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Abstract-The effect of plastic deformation on the dynamic buckling of shallow structures is studied for a simple
truss consisting of two identical bars with a mass attached to the middle hinge. The material of the truss is con
sidered to be elastic-perfectly plastic with equal yield limits in tension and compression. The load is applied at
the middle hinge. Two types of loading are included, namely, step loading and impulsive loading. It is found that
for materials with low level of yield stress, the dynamic buckling load increases with the yield stress. However,
for materials with a high level of yield stress, the dynamic buckling phenomenon is dominated by the elastic
action. When the applied load is sufficiently large, the backward snap-through of the truss may be prevented by
the tensile yielding present in the post-buckling deformation of the truss.

NOMENCLATURE

A cross-sectional area of the bar
a half span of the truss
E Young's modulus of the bar
11 a function, equation (13)
12 a function, equation (18)
13 a function, equation (30)
14 a function, equation (32)
Is a function, equation (36)
H(t) Heaviside step function of time
hit) height of the truss at time t
hy height of the truss at the beginning of compressive yielding
ho initial height of the truss
M attached mass at the middle hinge
PI magnitude of the impulsive load
P2 magnitude of the step load
p dimensionless step load, equation (6)
p, critical load for snap-through
p, critical load for snap-through during compressive yielding, equation (59)
p* a root of equation (36)
t time
V initial downward velocity of the middle hinge
P initial velocity parameter, equation (6)
P, critical initial velocity for snap-through
P: critical initial velocity for backward snap-through
X = p

2 +2p
Y = h/ho

Y = dy
de
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d2r

dr'
.1"1 saddle point height, equation (15)
.1',2 saddle point height, equation (31)
.I'm minimum height
.I've height at the begil'.ning of compressive yielding during forward motion
y~, height at the beginning of compressive yielding during backward motion
.1'", height at the beginning of tensile yielding

yield stress parameter, equation (6)
Dirac delta function of time
strain of the bar

La total strain at .I' = (J

Bm total strain at .I' = .I'm
I: v strain at the beginning of compressive yielding
Ij inclination of the bar at time t
110 initial inclination of the bar

stress in the bar
(jr yield stress of the bar
r dimensionless time, equation (6)

1. INTRODUCTION

DYNAMIC buckling of shallow structures is often accompanied by plastic deformation.
Such phenomenon was observed by Humphreys [IJ and Lock et ai, [2] in their experiments
on dynamic snap-through of shallow arches and spherical caps. Due to the presence of
plastic flow, the dynamic buckling load is reduced and backward snapping may be prevented.
Thus, dynamic buckling can be analyzed in a more realistic manner by taking plasticity
into consideration.

The mathematical treatment in problems of dynamics of elastic-plastic structures is
usually complicated due to the loading and unloading processes involved. Such complexity
is influenced by the degree of freedom of the structure and the adopted constitutive law
of the material. In order to make our study of the effect of plasticity on the dynamic buckling
possible, we shall deal with a simple structure under a simple elastic-plastic constitutive
law. The structure considered here is a symmetrical weightless shallow truss with a mass
attached at the middle hinge as shown in Fig. 1. Motion of the truss is caused by a downward
force applied at the middle hinge. Two types of loading are included in this investigation,
namely, the Heaviside step loading and the Dirac impulsive loading. The material of
the truss is considered to be elastic for stresses within yield limits and to be perfectly plastic

~ 8(t)+ PzH(t)

FIG. I. Geometry of the problem.
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FIG. 2. Stress~strain relation for elastic-perfectly plastic materials.

for stresses equal to the yield stress. The stress-strain relation is demonstrated graphically
in Fig. 2. The purpose of this study is to find useful information on the one-dimensional
dynamic buckling phenomenon, hopefully applicable to some more complicated elastic
plastic structures such as perfectly symmetrical arches or axisymmetrical spherical caps
under perfectly symmetrical loading conditions.

2. FORMULATION OF THE PROBLEM

A symmetrical pin-jointed weightless shallow truss with span 2a and height hois attached
to a mass M at the middle hinge as shown in Fig. 1. An impulsive load Ptb(t) and a step
load P2 H(t) are applied simultaneously at the middle hinge, where c5(t) and H(t) are the
Dirac delta function and the Heaviside step function of time, respectively. The downward
velocity of the middle hinge at t = °caused by the impulsive load is denoted by V. At any
time t the height of the truss is h(t). Since the truss is assumed to be shallow, the approxima
tions () ~ h/a and ()o ~ ho/a are valid. The strain of the bar is approximately

(I)

We shall assume that the bars are sufficiently rigid against bending so that they remain
straight during deformation. For t > 0, the stress in each bar is

(2)

where A is the cross-sectional area of the bar which is considered to be uniform. The
second term in the parenthesis is the D' Alembert force caused by the acceleration of the
attached mass.

The material of the truss is considered to be elastic-perfectly plastic with the magnitude
of yield stress (J y in both tension and compression. Within the yield limits, the stress-strain
relation is elastic with Young's modulus E. The stress-strain relation is shown graphically
in Fig. 2.
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In the early stage of deformation, the stress in the bar is compressive and within the
yield limit, thus

(J = E/;. (3)

(4)

(5)

(6)

Equation (3) holds as long as (J> -(Jy' When (J = -(Jy, compressive yielding begins.
If we denote the height of the truss and the strain of the bar at the instant of initiation of
compressive yielding by hy and Sy respectively, we have

1 hz hZ
Gy = 2~2( y - 0)

and

-(Jy = Esy.

Let us introduce the following dimensionless quantities:

y = h/ho, yyc = hy/ho, p = Pza3/(h~EA),

r = t[Ah5E/(Ma3)J!, rt2 = 2(Jyaz/(h5E),

v = V[Ma3/(Ah6E)J!.

From equations (1), (2) and (3), we obtain the following equation of motion before com
pressive yielding:

ji+ y(yZ -1)+p = 0,

where ( .) == d/dr ( ). The initial conditions expressed in dimensionless quantities are

y(O) = 1

and

y(O) = -v.

(7)

(8)

(9)

From equations (4) and (5), the height of the truss at the beginning of compressive yielding
can be determined as

(10)

Therefore, when IY. ~ 1, there is no possibility for compressive yielding.
Equations (7), (8) and (9) define an initial value problem for y(r). The solution involves

elliptic functions and it is difficult to use it in our buckling analysis. In this paper, instead
of considering y as a function of r, we shall treat y as a function of y and analyze the motion
of the truss by means of the phase-plane diagram. The advantage of the phase-plane
diagram analysis is that the solution of y(y) can be obtained directly from the equation of
conservation of energy which is usually very simple in expression. The energy equation
for the motion of the structure before compressive yielding can be obtained by multiplying
both sides of equation (7) by Ydr and integrating from r = 0 to an arbitrary T, while taking
into account the initial conditions of equations (8) and (9). We have

(11 )

The first term of equation (11) stands for the change of the kinetic energy; the second term
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represents the strain energy stored elastically in the structure and the last term is the work
done by the step load. Hence equation (11) represents the conservation of energy in
dimensionless form. If we plot y against y according to equation (11) by taking p and v
as parameters, we obtain the trajectory curves in the phase-plane diagram which are
shown in Fig. 3. The snap-through behavior can then be easily studied from the character
of the trajectory curves. For any sufficiently small values of p and v, the trajectory consists
of two non-intersecting closed curves which are shown by solid lines in Fig. 3. These
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FIG. 3. Phase-plane diagram for elastic deformation of the truss.

curves intersect the y-axis at four points A, B, C and D corresponding to the four real roots
of the algebraic equation

(12)

Under the initial condition equation (8), the actual motion of the truss follows the right
closed curve and the left one can never be reached. Under a certain critical condition of
p and v, these four roots of y in equation (12) degenerate into three roots which are shown
by points E, F and G in Fig. 3. The root at the point F is a double root. The condition for
the presence of a double root in equation (12) is

11 = 8X3 -4X2-36p2X +p2(16+27p2) = 0, (13)

where

The double root is found to be

x = v2+2p.

2p(2 - 3v2-6p)
Yet = 2v2 +4p-9p2 '

(14)

(15)
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where p and I' satisfy equation (13). The time required to reach the saddle point is infinite.
For large values of p or v, equation (12) has only two real roots at points H and I in Fig. 3.
In this case, if the stress in the truss remains within the yield limits, there is only one closed
trajectory shown by the dashed line. Hence equation (13) is the condition for a discontinuous
change of the character of trajectories in the phase~plane diagram and will be considered
as the critical condition for dynamic snap-through. This definition of the dynamic snap
through of structures with one degree of freedom by the change of trajectory regions in
the phase-plane from one side of the separatrix curve to the other was also adopted by
Nachbar and Huang (3] in their study of a similar problem. Due to the effect of the plastic
deformation, the actual trajectories may be different from those shown in Fig. 3. We shall
discuss the snap-through problem with plastic deformations in the following sections.

3. CASE A: HIGH YIELD STRESS (0: ~ 1)

When 0[ ~ 1, there is no compressive yielding. If It :s; 0, equation (12) possesses four
real roots and the truss will oscillate elastically without snap-through. On the other hand,
if fJ > 0, the truss will deform to the snapped position. Furthermore, after the snap
through, if the tensile stress in bars reaches the yield stress (Jy, tensile yielding will occur.
When tensile yielding begins, we have

(Jy = Esy- (16)

At this moment, the height of the truss can be found from equations (4) and (16). It is

Yw = -(1 +(2 )+. (17)

The velocity at Y = YVI is denoted by .VYI • From equation (22) we have

.V;l = ,,2 - ~(X4 +2p[ I +(l + 0[2)1] = /2' (18)

If12 :s; 0, there will be no tensile yielding after snap-through and the truss will snap back
and forth elastically. On the other hand, if.f~ > °and f2 > 0, tensile yielding will occur
after snap-through.

During tensile yielding, the stress in the bar remains a constant value (Jy- The equation
of motion can be obtained from equation (2) by letting (J = (Jy. Thus we obtain

ji+0[2y + p O. (19)

The energy equation can be derived from equation (19) by integration and utilization of
the initial conditions, equations (17) and (18),

J~2 = 1,2 + 0:
2(1 - y 2) +2p(l - y) + to[4. (20)

The truss will move downward continuously until)i = O. The minimum height of the truss,
Ym, can be determined from equation (20) by setting y = O. Accordingly,

v = _l!-.-_ [(1'_+ 1)2 +1'2 +iX~J+. (21)
• m (X 2 (X2 (X2 2

At this height, the total strain is

(22)
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After the truss reaches the minimum point, it will move upward. In the upward motion,
the stress-strain relation becomes elastic and satisfies the equation

(23)

From equations (1), (2), (22) and (23), we can derive the following equation of motion for
the upward motion of the truss:

The corresponding energy equation is

.v2+!(y2- y~)2 + iX2(y2- y~)+2p(y - Ym) = O.

Note that equation (23) can also be written as

(24)

(25)

(26)

Hence, when the stress in the bar reaches the compressive yield stress during the backward
motion, the truss height Y:e can be found from equation (26) by setting (J = -(Jr Thus
we have

(27)

When Y= Y:e' the velocity is .v:e which can be determined from equations (25) and (27),

(28)

Since Ym is negative, .vic is complex and the truss will move downward before compression
yielding. The maximum height in the post-buckling oscillation, Yn, can be determined
from the following equation

(29)

Ifequation (29) possesses three real roots, there is no snap-through in the upward motion.
On the other hand, if equation (29) possesses only one real root, there is a backward snap
through in the upward motion of the truss. Thus the critical condition for snap-through
is also the condition for equation (29) possessing a double root. This condition can be
found as

13 = 8pY~+iX4y~-18iX2Ymp-2iX6-27p2 = 0,

where Ym is given by equation (21). The saddle point is located at

(30)

(31)

where p satisfies equation (30). If 13 < 0, equation (29) has only one real root which is
always positive. Under this condition, the truss will snap back and forth elastically after
tensile yielding.
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4. CASE B: LOW YIELD STRESS (0: < 1)

For 'Y. < 1, the truss may yield in compression. When compressive yielding starts.
the height of the truss Yye is given by equation (10). If rye;:::: Yet' compressive yielding may
occur before the elastic snap-through which is determined by the sign of II' Denote the
velocity at Y = Yye by Y.ve' From equations (to) and (11), we obtain

(32)

If /4 :s; 0, the truss will move backward before compressive yielding occurs. In this case,
the truss can only oscillate elastically without snap-through. On the other hand, if.f4 > 0,
the tress may yield in compression before snap-through.

After compressive yielding, the stress in the bar remains a constant value (-0). We can
obtain the equation of motion by setting (j = - (jy in equation (2). Thus we have

(33)

The energy equation during compressive yielding can be found from equations (33), (10)
and (32). It is

y2 v2 +1a4+ ct 2(y2 -1)+2p(1- y).

Putting Y = °in equation (34), we obtain

v2 +!ct4 +ct2(y2 -1)+2p(1- y) = 0

(34)

(35)

which is a quadratic equation of y. The condition for equation (35) possessing a double
root is

(36)

This double root is

(37)

where p p* is the root of equation (36). The root Y = Yel is also a saddle point in the
phase-plane diagram. Note that equations (36) and (37) are valid only if Yye ~ Ye2' From
equations (10) and (37), it is found that the condition Yye ~ Ye2 is equivalent to the following
condition:

(38)

where p p* satisfies equation (36). Since the saddle point for elastic snap-through Yel
of equation (15) must satisfy the cubic equation

(39)

where p satisfies equation (13), we know that the condition Yye ~ Ye2 is equivalent to the
condition for compressive yielding occurring before the elastic snap-through, viz. Yye ~ Yel .
Under the condition (38), if

(40)

we have /s ~ 0 and equation (35) possesses two real roots of y. In this case, there is no
snap-through and the truss will oscillate elastically after compressive yielding. On the
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p>a2-a(ta2+v2)"t, (41)

then Is < 0 and equation (35) possesses no real roots and there is snap-through during
compressive yielding. Let us denote the velocity at Y = 0 by Yo. From equation (34),
we have

(42)

The total strain at Y = 0 is

(43)

After passing through the point Y = 0, the stress-strain relation becomes elastic and
satisfies the equation

a+ay = £(e-eo). (44)

From equations (1), (2), (43) and (44), we have the following equation of motion in the
elastic range of deformation after compressive yielding:

ji + y(y2_ a2)+ p = O.

The energy equation can be obtained from equations (45) and (42). It is

y2 = v2_ a2(1 _ y2) +2p(1 _ y) +1(a4 _ y4).

(45)

(46)

(50)

The stress in the bar will change its sign in this range of deformation. When the stress
becomes tensile and reaches the yield limit, tensile yielding occurs. At this moment, the
height of the truss is yyt which can be obtained from equation (44) by setting a = ay. Thus we
obtain

Yyt = -(2)-!-IX. (47)

The velocity at Y = Yyt can be found from equation (46). It satisfies

y~ = v2-a2+ta4+2p[I+(2)-!-IX]. (48)

It can be shown that equation (48) is always positive under the condition of(41); i.e. tensile
yielding is always present after snap-through.

During tensile yielding, the stress in the bar remains a constant value a = ay. From
equation (2), we can derive the equation of motion which is identical to equation (19). The
corresponding energy equation can be obtained from equations (19), (47) and (48),

y2 = v2-a2(1+y2)+2p(1_y)+~a4. (49)

By setting y = 0 in equation (49), we obtain the minimum height of the truss Ym

p [( p ) 2 v
2

5 J-!-Ym = --- -+ 1 +-+-a2-2a 2 a 2 (X2 2

At this height, the total strain em is given by equation (22). After the point Y = Ym is reached,
the truss will move upward and the elastic stress-strain relation in the backward motion is
given by equation (23). Hence the equation of motion and the energy equation for the up
ward motion of the truss are identical with equations (24) and (25) in which Ym is given by
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equation (50). Equation (28) also holds for the case 0( < I. Since .I'm < - (2))0(, .\',;"e is
complex. This shows that the truss will move downward again before the compressive yield
point is reached. In other words, after tensile yielding, the truss can only oscillate elastically
in its snapped configuration.

The foregoing discussion holds only when the condition (38) is valid. Suppose that

(5\ )

then Yye < Yel' In this case, the critical condition for snap-through is dominated by the
elastic condition, equation (13). The compressive yielding is always present during snap
through. The post-buckling motion of the truss is exactly the same as that discussed
previously in this section.

In the following, we shall consider two special cases, namely, dynamic buckling due to a
step loading (v = 0) and dynamic buckling due to an impulsive loading (p = 0).

5. STEP LOADING

In the case ofstep loading, we can set v = 0 in all preceding equations. Let us consider the
following cases of 0( :

(i) 0( 2': I

In this case, there is no possibility for compressive yielding. From equations (13) and (15)
we can find the critical load and the critical height for the elastic snap-through:

and

Pc = fr

Yel = t.

(52)

(53)

(55)

When p < 2
8
7' there is no possibility for snap-through and the truss will oscillate elastically.

When p = fr, the height of the deformed truss will approach .I' = t asymptotically. The
condition for tensile yielding is determined by the sign of /z in equation (18). If

l7 < P ~ ;}0(2[(l +O(z)-t_I] (54)

there is no tensile yielding and the truss will snap back and forth elastically. Note that the
condition (54) does not exist if 1 ~ 0( ~ t. When 0( falls within this range, there is always
tensile yielding after snap-through.

Next, let us consider the motion of the truss after the tensile yielding. The minimum
height of the truss, .I'm' is determined by equation (21),

p [( p )Z O(zJ-t.I'm = -~- ~+1 +~0(2 0(2 2

The critical load Pc for the backward snap-through must satisfy equation (30) which can be
expressed as

27p; + 2Ym(90(2 -4Y~)Pe + 0(4(20(z - y~) = O.

The saddle pointy = Ycz will be found from equation (31). For

Pc > P > ;}0(2[(l + 0(2)1' - I]

(56)

(57)
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the truss will snap backward after tensile yielding and then oscillates elastically. When
P = PC' the truss will finally stop at the height Y = Yc2 in the upward motion. When P > PC'
after tensile yielding, the truss can only oscillate elastically without the appearance of the
backward snap-through. The maximum height of the truss during the post-buckling oscilla
tion is determined by equation (29).

The trajectories for a = 2 are shown by curves (aHf) in Fig. 4 in the order of ascending
values of p. The black circles on the curves represent the position where tensile yielding
initiates.

(ii) 2(2)tj3 < a < 1
In this case we can find p* from equation (36) as

p* = a2[1- aj(2)t]. (58)

-2.5

FIG. 4. Phase-plane diagram for (1 = 2, v = 0, and various values of p.
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The inequality condition (51) is fulfilled hence the critical load is the elastic critical load.
When p < l7' there is no possibility for snap-through and the truss will oscillate elastically.
When p = l7' the truss will deform to a height Y 1asymptotically. When p > l7' snap
through will occur. Compressive yielding and tensile yielding are found during the motion
of snap-through. After tensile yielding the truss cannot snap backward but oscillates
elastically in its snapped configuration.

(iii) a :s; 2(2)1:/3

In this case, the inequality condition (38) is satisfied. The critical load for compressive
yielding can be found from equation (32). Therefore if p :s; ia2 [1 +(l-a2 )1:], there is
neither compressive yielding nor snap-through and the truss can only oscillate elastically.
The critical load for snap-through during compressive yielding can be found from equation
(36),

(59)

Hence if ia2 [1 +(I - a 2)tJ < p < Pc, there is compressive yielding but no snap-through.
The saddle point is given by equation (37). It is found to be

Yc2 = 1-aj(2)t. (60)

When p = PC' the height of the truss will approach this saddle point asymptotically. When
p > Pc' there is snap-through during compressive yielding.

Tensile yielding will occur after snap-through. After tensile yielding, the truss cannot
snap backward but oscillates elastically in its snapped configuration. The minimum height
Ym and the maximum height of the truss during the post-buckling oscillation are determined
by equations (55) and (29), respectively.

The trajectories of the motion of the truss for a = 0·75 are shown by curves (aHd) in
Fig. 5 in the order ofascending values ofp. The white circles in Fig. 5 represent the positions
for the initiation ofcompressive yielding and the black circle shows the initiation of tensile
yielding.

The results of the foregoing analysis for the case of step loading (v = 0) are shown
graphically by the p-a diagram in Fig. 6. There are six regions separated by solid lines. For
any values of a and p, we can find a point in these regions. Information about yielding and
snap-through for any values of a and p is shown in the diagram.

6. IMPULSIVE LOADING

Under impulsive loading, the initial velocity of the truss is prescribed but there is no
load acting on the truss at t > O. In this case, v '# 0 and p = O. We shall discuss the snap
through behavior in reference to whether a 2: 1 or a < 1.

(i) a 2: 1

There is no compressive yielding for a 2: 1. The critical velocity for elastic snap-through
is found from equation (13). It is

(61 )
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FIG. 6. p-a diagram for the case of step loading (v 0).
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and the saddle point is given by equation (15),

'vel = O. (62)

Thus, for v < Pe there is no snap-through and for p = I'e the truss will approach a flat posi
tion Y 0 asymptotically. The critical condition for tensile yielding after snap-through is
given by equation (18). Hence for (2)-+ < v :s; (X2j(2)+, there is no tensile yielding but the
truss can snap back and forth elastically.

After tensile yielding the truss moves upward. The minimum height of the truss is given
by equation (21),

v = (1 +.:~+ (/.2)+. (63)
• m (X2 2

In the upward motion of the truss, backward snap-through may occur. The critical initial
velocity for backward snap-through, P:, is determined by equations (30) and (63),

The corresponding saddle point is found from equation (28),

,vc2 = o.

(64)

(65)

When (X2j(2)t < p < v:' the truss will snap back and forth elastically after the tensile
yielding. When v = P:, the truss will approach the saddle point .ve2 asymptotically. Finally,
if v > De' after tensile yielding, the truss cannot snap backward but oscillates elastically in its
snapped configuration. The maximum height of the truss in the post-buckling oscillation is
determined by equation (29).

The trajectories for a = 1·2 are shown by curves (a)-en in Fig. 7 in the order ofascending
values of v. Again, the positions for the initiation of tensile yielding are shown by black

circles.

(ii) (J. < 1
In the case of impulsive loading, we may consider p = 0 in equation (36). Thus p* = O.

The inequality condition (38) is always fulfilled. Accordingly, there is no possibility for
elastic snap-through to occur before compressive yielding.

The critical initial velocity for compressive yielding is determined by equation (32). For
v :s; (2)t a2j2, there is no compressive yielding and the truss oscillates elastically in its
unsnapped configuration. The critical initial velocity for snap-through during compres
sive yielding is determined by equation (36) and the saddle point is found at Ye2 = 0 from
equation (37). Hence for a2 j(2)t < v < a(l-ta2ri there is no snap-through and the truss
oscillates elastically after compressive yielding. When v = e«I--!a2)t, the height of the
truss will approach the saddle point Y = 0 asymptotically during compressive yielding.
When v > a(l-ta2)t, snap-through occurs during compressive yielding and tensile
yielding follows. After tensile yielding, the truss will oscillate elastically without the appear
ance of the backward snap-through. The minimum height Ym and the maximum height
of the truss during the post-buckling oscillation are given by equations (63) and (29),
respectively.

In Fig. 8, the trajectories for (X = 0·8 are shown by curves (aHd) in the order ofascending
values of P. The compressive and tensile yield points in the phase-plane diagram are repre
sented respectively by white and black circles. In a manner similar to the case ofstep loading,
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FIG. 9. l"~-a diagram for the case of impulsive loading (p = 0).

we can divide the I,l-a plane into several regions according to the characteristics of the
truss in yielding and snap-through as shown in Fig. 9. Again, there are six regions. It is
found that these six regions have a common vertex at the point .':/. I and v2 = 0·5. How
ever, this common vertex does not exist in the P--':/. diagram (Fig. 6) for the case ofstep loading.

7. CONCLUSIONS

The following conclusions on the elastic-plastic dynamic snap-through of the simple
truss can be made directly from Figs. 6 and 9.

(I) In the case of low values of yield stress, the dynamic snap-through may occur after
compressive yielding. The critical load for snap-through increases with the yield stress.
Tensile yielding is always present after snap-through. The truss cannot snap back after
tensile yielding but oscillates elastically in its snapped configuration.

(2) In the case of intermediate values of yield stress, snap-through is essentially governed
by the elastic action. In the case of step loading, there is no possibility for the backward
snap-through after tensile yielding. However, in the case of impulsive loading, the backward
snap-through may occur when the applied impulse is sufficiently small. Under large impulse,
the plastic strain due to tensile yielding becomes significant and the truss cannot snap
backward.

(3) In the case of high values of yield stress, the dynamic snap-through is elastic. The
truss may snap back and forth if the applied load is sufficiently small. On the other hand, if
the applied load is large, the truss can only snap forward and then oscillates elastically in its
snapped configuration after tensile yielding.
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AOCTpaKT--l1ccJleAyeTclI 3<!><!>eKT rlJlaCTH'IeCKOH Ae<!>opMal.\HH Ha nOBeAeHHe AHHaMH'IeCKOrO BblITY'lHBaHHlI
nOJlOrHX KOHCTPYKl.\HH, AJllI cJlY'Iall 06blKHOBeHHOH <!>ePMbI, CocTolllUeH c THnH'IHbIX cTeplKHeH, C MaCCOH
npUJlOlKeHHOH H cepeAHHHoMy wapHHpy. DpeAnOJlaraeTClI, 'ITO MaTepHaJl <!>epMbl flBJlfleTClI ynpyro
HAca.TJbHO IIJIaCTH'leCKHM, C paBHblMH npeAeJlaMH nJlaCTH'IHOCTH AJllI paCTlIlKeHHlI II ClKaTHlI. Harpy3Ka
rrpHJlOlKeHHa K cepeAHHHoMy wapHHpy. KOHcTaTHpyeTclI ABa Tllna Harpy3KH, HMeHHO, CTyneH'IaTall II
llMrrYJlbCHBHall. HaXOAHTClI, 'ITO AJllI MaTepHaJlOB C H1l3KHM YPOBHeM HarrplllKeHHlI Te'leHHlI, Harpy3Ka
AI1HaMH'IeCKOrO BblITY'lHBaHHlI nOBblwaeTClI C HarrplllKeHHeM Te'leHHlI. TeM He MeHee, AJllI MaTepHaJlOB C
BbICOKHM ypoBHeM HanplllKeHHlI Te'leHHlI, lIBJleHHe ):\HHaMH'IeCKOrO BblITY'lHBaHHlI rrpe06J1eAaeTClI Ha):\
yrrpyrHM ):\eliCTBlleM. Kor):\a npllJlOlKeHHall Harpy3Ka lIBJllIeTClI ):\OCTaTO'lHO 60JlbWall, npOlUeJlKHBaHHe
<!>ePMbl MOlKeT 6bITb npeAynpelK):\eHO paCTlITfHBaIOlUllM Te'leHHeM, npHcyMcTByIOlUHM Ae<!>opMal.\llH
BbIllY'lHBaHHlI <!>epMbl 3a rrpe):\eJlOM ynpyrocTH.


