERIMENTAL TEST PROGRAM

Tests were conducted to assess the feasibility of using corrugated board in slurry
mixtures. Bentonite was replaced by corrugated board at varying ratios. Properties
of bentonite-board-water mixes were compared to baseline bentonite-water mixes to
evaluate the influence and practical limits of corrugated board addition.

Materials
A commercially available standard powder bentonite was used in the test program.

Baroid AQUAGEL is a finely ground, premium-grade Wyoming sodium bentonite
that meets the American Petroleum Institute (API) Specification 13A, section 4
requirement. The bentonite had a liquid limit - 539, plastic limit = 82, and specific
gravity = 2.65. Corrugated board was selected as the paper/paperboard product due
to the significant quantities available for reuse. Tests were conducted on non-waxed
products. Two types of corrugated board were used in the test program: conventional
box material (c-flute corrugated board) and pizza boxes. Identical products for virgin
(V) and post-consumer (PC) corrugated board were tested to determine potential
effects of use on the properties of corrugated board in slurry applications. The c-flute
corrugated board was subjected to standardized laboratory conditioning as prescribed
by ISTA (2009) to provide post-consumer status. The post consumer pizza boxes
were collected from a garbage bin and contained representative amounts of food
product (i.e., grease and food remains) residue. The corrugated board samples were
fiberized by mixing with water in a Waring cb 15 stainless steel 4-L capacity blender
that contained a specially fabricated blade adhering to the specifications outlined by
White and Kendrick (2009).

Corrugated Board Tests
Tests (summarized in Table 1) were conducted on virgin and post-consumer

corrugated board to determine material properties. The corrugated board properties
are presented in Table 2. The edge crush and water absorption tests on corrugated
board provided indication of the fiberization potential and shredding of the corrugated
board for the proposed slurry application.
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Table 1. Corrugated Board Tests

Test Name

Grammage of paper and
paperboard (weight per
unit area)

Bursting strength of
corrugated and solid
fiberboard
Edgewise compressive
strength of corrugated
fiberboard
Water absorptiveness of
corrugated fiberboard
(Cobb test)

Standard
Designation
TAPPI
T410om-02

TAPPI
T810om-06

TAPPI
T839 om-02

TAPPI
T441 om-04

Description of Test

Weight per 92.90 nr of all three contain erboard
components of a single wall corrugated fiberboard is
determined after conditioning for 24 hours at 21±1°C
temperature and 52±0.5% RH.
Square corrugated fiberboard samples with dimension
31.50±0.03 mm are tested by distending an expansible
diaphragm under a pressure of 690 kPa to 4825 kPa.
A test specimen with length 50.8±0.8 mm and height
25.4±0.4 mm is compressed vertically (load parallel to
flutes) to failure at the rate of 1 1 1±22 N/s.
A sample with a diameter of 1 1 .28±0.02 cm is exposed
to 100mLofwate r (23±l°C)andaheadof 1±0.1 cm
for 1 20 seconds.

Table 2. Corrugated Board Properties

Material

V c-flute box
PC c-flute box

V pizza box
PC pizza box

Weight/Unit Area
(g/m2)

579
588
447
493

Burst Strength
(kPa)
1350
1140
900
1025

Edge Crush
(N)
162
146
155
165

Cobb Test
(g/m2)

78.3
89.0
94.3
99.0

Slurry Tests
Slurry mixes were prepared using bentonite and water and also using bentonite,

fiberized corrugated board, and water. Visual comparison was made for the solids
suspension / sedimentation behavior of the bentonite and fiberized corrugated board
by allowing mixtures to settle in hydrometer jars and by centrifugation. Example
photographs of the slurries are presented in Fig. 1. The centrifuge was run at 1500
rpm for 1 minute to assess segregation and sedimentation in the mixtures. At high
fiber ratios, the homogeneity of the slurries was decreased as flocculation and
segregation of the fibers occurred (presence of clear water within the grab samples
and at the top of the centrifuge samples). Bentonite dispersed in water and remained
in suspension for extended periods of time, whereas the paper fibers alone flocculated
in the presence of water and became segregated from the bentonite with time. In
addition, high corrugate content mixtures exhibited gas production within 5-6 days of
mixing, which remained entrapped within the fiber matrix. Overall, fiber-only and
low-bentonite content mixes (<2.5% bentonite) were deemed inappropriate to provide
effective slurry behavior. Solids remained in suspension for slurry mixtures that
contained both fibers and sufficient amounts of bentonite. The specific mixtures
tested for slurry behavior were based on these observations.

All mix ratios are provided on weight basis (Table 3). Tap water was used for all
slurry mixes. The water was conditioned to a pH of 8.5 ±0.12 using small amounts
of soda ash before solids were added to the slurry mixtures. Pure bentonite slurries
were mixed in a blender on low speed for 2 minutes prior to testing. For slurries
containing corrugated board, water and corrugated board were mixed on low speed
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for a 2-minute period to allow corrugate to be pulped into fibers, then mixed again
after the addition of bentonite for an additional 2 minutes. The post-consumer
corrugated board was more difficult to pulp than the virgin corrugated board. The
original pulping period of 2 minutes was increased to 5 minutes for post-consumer
corrugated board samples in subsequent tests to investigate the effect of increased
pulping duration on the engineering properties of the slurry mixtures.

Figure 1. Comparison of Slurry Mixtures (grab and centrifuge samples)

Table 3. Slurry Mix Ratios

Mix Number

B5.0
B5.5
B6.0
V0.5
Vl .O
V1.5
V2.0
V2.5
V3.0

PC0.5
PC 1.0
PC 1.5
PC2.0
PC2.5
PC3.0

Corrugate
Type
None
None
None
Virgin
Virgin
Virgin
Virgin
Virgin
Virgin

Post-consumer
Post-consumer
Post-consumer
Post-consumer
Post-consumer
Post-consumer

Bentonite
(%)
5.0
5.5
6.0
5.0
4.5
4.0
3.5
3.0
2.5
5.0
4.5
4.0
3.5
3.0
2.5

Corrugated Board
(%)

0
0
0

0.5
1.0
1.5
2.0
2.5
3.0
0.5
1.0
1.5
2.0
2.5
3.0

Water
(%)
95

94.5
94

94.5
94.5
94.5
94.5
94.5
94.5
94.5
94.5
94.5
94.5
94.5
94.5

Typical slurry tests (D'Appolonia 1980, USEPA 1984) were used in the
experimental program: Marsh funnel viscosity (ASTM D 6910); mud balance (ASTM
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D 4380); filter press (API Recommended Practice 13B); and filter cake permeability
(conducted in conjunction with / immediately following API Recommended Practice
13B). Standardized test methods were generally followed. In order to prevent
segregation of paper fibers from the slurries, the mixtures containing fibers were not
poured through the attached funnel screen in Marsh funnel testing. The thickness of
the filter cake was measured by averaging values determined at three locations on the
cake using a pair of digital calipers. Thickness of the filter cake was measured after
permeability tests had been conducted to minimize damage and disturbance to the
filter cake. Separate tests were conducted to verify that filter cake thickness did not
change during the permeability stage of the experiments. The permeability tests were
conducted using a pressure differential of 140 kPa. The hydraulic gradient varied
depending on the thickness of the filter cake and was on the order of 5,000.

RESULTS AND DISCUSSION

The results of the slurry tests are provided in Table 4. The Marsh funnel viscosity
of the bentonite-water slurry mix was equal to 40.5 s for the 5.5% solids content and
this mixture was established as the baseline mixture for the tests. The total solids
content of the mixes containing both bentonite and corrugated board was set to 5.5%.
The viscosity of the mixture with 5% bentonite was in general similar to the baseline
mix, whereas the 6% bentonite mix had higher viscosity and density and lower filter
cake thickness than the baseline mix. For mixes containing bentonite, corrugated
board, and water, viscosity, filter loss, filter cake thickness, and filter permeability
generally increased with increasing corrugate content. Mud balance density generally
decreased with increasing corrugate content.

Acceptable slurry mix properties were established as: Marsh funnel viscosity of
approximately 40 s (up to 50 s was deemed acceptable for this test program); density
of 1010-1040 kg/m3; and filtrate loss of less than 30 ml based on specifications
provided in USEPA (1984) and Ryan and Day (2003). The variations of Marsh
funnel viscosity, density, filtrate loss, and permeability as a function of corrugate
content are presented in Fig. 2. Shaded regions in the plots in Fig. 2 represent areas
that are outside acceptable limits for Marsh funnel viscosity, mud balance density,
and filtrate loss. In general, mixtures up to approximately 1.5% corrugate content
(baseline, V mixes up to 1.5%, PC mixes up to 1.0%, and PC(+) mixes up to 2%
corrugate content, Table 4) maintain acceptable engineering properties. The
corrugated board can be used to replace 9 to 27% (0.5 to 1.5% corrugate content in a
5.5% mixture) of the bentonite used in the slurry mixes. In addition, the PC2.0-P(+)
slurry (2% corrugate) and other 2% corrugate slurry mixtures were close to the
acceptable range and may be used based on specific site and construction conditions.
Significant amount of this natural resource (i.e., bentonite) can be saved using the
corrugated board, in consideration to large-scale construction projects.

The differences between virgin and post-consumer board were not significant with
regard to performance in slurry mixes. The changes in engineering properties of the
slurries with added corrugate content were attributed to the fibrous structure of the
corrugate. Specifically, a fibrous matrix developed with sufficient addition of
corrugate, which promoted more viscous, less cohesive behavior. This resulted in an
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increase in Marsh funnel viscosity (up to 2,5 corrugate content beyond which Marsh
funnel readings could not be obtained due to excessive bridging of the fibers in the
testing device); a decrease in mud balance density (due to replacement of bentonite
with the lighter fibers); and increase in filtrate loss and permeability (attributed to
presence of sufficient fiber content to provide preferential pathways for flow).

Table 4. Slurry Test Results

Corrugate
Type

None

izza ox

Mix

B5.0
B5.5
B6.0

V0.5-C
Vl.O-C
V1.5-C
V2.0-C
V2.5-C
V3.0-C

PC0.5-C
PC1.0-C
PC1.5-C
PC2.0-C
PC2.5-C
PC3.0-C

PC0.5-C(+)
PC1.0-C(+)
PC1.5-C(+)
PC2.0-C(+)
PC2.5-C(+)
PC3.0-C(+)

V0.5-P
Vl.O-P
V1.5-P
V2.0-P
V2.5-P
V3.0-P
PC0.5-P
PC1.0-P
PC1.5-P
PC2.0-P
PC2.5-P
PC3.0-P

PC0.5-P(+)
PC1.0-P(+)
PC1.5-P(+)
PC2.0-P(+)
PC2.5-P(+)
PC3.0-P(+)

MFV
(s)

38.3
40,5
49.2
42.4
41.8
47.1
57.0
NM
NM
47.3
49.7
52.7
58.0
NM
NM
46.5
49.0
49.4
56.8
79.1
NM

44.44
47.7
49.0
56.4
NM
NM
46.4
47.1
52.0
55.2
70.2
NM
39.4
38.5
40.6
48.1
65.1
NM

MB
(kg/m3)

1030
1030
1035
1025
1010
1010
1010
1015
1010
1025
1020
1010
1010
1015
1015
1025
1015
1010
1010
1010
1005
1025
1020
1015
1010
1010
1010
1025
1020
1010
1010
1015
1015
1025
1020
1010
1000
1015
1015

FL
(mL)

19
16
14
19
17

22.8
26.3
32.8
39.8
20.6
20.1
21.6
26.2
32.1
36
19

20.7
19.6
25

27.8
32.9
18.8
20.1
22.6
24.6
31

33.6
20.1
21.1
23.2
24.6
28.7
34.3
16.8
17.5
18.8
24

30.2
31

CT
(mm)

2.4
2.7
1.8
3.8
3.1
3.2
4.8
8.3
10.8
3.2
3.5
3.6
4.2
9.1
11.0
4.0
3.0
3.7
5.5
5.1
11.4
3.2
4.0
4.1
5.7
8.0
10.5
3.1
3.4
4.4
6.2
8.2
6.2
2.2
1.5
2.7
4.0
8.0
10.7

k/t
(s-1)

4.68 x lO ' 8

4.89 x 10'8

3.24 x 10'8

4.20 x 10"8

4.74 x 1Q-8

4.30 x 1Q-8

5.14 x 10'8

4.71 x JO'8

6.92 x 10-8

3.80 x 10'8

4.38 x lO ' 8

3.72 x 10'8

5.02 x 10-8

6.53 x 10'8

8.00 x 10'8

3.75 x 10-8

4.08 x 10'8

3.41 x 10'8

4.25 x 10-8

3.42x 1Q-8

4.90 x 1Q-8

4.27 x 10'8

4.07 x 10-8

4.38 x 10'8

4.80 x 10'8

6.19 x 10'8

7.48 x 10'8

4.13 x 10'8

4.02 x 10'8

4.61 x 1Q-8

3.22 x 1Q-8

4.37 x 1Q-8

4.83 x 10'8

3.44x 10'8

3.55 x 10'8

3.65x 10'8

4.82 x 10-8

6.96 x 10'8

7.66 x 10-8

k
(cm/s)

.12xlO'8

.33 x 10'8

5.93x 10'8

.58xlO'8

.46xlQ-8

.36xlO'8

2.48 x lO ' 8

3.91 x 10'8

7.48 x 10'8

1.22xlO- 8

1.53 x lO ' 8

1.36x 10'8

2.09 x lQ- 8

5.92xlO'8

8.83 x 10'8

1.49x 10'8

1.23x 10'8

1.26x 10'8

2.33 x lO ' 8

1.74x 1Q-8

5.58 x 1Q-8

1.35xlO' 8

1.62x lO'8

l .SOx 10'8

2.73 x lO ' 8

4.89 xlO' 8

7.83 x 1Q-8

1.27xlO' 8

1.35xlO'8

2.03 x lO- 8

1.98xlQ-8

3.58 x 1Q-8

3.00x 10'8

7.60 x 10'9

5.23 x lO- 9

9.91 x 10-9

1.93x 10'8

5.54 x lO ' 8

8.17 xlO'8

MFV - Marsh funnel viscosity, MB - Mud balance density, FL - Filtrate loss, CT - Thickness of fi
cake (t), k/t - Quotient of permeability of filter cake and thickness of filter cake, k - permeability of
filter cake, "-C" - C-flute corrugated box, "-P" - Pizza box, "(+)"- sample subjected to additional
blending time, NM - Not measurable due to flocculation and bridging in the Marsh funnel device.

1
1

1
1
1

C-Fiute Box
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Fig. 2. Engineering Properties of Slurries

The additional blending time for the post-consumer samples had a more pronounced
effect on engineering properties of the slurries containing pizza box fibers than the c-
flute box fibers. The greater differences were attributed to the breakdown of greasy
film on the pizza box allowing access to water and softening during the extended
blending. In comparison, the c-flute fibers had already sufficiently broken down after
2 min. of blending and additional blending did not change the behavior significantly.

CONCLUSIONS

Tests were conducted to assess the feasibility of using corrugated board in slurry
applications. Bentonite used in typical slurry mixtures was replaced by fiberized
corrugated board at varying ratios. Properties of bentonite-corrugated board-water
mixes were compared to baseline bentonite-water slurry mixes to evaluate the
influence and practical limits of corrugated board addition to the mixes. The results
indicated that the corrugated board could be used to replace 9 to 27% (corresponding
to 0.5 to 1.5% corrugate content in a 5.5% mixture) of the bentonite used in the slurry
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mixes based on Marsh funnel viscosity, density, and filtrate loss tests. Corrugated
board may be used to replace up to 36% of bentonite (2.0% corrugate in a 5.5%
mixture) for specific site and construction conditions requiring high MFV. In
addition, permeability of the mixes with corrugated board was similar to baseline
bentonite-water mix permeability. The differences in engineering properties of the
slurries containing corrugate content were attributed to the presence of a fibrous
matrix that influenced viscosity and flow characteristics. Overall, slurry applications
provide a new and viable beneficial reuse alternative for paper / paperboard products,
which constitute the largest weight and volume fraction of municipal solid waste
generated and disposed of in the U.S. as well as other countries.
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ABSTRACT: A liner system is installed on the bottom and the side slope of a waste
landfill. Tensile forces can occur due to waste compaction which is transferred into the
geosynthetics by friction. The long term design strength of the liner system placed on
side slope in landfill may be determined by creep rupture strength, so it is very
important to estimate the amount of tensile force created in the liner system, especially
on the shoulder of liner system in the course of filling. In this research, centrifugal
model experiments and FEM analyses are conducted to study the variation of tensile
force created at the shoulder of liner system with the variation of roller compactor's
location.

INTRODUCTION

Waste landfill should be designed that no leachate that may include hazardous
materials flows into the surrounding ground and water over its design life. A liner
system is installed on the bottom and the side slope of a waste landfill to prevent the
leachate from infiltrating into surrounding ground and polluting groundwater (Wang
and Wang 2004). The liner system is considered to experience various forces, such as
tensile force induced by settlement of base ground (Knipschild. 1984), thermal stress
due to decrease of temperature (Imaizumi et al. 1999), lifting force by the wind
(Zornberg and Giroud 1997), tensile force by compaction work of disposed waste (Xu
and Imaizumi 2003). The long term design strengths of the liner system are usually
controlled by creep rupture within the design life. Creep strain would occur if the tensile
forces of the liner system remain constant over a sufficiently long period of time, and it
can lead to creep rupture if the strain exceeds the limit strain (Ingold et al. 1994), so it is
very important for the design of the liner system to determine the tensile force induced
in components of the liner system, especially on the shoulder of HOPE geomembrane
with the location of roller compactor (Hullings and Sansou 1997). But it is not clearly
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understood how the tensile force acting on the liner system due to the compaction work
varies with the location of the roller compactor in landfill. In this paper, the variations of
tensile force created at the shoulder of the liner system with the location of roller
compactor are studied.

INTERFACE FRICTION CHARACTERISTICS

The characteristics of the studied geosynthetic materials at 20 °C are listed in Table 1.
Incinerated ash from municipal waste is used to represent disposed waste in landfill, its
cohesion and friction angle are 8 kPa and 36.5°, respectively. Water content of the
incinerated ash is 41%.

Table 1. Mechanical Properties of Geosynthetics.

Material

HDPE geomembrane
Non-woven
geotextile

Thickness
(mm)

1.5

10

Tensile strength
(MPa)

35.3

1.4

Elastic modulus
(MPa)

484

6.5

The interface friction angles between the incinerated ash and non-woven geotextile,
HDPE geomembrane and non-woven geotextile are 12.5° and 19.7°, respectively.

CENTRIFUGAL MODEL TESTS

FIG.l. Configuration of the centrifugal model.

The model landfill as shown in Fig.l is placed in a steel container having a length of
500 mm, a width of 260 mm and a depth of 350 mm. The foundation and slope of the
model landfill are made of gypsum. The slope of the model landfill is 1:1.5(V:H) with a
height of 200 mm. Non-woven geotextile is then glued to the surface of the model
landfill which is then covered by an HDPE geomembrane with a thickness of 1.5 mm. A
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protective layer of non-woven geotextile is spread over the HOPE geomembrane which
is then covered on the surface by incinerated ash. The model is accelerated to about 37 g
in the centrifuge. The tensile forces induced within the top non-woven geotextile and
HOPE geomembrane are measured through load transducers of 196 N and 490 N which
are fixed at the top of the slope.

Incinerated ash is poured into the model landfill. Its wet density is approximately 820
kg/m3. Acceleration of the centrifuge is increased at a rate of 5 g/min to a maximum of
37 g(g is gravitational acceleration and equals to 9.8m/s2), a 150 mm height in the model is
equivalent with a 5 m height of waste landfill in the prototype. The tensile forces of
HDPE geomembrane and non-woven geotextile and the acceleration are recorded by
computer at each 5 g interval in acceleration.

To evaluate the influence of the location of roller compactor on tensile force of liner
system for constant height of incinerated ash, the model load of 47.4 kPa (37g) is
applied on the surface of incinerated ash to simulate the roller compactor. The distance
from the model load to the slope liner system is also varied at 0, 70, 140 mm.

RESULTS OF TESTS

The measured tensile forces created at the shoulder of HDPE geomembrane and
non-woven geotextile with model load applied on the surface of incinerated ash are
shown in Fig.2 and Fig.3.It is found that the tensile forces of HDPE geomembrane and
non-woven geotextile increase significantly, and as the distance from model load to
slope liner system becomes larger, the tensile forces of HDPE geomembrane and
non-woven geotextile decrease. For example, the tensile force of HDPE geomembrane
increases from 0.26 kN/m to 0.72 kN/m when the model load is applied on the surface
of incinerated ash, the increment of tensile force is larger than that of tensile force
created by incinerated ash. The tensile force of non-woven geotextile also increases
from 0.25 kN/m to 0.47 kN/m. But the tensile forces of HDPE geomembrane decrease
from 0.72 kN/m to 0.63 kN/m when the distance increases from 0 mm to 140 mm.

FIG. 2. Measured tensile force,
(geomembrane).

FIG. 3. Measured tensile force,
(geotextile).
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FEM ANALYSIS

The finite element meshes and boundary conditions are shown in Fig.4. It is possible
to displace freely between incinerated ash and steel container in the vertical direction,
and the HOPE geomembrane and non-woven geotextile at the shoulder are fixed. The
quadrilateral element and triangle element are used to model the incinerated ash, and the
geosynthetics were modeled by quadrilateral element. The interfaces between different
materials are modeled by joint element to simulate the transfer of frictional stresses
through them.

FIG. 4. Finite element mesh.

The stress-strain response of the incinerated ash is modeled by Duncan-Chang model
(Duncan and Chang 1970). The tangential modulus can be expressed

Where cr, and cr3 are maximum and minimum principal stresses, respectively; -ft/-is

failure ratio; c and (j) are cohesion and friction angle, respectively; Pa is atmospheric

pressure; k and n are experimentally determined constants according to direct shear
tests. The friction angle and cohesion of the incinerated ash are 19.7° and 1.3 kPa,
respectively.

The HOPE geomembrane and non-woven geotextile are treated as a linear elastic
materials and secant modulus at a strain of 1% (Table 1) is applied in the analysis.

The shear stiffness Kst of interface ahead of the peak shear stress can be expressed as
follows

Where, r and an is shear stress and normal stress at the interface; r^is shear stress al

failure; /wis unit weight of water.
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The interface shear strength r f can be expressed as a function of the normal stress by

Mohr-Coulomb failure criterion.
Beyond peak value, the interface shear stress is assumed to be constant. The

parameters of interfaces used in the analysis are shown in Table 2.

Table 2. Analysis Parameters.

Interface or materials
Incinerated ash-geotextile

HOPE geomembrane-geotextile
Incinerated ash

k
11.65
3.90
63.2

n

1.06
0.84
0.83

Rf
0.82
0.78
0.81

The calculated tensile forces of HOPE geomembrane and non-woven geotextile are
shown in Fig.5. Irrespective of distance from model load to slope liner system, the
calculated values of HOPE geomembrane are smaller than the test values, about
0.76-0.90 of the test values.

FIG. 5. Relationship between calculation and test values.

The relationship between temperature t and secant modulus Em of HDPE

geomembrane can be expressed as:
£ ]%=784-10-°'0102 ' (3)

The elastic modulus of HDPE geomembrane used for FEM analysis is data of 20°C,
but the test temperature is 14°C, so the elastic modulus of HDPE geomembrane used is
smaller than the test value, the deviation between calculated values and test values is
generated.

The calculated values of non-woven geotextile are about 0.72-1.25 of the test values.
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The test values are larger than the calculated values except at 0 mm distance of model
load to slope liner system.

CONCLUSIONS

This paper describes the influence of the location of roller compactor on tensile force
creating at the shoulder of liner system. As the distance from model load to slope liner
system becomes larger, the tensile forces of HOPE geomembrane and non-woven
geotextile decreased. Effects of model load on the tensile forces of HDPE
geomembrane and non-woven geotextile are significantly.The tensile forces of HDPE
geomembrane and non-woven geotextile analyzed by FEM are consistent with those
obtained by centrifugal model test in general. The calculated values of HDPE
geomembrane are smaller than the test values, about 0.76-0.90 of the test values. The
calculated values of non-woven geotextile are about 0.72-1.25 of the test values.
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ABSTRACT: The cement-based solidification is recently considered as an alternative
option to reuse the dredged materials as engineering fills. As the solidification involves
hydration reactions, the pH value of the solidified soil can change which may affect the
surrounding environment after its placement. Thus the pH value of the solidified
dredged material is one of the key factors which govern its suitability as fill materials. In
this study, the effects of the type of additive, curing method and curing time on the
change in pH value of a solidified dredged material were investigated. Four different
additives (cement, fly ash, gypsum and rice straw powder) were used. The solidified
samples were cured under either humidity controlled or exposed conditions. The curing
period ranges from 1 to 60 days. The test results show that among the four additives
used in the study, cement gives a more substantial increase in the pH value than the
other three additives. Regarding the curing conditions, samples cured under humidity
controlled condition exhibit higher pH value than those cured under exposed condition.

INTRODUCTION

Dredging is commonly employed to improve water quality of rivers and lakes and
ensure the ability of river for flood discharge and navigation. As a result huge amount of
high water content and low strength dredged materials are produced (LUO Qing ji et al.,
2005). Land and ocean disposal are the traditional methods for treating the dredged
materials in China. Besides the disposal methods, cement-based solidification is
recently considered as an alternative option to reuse the dredged materials as
engineering fills (Zhu Wei et al., 2005). As the solidification involves hydration
reactions, the pH value of the solidified soil can change which may affect the
surrounding environment after its placement. Besides, the leachability of heavy metals
(if any) entrapped in the solidified soil is significantly affected by the soil pH value
(Sanchez et al., 2005). Thus the pH value of the solidified dredged material is one of the
key factors which govern its suitability as fill materials.

146
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Previous studies show that the additive was an important factor affecting the pH of
mixture materials (M. Kimura et al., 2000; C.Q. Wang et al., 2004). Curing method,
such as curing sealed or curing exposed to air, also affected the pH change of materials
(R.E.H. Sweeney et al., 1999). In this study the effects of the type of additive, curing
method and curing time on the change in pH value of a solidified dredged material were
investigated. Four different additives (cement, fly ash, gypsum and rice straw powder)
were used. The treated samples were cured under either humidity controlled or exposed
conditions. The curing period ranged from 1 to 60 days. The objective of the study is,
through the laboratory tests, to provide a scientific basis for controlling the pH of
solidified soil used in practical engineering.

MATERIALS AND METHODS

Materials

The dredged material was taken from Taihu Lake, China and its main physical
properties are summarized in Table 1. Four additives were used: Ordinary Portland
cement (OPC), fly ash, semi-hydrated gypsum and rice straw material (drying below
60°C and grinding into powder).

Table 1. Physical properties of dredged material

Water
content

(%)
104

Density
(g/cm3)

1.48

Specific
gravity

2.64

Void
ratio

2.7

Organic
matter
content

(%)
4.7

Plastic
limit
(WP)
(%)
18

Liquid
limit
(WL)
(%)
33

Plasticity
index
(ip)
15

pH

6.89

pH test

First, the dredged material and additives were mixed thoroughly inside a mixer. Then
some mixtures were sealed by polyethylene bags and cured at temperature around 20°C
and humidity greater than 90%. The other mixtures were placed on the plexiglass plates
and exposed to air. After curing for the target time, the pH of solidified soil was
measured according to the methods specified by (ISO 10309: 2005). The mixture
samples were first dried in an oven at 40°C, and pulverized to pass through a 2mm sieve.
Then the powder samples were extracted at a liquid to solid (L/S) ratio of 5 ml/g in
capped polypropylene bottles, stirred for 60 min, and the pH was measured by using a
PHS-3C pH meter.

RESULTS AND DISCUSSION

Effect of additives

(1) OPC
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Fig.l (a) shows the change in pH for the OPC solidified samples. The pH increases
with increasing OPC content. It is found that the pH varies slightly for OPC content less
than 8%, beyond which it increases substantially. Hydration and pozzolanic reactions
occur when the cement reacts with the dredged materials. The resultant hydration
products are calcium silicate hydrates (3CaO-2SiO2'2.5H2O, C-S-H), calcium
hydroxide (Ca(OH)2), calcium aluminate hydrates (4CaO-Al2O3-13H2O, C-A-H), etc.
These hydration products have high pH value (Stegemann JA et al., 2002), such as the
pH of C-S-H ranges from 9.9 to 12.3, the pH of calcium hydroxide pH ranges from 10.5
to 12.0, and the pH of C-A-H ranges from 9.8 to 12.8. The amount of hydration products
increases with increasing OPC content, thus the pH of solidified samples also increases
with increasing OPC content.

(2) Composite additives

(i) OPC and gypsum

OPC (5% content by weight of dredged material) and semi-hydrated gypsum (5 -
30% by weight of dredged material) were mixed with the dredged material and cured for
7 days inside a humidity-controlled chamber. Fig.l (b) shows the change in pH of the
OPC and gypsum solidified samples. For a given OPC content (5%), the pH changes
slightly with gypsum content. When gypsum and OPC were added into the dredged
material, the main ingredients of gypsum, calcium sulfate, and the calcium aluminates
in cement react with water in the dredged material, which produce ettringite (Huang Xin
et al., 1998), as shown in Equation (1).

3CaSO4+3CaO-Al2O3+32H2O^3CaO-Al2O3-3CaSO4-32H2O (1)
Equation (1) shows that the amount of ettringite in the solidified samples increases

with gypsum content, but some calcium aluminates in the OPC are also consumed. Thus
the amount of hydration product is reduced. Equation (1) also shows that the amount of
produced ettringite is similar to the amount of consumed calcium aluminates. Therefore,
the pH of the solidified samples changes slightly with gypsum content.

Fig.l. Change in pH for (a) OPC solidified samples; (b) OPC and gypsum

(a) (b)
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solidified samples.

(ii) OPC and fly ash

OPC (5% content by weight of dredged material) and fly ash (1 - 3.5 times of weight
of OPC) were mixed with the dredged material and cured for 7 days inside a
humidity-controlled chamber. Fig. 2 (a) shows the change in pH of the OPC and fly ash
solidified samples. For a given OPC content (5%), the pH increases slightly with
increasing fly ash content. Thus, the influence of fly ash on the pH of solidified samples
is less significant. Fly ash contains active ingredient, SiO2 and A^Os, which can react
with the hydration product of OPC, calcium hydroxide (Ca(OH)2), which forms calcium
silicate hydrates and calcium aluminate hydrates (Zhang Chunlei, 2003), as shown in
Equations (2) and (3).

mCa(OH)2+SiO2+(n-m)H2O->mCaO-SiO2-nH2O (2)
mCa(OH)2+Al2O3+(n-m)H2O-+mCaO-Al2O3'nH2O (3)

From Equations (2) and (3), the amounts of resultant C-S-H and C-A-H are similar to
the amounts of consumed calcium hydroxide in solidified samples. Therefore, the pH of
solidified samples increases slightly with increasing fly ash content.

Fig. 2. (a) Change in pH for OPC and fly ash solidified samples; (b) Relationship
between pH and curing time for OPC and rice straw powder solidified samples.

(iii) OPC and rice straw powder

Among the previous three additives used in the study, OPC solidified samples exhibit
the highest pH value, ranging from 10.5 to 11.0. To this end, rice straw powder is
chosen as an additional additive to regulate the pH of solidified soil. Fig. 2 (a) shows the
effect of rice straw powder content and curing time on the OPC (5% by weight)
solidified samples. The figure shows that the pH of solidified samples decreases with
increasing rice straw powder content. The rice straw powder is an organic material,
which is rich in a variety of physiologically active substances and nutrients (Gao Yong
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heng et al., 2005). It is the process of degradation that produces CO2, organic acids and
inorganic acids and other substances and the consequence is the reduction of the pH of
treated samples. Fig. 2 (b) also shows that the pH of solidified samples decreases
rapidly during the initial 15 days of curing, beyond which the rate of reduction reaches a
steady value. It is mainly due to the rapid rate of degradation of the rice straw powder
during the early stage of curing and the amounts of CO2 and acid produced are greater in
this stage. As a result, the pH of solidified samples decreases rapidly in the early stage
of curing. As time passes, the amount of rice straw powder left in the samples reduces
and the decomposition has been largely completed. Thus, the decomposed rate of
remaining material is more slowly and a low rate of reduction for the pH is expected.

Effect of curing time

Fig. 3 (a) shows the change in pH with curing days for OPC solidified samples. The
samples were cured under exposed condition. The figure shows that the pH of the
solidified samples increases to a peak value around a curing time of 3 days, beyond
which the pH decreases with increasing curing time and reaches a steady value around a
curing time of 28 days. The reason is that at the initial stage, with the ongoing of
hydration reaction of cement, lots of hydration products with high pH value are
produced. Thus the pH of solidified samples increases with time. As time passes, the
hydration reaction is completed and the quantities of hydration products remain
unchanged. When the solidified samples are cured under exposed condition,
carbonation occurs between CO2 and hydration product, calcium hydroxide and the
quantity of hydration products is deduced (Fernandez Bertos et al., 2004).Over time, a
sealing layer is formed on the surface of solidified samples by carbonation to protect
them from any further carbonation and the pH value can maintain a steady value.

Fig. 3. (a) Change in pH with curing days for OPC solidified samples; (b)
Effect of curing methods on OPC and gypsum solidified samples.

Effect of curing method
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Fig. 3 (b) shows the effect of curing methods (under humidity-controlled and exposed
conditions) on the OPC and gypsum solidified samples. It is seen from the figure that
the pH of solidified samples cured under exposed condition is significantly lower than
that cured under humid condition. A large proportion of water is lost when the samples
are cured under exposed condition, thus the amount of hydration products is lower than
that cured under humid condition. In addition, some hydration products are consumed
by carbonation occurred between CO2 and calcium hydroxide in the solidified samples.
As a result, less amount of hydration products is left and a lower value of pH for
solidified samples cured under exposed condition is expected.

CONCLUSIONS

The following conditions can be drawn from the study:
(1) The pH of cement-solidified soil is determined by the amounts of hydration

products generated between the cement and water in the dredged materials. As the
amount of hydration products in solidified soil increases with increasing cement content
and curing time, a higher pH of solidified soil is expected.

(2) For soil treated by composite additives, the pH of solidified soil only increases
slightly with the fly ash and semi-hydrated gypsum content. Hence, the composite
additives may be chosen in practical engineering to control the pH of solidified soil.

(3) The pH value of solidified soil can be reduced effectively by adding rice straw
powder. It is because lots of organic and inorganic acid are produced by the
decomposition of rice straw powder.

(4) The pH value of solidified soil cured under exposed air condition is lower than that
cured under humid condition. It is suggested that the solidified soil should be exposed to
air as much as possible to reduce its pH.
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ABSTRACT: As part of continuing research into the
Thermo-Hydro-Chemo-Mechanical (THCM) processes in porous media, a number of
recent developments, undertaken at the Geoenvironmental Research Centre (GRC) at
Cardiff University, are presented in this paper. These processes are of particular
importance in a number of geoenvironmental problems, for example, high-level nuclear
waste repositories, landfill leachate transport and carbon dioxide sequestration. In
particular, the numerical modeling of large field-scale phenomena has been undertaken,
with a High Performance Computing (1TPC) algorithm developed to take advantage of
current computational facilities, hence allowing larger and more detailed models to be
undertaken in realistic timescales; a geochemical model has been included into the
multi-species reactive transport THCM model. In addition, a first attempt to include
biological reactions has been made. These developments are placed within the context
of increasing overall understanding, building predictive capacity and impact upon
assessing the overall system performance.

INTRODUCTION

Geoenvironmental problems are wide ranging and in all cases based upon flow
conditions through soils and/or chemical reactions. Well known examples are
high-level nuclear waste disposal, where the hydration process of the buffer material is
of importance as is the long term performance of the clay barrier, in terms of containing
the waste and retarding the release; landfill leachate, where reactive chemical transport
processes are effected by heat, water flow, chemistry and biological processes; and
carbon dioxide sequestration, where the flow of CO2 through rocks/soils and chemical
processes are key for well capacity and long term stability. In all of these examples a
lack of proper understanding and management could lead to damage in the health of a
human population, from the small scale of a small landfill site to global in the case of
carbon dioxide sequestration. In addition, all of the examples have long timescales,
from years to millennia, and are large in space, over 100m scale. A large volume of
work exists internationally in this field, e.g. Thomas (2006).
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Thermo-hydro-chemo-mechanical (THCM) processes have been developed into a
theoretical formulation and incorporated into the numerical code COMPASS, a bespoke
transient finite-element code developed at the Geoenvironmental Research Centre
(GRC), at Cardiff University, and used to model a number of problems (e.g. Thomas et
al., 2003, 2009a, 2009b, 2009c, Thomas and Rees, 2009). This paper describes some
recent advances in the simulation of THCM phenomena.

LARGE-SCALE MODELLING

A number of geoenvironmental problems are large-scale, in both time and space as
described in the introduction. In addition, the complexity of the problems considered
may be high, e.g. the granitic rock that some nuclear waste repositories are likely to be
located may be highly fractured, leading to preferential flowpaths; and the consideration
of many chemical and biological species leads to a large number of degrees-of-freedom
within a system The numerical simulation of such problems leads to a number of
problems from domain, mesh and results creation and visualisation to undertaking the
analyses. Large-scale analyses may take a significant amount of time and computer
memory storage requirements become large.

HIGH PERFORMANCE COMPUTING

In computationally expensive applications, such as complex or large-scale models,
the investment in code development to optimise and reduce time is worthwhile. It is
worth noting that computational programming techniques reflect advances and trends in
computational hardware. Specifically the respective rates of change in various
components affect the overall performance. In recent times, processors have become,
on average, over 50% faster than the previous year, whereas interconnect bandwidth
increased by approximately 25% (Hennessy and Patterson, 2007). Further to this
multi-core processors are now more common and adding extra cores to processors has
replaced the increase in clock-speed to increase overall processor speed (Intel, 2006).

The numerical code COMPASS is formed of two main sections which take the
majority of the runtime: the matrix build, where the current variables are used to define
the system matrices; and the solver, where the solution to the model variables is found.
The matrix build section was found easy to parallelise with communication of system
matrix fragments only needed at the end of the section. Good efficiencies were found in
this section up to over 32 processors, depending upon the analysis size.

The solver section is more difficult to parallelise. There are two types of solver
available in general, direct and iterative. Direct solvers are more easily parallelisable,
but iterative solvers are faster in serial and require significantly lower memory, which is
critical in large-scale simulations (Barrett et al., 1995). Iterative solvers demand
knowledge of vectors throughout each iteration of the solver making the design of a
parallel scheme more challenging (Duff and van der Vorst, 1999). The Krylov subspace
type of iterative solvers are implemented for COMPASS with the BiCG variant used for
THM and THCM simulations due to the non-symmetric nature of the system matrix.

A previous parallel implementation was found to be ineffective on modern HPC
systems (Vardon et al., 2008) and this was determined to be due to the relative increase
in speed of the processors over the latency and bandwidth of the interconnect. The most
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common modern HPC machine architecture comprises a number of individual nodes
connected together with a high performance interconnect with individual nodes made
up from a number of multi-core processors with access to a single block of memory.
Reflecting this, a new HPC algorithm was proposed. Recognising the Krylov subspace
solvers are formed from a number of vector-vector operations, usually dot-products,
and either one or two matrix-vector multiplications, the new algorithm formulates the
vector-vector operations to be parallelised con-node' using the memory as
shared-memory, thereby eliminating communication costs. The matrix-vector
multiplications were split across nodes, using a multi-threaded operation on-node and
message-passing across nodes, reducing the communication required in proportion to
the number of processing cores.

Results are presented, in figure 1, for two example THM problems with 100,000 and
350,000 elements undertaken on the Merlin HPC system located at Cardiff University,
based upon S.OGHz Intel quad core processors, arranged with two per node, and a 20Gb
InfiniBand interconnect. The results show good performance increase as the number of
cores increases. With 100,000 elements the communication effects can be seen clearly
when moving from lines representing fewer nodes to those representing more. In the
350,000 element problem (Figure Ib) some effects of shared-bus saturation are seen
making the pattern slightly more complex, although with the same overall trends of
increasing cores and reducing time. Further details are provided in Vardon et al. (2009)
and Vardon (2009).

FIG. 1. Results from example THM simulations using the new parallel
implementation undertaken on the Merlin HPC system.

SIMULATION OF THE PROTOTYPE REPOSITORY PROJECT

The Prototype Repository Project (PRP) is a real-scale mock-up of a High Level
Nuclear Waste (HLW) repository, featuring all aspects of the KBS-3 (8KB, 2003)
conceptual design, with the exception of the HLW whose effect is simulated by the use
of heaters embedded within the canisters. The PRP comprises a repository tunnel, six
deposition-holes split into two sections. Copper canisters with heaters embedded are
installed into the deposition-holes with a highly-compacted bentonite clay buffer
surrounding them. The repository tunnel is then backfilled with a mixture of crushed
spoil rock and bentonite. A large quantity of data has been collected at various stages.
The PRP, as many countries intend for the final repositories, is situated in highly
fractured granitic rock. This may, as in the case of the PRP, cause highly anisotropic



156 GEOTECHNICAL SPECIAL PUBLICATION NO. 204

flow conditions, and along with the repository shape and processes occurring are
implicitly three-dimensional.
Two main phases have been simulated, the pre-placement stage, where the tunnel and

deposition-holes have been excavated and the post-placement phase where the canisters
and buffer material has been installed. The pre-placement stage is useful to see if the
rock domain and modelling techniques are able to simulate the flow condition and the
post-placement stage includes the buffer material whose saturation behaviour is critical
to the performance of the engineered barrier system and overall repository safety.

The rock domain has been formed from an effective continuum model, including a
number of deterministic fractures, with idealised shapes, that were found during
hydraulic borehole tests. Two major fractures, radius 20m, and six minor fractures,
radius 2m, were included. Some calibration was undertaken and the results were found
to be able to represent recorded inflow results, both into the deposition-holes and along
the tunnel, which a continuum model without deterministic fractures was not able to do.
The inflow results along the tunnel length are shown in figure 2 highlighting the model
ability to simulate anisotropic flow conditions. The post-placement conditions have
also been simulated and the anisotropic flow conditions in the rock domain allow the
differing rate of buffer saturation in separate deposition-holes is able to be simulated.
The backfill is also saturated in a similar time to the experimental results, which is not
the case if using an effective continuum. More results and details can be found in
Vardon (2009).

FIG. 2. Numerical and experimental inflow results into the PRP along the tunnel
length including the range of experimental results.

GEOCHEMICAL AND BIOLOGICAL PROCESSES

Geochemical and biological processes affect the transport of chemicals and stability
and the host geomaterial. For example, landfill leachate introduces chemicals into the
surrounding geomaterial which react with this material and in general conservative
transport equations are unable to predict chemical breakthrough. Geochemical and
biological processes are also important in COi sequestration where the carbon can be
sorbed geochemically to soil minerals. Geochemical processes are included into the
COMPASS and a first attempt at the inclusion of biological processes has been made.
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The inclusion of geochemical and biological processes into the existing THCM model
is undertaken following the algorithm presented in figure 3. The conservative transport
equation formulation inclusive of a sink/source term to allow for adsorption and
precipitation/dissolution and the impact of biological processes. A geochemical model,
namely MINTEQA2 (Allison et al., 1991), has been linked to the THCM model and is
able to calculate equilibrium reactions among dissolved, solid and gas phases and
incorporates a large thermodynamic database. The integration of the chemical and
geochemical model to COMPASS is described by Cleall et al. (2007).

FIG. 3. The COMPASS THCMB algorithm.

Microbial activity is treated, as a first estimate, as a macroscopically averaged quantity.
A supply of dissolved organic carbon is required as is an appropriate redox pair. Two
half-step reactions have been employed, with the first, the biological reaction, limiting
the rate of reaction and the second based on inorganic equilibrium. The resultant
chemical change from microbial activity is calculated post the conservative THCM
calculation and prior to geochemical equilibrium. Further details of the biological
model can be found in Thomas and Seetharam (2009).

CONCLUSIONS

To extend the ability to simulate Thermo-Hydro-Chemical-Mechanical (THCM)
processes a number of advancements have been made. A High Performance Computing
(HPC) algorithm has been designed and implemented to enable large-scale modelling,
in scale, time and complexity to be undertaken. An example of the Prototype
Repository Project has been shown to highlight the importance of this ability. In
addition, geochemical soil interactions have been included and a first estimate of the
geobiological processes has been included within the model.
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ABSTRACT: Geothermal Energy is available all over the world and plays an
increasing role in the renewable energy supplies, especially in the space heating and
cooling sector. Within a research project of Hamburg University of Technology, a
shallow geothermal energy system is combined with a desiccant assisted air
conditioning system. In this research project, 3 borehole exchangers and 5 energy piles
were built in Hamburg's harbor area and supply heating and cooling for the new air
conditioning system. Numerical modeling and analytical method was used to estimate
the extraction rate of the energy piles. The results of field test in the summer 2009 will
be shown in this paper.

INTRODUCTION

In Germany, the temperatures of soils and groundwater up to 100 m are constantly
between 8.5 °C and 12 °C. As this temperature is relatively stable over the whole year, it
gives rise to the opportunity of heat extraction for environmental and economical
heating and cooling. Several variations of heat exchangers in the ground such as ground
heat collectors, borehole heat exchangers and thermo-active ground structures have
been installed worldwide over the past 20 years (Lund et al., 2004). In a research
project of the Hamburg University of Technology, a pilot plant of shallow geothermal
energy and desiccant assisted air conditioning has been built and will be tested in 2009
and 2010.

The test site has a base area of 460 m2. It is equipped with 8 soil heat exchangers
consisting of 5 energy piles and 3 borehole heat exchangers. Energy piles are one of the
most commonly employed thermo-active underground structures (Bandl, 2006 and
Katzenbach et al., 2008). Piles, which are required as building foundations, are
assembled with plastic U-tubes (seldomly with metallic tubes) and then filled with a
heat transfer medium. During circulation of the heat transfer medium in the U-tubes,
heat can be extracted or discharged from/into the ground. The double usage of piles
enables a cost reduction during manufacturing. Borehole heat exchangers are not
statically required and are therefore flexible in performance.

159



160 GEOTECHNICAL SPECIAL PUBLICATION NO. 204

CONSTRUCTION OF THE GEOTHERMAL SYSTEM

The pilot plant is located in a newly created metropolitan area, the "HafenCity
Hamburg", near the center of Hamburg. The geothermal system comprising 8 soil heat
exchangers supplies cooling energy for the desiccant air conditioning system. Above
the ground level, there are 7 construction containers in three of which the air
conditioning system and the cold and heat distribution system are installed. The other
four containers act as office space, which is cooled by the geothermal energy. The office
containers are constructed to keep the standard of the German regulation for energy
savings in buildings and building systems (DIN 4108-2).

Four of the five energy piles are arranged under the corner points of the containers
(FIG. 1). The other one is located at the center.

FIG. 1. Site plan of the geothermal system.

The energy piles are precast concrete piles. The U-tubes as well as the temperature
probes are fixed directly onto the reinforcement cage. Around these a 4 cm concrete
covering protects both the reinforcement cage and the U-tubes. After being concreted
they were transported to the test site and driven into underground.

In a standard energy pile 2 loops of U-tubes are assembled. As a variation 3 loops of
U-Tubes are embedded into two of the five test energy piles (Table 1).

Both the beginning of the feeding tube and the end of the return tube, between which
the maximum temperature difference exists, stand at the top of the piles. In order to
reduce the undesirable heat transfer between these, thermal insulation is installed on the
last meter of the return tubes.

The advantage of a precast concrete pile is that the quality of the pile can be
guaranteed, especially at the pre-installation of U-tubes and temperature probes. The
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disadvantage is the potential noise and swinging emissions during pile-driving.
The holes for the borehole heat exchangers were drilled using hydraulic-circulation

drilling method. Double-U-tubes are plugged, after that the final depth of the borehole is
attained. To avoid undesired heat transfer between the U-tubes, spacers are used every
2-3 meters. The boreholes are filled with a cement-clay mixture, which has a thermal
conductivity of 2 W/(m-K).

Table 1: Configuration of the 5 energy piles

Pile
number

1
2
3
4
5

Number of
U-tube loops

2
3
3
2
2

Thermal insulation on
U-tubes at the pile head

Yes
No
Yes
No
No

Temperature
measurement
-0.5, -4.5, -12.5m
-0.5, -4.5, -8.5, 12.5 m
-0.5, -8.5 m
No
-0.5, -4.5, -8.5, -12.5m

CALCULATED AND ESTIMATED SPECIFIC COOLING CAPACITY

Heat transport of the installed energy piles has been calculated using the
finite-element- method to obtain the specific cooling capacity (Ma and Grabe, 2009).
The subsoil in the numerical models was assumed to be homogenous and to have a
thermal conductivity of 2.53 W/(m-°C) and an undisturbed temperature of 10 C. FIG. 2
shows the calculated time-dependent specific cooling capacity (Ps) of one energy pile
over a period of 90 days. The specific cooling capacity is large at the beginning of the
operation and tends to a constant value of ca. 37 W/m after 90 days, which can be
regarded as the quasi steady-state value. The average specific cooling capacity amounts
to 42 W/m.

The specific cooling capacity at a steady-flux state can also be calculated analytically
with the equation:

P=(Tf-T,,)xRsf, (1)
where 7}is the average fluid temperature and Tm is the average ground temperature. The
steady-flux thermal resistance for a double U-tube soil heat exchanger is defined
(Hellstrom, 1991) as:

The fluid-to-ground thermal resistance Rb of a tube consists of three parts:
• convective heat transfer resistance Rfc between the bulk fluid and the inner

surface of the tube,

where TI is the radius of ground region affected by soil heat exchanger, rpo is the outer
tube radius, Bu is the distance between tubes and 1 is the thermal conductivity of the soil.
The eccentricity parameter b is given by:

,



162 GEOTECHNICAL SPECIAL PUBLICATION NO. 204

• thermal resistance Rp' of the tube wall and
• contact resistance Rc at the interface between the tube and the surrounding soil.

So Rb can be written as:
R=Rfc+R'p+R (4)

40 60
Time [d]

FIG. 2. Numerically calculated time-dependent specific cooling capacity over a
period of 90 days.

Here, /I/, lp and ls are the thermal conductivities of the heat transfer fluid, tube wall
and material that fills the gap between the tube and the surrounding soil. The
characteristic width of the gap is denoted Ss. rpo and rpi are the outer and inner radius of
the tube. The Nusselt's number Nu is defined by:

where a is the heat transfer coefficient (W/m2-K). Flow in the tube is assumed laminar
giving rise to a Nusselt's number of 4.36 for uniform surface heat flux (Incropera and
DeWitt, 2002).

Table 2: Analytical calculation of specific cooling capacity of energy piles

Parameter
Radius of affected soil
Outer radius of tube
Inner radius of tube
Distance between tubes
Thermal conductivity of fluid
Thermal conductivity of tube

ri
rvo

rpi
Bl{

ĥ

Value
5
0.01
0.0081
0.025
0.5
0.4

Unit
m
m
m
m
W/(m-K)
W/(m-K)
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According to analytical calculation the specific cooling capacity at steady-flux-state
amounts to 33 W/m, which matches the quasi steady-state value of numerical
simulation (37 W/m) very well.

The specific cooling capacity for borehole heat exchangers is estimated according to
VDI-Guideline (VDI 4640-2, 2001) and the survey of the test site (FIG. 3).

Thermal conductivity of gap
Thermal conductivity of soil
Average fluid temperature
Average soil temperature
Fluid-to-ground thermal resistance
Steady-flux thermal resistance
Specific cooling capacity

4,/i
Tt
Tm

Rh
Rsf
PS

CO

2.53
19.5
12
0.157
0.228
33

W/(m-K)
W/(m-K)
°C
°C
(m-K)/W
(m-K)/W
W/m

FIG. 3. Soil buildup of the test site and specific cooling capacity of borehole heat
exchangers according to VDI 4640-2 (cross section B1-B2-B3).

MEASUREMENT RESULTS

The injected heat into the underground (E) is calculated using the difference between
inlet and outlet temperatures ($,, &0) of the heat transfer medium:

where A is the inner cross section of the U-tubes, phtm, Vhtm, and ctam are the density, flow
velocity and specific heat capacity of heat transfer medium. The analyzed specific
cooling capacity (SCC) of each soil heat exchanger is a daily average, since it is
considered to be a better indicator of the long-term evolution than instantaneous values
(Wood et al., 2009).



FIG. 5. Daily specific cooling capacity of borehole heat exchangers (BHE).

FIG. 4 and 5 show the daily average specific cooling capacity (SCC) of energy piles
(EP) and borehole heat exchangers (BHE) from July 01. to Oct. 04. 2009. BHE 3 was
not in use this summer since the heat load was not very high. The daily SCC is heavily
dependent on the operational parameters, (such as daily operation time, heat load of the
building, mass flow rate and inlet temperature of heat transfer medium) and is therefore
not constant during the operation. The peak capacity of EP and BHE can be over 90 and
60 W/m respectively. Because of irregular maintenance and optimization work the pilot
plant has only been in use for several days. The total operation time of EP and BHE only
amounts to about 90 and 70 hours (Table 3). The injected energy is insufficient for
overheating of the subsoil to occur. As a result a reduction of specific cooling capacity
with time was not detected.

The average SCC of EP over the whole operation time is about 40 W/m, which
compares to the numerically calculated value of 42 W/m very well (Table 3). The
borehole heat exchangers have a relative lower SCC value of about 30 W/m, which is
even lower than the recommended specific heat capacity (SHC) in clay (35-50 W/m).
The reason for the low SCC value may be attributed to the low average flow velocity of

FIG. 4. Daily specific cooling capacity of energy piles (EP).
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the heat transfer medium in the U-tubes (0.22 m/s, Table 3) and the small horizontal
distance between each tube.

Table 3: Summarization of the energy piles and borehole heat exchangers

heat exchanger

flow velocity of HTM (m/s)
injected energy [kWh]
energy consume of pumps
[kWh]
total operation time [h]

length of heat exchanger [m]
injection capacity [kW]
specific injection capacity
[W/m]
cooling performance factor
(CPF) [-]

EP1

0.31
46.2

2.5

94.3

14

0.49

35.0

18.4

EP2

0.31
53.7

2.8

93.5

14

0.57

41.0

19.4

EPS

0.31
56.3

2.8

93

14

0.61

43.2

20.4

EP4

0.32
55.5

2.8

92

14

0.60

43.1

19.8

EPS

0.31
44.7

2.1

92.8

14

0.48

34.4

21.7

BHE1

0.22
167.8

1.6

74.7

75

2.25

30.0

107.8

BHE2

0.22
155.7

1.4

70.7

75

2.20

29.4

110.2

It can be seen, that EP 2 and 3 have a larger SCC than that of EP land 5. The reason
being that in EP 2 and 3 three loops of U-tube were installed, which increase the heat
transfer area between heat transfer medium and the subsoil and therefore the heat
transfer velocity. EP 4 also has a high SCC value, which can be ascribed to its beneficial
location. It lies in the shade of the office container and its top most meters are least
affected by the temperature change of the atmosphere, which is higher than the
temperature of the subsoil in summer.

In EP 1 and 3 the last meter of the tubes is heat insulated. Compared with EP 5 and
EP 2, their SCC is larger. Although the increasing factor only amounts to 1.7% for EP 1
and 5.4% for EP 3 and can thus be neglected.

The geothermal energy is available all over the world, but it is not free for use. In our
system, circulation pumps are needed to transfer the heat from the air conditioning
system to the subsoil. Heat can then be injected into the underground, while pumps
simultaneously consume electrical energy. To evaluate the efficiency of the geothermal
system the cooling performance factor (CPF), analogous to the seasonal performance
factor of the heat pump, is introduced in this paper. It is defined as:

_ injected energy through geothermal system (7)
energy consumption of circulation pump

The CPF of energy piles is about 20. Borehole heat exchangers obviously have a
higher CPF value of about 110. This means that the BHE only need about 1/5 of the
energy for the same energy output of EP. The reason being, that the U-tubes in BHE
have a larger diameter (40 mm) than those in EP (20 mm) and therefore the hydraulic
resistance in BHE is correspondingly smaller leading to a smaller SCC value.

CONCLUSIONS AND OUTLOOKS

The specific cooling capacity of soil heat exchangers depends on several parameters
and is not trivial to estimate accurately. The measurements in HafenCity Hamburg show

CPF
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that EP can supply an average SCC value of about 40 W/m which matches the
numerically calculated value very well. The installation of the third U-tube loop in EP
can increase the heat transfer of the EP system and therefore the SCC up to 23%. Heat
insulation in the final meter of U-tubes in EP has not proven advantageous. The BHE
point a lower SCC but a better CPF value compared to EP.

The measurements will be continued this winter and next summer. More variations
will be carried out to get detailed information about the relationship between SCC and
its dependent parameters. The long term temperature development of the subsoil around
the soil heat exchangers will also be investigated. Further, numerical simulations with
in-situ soil characters and varied boundary conditions are planned to investigate the
thermodynamic reaction of EP and BHE systems under other conditions.
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ABSTRACT: Sulfate-reducing bacteria are studied for their potential in heavy metal
bioremediation. However, the occurrence of elevated nitrate in contaminated
environments has been shown to inhibit sulfate reduction activity. While the inhibition
has been suggested to result from competition with nitrate-reducing bacteria, the
possibility of direct inhibition of sulfate reducers by elevated nitrate needs to be
explored. Using Desulfovibrio vulgaris as a model sulfate-reducing bacterium,
functional genomics analysis reveals that osmotic stress contributed to growth
inhibition by nitrate as demonstrated by the up-regulation of the glycine/betaine
transporter genes and the relief of nitrate inhibition by osmoprotectant. The
observation that significant growth inhibition was effected by 70 mM NaNOs but not
70 mM NaCl suggests the presence of inhibitory mechanisms in addition to osmotic
stress. The differential expression of genes characteristic of nitrite stress responses
under nitrate stress condition further indicates that nitrate stress response by D.
vulgaris was linked to components of both osmotic and nitrite stress responses. The
involvement of the oxidative stress response pathway, however, might be the result of
a more general stress response. Given the low similarities between the response
profiles to nitrate and other stresses, less defined stress response pathways could also
be important in nitrate stress, which might involve the shift in energy metabolism.

INTRODUCTION

Exploiting microbially-mediated reduction of redox-sensitive metals has been
proposed as a promising strategy to remediate metal-contaminated subsurface
environments in situ (Gadd and White 1993; Vails and de Lorenzo 2002). With the
ability to reduce and accumulate heavy metals and radionuclides (Chardin et al. 2002;
Jones et al. 1976; Lovley et al. 1993a), sulfate-reducing bacteria (SRB) have drawn
particular attention for potential applications in heavy metal immobilization. It has
been well documented that SRB can reductively precipitate redox metals through
enzymatic pathways (Abdelouas et al. 1998; Lovley and Phillips 1992a; Lovley and
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Phillips 1992b) or can simply precipitate metals as metallic sulfides. Enzymatic
reduction of soluble metal oxyanions to insoluble forms has been specifically
demonstrated for Desulfovibrio spp. (Lloyd et al. 1999; Lovley and Phillips 1992b;
Lovley et al. 1993b; Payne et al. 2002), which are the model SRB most extensively
studied for their bioremediation capacity. More importantly, SRB populations are also
found to be significant members of microbial communities involved in such metal
reduction and are ubiquitous even in extreme environments (Bagwell et al. 2006;
Chang et al. 2001; Fields et al. 2006; Gillan et al. 2005; Odom 1993; Widdle 1988).
Therefore, stimulation of SRB activities has been considered as a useful approach for
the immobilization of heavy metals and radionuclides (Landa 2005; Lloyd and Lovley
2001; Lloyd and Renshaw 2005; Wang et al. 2003).

To exploit SRB effectively for the remediation of heavy metal and radionuclide
contaminated sites, it is important to understand the microbial responses to adverse
environmental factors commonly encountered in these subsurface environments. One
such factor is the high nitrate concentration of many contaminated sites at the U.S.
nuclear weapon complexes managed by the Department of Energy (NABIR 2003;
Riley and Zachara 1992). The presence of nitrate may pose a specific stress to SRB as
nitrate has been observed to suppress sulfate reduction activity in situ (Davidova et al.
2001; Jenneman et al. 1986). Thus, it is important to examine the responses of sulfate-
reducing microorganisms in metabolic and regulatory pathways following nitrate
exposure to understand their defense mechanisms. Such knowledge would facilitate
the development of strategies to monitor and predict the performance of these
microorganisms in bioremediation (Hazen and Stahl 2006).

In this report, we used Desulfovibrio vulgaris Hildenborough as a model organism
to investigate the inhibition of sulfate reduction by nitrate as compared to other related
stress conditions. This bacterium lacks the ability to reduce nitrate which makes an
inhibition by nitrate obscure. Our results from functional genomics analyses indicate
the presence of inhibitory mechanisms in addition to the expected osmotic stress
responses.

MATERIALS AND METHODS

Monitoring of cell growth under stress conditions
The growth response of D. vulgaris cells to various concentrations of sodium nitrate
(NaNOs) or sodium chloride (NaCl) were monitored using the Phenotype
Micro Array™ platform (Biolog Inc., Hayward, CA). Culture handling and instrument
operation were carried out in an anaerobic chamber with an atmosphere of 5% COi,
5% H2, and 90% N2. Mid-log phase D. vulgaris cultures were obtained as innocula by
growing D. vulgaris cells in a defined lactate-sulfate (LS4D) medium (Mukhopadhyay
et al. 2006) at 30°C to an OD600 of 0.3-0.4, corresponding to approximately 108

cells/ml. Growth monitoring and culture incubation at 30°C was performed by the
OmniLog instrument.

Biomass production for molecular analysis
Cultures for biomass production were initiated with 10 % (v/v) inocula from stocks

of D. vulgaris frozen at -80° C (fully grown cells in LS4D with 10% (v/v) glycerol)



GEOTECHNICAL SPECIAL PUBLICATION NO. 204 169

into LS4D medium (Mukhopadhyay et al. 2006). Absence of obvious contaminants
was verified by microscopic inspection and lack of fast growing aerobes by spreading
samples on aerobic tryptic soy agar plates at 30°C when the subcultures reached mid-
log phase. Subsequently, 2-liter production cultures were inoculated with 10% (v/v)
active subculture. All production cultures were grown in triplicate (three control
cultures and three stressed cultures). When the production cultures reached an ODeoo
of 0.3, 50 ml were taken from each replicate culture as the TO samples. Once the TO
samples were taken, degassed NaNO3 solution was immediately added to the three
treatment cultures to a final concentration of 105 mM (6500 ppm nitrate, which was
shown to inhibit the growth rate of the log-phase cultures by approximately 50%), and
an equivalent volume of sterile, distilled, degassed water was added to each control
culture.

Microarray transcriptomic analysis
A previously described whole-genome oligonucleotide DNA microarray (He et al.

2006), covering more than 98.6% of the annotated protein-coding sequences of the D.
vulgaris genome, was used for global transcriptional analysis of nitrate stress
response. The accuracy of the microarrays in global transcriptional profiling has been
extensively tested and validated in previous studies on stress response pathways in D.
vulgaris (Clark et al. 2006; He et al. 2006). All microarray procedures including the
extraction and labeling of nucleic acids, microarray hybridization and washing, and
data analysis were performed using previously published protocols (He et al. 2006;
Mukhopadhyay et al. 2006). Pairwise correlation coefficients between any two
transcriptional profiles were computed with the centered Pearson correlation using the
entire transcriptional expression profiles obtained by the D. vulgaris microarray. Color
heat map representations comparing gene expression under various growth conditions
were generated using the software JColorGrid (Joachimiak et al. 2006).

RESULTS

Growth inhibition of D. vulgaris by nitrate
The inhibitory effect of nitrate was evaluated by monitoring the growth of D.

vulgaris in the presence of various concentrations of sodium nitrate. While a slow-
growth phase (with no detectable growth) of approximately 20 hours was observed in
control cultures without nitrate addition, an extended phase of slow growth followed
by normal growth was observed with increasing concentrations of nitrate in the culture
medium, indicative of a moderate inhibitory effect (Figure 1A). A more severe
inhibition pattern, characterized by a sharp decrease in growth rate accompanied by an
increasingly longer slow-growth phase, was apparent when the nitrate concentration
reached 70 mM, as indicated by the reduced slope of the growth curve (Figure 1A).

Since sodium nitrate is an ionic solute, high concentrations of nitrate are expected to
result in osmotic stress as a non-specific inhibitory mechanism. To identify any
inhibitory effects specific to nitrate, a comparison was made between the growth
responses of D. vulgaris to sodium nitrate versus sodium chloride, known to cause
osmotic stress. In sharp contrast to the 70 mM sodium nitrate addition needed for
growth inhibition, a significant decrease in the growth rate of D. vulgaris was
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observed only when 200 mM sodium chloride was added into the LS4D medium
(Figure IB). These results suggest that sodium nitrate inhibition results from at least
some interactions specific to nitrate and not simply from a salt-induced osmotic effect.

FIG. 1. Growth response of Desulfovibrio vulgaris to varying concentrations of
(A) NaNO3 or (B) NaCl.

Global transcriptomic analysis of nitrate stress
To understand the mechanisms of nitrate inhibition and the potential response

pathways used by D. vulgaris cells to alleviate nitrate stress, microarray experiments
were carried out to compare global gene expression profiles between nitrate-stressed
D. vulgaris cultures and control cultures without nitrate exposure. D. vulgaris cells
were challenged by a nitrate level of 105 mM, which was effective in inhibiting, but
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not eliminating, cell growth in log-phase cultures.
Changes in the gene expression profile were observed at 30 min following nitrate

exposure and peaked at 120 min, with 298 genes being differentially expressed, either
up or down, greater than two fold (Figure 2). A similar number of genes (288)
remained differentially regulated at 240 min. It is noted that the number of genes with
reduced expression level considerably exceeded the number of genes with increased
expression at 30, 60, and 120 min, consistent with the inhibitory effect of nitrate
observed in the growth study (Fig. 1). As the number of down-regulated genes peaked
at 120 min, the number of up-regulated genes, however, continued to rise throughout
the duration of the experiment, indicative of an active response to nitrate treatment
following the initial inhibition.

FIG. 2. Distribution of up- and down-regulated genes in D. vulgaris as a function
of time upon exposure to 105 mM sodium nitrate. Only genes with Z> 2 (absolute
value) and logiR < -1 (down-regulation) or logiR > 1 (up-regulation) were
included in the plot.

Effects of osmoprotectant on growth inhibition by nitrate
Given the presence of osmotic stress at high nitrate concentrations, indications of

osmotic stress response following nitrate exposure were examined. Indeed,
transcriptional profiling showed an increase in the gene expression of the periplasmic-
binding protein of the glycine/betaine/proline ABC transporter (DVU2297; log2R =
1.6 at 240 min), although not the putative permease or ATP binding protein. Since
glycine betaine is a known osmoprotectant (Cayley and Record 2003) and has been
shown to relieve osmotic stress in D. vulgaris (Mukhopadhyay et al. 2006), the up-
regulation of this gene supports the expected overlap between osmotic stress and
nitrate stress. To further confirm that nitrate inhibition is associated with osmotic
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stress, growth was monitored following the addition of glycine betaine as an
osmoprotectant into D. vulgaris cultures in nitrate-supplemented defined medium
(Figure 3).

FIG. 3. Impact of glycine betaine on the growth of D. vulgaris exposed to 100
mM (A) and 200 mM (B) sodium nitrate. The inset in panel A shows the growth
of D. vulgaris when 2 mM sodium nitrite was in place of sodium nitrate. D.
vulgaris cultures were inoculated to a defined medium (Control, open circles),
medium supplemented with sodium nitrate / nitrite only (open triangles), or
medium supplemented with sodium nitrate / nitrite plus 2 mM glycine betaine as
an osmoprotectant (closed triangles). Note different time scales on graphs.

Similar to stress-inducing concentrations of NaCl, elevated NaNO3 concentrations
resulted in a prolonged lag phase and significantly reduced final cell density. The
addition of glycine betaine led to the complete recovery of the final cell density in D.
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vulgar is cultures exposed to 100 mM NaNOs; but provided only a 16% reduction of
the lag phase (Figure 3 A), which is in contrast to the near complete reversal of growth
inhibition by glycine betaine in NaCl stress (Mukhopadhyay et al. 2006). The inability
of glycine betaine to relieve nitrate stress entirely indicates that osmotic stress does not
account for all the inhibition of cellular activities by nitrate stress.

On the other hand, growth inhibition by 200 mM NaNOs was more significantly
relieved by the inclusion of glycine betaine in the medium, with the lag phase
shortened from approximately 300 h to 100 h (Figure 3B). This observation was likely
the result of the increasing importance of osmotic stress with higher levels of nitrate.
Nonetheless, only partial relief of nitrate stress was provided by the addition of
osmoprotectant, further suggesting the presence of additional sources of growth
inhibition that were specific to nitrate stress, but not osmotic stress.

FIG. 4. Differential expression of genes involved in pathways of methyl
metabolism and formate formation in response to nitrates stress. PFL: pyruvate
formate-lyase; PFLA: pyruvate formate-lyase activating enzyme; FDH: formate
dehydrogenase; LDH: lactate dehydrogenase. Red: up-regulation.

Genes involved in methyl/SAM metabolism
In nitrate-stressed D. vulgaris, a group of genes involved in the methyl metabolism

were among those with the greatest increases in expression, including metF
(DVU0997), metE (DVU3371), and ahcY (DVU0607). All these genes have functions
in the metabolism of methionine and regeneration of S-adenosylmethionine (SAM), a
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major methyl-donor in various cellular processes (Wang and Frey 2007). A careful
examination of the genes up-regulated under nitrate stress further revealed the
increased expression of the gene encoding another key enzyme in SAM biosynthesis,
S-adenosylmethionine synthetase MetK (DVU2449; log2R = 1.7). From the co-
expression patterns of all these genes (Figure 4), scattered across the genome, we infer
the presence of a regulatory mechanism that might be involved in the increased
turnover of SAM.

Interestingly, the enzyme activating the pyruvate formate-lyase (DVU2825), which
was also among the most up-regulated genes under nitrate stress (Table 1), has been
shown to require the methyl-donor SAM in other bacteria (Chase and Rabinowitz
1968; Knappe and Schmitt 1976), providing a potential link between energy
metabolism and methyl/SAM metabolism (Figure 4).

Genes involved in energy metabolism
Nitrate does not support growth of D. vulgaris as an electron acceptor or nitrogen

source (Haveman et al. 2004; Haveman et al. 2005). However, in many other
anaerobes nitrate metabolism is directly linked to energy metabolism via multiple
redox reactions (Moura et al. 1997). Thus, the involvement of genes in energy
metabolism was investigated when elevated nitrate constituted a stress condition.
Transcriptional analysis indicated that a small number of genes with functions in
energy metabolism were among those highly up-regulated under nitrate stress, such as
the genes related to the catabolism of pyruvate as a key metabolic intermediate: a
pyruvate formate-lyase (DVU2824) and its activating enzyme (DVU2825). These two
genes form an operon with two other genes encoding a TRAP dicarboxylate
transporter (DVU2822-2825). In addition, a formate dehydrogenase gene cluster
(DVU0586-0588) had increased expression under nitrate stress (data not shown). The
composite of these differentially expressed genes appears to be consistent with an
increased flow of reducing equivalent cycling through formate as a metabolic
intermediate, as suggested under certain growth conditions (He et al. 2006; Pereira et
al. 2008).

The gene encoding the hybrid cluster protein (DVU2543), which was suggested to
be involved in the response to reactive nitrogen species generated in nitrate
metabolism in other microorganisms (van den Berg et al. 2000; Wolfe et al. 2002),
was also up-regulated (log2R = 1.8). It is noted that this gene was among the most
highly up-regulated (log2R = 6.4) under nitrite stress (Haveman et al. 2004; He et al.
2006). The iron-sulfur cluster-binding protein, predicted to be encoded promoter distal
in the same operon (DVU2544), was also increased in expression (logiR = 1.9),
representing a shared response to nitrate and nitrite stress. Nonetheless, the differential
expression of the hybrid cluster protein operon was much weaker in response to nitrate
than that to nitrite. No significant changes in gene expression were observed in other
known genes participating in nitrogen metabolism.

Another highly up-regulated gene with annotated functions in energy metabolism
encodes a putative rubrerythrin (DVU2318), which is predicted to be under the
regulation of the Peroxide-Responsive Regulator (PerR) (Rodionov et al. 2004). A
survey of the gene expression profile indicated that all genes in the predicted PerR
regulon had increased expression to various extents under nitrate stress. However,
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comparison of gene expression profiles found that the PerR regulon was consistently
up-regulated throughout different stress conditions (Chhabra et al. 2006; He et al.
2006; Mukhopadhyay et al. 2006; Mukhopadhyay et al. 2007), indicating that the
increased expression of the PerR regulon was likely a part of the general stress
response.

DISCUSSION

Nitrate is a common co-contaminant in subsurface environments impacted by
radionuclides and heavy metals (Brooks 2001). Nitrate inhibition of metal-reducing
microbial populations, such as the sulfate-reducing bacteria, hinders bioremediation
efforts exploiting these microbial biocatalysts (Abdelouas et al. 1998; Finneran et al.
2002; Istok et al. 2004; Nyman et al. 2006). However, the persistence of sulfate-
reducing bacteria at contaminated sites with high nitrate levels suggested the presence
of potential resistance mechanisms (Bagwell et al. 2006; Fields et al. 2006; Gu et al.
2005), which were explored in this study using physiological and genomics
approaches.

Growth inhibition by nitrate in the form of osmotic stress was demonstrated by the
up-regulation of the glycine/betaine transporter genes and the relief of nitrate
inhibition by osmoprotectant (Figure 3). However, osmotic stress response is not
likely the only pathway contributing to the inhibitory effect of nitrate, given the
minimal similarity in the transcriptional profiles between nitrate stress and NaCl
stress. Indeed, the finding that D. vulgaris cells were significantly more sensitive to
NaNOs than NaCl (Figure 1) indicates the involvement of inhibitory mechanisms in
addition to the osmotic stress resulting from elevated nitrate concentrations.
Presumably, the more severe growth inhibition under nitrate stress (Figure 1A) could
be attributed to the presence of the nitrate ions, as compared to chloride ions.

Differing from Cl", in some bacteria, the nitrate ion is redox active and can serve as a
terminal electron acceptor in energy metabolism or as a source of nitrogen for
biosynthesis, both requiring the reduction of nitrate coupled with electron transfer.
However, nitrate-dependent growth of D. vulgaris has not been observed, which is
consistent with the absence of nitrate reductase genes in the sequenced genome of D.
vulgaris (Haveman et al. 2004; Heidelberg et al. 2004; Moura et al. 1997). Thus, it is
unlikely that copious amounts of nitrogenous intermediates would be generated as
toxic intermediates from nitrate reduction in D. vulgaris. It is suggested, however, that
small amounts of nitrite, and subsequently other reactive nitrogen species, could be
produced from non-specific reduction of nitrate by low potential reductases in D.
vulgaris cells, such as the multiheme c-type cytochromes (Wall et al. 2007). Due to
the specificity of nitrite toxicity to sulfate reduction (Greene et al. 2003; Haveman et
al. 2004), nitrite derived from nitrate could represent a major stress condition for D.
vulgaris. It appears that the significant up-regulation of the hybrid cluster protein
genes (DVU2543-2544) upon nitrate exposure, which resembled a similar response
pattern specific to nitrite stress (Greene et al. 2003; Haveman et al. 2004; He et al.
2006), would support the suggestion that nitrite stress is a result of nitrate exposure.
However, direct evidence for the significance of low levels of nitrite under nitrate
stress is still lacking. It is also possible that the up-regulation of certain genes
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responsive to nitrite under nitrate stress was fortuitous, or the result of mechanisms yet
to be understood.

Aside from components of salt stress and nitrite stress, involvement of oxidative
stress response was also implicated during nitrate stress in D. vulgaris, with the up-
regulation of the genes in the PerR regulon, which is known to be responsive to
oxidative stress (Rodionov et al. 2004). However, examination of the responses of D.
vulgaris to other stress conditions reveals that the up-regulation of the Per-R regulon
under not only oxygen stress (Mukhopadhyay et al. 2007), but also nitrite (He et al.
2006), salt (Mukhopadhyay et al. 2006), and heat (Chhabra et al. 2006) stress,
suggesting the response of the PerR regulon may not be specifically linked to nitrate.
The same non-specific response could also be suggested for several other genes
responsive to nitrate stress. For example, the gene for the phage shock protein A
(DVU2988) was up-regulated in nitrate stress. However, this gene was also up-
regulated under conditions of salt (Mukhopadhyay et al. 2006), heat (Chhabra et al.
2006), and oxygen (Mukhopadhyay et al. 2007) stress, suggesting that this response
was not directly related to nitrate stress, rather a form of general stress response.

On the other hand, energetic consequences of nitrate stress could be considered as
potential mechanisms contributing to the inhibition of D. vulgaris by nitrate. Indeed,
our results indicate that a number of genes with functions in energy metabolism were
among those highly up-regulated under nitrate stress, such as an operon consisting of
genes related to the catabolism of pyruvate as a key metabolic intermediate, a pyruvate
formate-lyase (DVU2824) and its activating enzyme (DVU2825), as well as another
operon encoding a formate dehydrogenase (DVU0586-0588). These regulatory events
implicate a shift in energy metabolism to the increased flow of reducing equivalents
through formate as a metabolic intermediate during nitrate stress. Notably, the
activation of the pyruvate formate-lyase (DVU2824), a key enzyme in the generation
of formate from the central metabolite pyruvate, has been shown to require the
methyl-donor SAM in other bacteria (Chase and Rabinowitz 1968; Knappe and
Schmitt 1976). Interestingly, genes involved in methyl/SAM metabolism were among
the most responsive to nitrate stress in D. vulgaris, thus linking the methyl/SAM
metabolic pathway to the shift in energy metabolism (Figure 4). However, a definitive
relationship between the shift in energy metabolism and nitrate inhibition could not be
established, given the limited scope of this study. Future work should be focused on
the elucidation of the roles of the energy metabolism in nitrate stress.

Therefore, the response to nitrate stress by D. vulgaris was shown to be linked to
components of both osmotic and nitrite stress responses. The involvement of the
oxidative stress response pathway, however, might be the result of a more general
stress response. Given the low similarities between the response profiles to nitrate and
other stresses, less defined stress response pathways could also be important in nitrate
stress, which might involve the shift in energy metabolism.
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ABSTRACT: A large plume of uranium contaminated groundwater has been formed
as a consequence of historical weapons processing and waste disposal at the former
U.S. Department of Energy (DOE) S-3 ponds site located at the Y-12 Nationals
Security Center in Oak Ridge Tennessee. Measurements of groundwater samples from
the site showed much higher pH values and lower concentrations of uranium and
aluminum in carbonate gravel fill than in the underlying lower pH saprolite. Field and
laboratory studies demonstrate that precipitates with high U content (> 19%) form
when acidic U and Al containing groundwater contacts high pH carbonate gravel. Lab
morphology and mineralogy analyses reveal that uranyl carbonates and amorphous
basalumnite occur as coatings on dolomite gravel and as detached individual
precipitates (Phillips et al. 2008). This study employs a new method that integrates the
field measurements, the past laboratory analyses, and numerical modeling to
determine physical and geochemical processes that are critical to explain the
groundwater composition changes. The resulting numerical simulations indicate that
significant reductions in aqueous U concentrations occur due to reactions with high
pH carbonate gravel. Insights from the numerical modeling on the formation and
stability of U precipitates are important to determine U transport properties and the
effectiveness of U remediation strategies.

INTRODUCTION

Historical weapons processing and waste disposal practices has produced
significant subsurface radionuclide contamination at U.S. Department of Energy
(DOE) weapons processing plants. Uranium (U) is the most frequently detected
radionuclide in contaminated groundwater and sediments at these DOE facilities
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(Riley and Zachara 1992). At the DOE S-3 Pond site at the Y-12 Nationals Security
Center in Oak Ridge, Tennessee, a large plume of contaminated groundwater has been
formed as a result of historical weapons production and U-bearing waste disposal
activities (ORNL 1984; Watson et al. 2005). The DOE Field Research Center located
at the site has been the host for a number of studies examining the fate, transport and
removal of U from groundwater (Phillips et al. 2000; Gu et al. 2003; Istok et al. 2004;
Luo et al. 2006; Wu et al. 2007; Zhang et al. 2008). Insights into how U precipitates
and adsorbs onto subsurface geological materials are important to identity possible
means of controlling the mobility of U in groundwater and model the fate and
transport of U (Phillips et al. 2008).

The S-3 Ponds site is underlain by shale and carbonate bedrock that has been
weathered to depths of 15 m to a clay rich saprolite (Watson et al. 2005). At
approximately 60 m from the former S-3 disposal ponds, the native saprolite material
was excavated and backfilled with dolomite gravel to construct a foundation for
storage tanks. The gravel fill intercepts about the top meter of the water table of the
shallow groundwater contaminant plume. The highly permeable gravel preferentially
diverts some of the groundwater flow toward nearby Bear Creek (Watson et al. 2005).
The high pH carbonate gravel removed significant quantities of U from the acidic A13+

and SO42" rich groundwater infiltrating from the underlying saprolite (Phillips et al.
2008). Examination of the U containing precipitates shows that uranyl carbonates are
present with amorphous basalumnite Al4(SO4)(OH)io-4H2O as coatings on the
dolomite gravel and as individual precipitates (Phillips et al. 2008).

The objectives of this study are: (1) to determine physical and geochemical
processes that are critical to explain the groundwater composition changes using a new
methodology that integrates the field measurements, the past laboratory analyses, and
modeling studies, and (2) to develop geochemical reaction models to simulate U
removal when acidic contaminated groundwater contacts carbonate gravel. Improved
ability to predict field behavior of U will facilitate the assessment of contamination
risk under ambient conditions and will facilitate the design of remediation measured to
control exposure.

GROUNDWATER ANALYSIS

Since 2004, groundwater has been sampled from a multilevel well (FW410)
screened within the gravel fill (-2.74 to 4.22 m depth) and in underlying saprolite
(-7.22 to 8.39 m depth). Groundwater pH and solution composition measurements are
summarized in Table 1. Higher pH values and sulfate concentrations, and lower U, Al,
Ca, Mg, K and Na concentrations occur in the gravel fill than in underlying saprolite.

X-ray absorption near edge structure spectroscopy (XANES) and extended X-ray
absorption fine structure spectroscopy (EXAFS) of over 80 sampled regions for gravel
fill material shows that the uranyl carbonate and amorphous basalumnite
Al4(SO4)(OH)io'4H2O occur as coatings on dolomite gravel and as individual
precipitates (Phillips et al. 2008). The uranyl carbonate structure is heterogeneous
with some regions similar to grimselite K^UOiXCOs^-HiO and other regions more
like liebigite Ca2(UO2)(CO3)3-llH2O or andersonite Na2CaUO2(CO3)3-6H2O.
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Table 1. Groundwater pH and major reactive
composition in mg/L (ORIFRC 2009)

Parameter
pH
U
Al
Ca
Mg
K
Na
SO4

2'

In saprolite
3.20-3.44
22.20 ~ 39.87
225.65 ~ 882.90
134.36-475.87
80.07-315.89
56.51-118.72
213.10-421.08
2.51-30.30

In gravel fill
6.16-6.65
0.66 - 0.99
0.04 - 0.87
111.35-149.95
18.67-30.93
3.71 -7.03
9.44 - 25.69
84.88-113.00

Integration of field groundwater geochemistry observations, laboratory
morphology and mineralogy analyses, and numerical modeling indicate the following
physical and geochemical processes are significant to explain groundwater
composition changes:

a) dissolution of dolomite and calcite, the major components of the gravel minerals
that results in the higher groundwater pH and higher Ca and Mg concentrations in the
gravel fill (Stumm and Morgan 1996)

CaMg(C03)2(s) = Ca2+ + Mg2+ + 2CO3
2' logKi = -16.54

CaCO3(S) = Ca2+ + CO3
2" logK2 = -8.480

(1)
(2)

b) precipitation of uranyl carbonates that removes uranium from groundwater
(Phillips et al. 2008)

K4UO2(CO3)3-H2O(S) = 4K+ + UO2
2+ + 3CO3

2' + H2O logK3 (Figure 1) (3)

c) precipitation of basalumnite that reduces groundwater Al and sulfate
concentrations (Gundersen and Beier 1988)

Al4SO4(OH)io-5H2O(S) +10H+ - 4A13+ + SO4
2" + 15H2O logK4 = 22.5 (4)

d) weathering of pyrite (FeS2) inclusions in the gravel layer (Phillips et al. 2008)
that produces elevated SO4

2" concentrations in the gravel fill; and
e) acidic contaminated groundwater from the saprolite that flows into the gravel

fill and mixes with the higher pH groundwater. Assuming one volume of
contaminated groundwater from the saprolite mixes with x volume of gravel solution,
contaminants are diluted by a factor f = l/(l+x).

GEOCHEMICAL MODELING

The computer code HydroGeoChem v5.0 (HGC5) (Yeh et al. 2004) was used to
model geochemical reactions. HGC5 is designed to handle generic biogeochemical
reaction networks, which may include equilibrium and kinetic reactions with user
specified formulations. HGC5 was coupled with the nonlinear inversion code PEST
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(Doherty 2004) to enable estimation of specified model coefficients by calibrating
simulation results to measured data.

An equilibrium geochemical reaction model including aqueous complexation
reactions of carbonate, sulfate, K, Na, Ca, Mg, Al (Stumm and Morgan 1996) and U
(Guillaumont et al. 2003) and mineral precipitation/dissolution reactions (Equations
1-4) was used to simulate the the major composition of groundwater in gravel fill
mixed with acidic contaminated groundwater from underlying saprolite. According to
previous studies, oxic groundwater conditions prevail at the site (Gu et al. 2003). As a
consequence, hexavalent uranium in the form of uranyl (UO22+) is expected in the
groundwater. However, because of relatively high concentrations of sulfate and
carbonate, uranyl may also be present as uranyl carbonates [e.g., UO2CO3° and
UO2(CO3)2

2"] and/or uranyl sulfates [e.g., UO2SO4
0 and UO2(SO4)2

2"] etc
(Guillaumont et al. 2003).

Scanning electron microscopy (SEM) microprobe analyses show U ranging from
1.6-19.8% within coatings. Highest concentrations are present at the interface of
dolomite fragments where IQUO^COs^ H2O is generally observed as a thin surface
coating. Both K4UO2(CO3)3 H2O and Ca2(UO2)(CO3)3-llH2O/
Na2Ca(UO2)(CO3)3'6H2O are present in the individual precipitates in the fine fraction
and in coatings further away from the interface (Phillips et al. 2008). The dominant
mineral phase, K4UO2(CO3)3 H2O, was considered in the model.

The geochemistry modeling process is summarized in Figure 1. One volume of
groundwater from the saprolite is mixed with x volume of gravel solution in
equilibrium with dolomite, the major mineral phase of the gravel.

Four model parameters were estimated through calibration of the simulation
results to the observed groundwater composition for samples taken from the gravel fill
on four dates. The parameters were determined by simultaneously fitting to data for all
dates. Final parameter estimates and their standard errors are shown in Figure 1.
Simulation results are compared with groundwater measurements in Figure 2. The
simulation closely captures the pH increase and Al and U removal, which is due
mainly to precipitation of uranyl carbonate, K4UO2(CO3)3-H2O, and basalumnite,
Al4SO4(OH)io*5H2O, when acidic contaminated groundwater is mixed with high pH
carbonate gravel.

FIG. 1. Illustration of geochemistry modeling process and parameter estimates.
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Fig. 2. Observed and simulated major groundwater composition
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COMCLUSIONS
Uranium-containing carbonate precipitates associated with amorphous basalumnite

have been observed in a dolomitic gravel fill near the U.S. DOE former S-3 Pond
waste disposal site as a result of mixing with influent acidic (pH 3.20 to 3.44)
groundwater contaminated with U (22.2 to 39.9 mg/L) and Al (225.6-882.9 mg/L),
etc. Morphologic and mineralogy analyses of the U-containing precipitates reveal that
the U is hexavalent and the uranyl is coordinated with carbonate. Laboratory and field
data were used to develop a geochemical model to estimate groundwater composition
due to contaminated groundwater seeping into gravel fill. Modeling results indicate
that uranium removal from the aqueous phase can be largely attributed to precipitation
ofK4U02(C03)3-H20.
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ABSTRACT: The definition of the investigation area border line, the choice of the
proper sampling mesh and exploration technique, the correct analysis of the collected
data, represent the most important steps of each environmental research project. The
"Krige's Diagram" demonstrates that the evaluation quality depends on the accuracy by
which each of these phases has been performed. This paper introduces an innovative
geostatistics-based software for environmental data analysis and evaluation, called
"Kriging Assistant" (KA). This new tool, developed within the Department of
Geoengineering and Environmental Technologies - University of Cagliari (Italy), is
able to work both in 2D and 3D dimensions and, moreover, it is able to solve the
complex problem of the experimental semivariogram fitting through an innovative and
automatic modeling procedure. In this way the estimation errors deriving from the
evaluator modeling process are avoided.

INTRODUCTION

All the environmental-applied researches focus on the outliers identification and on
the anomaly variation (i.e. space and/or time) modeling inside an investigated area. For
this reason, every researcher has to proceed with a statistical treatment and analysis of
data deriving from chemical analysis of collected samples. This step represents only the
last phase of a large series of operations (e.g. samples collection, samples size/mass
reduction for laboratory analysis, samples multi-element analysis, statistic treatment of
chemical analysis results, etc). Each single step is important and influences the final
estimation quality. Unfortunately the evaluation goodness can be measured only at the
end of project, because only from that moment the real values become known.

A posteriori control of the evaluation integrity is possible through the "Krige's
Diagram" (shown in fig.l). This diagram allows to compare, for each sample, the
estimated value with the real measured data (Mazzella An. et al., 1984): the estimation
will be perfect only if the estimated-real pairs are aligned along the regression line.
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FIG. 1. An example of Krige's Diagram: the red crosses represent the
estimated-real values of each sample, blue line represents the regression line
(Mazzella An. et al., 1984).

Obviously the operative step during which is possible to commit the most serious
mistakes is the phases of analysis and processing of collected data. For this reason our
team has been working since '80s in the development of innovative geostatistics-based
technologies able to assist the researcher during the evaluation of the environmental
data. This paper introduces a new tool for the environmental data analysis and
evaluation, called "Kriging Assistant" (KA). This new software, developed within the
Department of Geoengineering and Environmental Technologies - University of
Cagliari, is based exclusively on open source technologies and represents a powerful
and user-friendly automatic geostatistical analysis tool.

KRIGING ASSISTANT DESCRIPTION

KA core is based upon the experiences of: FGAM (fig.2), a simple tool for calculate
the experimental semivariogram of a dataset, and JCBLOK (fig.2), a simple tool for the
subsequent interpolation through Kriging (Carr J.R. and Mela K., 1998).

FIG. 2. Main windows of "FGAM" and "JCBLOK" tools (Carr J.R. and Mela K.,
1998).
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KA (whose main window is shown in fig.3) represents an evolution of Carr & Mela's
work; in fact it has been written in Microsoft Visual Basic 6, using the GeoLIBs
libraries (Deutsch C. and Journel A., 1992) and it gathers the FGAM and JCBLOK
characteristics, but it has been rewritten and implemented in order to be more powerful,
user-friendly and efficient.

FIG. 3. On the left, the control panels forming KA main windows are shown. On
the right, it is shown the alert message that informs the user about the default
parameters used for experimental semivariogram calculus.

Once the user starts KA (by clicking twice on its desktop icon), the software alert
window is shown. The message informs the user about the default condition for
semivariogram calculus and the instruction for customize them (fig.3). Regarding the
correct datafile management and the accurate semivariogram calculus the most
important parameters are "dimensionality" and "1, 2 or 3D" (fig.4).

FIG. 4. Localization of the "dimensionality" and "1, 2 or 3D" customization
panels.

Through the customization of these two parameters KA will know the sampling mesh
features (sampling made along a line, along a gallery, along a bore hole, etc) and will
calculate a mono-, bi- or three-dimensional semivariogram. In particular, the first
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parameter regards the datafile reading procedure whereas the second one deals with the
calculation algorithm. After these parameters customization KA is ready to import the
data and to proceed to the geostatistical esteem. The current KA version (v2.0/2009) is
able to read only two different datafile standards: geoeas datafile, csv datafile. The first
one is a dataset introduced since 1991 by the program GEOEAS (Geostatistical
Environmental Assessment Software) which represents a de facto standard now. This
standard features are (fig.5): the first line is reserved for the title of the project; the
second row indicates the number of variables stored in the datafile; many rows as
number of variables indicating the name and format (according to the FORTRAN
syntax) of the data; the sequence of data separated by white space. The other supported
standard is a classic "comma delimited".

FIG. 5. Comparison between "GeoEAS" and "Comma Separated Values"
formatted datafiles.

A DATA ANALYSIS SESSION WITH KRIGING ASSISTANT

Once the datafile has been imported within KA, the sample map is automatically
generated (fig.6). The average time required for the map generation is approximately
0.2 seconds every 4000 records.

FIG. 6. An example of KA sample map.
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The KA sample map represents the position (indicated by red circles) and the
measured values (on the right of each red circle) of each sample. Naturally in the case of
a large amount of samples, KA adjusts the map scale for prevent the display overlapping
of values. This simple representation allows the user to perform a quick visual
inspection of the mesh sampling integrity. At this point KA proceeds automatically with
the experimental semivariogram calculus (the result is shown in fig.7) and,
subsequently, with the semivariogram curve modelling and interpretation. This step is
primary for the calculus of the parameters needed for the next phase of data kriging.

FIG. 7. On the left, it is shown the experimental semivariogram calculus result. On
the right, it is shown the panel for the automatic interpretation technique
selection.

Once the user selects the technique for the semivariogram modelling (Mazzella Al. et
al., 2009), KA shows the graphical representation for the theoretical models (in the
graphical output window) and the calculated values of "Nugget Effect", "Range" and
"Stir (in the kriging configuration panel). At this point the kriging procedure starts
clicking on the KRG button of the kriging configuration panel (fig. 8); the data kriging
can be initiated with the KA-calculated parameter or with a user-customized set. At the
end of the interpolation step KA automatically generates two different kind of graphical
results representation shown in fig.9.

FIG. 8. The KA kriging configuration panel with the numerical results of the
interpretation and, in blue, the kriging starting button.
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FIG. 9. KA evaluation graphical results: on the left the "block map", on the right
the "contour map".

CONCLUSIONS

Thanks to the VB6 power and the capabilities of the GeoLIBs (Deutsch C. and Journel
A., 1992), the current version of KA (v2.0/2009) is an efficient, powerful and
user-friendly tool for the geostatistical esteem of any kind of environmental data. As
underlined in the paper, the strength of KA compared to the other most famous data
treatment software (e.g. Surfer) is that in KA there are no default settings and/or
parameters for data interpolation: in fact KA bases the data interpolation upon the
parameters calculated on the data. This features, obviously, allows also unskilled users
to obtain accurate estimates. Our research team is still working mainly along the
following directions: the first one focuses to improve the KA kriging variants (actually
only Point Kriging is supported) meanwhile, the second one focuses to develop specific
routines for linking the KA engine with a GIS environment.
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ABSTRACT: The Wells Simulator is a groundwater modeling software that is
especially designed for the simulation of groundwater well systems, with applications
concerning pumping systems of water works, doublette systems for geothermal energy
utilization, pump and treat systems for aquifer restoration, and water drainage systems
for open pits. The advantage of its user-friendly graphical user interface (GUI) is that
it can be applied by users, which are not familiar with the common modeling software.
It is also an appropriate tool in a class-room for students, or for demonstration
purposes.

INTRODUCTION

There are several application fields, in which knowledge concerning the
interaction of groundwater wells is relevant. There are well galleries of water works.
These usually consist of multiple pumping wells only, but sometimes these are
combined with infiltration wells, in order to utilize water for artificial groundwater
recharge. Such a combination of wells may be necessary for the entire water balance,
in order to keep real groundwater extraction low. It may also be important in order to
keep groundwater tables high and prevent strong drawdown in the cones of depression
of pumping wells.
Another application field of increasing importance is geothermics, i.e. to utilize
geothermal energy, which is COi-neutral, sustainable and renewable. Geothermal
facilities are increasingly utilized for energy production, as well for heat as for power
supply. A doublette, consisting of a pumping and an infiltration well, is a classical set-
up, by which water of increased temperature is extracted from a near-surface or deep
subsurface formation, and after heat utilization the cooled fluid is returned into the
same aquifer horizon.

With the increased exploitation of heat stored in subsurface formations the installed
systems become competitive and influence each other. The productivity and also the
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lifetime of a single doublette may be drastically reduced by nearby further
installations. Thus it is a severe challenge for decision makers and technicians, already
in the planning phase, that hydraulic interactions of several systems are investigated.
A third field of application is the aquifer restoration technology. Polluted groundwater
is pumped out at one location, treated in some ex-situ facility and pumped back after
treatment into the aquifer at another location. The doublette system can be found here
again again, in practice, however, often several pumping and recharging wells are
combined. These may be arranged as systems of doublettes, but in practice the
constellation of wells is irregular, based on appropriate conditions for well drilling and
other circumstances.
A fourth application field is for pumping systems keeping a construction site or
excavation pit drained. The problem is, to find optimal locations for pumping wells
with which pumping rate have to be placed in order to keep a pit dry. This is a relevant
task not only in the building, but also in the mining industry.
The Wells Simulator software is designed to assist in the planning phase of a well
system before the installation and during operation of such systems. The program is
equipped with a graphical user interface (GUI) that allows user-friendly input of
parameters and visual output of results. The software is implemented in MATLAB and
can be used directly from the command window, but main envisaged application is as
a stand-alone executable.
The program can be used in classes for students, and by students in exercises. It is
suitable as part of a demonstration task to explore the properties of a well system. Last
not least it can be used as a first check, if conditions at a specific site are appropriate
or not. The tool may serve for the decision maker, who has to compare several
alternative sites; or for the technician in the field as well, who aims to find the optimal
position of a well or well gallery.
To use the Wells Simulator requires less skill, than using a groundwater program -
which is the common technique to be applied for such a purpose. For that reason it can
be applied not only by groundwater specialists, but also by technicians in the field on
the laptop, or by decision makers in non-technical departments of concerned
companies.

FIG. 1. A typical well gallery - cross-sectional view
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The Well Simulator is implemented in MATLAB. Some more details concerning the
programming are given by Holzbecher (2008), for a version tailored for the modeling
of well systems for bank filtration. With reference to a first version the current
working name is: Wells Designer, version 2. Some of the features mentioned in the
following are currently tested, in order to present the final version at the conference.
In comparison to numerical methods analytical solutions have the advantage that they
can be computed much faster and more accurately. The latter is due to the fact there
are no numerical approximations involved. However, analytical solutions are available
for specific situations only and can not compete with the flexibility of numerical
methods concerning dimensions, boundary conditions, inhomogeneities, etc
(Holzbecher & Sorek 2005).
In comparison to other software packages using analytical solutions (GFLOW, see:
Haitjema 1995; TWODAN, see: Diodato 1998) the Wells Simulator stands out due to
direct use of the streamfunction for the visualization of flowpath patterns. Details are
outlined below.

DIFFERENTIAL EQUATIONS AND ANALYTICAL SOLUTIONS

The mathematical algorithms are implemented using analytical solutions based on
potential theory. We give a brief outline of the details. The reader, who is interested in
the background, will find them in the classical textbook of O. Strack (1989).
Groundwater flow modelling is based on Darcy's Law, given by the formula

Equation (1) is an empirical relationship, that is well established for groundwater flow
(Bear 1976, Holzbecher 1997). It states the proportionality between filtration (or
Darcy-) velocity v and dynamic pressure, here represented by hydraulic head h. The
proportionality constant is the material parameter K, the so called hydraulic
conductivity. K depends on the porous medium of the aquifer, but also on the density
and viscosity of the fluid.
Two types of aquifers can be distinguished concerning the upper surface of the water
bearing pore space, which may be either free or confined by an impermeabale layer.
The hydrogeologist speaks of an unconfined or phreatic aquifer in the first situation
and of a confined aquifer in the second. The principle of mass conservation leads to
variants of the continuity equation

confined situations

unconfined situations

where H denotes the aquifer thickness of the confined aquifer. Hydraulic head h is
measured with respect to the aquifer basis. Combination of equations (1) and (2)
yields partial differential equations for the unknown variable h:

confined situations

unconfined situations

Equation (3) is linear for the confined situation and nonlinear for the unconfined case.

for

for

(2)

(3)
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Aquifer modeling in 2D is usually based on these differential equations. An alternative
formulation is based on the hydraulic potential <p

confined situations
(4)

unconfined situations

for which the classical potential equation (or Laplace equation) holds

Note that we apply the complex logarithm here, which is a generalization usual
logarithm for complex numbers. Moreover the values of the complex logarithm are
complex numbers also. The complex logarithm log(z) is well-defined on each simply
connected part of the complex plane. It is not defined for z=0, and usually the negative
real axis is used as a boundary, at which the function has a discontinuity. For details
see textbooks on complex analysis, for example Krantz (2008).
In addition baseflow can be considered (that feature is not yet implemented in the
current version). The analytic solution for a regional ID flow field is:

with baseflow discharge vector QQ, given by a complex number.
According to the principle of superposition, solutions for generic situations can be
summed up as analytical elements, to obtain a solution for a specific situation. For a
system of TV wells and baseflow one can generally write the solution as:

Streamline patterns are visualized as contour lines of the streamfunction i//. For that
purpose we identify the model region with a part of the complex plane, represented by
the variable z=x+iy. The above mentioned discontinuity of the complex logarithm is
cause of some problems in the visualization of the streamline pattern. Additional
horizontal lines between the well positions and the left model boundary appear, if the
contouring algorithm is applied in a straightforward manner. Holzbecher (2009)
describes how this unrealistic feature can be avoided by a modification of the
contouring procedure. A demonstration is depicted in FIG. 2.

(Strack 1989, Holzbecher 2007). The potential (p has the physical unit of [m3/s]. The
constant (p$ has to be chosen appropriately. In the Wells Simulator it is chosen to fulfil
a point condition. In the implementation we utilize the complex potential ® = <p + ii//

with imaginary unit / and streamfunction i//.
The solution for a single well with pumping or recharge rate Qweii at the position zweu is
given by:

for
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FIG. 2. Flow pattern in the vicinity of a single well, obtained by straight forward
contouring (left) and modified contouring (right)

THE GRAPHICAL USER INTERFACE (GUI)

The program is equipped with a graphical user interface that is easy to handle. As the
software is designed mainly for users which are not familiar with groundwater
software, the software must be easy to understand and use.

The GUI is divided in several panels, most of which concern input values:
• Graphical output options
• Output parameters (2D)
• Aquifer characteristics
• Well system specification
• Gridding
• Numerical output

Optional graphical output is for: head contours, streamlines, velocity vectors,
traveltime markers, and separatrices (limiting streamlines).
Aquifer parameters are: thickness, hydraulic conductivity, base flow, reference head
and porosity.
The well system is three by vectors: one for the x-coordinates of the well locations,
another for the y-coordinates and a third for the pumping rates. Pumping wells have
positive pumping rate, recharging wells negative.
Note that gridding is used for plotting, not for the calculation of the solution - in
contrast to numerical methods. The grid in x- and >>-axis has to be specified by the
user. The simplest way is to specify the minimum and the maximum values and a grid
spacing for both coordinate directions.
Moreover the GUI has radio-buttons for optional graphical output in a separate figure,
and for the additional graphical output as a surface or piezometric head as a surface
above the model regime, i.e. as a 3D graphic. After setting all options the graphical
output is initiated by using the 'Plot'-button. A help system can also be used in order
to become familiar with the basic terms and handing of the program.
The graphical user interface (GUI) of the Wells Simulator is depicted in FIG. 3. Input
and output are gathered in a single panel, as default. There is the option to obtain the
graphical output in a separate window. An example input and output-view of the GUI
is shown in FIG. 3.
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FIG. 3. The Wells Simulator Graphical User Interface; showing panels for
numerical input and option selection, and the graphical result for a single
doublette

EXAMPLE

One of the most generic situation concerns a single doublette within a constant
ambient flow field. DaCosta and Bennett (1960) examined such constellations
systematically for different angles of the background flow and for different ratios of
ambient flow and pumping rate.
FIG. 4 provides a series of visualizations concerning the interaction of a pumping and
a recharging well within baseflow at different angles between the doublette axis and
groundwater flow direction.The figures depict flow patterns for angles of 0°, 55.5°,
90° and 180°. In the 0° case the flow comes from the left, in the 180° case from the
right. For all scenarios the pumping rate Q\ and the background discharge QQ are
chosen to fulfill the following equation for the dimensionless ratio:

where d denotes the half distance between the doublette wells.
The figure demonstrates clearly that the angle has a significant effect on resulting flow
pattern. There is no connection between the wells if flow comes from the left (top left
subfigure), i.e. if the pumping well is located upstream. If the infiltrating well is
located upstream, a circulating system results that is closed against the ambient flow
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around it (lower right subfigure).

FIG. 4. Doublette flow connected with baseflow of different angles

At the conference the change of the solution with the angle between the doublette axis
and groundwater flow direction will be demonstrated as a video! For a single doublette
the video depicts the stagnation points and separatrices (limit streamlines) also.

CONCLUSIONS

Commercial groundwater modeling codes are almost all based numerical methods are
given the preference. Common numerical codes based on numerical methods allow
irregular boundaries, general boundary conditions, inhomogeneities, transient effects,
and 3D patterns -just to mention a few points. All these are not taken into account in
the Wells Simulator. The purpose of this software is the evaluation of generic
situations of well systems. The Wells Simulator is designed to be used

• if a numerical model is not envisaged,
• in order to support a decision whether the set-up of a numerical model is

necessary or not, or
• before a numerical groundwater model effort is undertaken.

The use of the analytical solution has several advantages, in comparison to numerical
solutions. The solutions given by equation (8) are grid independent. They can thus be
computed quickly and accurately for the visualization. Moreover it is not necessary
to specify a boundary of the model region and boundary conditions.
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ABSTRACT: Tests of rapid drawdown of water table were performed in two one-
meter-high soil columns of finer- over coarser-grained soils. The columns were
instrumented with tensiometers for pore-water pressure measurements. The test was
started from a saturated, hydrostatic condition and after drawdown the final water
table was stabilized at the bottom. The test results show that a segregation of pore
pressures across the finer-coarser soil interface began immediately after the drawdown
was started. An isolated zone with positive pore pressures formed in the finer layer
and the pore pressures dissipated in a relatively slow rate. At the same time, a new
water table formed in the coarser layer and dropped to the bottom rapidly. The entire
column reached a new hydrostatic condition after several days. The observed behavior
was due to the sharp contrast in soil hydraulic properties across the soil interface.

INTRODUCTION

Vertical infiltration in layered soils under unsaturated conditions has always been of
interest due to the contrast in soil hydraulic properties across the soil interface and the
subject has been studied by a number of researchers (e.g., Ross, 1990; Stormont and
Anderson, 1999; Morbidelli et al., 2008). The infiltration process involved in these
studies was generally a downward water flow caused by applying a flux from the top.
These studies show that pore-water pressures changed drastically across the soil
interface during infiltration. However, vertical drawdown of water table in layered
soils, especially under a rapid drawdown condition, has not been widely reported in
the literature. On the other hand, many geotechnical problems involve infiltration
under a drawdown condition, such as soil slope stability (Duncan et al., 1990; Lane
and Griffiths, 2000; Viratjandr and Michalowski, 2006). Therefore, detailed
information about drawdown infiltration may be helpful for a better understanding of
the associated geotechnical problems. In this paper, two rapid drawdown tests were
performed in two instrumented soil columns of finer- over coarser-grained soils in the
laboratory and the results are presented and discussed.
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TEST METHOD

The drawdown tests were conducted in one-meter-high soil columns constructed in
transparent acrylic cylinders with an internal diameter of 190 mm. The soil columns
were instrumented with a tensiometer-transducer system together with a data logger to
automatically measure pore-water pressures along the column. Schematic of the soil
column is illustrated in Fig. 1. Details of the column set-up have been documented by
Yang et al. (2004). Transient infiltration behavior observed in soil columns using the
set-up by applying a flux on the top has also been reported by Yang et al. (2006).

Two soil columns (A and B) were constructed as summarized in Table 1. The soils
were placed and compacted in 100 mm lifts to ensure soil homogeneity. Basic
properties of the soils in the soil columns are also summarized in Table 1, and the
grain size distributions of the soils are presented in Fig. 2. The saturated permeability
(ks) of the Medium Sand and the Fine Sand were investigated using the constant head
method. The ks values of the Clayey Sand and the Silty Sand were calculated from the
saturated upward infiltration tests (the results are not presented in this paper) in the
respective soil columns.

After the soil column was constructed, the column was first saturated by filling it
with water from the bottom at a very small hydraulic gradient in order to minimize the
disturbance to the soil structure. Then a rapid drawdown test was carried out. The top
of the soil column (elevation z = 1.00 m) was always covered to prevent evaporation.
The water table was maintained constant at the bottom of the soil column (elevation z
= 0). Drainage was collected through an outlet at the bottom and was weighed
periodically to obtain the drainage rate during the test. The position of the outlet was
also always kept exactly at the bottom of the soil column.

Table 1. Summary of the Soil Columns, Tests and Basic Soil Properties.

Soil Column
Drawdown Test

Soil Layer

Layer thickness (mm)

Soil Name

Unified Soil Classification
Specific gravity
Liquid limit
Plasticity index
Dry density (kN/m3)
Void ratio
Porosity
Water content at saturation
Permeability, ks (m/s)

Column A
Test A

Finer
(upper)

650
Clayey
Sand
SC

2.64
31%

10
17.2

0.535
0.348
20.3%

1.5xlO~6

Coarser
(lower)

350
Medium

Sand
SP

2.60
-
-

16.9
0.538
0.350
20.7%

2.0xlO"4

Column B
Tests B

Finer
(upper)

600
Silty
Sand
SM
2.59
48%
21

14.7
0.762
0.432
29.4%

8.8xlO"7

Coarser
(lower)

400

Fine Sand

SP
2.65
-
-

15.6
0.699
0.411
26.4%

2.7x1 0"4
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A rapid drawdown test began with a saturated, hydrostatic condition with the water
table being located at the top (z = 1.00 m). The valve at the bottom of the soil column
was suddenly and swiftly opened to its maximum position. Water immediately started
to flow out. The pore-water pressures at different elevations along the soil column and
the cumulative drainage were measured during the entire test. The test ended when the
soil column reached a new hydrostatic condition with the final, stable water table at
the bottom (elevation z = 0).

FIG. 1. Schematic of soil column. FIG. 2. Soil grain size distributions.

TEST RESULTS AND DISCUSSIONS

Drawdown in Clayey Sand over Medium Sand (Test A). The pore pressure
versus time in Test A is presented in Fig. 3 which shows the general process of the
test. The pore pressures decreased immediately and became negative shortly after
commencement of the drawdown test. As time elapsed, the negative pore pressures
developed steadily at different elevations. The entire soil column reached a new
hydrostatic condition about 16 days after the drawdown when there was essentially no
further decease in the pore pressures. Corresponding to the changes in pore pressures,
the changes in the drainage rate (Fig. 4) also reflected the entire process of the
drawdown. The drainage rate was relatively large at the beginning and became smaller
and smaller as time elapsed. At the end of the test, the drainage rate was on the order
of 10"9 m/s which is very low.

A close examination of the drawdown process indicates that the developments of the
pore pressures in the finer soil layer and the coarser soil layer were totally different
(Figs. 5 and 6). The pore pressures dropped from positive to completely negative
values in less than 4 minutes in the coarser soil layer but in about one hour in the finer
soil layer (Fig. 6). In addition, the decrease of the pore pressures in the finer soil layer
started from the lower portion of the layer (i.e., near the soil interface) first, then
gradually extended to the upper portion of the layer. These observations indicate that
the distinct difference in the hydraulic properties of the two soils across the soil
interface resulted in an extremely non-uniform distribution and development of pore
pressures across the soil interface. There was an apparent pore pressure segregation
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between the two soils across the soil interface. This distinct difference gradually
diminished at the later stage of the test when the pore pressure approached hydrostatic
conditions. When hydrostatic pressure was reached, there were no further changes in
the pore pressures as the total head along the soil column was constant and the
hydraulic gradient was zero at all locations.

The drawdown process can be further examined by the changes in water tables that
are indicated by the zero pore pressures (Fig. 7). In the coarser soil layer, the
segregation of the pore pressure across the soil interface shortly after the rapid
drawdown resulted in the emergence of a temporary, new water table (point of zero
pore pressure). The new water table was first recorded at the elevation of z = 0.34 m
(which was immediately below the soil interface z = 0.35 m) at an elapsed time of

FIG. 4. Drainage rate vs time in Test A (Clayey Sand over Medium Sand).

FIG. 3. Pore pressure vs time in Test A (Clayey Sand over Medium Sand).
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about t = 38 s (Fig. 6). The new water table continuously moved down and reached the
bottom of the soil column at about t = 4 min (Fig. 7).

In the finer soil layer, following the downward movement of the initial water table
(at z = 1.00 m), a new and lower free water surface (or a "down-hang" water table,
which had zero pore pressure) formed just above the soil interface (Figs. 6 and 7) and
gradually moved upward. Between the two water tables is an isolated zone with excess
pore pressures. However, the excess pore pressures dissipated in about one hour (t = 1
h) when the initial water table and the new water table converged at the elevation of

17:30

FIG. 6. Pore pressure head profiles in Test A (Clayey Sand over Medium Sand).

FIG. 5. Detailed pore pressure vs time in Test A (Clayey Sand over Medium
Sand).



GEOTECHNICAL SPECIAL PUBLICATION NO. 204 207

z = 0.55 m. Thus, all water tables disappeared and the pore pressures became negative
along the entire soil column. The water tables in the finer soil layer changed at a much
smaller rate as compared to that in the coarser soil layer due to the much lower soil
permeability of the finer soil layer.

Drawdown in the Silty Sand over the Fine Sand (Test B). A rapid drawdown test
(Test B) that was similar to Test A was conducted in the soil column of the Silty Sand
over the Fine Sand. The test was also started from a saturated hydrostatic condition
with an initial water table located at the top of the soil column (z = 1.00 m) and the
final water table was maintained at the bottom of the soil column (z = 0). The results
are shown in Figs. 8, 9 and 10. In general, the process of change in pore pressure in

FIG. 7. Change in zero pore pressures in Test A (Clayey Sand over Medium
Sand).

FIG. 8. Detailed pore pressure head vs time in Test B (Silty Sand over Fine Sand).
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Test B was similar to that in Test A. The segregation of pore pressures across the soil
interface (z = 0.40 m) was apparent due to the large contrast of the soil hydraulic
properties. The pore pressures dropped to zero in less than 4 min in the coarser soil
layer but in about 27 min in the finer soil layer. An isolated zone with excess pore
pressure formed in the finer soil layer shortly after the drawdown was started (Fig.
10). The entire soil column reached a new hydrostatic condition in 4.5 days (Fig. 9).

FIG. 9. Pore-water pressure head profiles in Test B (Silty Sand over Fine Sand).

FIG. 10. Development of zero pore pressures in Test B (Silty Sand over Fine
Sand).
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CONCLUSIONS

The tests of rapid drawdown of water table conducted in the soil columns of finer-
over coarser-grained soils show that the pore pressures changed drastically across the
soil interface shortly after the water table drawdown was started from the top to the
bottom of the soil column. A new water table developed in the coarser soil layer and
dropped to the bottom of the soil column rapidly, while an isolated zone with excess
pore pressures formed in the finer soil layer and the pore pressures dissipated at a
relatively slow rate. The entire soil column reached a new hydrostatic condition with
the final water table being located at the bottom of the soil column.
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ABSTRACT: Yangtze River tunnel in Nanjing, China, was constructed by slurry
shield tunnelling method. Along the 3020m tunnel, one of the construction
difficulties is to pass through a gravelly sand stratum. As this stratum is highly
permeable subjected to an elevated water pressure, one of the key issues is the
formation of filter cake for a stable cutting face during tunnel excavation. To solve
this specific engineering problem, a series of permeability tests were carried out on
samples taken from the gravelly sand stratum and slurry materials used in the
Yangtze River tunnel project. A new apparatus was developed to simulate the filter
cake formation on the surface of the gravelly sand under elevated pressure, through
which the quantities of the discharged water were measured. The effects of clay
content of the slurry on the thickness and permeability of filter cake were studied.
The test results indicated that the clay content of the slurry played an important role
in the filter cake formation. The amount of seepage through the gravelly sand and the
thickness of the filter cake decreased with the increasing of the clay content in slurry.

INTRODUCTION

Slurry type shield tunnelling is widely used in tunnel construction in saturated,
granular and highly permeable ground. One of the key issues for its successful
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operation is how to form a filter-cake to protect the working face (Anagnostou et al.,
1994; Koyama et al., 2003; Li et al., 2009). However, there are too many influencing
factors of it, such as the permeability of the ground, the setting of mud pressure, the
properties of the slurry (density, viscosity, stability, grain size distribution etc.), etc.
(Piers et al., 1982; Zhang et al., 2004). As the permeability of the ground is inherent,
and the setting of the mud pressure is also at a small range, it is important to study
the effect of the properties of slurry on filter-cake formation, especially in highly
permeable ground.

Past studies on the formation of filter-cakes were focused on the model tests in
the laboratory. Cheng (2001) conducted laboratory model tests for pure bentonite
suspensions in medium coarse sand, and the results showed that the density and
viscosity of suspensions had a great impact on the filter cake formation. Fritz (2007)
developed an apparatus for measuring the support pressure of slurry and conducted
the support pressure tests to evaluate the best combination of additives such as
polymer, sand and vermiculite (0.7~4mm). The successful excavation of Zimmerberg
Base Tunnel proved the validity of the laboratory tests. Han and Zhu (2008)
evaluated the factors that controlling the filter cake formation based on some tests
conducted by a modified permeameter. This study indicated that the higher the
viscosity of the slurry was, the denser the resultant filter cake would be.

Recently the slurry shield mode of the TBM was used to construct the Yangtze
River tunnel in Nanjing, one of the three Yangtze River tunnels in China. Its diameter
was approximately 14.93 m. Along the 3020 m tunnel, one of the construction
difficulties was to pass through a highly permeable gravel stratum (its permeability
coefficient was about 3xlO"4m/s) under elevated water pressure. Therefore, it was a
key issue whether filter-cakes can be formed to maintain the stability of cutting face
during tunnel excavation. FIG. 1 shows the grain size distribution of the gravel
samples. 40% of the particles are coarser than 2 mm and the clay content was less
than 5%. A laboratory testing program was conducted to study the effect of clay
content on the physical stability of the slurry and formation of filter cake in highly
permeable ground.

FIG. 1. Grain size distribution of the gravel samples.
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LABORATORY EXPERIMENTS

Five groups of slurries with different clay content but similar viscosity and
density were prepared from the slurry materials used in the Nanjing Yangtze River
tunnel project. The basic properties of the slurries are summarized in Table 1 and the
grain size distribution curves are shown in FIG. 2.

Table 1. Basic properties of the five groups of slurries

Sample no.

1
2
3
4
5

Clay content*

( % )

47.32
38.43
31.75
19.2
6.83

Silt content
(%)

52.2
58.6
60.3
68.8
65.2

Funnel

viscosity ( s )

23
22.4
22.5
22.9
22.7

Density
(g/cm3)

.18

.18

.18

.18

.18

FIG. 2. Grain size contribution curve of the slurry samples.

FIG. 3 shows the schematic layout of the testing apparatus for evaluating the
water discharge through the slurry under a constant hydraulic pressure and the
thickness of the filter cake formed on the gravelly soil. First a Perspex tube (8 cm
diameter and with calibration on it) was filled with a filter bed and gravel which was
saturated with water from below. Then the slurry was added and the tube was closed
by a piston. Subsequently a vertical pressure was applied at the top of the piston. The
slurry seeped through the gravel layer and the amount of water expelled into the
container was measured. Meanwhile, the thickness of the formed filter cake can be
measured by the calibration on the plastic tube. The tests were conducted at applied
pressure ranging from 0 to 0.3 MPa. Both the penetration depth into the gravel layer
and the volume of discharged water increased with the increasing applied pressure.
When the changing speed of water discharge became steadily, the corresponding time

1

1

1

1

1
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was the formation time of the filter cake.
INTERPRETATION OF TEST RESULTS

FIG. 4 shows permeability test results of the five different slurry samples used in
the study. As the volume of the discharged water reaches a steady value, the filter
cake is formed on the surface of the gravel layer. The figure also shows that the
volume of discharged water increases with decreasing clay content. In particular the
volume of discharged water for slurry sample 5 (clay content of 6.83%) reaches a
value about 350 ml. The greater the volume of discharged water is, the poorer the
corresponding filter-cake formation will be. As more discharged water can lead to
more loss of the slurry and may reduce the stability of the working face during the
tunnel excavation. The volume of discharged water is a possible parameter for
evaluating the quality of filter-cake formation. For slurry shield tunnelling in the
gravel deposit, one of the key problems is the high permeability of the stratum,
which causes a significant loss of slurry and the required support pressure cannot be
built up at the working face of the excavation. One of the essential evaluating
parameters is the permeability coefficient (PC) of the resultant filter cake.

FIG 3. Apparatus for measuring volume of water discharged and thickness of
filter cake.

FIG. 4. Results of permeability tests of the slurry samples.
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FIG. 5 shows the relationship between the thicknesses of filter-cakes and the clay
content of the slurries. It is obvious that with the increasing clay content in the slurry,
the thickness of the corresponding filter-cake becomes thinner. Based on the volume
of discharged water (in FIG. 4) and these thicknesses of filter-cakes, the PC of the
filter cake can be obtained by the Darcy's Law. FIG. 6 shows that the PC of the filter
cakes and they decrease with the increasing clay content of the slurry. When the clay
content is 47%, the PC of the filter cake is 2.96xlO"7 cm/s, which is nearly two
orders of magnitude lower than that for 6% clay content. Thus, the higher the clay
content is, the denser the resultant filter cake will be, and the better its quality is.

FIG. 6. Relationship between coefficient of permeability of filter cake and clay
content of slurry.

Besides the PC of the filter cake, the formation time is another parameter for
evaluating the quality of the filter cake. During the field excavation, the filter cake
formation is a dynamic process, i.e. it is formed and destroyed. Therefore, the
formation time of the filter cake should be very short. The formation time of the filter
cake for the slurry sample 5 is nearly 300s (see FIG 4), which was very dangerous
for slurry shield tunnel projects. On the other hand, for slurry samples 1 to 4, the
formation time is within several seconds.

CONCLUSIONS

FIG. 5. Relationship between thickness of filter-cakes and clay content of slurry.
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The following conclusions are drawn from this study:
1. The permeability coefficient (PC) and formation time of the filter cake are two

important parameters for evaluating the quality of filter cakes. The lower the PC
is and the faster the filter cake forms, the better the qualify of the filter cake will
be.

2. As has a great impact on the formation of filter cakes in gravel deposit, the clay
content of slurries can be an indicator of adjustment during the advancing of
slurry shields. For a given density and viscosity, the higher the clay content of
slurry is, the easier the filter cake will be formed and the denser the filter cake is.
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ABSTRACT: Groundwater exploration is based upon terrain characteristic along with
geology, structure, geomorphology, landuse and other parameters. These thematic
information's generated using remote sensing and GIS technique can be used for
evaluation of groundwater resources. In order to achieve the objective it is essential to
systematically organize the database and check out every possibility of inter thematic
and interclass dependencies and variability operating in nature. In the present study an
attempt has been made to use Multi Criteria Evaluation technique to evaluate the
interclass and intermap dependencies for ground water resource evaluation in a
mini-watershed of Bhima River. The individual class weights and map scores were
determined through Satty's Analytical Hierarchy Technique. These weights were
applied in linear summation equation to obtain a unified weight map containing due
weights of all input variables, which was further reclassified to arrive at groundwater
potential zone map based on which the sites were selected for artificial recharge
structures and the type of structure thereof are proposed.

INTRODUCTION

The occurrence of groundwater in hard-rock terrain is confined to joint, fractured and
weathered portions. In India, about 65 per cent of the total geographical area is covered
by hard-rock formations. Efficient management of surface water resources and
groundwater development is required in such formations. Remote sensing data provide
accurate spatial information and can be economically utilized over conventional
techniques of groundwater studies.

GIS techniques involve the integrated and conjunctive analysis of huge volumes of
multidisciplinary data, both spatial and non-spatial, within the same geo-referencing
scheme. Through integration of these two spatial data management technologies,
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groundwater development by water harvesting and artificial recharge can be well
organized.

The present study is carried out through the preparation of hydrogeomorphological,
drainage and other relevant thematic maps.

LOCATION OF STUDY AREA

The study area is bounded by latitude from 18 ° 15' 10" N to 18 ° 24' 30" N and
longitude from 74 ° 16' 10 " E to 74 ° 25' 00" E. The longest axis, along the highest to
lowest elevation is in NW-SE direction and is approximately 21 km. Along the
east-west direction, the average linear spread of the miniwatershed is about 8 km, while
the average linear spread along the north-south direction is approximately 12 km. Thus
the total area covered is approximately 87.74 sq km. The area is thinly populated and
economically backward. There are in all 9 villages and 13 small hamlets with total
population of about 12421 persons as per 2001 census.

MATERIALS AND METHODS

The methodology of the present study consists of the following four steps: in the first
stage the main tasks were the collection of data (maps and reports, ground water data),
downloading and preparation of satellite data. The methodology to be used was
prepared during this stage. The second stage involved the import of data to the ERDAS
IMAGINE software, geometric correction (Projection: UTM, Zone 43, WGS84). The
following processes were performed in the third stage:

• Visual Image Interpretation classification of the Landsat-ETM Path-147, Row-047
Date: 14th November 1999 image for land use classification.

• Digitization of the drainage network, geologic and geomorphologic and soil maps
and ground water fluctuation and recuperation map

In the final fourth step, the thematic maps were processed in GIS software (ArcGIS)
and its extension, Spatial Analysis was used after the class ranking and calculation of
different weights.

The Analytical Hierarchical Process (AHP) was deployed as it is suitable for complex
decisions which involve the comparison of decision elements which are difficult to
quantify. AHP is designated to aid decision makers (DMs) in making multi-attribute
decisions. It consists of the following steps:

1. Development of hierarchy with an objective, alternatives and criteria.
2. Ranking and judgment of all criteria importance by comparing their priorities using pair

wise comparison judgment matrix (PCJM) and a 9-point scale.
3. Calculation of weights and computation of consistency ratio (CR), which is considered

consistent if it is less or equal to 10 %.
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RESULTS AND DISCUSSION

Thematic Maps

Geomorphology: All the watersheds in Pune district have been classified into three
categories viz. A, B and C. According to this classification, the study area falls in
B-category, moderately dissected plateau (recharge zone). The Geomorphology Map of
the study area shows that most of the area falls in the MDP-C zone, which characterises
the area with thick weathered zone and moderate soil cover. The major portion is
favourable from groundwater occurrence point of view. Also the southeastern part falls
in the HDP-A to MDP-B zones, which is characterized by thin to negligible soil cover
or exposed rock (Fig. 1).

Drainage: The Drainage Map of the study area (Fig. 2) shows that the area is drained
mainly by centrally flowing major stream and its tributaries, which flow northwest to
southeast direction within the watershed and occupy major part of the area. The major
streams in the watershed exhibit considerably straight drainage course and abrupt
change in flow direction, which indicates local structural control over the drainage
course.

Geology: The area is part of the Deccan Volcanic Province comprising of hard rock
formations. It is characterized by Deccan Volcanic Basalt. The Geology Map shows that
simple flows are exposed higher up in the miniwatershed. These have greater thickness
and consist of two major basaltic units i.e. upper vesicular-zeolitic basalt and lower
massive basalt. The study of these basaltic units reveals that, the weathered, jointed and
fractured zone, contact zones constitute the main water bearing zones (Fig. 3).

Soil: The soil thickness is more along the bank of river; The soil depth indicates the
zone, which support a good growth of plants. The area comprises of shallow loamy
calcareous soil and coarse shallow to medium black soil (Fig. 4). .

Land Use: It is seen that the cultivable area is about 68 % of the total area of the
miniwatershed. The irrigated areas are limited to the banks of streams and tributaries.
The irrigation is completely based on the groundwater source. The hill slopes towards
the north and northeastern part of the watershed are barren. The settlements are mainly
located along the streams. (Fig. 5).

Water Level Fluctuation Map: In the study area total 405 observation wells have been
identified for monitoring the groundwater levels. The observation well data indicates
that the pre-monsoon and the post-monsoon water level trends are falling.
The Water Level Fluctuation Map generated for the study area is shown in (Fig 6).
The areas with higher groundwater fluctuation, of the order of above 4 m indicate poor
development of aquifer space. In the rest of the area, annual groundwater fluctuation
ranges from 1 to 4m, indicating good aerial extent and development of aquifer space.

Well Recuperation Map: The recuperation of the water levels as observed in the
observation wells has been studied and the recuperation rate map has been generated.
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The wells in the northwestern part, some areas in the central and southeastern parts
show very slow recuperation rate of 96 hours. The central and the northeastern parts
show comparatively faster rate of recuperation (24 hours) the intermediate zones being
of rate of 48 hours (Fig. 7).

FIG. 1. Geomorphology Map. FIG. 2. Drainage Map.

FIG. 3. Geology Map. FIG. 4. Soil Map.
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FIG. 5. Land Use Map. FIG. 6. Water Level
Fluctuation Map.

FIG. 7. Well Recuperation Map.
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SUITABILITY ANALYSIS

Table 1 shows the different ranks assigned to different classes and the normalized
weights of different combinations

Table 1. Pairwise Comparison of All Thematic layers.

Geology

Geomorpholo
gy

Soil

Fluctuation

Recuperation

Landuse

Geol-
ogy

1.00

0.50

0.25

0.17

0.13

1.00

Geomor-
-phology

2.00

1.00

0.50

0.25

0.17

2.00

Soil

4.00

2.00

1.00

0.50

0.25

4.00

Fluctu-
-ation

6.00

4.00

2.00

1.00

0.50

6.00

Recuper-
ation

8.00

6.00

4.00

2.00

1.00

8.00

Landuse

1.00

0.50

0.25

0.17

0.13

1.00

Weight

0.04

0.14

0.07

0.32

0.19

0.25

Nor.
Wt.

4

14

7

32

19

25

These weights were fed into the multicriteria analysis of ArcINFO 9.3 software and a
ground water recharge potential map was prepared using Weighted Overlay Process to
identifying four classes namely high potential, moderately potential, low potential and
poor potential. The resulting potential areas map is illustrated in Fig 8.

CONCLUSION

The areas where there is need for ground water and there is potential for recharge were
classified into four zones, through the suitability analysis process, from which a site
suitability map was prepared which gives 7.15 % of total area as high potential zone, 39.59
% of area as moderate potential zone, 47.70 % area as low potential zone and 5.50 % area
does not have any potential or doesnot need recharge because of high water table. The
presented methodology could serve as an effective method for groundwater development in
arid environments. Thus, the classical methods such as geophysical works and
interpretation of aerial photographs are better to be enhanced by a prior suitability analysis.

The sites identified provide a measure of the recharge potential of the location, for
taking up the water conservation measure through the construction of artificial recharge
structures such as check dams, percolation tanks, gabions structures, recharge wells /
pits etc. The areas selected are overlaid with the drainage map of the watershed and
water conservation and recharge structure are planned depending upon the catchment
area, slope, underlying geology, soil permeability and other local factors Fig 9.
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FIG. 8. Map showing potential recharge zones.

FIG. 9. Map showing potential recharge zones along with recharge structures.
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ABSTRACT: A discharge capacity testing apparatus able to reconstruct in the
laboratory the condition of installing vertical drains in a field was built to investigate the
discharge capacity of prefabricated vertical drains (PVD). The apparatus, with a mandrel,
was designed to insert PVD into the ground. While changing the method of preparing
the ground and installing drains, preliminary tests were carried out to investigate the
discharge capacity of PVD in clay. Test results are discussed and analyzed with a
numerical approach.

INTRODUCTION

Vertical drains have been used to improve soft clays since drains made from wood and
cardboard material were introduced (Kjellman, 1948). The consolidation of thick clay
deposits can be accelerated by installation of vertical drains. However, this is often
delayed by formation of smear zones and the well resistance of the drains. For PVD, the
discharge capacity of the drain is normally designed to be sufficiently large for the well
resistance to be ignored. Various apparatuses and methods have been used for measuring
the discharge capacity of vertical drains (Hansbo, 1983; Suits et al., 1986; Oostveen &
Troost, 1990; Koerner & Lawrence, 1988; Bergado et al., 1996). As the value of discharge
capacity is assessed, many factors influencing the discharge capacity, such as
consolidation stress, deformation of the drain, time, clogging of the drain, hydraulic
gradient and temperature, need to be considered (Bo, 2003). It is thus necessary to use an
appropriate discharge capacity testing apparatus able to consider the dominant factors
affecting the discharge capacity of PVD driven by a mandrel. Therefore, a newly designed
apparatus able to reconstruct the condition of installing drains in a field is used in this
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study.

APPARATUS AND MATERIALS USED

Fig. 1 shows a schematic of the discharge capacity testing apparatus. It is assembled
with 5 stacked cylinders. Each cylinder is 25 cm in height and 50 cm in inner diameter.
Loads are applied by air pressure via a rubber bag and a loading plate. A LVDT is
mounted on a rod connected to the loading plate for measurement of the settlements. For
given positions of inlet and outlet boxes, constant heads for supplying the flow through the
PVD can be maintained. The volume of outflow is measured to estimate the discharge
capacity of the PVD. Two pore pressure transducers are connected to a tube embedded in
the soil so that excess pore pressures generated can be monitored. Fig. 2 represents details
of the mandrel with the PVD and the air compressor system driving them into previously
prepared ground. The mandrel driven by the hydraulic system is specially designed to fit
into a slot located at the bottom of the cylinder and connected to the inlet valve.

The properties of the materials used in this study, soil and PVD, are summarized in
Table 1. For modeling clay soil, bulk dry kaolinite in powder was purchased and used
for tests.

TEST PROCEDURES

As a preliminary test for this study, two discharge capacity tests were performed while
changing the way of installing the PVD, as presented in Table 2. For the case 1 test of
driving the PVD with the mandrel, kaolinite in powder was mixed with water at an
initial water content of 120 % (= 2 LL) and poured into the apparatus. Consolidation
pressure in stages up to 20 kPa was applied during a period of 3 months. A rectangular

shape of mandrel (12 cmx 1.5 cm) was used to insert the PVD into the soil. The mandrel

FIG. 1. Schematic of the apparatus FIG. 2. Mandrel and driving system
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was removed after the PVD had been installed. During the discharge capacity test, four
stages of surcharge load including 50, 100, 150 and 200 kPa were applied after assembly
of the loading system had been completed.

For the case 2 test, a slurry of kaolinite prepared at a water content of 90 % was
poured into the cylinders where the PVD had been set up. The test conditions of
applying the staged loads in the case 2 test were identical to those in the case 1 test.

Table 1. Description of materials used

Types

Soil

PVD

Property
Specific Gravity

Grain size
distribution

Atterberg
limit

< 0.074 mm, %
uses
LL, %
PL, %
PI, %

Preparation technique

Cross section, (mm x mm)

Shape of core

Description
2.6

100 %
CH
59.8
35

24.8
Remolded in a slurry state

100x4

Ribbed groove

Table 2. Contents of discharge capacity test

Procedure
PVD

installation
method

Ground
preparation

Discharge
capacity test

PVD driven test (case 1)

- Driving with mandrel into
Pre-consolidated ground

- Slurry state of w0=120%, H0= 105 cm
- Pre-consolidation stress 20 kPa

for 3 months resulting in
w0 =90%, Ho =85 cm

PVD embedded test (case 2)

- Setting up PVD
before ground preparation

- Slurry state with w0 = 90 %,
Ho =85 cm

- Consolidation: 50, 100, 150, 200 kPa (every 3 days)
- Discharge capacity: Hydraulic gradient 0.5, performing every 2 hours

TEST RESULTS AND DISCUSSION

Fig. 3 shows measured settlement curves with time during the discharge capacity test.
For both cases 1 and 2, final settlements during the loading stages tend to decrease
gradually with increasing of loading stage. Total settlements during each stage are very
close to each other, except for the first stage of applying 50 kPa vertical stress. The
ground for the case 1 test was prepared by applying a pre-consolidation pressure of 20
kPa so that it passed from an over-consolidated state to a normally consolidated state
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during the first loading stage.
Fig. 4 shows the change of excess pore pressure with elapsed time, measured at

distances 5 cm and 10 cm apart horizontally from the drain. It is seen that pore pressures
at 5 cm apart dissipate faster than those at 10 cm apart. Excess pore pressure at a point
closer to the drain boundary dissipates easily. Residual pore pressures are perceived to
accumulate as the stages of loading proceed, especially the pore pressure at 10 cm.

FIG. 3. Settlement curves with time FIG. 4. Changes of excess pore pressure with time

Fig. 5 represents the change of discharge capacity with time. Discharge capacity
decreases drastically to the value of 11.5-12.3 cm3/sec until 1000 min. elapsed time,
which is 24.2-38.1 % of the initial value. After that, it tends to decrease gradually. The
discharge capacity of the drain decreases with increasing consolidation stress, due to
reduction in the cross section of the drain as a result of the compressibility of the drain
and penetration of the filter in the drain groove (Broms et al., 1994). Vertical strain at the
elapsed time of 1000 min., showing a deflection point in terms of change of discharge
capacity, is 9.8-10.3 % (8.3-8.8 cm of consolidation settlement). A discharge capacity
decreased greatly in the range of settlement of 15-20 % of deposit thickness because of
drain folding (Kremer et al., 1983). Reduction of discharge capacity to 14-66 % around
10 % of deformation strain was also reported (Bergado et al., 1993). Considering the
results of this previous research, consolidation stress and deformation of the drain are
expected to be dominant factors increasing well resistance at the elapsed time of 1000 min.
For both cases 1 and 2, quite similar changes of discharge capacity with time are observed.
Thus, ground disturbance due to insertion of the mandrel does not play an important role
in reduction of discharge capacity. The smear zone, formed by insertion of the mandrel
and expected to affect the cross-plane permeability of the drain, does not affect discharge
capacity estimated from measuring in-plane flow. More experimental work is needed to
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confirm the fact that the smear zone does not affect discharge capacity.
All kinds of deformation such as bending, twisting, folding and kinking, can be observed

by cutting of the tested ground, as shown in Fig. 6. These are clearly the main causes of
reduction of discharge capacity.

Numerical analysis under 2-D plane strain condition with PLAXIS v8.2, a
commercially available FEM software, was performed to investigate consolidation
settlement of the ground. The layout of the drain is modified by transformed width (Tan &
Tjahyono, 2006). The properties of the drain are assumed to be identical to those of soil,
except for permeability, resulting in neglecting the stiffness of the drain. Based on the
results of the discharge capacity test in Fig. 5, reduction of permeability of the drain with
consolidation stress is simulated in terms of void ratio change. Input parameters for soil
are summarized in Table 3. Most of these values were obtained from an oedometer test,
except for the assumed value of permeability in the horizontal direction being equal to the
measured value of permeability in the vertical direction because of the remolded soil being
used. Conditions of equal strain loading with the rigid loading plate, being identical to the
conditions of the discharge capacity test, were applied in the numerical analysis. For the
smear zone, the width of the smear zone being 2 times the diameter of the mandrel was
assumed. Settlement curves with time from the test and numerical results show that they
are close to each other, as shown in Fig. 7.

CONCLUSIONS

A discharge capacity testing apparatus able to reconstruct in the laboratory the condition
of installing vertical drains in a field was built to investigate the discharge capacity of
PVD. From the results of two limited tests, while changing the method of preparing the
ground and drains, consolidation stress and deformation of the drain are observed to be

FIG. 6. Observed deformations of PVD
FIG. 5. Discharge
capacity with time

NUMERICAL ANALYSIS
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dominant factors reducing the discharge capacity of the drain. The smear zone, formed by
insertion of the mandrel, may not affect discharge capacity. More experimental work is
needed to ascertain details of the crucial factors influencing the discharge capacity of PVD
driven into soil. From the results of 2-D numerical analyses with a modified Cam-clay
model, test results for settlement are found to be in good agreement with analytical results.

Table 3. Input parameters for
numerical analysis

Model

ysat(kN/m3)

kh (m/day)

kv (m/day)

eo
Cc

Cs

Modified
Cam-clay

14.478

1.28X10'4

1.49X10'4

2.236
0.663
0.112

FIG. 7. Settlement curves with time from test
and numerical results
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ABSTRACT: Hydraulic tomography is an efficient method for characterizing the
subsurface heterogeneity of hydraulic parameters. In this paper we introduce a hy-
draulic tomographic travel time based inversion procedure showing the advantageous
of the inversion of data subsets. The results demonstrate that the proposed inversion
scheme is competent for the reconstruction of individual architectural elements as
well as their hydraulic properties with a higher resolution in contrast to conventional
hydraulic and geological investigation methods.

INTRODUCTION

Rarely is it possible to draw a significant conclusion about the geometry and the
properties of geological structures of the subsurface using the information, which is
typically obtained from boreholes, since soil exploration is only representative of the
position where the soil sample is taken from. Conventional aquifer investigation
methods like pumping tests can provide hydraulic properties of a larger area; how-
ever, they lead to integral information. This information is insufficient for the analy-
sis of a wide variety of engineering, geotechnical and hydrogeological problems, e.g.
contaminant transport models, which require information about the spatial distribu-
tion of the hydraulic properties of the subsurface. The tomographical method are
hence applied to solve this problem and provide this information. The application of
geophysical tomography has been well established for years. However, the geophysi-
cal methods such as radar, seismic or electrical tomography yield a geophysical pa-
rameter distribution that does not necessarily have to be in accordance with hydraulic
properties of the subsurface, since no general relationship between geophysical and
hydraulic parameters is expected yet (Hyndman and Tronicke, 2005).

In contrast to geophysical methods, hydraulic tomography allows us to determine
the hydraulic properties directly (Yeh and Liu, 2000) and has the potential to yield
information on spatial variation of hydraulic conductivity (k), specific storage (Ss)
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and diffusivity (D) between wells. It consists of a series of short term pumping or
slug tests performed in a tomographic array. Varying the location of the source stress
(pumping or slug interval, usually separated by packers) and the receivers (pressure
transducers) generates streamline patterns that are comparable to the crossed ray
paths of a seismic tomography experiment (Butler et al., 1999). With such a vast
amount of relevant information from the series of tests, inverse models with different
strategies can thus capture the detailed three-dimensional hydraulic heterogeneity of
the subsurface (e.g Bohling, 2002; Gottlieb and Dietrich, 1995; Butler et al., 1999;
Yeh and Liu, 2000; Zhu and Yeh, 2006; Brauchler et al., 2007; Illman et al., 2008).
The hydraulic tomographic approach we introduce here relates the hydraulic diffu-
sivity with hydraulic travel time inversion, which is based on the transformation of
the transient groundwater flow equation into the eikonal equation using an asymp-
totic approach (Virieux et al., 1994). The eikonal equation can be solved with ray
tracing techniques, which allow the calculation of pressure propagation along trajec-
tories (Vasco et al., 2000; Brauchler et al., 2003). The hydraulic diffusivity is a key
parameter for the groundwater contaminant transport models. Since D is the quotient
of k to Ss, k for the zonation with constant D could be determined through other to-
mographical approaches, after which the Ss of each zone could be calculated from the
k and Ss estimates (Bohling et al., 2007).

The groundwork of this study is the aquifer-analogue study from Bayer (1999), in
which six parallel profiles of a natural sedimentary body with a size of 16xlO><7 m3

were mapped in high resolution with respect to structural and hydraulic parameters.
Based on these results and using geostatistical interpolation methods, Maji and
Sudicky (2008) designed a three dimensional hydraulic model with a resolution of
5x5x5 cm3. Based on this data we simulated a large number of short term pumping
tests in a tomographical array and inverted the travel times which derived from the
tests, two- and three-dimensionally. The developed inversion strategy is based on the
inversion of data subsets. Since the structure of the investigated aquifer analogue
data set shows horizontally a larger extent than vertically, we have developed an in-
version strategy which is adapted to the reconstruction of relatively thin and horizon-
tally arranged sediment layers, which is typical for fluvio deposits.

AQUIFER ANALOGUE OUTCROP STUDY

The model domain is based on an aquifer analogue outcrop study in a braided river
environment, consisting mainly of layers of poorly to well sorted sand and gravel
(Bayer, 1999). During a period of six months, a series of photographs were taken as a
gravel quarry was excavated. The excavation was performed in a sequential fashion
as the quarry face was moved back 9 m. High resolution photographs of the exposed
face, yielding six parallel images, were taken every 1-2 m as the face was moved
back. Using sediment size, texture information, and GPR (Ground Penetrating Radar)
surveys along with consideration of the sedimentological processes as constraints,
the outcrop photographs were then carefully interpreted to yield maps of lithology.
For each representative lithological unit, measurements were performed in the labo-
ratory, providing porosity as well as hydraulic conductivity (hydrofacies classifica-
tion). Maji and Sudicky (2008) performed an interpolation between the six profiles
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by using geostatistical methods and translated the gathered information into a three-
dimensional hydraulic parameter distribution. The three-dimensional (3D) realistic
characterization of the aquifer makes the developed parameter distribution unique.
This unique and perfectly suitable 3D parameter field with a resolution of 5x5^5 cm3

is used for our groundwater model with simulation of short term pumping tests.
Groundwater model domain

This dataset was used in MODFLOW (Harbaugh and McDonald, 1996) to set up a
groundwater model. The centre of the model is based on the aquifer analogue data set
with a volume of 16x10x7 m3, comprising cells with the size of 10x10x10 cm3. Out-
side of the centre the model is extended for more than 1200 m in order to avoid
boundary effects (in our case a constant head boundary). The hydraulic parameters
for the cells of the extended area are the mean values taken from the aquifer analogue
data set. The initial head of the cells is 0.2 m above the aquifer top and the aquifer is
always under confined condition during the simulation of pumping tests. For each
simulation of the pumping tests we have used 6 stress periods consisting of 100 time
steps over a simulation length of about 300 seconds for the drawdown phase. From
the 100 time steps we had 80 steps for the first 3 seconds. In the centre of the model
domain we built five 2"-wells, arranged in a five star configuration. Each of the four
wells is 2.5 m from the centre well (Fig. 1 A).

FIG. 1. (A) Centre area of the model and the thematic tomographical configura-
tion of the sources and receivers during pumping tests; (B) Comparison between
the k values of the aquifer analogue data set (left) and the derived k values
(right), evaluated from simulated pumping tests with partial penetration.

Model verification
First, traditional pumping tests without packer system were simulated. The tests

were analyzed with the analytical solution developed by Theis (1935). The evaluated
values of the hydraulic parameters matched the corresponding mean values of the
data set, which is a very good sign at the first place that the groundwater model could
run well based on the analogue data set.

Subsequently we simulated the pumping tests with double packer system and
evaluated them again. During each test the water was pumped out of a defined inter-
val of the well in the middle and the hydraulic heads in the surrounding wells in the
same depth were recorded. Since the fluvio aquifer with almost horizontally ex-
tended deposit has different layers with different hydraulic properties, we located the
pumping and observation intervals in same depths of the aquifer for the characteriza-
tion of each main layer. Fig. IB shows the comparison between the K values of the
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aquifer analogue data set and the K values estimated using the analytical solution de-
veloped by Theis (1935), taking partial penetration effects into account.

The results based on the analytical solution reflect the hydraulic properties of the
different layers of the aquifer very well. This strongly supports the validity and plau-
sibility of our numerical model.

TRAVEL TIME INVERSION

Vasco (2000) found that similar as in the seismic tomography, the diffusivity of an
aquifer can also be determined through inversion of hydraulic travel time. Like the
seismic wave the groundwater flows preferentially in the direction where the diffu-
sivity is larger. The inversion strategy is based on the following line integral (Vasco
et al., 2000, Kulkarni et al., 2001)

where tpeak is the travel time of the peak of a Dirac signal from the point 1 (source) to
the observation point 2 (receiver) and D is the diffusivity.

In the seismic travel time tomography, the following line integral relates the travel
time t, which is recorded between source and receiver, with the spatial velocity v dis-
tribution of an investigated area.

The similarity between the two inversions allows us to use the same application
software GeoTomSD, which is based on the Bureau of Mines tomography program
3DTOM (Jackson and Tweeton, 1996) and developed originally for seismic tomo-
graphy, to solve hydraulic tomographic problems. The travel time integral was
solved with SIRT (Simultaneous Iterative Reconstruction Technique). In our case the
travel time based inversion procedure was used to choose a diffusivity distribution
which minimizes the functional J in equation (3), where tf and t™ are the estimated
and measured travel time for the rth measurement and n is the number of measure-
ments. In Fig. 2 we show the overall residual 505 (equation (4)) for 15 iteration steps
of a 2D inversion. The S?'5 decreases in a quasi exponential manner and fluctuates af-
ter 8 steps. Based on this fact the following inversion results are conducted with 8 it-
eration steps and the inversion takes around 10 seconds on a 3.2 GHz Pentium CPU.

FIG. 2: Overall residual for 15 iteration steps of a 2D inversion.

DATA BASE OF THE TRAVEL TIME INVERSION
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We simulated a large number of short term pumping tests in a tomographic array
(Fig. la). During each test the water was pumped out of a defined section (the source)
from a well with the help of the double packer isolation system. Meanwhile the re-
sulting transient pressure changes in the surrounding observation wells in different
depths (the receivers) were recorded. Subsequently the position of the source was
varied and the whole test was repeated. With all possible combinations of source-
receiver positions we recorded more than 700 pressure changes from different re-
ceivers during 56 simulated pumping tests which formed a dense net of source-
receiver configurations.

As an example, Fig. 3A shows the drawdown curves recorded in one observation
well (P2.5m25) from receivers located in different depths during a pumping test
(pumping well: P0m25, pumping interval: 1.0-1.5 m under aquifer top). The pressure
changes were recorded for each 10 centimetres over a depth of 7 meters. Note the
travel time integral is just valid for an impulse source (Dirac pulse). For this reason
we have to determine the first derivation of our pumping test signal in order to trans-
form the Heaviside source into a Dirac pulse. The first derivation of the drawdown
curves with logarithmic time scale show clearly the curves with different peak times,
representing each corresponding receivers in different depths (Fig. 3B).

FIG. 3. (A) drawdown curves recorded in the observation well P2.5m25 (pump-
ing interval: P0m25, 1.0-1.5m under aquifer top); (B) corresponding first de-
rivatives of drawdown curves in (A).

The different peak times feature the characteristic properties of the aquifer in dif-
ferent depths. 70 recorded pressure curves should be able to help us to get a distribu-
tion of diffusivity with a very high resolution. However, it is very hard to monitor so
many sections in one observation well in the real field. Hence we decided to record
the pressure change for every 50 cm in the well. Based on those pressure changes we
implemented different strategies of travel time inversion with data subsets.

In the end we applied the best strategy to a 3D inversion, i.e. to invert all the suit-
able pressure responses from all possible source-receiver combinations simultane-
ously to achieve a 3D distribution of the diffusivity values of the aquifer.

RESULTS

First we inverted all the travel times between every source and receiver with the
above described travel time based inversion scheme to obtain the 2D distribution of
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the diffusivity between wells. The second profile in Fig. 5 shows, as an example, the
calculated diffusivity between the well P0m22.5 and P0m27.5. Compared with the
first profile of the true values from the original data set, the inversion result based on
the whole data set of travel time reflects the layered structure of the aquifer. However,
due to the horizontal discontinuity, the reconstruction is still out of accord with the
original date set, which might cause problems for some engineering case like a con-
taminant transport model.

In order to overcome the problem from above, we introduced the travel time inver-
sion based on data subsets of specified source-receiver angle intervals in addition to
the whole data set. As shown in the Fig. 4, hydraulic travel times, e.g. trajectory "a"
with a=0°(a defined as the angle between the horizontal and a straight line connect-
ing the source and receiver), contain mainly information about vertical variations of
the average velocity. Travel times of trajectories with larger source-receiver angles
(e.g. trajectory "b") indicate horizontal velocity changes and do not contribute much
to the vertical resolution of the layered zones (Becht et al., 2004).

FIG. 4. Sketch of travel times based on different data subsets.

Inversion based on trajectories with too large source-receiver angles might add
noise or artefacts in the horizontal direction. Hence we decide to invert the travel
times with small source-receiver angles to enhance the vertical resolution and to in-
vestigate the continuity in the horizontal direction. Fig. 5 shows the comparison of
inversion results using whole data set and different data subsets. Obviously the inver-
sion result based on the trajectories with |a| < 20° has the best match with the true
values of original data set.

FIG. 5. Inversion results using whole dataset and different data subsets.
As introduced before and shown in the Fig. 6A, we changed the position of pump-

ing wells and observations wells to repeat the simulations in order to get all possible
source-receiver combinations in three dimensions. With the best inversion strategy
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of data subsets for the 2D inversion, we inverted all of the possible travel times at the
same time and acquired the 3D distribution of the diffusivity values (Fig. 6C). Com-
paring with the original data set in Fig. 6B, it is very easy to recognize the structure
of the fluvio deposit and the individual layers and zones with different diffusivities.

FIG. 6. (A) Sources and receivers (overlook) with arrows pointing from sources
to receivers; (B) The original data set; (C) The result of 3D inversion.

CONCLUSIONS

As a new aquifer characterization method, hydraulic tomography based on travel
time inversion shows great potential in reconstructing the aquifer with efficiency,
flexibility and accuracy. In contrast to the traditional hydraulic field tests like pump-
ing test, the determination of hydraulic travel time (peak time) required for the inver-
sion, along with the inversion itself, add up to only several seconds. This will save us
precious time in the field and contribute to the repeatability of research work. Based
on the prior information and the inversion of data subsets, we could greatly enhance
the resolution of results in the vertical direction and reduce the noise in the horizontal
direction. In addition, this method can directly provide a 3D distribution of hydraulic
diffusivity with a resolution at the magnitude of a few centimetres. This is very sig-
nificant for many engineering purposes such as the setup of a groundwater contami-
nant transport model and the design of effective groundwater remediation systems,
which require characterization of aquifer heterogeneity with higher resolution.
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ABSTRACT: Piping erosion is one of the main causes responsible for dam and barrage
failures. The issue of most important concern is to estimate the critical hydraulic
gradient that triggers piping. Using the Kovacs's pore channels model, Darcy's law,
Stoke's law and a critical tractive stress condition, a mathematical model was developed
for the critical hydraulic gradient. The model was verified with lab tests, which means
the model is effective and could be used to predict the critical hydraulic gradient with
different parameters.

INTRODUCTION

The phenomenon of piping is commonly observed under dams and barrages. Piping is
a form of seepage erosion and refers to the development of subsurface channels in
which soil particles are transported through porous media. Piping begins at the
land-facing side of the structure where the flow lines meet. High seepage pressure may
force a slit to develop; then the process of erosion develops backward under the dam,
and if the process continues, the structure may be undermined and collapse.

Bligh (1910) proposed empirical rules for preventing piping based on investigations
on a large number of failures due to piping. Bligh's work is considered to be pioneering;
however, limited attempts have been made to develop alternative models for piping.
And no theoretical basis for Bligh's empirical rules has been forwarded since that.
Meyer et al. (1994) stated that there was a distinct lack of models dealing with the
piping phenomenon. Sellmeijer(1988) provided an equation for the critical head which
should not be exceeded to avoid piping. Weijers and Sellmeijer (1993) proposed a
modified equation for the critical head. Ojha et al (2003) gave two models to determine
critical head in soil piping.

The objective of this study was to develop a critical hydraulic gradient model using
Kovacs's pore channels model, Darcy's law, Stoke's law and Kozeny-Carman
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equations.

MATHEMATICAL MODEL

Coarse particles of pore medium form a series of interpenetration pore channels. The
channel can be treated as a conduit fro water and particle flow. The cross sections of the
channels vary in size due to the non-uniformity of soils in density. Kovacs(1981)
assumed a uniform cross section for channels and the channels are parallel to the upright
seepage way, as shown in Fig. 1, where dj is the maximum equivalent diameter of the
pore channels, di is the minimum equivalent diameter of the pore channels, and do is the
equivalent pore diameter.

FIG. 1. Illustration of pore channels: (a) within typical filter element; (b) defining
equivalent pore diameter, do.

The objective of this study is to estimate the critical hydraulic condition at which
fine particles begin to move. It is postulated that when the applied hydraulic gradient
exceeds a critical value, the fine particles start to move under seepage force. A rational
way of evaluating this hydraulic constraint is to establish the equilibrium between the
external forces acting on a given particle within a pore channel, as shown in Fig. 2.

In Fig. 2, the following forces act on the particle, the seepage force FAp, the dragging
force FD, the weight of the particle G, the uplift force F and the friction force Ff.

At limit state,

Using Dracy's law, the seepage force applied on particle corresponding to the mean
hydraulic gradient ( / ) acting within the length 5s- is given by

Where jw is unit weight of water and d is the diameter of moving particles.
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FIG. 2. Equilibrium of particle pore channels within typical element.

By Storke's law, the dragging force is as follows,

Where coefficient of permeability k can be expressed by Kozeny-Carman equations as,

where J is the average diameter of particles.
Assuming pore channel are the same in cross section and parallels with the upright

seepage way which means a = 90° . When piping begins, the 85 « d , then the critical
hydraulic gradient of piping can be simplified as,

Tthe friction force between particles or particles and wall can be expressed as,

Where ys is unit weight of soil and <|)is friction angle.
Using equation (2)-(5) in equation (1), the mean hydraulic gradient can be obtained,
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COMPARISON WITH LABORATORY TESTS

To validate the model, a comparison with a series of laboratory tests is described.
A large-scale piping apparatus (500-mm long, 100-mm broad and 600-mm high)

was constructed to investigate the piping phenomena. The tests described here
employed a series of sands with 200-mm thickness. Gravel was placed, approximately
100-mm deep, as the flow buffer to ensure a uniform and avoid flow rushing sample to
destroy. The base soil was placed and lightly compacted in 100-mm layers. Erosion was
induced by a uniform upward flow of 0.2kPa/min. The experiment was repeated for
different samples. The results are shown in Table 1, where d is obtained from the size of
frame particles and d is gained from the grading curve.

Table 1. Comparison of the critical hydraulic gradient of piping between
calculation and experiments.
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RESULTS AND DISCUSSION

The results show that the model predicts similar values to those observed in the
laboratory. The model is effective and could be used to predict the critical hydraulic
gradient with different parameters.

Fig. 3 shows the relationship between critical hydraulic gradient and porosity when
other parameters shown in Table 1. When porosity increases, the critical hydraulic
gradient decreases linearly, this is well agreed with Ojha and Singh (2001).

When the diameter of moving particles increases and other parameters not change,
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the critical hydraulic gradient increases linearly as shown in Fig. 4. However, the
prediction is right only when the diameter of moving particles is smaller than the
constriction size; otherwise, the fine particles can not move in the pore channel and may
become part of the frame particles which means the seepage failure becomes flowing
soil.

FIG. 3. Prediction of critical hydraulic gradient with different porosity.

b ICr. 4. .Prediction 01 critical hydraulic gradient with dinerent diameter ol
moving particles.

CONCLUSIONS

A physically based model for computing the critical hydraulic gradient is developed.
The critical hydraulic gradient is found to depend on soil and fluid properties. The
model takes on a form which supports the laboratory model tests findings. Then some
useful conclusions are obtained. Highly porous soils have lower critical hydraulic
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gradient in comparison to the less porous soils, and soils with larger particles have
higher critical hydraulic gradient.
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ABSTRACT: In recent years, with an increase in computer processing powers and the
amount of memory available, numerical methods have seen a great improvement. Among
variety of methods and algorithms, Finite Element Method (FEM) was the most
successful algorithm used for solving diverse set of engineering problems, including
boundary problems. Application of this method is limited in problems having large
deformations due to the requirement for remeshing of the problem domain. According to
this limitation, in recent years new methods which can work without the need for meshing
of problem have been emerged. Natural Element Method (NEM) is a meshless method
which has recently utilized as a tool for solving partial differential equations. The purpose
of this research is to study the application of NEM in solving seepage problems. First,
NEM is explained and its application in different 2D seepage problems is demonstrated.
Finally, in order to justify the preciseness and convergence of proposed method, several
numerical tests were conducted and results were compared with FEM using commercial
software called PLAXIS. Results show the robustness of natural elements method in
finding precise solutions.

INTRODUCTION

In Computational Mechanics, there are number of methods that give the exact or
approximate results of differential equations. Finite Element Method (FEM) and Finite
Difference Method (FDM) are common methods for solving boundary problems. The
base of these methods is a particular part called mesh. Mesh generation needs special
attention in order to keep connectivity on elements in domain of problem. In recent years,
to tackle this problem, new methods in computational mechanics have been emerged,
called as Meshless methods. In Meshless methods two conditions must be met (Idelsohn
et al. 2002):

1- Definition of shape functions are only based on node position.
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2- The evaluation of the nodes connectivity is bounded in time and it depends
exclusively on the total number of nodes in the domain

Generally, the difference among Meshless methods is based on interpolation of
scattered data techniques (Gonzalez et al. 2007). Some Meshless methods are: Smooth
Particle Hydrodynamic (SPH), Partition of Unity Method (PUM) and Diffuse Element
Method (DEM) (Alfaro et al. 2006). Some methods are formed from Moving Least
Square technique (MLS) that in this technique shape functions don't possess kronecker
delta property (Liu and GU, 2003).

Most of Meshless methods need background cells for the definition of numerical
integration on domain of problem (Cho and Lee, 2007). But Liu has argued that the
requirement for background cells makes this method not an ideal Meshless method. (Liu,
2002). Element Free Galerkin (EFG) is yet another method for interpolation of scattered
data. Two properties are noticeable in EFG method (Liu 2003):

1 - Non-element interpolation of field variable
2- Non-mesh integration of weak form

EFG has no kcronocker delta property; hence, applying the essential boundary
conditions might cause problems (Liu and GU, 2001). One way to overcome this shortfall
is to use Point Interpolation Method (PIM). Although PIM is more accurate than MLS, it
may cause the momentum matrix to become singular (Liu and GU, 2003). Matrix
Triangularization Algorithm (MTA) is introduced to make up for this problem which
MTA is an automatic process that assures the selected nodes in interpolation process are
selected correctly (Liu and GU, 2003). Some Meshless methods consist of both weak and
strong form of governing equation and when coupled together it is called Meshless
Weak-Strong (MWS) form. This method has usually been used for modeling of stable and
unstable incompressible flow (Liu, Wu, and Ding, 2004). There are also shortcomings
related to the Meshless methods (Idelsohn et al. 2002):

1- In some methods, imposition of essential boundary conditions is complicated.
2- Many Gouse points are needed to assess the weak form of the problem.
3- Some methods have slow performance in interpolation of scattered data.

In this research, Natural Element Method (NEM) has been used in modeling of seepage
problem. This method is based on Voronoi diagram and Delaunay tessellation that has
been used as weak form for some mechanical problems (Sukumar, Moran, and
Belytschko, 1998).

First, Voronoi diagram and Delaunay tessellation are explained. Then, the concept of
natural neighbor and calculation of shape functions are discussed. In the third section, the
weak form of seepage problem and its formulation using the Galerkin method is
explained. Finally, the results from NEM and PlaxisS.O software (which is based on FEM)
are compared and discussed.

VORONOI DIAGRAM AND DELAUNAY TESSELLATION

Consider a set of discrete nodes inR2 likeN = {nl,n2,n3,....nn}. The Voronoi diagram
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(1st order Voronoi diagram) of set N is subdivided into regions Tl (closed, convex or

unbounded), where each region Tl is associated with node nI, that any point in region 7}

is closer to point nf than other points from other regions (Fig. l(a)). (Sukumar, Moran,
and Belytschko, 1998).

Where d(xi,xj) is the distance betweenx i 9Xj .

To compute the Voronoi diagram, there are other algorithms such as fuzzy Voronoi
diagram. (Jooyandeh, Mohades, and Mirzakhan, 2009). Voronoi diagrams lead to
Delaunay tessellation. Delaunay triangles are established by connecting nodes that have
common boundaries (Fig. 2(b)). For Delaunay tessellation, Parallel Constrained Delaunay
Mesh (PCDM) method is also available (Christos, 2009).

FIG. 1. Geometric Structure for set N of seven nodes: (a) 1st Voronoi Diagram of set
N; (b) Delaunay triangulation of set N DT(N).

SHAPE FUNCTION BASED ON NATURAL NIGHBOR CONCEPT

Finding the nearest neighbor for some points is an important task in many situations
such as CAD/CAM programs and computational geometry. Elliptic Gabriel Graph (EGG)
is a method developed in order to achieve this task (Lee et al. 2008). Sibson proposed
natural coordinates which are restricted to convex hull of the sample point (Jooyandeh,
Mohades, and Mirzakhan, 2009). To overcome the restriction mentioned above,
extrapolation of natural neighbor interpolants are used on the basis of dynamic ghost
points (Bobach and Farin, 2009).

Sibson has used empty circumcircle criterion which is an special property of Delaunay
tessellation to define shape functions. If there are three nodes on circumcircle of each
Delaunay triangle, then three edges will incinerate each other to form the center of a
circumcircle (Fig. 2(a)) (Jooyandeh, Mohades, and Mirzakhan, 2009). Voronoi diagram is
expandable, hence, 2nd-order of set N, can be constructed by subdividing of surface into
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TJJ cells. Each region of Tu with pair of («,,«,) is the locus of cell points have n{ as the

nearest neighbor, and «y as the second nearest neighbor (Jooyandeh, Mohades, and

Mirzakhan, 2009).

If new point x, enters into set N, hence natural neighbor of x are the nodes that their
circles include point x. 2nd Voronoi diagram can be introduced by this concept (Fig. 2(b)).

FIG. 2. Construction of Natural Nighbour Coordinates: (a) natural neighbour
circumcircles; (b) 2nd-order Voronoi cells about x.

Shape functions are defined as follows:

Where Al (x) is a surface related to node I and A(x) is total surface of 2-st Voronoi

diagram. Derivate of shape function is:

Where AItJ shows derivative of area function related to node I arbitrary to J.

WEAK FORMULATION FOR SEEPAGE
The governing equation to the porous material is the Laplace equation:

Where h is potential head.
In Laplace equation (eq. 5), k is the conductivity factor which is constant in both x and y

direction and the material is presumed to be homogeneous. In this research, definition of
stiffness matrix and force matrix are based on weak form (Desai and Christian, 1977):
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Where K is the permeability matrix, F is the force matrix, q is internal head, Q is shape
function based on eq.3 and eq. 4, 1 is the node shape function is calculated for and finally
j is the neighboring node of i.

BOUNDARY CONDITION

Boundary conditions in seepage problems are divided into two categories: Essential
boundary conditions and Natural boundary conditions.
Essential boundary conditions include Q3 (upstream head) and Q (downstream head).

Natural boundary conditions are defined wherever potential gradient (M) is zero which
dn

means impermeable boundaries (Q2) (Fig. 3).

FIG. 3. Definition of boundary conditions in seepage problem.

Bedrock is an impermeable boundary in modeling of seepage problem and so velocity is
always zero on that boundary.
In order to model left side and right side boundary conditions of dam, two different
approaches are available:

1- Left side (near upstream) is assumed as a part of upstream (Q3) and right side

(near downstream) as a part of downstream (Qj).

2- Right and left sides of a dam are assumed as an impermeable boundary (Q2) but
both sides must be far enough from dam.

In this research the second method is used.
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FIG. 4. Potential head on the domain of problem based on (a) regular distribution of
nodes (b) irregular distribution.

SEEPAGE MODELLING WITH NEM

A concrete dam is modeled in order to investigate application of NEM in seepage
problem. Upstream head is 100 m (Q3 = 100m), downstream head is 20 m (Qj = 20m)

and other boundaries are presumed as impermeable (O2)- ^n tms approach both regular
and irregular distribution of nodes has been used. 561, 861 and 1326 number of nodes
have been used each time for modeling of soil and results have been assessed with 2389,
4441 and 8977 number of nodes in PlaxisS.O software which is based on Finite Element
Method. Fig. 4 shows potential head on the domain of problem in both regular and
irregular distributions with 561 number of nodes.

A control node has been defined under the dam at (60, 50). Potential head from both
NEM and FEM analysis has been calculated and results have been compared. Potential
head in control node is showed in table 1 and in order to compare accuracy and
convergence of methods, potential head values versus node numbers are plotted in Fig. 5.
Considering the results at control node, some features of NEM are shown;

Table 1. Potential head at (60, 50) based on regular and irregular distributions.

NEM
Nodes

561
861
1326

Result(reg.)

51.83269
51.80913
51.83994

Result(irreg.)

54.8464
53.1588
51.9259

FEM(Plaxis)
Nodes
2389
4441
8977

Result

51.7702
51.7530
51.8617

Difference
regular

0.06249
0.05613
0.02176

irregular
3.0762
1.4058
0.0642
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FIG. 5. Convergance and accuracy of Natural Elemend Method based on (a) regular
distribution nodes; (b) irregula distribution nodes.

Regular distribution of nodes provide enough accuracy to achieve suitable results. NEM
shows the results by 1326 nodes and three Gouse point in each Delaunay triangulation. On
the other hand, FEM shows the same results by 8977 nodes and 15 Gouse points in each
element. Convergence to suitable results grows up when irregular distribution of the
number of nodes in domain increases, however, in regular distribution of nodes, there is
little difference in results between 561 and 1326 number of nodes. Convergence when
considering irregular distribution of nodes depends on influence of circumcircle of natural
neighbors, in other words, radius of circles for shape functions may be too big to include
some nodes that are not required to be in shape functions form.

CONCLUSIONS

In this research, Natural Element Method (NEM) has been investigated in order to solve
the seepage problem. Laplace equation is a governing equation on the domain of problem
and is used as a weak form method. Results show the robustness and applicability of this
method in solving the seepage problem.

Irregular distribution of nodes is much less accurate than regular distribution of nodes in
domain of problem. Convergence and accuracy in irregular distribution of nodes strongly
depend on the number of nodes in domain of problem. Shape functions in NEM are
smoother than FEM and also they have some important properties such as partition of
unity and kronocker delta, hence imposition of essential boundary conditions is so simple.
Empty circle criterion is a strong process to find neighbor nodes that form a shape
function. But this method is time consuming because each node must be evaluated as a
neighbor for the whole domain in each step.
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ABSTRACT: This paper investigates the seepage flow through idealized particle
assemblies comprised of spherical elements. Comparisons between an analytical solution
and numerical approximation using the Discrete Element Method (DEM) with coupled
hydromechanical interaction between the particles and the pore fluid are provided. In the
coupled flow DEM, the fluid motion is treated at the macroscopic scale by solving the
local averaged Navier-Stokes equation, while the particle interaction is treated at the
microscopic scale. The numerical solution is compared with the classical analytical
solution in terms of quantity of flow and the pore pressure distribution.

INTRODUCTION

The seepage flow through an assembly of saturated particles over a range of velocities
or hydraulic gradients is a classic problem. In the widely adopted classical flow net
solution (Lambe and Whitman 1969) or finite element solutions, e.g. MODFLOW
(Harbaugh et al., 2000), these methods consider the granular media as a continuum and
therefore microscopic inter-particle forces cannot be obtained. The discrete element
method is an effective tool for simulating the mechanical behavior of granular soil
particles, while computational fluid dynamics provides a rational method to describe the
fluid flow. In this paper, coupled flow solutions are provided using a linked pair of open
source codes, YADE-OpenDEM for the discrete element method (Kozicki and Donze
2008), and OpenFOAM for the computational fluid dynamics (OpenCFD Ltd 2008).

THEORETICAL BACKGROUND

In the coupled fluid flow and particle interaction solution described here, the fluid
motion is treated on a macroscopic scale, while the particle motion is described on the
microscopic scale, as suggested by Anderson and Jackson (1967).
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Equations of motion for the fluid - the averaged Navier-Stokes equation
The fluid domain is divided into cells as is common in the finite volume method. The
pressure and the fluid velocity are treated as the locally averaged quantity over each fluid
cell. The equation of continuity is given as:

where n=porosity; U=fluid velocity; t=time. The momentum equation is given as follows:

where u is the fluid viscosity, /?/is the density of fluid, fp is the interaction force on the
fluid per unit mass from the particle, p is fluid pressure.

Interaction term acting on fluid field from the particle

The interaction term representing the effect of a particle on the fluid, fp9 for the averaged
Navier-Stokes equation (Anderson and Jackson 1967), is given by Ergun (1952):

where UP is the average particle velocity within a fluid cell, U is the fluid velocity and /?
is an empirical coefficient determined from Eq. (4):

where d is the particle diameter, and the Reynolds number Re is defined as:

for

for

and the drag coefficient CD is:

Equations of motion for the particles:
For a particle in fluid, the equation of motion for a single particle is:

where y ^acceleration of the particle; f o ^gravity force; fs ^buoyancy force; f D =drag
force;/c ^contact force; and m=mass of the particle. The inter-particle contact force fc is
obtained from the standard DEM approach as proposed by Cundall and Strack (1979).
The drag force fo is the interaction force acting on the particle from the fluid defined
below.

Interaction drag force on the particle from the fluid

The drag force fa is caused by the pressure gradient within the fluid cell and is obtained
from the sum of the velocity difference between the particles and fluid, and may be
written as:
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where VP is the volume of a single particle.

Coupling between YADE (DEM) and OpenFOAM (FVM) codes

Following the theory above, the particle phase is solved using the Discrete Element
Method while the fluid phase is solved using the Finite Volume Method (FVM). The
numerical solution was obtained by coupling two open source codes: the DEM code
YADE (Kozicki and Donze 2008) and the FVM computational fluid dynamics code
OpenFOAM (OpenCFD Ltd 2008). In order to couple YADE and OpenFOAM, a
customized YADE routine FluidDragForceEngine was written to wrap and incorporate
the OpenFOAM fluid solver into the YADE main program as depicted in FIG. 1. The
flow field (velocity, pressure) is first solved within the OpenFOAM solver; the
FluidDragForceEngine then calculates the drag forces obtained from the flow field and
adds the drag forces fn to the YADE mechanical loop, Meanwhile, the drag forces
exerted on the flow field are also incorporated to the average Navier-Stokes momentum
equation (Eqs. (2)).

FIG. 1. Framework of YADE and OpenFOAM coupling.

2D SEEPAGE SHEET PILE PROBLEM DESCRIPTION
The classical sheet pile problem is investigated with the coupled DEM-CFD algorithm.
The geometry of the sheet pile model is taken from Lambe and Whitman (1969) as
depicted in Error! Reference source not found.. The seepage under the sheet pile wall,
pore water pressure, and pressure gradient in the subsoil can be obtained from the well
established approach based on the flow net.

Analytical solution for the sheet pile model
The solution for the quantity of flow under the sheet pile wall and the hydraulic gradient
at any portion of the flow domain can be obtained directly from the flow net, where the
seepage or quantity of flow under sheet pile wall is:

where kp is the permeability coefficient, hL is the head loss, and nfad is the shape factor
from the graphical flow net. The exit gradient is:

where Ah is the total head loss across any pair of equipotential lines which is equal to
HMd and / is the distance between the equipotential lines in the region of interest.

COUPLED DEM-CFD SHEET PILE MODEL
Scaling law for the sheet pile model
The computational time for a DEM solution can be significant for coupled flow problems
with a large number of particles. Assuming the particle diameter d=lmm, the number of
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In contrast to traditional scaled geotechnical centrifuge models (Taylor 2007), because
the fluid flow in the soils are pressure driven, and the flow behavior is primarily
determined by pressure (hydraulic) gradient instead of vertical stress within the soil, we
can assume that the hydraulic gradient is the same in both the model and the prototype,
and if the model and the prototype are composed of the same porous media, then:

where Vpp is the pressure gradient in the prototype, and Vpm is the pressure gradient in

the model. The gravity constant is kept the same for both model and prototype, and kpp

and kpm is the permeability coefficient for the prototype and the model, respectively.

Coupled DEM-CFD sheet pile model
The coupled DEM-CFD model is created as shown in FIG. 3; the model shows the state
of particles and fluid cells following the particle packing under a hydrostatic gravity field
as described below, and each fluid cell contains around 23 particles. The sheet pile wall is
placed between fluid cell 35,29, 23 and 54, 60, 66, by creating two no-flow boundaries at
be and eh. The soil and the fluid are considered incompressible, and it is also assumed
that the soil can be represented by an assembly of particles. It can be regarded as a 2D
plane strain problem with the thickness of the model taken as the diameter of the particle.

FIG. 2. Flow under sheet pile wall (Lambe and Whitman 1969).

Table 1. Scaled dimensions for the sheet pile prototype and the DEM/FVM model.
LengthError!

Reference source
not found.

km

mn
be

Prototype (ft)

60
130
30

Prototype (m)

18.29

39.62
9.14

Model (m)

0.028

0.060
0.014

soil particles in a 2-D model of the above problem is about 7.02xlO8 particles. An
alternative approach is to adopt a reduced scale model of the prototype shown in FIG. 2
so that the DEM model can contain an acceptable number of particles, yet preserve the
desired permeability. The dimension for the reduced scale sheet pile model chosen here is
7//V= 1/660 of the dimensions of the prototype as listed in Table 1. The scale model
reduces the number of particles to 1800.
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The particles that are slightly above the ground surface at points k and / are simply
remnants of the initial hydrostatic packing process and could have been artificially
restrained if desired. The boundary conditions for the flow under the sheet pile wall are as
listed in Table 2.

*Ur. 3. Muid mesn and initial particle packing lor me 2-D sheet pile wall problem.

Table 2. Boundary conditions for the sheet pile model (FIG. 3).
Pressure boundary:

Zero Gradient
Fixed Value (Pa)

Velocity boundary:
Zero Gradient

Fixed Value (m/s)

km, mn, ml
kb\ p=pwgh

kb,hl
km, mn, ml: U=(0, 0)

hl:p=0

Determine material properties of the sheet pile model

The basic physical and geometric properties of the sheet pile model are as listed in
. The permeability coefficient is then derived from these basic parameters, using Ergun's
empirical equation (Ergun 1952) for a packed column of height Hcol:

Using the particle and fluid parameters listed in Table 3, the permeability coefficient is
found to be Ap;avg=0.0172m/s for the model (assume w*~0 and using average porosity
«avg=0.437 for the whole fluid domain).

where u is the superficial velocity and pw is the density of water which now replaces the
fluid density /?/ in Eq. (2). The hydraulic gradient is:

The permeability kp can be obtained as:
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Table 3. Physical and geometrical parameters for the 2D problem.
Parameter

Solid (particle)
Number, Np

Radius, r
Density, ps

Contact stiffness, kn

Friction angle
Fluid (Water at 20°C, latm)
Density, pw

Viscosity, ju
Sheet pile configuration
Width
Height
Thickness
Fluid cell size AjtxAy
Gravity constant

Value

1800
S.OxlO'4

2650
800
30

1000
1.004xlO'3

0.060
0.028

l.OxlO'3

5.0x4.7
9.81

Unit

m
kg/m3

N/m
Degree

kg/m3

Pa-s

m
m
m

(10'3m)2

m/s2

SIMULATION PROCEDURE
Initial hydrostatic state
Before the boundary pressure conditions are applied, the particle assembly undergoes a
settling procedure so that the hydrostatic state is approximately reached. The initial
conditions are established in 2 steps: (1) The 1800 equal diameter particles are packed
sequentially with no space or overlap with the water level above the topmost particle. (2)
The particles then settle to the hydrostatic state under influence of gravity and buoyancy
forces, i.e. the consolidation under gravity and buoyancy force is completed. The
simulation will take the state after step (2) as the initial condition.

Applying the pressure gradient
Starting from the initial hydrostatic state above, a fluid pressure is then applied to the top
left line kb of the sheet pile model while the top right line hi is fixed at p=Q so a pressure
gradient is created within the saturated soil.

NUMERICAL SOLUTIONS FOR THE SHEET PILE PROBLEM
Starting from the initial condition as shown in Error! Reference source not found.,

the coupled DEM-CFD solution will be discussed in terms of both the transient and the
traditional steady state solutions.

Transient and steady state pressure distribution
FIG. 4 shows the computed contours of pore water pressure (which correspond to the
equipotential lines in the flow net) at different solution times for an applied pressure in
the model A/?m = 2QQPa. This corresponds to an exit gradient ze=0.48 which is well below
the critical value of /c=1.0. The computed pore water pressures are observed to change
over time until the system reaches a steady state after 4xlO"3seconds (FIG. 4(d)). At this
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solution time the equal potential lines are found to be in close agreement with the
classical flow net solution as shown in FIG. 2.

(c) (d)
FIG. 4. Pressure contour development for applied pressure 200Pa at different time

(a) t=6xlO-4s, (b) t=8xlO-4s, (c) t=1.8xlO-3s, (d) t=4xlO-3s.

The classical solution of quantity of flow per unit width through the prototype is:

The DEM-CFD solution for quantity of flow is the sum of flux from fluid cells number
66-71 across the surface on the right side of the flow domain is 1.15xlO~4(m3/s/m)),
which agrees reasonably well with the analytical solution obtained with an average
uniform porosity. The calculation details are shown in Table 4. In a similar manner, the
sum of flux across the left side of flow domain (cells 30-35) can be obtained and is
1.07xlO"4(m3/s)/m. The hydraulic gradient at the exit point is obtained from the flow net
solution as 4=0.48, which is well below the critical value of 1.0 corresponding to quick
conditions.

Table 4. Quantity of flow under the model sheet pile wall using the DEM-CFD.
Cell ID

66
67
68
69
70
71

Computed porosity

0.5770

0.4434

0.4434
0.4657
0.4657
0.4657

Pressure (Pa)

1.5435

1.1400

0.9636
0.8225

0.7069
0.7340

f/x(m/s)

0.0006

0.0003
-0.0001
0.0001

0.0001
0.0000

Uy(m/s)

0.0171

0.0073
0.0062

0.0057
0.0049
0.0048

Q/L-

Uy=Uy x porosity (m/s)

0.009879327

0.003236165
0.002747864

0.00267446
0.002271956
0.002256888

1.15xlO~4(m3/s/m)
Uy is the superficial velocity in the y direction

Contact force distribution
FIG. 5 shows the distribution of contact force between the particles, which indicates that
the contact forces on the surface of the downstream side of the sheet pile are only slightly
less than those at the upstream side, which is expected for the low value of the exit
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gradient (/e=0.48). If the pressure gradient is increased, the downstream contact forces
will decrease, and he conditions leading to a quick condition may be investigated.

FIG. 5. Contact force plot between particles exit gradient i=0.48 (the broader the
band the higher the contact forces).

CONCLUSIONS
A coupled DEM-CFD model was created for the classic fluid flow under sheet pile
problem. In order to limit the number of particles, an equal pressure gradient scaling law
was used to scale the problem domain of the model while maintaining the permeability of
the prototype. The calculated steady state pressure contours and quantity of flow from the
model reasonably matches the classical solution from the flow net. While not of practical
significance, the DEM/finite volume method is also able to present the transient pressure
development during the early stages of the pressure application. Because the DEM
solution yields the inter-particle contact pressures, conditions leading to a quick condition
may be investigated.
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ABSTRACT: We report on the generation of air bubbles in a void and how this can
affect seepage failure. In order to study this phenomenon, we conducted model tests
with a new numerical simulation. During the tests we observed deformation-failure in
sandy ground inundated with pore water that contained various values of dissolved
oxygen. We investigated the process of seepage failure both with and without air
bubbles, using PIV image analysis. It was found that the addition of air bubbles
promoted damage to the ground even under low hydraulic gradients, and therefore we
concluded that this local-progressive deformation was caused by the dynamics of air
bubbles. We also succeeded in simulating these phenomena by a newly-developed
Smoothing Particle Hydrodynamics (SPH) method that involves a process of generating
air bubbles and enabling interactions among three phases (soil-liquid-gas)..

INTRODUCTION

Large flowage deformations and the seepage failure of ground "piping", which
induces erosion, are caused by the permeation of water through the granular ground
layers. This plays an important role in the destabilization of ground during floods,
liquefaction, erosion and so forth. In order to analyze these phenomena more precisely,
it is necessary to model progressive seepage failure in the soil. Some reports have found
that interactions between all three phases—solid, liquid and gas—play important roles.
In particular, Kodaka & Asaoka (1994) could be the first instance in which the
importance of the dynamics of air bubbles in geo-engineering was revealed.
Furthermore, when the Tokai flooding disaster occurred in the Nagoya region on 11
September 2000, a man who witnessed the process of dike failure recounted his story in
a newspaper; he claimed that, after a crack formed on the surface of the dike, white
bubbles of water blew out of the crack, after which the dike gradually failed over a
period of about three hours. In fact, this type of phenomenon has been frequently
witnessed for generations. The blowing air bubbles that precede seepage failure are
called "frog blows bubbles" by elderly people, while Terzaghi (1942) gives a definition
of hydraulic failure without air bubbles.

261
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In this study, we conducted model tests and developed a new numerical simulation
method for seepage failure with air bubbles. The smoothed particle hydrodynamics
(SPH) method (Gingold & Monaghan, 1977; Lucy, 1977), a completely mesh-free
technique, was used to obtain the combined benefits of both the discrete and continuum
methods. In this study (Maeda & Sakai, 2004; Maeda et al. 2006), we proposed SPH
with a new method for calculating density, surface tension and multi-phases couplings.
Our simulation results were also verified by comparisons with model test results.

MODEL TESTS WITH PIV

In our model tests, we observed the deformation-failure around sheet-pile in sand
(Toyoura sand) ground submerged in two kinds of water (see Fig. l(a)): water with low
DO (dissolved oxygen) and water with high DO and over-saturated air (see Fig. l(b)). In
the latter, air bubbles were easily generated. Two types of tests were conducted,
following Kodaka & Asaoka (1994): a "normal piping" test with lower DO and a
"holding" test. In the normal piping test, a difference in water level, /*, or head loss
applied to the ground, was increased to a critical head loss, /zcr, in which piping occurred
in the ground. In the holding test, applied head loss, /z, was held until piping occurred. If
piping did not occur even after much time had elapsed, h was increased again to
generate piping. The velocity field of the ground was measured using particle image
velocimetry (PIV) image analysis, and the strain rate fields were calculated.

FIG. 1. Model test apparatus for seepage failure and DO (dissolved oxygen)
saturation curve.

Figure 2(a) shows the typical deformation-failure behaviours around the sheet-pile for
lower DO and higher DO cases respectively. Figure 3 shows the relative applied head
loss, h/hcr, indicating the resistance to piping with elapsed time after h was increased
and/or held. In the lower DO case in the normal piping test, piping occurred at h/hcr

 = 1,
in accordance with the definition. However, in the higher DO case, even though h was
less than /zcr, air bubbles were generated as shown in Fig. 2(b), and, consequently,
failure occurred in the holding test. When the water level was increased after holding
the smaller water level difference, h, for a long duration, the failure tended to occur even
before the water level difference reached the critical level, hCT (i.e. when h/hcr < 1),
which is a similar way of creep failure in a material under a constant loading condition
that is less than its strength. This implies that air bubbles in the ground bring about
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strength degradation. The relationship between air bubble generation and DO, and the
influence of air bubbles on the ground were investigated in the following sections.

FIG. 2. Piping test: (a) seepage failure with water of lower DO and without air
bubbles in normal piping test: increasing head loss of h to hcr and (b) Deformed
ground just prior to piping with water of higher DO in holding test: holding head
loss h = 0.8 x hcr.

FIG. 3. Reduction of resistance to piping due to presence of air bubbles: (a)
experimental conditions, (b) Decrease in resistance with time for various densities.

The change in the amount of air bubbles on the downstream side was calculated by
image analysis and the change in the void ratio. Fig. 2(b) shows that as both amount of
air bubbles and the void ratio, e, increase, the critical hydraulic gradient (resistance
against the failure) of the ground, icr = (Gs- 1) / (1 + e), decreases, where Gs is the soil
particle specific weight. Otherwise, seepage distances around the sheet-pile, L, decrease
due to scour in ground, as shown in Fig. 2(b). The hydraulic gradient, / (= h/L), increases
even through h is constant. Consequently, as the stability for piping, iji, decreases, the
resistance to piping h/hcr decreases as shown in Fig. 3. This is the air bubble effect.

NUMERICAL ANALYSIS: SPH

The SPH method is a particle-based Lagrangian method. It was originally developed
by Gingold and Monaghan (1977) and Lucy (1977) in the field of astrophysics to solve
motions of galaxies. The SPH method was not intended for application with actual soil
grains but rather to treat "particles" as a granular mass (Fig. 4(a)), whose radius is h.
Similarly, a water "particle" is a finite volume of water rather than a molecule. These
particles can overlap. The spatial averaged value <XX) > of a physical quantity/(x) at
centre point x of z'-th particle is given by equation (1) using mass m\ and density p {. The
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physical quantity is interpolated using a smoothing function W in Fig. 4(a), where the
effective distance of JFwas set to be 2h in this paper,

where ry= Xj - Xj and W\} was defined by Eq.(lb). In this paper, the third-order B-spline
function was employed as W\^ and r\j = ryl; the shape was similar to normal distribution.

FIG. 4. SPH simulation procedures: (a) smoothed particle and smoothing function,
(b) interaction force to coupling between solid-liquid-gas.

The density # of particle i is replaced with f\. However, this original description
shows large error in densities calculated around material interfaces. We remedied this
point by means of the normalization and limited summation for a focused material a.

where a and f are stress tensor and body force respectively. The matrix I is the unit
matrix, and Efy is the artificial viscosity.

For the purpose of coupling, the soil and the fluids of water and air were handled on
different layers (see Fig.4(b)). The frictional body forces resulting from velocity
differences between two phases, vs and vf, were calculated with Biot's mixture theory
(Biot, 1941). The forces involved could be expressed by Eq. 3(b). Here, porosity «,
permeability k, fluid density pi and gravity acceleration g (= 9.8 m/s2) were included.

FIG. 5. The seepage front propagation induced by heavy rain fall by SPH
simulation from (a) to (b) and (c), where the ground is divided into three vertical
column with different permeability coefficients k of l.OxlO"2, l.OxlO"5 and 1.0x108

m/s.

The SPH description for a particle i in a motion equation can be explained as follows:



GEOTECHNICAL SPECIAL PUBLICATION NO. 204 265

Figure 5 shows the simulated seepage behaviours with rainfalls of 100 mm/h under
different permeabilities for water, where there was no air phase in the ground initially. It
can be found that the seepage rate in the downward direction increases with
permeability k. We also obtained a good correlation between the SPH solution and
Terzaghi's theoretical one-dimensional solution (Maeda and Sakai, 2006). These
indicate the coupling model in Eq. 3(b) is accurate. Figure 6 shows a soil-water
coupling SPH model of the experiment shown in Fig.2(a) without air bubbles; water
density is 1000 kg/m3, and the viscosity is 1.002 x 10~3 N-s/m2. Air density is 1.207
kg/m3, and the viscosity is 1.810xlO"5 N-s/m2. The state equation of fluids and the
constitutive law of granular material were employed (Maeda et al., 2006); surface
tension was also introduced (Maeda et al. 2004). The elastic-perfect plastic-type model
with internal friction angle and dilatancy angle was taken as the constitutive relation of
soil, where elastic stiffness was described as a function of void ratio and mean effective
stress (see Maeda et al., 2006). This model can successfully simulate characteristics of
seepage failure not only during deformation but also after the failure events. We made
comparisons between our test results and the simulation results for the pore water
pressure and the velocity field, and they strongly validated this model. Figure 7 shows
the dike with difference in water level on both sides after seepage had been induced in
dike as shown in Fig.7(a). The proposed model could simulate a sequential failure.

FIG. 6. Seepage failure coupling analysis around sheet-pile without air bubbles;
ground with permeability k of 1.0 x 10"5 m/s when h = hcr.

FIG. 7. Seepage failure analysis of dike where particle colour indicates its velocity
(red is high; blue is low): (a) analysis configuration, (b) first local movement and
erosion, (c) failure progression, (d) washed-out after collapse attached to the crest.

Figure 8 shows a three-phase coupling SPH prediction of the seepage failure with air
bubbles at below 80% of the water height difference in Fig. 6. The air bubbles were
forcibly replaced with another phase at the initial state. The local deformation and
failure of granular ground are induced by rising air bubbles as well as experiments, even
under a lower h than hcr.



266 GEOTECHNICAL SPECIAL PUBLICATION NO. 204

FIG. 8. Seepage failure analysis with air bubbles; generation of local failure occurs
at local site even when h - 0.8 X/rcr.

CONCLUSIONS

We investigated the effect of air bubbles generated in a void on seepage failure. We
conducted model tests and developed an SPH simulation which could accommodate
some modifications and three-phase coupling. In the model testing we observed the
deformation-failure that occurred in sandy ground submerged by pore water with
various values of dissolved oxygen. We found that the presence of air bubbles was
linked to ground damage even under low hydraulic gradients and that the
local-progressive deformation was induced by the dynamics of air bubbles. Moreover,
we succeeded in simulating these phenomena by the newly-developed method. This
study clearly validates and demonstrates the usefulness of SPH.
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ABSTRACT: This paper proposed a coupled calculation model for land subsidence
caused by groundwater exploitation, which can consider the variation of permeability
of the confining aquifer during pumping. The coefficient of permeability of the
confining aquifer can be calculated using water head decline. Coupling with the
linear relation of water level decline and land subsidence, the subsidence is easy to
compute. A case of Qingliang Primary School in Jiangsu province is conducted to
verify the effectiveness, and the results indicated that the coupled calculation model
could agree well with the measured data. Based on the coupled model, the water
level decline and land subsidence can be predicted, which is important for making
the groundwater exploitation plans.

INTRODUCTION

Prediction of land subsidence due to excessive groundwater pumping is
important for protection of city buildings, tunnels and underground pipelines, which
are suffering the geological hazard. As to calculation methods of land subsidence,
they can be divided into two categories, namely, the two-step model method and the
coupled model method. In the two-step method, the groundwater head decline is
calculated firstly, and then the consolidation theory can be used to obtain the
subsidence (Relif, 1969; Gambolati and Freeze, 1973; Gambolati, 1974; Helm, 1975;
Gambolati, 1991; Xu, 1995; Li, 2000). The permeability and the void ratio in this
method are both assumed constant, which might cause some error in the calculation.
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In the groundwater dynamics theory, the coefficient of transmissibility 7" can be
calculated using Equation (4):

The possible reason is the sand particle breakage was observed in compression test in
which the pressure is almost equal to the earth pressure of the pumped aquifer. As to
the second method, in the existing coupled models, a relative complex iteration
process is necessary to consider the changing of void ratio and permeability. (Lewis,
1978; Bear, 1981; Shen, 2006; Luo, 2008). The deformation of the aquifer system is
calculated at first, and then the void ratio and the permeability are back calculated
and then reused to calculate the head decline. Many cycles are always needed to
obtain the result, and the process is always complex. Therefore, this paper proposed a
simplified calculation method to consider the variation of void ratio and permeability
of the pumped aquifer. A case from Jiangsu province was analyzed to verify the
effectiveness of the presented method.

COUPLED CALCULATION MODEL

Groundwater head decline calculation

In the proposed model, the void ratio, which acts the intermediate variable, is
affected by the water level decline and the compaction of aquifer. Equation (1) is an
empirical formula to calculate the permeability changing with the void ratio, which is
developed based on a number of test data.

Where &0 is the initial permeability coefficient, k is the permeability coefficient
changing with the water head decline, and e0 is the initial void ratio of the pumping
aquifer, e is the void ratio changing with the pumping process. Theoretically, the
volume of the pumped water should be equal to the void changing in the pumped
aquifer. The water level decline can definitely cause the increasing of the effective
stress. Equation (2) is a typical e-logp curve formula, which is commonly used in the
geotechnical engineering.

Where Cc is the compression index, e0 and e are same as the variable in Equation
(1), h and ho are the water head during pumping and the initial water head
respectively. Combing Equation (1) and (2), the relation of void ratio and the water
head during pumping can be obtained, which is the Equation (3). Then the coefficient
of transmissibility Tcan be expressed as follows:
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Where h is the water head decline, Q is the constant pumping rate, T is the
coefficient of transmissibility of the aquifer, and S$ is the storage constant for aquifer.
In Equation (7), the both sides have term /z, which means we can calculate h using an
iteration process, and the Newton Iteration Method was used to obtain h. During the
calculation, we found the real result could be achieved only in 2 or 3 cycles.

Subsidence Calculation

Holzer (1981) pointed out that there is a linear relationship between the water
head decline and the subsidence. The slope is the aquifer storage. Based on the water
head decline determined in last section, one can easily obtain the subsidence.

EVALUATION

To evaluate the effectiveness of the proposed method, one case from Jiangsu
province was conducted. Figure 1 is the water level, accumulated deformation and
time curves of the second and the third confining aquifers in Qingliang primary
school in Changzhou (Shi, 2006). Since 1995, the government has strengthened the
management of groundwater exploitation. Especially after 2000, based on the
proposal of the National People's Congress of Jiangsu province, Suzhou, Wuxi and
Changzhou, were forced to stop pumping groundwater. Because of this policy, the
water heads in the second and the third aquifers are starting coming back to the

Where k is the permeability of the pumped aquifer, H is the thickness of the aquifer.
Taking Equation (3) into Equation (4), one can get:

Where A and B are two constants, and they can be determined using pumping test
data. With a water head decline value, one can calculate a coefficient of
transmissibility value through Equation (4). Then, drawing a curve of head decline
versus coefficient of transmissibility using the test data, a liner tendency line could
be obtained, thus A and B are both determined. Cooper-Jacob developed an equation
which can be used to calculate water head decline, it is Equation (7) (Burbey, 2003).

Equation (5) apparently looks some complex, however, we found a simply relation
between the water head decline and the coefficient of transmissibility, which can be
represents as Equation (6):
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1990's level.
Using Equation (7) and the parameters in Table 1, one can easily get the water

head decline, and then base on the decline, the subsidence can be achieved. Figure 2
and 3 show the comparison of the measured data, the results by coupled model
proposed in this study, and the uncoupled model. It demonstrates that the proposed
method is more effective to predict the land subsidence.

FIG 1. Water level decline and deformation.

Table 1. Physical and mechanical parameters in Qingliang Primary School.

Layer
Group

1

2

Layer
Group

1

2

Water
Content,

w(%)

24.0

25.2

Pumpage
, q(m3/d)

2300

2000

Bulk
Density,
r(kN/m3)

18.65

18.80

Initial
Hydraulic

Conductivity
Coefficient,

T(m2/d)

20.3

20.0

Void
Ratio, e

0.759

0.762

Distanc
eFrom

the
Well,
r(m)

SO

Compressio
n Index, Cc

0.078

0.088

Storage
Coefficient,

Ss

0.01899

0.02556

Cohesion, c(kPa)

4.0

18.0

Thickness,
H(m)

92.66-109.99

118.5-144.78

A

-1.35

E-3

Friction
Angle,

4 > ( ° )

32.7

28.1

B

21

Note: 1. The second confining aquifer, green gray fine sand; 2. The third confining
aquifer, sallow sand.

CONCLUSIONS

A coupled model based on Jacob's method was proposed considering the
changing of void ratio and permeability of pumped aquifers. A formula, linking the
permeability of the aquifer and the water head decline, was developed through the
void ratio. With this formula, the permeability can be calculated with the water head
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decreasing. Combing the linear relationship of the water head decline and the
subsidence, the land subsidence can also be easily obtained. To verify the
effectiveness of the presented method, a case from Jiangsu province was conducted.
The whole process showed that the calculation results using the proposed model are
more close to the observation data than the uncoupled model.

FIG 2. Water level decline of two aquifers in Qingliang Primary School.

FIG. 3. Accumulated deformations of the aquifers in Qingliang Primary School.
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ABSTRACT: The Simsima Limestone is the main founding stratum in Doha, Qatar.
The weathering pattern of the Simsima Limestone is complex, with unweathered rock
often overlying more weathered rock, and the common presence of dissolution cavities
secondarily infilled with uncemented material. To account for this variability, a
weathering scheme has been developed that classifies the Simsima Limestone in terms
of rock quality, taking into account the relative percentage of original limestone to
secondary carbonate material; the degree of cementation of the secondary material;
-core recovery parameters; and intact rock strength. The rock quality zones are then
related to engineering behaviour, especially as regards rock mass strength and
stiffness. The classification of the Simsima Limestone into rock quality grades has
been utilized in a number of recent geotechnical projects, where the improved
classification of this complex material has the potential to lead to savings in terms of
foundation design.

INTRODUCTION

The Qatar peninsula is geologically part of the Arabian Gulf Basin, which has been
accumulating carbonate and evaporitic sediments since the Cambrian (Cavalier,
1970). The depth of the sedimentary succession overlying the basement in Qatar is
estimated to be over 10km. The stratigraphy beneath Doha comprises a cover of
Quaternary marine and sabkha deposits overlaying the Eocene Dammam and Rus
formations. The Simsima Limestone member of the Upper Dammam Formation
outcrops over 80% of the land surface of Qatar, including the Doha area, and, due to its
thickness and geotechnical properties, has been the main founding stratum for many
developments in the area.

GEOTECHNICAL VARIABILITY OF THE SIMSIMA LIMESTONE

The Simsima Limestone is an irregularly dolomitised, light grey to brown crystalline
limestone, with local intercalations of chert and gray attapulgite (a type of swelling
clay). Following its deposition in a shallow marine environment, sea levels dropped,
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exposing the rocks to weathering during the Oligocene. Wet climatic conditions
during the Pleistocene initiated the development of karst dissolution features of
various sizes (from centimeters to tens of meters long) in the Simsima Limestone
(Sadiq and Nasir, 2002). These karst features are often infilled by variably cemented
fine-grained material (Figure 1).

FIG. 1. Simsima Limestone in exposure (10 km west of Doha city centre).

Arup Geotechnics has provided geotechnical advice for a number of prestigious
projects in Doha, Qatar. A number of ground investigations associated with those
projects have shown the Simsima Limestone to be a variable material with the
potential for significant lateral and vertical differences in properties even over short
distances. The engineering properties of the Simsima Limestone are largely influenced
by the variable degree to which processes like dolomitization and karstic dissolution
have acted on the rock mass. In the remainder of this paper, the term "weathering" is
used to refer to the above rock altering processes.

An assessment of borehole logs and core photographs of high quality double- and
triple-tube rotary core drilling indicates the weathering profile of the Simsima
Limestone to often be complex, with highly weathered rock alternating with unaltered
rock, or cavities secondarily infilled with weakly cemented carbonate and argillaceous
material (Figure 2). This is a common feature of carbonate rocks encountered in arid
environments, and is in contrast with typical profiles of 'weathered' over
'unweathered' rock encountered in more humid environments.

ROCK QUALITY ZONES FOR SIMSIMA LIMESTONE

The geotechnical properties of the Simsima Limestone largely depend on the relative
percentage of original limestone to secondary material, and the degree of cementation
of the secondary material: where the rock comprises a high percentage of weakly
cemented secondary carbonate material, the rock mass generally exhibits lower
strength and stiffness. To capture the different degrees of rock quality, or, weathering



GEOTECHNICAL SPECIAL PUBLICATION NO. 204 275

in the rock mass, a weathering classification for the Simsima Limestone has been
developed, which builds upon the classification scheme proposed by the Engineering
Group of the Geological Society (London) (BS 5930, 1999).

According to this approach, the rock mass is assumed to comprise two distinct
materials, viz. rock and soil matrix. This is applicable to the case of the Simsima
Limestone, where unaltered limestone contains variable amounts of weaker carbonate
and argillaceous matrix material. The proportions of rock and matrix are estimated,

Example core photograph Example descriptionWeathering
Zone

A
(fresh to

moderately
weathered

rock)

Moderately strong pinkish grey LIMESTONE with some vugs (5-50mm
diameter, 5-15% by volume), grey staining and locally cemented with
white moderately weak to moderately strong calcitic silty material.

B
(heavily

weathered
rock)

c
(matrix-

dominated ,
with some

corestones)

Moderately weak to
moderately strong light
grey fine grained
crystal line weathered
LIMESTONE. Closely
spaced joints, heavy
staining and
occasional infilling of
dark brown stiff clay
and find grained
limestone gravel.

Recovered as non-
intact gravel-sized
limestone fragments in
a calcitic sandy silt
matrix.
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and used to classify the material into rock quality zones. Other criteria are considered,
including core recovery, degree of cementation of infill material, and intact rock
strength. These zones are then related to approximate engineering behaviour, in terms
of rock mass strength and stiffness. Table 1 presents the three zones for the Simsima
Limestone, along with the proportions of rock and matrix material, and typical
engineering behaviour. In this table, fresh to moderately weathered material is
identified as "rock", while highly weathered material to residual soil is identified as
"matrix".

Table 1. Rock quality zones for the Simsima Limestone.

Simsima
Limestone

Rock Quality
Zone

A

B

C

BS 5930:1999
Approach 3
Weathering

Zone

1-2

3-4

5

Proportions of
Rock/Matrix

Rock: >90%

Matrix: <10%

Rock: 30 - 90%

Matrix: 10-70%

Rock <30%

Matrix: >70%

Typical Engineering Behaviour

Behaves as rock. Apply rock
mechanics principles to mass

assessment.

Rock framework contributes to
strength and stiffness; matrix

controls permeability.

Matrix controls strength, stiffness
and permeability. Behaves as soil.

ESTIMATION OF ROCK MASS PARAMETERS

In estimating the strength and stiffness of the different rock quality zones, a rock
mass classification approach has been adopted, as that allows empirical relationships
to be used for assigning engineering parameters (Hoek et al. 1995). Rock mass
parameters are obtained on the basis of the Geological Strength Index (GSI), as
proposed by Hoek and Brown (1980). To arrive at the GSI for the three weathering
zones, the zones are rated on the basis of the Rock Mass Rating (RMR) system for
jointed rock masses (Bieniawski 1989), which takes into account RQD, intact rock
unconfined compressive strength (UCS), fracture spacing and infill of the rock mass,
and groundwater conditions. Table 2 presents the ratings assigned to the above
parameters for each zone.

As regards the unconfined compressive strength, the variable nature of the Simsima
Limestone rock mass means that a single strength value cannot accurately capture the
variation in this material. Hence, a representative intact rock UCS has been estimated
for material representative of the three main quality zones, on the basis of laboratory
tests on recovered core (second column of Table 2).
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Table 2. Rock mass rating for Simsima Limestone.

Simsima
Rock

Quality
Grade

A

B

C

Intact rock
UCS

MPa

12

10

5

Rating

2

2

1

RQD

%

50-75

25-50

<25

Rating

13

8

3

Mean fracture
spacing

mm

>200

60-200

<60

Rating

10

8

5

Fracture conditions

Condition

weathered

gouge<5mm

gouge>5mm

Rating

20

10

0

RMR

^Ratin

es

45

28

9

For the RMR values to be convertible to equivalent GSI, a value of 15 is assigned to
the Groundwater rating and the Adjustment for Joint Orientation is set to zero (Hoek et
al, 1995). The revised RMR ratings are then used to derive the GSI rating through the
following relationship: GSI = RMR%9 -5, where GSI: Geological Strength Index; and

RMR89': revised Rock Mass Rating. The rock mass properties for the three rock
quality zones are estimated on the basis of the GSI ratings, the intact unconfmed
compressive strength, the intact modulus and a material constant for the intact rock
(Hoek et al, 1995). The rock mass deformation modulus, cohesion and angle of
shearing resistance for the Simsima Limestone three weathering zones have been
estimated in this manner (Table 3).

Table 3. Rock mass properties for Simsima Limestone.

Rock
Quality
Zone

A
B
C

GSI

55
38
19

Mass
compressive

strength (MPa)

2.4
1.3
0.4

Mass deformation
modulus (MPa)

2450
840
170

Cohesion
(kPa)

650
410
140

Angle of
shearing

resistance (°)

32
27
21

IMPLICATIONS FOR FOUNDATION DESIGN

As the cross-section in Figure 3 shows, the pattern of rock quality zones in the
Simsima Limestone can be complex. This has implications for the design of deep
foundations (e.g. bored cast-in-situ piles), where an approach that assigns a single
value of compressive strength to the entire formation is not sufficient. Instead, an
economic design can be achieved by zoning the founding material into rock quality
grades as discussed above, and assigning different values of compressive strength and
stiffness to each zone. The classification of the Simsima Limestone into rock quality
grades has been utilized in a number of recent geotechnical projects, where the
improved classification of this complex material has the potential to lead to savings in
terms of foundation design.
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FIG. 3. Cross-section showing Simsima Limestone classification into weathering
zones.

CONCLUSIONS

This study has presented a classification scheme of the Simsima Limestone into rock
quality zones, utilising a rock mass characterisation approach. Values of compressive
strength and stiffness have been derived for the three rock quality grades. It is
suggested that a geotechnical classification of the Simsima Limestone in terms of rock
quality zones can lead to a more rational and economic foundation design.
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ABSTRACT: Several sinkholes were detected in a residential area located close to
the northeast coastal side of the Arabian Peninsula. The sinkholes occurred suddenly
with different sizes and to a maximum of 31 m in depth. Comprehensive investigation
studies were conducted for understanding the causes of the sinkhole occurrence in
addition to recommend treatment measures. The results revealed that the geological
profile is made of sandy overburden soil uncomfortably overlaying Karst limestone
bedrock. The cause of the sinkholes was attributed to the dissolution of the limestone
bedrock and the subsequent raveling of the overburden soil cover. Microgravity
survey method was used in the geophysical investigation to detect subsurface cavities.
The validity of the microgravity survey was confirmed after applying a drilling
program. After 15 years, another microgravity survey was conducted in selected
locations of the same residential area for the purpose of verifying the current
underground status and assessing its development. In this paper, nature of the desert
Karst terrain under study is described. The results of the two microgravity surveys are
presented. The results confirmed the capability of the microgravity method to detect
density anomalies and ground disturbances. The maps showed evolution of the
anomalies in some locations within the studied area.

INTRODUCTION

A residential area was developed around 30 years ago in a desert terrain located in
the northeast coastal side of the Arabian Peninsula, consisting approximately of 2500
housing units including community services. It is divided to six sectors, Al to A6.
After eight years of construction, four major ground subsidences occurred in the form
of sinkholes (SHI through SH4). The events caused destruction of property and
threatened human lives. An immediate action was taken by the government to

279



280 GEOTECHNICAL SPECIAL PUBLICATION NO. 204

evacuate and fence the affected area considering it as a high risk area.
After fifteen years, four new sinkholes were observed during recent investigation

program. The first two sinkholes (SH5, SH6) occurred in the evacuated area
delineated in Sector Al. Sinkhole SH7 occurred at the northeast corner of Sector Al,
under the footing of high voltage tower. Sinkhole SH8 occurred in Sector A6. Figure 1
shows location and distribution of the occurred sinkholes. More information on the
sinkholes including location, dimensions, and present condition is listed in Table 1.

FIG. 1. Sinkhole location and distribution.

Table 1. Ground Subsidence Records

Sinkhole #

SHI

SH2

SH3

SH4

SH5

SH6

SH7

SH8

Location
(Sector)

Al

Al

Al

Al

Al

Al

Al

A6

Date of occurrence

April 1988

April 1988

October 1988

June 1989

June 2004

June 2004

June 2004

July 2004

Diameter/length
(m)

15.0

4.0

7.0

8.0

4.8

1.5

5.6

7.0

Width (m)

2.0

2.6

5.0

Depth (m)

31.0

7.0

9.0

1.4

0.83

0.54

0.4

6.0

•

1

DESCRIPTION OF THE CONDUCTED INVESTIGATION PROGRAMS

Upon the occurrence of the sinkholes, several investigation programs were
conducted with the direct association of Kuwait Institute for Scientific Research
(KISR). The affected area is located at the northeastern edge of the Arabian Peninsula
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and bordered by the Arabian Gulf in the East. It is characterized by a typical desert
environment. The ground slopes gently from about 270 m above sea level in the
extreme southwestern corner of the country towards the lowlands in the northeast.

As part of the investigation programs, geophysical survey was carried out to
investigate the existence of underground cavities and their lateral extent. Three
techniques were initially applied: resistivity, seismic cross-hole shooting and
gravimetric measurements. The gravimetric testing (Microgravity method) was
selected as it proved dependable and risk free, Figure 2. The survey results were
represented in contour maps delineating anomalies varying from negative to positive
values. The negative values interpreted as low density subsurface layers and the
possibility of existence of cavities. As the contour numbers increase into the positive
numbers, the possibility of cavities existence is reduced.

FIG. 2. Onsite measurement using gravimeter equipment.

The geotechnical investigation was carried out in the investigation program by
drilling boreholes to depths reaching the limestone bedrock layer, up to the depth of 85
m. The geological profile of the area consists of 31 m to 39 m of overburden
comprising of dense to very dense sand, which is underlain by limestone bedrock
formation. The soil-rock interface contains dark chert nodules and sandstone. The
groundwater table was around the soil-rock interface level. From the drilling records,
the cavities were encountered at several depths at the limestone formation.

MICROGRAVITY SURVEY

Theoretical Concept

The principal of any gravity survey is to identify areas of contrasting density by
surface measurements of the disturbance produced in the earth's gravitational field.
The gravitational field is a function of: distance from the centre of the earth,
centrifugal acceleration due to the earth's rotation, and distribution of the mass which
is controlled by changes in the density of rocks in the earth. The theory of gravity is
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formulated in Newton's law. This law states that a force (F) exerted on a mass (ni2) by
a mass (mi) is directly proportional to the product of the masses and is inversely
proportional to the square of the distance between the centers of the masses. The unit
is commonly called a gal. The survey method involves measuring the very small
differences in gravitational force field, which are a function of the gravitational
acceleration due to the sum of the attraction of the Earth's mass and the effects of its
rotation. Full color residual anomaly maps are then produced, where the mass
deficiencies indicated by negative residual anomalies.

Results of the First Microgravity Survey

The first microgravity survey was carried out in the area after the occurrence of the
sinkholes in 1989. The survey covered the whole residential area, sectors Al to A6.
The microgravity survey produced contour maps delimiting the existence and
extension of underground cavities, which were due to Karstic formations, in relation to
known ground subsidence. Figure 3 shows the residual map for the whole affected
area and the colors indicate the density level based on the anomaly value. Figure 4
indicates the extent and location of the underground cavities (voids). The sudden drop
of the drilling heads during the drilling program proved the existence of the cavities.
Accordingly, the highest risk area is determined to be around the first three sinkholes
within sector Al.

FIG. 3. Residual map for the whole residential area, first microgravity survey.

Results of the Second Microgravity Survey

After fifteen years, the second microgravity survey was carried out in the same
evacuated area. The main purpose of the second survey was to confirm the existence
and update the status and development of previous anomalies within the residential
area. The survey emphasized on the highest risk area specified in the first survey
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within sector Al and other selected locations within the affected residential area. The
residual map for sector Al from the second survey is shown in Figure 5 which detects
the extent and distribution of underground cavities. The existence and evolution of the
anomalies from the first survey is confirmed.

FIG. 4. Residual map for sector Al, first microgravity survey.

FIG. 5. Residual map for sector Al, second microgravity survey.

Comparison between the Microgravity Surveys

In order to assess the current condition of the underground cavities, its evolution and
development, the results of the two previous surveys were compared for the residual
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anomalies map. Residual maps represent the density variation within the clastic soil
sediments and the underlying limestone bedrock in terms of low positive and negative
anomalies depending upon the geological conditions. By comparing the two residual
maps, the anomaly values indicate the evolving nature of the Karst cavities or loose
sand lenses of some locations within the fenced zone in sector Al. It is clear from the
colors that the anomaly values around SH3 and SH5 has increased and extended.
Therefore, the risk is increased in this area while this area was not occupied. The
information was sufficient for the decision makers to immediately treat the area.

CONCLUSIONS

To detect underground Karst cavities, two microgravity surveys were conducted in
an affected residential area by ground surface subsidence. The time difference
between the two surveys was fifteen years. The same method and professional
experience are used for the purpose of accurate comparison. The microgravity method
proved to be consistent and predictable for detecting Karst cavities existence, location,
and extent.

The second survey detected the same general anomalies recognized in the first
survey. Extension in size and amplitude of the anomalies were observed. The affected
area is considered as an increasing risk of sinkhole development, although no
residential activities conducted. To improve the quality of the microgravity survey, it
is recommended to use fine grid of stations for accurate contouring of the anomalies.
Results of the microgravity surveys were then used as a major factor for efficiently
treating the affected residential area.

ACKNOWLEDGMENTS

The authors appreciate the support of the Public Authority of Housing Welfare
(PAHW) and Kuwait Institute for Scientific Research (KISR) for this research project
(EU23C).

REFERENCES

Al-Rifaiy, I. (1990) "land subsidence in the Al-Dhahar residential area in Kuwait: a
case history study", Quarterly Journal of Engineering Geology, London, Vol. 23,
pp. 337-346.

Burdon, D., and Al Sharhan, A. (1968) "The problem of paleokarstic Dammam
limestone aquifer in Kuwait", Journal of Hydrology, Vol. 6, pp. 385-404.

Kamal, H., Taha M. and Karam H. "Implementation of Treatment Measures for
Sinkholes Occurrence in the State of Kuwait," The Second International
Conference on Problematic Soils, CI-PREMIER CONFERENCES, Selangor,
Malaysia, December 3-5 2006.

Mukhopadhyaya, A., Al-Sulaimi, J., Al-Awadi, E., and Al-Ruwaih, F. (1996) "An
overview of the tertiary geology and hydrology of the northern part of the Arabian
gulf region with special reference to Kuwait", Earth Science Review, Vol. 40, pp.
259-295.



Author Index

Page number refers to the first page of paper

Al-Sanad, Shaikha, 279

Bai, Xiaohong, 118
Bai, Yan-Feng, 239
Benedetto, Andrea, 9
Brauchler, Ralf, 231

Chandrasekhar, Biju, 216
Chen, Feng, 253
Chen, Hong-Shui, 95
Chen, Lei, 103
Chen,Li-Xia, 21
Chen, Wei, 95
Chi, Su-Yun, 1

Drumm, Eric C, 253
Du, Juan, 31
Du, Yan-Jun, 103

Ekkehard, Holzbecher, 194

Fang, Peng-Fei, 95
Fourniadis, loannis, 273
Fujisawa, Kazunori, 71

Gholizadeh, R., 245
Gomez, Jose, 51
Grabe,J., 159
Guiochon, Georges, 253

Han, Pengju, 118
Han, Xiao-Rui, 210
Hanson, James L., 132
He, Qiang, 167
Hicher,P. Y., 126
Hsu, Shih-Meng, 1
Hu,Rui, 231

Jardine, Philip M., 181
Jin,Fei, 103
Jun, Sang-Hyun, 224

Kamal, Hasan, 279
Kim, Dong-Gun, 224
Ku, Cheng- Yu,

Lee, Dong-Won, 224
Lei, Jin-Sheng, 15
Li, Chunlin, 267
Li, Lei, 146
Li,Yue, 15
Lin, Feng-Tsai, 79, 87
Lin, Wei-Chih, 79
Liu, Song- Yu, 103
Liu,X.F., 126
Lo, Hung-Chieh, 1
Lu,JohnC.-C, 79,87
Lv,Weihua, 57,267

Ma,X., 159
Maeda, Kenichi, 261
Martin, Sauter, 194
Mazzella, Alessandro, 188
Mazzella, Antonio, 188
Miao, Linchang, 57, 267
Min, Fan-Lu, 210
Mishra, RajatC, 216
Murakami, Akira, 71

Naik, Ranjitsinh D., 216
Nishimura, Shin-ichi, 71

O'Kelly, Brendan C., Il l

Parker, Jack C., 181

285



286 GEOTECHNICAL SPECIAL PUBLICATION NO. 204

Peng, Fangle, 63
Peng, Hui, 15
Phillips, Debra, 181

Quille, Michael E., Il l

Rahardjo, Harianto, 202

Saiyouri, N., 126
Sakai, Hirotaka, 261
Shahrokhabadi, S., 245
Singh, Jagjit, 132
Stephens, Adam, 132
Stone, Greg M., 132

Taha, Mahmoud, 279
Tan, Yong, 63
Thomas, Hywel, 153
Toufigh, M. M., 245

Vardon, Philip, 153

Wang, Fei, 57
Wang, Hailin, 63
Wang, Yang, 21,31
Wang,Zhe, 140
Watson, David B., 181

Xiao, Ming, 51
Xu, Sifa, 140
Xu, Zhenliang, 63

Yang, Hong, 202
Yang, Jian-Min, 45
Yao, Zhi-Xiong, 239
Ye, Changyong, 39
Yesiller, Nazli, 132
Yin, Kunlong, 21,31
Yoo, Nam-Jae, 224

Zhang, Chun-Lei, 146
Zhang, Fan, 181
Zhang, Yan, 39
Zhao, Gan, 146
Zhao, Hao, 140
Zhao, Wei, 231
Zhao, Zhuo, 39
Zheng, Gang, 45
Zhong, Xiao-Chun, 210
Zhou, Jian, 239
Zhou, Jizhong, 167
Zhou, Li, 31
Zhu, Da-Peng, 15
Zhu,Wei, 146,210
Zhu, Xiang-Rong, 95

Xiao, Daping, 202



Subject Index

Page number refers to the first page of paper

Aquifers, 57,231
Artificial recharge, 216

Bentonite, 132
Biological processes, 153,167
Bridges, 39
Bubbles, 261

Caissons, 63
Case studies, 9
Cavitation, 279
Cement, 103, 118
Chemical properties, 153
China, 15,21,31,39,45,57,210,267
Clays, 210,224
Closed form solutions, 79
Coarse-grained soils, 202
Computer aided simulation, 9, 194,

245, 253
Concrete structures, 39
Copper, 103
Core walls, 132
Corrosion, 118

Data collection, 188
Deformation, 57
Design, 15
Discrete elements, 253
Displacement, 87
Drainage, 224
Drawdown, hydrology, 202
Dredging, 146

Embankments, 9, 71
Experimentation, 118

Failures, 261

Field tests, 159
Fills, 146, 181
Filters, 210
Finite element method, 15, 245
Frost heave, 45

Geographic information systems
Geotechnical engineering, 153,

273
Germany, 159
Gravel, 210
Groundwater depletion, 267
Ground water flow, 194
Groundwater management, 181.
Groundwater pollution, 167

Half space, 79,87
Heat transfer, 79
Heavy metals, 126, 167
Homogeneity, 79
Hydration, 146
Hydraulic gradients, 239
Hydraulic models, 194,231
Hydraulic pressure, 45

Ireland, 111
Isotropy, 79,87

Kaolin, 126
Karst, 279

Land subsidence, 267
Landfills, 15, 140
Landslides, 1,21,31
Layered soils, 202
Lead, 103,111
Levees, 51

, 216
188,

,216

287



288 GEOTECHNICAL SPECIAL PUBLICATION NO. 204

Limestone, 273

Mapping, 216
Mathematical models, 239
Mechanical properties, 118
Middle East, 273, 279
Mining, 111
Models, 71
Municipal wastes, 95

Nitrates, 167
Numerical analysis, 224

Parameters, 63,231
Particles, 253
pH, 146
Piles, 118
Pollutants, 126
Pore pressure, 253
Porous media, 153
Pumps, 57, 194

Radiography, 231
Railroad tracks, 9
Rainfall, 1
Recycling, 95
Remote sensing, 216
Renewable energy, 159
Replacement, 132
Reservoirs, 21
Residential location, 279
Risk management, 21

Sampling, 188
Seepage, 239, 245, 253, 261
Shear strength, 51
Simulation, 181

Sinkholes, 279
Slope stability, 9
Slopes, 15, 140
Slurries, 132
Soft soils, 63
Soil analysis, 45
Soil compaction, 140,126
Soil deformation, 63,71
Soil erosion, 51,71, 261
Soil pollution, 103, 167
Soil properties, 111
Soil structures, 71
Soils, 118
Solid wastes, 95
Statistics, 188
Stochastic processes, 39
Stress analysis, 45
Surveys, 279

Taiwan, 1
Tensile strength, 140
Thermal power, 159

Uranium, 181

Vegetation, 9

Waste management, 95
Water discharge, 224
Water table, 202
Water waves, 31
Wells, 194

Yangtze River, 210

Zinc, 111


	Cover
	Contents
	Geotechnics
	Coupled Stability Analyses of Rainfall Induced Landslide: A Case Study in Taiwan Piedmont Area
	Integrating Vegetation Role in Computer Simulation for Slope Stability: The Case Study of a Railway Embankment
	Optimal Design of Waste-Dump Slope of Open Pit Mine Based on Strength Reduction FEM
	Risk Analysis of Individual Landslide in the Three Gorges Reservoir
	Back-Analysis of Water Waves Generated by the Dayantang Landslide
	Stochastic Durability Analysis of Under-Water Concrete Structure of Hangzhou Bay Bridge
	Critical State Stress Analysis for Soil Body of Potential Heave
	Effect of Piping on Shear Strength of Levees
	Study on the New Deformation Characteristics of the Pumped Aquifers in Su-Xi-Chang Area, China
	Parametric Studies of Ground Deformation Induced by Pneumatic Caisson Construction in Soft Soils
	Simultaneous Modeling of Internal Erosion and Deformation of Soil Structures
	Closed-Form Solutions of the Homogeneous Isotropic Elastic Half Space Subjected to a Circular Plane Heat Source
	Golden Ratio in the Point Heat Source Induced Horizontal and Vertical Displacements of an Isotropic Elastic Half Space

	Geoenvironmental Engineering
	Engineering Characteristics of Bottom Ash in Municipal Solid Waste Incinerators
	Strength Comparison of Cement Solidified/Stabilized Soils Contaminated by Lead and Copper
	Geotechnical Properties of Zinc/Lead Mine Tailings from Tara Mines, Ireland
	Experimental Study of Cemented Soil under Na2SO4 Corrosive Condition
	Influence of Heavy Metal Contaminants on the Compressibility of Reconstituted Kaolinite
	Beneficial Reuse of Corrugated Board in Slurry Applications
	Analysis on Tensile Force of Liner System with the Variation of Location of Roller Compactor in Landfill
	pH Changes in Solidified Dredged Materials
	Recent Developments in Modeling THCM Behaviour of Geoenvironmental Problems
	Field Test of a Geothermal System in Hafen City, Hamburg
	Bioremediation of Heavy Metals in Soil and Groundwater: Impact of Nitrate as an Inhibitor
	Simulation of Groundwater Composition Change Due to Deposition of Uranium Minerals in Dolomite Gravel Fill
	"Kriging Assistant": A Geostatistical Analysis and Evaluation Tool

	Seepage and Porous Mechanics
	The Wells Simulator: Analytical Solutions for Groundwater Flow Using Modified Streamfunction Contouring
	Rapid Drawdown of Water Table in Layered Soil Column
	The Effect of Clay Content on Filter-Cake Formation in Highly Permeable Gravel
	Remote Sensing and GIS for Groimdwater Mapping and Identification of Artificial Recharge Sites
	Development of Discharge Capacity Testing Apparatus and Numerical Analyses of Test Results
	An Aquifer Analogue Study of High Resolution Aquifer Characterization Based on Hydraulic Tomography
	A Mathematical Model for Determination of the Critical Hydraulic Gradient in Soil Piping
	Application of Natural Element Method in Solving Seepage Problem
	Spherical Discrete Element Simulation of Seepage Flow with Particle-Fluid Interaction Using Coupled Open Source Software
	Seepage Failure and Erosion of Ground with Air Bubble Dynamics
	A Proposed Calculation Method for Land Subsidence Caused by Groundwater Withdrawal in Jiangsu Province
	Geotechnical Characterization of the Simsima Limestone (Doha, Qatar)
	Application of Microgravity Survey to Detect Underground Cavities in a Desert Karst Terrain

	Indexes
	Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	V
	W
	X
	Y
	Z

	Subject Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	K
	L
	M
	N
	P
	R
	S
	T
	U
	V
	W
	Y
	Z





