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Preface

This book is written by the experts in the transient wave propagation first of all for
all those who are interested in this field: graduate students, PhD candidates, pro-
fessors, scientists, researchers in various industrial and government institutes, and
engineers. The book could be considered not only as a graduate textbook, but also
as a guide for those working or interested in solving dynamic problems of Applied
Mathematics, Continuum Mechanics, Stress Analysis, Civil Engineering,
Mechanical Design, and Bridge Design resulting in the propagation of the transient
waves.

The book presents the theory of discontinuities and the theory of ray expansions
as applied to pre-stressed spatially curved thin-walled beams of open profile,
because they are extensively used as structural components in different structures
in civil, mechanical and aeronautical engineering fields. These structures have to
resist dynamic loads such as wind, traffic and earthquake loadings, so that the
understanding of the dynamic behavior of the structures becomes increasingly
important.

Moreover, the increasing use of curved thin-walled beams in highway bridges
and aircraft has resulted in considerable effort being directed toward developing
accurate methods for analyzing the dynamic behaviour of such structures. Curved
members in modern bridges and architectural structures continue to predominate
because of emphasis on aesthetics and transportation alignment restrictions in
metropolitan areas.

The reader is assumed to be familiar with the classical dynamic theory of
elasticity, and a preliminary elemental knowledge in wave surfaces of disconti-
nuity and conditions of compatibility on these surfaces is helpful. In one of the
universities, where we were delivering a presentation about the dynamic response
of thin-walled beams of open profile, we were asked if the conditions of com-
patibility adopted in our approach were the Beltrami—Michell compatibility con-
ditions in strains. We did not answer this ‘dilettante question’ last time, but further,
after some conversation, we have decided to write a book which could be a guide
in the field. That is why at the end of this book we place in Chap. 6 brief but main
data about the surfaces of strong discontinuity and the compatibility conditions.
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vi Preface

However, the readers, who want to study the theory of discontinuities in more
detail, are referred to the book by Thomas (1961) Plastic Flow and Fracture in
Solids, Academic Press, New York.

The second stumbling block for some readers could be the theory of thin-walled
beams of open section which abounds with such new terms as ‘flexural-torsional’
moment, ‘bimoment’, ‘warping of the cross section’, ‘sectorial area’, and others.
This theory was pioneered by Vlasov in his Thin-Walled Elastic Beams published
first in Russian in 1940 and then in English in 1961, where he explained in detail
all these new phenomena which are characteristic of thin-walled beams of open
profile as compared with simple beams. It seems likely that for a present-day
young Western reader the Vlasov theory is known after the book by Gjelsvik
(1981) Theory of Thin Walled Bars, Wiley, New York.

This book comprises six chapters. The motivation of its writing is discussed in
Introduction. Chapter 2 presents the analytical review of the existing dynamic
technical theories of thin-walled beams of open profile. The new theory dealing
with the transient wave propagation in pre-stressed spatially curved thin-walled
beams of open profile is suggested in Chap. 3. Chapter 4 treats the impact
response of this walled beams, since the proposed theory is well suited for solving
the problems of shock interactions.

The authors express their gratitude to Professor Holm Altenbach of the
Otto-von-Guericke-Universitit Magdeburg and Professor Andreas Oechsner of
the Technical University of Malaysia for their suggestion and encouragement to
submit this book for publication in the Springer Brief series.

This work could not be completed and the book would not be written without
the financial support from the Russian Foundation for Basic Research and the
Russian Ministry of Science and Education (within the framework of the Ana-
Iytical Institutional Aimed Programme “Development of Research Potential of
Educational Institutions 2009-2011""), what is greatly appreciated by the authors.

Voronezh, March 2011 Yury Rossikhin
Marina Shitikova
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Chapter 1
Introduction

The Vlasov theory [1] was elaborated more than 70-years ago for static analysis of
straight thin-walled beams of open profile. However among a large body of sets of
equations, which appeared during these years and which are intended to describe
the dynamic response of thin-walled beams of open section, only a small percent
fits the following simple requirements: hyperbolicity, and physical justification. At
first glance it would seem that it is easy to match these requirements, but this is not
the case. The authors of this book have suggested a special criterion which allows
one to analyze quickly the sets of equations describing the dynamic behaviour of
thin-walled beams of open profile, as well as to reveal their merits and demerits.

The first set of equations describing the dynamic response of straight thin-
walled beams of open section was suggested by Vlasov [1]. In these equations, the
rotary inertia was taken into account in a similar way as it was done by Rayleigh
for a simple beam. However, as it would be shown below, such a set of equation
falls into contradiction with the physical meaning. Dynamic equations for thin-
walled beams proposed later consider both the rotary inertia and transverse shear
deformation. Although for the beams of solid section, as it was shown by
Timoshenko [2], the consideration for these two factors is essential for creating the
physically justified hyperbolic dynamic equations, it turns out that it is not suffi-
ciently advanced for describing the dynamic behaviour of thin-walled beams.

The third significant step on the road to developing the physically justified
hyperbolic set of equations for thin-walled beams of open section was the paper by
Gol’denveizer [3], wherein he suggested, instead of the Vlasov hypothesis about
the warping of the cross section as the first derivative in the longitudinal coordi-
nate of the rotation angle around the centroidal axis, to consider the warping as the
independent function.

As it is shown in this book, only the consideration of three enumerated
hypotheses at a time, which were proposed by four coryphaei in mechanics of
solids, namely: Rayleigh, Timoshenko, Vlasov, and Gol’denveizer, allows one to
derive the physically justified hyperbolic set of equations for thin-walled beams of
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2 1 Introduction

open section. Such a set of equations was obtained in 1974 by Korbut and Lazarev
[4]. Their paper has gone astray in the Lethean streams, and nobody of present-day
researchers has cited it although some of them utilize the similar equations.

This story could be finished at this point if it were not for one circumstance.
The sets of physically justified and hyperbolic equations determine one longitu-
dinal wave propagating with the velocity of the longitudinal wave in a thin rod and
three or four transverse waves, the velocities of which depend on the geometrical
characteristics of thin-walled beams of open profile. This brings up two questions.
The first one is how determine experimentally the velocities of the transverse
waves which depend essentially on the choice of the tested beams. The second
question bears some philosophical nature: whether it is possible to develop such a
theory of dynamic behaviour of thin-walled beams which admits the propagation
only of two waves with the velocities depending only on elastic constants.

As an answer to the second question, we want the suggest to our readers a novel
theory, which is based on the three-dimensional equations of elasticity and on the
theory of discontinuities and which satisfies the three hypotheses formulated
above. To the authors’ knowledge, this theory is unique and has no analogs.

References

1. V.Z. Vlasov, Thin-walled elastic beams. (Published for the National Science Foundation,
Washington, 1961)

2. S.P. Timoshenko, Vibration problems in engineering. (Van Nostrand, New York, 1928)

3. A.L. Gol’denveizer, To the theory of thin-walled beams (in Russian). Prikl. Mat. Mekh. 13,
561-596 (1949)

4. B.A. Korbut, V.I. Lazarev, Equations of flexural-torsional waves in thin-walled bars of open
cross section. Int. Appl. Mech. 10, 640-644 (1974)



Chapter 2
Engineering Theories of Thin-Walled
Beams of Open Section

Abstract The analytical review of the existing dynamic technical theories of thin-
walled beams of open profile is carried out, from which it follows that all papers in
the field can be divided into three groups. The papers, wherein the governing set of
equations is both hyperbolic and correct from the viewpoint of the physically
admissible magnitudes of the velocities of the transient waves resulting from these
equations, fall into the first category. The second category involves the articles
presenting hyperbolic but incorrect equations from the above mentioned view-
point, i.e. resulting in incorrect magnitudes of the transient waves. The papers
providing the governing system of equations which are not hyperbolic fall into the
third group. The simple but effective procedure for checking for the category,
within which this or that paper falls in, has been proposed and illustrated by
several examples. It has been shown that only the theories of the first group, such
as the Korbut-Lazarev theory, could be used for solving the problems dealing with
transient wave propagation, while the theories belonging to the second and third
group could be adopted for static problems only.

Keywords Thin-walled beam of open section - Vlasov theory - Gol’denveizer
approach - Korbut-Lazarev equations

2.1 Review of Dynamic Engineering Theories of Thin-Walled
Beams of Open Section

Thin-walled beams of open section are extensively used as structural components
in different structures in civil, mechanical and aeronautical engineering fields.
These structures have to resist dynamic loads such as wind, traffic and earthquake
loadings, so that the understanding of the dynamic behavior of the struc-
tures becomes increasingly important. Ship hulls are also can be modelled as
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4 2 Engineering Theories of Thin-Walled Beams of Open Section

thin-walled girders during investigation of hydroelastic response of large container
ships in waves [1].

The classical engineering theory of thin-walled uniform straight and horizontally
curved beams of open cross-section was developed by Vlasov [2] in the early 1960s
without due account for rotational inertia and transverse shear deformations [3]. The
Vlasov theory is the generalization of the Bernoulli—Navier law to the thin-walled
open section beams by including the sectorial warping of the section into account by
the law of sectorial areas, providing that the first derivative of the torsion angle with
respect to the longitudinal axis serves as a measure of the warping of the section.
Thus, this theory results in the four differential equations of free vibrations of a thin-
walled beam with an open inflexible section contour of arbitrary shape. For the case
of a straight beam, the first second-order equation determines, independently of the
other three and together with the initial and boundary conditions, the longitudinal
vibrations of the beam. The remaining three fourth-order differential equations form
a symmetrical system which, together with the initial and boundary conditions
determines the transverse flexural-torsional vibrations of the beam (see page 388 in
[2]). In the case of a curved beam, all four equations are coupled. However, as it will
be shown later on following [4], Vlasov’s equations are inappropriate for use in the
problems dealing with the transient wave propagation.

Many researchers have tried to modify the Vlasov theory for dynamic analysis
of elastic isotropic thin-walled beams with uniform cross-section by including into
consideration the rotary inertia and transverse shear deformations [5-22], and/or
by taking into consideration thin-walled beams of variable open section [23, 24],
and/or investigating composite beams [25-27], and/or considering coupled
bending—torsional vibration of axially loaded thin-walled beams [7, 14, 28, 29].

The increasing use of curved thin-walled beams in highway bridges and aircraft
has resulted in considerable effort being directed toward developing accurate
methods for analyzing the dynamic behaviour of such structures [30-36]. Curved
members in modern bridges and architectural structures continue to predominate
because of emphasis on aesthetics and transportation alighment restrictions in
metropolitan areas.

It is well known that Timoshenko [37] in order to generalize the Bernoulli—
Euler beam model has introduced two distinct functions, namely: the deflection of
the centroid of the cross-section and the rotation of the normal to the cross-section
through the centroid, i.e., he considered the transverse shear angle to be the
independent variable. This starting point was the basis for the derivation of a set of
two hyperbolic differential equations describing the dynamic behavior of a beam,
resulting in the fact that two transient waves propagate in the Timoshenko beam
with finite velocities: the longitudinal wave with the velocity equal to Gy =
\/E/p, and the wave of transverse shear with the velocity equal to Gr = \/Ku/p,
where E and p are the elastic moduli, p is the density, and K is the shear coefficient
which is weakly dependent on the geometry of the beam [38].

Many of the up-to-date technical articles involve the derivation of the equations
which, from the authors viewpoint, should describe the dynamic behavior of
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thin-walled beams of the Timoshenko type [6-10, 13—15, 19, 21]. Moreover,
practically in each such paper it is written that such equations are novel, and no
analogs were available previously in scientific literature [6, 8, 9, 14, 19].

All papers in the field can be divided into three groups. The papers, wherein the
governing set of equations is both hyperbolic and correct from the viewpoint of the
physically admissible magnitudes of the velocities of the transient waves resulting from
these equations, fall into the first category, i.e. the velocity of the longitudinal wave is

G = \/E/p, while the velocities of the three transverse shear waves, in the general
case of arbitrary cross sections of thin-walled beams with open profile, depend
essentially of the geometry of the open section beam [9, 12 , 18]. There are seven
independent unknowns in the displacement field in the general case if only primary
warping is included into consideration [12], or with additional three generalized
displacements describing the variation of the secondary warping due to non-uniform
bending and torsion [9], or with additional three variables describing a “complete
homogeneous deformation of the microstructure” [18]. As this takes place, different
authors obtain different magnitudes for the velocities of transverse shear waves.

The second category involves the articles presenting hyperbolic but incorrect
equations from the above mentioned viewpoint, i.e. resulting in incorrect magni-
tudes of the transient waves. This concerns, first of all, the velocity of the longi-
tudinal waves which should not deviate from G, = \/E/p, nevertheless, there are
some examples [16] where such a situation takes place. Secondly, in some papers
one can find equations looking like hyperbolic ones [7, 19, 21, 39] but from which
it is impossible to obtain the velocity, at least, of one transient wave at all. In such
papers, usually six generalized displacements are independent (for monosym-
metric cross sections they are four, and two in the case of bisymmetric profiles)
while warping is assumed to be dependent on the derivative of the torsional
rotation with respect to the beam axial coordinate [19, 21], or is neglected in the
analysis [7, 39]. In other words, there is a hybrid of two approaches: Timoshenko’s
beam theory [37] and Vlasov’s thin-walled beam theory [2], some times resulting
in a set of equations wherein some of them are hyperbolic, while others are not.
Thirdly, not all inertia terms are included into consideration.

The papers providing the governing system of equations which are not
hyperbolic belong to the third group [6, 8, 10]. In such papers, the waves of
transverse shear are the diffusion waves possessing infinitely large velocities, and
therefore, from our point of view, the dynamic equations presented in [6, 8, 10]
cannot be named as the Timoshenko type equations.

2.2 Procedure for Defining the Correctness
of Engineering Approaches

Checking for the category, within which this or that paper falls in, is carried out
rather easily if one uses the following reasoning proposed by Rossikhin and
Shitikova [4].
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Suppose that the given governing set of equations is the hyperbolic one. Then
as a result of non-stationary excitations on a beam, transient waves in the
form of surfaces of strong or weak discontinuity are generated in this beam
(see Chap. 6 for details). We shall interpret the wave surface as a limiting layer
with the thickness £, inside of which the desired field Z changes monotonically
and continuously from the magnitude Z, to the magnitude Z_. Now we can
differentiate the set of equations n times with respect to time ¢, then rewrite it
inside the layer, and change all time-derivatives by the derivatives with respect
to the axial coordinate z using the one-dimensional condition of compatibility
(see Sect. 6.2)

anZ n—1 ! 5nfmz m
(_1)1127(,1> _ Gn + Z(_I)HH-] n ,( )

2.1
dz" m!(n —m)! or—m 7 21)

m=0

where G is the normal velocity of the limiting layer, ¢/dt is the Thomas
S-derivative [40], and Z ) = 0Z/or .

Integrating the resulting equations » times with respect to z, where n is the order
of the highest z-derivative, writing the net equations at z = —h/2 and z = h/2, and
taking their difference, we are led at 7 — O to the relationships which involve the
discontinuities in the desired field [Z] = Z, — Z_ and which are used for deter-
mining the velocities of the transient waves, i.e. the magnitude of G, what allows
one to clarify the type of the given equations.

If the values entering in the governing equations could not experience the
discontinuity during transition through the wave surface, generalized displace-
ments as an example, then in this case the governing set of equations should be
differentiated one time with respect to time in order to substitute the generalized
displacements by their velocities. Thus, after the procedure described above, the
governing equations will involve not the discontinuities in the desired values Z but
the discontinuities in their time-derivatives, i.e. [Z] = (0Z/dt), — (3Z/dt)_.

Using the procedure described above, it can be shown that the correct hyper-
bolic set of equations taking shear deformation due to bending and coupled
bending torsion was suggested by Aggarwal and Cranch [5], but their theory is
strictly applied only to a channel-section beam.

It seems likely that for a straight elastic thin-walled beam with a generic open
section this problem was pioneered in 1974 by Korbut and Lazarev [12], who
generalized the Vlasov theory by adopting the assumptions proposed in 1949 by
Gol’denveizer [41] that the angles of in-plane rotation do not coincide with the
first derivatives of the lateral displacement components and, analogously, warping
does not coincide with the first derivative of the torsional rotation. It should be
emphasized that it was precisely Gol’denveizer [41] who pioneered in combining
Timoshenko’s beam theory [37] and Vlasov thin-walled beam theory [2] (note that
the first edition of Vlasov’s book was published in Moscow in 1940) and who
suggested to characterize the displacements of the thin-walled beam’s cross-
section by seven generalized displacements. It is interesting to note that the
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approach proposed by Gol’denveizer [41] for solving static problems (which has
being widely used by Russian researchers and engineers since 1949) was
re-discovered approximately 50 years later by Back and Will [42], who have
inserted it in finite element codes.

The set of seven second-order differential equations with due account for
rotational inertia and transverse shear deformations derived in [12] using the
Reissner’s variational principle really describes the dynamic behavior of a straight
beam of the Timoshenko type and has the following form:

the equations of motion

pIxBx — Mx,z + Qyw = Oa
pIyBy ._ MVAZ - qu) = Oa (2 2)
pl,¥ — B.,z - Qxy = 0,
pF‘.’z - N,z = 0,
oFv, + payF(i) = Qo =0,
pF\.)y — pade) - Qyw.z = 07 (23)

plp(i) + payFy — paFvy — (Qxy + H)’Z =0;
the generalized Hook’s law

Mx - EIxBx,za
M, = EL,B, _,
B = EIw"P.za

N = EFv,,,

f1(ve; — By) = kyOror + kiyOyor + kyo Quy
1(vy: + By) = kyQOuo + keQyor + ke Oy,
1@, =) = kyQior + kxwOyor + ko Qs
H = ul, @, ,

(2.5)

where p is the beam’s material density, F is the cross-section area, w is the
sectorial coordinate, I, and I, are centroidal moments of inertia, /,, is the sectorial
moment of inertia, /, is the polar moment of inertia about the flexure center A, Ij is
the moment of inertia due to pure torsion, a, and a, are the coordinates of the
flexural center, E and p are the Young’s and shear moduli, respectively, B, = [)’x,
B, = B),, ® = ¢, B, B, and ¢ are the angles of rotation of the cross section about
x-, y- and z-axes, respectively, ¥ = 1/'/, Y is the warping function, vy, vy, v, are the
velocities of displacements of the flexural center, u, v, and w, along the central
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principal axes x and y and the longitudinal z-axis, respectively, M, and M, are the
bending moments, B is the bimoment, N is the longitudinal (membrane) force, Q.
and Q,, are the transverse forces, H is the moment of pure torsion, Q,, is the
bending-torsional moment from the axial shear forces acting at a tangent to the
contour of the cross section about the flexural center, overdots denote the time
derivatives, and the index z after a point defines the derivative with respect to the
z-coordinate.

In 2.5), kg, ky, ko, kyw, kyo, and k., are the cross-sectional geometrical
characteristics which take shears into consideration:

1 [s? 1S 1 [$?
kr:I_z ?dFv kV:I_2/§dF7 kv):I_2 5_ng7
X o N y o N & s (26)
1 [SS L[S 1 [SS
w = | 52dF, ky, = 22dF, ky = [ =2 dF
0] Ix Iw 53 ) Yo Iy Iw / 5? ) Xy Ix Iy / 53 )
F F F

where S;, S, and S, are the axial and sectorial static moments of the intercepted
part of the cross section, and J; is the width of the web of the beam.

Note that 25 years later the shear coefficients (2.6) were re-derived by means of
the Reissner principle in [10].

2.2.1 Velocities of Transient Waves in Thin-Walled Beams
of Open Section due to the Korbut-Lazarev Theory
and Its Generalizations

To show that the set of Eqs. 2.2-2.5 governs three transient shear waves which
propagate with the finite velocities depending on the geometrical characteristics of
the thin-walled beam (2.6), we can use the approach suggested above. If we write
(2.2)—(2.5) inside the layer and apply the condition of compatibility (2.1) atn = 1,
as a result, we find [20]

_pIxG[Bx] - [Mx] =
_PlyG[By] - [My]

—pl,G[¥] — [B] =0,
—pFG[v:] — [N] =0,

—pFG|vy] — pFGay|®] — [Qy] = 0,
—pFGlvy| + pFGa,[®] — [Qy] =0, (2.8)
—pl,G[®] — pFGay[v,] + pFGaylv,] — (O] — [H] = 0,



2.2 Procedure for Defining the Correctness of Engineering Approaches 9

—G[M,] = EL[B,],
—G[M,] = EI[B,],
~G[B] = EI,[¥], (29)
—G[N] = EF[v],
,U,[Vx = _ka[wa} - kay [Qyw] - kaw [Qxy]v
#[Vy = _ka) [me} GkX[Qyw] — Gkyo» [Qxy] (2.1 O)

]

] >
,u[CD] _kaw[wa} — Gk [Qyw] - ka[Qxy]a

]

Eliminating the values [M,], [M,], [B] and [N] from (2.7) and (2.9), we obtain
the velocity of the longitudinal-flexural-warping wave

Gy = VEp, (2.11)

on which [B,] # 0, [B,] # 0, [¥] # 0, and [v;] # 0, while [v,] = [v,] = [®] = 0.
Eliminating the values [Qyy], [Qyw], [Ox], and [H] from (2.8) and (2.10),
we arrive at the system of three linear homogeneous equations:

3
S aglv] =0 (i.j=1,2,3), (2.12)
where [vi] = [vi], [vo] = [w], [va] = [®],
ayn = PFGZ(k + ay yu)) — K, ap = ,OFGZ(k - axkym)a
apz = PFGZ(CZ — dx xv) + ky(u(pl G* - ,UIk)
ay = pFGZ(kxv + ay xw) axy = pFG (k - axkxw) 2
ax = pFG*(aykyy — arky) + kuo (p1,G* — pl),

a3 = (kyw + aykw), axy = pFG*(kyy — ask,),
azs = pFG*(aykyw — ackyw) + ko(pl,G*—1) — 1.
Setting determinant of the set of Eq. 2.12 equal to zero
laj| =0, (2.13)

we are led to the cubic equation governing the velocities Gi, G,, and G3 of
three twisting-shear waves, on which only the values [v,], [v,] and [®] are nonzero
such that

[Vx] = V[(D]v [V.V] = 5[(I)L (2.14)
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where

_ aa3dj12 — A13axn 5= apzdz) — axsdaj
—_ -_—— .
apidzy — appdzg apjdyy — djppdzg

If the beam has the central symmetry, then the flexural center coincides with the
center of symmetry, i.e. a, = a, =0, and the parameters k, and ky, vanish.
In this case, the third equation from the system of Eq. 2.12 determines the velocity
of the twisting wave [20]

Gr = /11 + k) (plko) ™, (2.15)

on which only the value [®@] = 0, but the first and second equations of (2.12) have
the form

afy[vi] + af; [vy] =

bl

0
(2.16)
a9y [v] + a3, [vy] =0,

(i=1,2).
Setting determinant of the set of Eq. 2.16 equal to zero,

0 .
where a;; = alj|ax:av:O

00
4 dp | _
a QO

21 92

we are led to the biquadratic equation governing the velocities G, and G3 of two
shear waves

u et k(e — k) 4R,
Gas = \|=— - , (2.17)
2pF Try

where gy, = kik, — k7. On these waves only the values [v,] and [v,] are nonzero
such that [v,] = 0[v,], where 6 = —a}, /a),.

If the beam has the plane of symmetry containing, for example, the y-axis, then
the parameters ay, ky, and ky,, vanish. In this case, the second equation from the
system of Eq. 2.12 determines the velocity of the shear wave

Gy = \/ ulkepF) ™", (2.18)

on which only the value [vy] # 0, but the first and third equations of (2.12) have
the form

an[v] + af; (@]

=0
’ (2.19)
azi [vi] + a3;[®@] = 0,

0o _ 0 _
where aj; = a3, _, and a3; = az|, -
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Setting determinant of the set of Eq. 2.19 equal to zero,

0
an  aps

=0
0
aszy  dsg

we are led to the biquadratic equation governing the velocities G, and G, of two

twisting-shear waves
Gio= \|—— (611 F/ai — 6]2)7 (2.20)
’ 2pFl.qy,,

where gy, = kyk,, — k‘z,w, q1 = kol, + IlFqy, + F(ky + 2ayky,,), q2 = 4FL(1 +
koly), I, = I, + I,. On these waves only the values [v,] and [®] are nonzero such
that [v,] = x[®], where y = —al;/a.

For the bisymmetrical beam, the values ay, ay, kyy, kx, and ky,, vanish. In this
case, the set of (2.12) becomes the three independent equations defining the

velocities of two shear waves

[H [u
Gy =, ,/—. Gi=,/— 2.21
2 kaya 3 kaxa ( )

,U,(l + kw[k)
plko

and one twisting wave

G, = (2.22)

on which [v,], [v], and [®] are nonzero, respectively.

It is strange to these authors that the Korbut and Lazarev theory [12] appeared
in 1974 is absolutely unaware to the international mechanics community, in spite
of the fact that it was published in the Soviet academic journal which is available
in English due to translation made by Springer.

The Korbut-Lazarev theory [12], which provides the physically admissible
velocities of propagation of transient waves, was generalized in [20] taking the
extension of the thin-walled beam’s middle surface into account.

Nine years later after the appearance of [12], Muller [18] suggested the theory
(which generalized the Korbut-Lazarev approach [12]), wherein the additional
deformations of two lateral contractions and the so-called effect of distortion shear
were taken into consideration. This allowed the author to receive correctly the
velocity of the longitudinal-flexural-warping wave (2.11), three velocities of the
transverse shear waves due to coupled flexural translational-torsional motions,
which strongly depend of the geometry of the beam’s cross section as in the case of
(2.13) defined by the Korbut—Lazarev theory [12], and the wave of pure shear due to
lateral distortion deformation, which propagates with the velocity Gr = +/1/p.

One more example of the correct generalization of the Timoshenko beam model
to an open section thin-walled beam is the approach proposed in [9, 13] in the early
1990s. Once again it is the generalization of the Korbut—Lazarev theory [12],
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since three additional deformations describing the secondary warping due to non-
uniform bending and torsion are taken into account. The hyperbolic set of ten
equations presented in [13] allows one to obtain the velocity of longitudinal-
flexural-warping wave (2.11), and three velocities of the transverse shear waves
due to coupled flexural translational-torsional motions similar to (2.13). As this
takes place, the found shear constants (see relationships (45) in [9]) coincide
completely with those of (2.6).

The presence of three [9, 12, 20] or four [18] transverse shear waves, which
propagate with different velocities dependent strongly on geometric characteristics
of the thin-walled beam, severely limits the application of such theories in solving
engineering problems. As for the experimental verification of the existence of
the three shear waves in thin-walled beams of open section, then it appears to be
hampered by the fact that the velocities of these waves depend on the choice of the
beam’s cross section.

2.2.2 Velocities of Transient Waves in Thin-Walled Beams
of Open Section due to the Vlasov Theory and Its
Modifications

Note that only inclusion into consideration of three factors, namely: shear
deformations, rotary inertia, and warping deformations as the independent
field—could lead to the correct system of hyperbolic equations of the
Timoshenko type for describing the dynamic behaviour of thin bodies.
Ignoring one of the factors or its incomplete account immediately results in
an incorrect set of governing equations.

Let us consider, as an example, the dynamic equations suggested by Vlasov
(see (1.8) in page 388 in [2]) to describe the behaviour of thin-walled straight
beams of open profile:

o o
EFa—ZE‘pFaTzC:O’
o o %€ %0
E’-va*zf B P’yﬁaﬁz PP o apF =0, 023)
EI@pr o' +pF@fapF@:O
* o * 072012 o T ’
e A A S IO A i SRRl B
“ o 02 @2 PP Wroe e T

which were obtained with due account for the rotary inertia but neglecting the
shear deformations, where {, & and 5 are the displacements of the flexural center
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along the central principal axes x and y and the longitudinal z-axis, respectively,
and 0 is the angle of the rotation about the z-axis.

If we differentiate all equations in (2.23) one time with respect to time, and then
apply to them the suggested above procedure, as a result we obtain

(bG* = E)[{] =0,
(pG* = E)[{] =0, (2.24)
(vG* = E)[if) = 0,
(pG* — E)[0] = 0.

Reference to (2.24) shows that on the transient longitudinal wave of strong

discontinuity propagating with the velocity G;, = \/E/p, not only the velocity of
longitudinal displacement { experiences discontinuity but the velocities of trans-
verse displacements ¢ and n as well, what is characteristic for the transient
transverse shear wave of strong discontinuity. Therefore, the set of Eq. 2.23 could
not be considered as a correct hyperbolic set of equations. In other words, the
values connected with the phenomenon of shear propagate with the velocity G,
what falls into contradiction with the physical sense, and thus the Vlasov theory is
applicable only for the static problems.

Note that for a rod of a massive cross-section the account only for the rotary
inertia was made for the first time by Lord Rayleigh in his Theory of Sound in the
form of a mixed derivative of the displacement with respect to time and coordinate.

If we exclude from (2. 23) the terms responsible for the rotary inertia, i.e.
pl, ajzafz“ ol aSZézZv and pl, aZZazH then we obtain the equations describing the
dynamic behaviour of the Bernoulli-Euler beams. In such beams, the velocity of
the propagation of the transient transverse shear wave of strong discontinuity is
equal to infinity.

The second example is not mere expressive. Let us consider the set of equations
suggested by Meshcheriakov [16] for describing the straight thin-walled beam of
open bisymmetric profile

@43 : o', o, Sx @4ﬁ

El, - pl, o0 +pF —=+2(1 + v) 6z26t2 =0,
o', ', OB, Syy ',

EI, . ol 020r + pF 32 +2(1+ V)KPF 0200~ 0,

Sow 64‘11
2(1 =0
+ ( + V) 1, 8z26t2 )

4 4 2 2
£, oY oy aw—i—pl aat‘f

oot Pl pger T P ag

(2.25)

where 3, and f3 are the angles of rotation around the main transverse axes, V is the
warping of the cross section, Sy, S,y, and S, are shear coefficients [16], and v is
the Poisson’s ratio.
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If we differentiate all equations from (2.25) one time with respect to time ¢ and
then apply to them the procedure described above, as a result we obtain

9%}

IV{E—pGZ 1—2(1+v)1—’;‘ F
y

1—2(1 422 F] }[Bx] _o, (2.26)

2
IX{E— pG 7

—
95

Iw{E — pG* :1 —2(1 + v)SILZ‘“ 1,,] }[1//] =0.

[0

Reference to (2.26) shows that absolutely absurd velocities of three transient
longitudinal waves of strong discontinuity

SXX
Gy =, |Ep~! 1—2(1—|—v)1—2F ,
L y
_ S -1
G, :\/Ep—' L=2(1+4v) 2 F] 7 (2.27)
L X
_ S -1
G3 = Ep_l 1— 2(1 =+ V) IJZ Ip:|

are obtained.
However if the rotary inertia is considered sequentially, as it was done by
Timoshenko in Vibration Problems in Engineering [37], then the additional terms

S o*B,
—2(1+v)==pF pE~' —
(I+v) L, Pre 5
S o*p
=2(1+ V)%pF pE™! at[f, (2.28)
S L Yy
_2(1 + V) Iw pIp pE W’

will enter in (2.25) as it is in [17], which could remedy all velocities of transient
longitudinal waves, since the procedure suggested in [4] and described above in
Sect. 2.2 transforms the additional terms (2.28) to the form

Sux o
=2(1+v) 5 pF pE~' GU[B,],
y

S _ .
21+ 9)ZpF pE G (2.29)

S .
=21+ v) =57 ply pE Gy,
w
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Relationships (2.29) will be added, respectively, in Eq. 2.26, and will transform
them, in their turn, to the form

Sor
(E — pG?) 1+2(1+v) 5 E 'FpG?
2

[,] =0,

(E—pG*)|14+2(1+v) S%; EleGz] [B.] =0, (2.30)

L X

[ Sww 9
(E—pG*) |14+ 2(1 + v)I—z Ellpsz} W] = o0,

L 0]

whence it follows that the velocity of the longitudinal wave of strong discontinuity

is equal to G, = \/E/p, what matches to the reality.

It should be noted also that a reader could even find such papers in the field
which are apparently false. Thus, the following set of equations is presented in [19]
(it is written below in the notation adopted in Sect. 2.2.1 for convenience):

EFw' — pFyw = 0,
kepF (u” — By)
kyuF(v" + B.) — pFV + pa,Fip = 0,
ELB} — kyuF (V' + B,) — pIB, =0,
EL B, + kuF (i — B,) — pI,B, =0,
El,¢"" — uly¢" — plu¢" + payFit — paF + pl, = 0,

— pFit — pa,Fp = 0,

(2.31)

where primes denote derivatives with respect to the coordinate z, and k, and k, are
the shear correction factors in principal planes [19].

The author of [19] has declared that the system of (2.31) is responsible for
describing the transverse shear deformations and rotary inertia in a thin-walled
beam of open profile, that is to describe the dynamic response of a Timoshenko-
like beam.

But this set of equations is not even correct one, and thus it could not
describe the dynamic behaviour of the thin-walled Timoshenko-like beam.
Really, applying the procedure proposed above, we can rewrite (2.31) in terms of
discontinuities

EF[v,] — pG*F[v;] =0,

keplF vy — pG*Fvy] — pG*a,F[®] =
kyuF[vy] — pG*Fvy] + pG*a,F|®] =
EI[B,] — pG*I.[B,] = 0
EL[B,] — PGzly B,] =0,
EI,[®] — pG*I,,[®] = 0.

(2.32)
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From (2.32) it follows that when [v.] # 0, [B,] # 0, and [B,] # 0, i.e. on the
longitudinal wave, the velocity G is equal to the velocity of the longitudinal wave

v/ E/p. Furthermore, on the longitudinal wave, the discontinuity [®] is also distinct
from zero, while the value [®@] should be nonzero only on the transverse wave.
Moreover, the velocity of the transverse shear wave could not be obtained from the
second and third equations of (2.32) at all.

The contradiction obtained points to the fact that (2.31) is the incorrect system
of equations, and nobody, including the author of [19], knows what phenomenon is
described by these equations.

Thus, the examples presented above have demonstrated the effectiveness of the
procedure suggested by the authors for identifying the category of the equations of
motion and its applicability for using in dynamic problems dealing with the
propagation of the transient waves in thin-walled structures.
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Chapter 3

Transient Dynamics of Pre-Stressed
Spatially Curved Thin-Walled Beams
of Open Profile

Abstract The dynamic stability with respect to small pertubations, as well as the
local damage of geometrically nonlinear elastic spatially curved open section
beams with axial precompression have been analyzed. Transient waves, which are
the surfaces of strong discontinuity and wherein the stress and strain fields expe-
rience discontinuities, are used as small pertubations, in so doing the discontinuities
are considered to be of small values. Such waves are initiated during low-velocity
impacts upon thin-walled beams. The theory of discontinuities and the method of
ray expansions, which allow one to find the desired fields behind the fronts of the
transient waves in terms of discontinuities in time-derivatives of the values to be
found, are used as the methods of solution for short-time dynamic processes.

Keywords Pre-stressed spatially curved thin-walled beam of open section - Small
transient perturbations - Surfaces of strong discontinuity - Recurrent equations of
the ray method - Ray expansions

3.1 Theory of Thin-Walled Beams Based on 3D Equations
of the Theory of Elasticity

For investigating the dynamic behaviour of thin-walled beams of open section,
we shall proceed from three-dimensional (3D) equations of isotropic elasticity
written in the Cartesian system of coordinates x;, x,, and xj.

3.1.1 Problem Formulation and Governing Equations

Let us consider a certain unperturbed equilibrium of an elastic body characterized
by the displacement vector u?, stress tensor 02, and the vector of volume forces X?

Y. A. Rossikhin and M. V. Shitikova, Dynamic Response of Pre-Stressed Spatially 19
Curved Thin-Walled Beams of Open Profile, SpringerBriefs in Applied Sciences
and Technology, DOI: 10.1007/978-3-642-20969-7_3, © Yury A. Rossikhin 2011
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(surface forces are absent). The characteristics of the unperturbed equilibrium state
satisfy the following geometrically nonlinear equations and boundary conditions
on the surface [1]:

{3 (0 + )} ; + X7 =0, (3.1)
U?k((sik + u?k)vj =0, (3.2)

where d; is the Kronecker’s symbol, v; are the components of the unit vector
normal to the boundary surface, Latin indices take on the magnitudes 1, 2, 3,
a Latin index after comma denotes the partial derivative with respect to the cor-
responding spatial coordinate x|, x2, x3, and the summation is understood over the
repeated indices.

Let us perturb the body with some small deviations from the unperturbed
equilibrium: u;, ¢, X; = —pii;, where p is the material density, and an overdot
denotes the time-derivative. The characteristic components of the perturbed
motion %;, ¢;, and X; take the form

ﬁi = I/t? + u;, 50‘ = O'g» + Oijj, Xl‘ = —p\'/i, (33)

where v; is the displacement velocity.
The components of the perturbed state satisfy the following equations and
boundary conditions:

{Gi(du + ﬁi,k)}J +X; =0, (3.4)

5jk (5,’/( + ﬁi7k)Vj =0. (35)

Substituting (3.3) in (3.4) and (3.5), carrying out the linearization of the
resulting equations, and taking (3.1) and (3.2) into account, we find

{ij (5ik + M2k> + Jfkui,k} j= piti, (3.6)

{ajk (5,-k + u?k) + aj(),(uik}vj =0. (3.7)

Suppose that the unperturbed state deviates a little from the initial undeformed
state. In the majority of engineering problems the given assumption is found to be

valid. In this case, the terms u?_k can be neglected, and Eqgs. 3.2, 3.6 and 3.7 at

ag = ¢, where ¢ (i,j = 1,2,3) are certain constant values (moreover, some of
them could be vanished according to the conditions of the problem under

consideration), take the following form:

oi,j + ()'_?zui,zj' = pvi, (3.8)

gjjVi = O7 (39)
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Fig. 3.1 Scheme of a
spatially curved linear elastic
beam of arbitrary open
cross-section

o = 0. (3.10)

Equations 3.8-3.10 should be considered together with the relationship
é’,’j = /‘{Vl,léij + ,u(vw- + Vj,i)7 (311)

where 4 and p are Lamé constants.

Suppose that the wave surface of strong discontinuity exists in a spatially
curved thin-walled beam of open section. Then let us differentiate (3.8), (3.11) and
(3.9) k times with respect to time, write them on the both sides of the wave surface,
and take their difference. As a result we obtain

[.w1)] = Aviw 05 + w[vijw] + [viw]), (3.12)
[o30)] + aplenju—n] = p[vigsn], (3.13)
[3.0]vi =0, (3.14)

where e; = v;j, and [Z )] = (akZ/atk)+—(6kZ/6tk)7.

Equation 3.13 lacks the discontinuities in the external forces, since they are
continuous on the wave surface of strong discontinuity.

For the ease of further treatment, let us introduce two sets of coordinates:
A, 7, & with the unit vectors A{/;}, {7}, and &{&;}, and 2, x, y with the unit
vectors 4, k{k;}, and s{s;}. The axes 4, 1, £ are the natural axes for the curved axis
of the beam, in so doing the A-axis is the tangent to the beam’s axis, the t-axis is its
binormal, the ¢-axis is its main normal, s is the arc length calculated from a certain
point with the coordinate sy along the beam axis (Fig. 3.1), while the x- and y-axes
are the main central axes of the beam’s normal section. The angle ¢(s) is the angle
between the x- and 7-axes and the y- and &-axes.
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Following [2], it can be shown that (for details see Appendix 1)
ds,-

P ki(K + 1) — ael; cos ¢(s), (3.15)
dk; .
il —si(K + 1) + &; sin ¢(s), (3.16)
s
d’; ,
P —k;ze sin @(s) + s; cos @(s), (3.17)
s

where K = d¢g/ds, while a(s) and t(s) are the curvature and the torsion of the
beam’s axis, respectively. Note that it is precisely these three values, K(s), a(s)
and 7(s), that are of prime engineering interest in studying the spatially curved
thin-walled beams of open profile. Moreover, as it will be shown in the further
analysis, these values produce new features in the dynamic response of such beams
as compared with straight thin-walled beams of open cross-section.

Considering the conditions of compatibility (see Sect. 6.1)

dow], a[“iﬁ(k)],,Jra[Uziﬁ(k)]s_

o] = —G e A ; k 3.18
[O-Usﬂk)] [th,(kﬂ)] i+ as 7 + o ay ( )
_ d[eil‘(k)] 0 [eil,(k)] 0 [eil.(k)]

I:eil-,j<k):| = —G 1 I:eil.(k"r]):l)\’j + dS ij + ax Il\j + ay Sj, (3.19)

_ d|vi @ O Vi O|Vi(k
eaao] = Bre] = =6 P+ Lty ol oo,
(3.20)
as well as formulas (3.15)—(3.17), Egs. 3.12 and 3.13 can be rewritten as
[0 4] = =G 'Alv, k+1 ])»1511 — G (i) 4 + [y g i)
Vi (k)] a["zﬁ(k)]
< ox k; + ay S 5U
Vi( j,(k)] ) a[vi,(k)},'
< ds ds 4t ox 7
Vil @[Vukﬂ L w] 391
+ aX [A? + ay S] + ay Si |5 ( : )
_ d[("i'(k)] 6[f"z"(kﬂ a[ai‘(k)}
‘ — G Y ' ALIPN JACIS iy )
P[Vz,(k+1)] [Uu,(k+l)]/“1 + ds 7 + o d + dy S
d[vi ] _10[vi k=)
+G 2 virn)of, —2G7! s — 0y, =26 ITG(;L
Ovi k- ] d[v; k1] 0 /dlv; 1]
—1°Vi(k=1)] o i(k=1)] o i,(k—1) 0
-2G o o, + 12 G, + Za <ds )a;x
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d[v; - Ovi (-
+2£< Vi 1)])0907+ Vi ])]{—(K+ )0' + 20), smq)}

Oy ds Ox
Ovi -] 0 0
+ T{(K +1)0Y, — @0, cos @}
dvi
+ (G1 Vi) — [v(;;;])]> ae((r(}“Y sin g — O'(jy cos (p), (3.22)
where aM =0 02, i, 0' = ao.ﬂk- and a(-) = JQ.ii i

Analysis of the 1nﬂuence of the prehmlnary shear stresses (r and ¢! sy and the

axial compression or tension stresses ¢ 5, and their different combinations on the
dynamic response of thin-walled rods of open profile is a very complicated
problem which is of great importance in civil engineering and bridge construction.

However, reference to Eq. 3.22 shows that the value ¢9, is multiplied by the
k + 1-order jump and by the s-derivative of the k-order, i.e. it has a strong impact
both on the velocities of the surfaces of strong discontinuity and on the discon-
tinuities, in contrast to the values a and aw which are multiplied only by the

k- and k — 1-order jumps, i.e. they exert weak effect only on the jumps. That is why,
below in Sect. 3.1.2 , we shall neglect o?x and ng with respect to the value 02 i

3.1.2 Dynamic Response of Axially Pre-Stressed Spatially
Curved Thin-Walled Beams of Open Profile

Thus, assuming further that ¢% = a =0 and ¢9, # 0, from (3.22) we have

d[a,,( )]

A+ag
ds 7

plvisn) = =G oy wrn)d +

dviw]  dvign)] O[vi (k-1
) 1 i,(k) i,(k—1) SOV (k=1)1 .
+ (G Vi @s1)] — 2G s T a2 ¥ g e

@v,- _
—%7[ é(k ])}COS(p>O'(A))

Y
(3.23)
To satisfy Eq. 3.14, it is sufficient to put
[0, kikj = 0, (3.24)
[03.00] 18 = 0, (3.25)

[aij,(k)]s,-kj =0. (326)
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Fig. 3.2 Scheme of the cross
section of a thin-walled beam
with a generic open cross-
section

Then the boundary surface will be free from the normal and tangential stresses.
Now we expand the value [vi,(k)] entering into (3.21) and (3.23)—(3.26) in terms
of three mutually orthogonal vectors 4, k, s. As a result we obtain

Vi = ©whi + 0wk + 1y si, (3.27)

where a)(k) = [Vi‘(k)];m H(k) = [Vl-_’(k)]k,', and n(k) = [V,-,U()]s,-.
Suppose that for a thin-walled beam of open section the following velocity
fields (involving seven independent functions at each fixed k) are fulfilled [3]:

(k) = Ok (5,51) = w?k) (s)+ a’(lff) ()y(s1)+ (7’22) (s)x(s1)+ J(k)wA (s1), (3.28)

Oy = Oy (5.51) = 0 (5) — 0l () ((s1) — @), (3.29)
Moy = Mo (5 51) = 1% (5) + 0l () (x(s1) — ), (3.30)

where s, is the arc length measured along the cross-section profile from the point
My, which corresponds to the arc length of 5%, to the point M[x(s), y(s1)], which
corresponds to the arc length of s; (Fig. 3.2).

Gol’denveizer [3] proposed that the angles of in-plane rotation do not coincide
with the first derivatives of the lateral displacement components and, analo-
gously, warping does not coincide with the first derivative of the torsional
rotation. Thus Gol’denveizer [3] pioneered in combining Timoshenko’s beam
theory [4] and Vlasov thin-walled beam theory [5] and suggested to characterize
the displacements of the thin-walled beam’s cross-section by seven generalized
displacements.

In order to refine the structure of formula (3.28) in the case of a spatially curved
thin-walled beam, let us differentiate (3.27), which involves only the terms u)((’k), 0&) ,

and n(()k), with respect to s with due account for (3.15)—(3.17). As a result we obtain
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0 0
dPvig]” _ (9% | 0 0 ,
i\ ds + G(k)ae sin — geecos @ | 4;

de)
(k) :
+ ( i a)(()k)ae sin ¢ + n(()k) (K + r)) ki

dn?,
+ (%—I—w?k)aecosm—H?k)(K+T)>s,-. (3.31)

Moreover, we shall use the relationship for the discontinuity in the k-order
derivative with respect to time ¢ of the angular velocity

A ~lx ~1
Qi) = CU(llﬁ))ﬂ' + wbgki + W<Z)Si- (3.32)
Differentiating (3.32) with respect to s and considering (3.15)—(3.17) yields

dQp]  (dofj
ds

=4 + &);,f)ae sin @ — cT)éz)aecos (p) Ai

da’(llg VA ~1y
+ s —co<k>%smgo+w(k)(1(+r) ki

dog
k ~1x
+ ( % ) + wé,f)aecos @ — co(lk)(K + r))s,-. (3.33)

If we suppose that transverse shear strains are absent, then we are led to the
following relationships, which are in compliance with the Vlasov theory:

_ dng

w(l,f) =— (% + co(()k)aecos @ — 9?k> (K + r)) , (3.34)
(40 .

w(lll) =— < d;) - w?k)ae sin @ + ’7?1() (K + r)) ) (3.35)

- dof}:
Vi = _< w (T)(l,gaesin(p - cT)(llf)aecos (p)

ds
do's  dn? de°
= —% + %ae sinp — %& cos ¢

+ w?k) a2 sin o — (G?k) sin ¢ + n?k> cos (p) ®(K + 1). (3.36)

If we now substitute (3.34)—(3.36) in (3.28), then we obtain a formula for
defining the k-order time-derivative in the discontinuity in the velocity of trans-
lation along the A-axis without account for transverse shear deformations.
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Following Gol’denveizer [3], in order to take the transverse shear deformations
into account, it is essential to substitute the derivatives da)(llf)/ds, dn?k) /ds, and
dQ(()k) /ds by the independent functions lﬂ<k), w(llg, and wé,f), respectively, i.e. to
rewrite Eqs. 3.34-3.36 as

E)b@ = - (w%,f) + w?k)aecos ¢ — H?k) (K + r)), (3.37)
oy = (ol ohyesmo k). G

J(k) = —(‘ﬁ(k) + E)é,f)ae sinp — cBéz)z}ecos (p)
1x

=Y +ogEsing — wzz)ae cos @

+ w(()k)aez sin @ — (Q?k) sin g + n(()k> cos (p)ae(K +1). (3.39)

As a result, instead of formula (3.28), we obtain

O (8,51) = a)?k> (s) — {w(llf) (s) + w?k>aecos @ — G?k) (K + r)}y(s])

= @i (5) = offymmsin g+ (K + 1) x(s1)

+ {—lﬁ(k)(s) + wb}f) (s)eesing — co(llr) (s)2ecos @ + w?k>3e2 sin 2¢
- (Q?k) sin ¢ + n?k> cos go)ae(K + r)} wa(s1). (3.40)

Formulas (3.29) and (3.30) remain unchanged.

If we put K = & = © = 0 in (3.40), then we are led to the case of a straight thin-
walled rod of open profile.

In further treatment we will use formulas (3.28)—(3.30), but in the final

relationships we will carry out the substitution of the values %k), a)é,f), and (T)(li)

by their magnitudes defined by formulas (3.37)—(3.39).

At k = 0, the values entering in (3.29), (3.30) and (3.40) have the following
physical meaning: a)(()()) (s), 0?0)(s) and 17((’0) (s) are the discontinuities in the
velocities of translatory motion of the section as a rigid body together with the
point C (the center of gravity of the cross-section) along the A-, x- and y-axes,
respectively, w(l(’)‘)(s), wg(’))(s) and a)%) (s) are the discontinuities in the angular
velocities of the cross-section’s rotation as a rigid whole around the x-, y- and
A-axes, respectively, W(O)(S) is the discontinuity in the velocity of warping of the
cross section, wy (s1) is twice the area of the sector AMyM, the point A is the center
of bending (Fig. 3.2) with the coordinates [5]
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ay :l/wc(sl)y(SI)dF, ay = _Il/wC(sl)x(sl)dF- (3.41)

I, y
F F

Since the section is referred to the main central axes, then

Ly = [alo0s(o0aF =0, 8, = [x(s)aF =0, 5= [ 3(s0)eF =0.

F F F
(3.42)

Moreover, the choice of the point A with the coordinates defined by formulas
(3.41) results in the fulfillment of the following relationships:

wa = /X(Sl)CUA(Sl)dF: 07 Iwy = /y(sl)a)A(sl)dF:O. (343)

Note that the sectorial area, generally speaking, depends on two coordinates,

namely: the initial point 50 and the terminal point s}, i.e. w (s, s}). Let us choose

s} in such a way that the relationship

1
wA(s?,s}) = F/a)A(s?,sl)dF (3.44)
F
will be valid. Then, as it is shown in [5], taking the point with the coordinate s} as

the origin of the arc length measuring, we obtain

Sy = /wA(s{,sl)dF =0. (3.45)
F

Let us name this point as the null sectorial point [5]. Since there may exist
several such points, the null sectorial point nearest to the point A can be named as
the main null sectorial point, and we shall take it as the initial point of reading.

Thus, using the above mentioned choice of the coordinates and the initial points
of measuring, the functions 1, x(s1), y(s1), and wa(s},s;), as formulas (3.42)-
(3.45) show, occur to be orthogonal.

If we substitute (3.21) in (3.24) and (3.25) and consider (3.27), then we are led
to the relationships

/’L _ dCU k—1 .
[Sx,(k)] = [gyﬁ(k)] = M<G lw(k) - % + &1y cos P — 369(1(—1) Sin QD)a
(3.46)
where
O([vi,(k—1)]ki) (i e—n)si)
[Sx,(k)] =7 o [Sy,(k)] = T

Equation 3.26, after the substitution of (3.21), (3.27), (3.29), and (3.30) in it,
is fulfilled unconditionally.
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Multiplying (3.21) by 4;4; and considering (3.15)—(3.17) and (3.46) yields

_ dog .
[04.0641)] 4idj = =G 'Ewgir) + E d; ) _ Ew (n(k> cos ¢ — O sin (p). (3.47)

Multiplying (3.21) successively by 4;k; and /;s; and considering (3.15)-(3.17),
we obtain

N _ d9 k ow k .
(040 1)) Aik = =G i) + Mﬁ + ,UJ + WK + T)nuy — peog,) sin @,

Ox
(3.48)

, dn Ok
[aij,(k+l)]iisj =-G lﬂ,/’(k+1> + ﬂ%"‘ M% — ,U(K + ‘L')H(k) + pHeew i) cos @.

(3.49)

Multiplying (3.23) successively by J;, k;, and s; and considering (3.15)—(3.17),
we find

- d([oj.w]4i%)  O([o.w)]4ik;)
POy = —G I[O'ij,(kﬂ)]iilj—i— J,((l) 7, i, (k) | ik

N s Ox

+ a([%iw + 2ee ([0, (1 Aik; sin @ — [0y 1)) Ais; cos @)

+G7! {le(kH) _ zd‘;’;k) — 2% <0(k> sin ¢ — 1, cos (p) }o’%

+ fitk-1) 403, (3.50)
pOsry = =G oy (ki) Aiks + W + (K + 1) [0y )| Aisj

+ Gl{Gle(kH) -2 %(sk) - 2(17<k) (K + 1) — @, sin (p) }o'gi

— ae[a,;/ﬁ(k)}/l,-/lj sin @ +f,~(k_])k,-0'(j)~, (3.51)
Py = ~G oyl + ) il

+ GI{GIVI(HI) — 2% +2(0) (K + 1) — aeo) cos @) }62;_

+ e[y, (k)] Aidj cos @ +f,-(k,1)s,~agi, (3.52)

where functions fj;_) are presented in Appendix 2.
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Considering (3.48), (3.49) and (3.28)—(3.30), we have

O([oy, (k)] 4ik;) ~ :

$ = u(K + r)co(l,ﬁ;l) - uaewé,il) sin ¢, (3.53)
oy )iss) R

$ = WK + D)ol + ped ) cos ¢. (3.54)

Substituting (3.28)—(3.30) in (3.47)—(3.49) and integrating the final equations
over the cross-sectional area of the beam, we obtain

0
dcu( )

A _ k
Njgs1) = / [04.(s1)|4i%dF = =G EF o}y ) +EF—~
F

— EF® (’7(()1() cos p — H?k) sin q)) + EF® (ax cos ¢ + ay sin q)) a)(l,f>,

(3.55)
) 1,00 de?k)
OQixkry = | 04,041y AikidF = =G~ puF b ) + 'UFT
F
+ ,uF&V)(llf) + uF (K + 1)1y — pFaew(, sin @
dolf.
- G—"qu(lli*H)ay + uF%ay — uF(K + r)wé,ﬁ')ax, (3.56)
) - diff
Qiykr1) = / (04128 dF = —G ™' uFg +MF%
F
+ ,chT)%,f) — uF(K + 7)9(()1() + yFaew‘()k) cos @

.
dw(,j)

ds

+ G*llqu%,f;r])ax — uF a, — uF(K + ‘c)co%,f')ay. (3.57)

Substituting (3.28)—(3.30) in (3.50)—(3.52) and then integrating over the cross-
sectional area, we find

dN;u(k)
S

pF w?kﬂ) = -G 'Nyjn) + + 2a8Q;,k) sin @ — 280 (1) COS @
da?
+ G—IF{G—lw?k+1) — 2% - Z(H?k)ae sin g — n(()k)aecos (p) }a%

+ ,uFae(cT)(l,iD cos @ — Eb(l,f_]) sin (p) + 2uF (K + r)w(l,il)
—2G 'Fee(ay, sin @ + a,cos @) w%,f)agi + Ffi(()k—l))“io-g}.v (3.58)
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d0jx)
ds

pFo] iy =—G ' Quxiern) + + (K +1)Qsy(k) — &N sin g

doy
+G1F{ 1(90k+1 %—2(;1?,()(1{—%1)—w?k)zaesin(p)}02i

da)llf
pFw(kH)ay—i—G Fw(k+1)av ) 2G_1F%aya%

+2G ' Fay(K+1)w(0%, + Ffiy_y kio), (3.59)

_ dQ;,w)
pFn?kH) =-G ]Q;L)y(k+1) + d;( — (K + 1) Qjx(x) + 3N, (1) cOS @

dn?
_ _ (k)
+G IF{G 1;1?“1) - ZW—’_ 2(0?,()(1( +1)— w?k)aecos (/)) }a%

14

1dw<) 0
+pFoi,pax — GFo)ax0); + 267 F—= 45 o

+2G ™' Fa,(K + 1) (f,0, + Ffi_)5i07;- (3.60)

Substituting (3.55)—(3.57) in (3.58)—(3.60) with due account for (3.37)-(3.39)
yields

da?
_ k
G(pG” = pGy ~ 0% )0y 11y =26 (pG} +0%,)—

—G ' (pG+2pG3 4209, ) e [(axcosq)—i—ay sin(p)wg,f‘)

_n?k)cosq)—kﬁ(()k)sinqo} +Fi-1), (3.61)

G72(9G2 - pG% - O'(A)A)(H(()kH) + ayw(llfﬂ))
= —2G7'(pG; + 0%))
d 0 12 0 14
X &(0(@ + ay(U(k>> + (K + ‘C) (17(@ — axw<k))
+G™! (pG% + pG% + 20%)3@(1)?@ sin @

+G! pGg{w;,-j) — @ sin§ + (K + r)} + Fau-1), (3.62)
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-2 2 2 0 0 1
G (pG" — pG; — ‘%1)(”/(1#1) - axw(k+l))

_ d
=-2G"! (pG% + 02,,) {&(71(()/() axa)( )) (K +1) (9(()k) + ang,?”)> }
— G (pG] + pG3 + 209, ) ey, cos ¢

+ G pGH{off + ofymeos ¢ — 0 (K + 1)} + Fi), (3.63)

where G} = Ep~!, G3 = pup~!, and functions Fj_y, (j = 1,2,3) are presented in
Appendix 2.

Let us substitute formulas (3.28)—(3.30) in (3.47)—(3.49), then multiply (3.47)
successively by x, y, and wq, and (3.48) by (y — a,) and (3.49) by (x —a,), and
integrate the obtained equations over the cross-sectional area of the beam. As a
result we obtain

Myesr) = / [0, 1) | 2idiydF = =G~ pGILD( )
F
~1x

dw
+ pG%Ix# - aelxpG%w(llf) sin ¢, (3.64)

M1 :/[ G k1)) 2idgxdF = =G~ pGil, ~;1f+1)
F
dog
Gzl % k) seprIyw(llf) cos @, (3.63)
dij s

o (3.66)

By = /[ 0 1) AidjwadF = =G~ ' pG} Ly (k1) + pGil,——
F

Magiry = | [04,041)]4isj(x — ay)dF — / [0, (k4 1)) Aiki (y — ay)dF

F

e

[O'U_’(kH)]liijdF—/[O'ij_(kﬂ)]i,-kjde—ax/[aiﬁ(kﬂ)]/lisde
F F

_|_

a, / (04, (k+1))AikidF = M1y — axQoyerty + ayQin(itn)
F
1/

dw

SFam, (aycos ¢ + aysin @)
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dn
_ (k)
+aprG§{G l”?kH) ST + (K + T)H(()k>}

do?,
+ aprGg{—G—' O 1) + % + (K + r)n?k>}

+ pGaee ( @3yl €0 ¢ + B L Sm"’>+pG2F(“V @) “xa’%f))’ (3.67)

where M, 1) and M, ;) are the discontinuities in the derivatives of the bending
moments with respect to the x- and y-axes, B are the discontinuities in the
derivatives of the bimoment, My, ) are the discontinuities in the derivatives of
the bending-torsional moment, and I; =L+ +(a*+ ai)F .

Now we substitute formulas (3.28)—(3.30) in (3.50)—(3.52), then multiply (3.50)
by x, y, and w,, while (3.51) and (3.52) by (y —a,) and (x — ay), respectively,
and integrate the obtained equations over the cross section of the beam. As a result,
we obtain
dMy(k)

~ 1y -1 1
POy == G Ly Mygeny + 1 ds

+ 2eesin pu(K + t)w(l,f_l)
dosgey)
+ 2 cos (p,u<G w(k> & ) —238211(7);;71)

0 25l -1 d&)é,f) ~1 1
+o0,,| G )—2G T—!—ZG a8 COS PO i)

k+l
+1; '), / fitk—1)4ixdF, (3.68)
F
~1x i M
pwgk_H) =—G ]Ix ]Mx(k-H) —|—Ix 1 d—i;() — 23 coSs QDIU(K + T)CUE]?_])

dwl/l
+2aesinqo,u<G1cobf) - ((;;_U) 2e? ,uw(k N

~1
+6), | G 2ok 2G7! %—&—ZG*laesin ol
) (k+1) — ds PO
+17'4Y, / fitk—1) 4iydF, (3.69)
F

, -
PR 4 ()

PV sy = =G 1" Bear) + 1!
Ay

+‘722<G_2¢(k+1) -2G7! 5

) +1,'0Y; /fi(k—l)liwAdF, (3.70)
F
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POy = Py axF + ply anF

. dM 4z .
=—G" Mypy) +T+ &S OM, () +aesin M,

— & (a,cos @ +aysing) N — (K + r),u{G_lF (Cle(()k) +ayn(()k>)

de’, dn?
~1y (k1) ~1x (k1)
_axF <w(lil)+ ds ) —ayF <w<k_1>+ ds

+(K+7) (—aan(()k_l) —&—ayFH?k_l) —|—I£wé,f_l>>

1y

—i—aesin(p(awa?kfl)—Iya)(,fil))+aecosq)< ayFa)(k 1+l w( ,)>}

+0%,G” ( aan(kJrl +ayF0 k1) Awbﬁﬂ))

dn® do’, do/
- (k) (k) (k)
-20%.G 1{—axF s +a,F s +A +(K+1)F(ax9(()k)+ay17(()k)>

P ds
+aecos<p( axFa)( )1y a)( ))+aes1nqo< a}Fw( )+ w%x)>}

+agi/ [ﬂ(k_l)s[(x—ax) —ﬁ(k_l)ki(y—ay)]dF. (3.71)
F
Substituting (3.64)~(3.67) and (3.37)~(3.39) in (3.68)~(3.71) yields
~G2(pG* — pG? - 6Y)) {w(llfﬂ) + a)?kH)aecos ¢ — 0?k+1>(K + r)}

d
=2G""(pG} + ag;l)a[wg,f) + @ cos ¢ — 0 (K + r)}

+&(pGT +2pG3 +203,) G o sin @ + Fy1), (3.72)

—G2(pG? - pG? - 6Y) {w(ly ) w?kﬂ)ae sin @ + n?kﬂ)(l( + r)}
_ dr 4y .
= 2G ! (pG% + O’?A)a[w(li) — (,U(()k)% sSin Q@ + '7?1() (K + T):|

+&(pGl +2pG; +203,)G o cos ¢ + Fs1), (3.73)
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_G—2(pG2 PGZ—G;A {xp k1) k+l)aesmq)+w(k+l)aecosq>
(k+l ae sin2¢ + <0<k+]) sin ¢ + ’1(k+1) cos (p) (K + r)}
o 2G71( GZ 0 i _ 1x : 1y
= pGi + UU‘)ds Yy — opeEsing + 38 CO8 @
— w(()k)aez sin2¢ + (9?k> sinp + n(()k> cos (p)ae(K + r)}

+ Fo(e—1), (3.74)

G2(pG* — pG5 — Y )(IA (,{H)—l-ayFGk+1 aan(()kH)):—2G*1(pG§+ogk)

d P 0 0
X {a(lléw(lk) + ayF Oy — aan?k)) +F(K +71) (aXO(k) + ayn?k)> }

- 2 2
+ G ' [pGiayF + ey cos ¢ (pG + pG3 +24Y,) ]
x o, — e sing 4+ 1% (K + 1)

(k) ~ L= SO T Mk

+G ' [-pGia,F + wl,sing(pG + pG3 + 24Y,) ]
X [w(l,f> + w(()k)aecos Q— Q?k) (K + 1)} + G '&F (pGi + pG3 +20Y))
x (axcos @ + ay sin (p)w(()k) + Fre-1), (3.75)

where functions Fj,_yy (j = 4,5,6,7) are presented in Appendix 2.

The system of seven equations, (3.61)—(3.63) and (3.72)—(3.75), involves seven
unknown values: w?k), 0((),(), n(()k>, cu(llf), a)(lv) <k and 1,0 , which are defined
uniquely from this set of equations.

To find these values on the quasi-longitudinal shock wave and on the quasi-

transverse shock wave, we should put in all equations G = G; = /G3 + p~ ah

and G = G;; = /G5 + p~'aY,, respectively.

3.1.2.1 Solution on the Quasi-Longitudinal Wave

To define the velocity field on the quasi-longitudinal wave, first we put in all

equations from (3.61)—(3.63) and (3.72)—(3.75) G = G; = \/G% + p—'o%, i.e. we

write this system on the quasi-longitudinal shock wave. As a result we obtain
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da)()k
267 (pGh+0%,)— =G (pGh+2pGE+20Y, )

ds
X KH?,{) +aycog,f)> sing — (n?k> —axw(l,f)) cos (p}
+F14-1)l6=6, (3.76)

d
2G; ! (pG? + ogi)a[wb’g + w(()k)aecos Q- H?k) (K + r)}

= —G; ! (pG +2pG3 + 20}, ) sin @ — Fup 1) l6-c,» (3.77)

_ dr iy .
26, (G + a%)—{w('i) - w?k)ae sin ¢ + n?k) (K + r)}

ds
= —G; ' (pG} + 2pG5 + ZJgi)aewa; cos ¢ — Fs_1)lo=g, (3.78)
o2, 044 X o Iy 0 .2
2G, (pGT + aM)a |:l//(k) — W@ SN @ + 0 & Cos P — Wiy sin2¢
+ (0?k) sin @ + n(()k> cos (p)ae(K + r)} = —Fe(—1)l6=G, (3.79)

_ ) 7 d )
G *(pGi — pG3) (H?k) + anglf)) = —-2G; ' (pG3 + J?).){&(e(()kl) + a)'w(llffl))
+ (K +1) (11((),(7” - axco%,f_lo } + G, ' (pGi + pG; + 20’2/1)8960?1{7” sin ¢

+ GzlpGi{wé,fU — Oy sind + iy (K + T)} + Fag-2)l6=6,, (3-80)

) . B d .
G, 2(PG% - PGg) (’7(()1() - axwzkA)) = —2G,; I(ch + 0-2).){d_s(77(()k1) - axwfkfl))
—(K+71) (6&71) + ayw(l/ﬁ!m) }
— G, (pG} + pG3 + 2032)39(0?,{71) cos @
+ G,lpGg{wE,fl) + w?k,l)aecos ¢ — 9((),(71)(1( + r)}

+ F3k-2)l6=a,, (3.81)
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-2 2 2y (1A 12 0 0
G, (pGy — pG)) <1P0)(1f> +ayFog) — axF”(k>)

_ d ;
=-2G;" (pG% + a%)a(lﬁwgkﬂl) + ayFH((’kfl) — aan?kU)

—2G; ' (pG; +20%,)F(K + 1) (aXO?H) + ayn?H))

+ Gy [pG3ayF + I, cos ¢ (pGi + pG; + 26Y,) ]

X {60(];{,1) — a)?k71>ae sin @ + ’i(()kq)(K + r)}

+ Gy [-pGia,F + el sin ¢ (pGi + pG; + 20Y,) ]

X [a)(l,f_l) + w?k_l)aecos @ — H?k_,)(K + ‘c)}

+ G[laeF(pG% + pG% + 20’3/1) (ax cos ¢ + ay sin (p)a)?kfl)

+ Fr-2)|6=6,- (3.82)

Reference to Eqs. 3.76-3.82 shows that on the quasi-longitudinal wave the dis-
continuities w‘()k) , wé,f) , wzz) ,and l,b( «) are defined from the differential Eqs. 3.76-3.79
within the accuracy of arbitrary constants, while the discontinuities 0?k>, r]‘()k),

and co(l,j) are found from the algebraic Eqs. 3.80-3.82, in so doing the discontinuities

0?k>, ’7(()1()’ and wé,@ have the higher order than the discontinuities w‘()k), wb){‘y w(llf),
and ¥ .

For arbitrary magnitudes of &, the set of Eqs. 3.76-3.79 can be rewritten in
the form

dw?k>
i Ao (), (3.83)
d 1x 0
a(w“) + (A)(k)EECOS (p) = Al(k) (S), (384)
di o 0 :
&(w(k) — w(yaesin (p) = Ay (s), (3.85)

d

d—s(l//(k> — a)(l,f)ae sin ¢ + (u(%ae cos ¢ — w?k)an sin 2QD) = A3 (s), (3.86)

where functions A;(s) (i =0, 1,2,3) are presented in Appendix 3.
Integrating (3.83)—(3.86) yields

w(()k) = / Agy (8)ds + co), (3.87)
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a)é,’(‘) = —a)?k>aecosqo + e + /Al(k) (s)ds, (3.88)
50
1 .
W) = Wfyasing + ey + / As)(5)ds, (3.89)
50

s

Y = | aw+ / A (s)ds | sesin g

50

— | 2w —i—/Az(k)(s)ds 3 COS @ + C3() +/A3(k)(s)ds, (3.90)

50 S0

where co), C1(k), Caxk), and ca() are arbitrary constants to be determined from the
initial conditions.

Reference to Eqgs. 3.87-3.90 shows that the main values on the quasi-longitu-
dinal wave, which define the type of this wave, i.e. w?k), wé,’(‘), wé,’g, and V;,, are
interconnected with each other, since they are expressed in terms of w?k).

This coupling is governed by the curvature & and the angle ¢ between the ref-

erence systems x — y and t — & locating in the plane of the strong discontinuity.
Thus, for example, at k = O the values 0(()0), 17(()0), and cu%é') defined by the
algebraic Egs. 3.80-3.82 vanish to zero, while according to (3.87)—(3.90) the

values w?o), w(l(’)‘)7 ‘”gy and g take the form

co?o) = const = cq(o), (3.91)
wé(’)‘) = —w((’(,)ae cos @ + 1), (3.92)
w(lg) = a)‘()o)ae sin @ + ¢5(g) (3.93)

lp(o) = Clo)® sin »— CQ(O)EECOS @+ €3(0)

= w(l())‘)ae sin ¢ — w<1(’)'>ae cos ¢ + a)?o)aez sin 2 + ¢3(9), (3.94)

where ¢y, €1(0); €2(0); and c3(g) are arbitrary constants to be determined from the
initial conditions.
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3.1.2.2 Solution on the Quasi-Transverse Shear Wave

Now we put G = Gy = /G5 + p~'69, in all Egs. 3.61-3.63 and 3.72-3.75, i.e.
write them on the quasi-transverse wave. As a result we obtain

d .
2G,' (pG; + %)) Ll (e(k) tayo; )) + (K +71) (ﬂ?k) - axw(llf))]

=Gy ee(pG2+pG2+20'U) )Sll’lq)

+ GI‘IlpGg{cozz) - w(() yeesing + (K + r)r]< )} + Fog-nylo=c,  (3.95)

. d ;
2G111 (pG% + O-g)./l) |:$(17(()k) CGCO< )) (K + ‘C) (H?k) + aycu(lk>)]

= —G,’Ilae(pG% + pG% + 2021)(1)?,{) cos @

+ Gy sz{ + (u( yecosp — (K+1 )0( )} + F34-1)l6=6,»  (3.96)
2G,' (pG5 + agi){; (IA ) — Faxn( 0 +Fay0( )) +F(K+71) (ayn(()k) +ax0(<)k)) }
=Gy'&(pGt + pG5 +20Y)) {w(()k)F(ax COS @ + ay sin @) + o) L sin @
+ a)g;:)Iy cos @ +% (el — 1) sin2¢ — (K + 1) (Q?k)lx sin ¢ — 1 I, cos qo) }
+ GIIIPG%F{ayw(lZ> - awa’f) - w(()k>ae(ax cos ¢ + aysin )
+ (K +1) (ayn((’k> —i—ax(?(()k)) } + Fae-1)|6=Gy» (3.97)

da?
G p(G — Gy = 2G5 (06} + %) GG + 2963 + 201)

X {(ax CoSs @ + aysin @) w1y — 1y cos @ + 0, sin (p}

+ Fi(5-2)l6=6y» (3.98)
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—2 2 2 1 0 0
-G, p(G5 — Gl){a)(,f> + oy ecos ¢ — 0 (K + r)}

_ d
=2G,' (pG} + %) & {wé,’(il) + of_ycosp — 0 (K + ‘c)}

+a(pG] +2pG; +203,) G ol sin @ + Faga)lo=c» (3.99)

_ 1y .
~Gy*p(G3 — G%){w(,i) - w(()k)ae sin ¢ + ’I(()k) (K + T)}
- d .
=2G,' (pG} + %) & {w(,il) — w?kfl)ae sin ¢ + 11?,(71)(1( + r)}
+2(pGl +20G; +209,) Gy i) €05 ¢ + Fsa)l6-6y» (3.100)

—Gp(GE - G%){(p(k) - wg,’c‘)ae sin @ + w(l,f)aecos 1)
_ w((]k>ae2 sin2¢ + ae(()‘()k) sin ¢ + n?k) cos (p) (K + r)}
=2G,' (pG3 + 09, % {w(k_,) — of_y®Esing + w(l,f_waecos ®
— o) _yx*sin 2 + 3e<9(()/<71) $in @ + 1y cos qo) (K + r)}
+ Fo(1—2)l6=6, - (3.101)

From (3.95)—(3.101) it is seen that on the quasi-transverse wave, in contradis-
tinction to the quasi-longitudinal wave, the discontinuities 9?k>, n?k), and wélﬁ) are
determined by the differential Eqs. 3.95-3.97 within the accuracy of arbitrary con-
stants, while the discontinuities w?k), wg;fy wa), and xp(k> are defined from the the
algebraic Egs. 3.98-3.101, in so doing the discontinuities a)?k) and Yy according to
(3.98) and (3.101), respectively, have the higher order than the discontinuities
9?k>, n?k), and a)g,ﬁ), while the discontinuities wb’{‘) and wé;(v), as it follows from (3.99)
and (3.100), have the same order as the primarily components on this wave.

For arbitrary magnitudes of k, the set of Eqs. 3.95-3.97, 3.99 and 3.100 can be
rewritten as

() = 00y (K +17) + By, (3.102)
w;/i) frnd _n(()k)(K + ’E) +BZ(k—1)7 (3103)
o’ dof}:
% + (K + r)n?k) =(K+ T)axw%;ﬁ} - ay% + B3k, (3.104)
d”lo dwli
d(sk) — (K + )00 = (K + 1)ayo) +ax d;k) + Ba), (3.105)
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12
1c 42
P ds

= Bs( + F(axBaw) — ayBs)), (3.106)

where Ipc =1I,+1,, and functions Bjy)(s) (i =1,2,3,4,5) are presented in
Appendix 3.
The general solution of (3.104)—(3.106) has the form
N
O?k) = g(()k) sin y + h?k> cosy — a_,,w(llf) + sin y / (B3(k) sin y
50

+ By cos y)ds + cos 1 / (B3(x) €08 1 — By sin ) ds, (3.107)
S0
U(()k) = g?k) cos y — h?k) sin y + axw%,i') + cos % / (B3<k> sin y

" (3.108)

s

+ By cos z)ds — sin / (B3x) €08 x — Bay sin y)ds,

So

s

) -1
w(% = (1,,0 ) / [Bs + F(ayBag) — ayBs)) | ds + k?k), (3.109)

50
where h‘()k), g?k), and k?k> are arbitrary constants, and

s

X:—/(K-‘rf)ds.

50

Reference to Egs. 3.107-3.109 shows that the main values on the
quasi-transverse wave, which define the type of this wave, i.e. Q?k), ’7(()1()7 and w(llf),

are interconnected with each other, since they are expressed in terms of wa) via

the shear center coordinates which, in the general case of the beam’s cross-section,
ly

(k)
according to (3.102) and (3.103), ultimately depend on the value co%,f) as well, and

are different from those of the center of gravity. The values a)(llf) and o

this coupling is supported by the torsion t, the value K = d¢/ds, and by the angle
%- In other words, in the case of a spatially twisted thin-walled beam of open
section, on the twisting-shear wave there occur flexural motions of the same order
as the discontinuities in the velocities of the transverse translatory motions and in
the angular velocity of rotation of the cross-section.
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Atk = 0, for example the values wo and npw) vanish to zero, while the values

9(()0), ’7?0)7 wgéy (0> and a) ) take the form

wéé) = const, (3.110)

0?0> = g?o) siny + h(()o) cosy — ayw%é'), (3.111)
17?0) = g?o) cos y — h?o) sin y + axa)gé), (3.112)
oy = 0oy (K + 1), (3.113)

wg) = =1 (K + 1), (3.114)

where g, and Afy, are arbitrary constants.
Let us introduce into consideration two mutually orthogonal vectors:

b(o){—ayw%é), axwéé')} and a{ax, ay}, and construct the vector d(g) = (V(o) — b(o))
{0(()0) + ayco(lé), 17?0) axw(lo)} where the vector Vg { 9( 0)7 11?0) } is the vector of the

transverse wave polarization. The vector dg) has the constant modulus

2 2
{d(0)| = (g(()o)) +(h(<)o)> = const,

and its angle of inclination to the x-axis is defined by the formula

0 l 0 _ 1,0 in A
tg() = Zéo) ™ ~0 iéo) ::77+ :éo)cs:;i = tg(P0) — 2);
y®(0) (0) - (0)
that is
o0y = Py — %,
and

(5((0) =—y= (K+ ‘L')S‘ = (K+ ‘E)GH,

-1
where tg® ) = g(()o) (h‘()())) .
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Fig. 3.3 Scheme of the y
location of the polarization

vector of the quasi-transverse

wave
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In other words, on the wave surface, the vector d<0) remaining constant in
magnitude on the wave front rotates around the point B(g) with the angular velocity
(K 4 t)Gyy, in so doing the polarization vector during its rotation around the point
C changes both in magnitude and in the direction (Fig. 3.3). We shall name the
point Bg) as the center of rotation.

Note that for curvilinear beams of solid section the center of rotation coincides
with the center of gravity of the beam’s cross section.

If the cross section of the open section beam possesses two axes of symmetry,
then a, = a, = 0, and the center of rotation coincides with the center of gravity.

From the comparison of Egs. 2.14 and 3.110-3.114 it follows that three values
H?k), n(()k) and 0)(1,:) are related to each other both in the technical theory of thin-

walled beams of open section [6] and in the theory developed here. However, in
contrast to the technical theory, where these values are interrelated on three
transverse waves which propagate with the velocities depending on the geomet-
rical characteristics of the thin-walled beams of open section, in the present theory
this coupling takes place only on one wave propagating with the natural velocity

Gy = 1/pG3 + p~'Y, independent of the thin-walled beam geometry.

3.1.3 Particular Case of a Straight Thin-Walled Beam
of Open Section

In the case of a straight thin-walled beam of open section, the governing equations
are considerably simplified since & = K =t =0 and s = z. Thus, for the quasi-
longitudinal wave from (3.76)—(3.82) we have
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2G; d(i)) = dzjig’;”, (3.115)
2G;‘dz)z<lx> = do di’)‘; b (3.116)
ZG,‘d:Z(I)> = do di’); D (3.117)
2G71dlg;k> = dzlz;’;”, (3.118)

. ; d ,
G ’p(G} — G3) (Q?k) + angk)) = —2G;(pG; + a7,) & (Q?k—l) + avwékq))

do?

) 42 k=2
+G; ' pGiog_ ) + (0G5 + oY) a2 (G?H) + a0 >> rG3 ((1z i
(3.119)

_ d A
G, ’p (G% - G%) (’7?1() - axw%lf)) = -2G; (pG2 + 0//1) dz ("(k 1) axw(lk“—n)

2 0 & 0 17 zdw(lg%)
+ G pGrof_y + (pG; + a),) a2 (’7(%2) - axw(k72)) - rG; .
(3.120)

G2 (G2 — G2) (Ifgwg,ﬁ) +a 6% — aan(()k)>
_ d 1 0
= =26 (pG3 + 03;) & (IA 1) = Fag, +F“y3(k—l>)
+GflpG§F(ayw§Z71> - aof l))
d2
+ (0G3 + %)) —

dz?

d X
PG (@l ) - aofy). (3.121)

(I?wbﬁ;z> — Faujy_y +F ayg?k72)>

For the quasi-transverse wave, from Eqs. 3.95-3.101 we have
_ d /o 1 B .
2G,! (pGé + 0’3/1) & (O(k) + ayw(lk>) = Gulszco y

d’0, d dolf
(k—1) 1y (k=1)
+(pG2 + %) i —pG%d—Z{w(il) —& Y (3.122)
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_ d _
2G;' (0G5 + 0%;) (n?k> - axwé,f;) =G;'pGlof

&l d dol,
+(pG3 + a7;) d; L pGE - olf )+ (;Z — g b (3123)

d
2G,' (pG5 +09,) — o (IA ol — Faxn?k) +Fay0?k))

= G, pGEF (ayw(k> - axa)(l,f))
2 oy P 0 0
+ (pG2 + (TM) a2 {I ( 1y — Faupg_y + FayQ(kfl)}

d i ,
+PGIF (a0l - a0 ), (3.124)
dof,
Gi’p(G3 — GY) oy = —2G,' (pGi + oY) c<12 )
d>a?
k—2
+ (pG? +6Y) d;2 ) (3.125)

dof
Gy*p(G; — G og) = =2G,' (pGT + a7,) L

(3.126)

Dk-1)
dz

d
Gi*p(G3 — Gy o) = =2G,' (pG} + o),

2

oy,

a2

I - Ay g
G, *p(G3 — G )Wy = —2G,' (pGT + ggi)#

Y g
dzz2

+ (pGi + 6Y,) (3.127)

+ (pGi + 6Y)) (3.128)

From Eqgs. 3.115-3.118 it follows that on the quasi-longitudinal wave for k >0

0 _ 0 _ e _ lx _
Dy = Cy = const, Dy = Cy = const,

W4y = €y = const, Yy = c'(ﬁk) = const, (3.129)
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GG} G,G3
U _ 72 by 0 14 72 x
0y + ayors) = GGz Sl My ~ 3P = g g ey
GG .
Ij}a)(l,f) + ayFH?k> — a iy = G 2G2< (1; N axc(lk_l)). (3.130)
Solving the set of Eqgs. 3.130 yields
G,G3 GG,
1 0 _ Y eV 0 1 clx
o =0, 0 = , N (3.131)
(k) (k) G% - G} €le-1) k) = GZ G} Clk—1)-

From Egs. 3.122-3.128 it follows that on the quasi-transverse wave for k >0
ol = ol = o) =g =0, (3.132)
H?k) + ayw(l,f) = sék) = const,
n?k) — ax) = S = const, (3.133)
Iﬁwg,f) +a,F 0?k> —a.F n?k) = s?k) = const.

Solving (3.133) we have
w%;f) = (S?k) + s(zk)ax — s%k)ay) (15) 71: c%,f') = const,
H?k) = Sék) —ay (S?k) + S%k)ax — s(lk)ay) (Ipc) _l: c?k) = const, (3.134)
My = Sty + @ (S?k) + St — Sék)ay) (I,,C)ilz ¢y = const.

Thus, for the particular case of a straight untwisted thin-walled beam of
open profile, it has been found that the transient transverse wave is a pure shear-
torsional mode as it follows from Eq. 3.132, while on the quasi-longitudinal wave
the ‘admixed’ components of secondary shear occur of the higher order than the
main values what is verified by Eq. 3.131.

If we put a, = a, = 0 in Egs. 3.115-3.134 and neglect warping motions, then
we could also obtain, as a particular case, the solution for a straight untwisted rod
of a massive cross-section, which coincides with that resulting for a straight rod
from Egs. 3.43-3.48 in Rossikhin and Shitikova [2], when &e =K =1 =0.
This result verifies the validity of the solution obtained for a thin-walled beam of
open section.

As for the technical theory by Korbut and Lazarev [7], then there is no tran-
sition from the solution for a thin-walled beam to that for a straight beam with a
massive cross-section, i.e. to the Timoshenko beam. It is well known that the
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Timoshenko beam equations produce only two transient waves, longitudinal and
transverse, propagating, respectively, with the velocities G, = \/E/p and Gy =

Kp/p. From the results presented in Sect. 2.2.1 it is evident that neglecting
warping motions for a bisymmetrical beam, as it is seen from Eqgs. 2.7 and 2.12,
yields three transient waves: one longitudinal, which velocity (2.11) coincides with
G, and two shear waves propagating with different velocities defined by (2.21),
the magnitudes of which depend essentially on the geometry of the beams’s cross-
section.

3.2 Construction of the Desired Wave Fields in Terms
of the Ray Series

Following the previous two papers by Rossikhin and Shitikova [8, 2] devoted to
the dynamic behaviour of thin elastic bodies, where thin plates and shells have
been considered in [8], and spatially curved and twisted slender rod-like solids
have been studied in [2], as a method applicable for solving dynamic problems
resulting in propagation of wave surfaces of strong and weak discontinuity we will
use the method of ray expansions [9]. This method is one of the methods of
perturbation technique, where time is used as a small parameter. The review of the
papers devoted the ray method application in dynamic problems of solids and
structures can be found in [8, 10].

Thus, knowing the discontinuities of the desired stress and velocity fields
determined above within an accuracy of arbitrary constants on the two waves of
strong discontinuity, quasi-longitudinal and quasi-transverse, propagating in the
thin-walled beam of open profile, we could construct the fields of the desired
functions also with an accuracy of the arbitrary constants utilizing the ray series
[9], which are the power series with variable coefficients and which allow one to
construct the solution behind the wave fronts of strong discontinuity [2, 8]:

Z(ts) =Y i%[zfgk)](s) <t - Gi)kH(t - Gi> (3.135)

a=111 k=0 "

where Z is the desired value, H(r — s/G,) is the unit Heaviside function, and
the index o = I,II labels the ordinal number of the wave propagating with the
velocity G,.

The arbitrary constants entering into the ray expansions are determined from
the initial and boundary conditions.

The example of using the ray expansions (3.135) for analyzing the impact
response of spatially curved thin-walled beams of open cross-section will be
demonstrated below in Sect. 4.2 by solving the problem about the normal impact
of an elastic spherically-headed rod upon an elastic arch, representing itself a
channel-beam curved along an arc of the circumference.
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3.3 Conclusion

The theory presented in this chapter is distinct from other dynamical theories of
thin-walled beams of open profile by its simplicity and physical clarity of the
results obtained. The pre-stressed state in the beam has been investigated by virtue
of transient waves of strong but small discontinuity. The strong or weak discon-
tinuity of the k-order is defined by whether the value itself is discontinuous, or its
k-order derivatives are discontinuous under the condition that the value itself and
its k — 1-order derivatives inclusive remain to be continuous fields.

The theory proposed admits the propagation of only two transient waves in
spatially curved thin-walled beams of open section, quasi-longitudinal and quasi-
transverse waves which travel with the velocities of elastic waves. We shall name
the quasi-longitudinal wave as the longitudinal-flexural-warping wave, while the
quasi-transverse wave will be called as torsional-shear wave. The prefix ‘quasi-’
points to the fact that on the longitudinal-flexural-warping wave the main values
enumerated in its name experience the strong discontinuities, while the values
characteristic of the quasi-transverse wave possess the weak discontinuities, and
vice versa for the torsional-shear wave.

Application of any loads at the fixed instant of the time always results in the
generation of transient waves (surfaces of strong or weak discontinuity). That is
why the theory proposed is the general approach for solving many dynamic
problems, in particular, the problems connected with impact, fracture, dynamic
stability, and so on. For example, waves of small discontinuity are generated
during the low-velocity impact by a falling mass. With the increase of the lon-
gitudinal compression load, which falls as the pre-stress in the expressions for
defining the velocities of the waves of strong discontinuity, these velocities begin
to decrease. Moreover, at a certain critical magnitude of the pre-stress the velocity
of the quasi-transverse wave vanishes. In other words, the quasi-transverse wave
‘locks’ within the domain of the shock interaction. This leads to the fact that all its
energy is concentrated in a small domain, what could result in the local damage
within the contact zone.

This is the main conclusion which could be deduced from the given approach.

Appendix 1

From Fig. 3.1 it follows that the components of the vectors t{t;}, &{&;}, and
k{k;}, s{s;} are connected with each other by the relationships

1; = ki cos ¢ + s; sin ¢, (3.136)

& = —k;sin @ + s; cos @. (3.137)
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Substituting (3.136) and (3.137) into Frenet formulas

d‘L','
—=—1f. 3.138
= (3138)
dé.
d—i’ =TT — &, (3.139)
d’;
= gf 3.140
ds &S, ( )
we obtain
dk,’ . dS,' .
—g; Sine + 5 S50 = (K + t)kicos @ + (K + 7)s; sin ¢ — ael;, (3.141)
s s
dk; ds; . .
15 S8 + 3 e = (K + 1)k; sinp — (K + 1)s; cos @, (3.142)
s s
d/; .
5 —k;2e sin ¢ 4+ s;8e cOS . (3.143)

Multiplying (3.141) and (3.142) by cos ¢ and sin ¢, respectively, and adding
the resulting equations yields

ds;
d—i = (K + 1)k; — &e/; cos ¢. (3.144)

Multiplying further Egs. 3.141 and 3.142 by —sin ¢ and cos ¢, respectively,
and adding the resulting equations yields

dk; .
T —(K + 1)s; + ee/; sin o. (3.145)

Formulas (3.144), (3.145) and (3.143) coincide, respectively, with
Eqgs. 3.15-3.17.

Appendix 2

Foand = Pog)  d 0 .
ik=1)%i = 452 ds B (k—1) COS @ — XU (1) SIN @

d0
—|—aesin(p{ (ks D

+ n(kfl)(K +1)— D(k-1)2 sin(p}
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dn
— oS (p{% — O—1)(K + 1) + 0p_1)2e cos (p}

+ cT)%ae sin ¢ — J)bf)aecos ®, (3.146)
d20 k— d?] k—
fie-nki = &ftHK+ﬂ{{gﬁ—@kMK+ﬂ+ka“%¢}
dw—
— aesin q){ ((1]; ] + 0g—1)2esinp — N (k—1)2e COS (p}
d . 12
_ g(w@,l)ae sin@ — n_1) (K + r)) + o(_1yaecos ¢, (3.147)
g dOg—) .
Ji—1)si = FER (K +1) BFTE + g1y (K + 1) — op_1yesin g
dogy) .
+acos o ——+ Op_n@EsinQ — ny_,)cos ¢
d 1) .
— a(Q(k,l)(l( + 1) — W(k—1)2e cos (p) + o Esing, (3.148)

0

d [dof_ .
2—{¥—ae (r] k—1)COSP— 0?,671) sm(p)

Figen :pGlds ds
- 1
+ae(accosp+aysing) oy }
1

dco(kfl)
ds

122G { (arcosp+aysing) +(K+71)(aycosp—asing)ofi ) }

PG K+l

dn? do?
2 Lx (k1) : ly (k—1)
—|—23epG2{cos<p <w<k1) T ds ) —sing (a)(k_l) E—

—|—pG%3e{ —a)(ll’{‘71>005(p—|—w2]f_1)sin(p—sew(()k71>

+(K+1) (0?,(_1)005(/)—#7]?,(71) sin(p) } +j;.o(k71)iiagi, (3.149)

d dg(()kfl) ly dw%k{l) y
FZ(/{*]) = pG%&{ ds — w(iil) + dS ay — (K + T)axwgk;l)

d170k71 dwl/fq
+pG§<K+r>{ S ol - g — (K + Dayol,




50 3 Transient Dynamics of Pre-Stressed Spatially Curved Thin-Walled Beams

2 dw(()kfl) 0 0 :
— pGlee T 3e(17<k71> cos ¢ — 0y sin (p)

+ & (ay cos ¢ + ay sin q))w(llfw} sin @ +f;-(()k71>ki0-3/17 (3.150)

d d”(()k—l) N dw%lfq) y
Fyp-1) = PGgg{ i wgkfl) T gy BT (K + T)ayw(lk;l)

dof_, doy,
— pG3(K + r){ <(is ) _ cu(llffl) + ((is )ay —(K+ r)awaﬁ;w

da?
k-1 .
+ prae{ c(ls - 39(’7&71) cos ¢ — H(()k71> sin (p)

+ & (ay cos ¢ + ay sin q))co(l,f_l)} COS @ + [k _1)8i0%;, (3.151)

d? .
Fap—1) = PG%@{—CO(IH) - w(()k—l)%cos ¢+ (K+ T)H(()kfl)}

— 22’ pG3 {—wb’(‘_]) - w?k_l)aecos o+ G?k_l)(K + ‘c)}

!
— 229G C(II:I) singp + (K + ‘c)w(l,ffl) cos @
»d . 17 -1.0 ,
_ pGlg(ae sin (pw(k_l)) +1.°0;; [ fik—1)4y dF, (3.152)
F

d 1 .
Fsg-1y) = PG%@[—W(;}V_U + w(()kfl)agsnlqo — (K + T)n(()k—l)]

Iy .
—2x’pG) {—w(iin + w(()k_l)se sin g — n?k_l)(K + r)}

14
doiy) 1

— 2xpG; cos ¢ — (K + 1)o_ sing

d
- PG%a(%COS ‘Pwé/fll)) +1, 0y, /f[<k,1)i,-x dF, (3.153)
F
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F6<k71):—332(2pG§+0%) { =V (k1) Feecose {—wéiﬁl)—ka)?kfl)aesin(p
- (K-i-f)'l(()kn] —zesing [—w(l,ffl) —w?,kl)aecos¢+(K+r)9?k71)] }

d2 ! .
(o) ] ool im0

ds?

—zesing {—w},’jﬁl) —w?k_l)aecoscp—i-(K—&-r)H?k,l)} }, (3.154)

2ds{

+ el cos [ o 1)+w(()k peesing — (K + 1), 1)]

Fre-1) =

=

—i—aelxsinq)[ w?k l)aecosqo-i-(K-i-r)H?k,l)]

dno o’
(k—1) 1y (k—1)
+a,F <a)2,fl) T ds > —ayF (w(i—l) T ds
d770k71 d00k71
— pG%F(K 4+ 'L') {ay <w(1;:1) — ils ) + [25% ng_l) - ils )

+ pG%(K + 1)zl sin @ [—WEL) + a)(()k_])$sinq) —(K+ T)n?k_U]

_ pG%(K + 1)eel, cos @ {—w(l,’;U — w?k,l)ae cosp + (K + r)@?,HJ

dw(k 0

+ pG%geF (ax cos @ + a, sin 90) [ d
s
+ee (n(()k—l) cos p — H?k—l) sin ‘P) — ®(axcos ¢ + ay sin w)w%’f_l)l

d
+pG%ae{chosqoa{— Ey )+w(k pesing — (K+T)'7?k—l):|
+ I, sin d[ I ol _yaecos ¢ + (K +1)0) }
(Pd D—1) — W1y @ (k=1)
_ ae(ly cos? ¢ + I, sin’ (p)wg,fl)} - pG%F(K + r)zlﬁwgkﬂn

+ a‘j,l/ [fi(k—l)si(x —ay) — fige-nyki(y — ay)]dF' (3.155)
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Appendix 3

Aoy (s) = {Gfl (pGT +2pG; + 207, ) {_ (axcos ¢ +aysin (P)wb?)

1

— 1
TG (3.156)

+ n?k> cos ¢ — Q?k) sin (p} + Fl(k—1)|G:GI}
d

% {9(()1() (K + r)} — &(pGi + 2pG; + ZO'QZ)GIICU%]?) sin ¢

A1<k)(s) = {2 pGl

1
— Fug-1)lo=c, }2/0(;[, (3.157)

d _
Ay (s) = { —2pG— [n?k)(K + r)} —2(pGt +2pG5 +209,)G, 'w(l,é cos @

ds
1
_ F5(k71)|G:G, m, (158)
d .
Az (s) = { - 2pG1$ KO(()") sin @ + n?k) cos (p) x(K + ’L'):|
1
— Fek-1)l6=c, 290Gy’ (3.159)

Bi—1) = — {2 COS ¢ — {ZGul (G} + 7))

d X
X a{w(lkfl) + w(()k71>ae cos @ — H?kq)(K + ‘c)}
+ (G +2pG3 +203,) G ol sing

_ —1
+ Fage-2)lo=c, }G?IP (G -6, (3.160)

Byj—1) = a)(()k)ae sin g — {2G111 (PG% +09,)

dr o .
X a[w(zil) — a)(()k_l)ae sin ¢ + n?k_l)(K + ‘E)]

+a(pGT +2pG3 + 20),) Gy o) cos ¢

_ -1
+F5(k2)|G_G11}G121p "G -6GY) (3.161)
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By = § Gy (06 + pG3 + 20,)0l sin g + G pG3 (Bas1y — el sin )

1 -1
+ Fag—1)l6=64 EGH(pGé—FG%) , (3.162)

Byy=4 — G,_,1 ae(pG% + pG% + 2021)0)&) cos o + G,‘,lpG% (Bl(k,l) + aew(()k> cos (p)
1 2 0\~!
+ F3k-1)| 6=64 3 Gu(pGs+0a),) (3.163)

BS(k) = G;,lae(pG% + pG% + 20‘2/1) [Bl(kfl)lx sin @ + Bz(kfl)ly CoS @

. 1 .
+ a)?k>F(ax Cos ¢ + ay sin (p) + 2 w(()k)ae(lx — Iy) sin 2(p]
+ G, ' pGAF [Bz(kq)ay = Bik-1yax — w?k)ae(ax cos ¢ + ay sin q))]

1 ~1
+ Fre-1)l6=6u 3 Gu(pGs +a%,) . (3.164)
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Chapter 4

Impact Response of Thin-Walled Beams
of Open Profile

Abstract The dynamic theory of thin-walled beams of generic open section with
a spatially curved and twisted longitudinal axes proposed in the previous chapter
with due account for the axial precompression is utilized here for the analysis of
the impact response, since the derived hyperbolic system of recurrent equations
together with the ray expansions allow one to describe the short-time processes,
in particular, the processes of shock interaction, because the convergence of the
ray series essentially depends on the rapidity of the duration of the process under
consideration. Examples of using the ray expansions for analyzing the impact
response of spatially curved thin-walled beams of open cross-section are dem-
onstrated by solving the problem about the normal impact of a steel rod with a
rounded end upon a steel arch, representing itself a channel-beam curved along an
arc of the circumference. The time-dependence of the contact force is found and
analyzed graphically at different levels of the axial compression force.

Keywords Impact - Shock interaction - Linear contact force - Hertz’s contact law
- Axial compression force

4.1 Introduction

During the past two decades foreign object impact damage to structures has
received a great deal of attention, since thin-walled structures are known to be
susceptible to damage resulting from accidental impact by foreign objects. Impact
on aircraft structures or civil engineering structures, for instance, from dropped
tools, hail, and debris thrown up from the runway, poses a problem of great
concern to designers. Since the impact response is not purely a function of
material’s properties and depends also on the dynamic structural behaviour of a

Y. A. Rossikhin and M. V. Shitikova, Dynamic Response of Pre-Stressed Spatially 55
Curved Thin-Walled Beams of Open Profile, SpringerBriefs in Applied Sciences
and Technology, DOI: 10.1007/978-3-642-20969-7_4, © Yury A. Rossikhin 2011
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target, it is important to have a basic understanding of the structural response and
how it is affected by different parameters [1]. From this point of view, analytical
models are useful as they allow systematic parametric investigation and provide a
foundation for prediction of impact damage.

An impact response analysis requires a good estimate of contact force
throughout the impact duration. Low velocity impact problems, which also took
the local indentation into account, have been solved by many authors. Reference to
the state-of-the-art paper [1] shows that in most studies it was assumed that the
impacted structure was free of any initial stresses. But this does not adequately
reflect the real multidirectional complex loading states that the materials experi-
ence during their service life. In practice, the composite facing of a structure may
be under a preload, e.g. a sandwich structure with laminate facing under bending
loads, jet engine fan blades subjected to centrifugal forces. Even when stationary
on the runway a composite airframe is under pre-stress. The other example of great
practical interest is the analysis of impact response of pipes pressurized for hydro-
tests subjected to dropped tools.

To the authors knowledge, the first attempts to investigate the dynamic response
of straight thin-walled beams of bisymmetric and monosymmetric open profile
impacted by an elastic sphere were made in [2] and [3], respectively. The technical
theory by Korbut and Lazarev [4], which takes the rotary inertia and transverse
shear deformations into account, was adopted to describe the dynamic behaviour
of thin-walled beams, and the local bearing of the material in the place of contact
was considered according to the Hertz’s contact theory. One-term ray expansions
[1] were used to construct the desired stress and velocity fields what allowed the
authors to find an analytical solution for the maximal contact force and to estimate
the duration of contact. Later this theory was generalized by Rossikhin and
Shitikova [5] taking the extension of the thin-walled beam’s middle surface into
account, and the dynamic response of a Timoshenko-type thin-walled beam of
general open cross-section to the impact of a sphere was investigated in [5] using
the wave approach [1]. But, as it has been demonstrated in Introduction, the main
disadvantage of all technical theories of thin-walled beams, among which is the
theory by Korbut and Lazarev [4] and its generalization [5], is that they produce
three or even four transient shear-torsional waves propagating with the velocities
dependent on the geometrical parameters of the beam. Thus, it has been shown that
all existing technical theories of thin-walled beams could not capture the general
relationships of the transient shear-torsional waves, since each thin-walled beam
possesses its own velocities, and thus, each time it is needed to study a concrete
object with its concrete dimensions (some examples could be found in [5]).

Except papers cited above, i.e. [2, 3] and [5], these authors have found in
literature only one paper by Taiwanese researchers Lin et al. [6] suggesting a
numerical approach to determining the transient response of straight nonrectan-
gular bars subjected to transverse elastic impact. To our great surprise, this paper is
free from any formulas, although it is devoted to ‘transverse impact response’ of
straight thin-walled beams with channel and tee profiles. The results obtained in
[6] via finite element method (but it is impossible to understand what theory was
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adopted during solution, as well as what numerical algorithms were implemented)
were compared graphically via numerous figures with experimental data obtained
by the same authors themselves. As this takes place, only longitudinal waves were
taken into account. But numerous data on impact analysis of structures [1] shows
that during transverse impact the transverse forces and, thus, the shear waves
predominate in the wave phenomena. That is why, despite the fact that the authors
of the cited paper [6] declared the good agreement between their numerical and
experimental investigations, it is hard to believe in such perfect matching.

Below in order to analyze the impact response of spatially curved thin-walled
beams of open profile we shall implement the theoretical results which have
already been described in Chap. 3, since the derived hyperbolic system of recurrent
equations together with the ray expansions allow one to describe the short-time
processes, in particular, the processes of shock interaction. The theory suggested in
Sect. 3.1 is free from new additional constants such as the shear coefficients in
Timoshenko-like theories, and it involves only elastic moduli and Poisson’s
coefficient, resulting in the fact that only two transient waves, quasi-longitudinal
and quasi-transverse, propagate in the thin-walled beam. Besides, the velocity of
the transient shear wave coincides with that of the transverse wave in three-
dimensional elastic media, in contrast to the Timoshenko-like theories, according
to which several transverse waves propagate, as a rule, with the velocities
dependent on the geometrical parameters of the beam. As for the longitudinal
wave, then in both theories it propagates with the velocity of the longitudinal wave
in a thin elastic rod.

The problems of shock interaction fully conform to the requirements of the
theory presented in Chap. 3, wherein the convergence of the ray series essentially
depends on the rapidity of the duration of the process under consideration.

4.2 Impact of a Hemispherical-Nosed Rod Against
a Thin-Walled Beam of Open Profile

Below utilizing the theory developed in Chap. 3 and using one-term and multiple-
term ray expansions, the normal impact of an elastic thin spherically-headed rod of
circular cross-section against a lateral surface of the initially stressed thin-walled
beam of generic open section will be investigated.

4.2.1 The Wave Theory of Impact with Due Account
for One-Term Ray Expansions

Let us consider the normal impact of an elastic thin rod of circular cross section
upon a lateral surface of a thin-walled elastic beam of open section (Fig. 4.1). At
the moment of impact, which occurs at the point n = 0, the velocity of the
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Fig. 4.1 Scheme of shock
interaction

impacting rod is equal to Vj, and the longitudinal shock wave begins to propagate

along the rod with the velocity Gy = +/Eypy ! where E is its elastic modulus, and
po 18 its density.

The interacting bodies are considered to be of rather long extent in order to
ignore reflected waves, since they arrive at the place of contact after the rebounce
of the impactor from the target.

Behind the wave front the stress ¢~ and velocity v~ fields can be represented
using the ray series [1]

S 110

_ X1 [oky n\*
14 7V07;E§ t*G—O 5 (42)

where 7 is the coordinate directed along the rod’s axis with the origin in the place
of contact.

Considering that the discontinuities in the elastic rod remain constant during the
process of the wave propagation and utilizing the condition of compatibility,

we have
ak+1u . ak+lu . akv
BEJZ‘@)kﬁﬁ:‘@)kﬂ’ (43)

where u is the displacement.
With due account of (4.3) the Hook’s law on the wave surface can be

rewritten as
e v
5 = o ) (44)
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Substituting (4.4) in (4.1) yields

_ > 1 [okv n\*
o = pOGOkZ:;H {W] (t—G—0> : (4.5)
Comparison of relationships (4.5) and (4.2) gives
6~ = pGo(Vo—v7). (4.6)
When n = 0, (4.6) takes the form

Ocont = pGO(VO - Vn)a (47)

where Geone = 07 |u—o is the contact stress, and v, = v~ |,— is the normal velocity
of the beam’s points within the contact domain.
Formula (4.7) allows one to find the contact force

P = 1rgpoGo(Vo — va), (4.8)

where ry is the radius of the rod’s cross section.
However, the contact force can be determined not only via Eq. 4.8, but using
the Hertz’s law as well [1, 7]

P = ka/?, (4.9)

where « is the value governing the local bearing of the target’s material during the
process of its contact interaction with the impactor, and k is the contact stiffness
coefficient depending on the geometry of colliding bodies, as well as on their
elastic constants

4 . = 1 1 1 I 1—=v; 11—V
k=3EVR, FetR F- B T E (4.10)
Here, ry is the radius of the rod’s rounded end (Fig. 4.1), R, is the radius of
curvature of the target in the place of impact, and Ey, vy and Ei, v, are the elastic
modulus and the Poisson’s ratio of the indenter and the target, respectively.
Eliminating the force P from (4.8) and (4.9), we are led to the equation for
determining the value o(t)

k

32 _
——Fa'" = V. 4.11
g peGo (4.11)

Vv, +

In order to express the velocity v, in terms of o
v, =0+ 0?0) sin f(s1) + 11(()0) cos fi(s1) + e(sl)w%é'), (4.12)

let us analyze the wave processes occurring in the thin-walled beam of open
section.
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Since the contours of the beam’s cross sections remain rigid during the process
of impact, then all sections involving by the contact domain form a layer which
moves as rigid whole. Let us name it as a contact layer (Fig. 4.1). If we neglect the
inertia forces due to the smallness of this layer, then the equations describing its
motion take the form

2Q;, + Psin f(s1) =0, (4.13)
20,y + Pcos fi(s;1) =0, (4.14)
2MA +P€(S1) :O, (415)

where f(s1) is the angle between the x-axis and the tangent to the contour at the
point M with the s;coordinate, and e(s;) is the length of the perpendicular erected
from the flexural center to the rod’s axis (Fig. 4.1).

The values Qj,, O, and M, entering in (4.13)—(4.15) are calculated as follows:
behind the wave fronts of the quasi-longitudinal and quasi-transverse waves upto
the boundary planes of the contact layer, the ray series (3.135) are written on the
unknown moving boundary a(?) of the contact domain with due account for the
effect of ‘retardation’ [8] implying in the fact that the transient waves detach from
the boundary of the contact domain not immediately at the moment of impact
t = 0, but after some time duration t = t* = ryV,/2G3, elapsed from the moment
of impact [9]. Thus as a result we obtain

*

<1 ( a—a'\*
= 2l (11 — ) , (4.16)
;k ) a—a G

o

where s = a* is the location of the contact region boundary at t = t*

a=a"+ap(t— 1) +a(t— 1)V +-- (4.17)
t—t'—(a—a")G,' = (1 —apG,")(t — ') —ar G (t — ) + -+, (4.18)
and aop, aj, ... are yet unknown constant values, and a* = roVoGl}l.

The series (4.16)—(4.18) can be employed due to the smallness of the duration
of contact of the rod with the beam. If we restrict ourselves only by the first terms
of the series, then it is possible to find them from (3.56), (3.57) and (3.67) at k = 0.
As aresult, we obtain the following expressions for the values Q;, = Qj0), Qi =
Qjy(0) and My = Myo):

Qo) = Gy pGIF O, (4.19)
00 = —Gy' pG3F 1), (4.20)

M) = =Gy pG3Iy (). (4.21)
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Substituting (4.19)—(4.21) in (4.13)—(4.15) with due account for (4.9), we have
O 1

0o =5 Gu(pG3) ' F~ ko sin f, (4.22)
1 — —

’7(()0) =5 Gu(pG?) ' F~ ko’ cos f, (4.23)
1 - _

) =7 Gu(pG3) ™ (1) eko’’2. (4.24)

Considering (4.22)—(4.24), we can rewrite (4.12) as
o1 _1 _ _
vy =+ Gul(pG)) er3/2{F L) 1e2}. (4.25)
Substituting (4.25) in (4.11), we obtain the equation for defining o

&+ K2 = Vg, (4.26)

where

1 VGufpn | a1
=k = [F I } .
" {nrgpoGo 3 pG3 ) e

An approximate solution of (4.26) can be written as

2
oA v0;<1 -5 Vg/zxﬁ/z), (4.27)

whence it follows the contact duration

5 2/3
feont = (2 V() l/zKl) . (428)
The maximum deformation o, is reached at & =0 and, due to (4.26),
is equal to
v\ 2/3
Smax = <—°> . (4.29)
K

From (4.29) it follows that

Prax = koi2/2 = kVor ™! (4.30)

max

If a thin-walled open section beam is subjected to the initial extension stress
agz > 0, then the velocity Gy increases with the increase in Ggm and hence 0oy
and Py, decrease. If the initial pre-stress 63& is compressional, then with the

increase in |0'9)~’ the velocity Gy decreases, and hence o and Ppax increase.
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Fig. 4.2 Scheme of shock
interaction ; VIJ
2n

y

The values dax and Ppay attain their maximal magnitudes at G;; = 0 (69, = pG3)
and have the form

2 GV, 2/3
- (ﬂroﬂooo) , (431)
k
Pmax - 71'7’(2),00G0V0- (432)

4.2.2 Wave Theory of Impact with Due Account
Jor Multiple-Term Ray Expansions

Let us now consider the problem stated in Sect. 4.2.1, but instead of one-term ray
expansions for the desired values we shall use two- and three-term ray expansions
(3.135) and (4.16)—(4.18). Besides, here we shall take the inertia of the contact
domain into account.

For simplicity, we shall suppose that the thin-walled beam has the constant
curvature & = R I = R~!, while the torsion T = 0. Moreover, the beam possesses
one axis of symmetry, along which the impactor moves. At the point of impact,
the value f(s1) = 0 (Fig. 4.2).

With the assumptions made, the motion of the contact domain is described by
one equation
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Mi® =20;,+ P, (4.33)

where M = 2pFa(t — t*) and 2a(t — t*) are the mass and the width of the contact
spot, respectively, while the value o is connected with the value a according to the
Hertz’s theory by the following relationship:

n=R""'d, (4.34)
in so doing in view of (4.34). Equation 4.11 takes the form
7% = v, (4.35)

a+n JrTC,OOGoR’

Equation 4.9, the initial condition
o=V, (4.36)

which may be written at + = ¢* due the smallness of the time %, as well as the
boundary conditions

0° =0 ==y =0, (4.37)
o = —aR7!, (4.38)
o =a (4.39)

should be added to Eqs. 4.33—4.35.
Representing the value « in terms of a series

=0 +oy(t—1) +on(t — 1) +og(t — 1) + -, (4.40)
where o =~ 2Vyt* = rOV(%G,’,Z, and oy, oy, 03,... are yet unknown constants, and

substituting (4.17) and (4.40) in (4.34), we find with due account for the initial
condition (4.36)

1
m=Vy, a=@R)"? a= 2 Voo T PR,
_ 1 *1/2R/1/2 x—1 1 V2 x—2
a =z % =g Voo ) (4.41)
1 1 1
@ =3 o 12R [ogoc*_l -5 oot ! (oczoc*_l - Vga*_z)].

Since the solution behind the wave fronts upto the contact domain is con-
structed in terms of the ray series (4.16), then we should first determine the ray
series coefficients for the desired values. Thus, putting k = 0 and 1 in (3.80)—(3.82)
and (3.83)—(3.86) with due account for K =7 =0, e =R, and o=y=0
(Fig. 4.2), we obtain for the quasi-longitudinal wave
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G4
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R4G1 2(G1 - GII)G2
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G} [GI+G3+ G5 G? + Gy,
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T RG, R URE

R3G; 2(G? - GG 1€ ) IS

and for the quasi-transverse wave
(4.43)
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Substituting the found ray series coefficients (4.42) and (4.43) in (4.16), we can
write the three-term ray expansions for the desired fields

0 0 ap 0 ap 0 %
W =w + 1—— o +(1——)w t—t
(0)1 { < GI) (01 ( G[[) (1)11} ( )

a a .
Lo 4 wol),,}(z — )2 (4.44)

x x o x o x *
wl = wg())] + {(1 — a)&)gl)] + (1 — G—”) U)gl)”}(l‘ —t )
1 ap 2 1 ap 2
1x 1x

a) X a x «
- ol - G w(ll),,} (t—1)?, (4.45)

ly ly ao ly ap Iy .
o’ =wg,+ {(1 _E)wd)’ + (1 —G—”)wd)u}(t—t )

1 ap 2 1 ap 2 1
ly - _ %0 y
+ {5 (l — G]) w(2)1 + ) (1 Gn) (,0(2)”

Ny 2L w'y),,}(r — ) (4.46)

—ﬂlﬂ(w _a—lw(l)u}(f— ) (4.47)

a a *
N W?I)H}(; — )7, (4.48)
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=02+ (120 (122 r—1
oy { ( GI (01 G[[ (i ( )
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GI ()1 GII (1)[1}( ) ( )

17 17 a0\ 1, o 1. %
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oy { < G]) (01 < G[[ €84 ( )
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ar 1 ar 1 )
_Elw(l)l _G«Hw(l)ll}(t_t )% (4.50)

68

where the discontinuities of all values are taken at s = a — a*.
Substituting relationship for Q,; ) defined by (3.57), as well as (4.9), (4.10) and

(4.44)—(4.50) with due account for (4.17), (4.18) and (4.40)—(4.43) in Eqs. 4.33,
4.35 and 4.37-4.39, and equating the coefficients at equal powers of ¢ — ¢* yields

ko) = hio) = c1(0) = €20) = €300) = 0, (4.51)
1 1/2_—1/2 0 kor*! /2
=— VoR "o =
€0(0) 7 0 o » - 8(0) poGoR”
1 k VO npoRll/Za*S/Z 2G%OC*1/2
20 = —— TAVER -+ 7 <0,
2 npyR'o1/2\ Gy pF GoGyR'"

k?l) = h(()l) = ci(1) = c201) = ¢3(1) = 0,

con =[1-20) (1% 71G11(G%+G%1+G%)g0
o Gu G R(G} - Gp)

1 -1
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1 k 15 1 kVy G3 1
B33 =—- ———— (200 —— ) +- - —
4 7p,GoR'a*1/? 20+ 4 R2\rmp,GoGyRo*  pF
1 kG3or'/? G3 L1
2 G[[R/ npOGoG”R’oc* pF
L] VoG3 L@\ (G, G + G},
4 o G[ G[[ R(G? - GIZI)
Substituting the found arbitrary constants (4.51) in the ray series (4.44)—(4.49),
we obtain the final expressions for the desired fields. Thus, for example, knowing

the values o, and o3 (4.51), it is possible to determine «(¢) (4.40) and a(t) (4.17),
and therefore to obtain the typical time-dependence of the contact force (4.9)

within an accuracy of (r — r*)?, since o is a negative value:
5 3132
Pt—1) — P* = k{Vo(t )t — ) + ot — 1) } , (4.52)

where P* = P|_,. = ka*/2.

Equating to zero the expression for the contact force (4.52), we obtain the
approximate formula for the duration of contact of the impacting rod with the thin-
walled beam of open section.

Note that the solution for a particular case of a straight thin-walled beam of
open profile could be obtained by putting R, = R — oo and R’ = ry, as it follows
from (4.10), in Eqs. 4.42-4.52.

4.2.3 Numerical Example

As an example, let us consider the impact of a steel rod with a rounded end
upon a steel arch with a constant radius of curvature and zero torsion, the cross

section of which represents a channel (Fig. 4.2). The dimensionless time 7 — * =
(t—r)(3) PyiBes (nrgpGy) 3 dependence of the dimensionless contact force
P—P =(P— P*)(nrngOVO)_1 is presented in Fig. 4.3 for different levels of
the initial axial compression & ,; = agi(pG%)_l. Reference to Fig. 4.3 shows that
the increase in the initial axial compression results in the increase of both the

maximal magnitude of the contact force and the duration of contact.

The curve of the & ,;-dependence of the dimensionless initial velocity of impact
Vo= VoGy!, resulting in the local damage of the thin-walled open-section beam
in the place of contact is shown in Fig. 4.4 at the given magnitude of the
dimensionless yield limit 7, = cry(pOG%)_l. From Fig. 4.4 it is evident that with
the increase in the initial axial compression the initial velocity of impact, which
may lead to the local damage of the structure, decreases.
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Appendix

Numerical Example of the Application
of the Korbut-Lazarev Technical Theory

As an example of the application of the Korbut-Lazarev technical theory, let us
consider the impact of a steel thin cylindrical rod of radius ryp = 0.5 cm with one
rounded end of the same radius upon steel thin-walled beams of open profile with
different cross-section: I-beam (Fig. 4.5a), Z-shape beam (Fig. 4.5b), and channel
beam (Fig. 4.5¢), but with the equal cross-section area and with the following
dimensions: d = 20 cm, and 6, = 6 = 2cm.

The following characteristics of the material have been adopted:
p = 7950 kg/m*, E = 210 GPa, u = E/2.6, and v = 0.3. The impact occurs at the
distance e = 4 cm from the flexural center of the thin-walled beam with different
initial velocities.

To determine the geometrical characteristics of the beam cross section with the
cross-section area F = 2dd = 0.008 m?, we should construct the epures of
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Fig. 4.6 Epures of the principal coordinates of the points lying along the medial line for
a I-beam, b Z-shape beam, and ¢ channel beam

the following values: the x and y principal coordinates of the points possessed by
the medial line and the main sectorial coordinate w, which are presented in
Fig. 4.6a—c for an I-beam, a channel, and a Z-shaped beam, respectively.

With the help of these diagrams one can construct the epures of the axial static
moments S, and S, and the sectorial static moment S,

Sx:/de, Sy:/xdF, Sw:/wdF,

F F F

which are presented in Fig. 4.7a—c for an I-beam, a channel, and a Z-shaped beam,
respectively, as well as one can calculate the centroidal moments of inertia
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Fig. 4.7 Diagrams of the axial and sectorial static moments for a I-beam, b Z-shape beam, and

¢ channel beam

I, = / yidF, I, = / x2dF,
F F

the polar moment of inertia

I, =I.+ F(a; + a3),
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By virtue of the diagrams for the values S,, Sy, and S, (Fig. 4.7) we calculate
the magnitudes of the coefficients which take into consideration shears by the
formulas (2.6). Now knowing all geometrical cross-sectional characteristics, we
calculate the speeds of the waves propagating in the thin-walled beam by formulas
(2.15)—(2.22). The geometrical characteristics for the beams under consideration
and the wave speed data are presented in Table 4.1.

From the above example it is seen that in order to obtain the wave speed data
according to the Korbut—Lazarev technical theory of thin-walled beams of open
section, it is necessary to carry out rather cumbersome constructions of epures for
calculating the corresponding shear coefficients (2.6), while the theory suggested
by the authors in Chap. 3 is free from this disadvantage.

The curves describing the initial velocity of impact V; dependence of the
contact duration are given in Fig. 4.8. Reference to Fig. 4.8 shows that the
duration of contact decreases with increase in the initial velocity of impact. As it
takes place, the duration of contact for the I-beam is greater than that for the
Z-shaped beam, but the latter, in its turn, is greater than that for the channel beam
at common magnitudes of the initial velocity of impact.
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Table 4.1 Geometrical characteristics and wave velocities

Geometrical characteristics The type of the thin-walled beam cross section

and wave velocities I-beam Z-shape beam Channel beam
F, m? 0.008 0.008 0.008

a,, m 0 0 0

ay, m 0 0 —0.0665

I, m* 5.33 x 1073 6.16 x 1073 8.33 x 107°
I, m* 3.33 x 107° 5.06 x 10° 5.33 x 107
I, m* 5.667 x 1073 6.667 x 1073 9.292 x 1073
I,, m° 3.33 x 1078 8.33 x 108 5.833 x 108
I, m* 1.067 x 107° 1.067 x 106 1.067 x 107°
ke, m2 265.0 263.0 408.0

ky, m~2 300.0 257.5 300.0

ke, m™4 3.0 x 10* 4.08 x 10* 3.184 x 10*
kyw, m™3 0 0 0

kye, m3 0 0 964.25

ky, m~2 0 196.925 0

Gy, m/s 2559.23 1974.24 1873.13

G,, m/s 2057.48 4478.94 2674.24

G3, m/s 2189.14 1666.66 1764.27

Gy, m/s 5139.56 5139.56 5139.56

Since the impact occurs with an eccentricity with respect to the flexural center
in all considered cases, then the twisting motions dominate for the sections con-
tacting with a striker. The inertia of area at the twisting motions is determined by
the polar moment of inertia, which magnitudes for the three types of thin-walled
beams are presented in Table 4.1. Reference to Table 4.1 shows that the channel
beam and the I-beam have the largest and the smallest magnitudes of the polar
moment of inertia, respectively, and the Z-shaped beam is sandwiched between
them. It is obvious that during the impact of a sphere upon the channel beam the
duration of contact will be the smallest, since this type of the section possesses
the largest inertia under twisting, but the duration of contact of the striker with the
I-beam will be the largest, since the I-beam has the smallest moment of inertia. In
other words, the greater the magnitude of polar moment of inertia, the smaller the
duration of contact at the same magnitude of the initial velocity of impact.
However, the magnitude of the contact duration may not exceed the value cal-
culated by the Hertz’s contact theory for a semi-infinite medium at the same initial
velocity of impact. Such a conclusion is supported by the experimental investi-
gations reported in [7] and [10] for beams of continuous cross section. When
Vo< 5m/s, the duration of contact practically coincides for all three thin-walled
systems, since for small velocities the duration of contact is governed by the
quasistatic process, which is common for all thin-walled systems under
consideration.
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Chapter 5
Conclusion

Starting from the three-dimensional dynamic theory of linear elasticity and the
Vlasov and Gol’denveizer theories, the dynamic theory of thin-walled beams of
open section has been proposed with due account for the axial precompression.
As this takes place, the derived hyperbolic system of recurrent equations together
with the ray expansions allow one to describe the short-time processes, in par-
ticular, the processes of shock interaction.

The theory suggested in this book is free from new additional constants such as
the shear coefficients in Timoshenko-like theories, which are dependent on the
geometry of a beam, but it involves only elastic moduli and Poisson’s coefficient,
resulting in the fact that the velocity of the transient shear wave coincides with that
of the transverse wave in a three-dimensional elastic media, in contrast to the
Timoshenko-like theories, according to which several transverse waves propagate,
as a rule, with the velocities dependent on the geometrical parameters of the beam.
As for the longitudinal wave, then in both theories it propagates with the velocity
of the longitudinal wave in a thin elastic rod.

The new theory proposed is of great engineering importance, since precisely
curved members in modern bridges and architectural structures continue to pre-
dominate over the straight ones because of emphasis on aesthetics and transpor-
tation alignment restrictions in metropolitan areas. Thus, the increasing use of
curved thin-walled beams in highway bridges, civil engineering and aircraft has
resulted in considerable effort that should be directed toward developing accurate
methods for analyzing the dynamic behaviour of such structures.

The analytical method for investigating the transient wave propagation in
spatially curved thin-walled beams of generic open profile, which has been utilized
in this paper, possesses unique features, because it allows one to show more
emphatically and more informatively the whole process of wave propagation.
It has been shown that all existing technical theories of thin-walled beams could
not capture the general relationships of the transient shear-torsional waves, since
each thin-walled beam possesses its own velocities, and thus, each time it is
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needed to study a concrete object with its concrete dimensions. As for numerical
approaches, then neither of existing numerical methods enables one to understand
the whole dynamics of transient wave propagation in such a complex mechanical
structure as a thin-walled beam of general open profile which is spatially curved
and twisted, and neither of numerical procedures could reveal new effects that
have been discovered by the proposed analytical treatment.

The dynamic stability with respect to small perturbations, as well as the local
damage of geometrically nonlinear elastic spatially curved open section beams
with axial precompression have been analyzed. Transient waves, which are the
surfaces of strong discontinuity and wherein the stress and strain fields experience
discontinuities, have been used as small perturbations, in so doing the disconti-
nuities have been considered to be of small values. Such waves could be initiated
during low-velocity impacts upon thin-walled beams.

Thus, the following new results have been found. On the quasi-longitudinal-
flexural-warping wave, all primary values which define the type of this wave are
interconnected with each other, and they are expressed in terms of the different-
order discontinuities in the longitudinal component of the velocity. This coupling
is due to the presence of the rod’s curvature and of the angle between two
reference systems locating in the plane of the strong discontinuity for the case
when the natural axes, the main normal and binormal, of the thin-walled beam
with a spatially curved and twisted longitudinal axis do not coincide with the main
central axes of its cross-section. To the authors’ knowledge, the influence of this
angle on the character of the quasi-longitudinal-flexural-warping wave has been
studied for the first time. Moreover, it has been found that on this wave there exist
‘admixed’ secondary shear-torsional components of higher order than the primary
longitudinal-flexural-warping components.

On the quasi-shear-torsional wave, the main values which define the type of this
wave, are interconnected with each other, and they are expressed in terms of the
different-order discontinuities in the angular velocity of rotational motion around
spatially curved and twisted longitudinal axis of the thin-walled beam via the shear
center coordinates which, in the general case of the beam’s cross-section, are
different from those of the center of gravity. It has been discovered that on this
wave there also occur ‘admixed’ secondary flexural motions of the same order as
the primarily motions, as well as secondary longitudinal and warping motions of
the higher order than the primarily components. It has been shown that this
coupling is supported by the characteristics of the thin-walled beam’s longitudinal
axis: its torsion, curvature and the angle between two reference systems in the case
when the natural axes, the main normal and binormal, of the thin-walled beam
with a spatially curved and twisted longitudinal axis do not coincide with the main
central axes of its cross-section.

It is reported that after finding the discontinuities of the desired stress and
velocity fields determined within an accuracy of arbitrary constants on the two
waves of strong discontinuity, quasi-longitudinal and quasi-transverse, propagating
in the thin-walled beam of open profile, the fields of the desired functions could be
constructed also with an accuracy of the arbitrary constants utilizing the ray series,
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which are the power series with variable coefficients and which allow one to obtain
the analytical solution behind the wave fronts of strong discontinuity.

The approach proposed permits to solve analytically for the first time, to the
authors’ knowledge, the problem of normal impact of a rod against an elastic thin-
walled beam of open section making allowance for the beam’s translatory and
rotational motions, warping, rotary inertia, shear deformation, the local bearing
due to the Hertz’s theory, and the initial axial compression of the beam. The
method of expansion along the rays behind the wave front is valid for short times
after the wave front has passed. That is why it is well suited for solving the
problems of shock interactions, since the duration of contact is very short, and thus
a small number of terms in ray expansions is sufficient to achieve reasonable
accuracy of the solution.

The example of using the ray expansions for analyzing the impact response of
spatially curved thin-walled beams of open cross-section is demonstrated by
solving the problem about the normal impact of an elastic hemispherical-nosed rod
upon an elastic arch, representing itself a channel-beam curved along an arc of the
circumference.

The theory constructed allows one to investigate the influence of the initial
stresses on the dynamic fields and to answer a set of major questions, among them:
(1) What magnitude should the initial velocity of impact take on at the given axial
precompression of the thin-walled open section beam in order to produce its local
damage at the place of shock interaction between the target and the impactor?
(2) How does the level of the initial axial compression influence the maximal
contact force and the duration of contact? The graphs presented in Figs. 4.3 and
4.4 are the answers to the above questions.


http://dx.doi.org/10.1007/978-3-642-20969-7_4#Fig3
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Chapter 6

Peculiarities of Transient Wave
Propagation in Thin-Walled
Beams of Open Section

We will interpret a transient wave (a surface of strong discontinuity) in a thin-
walled beam of open section as a plane wave taking a pattern of the beam’s profile
and propagating perpendicular to its cetroidal axis. Such a wave could be named as
a ‘beam-like wave’. During the transition through the wave surface the displace-
ment fields remain continuous, while the fields of stresses, deformations and
velocities of particle’s displacements are discontinuous across this surface.

For the fields, which experience the discontinuities, there exist the geometrical,
kinematic and dynamic conditions of compatibility [1].

6.1 Conditions of Compatibility

On the wave surface of strong discontinuity, the following conditions of com-
patibility for the desired values could be written according to Thomas [1]: the
kinematic condition of compatibility

and the geometric condition of compatibility

of df
= |=L| Py 6.2
[@xj} {dn} i+ o850 (62)
where [f] =fT — f is the jump of the value f, the signs “+” and “—" refer to the

magnitudes of f calculated ahead and behind of the wave front, respectively, 6/0¢
is the Thomas J-derivative, d/dn is the derivative with respect to the normal to the
wave surface, G is the normal velocity of the wave surface, /; are the components
of the unit vector normal to the wave surface, g,p = x;,X; s are the covariant
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components of the metric tensor of the wave surface, x;, = Ox;/0u”, u* o = 1,2
are the coordinates on the wave surface, g“ﬁ are the contravariant components of
the metric tensor of the wave surface, in so doing g*gg, = 5;, where 5‘; is the
Kroneker’s symbol, and [f] , is the covariant derivative of the discontinuity in the
desired function with respect to the surface coordinates u”*.

Formula (6.1) is the definition of the Thomas J-derivative written in jumps.
The validity of (6.2) can be shown by sequential multiplication of its right- and
left-hand sides by 4; and x;, at a time and considering that A;x;, = 0.

Excluding the value [df /dn] from (6.1) and (6.2) yields

ol [ 5[f]
a.Xj ot
Let us chose as the surface coordinates u' and u?, respectively, x and y

(the main central axes of the cross section, see Fig. 3.1), and consider that g;; =
g» =1 and

] LG == <G71+[f]ﬂg“ﬁxj,ﬁ. (6.3)

1

0 _das_ap)
ot ds dr ds

where s is the arc length measured along the ray.
Considering the above said, let us rewrite formula (6.3) in the form

A PRRTET P A P

0 6
Substituting the function fin (6.4) by the k-order time-derivative of the desired
function, we obtain the required conditions of compatibility.

6.2 Conditions of Compatibility for Engineering Theories

Let us prove the validity of formula (2.1) by the method of mathematical induc-
tion. At n = 1, the known formula is obtained, which is the basis for the definition
of the Thomas o-derivative [1],
oz oZ
—=—Z —. 6.5
oz S0t (65)
Note that the kinematic condition of compatibility (6.5) is valid both before and
after the wave front, that is why it is written without jumps.
Now we suppose that formula (2.1) is valid for n — 1, i.e.

anflz n—1 (n _ 1)' 5n717mZ
ozn! Z( ) ml(n—1—m)! om-1-m

m=0
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To prove the validity of (2.1), let us multiply (6.6) by G, differentiate over z,
and apply formula (6.5). As a result we obtain

0"z n—1 — 1) 5n717mZ ”
Gn 72(71)m+1 (n ) | +1>

0z m=0 m(n—1—m)! or-1-m
nl n—m
w (n=11 0""Zy,
! 6.7
i m:O( ) ml(n—1—m)! or—m (6.7)

In the first sum of (6.7), we substitute m + 1 by m, in so doing its low limit
becomes equal to unit, while the upper limit is equal to n.

Let us separate out the term at m = n in the newly obtained sum and the term at
m = 0 in the second sum of (6.7), and add together all remained sums. As a result,
we obtain

'z \ 5"z
G P (-1 Zn) +ﬁ
n—1 n—m
W (=1 (n=1 18" " Zm
+) n[w_ +

m)!(m—1)! " (n—1—m)lm!| or—m "’

or

anZ 5nZ n—1 I’l' 5n7mZ( )
"= — (-1)"Z = - il }
@ = U2+ 5+ 2 D s (68)

m=1

If we include the second term standing in the right-hand side of (6.8) into the
sum, and express the value (—1)"Z ,), then we are led to relationship (2.1).

6.3 The Main Kinematic and Dynamic Characteristics
of the Wave Surface

Now choosing the function u; as the function f in formula (6.4) we have

(6.9)

i) = —G ' il + [a(”"kf)} + F(”"S’)},

ox Oy

where u; are the displacement vector components, [u;;] = [Ou;/0x;],x; are the
spatial rectangular Cartesian coordinates, x- and y- are the main axes of the cross
section of the beam (Fig. 3.1), [u; )] = [0%u; /0], 1 is the time, v; = i1y, Ais ki,
and s; are the components of the unit vectors of the tangential to the centroid
axis, and directed along the main axes, respectively, and Latin indices take on the
values 1, 2, 3.
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Writing the Hook’s law for a three-dimensional medium in terms of disconti-
nuities and using the condition of compatibility (6.9), we find

0] = =G A1y — G~ (il 4y + i) &) + ([t ] + [wy,,]) 05
+u([@(g;kj)} + [6(?){@‘)} I [@(g;sj‘)} N [a(gj;i)D’ (6.10)

where [v,] = [vi]4;,

ol = [ 252 = 5] =ttt = |22 = 32| =

/ and p are Lame constants, and ¢;; is the Kroneker’s symbol.
Multiplying relationship (6.10) from the right and from the left by k;k; and s;s;
and considering equations

[Uxx] = [Gij]k,‘kj = 0, [O-yy} = [GU}S,'SJ‘ = 0,

what corresponds to the assumption that the normal stresses on the cross-sections
parallel to the middle surface could be neglected with respect to other stresses,
we obtain

[0w] = _Gill["l} + l([“}m] + [”m’]) + 2pfuy ] = 0,
oy = _G_I’I[VZ} + l([ux,X] + [”‘H’]) + 2uluy,,] =0,

whence it follows that

[, 2] = [uy,y] = m val,
[, 2] = [uy,y] = VG?I[Vi]v (6.11)

. ! . . . .
SInce v = 20+4) is the Poisson’s ratio.

Multiplying relationship (6.10) from the right and from the left by A;4;, we are
led to the equation

(0] = [0k = =G~ (A + 2p) [v;] + 2A[uy ). (6.12)
Substituting (6.11) in (6.12) and considering that E = (37%25);4 yields
[01,] = =G 'E[v,], (6.13)

where E is the elastic modulus.
Alternatively, multiplying the dynamic condition of compatibility, i.e. the
equations of motion rewritten in jumps,
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(03145 = —pGvil, (6.14)
by 4;, we obtain
[01;] = —pG[v,], (6.15)

where p is the density of the beam’s material.
Eliminating the value [g,;] from (6.13) and (6.15), we find the velocity of the
quasi-longitudinal wave propagating in the thin-walled beam of open section

E
G = \ﬁ. (6.16)

Relationship (6.13) with due account for (6.16) takes the form

[0:2] = —pGi[v;]. (6.17)

Now multiplying (6.9) by /4;4; and considering that on the quasi-longitudinal
wave G = Gy, we obtain

vi] = =Gilus, ] (6.18)

Substituting (6.18) in (6.11), we are led to the following equations valid on the
quasi-longitudinal wave:

[, 2] = [uy,y] = —V[uy, 4] (6.19)

Note that in the three-dimensional medium only one value, i.e. [u,, ;], is
nonzero on the quasi-longitudinal wave, while in the one-dimensional
medium, where the ‘beam-wave’ propagates, on the quasi-longitudinal wave
there are two nonvanishing values, namely, [u, ] and [u, ], resulting to the
fact that, as distinct to the statics of the thin-walled beams of open section
where the contour of the cross-section remains to be rigid during the process
of its deformation, in the dynamic problems this contour experiences the
deformation on the quasi-longitudinal wave.

It is interesting to emphasize that relationships (6.19), which are valid only on
the front of the quasi-longitudinal wave propagating in the thin-walled beam of
open profile, coincide by their form with the well-known formulas for simple
beams of solid cross-section being under simple tension-compression, i.e.

Uy x = Uy y = —VUz 7,

which are valid for all cross sections of the simple beam with the longitudinal
z-axis.
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Multiplying (6.10) by 4;k; and by A;s; and (6.14) by k; and by s;, respectively,
we have

(0] = [04]iki = —uG' Vi), [o1y] = [oy)lis; = —uG™'[v,), (6.20)
and
[oi] = —pGlvi,  [o4] = —pGDy], (6.21)
where [vi] = [wlki and [1,] = [nls.

Eliminating the values [o)] and [0, from (6.20) and (6.21), we find the
velocity of the quasi-transverse wave

G, = \/g. (6.22)

Considering (6.22), relationships (6.20) take the form
[G).x} = —pG, [vx]a [G/ly] = —pG [vy]' (623)

Thus, we have just prove that the dynamic theory of thin-walled beams of open
profile proposed in this book admits only two transient waves, quasi-longitudinal
and quasi-transverse, propagating with the velocities (6.16) and (6.22), in so doing
the velocity of the quasi-longitudinal wave is equal to that of longitudinal wave in
a thin elastic rod of solid cross section, while the velocity of the quasi-transverse
wave coincides with the velocity of the shear wave propagating in a three-
dimensional elastic medium.
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