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Abstract—A method is introduced for determining the critical initial imperfection of discretized
structures that decreases the load-bearing capacity most rapidly. The effects of imperfections on
simple critical points, such as limit points of loads and simple bifurcation points, are theoretically
investigated based on the idea of the Lyapunov-Schmidt decomposition developed in bifurcation
theory. Imperfection sensitivity varies with the types of points. Nonetheless critical impetfection
pattern is expressed in the same formula regardless of the types. Among various imperfections, the
most influential can be found in a quantitative manner. The validity and the usability of the proposed
method are illustrated through its application to simple example structures.

1. INTRODUCTION

The load-bearing capacity of a real structure is highly sensitive to imperfections to which
the members and materials are all subjected. This is particularly the case for structures
undergoing bifurcation buckling, such as domes and shells (Hutchinson and Koiter, 1970).
In the design of such structures, it is preferable to consider the “worst” imperfection that
reduces the load-bearing capacity most rapidly.

Various techniques have been proposed to determine such critical imperfections.
Thompson and Hunt (1973) obtained the imperfection sensitivity of a multi-degree-of-
freedom system with a single imperfection parameter by applying the perturbation to the
total potential energy function of the system. Hunt (1977) and Niwa et al. (1981) combined
this approach with the catastrophe theory to determine imperfection sensitivity. Elishakoff
(1988) chose initial imperfections of shells with known probabilistic properties, and Lind-
berg (1988) chose imperfections of the structures subjected to dynamic pulse buckling based
on white noise ; their critical loads for these imperfections are determined through numerical
and/or experimental studies. Conbescure (1986) used the eigenmode obtained from elastic
bifurcation analysis as the worst imperfection, based on the relevant observation that the
cigenmode was well known to be the imperfection which would increase most rapidly.

Determining such a critical imperfection, however, remains open despite these works.
Nishino and Hartono (1989) stated, “all previous works on the effect of imperfection dealt
mostly with the effect of a given mode of imperfection”, referring to, e.g., Rosen and Schmit
(1979) and Kam and Lee (1986). Conventionally, imperfections have been selected mainly
on a trial-and-error basis with one’s experience and engineering sense. The lack of a method
for determining the most undesirable imperfection has prevented the accurate evaluation
of load-bearing capacities of dome and shell structures.

In order to address this problem, the authors introduce in this paper a method for
determining the worst imperfection of elastic discretized structures that is applicable to
non-degenerate simple critical points. The load-bearing capacity of an elastic structure is
governed by critical points on load versus displacement relationships (equilibrium paths)
which are obtained by solving the geometrically non-linear equilibrium equations. For
realistic structures, these equations involve a large number of variables and are quite
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complex so that a direct implementation of imperfections in general is difficult. However,
by means of the Lyapunov-Schmidt decomposition in bifurcation theory (see, ¢.g., Sattinger,
1979; Golubitsky and Schaeffer, 1985), the complex equations are decomposed into a small
number of bifurcation equations and the remaining equations ; if a solution to the former
is obtained, the other equations can be solved uniquely by the implicit function theorem.
In particular, in the neighborhood of a simple critical point, equilibrium equations reduce
to a single bifurcation equation. The critical imperfection is to be determined from the
bifurcation equation so that the load-bearing capacity decreases most rapidly.

The method proposed is employed to evaluate the influence of imperfections on simple
example structures in order to assess its validity and applicability. The worst imperfection
pattern and imperfection sensitivity are determined in the neighborhood of various kinds
of simple critical points, including: the limit (stationary) point of the loading parameter,
asymmetric bifurcation point, and stable- and unstable-symmetric bifurcation points. A
suggestion toward future studies concludes this paper.

2. AN ILLUSTRATIVE EXAMPLE

Before presenting the general theory in Section 3, we will demonstrate our general
approach by using a simple example. Consider the non-shallow truss arch in Fig. 1, whose
load-bearing capacity is governed by an unstable-symmetric bifurcation point A as in
Fig. 2.

The equilibrium under a vertical load fis described by
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where
L= {(x3"'xi)2+(y3 ~=Yi )2} iz, Ai = {(x"‘xi)z'*'()"“)’i)z} ”2’ i=12,

and EA; expresses the product of Young’s modulus and the cross-sectional area of the ith
member (i = 1,2); (x;, ;) is the initial location of the ith node (i = 1,2,3); and (x, y) the
location of node 3 after displacement. By solving eqn (1), we have obtained the load versus
displacement curves (equilibrium paths) drawn in solid lines in Fig. 2. The bifurcation point
A gives the load-bearing capacity f = 0.24776E4 at (x2, y7) = (0, 0.44735).

Suppose that we are interested in the change f. = f.—f2 of the load-bearing capacity
£, due to small imperfections (i.e. discrepancies from the nominal values given in Fig. 1) of
(xLy) (=1,2,3)and E4; (i = 1,2).

(b) f

{c)

{a)

{-1,3) (1,3)

(-1.1) (1,1) (x2.¥,)

Fig. 1. Two-bar truss arches. (a) Shallow arch, (b) non-shallow arch, (c) imperfect arch.
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Fig. 2. f versus x curves of the non-shallow arch (unstable-symmetric bifurcation point).

If we introduce the imperfection parameter vector
v= (xlayl’XZast x39y3, EA 19 EAZ)T9

wehavev = v® = (—1,3,1,3,0,0, E4, EA)" for the “perfect” system shown in Fig. 1, where
()T means the transpose of a vector. Let us further write v as

v=v'+ed,

to distinguish the direction d and the magnitude || of an imperfection.
For a fixed direction, say,

d = (—0.73685, —0.67606, —0.73685,0.67606,1,0, EA, — EA)", )
and various small values of |¢|, we have computed the equilibrium paths (indicated by
broken lines in Fig. 2). Thus when d is kept fixed, the load-bearing capacity f. is determined

by &. It is known as the two-thirds power law for unstable bifurcation points (see, e.g.,
Koiter, 1945; Thompson and Hunt, 1973) that, when & is small,

fem —C(@)*? 3)

with a non-negative coefficient C(d) depending on d.
Our main concern in this paper is to determine the worst direction of the imperfection
vector which causes the maximum change (decrease) of the load-bearing capacity. To be

more precise, we may formulate this problem as follows. First we assume that the imper-
fection direction vector d is to be normalized as

d"wd=1 )
with respect to a weight matrix W. In the present example we may choose, e.g.,
W = diag (1,1, 1,1, 1,1, 1/(EA)?, 1/(E4)?). )

Then our problem is to find such d that maximizes the coefficient C(d) in eqn (3).
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In the rest of this section we will briefly illustrate our method of analysis using this
example. The reader may also proceed first to the general theory in the next section and
return occasionally to this illustration.

The tangent-stiffness matrix is given by

Joo S
J — XX Xy N
<‘]y.r J_w‘) ' (6)

where

[N

Joo = EA;{l/Li—(}’_.Vi)z/Ei}}l
]

E4,; { 1L~ (—‘C_-Yi)z/l:,'3 } 5
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The critical point (f,, x., y.) is determined by eqn (1) and
det J = 0.

At the bifurcation point A, where (f., x, y.) = (/2. x, v9). the tangent-stiffness matrix J is
singular with rank J = 1.

To investigate the local properties of eqn (1) around A, we consider the increment
from the critical points as

(i, 9) = (f2+F, x4+ w, p? +w,). (7

Since J,, # 0 at point A, the second equation, F, = f, in eqn (1) can be solved for w, (i.c.
for y) by the implicit function theorem as

wy = wy(f,w,v). ®)
On substituting eqns (7) and (8) into the first equation, F, = 0, in eqn (1), we obtain a single
equation

2
GUiw,¥) = ¥ EA(1/Li—1/L)(x+w—x;) = 0, 9
i=1

where
L= {24 w=—x) 2+ (024w (fw,v) =y )}, i=1,2.
Thus the original eqns (1) have reduced to a single equation that is much easier to handle.

Such a reduction can be achieved even if the original equations have a large number
of degrees of freedom, to be explained in the next section as the Lyapunov-Schmidt

decomposition.
Regarding the imperfection magnitude ¢ as an independent variable, we put
G(f,w, ) = G(f, w,v* +¢d).
In the Taylor expansion of G around (f,w,€) = (0,0,0):

G-(j; w,g) = Z Z Z Aijkwifjek,

(=0 j=0 k=0
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some of the lower order terms vanish. In fact,
Agoo = G(0,0,0)=0. Ayno= 8G(0,0,0)/cw =0 (10)
since (f, w, &) = (0,0, 0) corresponds to the critical point for the perfect system. We also see
Agro=0, Aypo=0, Asp0#0, App#0. (i

The lowest order term in &, which governs the imperfection sensitivity as we will see later,
is computed from eqn (9) as

Agor = 8G/8e = (8G/dv) 4, (12)

where in our example,

dG/ov = EA(0.03162,0.02901, 0.03162, —0.02901, —0.06325, 0,
—0.04853/E4,0.04853/EA)". (13)

The following three-term approximation turns out to be sufficient for our purpose:

G~ Az’ +A 110 fW+ 40018, (14)

from which we obtain

3Gow = 3A300w* + Ay 10 f. (15)

The critical point (f,, w) of the imperfect system is determined by
G=0, 3Gjow=0. (16)
On substituting eqns (14) and (15) into eqn (16) and eliminating w, we obtain eqn (3) with

3

Agg |*?
d)=—> Lo
cw - |

/3
| A300] ‘ >

On the right-hand side of this equation, A,,; alone is a function of d. Hence the
maximum of C(d) with respect to d is achieved by d that maximizes |4, under the

constraint (4). Using the expression (12) for Ayq,, we see that such d is parallel to
W-1(0G/dv), i.e.

d= — W '(0G/ov)/a, an

or its negative, where a is a positive scalar defined in such a manner that eqn (4) is satisfied.
By substituting eqns (5) and (13) into eqn (17), we obtain the critical imperfection pattern
d for our example problem:

d = (—0.28404, —0.26061, —0.28404,0.26061,0.56812,0,0.43592E4, —0.43592EA)".
(18)

Thus the critical imperfection pattern d has been computed by referring only to Aqo;
in eqn (12). The other coefficients, such as 4390 and A4, ,,, which appeared in the derivation,
need not be evaluated.

3. THEORY

A method for determining the worst initial imperfection against structures is introduced
in this section. We consider geometrically non-linear equilibrium equations of a structure
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under proportional loadings
f’f()zF(u,V), (19)

where fe #' indicates the loading parameter (' is the one-dimensional real space). f, & 2"
is a constant loading pattern vector, ue #”" is the nodal displacement vector. ve 4" the
imperfection parameter vector, F e #” is sufficiently smooth (e.g. analytic) non-linear func-
tion in u and v; » is the number of degrees of freedom and p the number of imperfection
parameters. Note that the imperfection parameters are regarded as independent variables.
Solutions of these equilibrium equations, which consist of (f,u)e #' x #” satisfying eqn
(19), make up equilibrium paths. These paths and critical points (f.,u,) are determined as
functions in the imperfections v.

Remark 3.1. We consider only proportional loading here, though more general loadings
described by

F(fuv) =0

which involve the loading parameter f implicitly, can be implemented by replacing f, with
JF,/of in the present analysis. [

We consider a critical point (£°,u?) of the perfect system with v = v’ that governs its
load-bearing capacity, where v° denotes the imperfection parameter vector for the perfect
system ; the Jacobian J of F, known as the tangent-stiffness matrix, is singular at ( /), u?,v%):

det {J(f?sufavo)} = Os

where

J=J(fuv) =)= (af)

Ju;

For an imperfect structure described by imperfection parameter v, the critical point moves
to (f., u.), which is determined similarly by eqn (19) and

det {J(/.,u.,¥v)} =0. 20)
We write

fo=+1,

where £, is the increment of the critical load f,.
The imperfection is expressed in terms of the increment of v from the perfect state v:

ed = v—v° (21
with an imperfection pattern vector d normalized as
d'wid =1, 22)

where W is a positive definite matrix to be specified in accordance with the design principle
to be employed and ¢ is the magnitude of imperfection.

We formulate the problem of finding the critical imperfection as that of finding the
imperfection pattern vector d that minimizes critical loads f, (or £.) under the conditions of
eqns (19), (20) and (22).

Remark 3.2. As is evident from our problem formulation above, we focus solely on
the sensitivity of f, on the imperfections. In practical applications, however, other aspects
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of design demands, such as the allowable deformation limit, are equally important. The
formulation and the implementation of these issues will require further studies. []

Usually critical points of structures are divided into either simple or multiple critical ones
according to the rank deficiency of J. Hereafter we assume that (f7,u?) is a simple critical
point of the perfect system ; that is, the rank of J equals n—1 at (f,u,v) = (f,u?,v%). Then
there exists a unique vector & with the properties

E'J=0", &'¢=1 and 'f,>0.
Also exists a vector #, unique up to a scalar multiple, such that
Jp =0, (23)

Furthermore, we fix an arbitrary basis {,,#,,...,9,} of #" such that , = ». Then u can
be expressed uniquely as

"
u=ul+wy+ Zzw,-q,
j::

and the nodal displacement is described by w = (w,, ws,...,w,)", where w = w,.

Remark 3.3. In the special case with J being symmetric, as in finite-clement analysis,
the distinguished vectors £ and # as well as the basis of #" above can be associated with
the eigenvectors of J. Namely, the orthogonal eigenvector matrix

H=(035..:51,),
which is made up of eigenvectors #, of J, diagonalizes J:
H'JH = diag[4, 42, ..., 4,

where 1; denotes the ith eigenvalue of J: Jiy; = Ay, (i = 1, 2,...,n). It may be assumed that
Ay=0and 4,#0 (i=2,3,...,n). Then { =n =4, and {y,,9,,...,1,} is an orthogonal
basis of #". [

We now reduce the whole system of equations to a single equation in the variable w
by means of the Lyapunov-Schmidt decomposition (e.g. Sattinger, 1979 ; Golubitsky and
Schaefler, 1985) of eqn (19) at ( f2,u?). If we express the loading parameter fin terms of
its increment £ from /2 as

f=£+f,

(f;w) = (0,0) corresponds to the critical point of the perfect structure. We employ the
projection matrices &ET and I,—&ET, where I, denotes the unit matrix of order n. On
premultiplying eqn (19) with these matrices and using the new variables fand w, we arrive
at the equations for the null space

c{(l:’fo)(f;"+f)—:TF (u3+w.,+ Z willj, v)} =0, (02))

Jj=2

and those for the rank space

I =& (L +NH ~ T, ~EEF (“3 +wy+ i will;, V) =0. (25)
j=2

The derivatives of eqn (25) with respect to w, are computed as

U~y =Ty, j=2,3,...,n
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Because n.,12,...,7,are linearly independent and eqn (23) holds, these derivatives are also
linearly independent and hence eqn (25) can be solved with the use of the implicit function
theorem as

w, = wi(fiw,v), j=23.....n

On substituting this into eqn (24) and noting that & # 0, we obtain a single equation

G(fow,v) = (£ (2 +/)—&'F (U?+Wﬂ+ Z w; (fow, ¥, V) =0, (26)

=2

which is known as the bifurcation equation if v = v°.
We hereby regard the imperfection magnitude ¢ as an independent variable in eqn (26)
and put

G(f,w,e) = G(f, w, v’ +&d).
As assumed earlier, F; (i=1,2,...,n) are sufficiently smooth and so is the function

G(f,w,€). We may then grasp the essential nature of eqn (26) by expanding G into a
power series involving appropriate number of terms (see looss and Joseph, 1981):

G—(j; w, 8) = Z Z Z Az’jk“{fjgk’ (27)
. i=0 /=0 k=0
where
1 aéi+/+k
Aijk = Aijk(d) =

l'j'ki 5Wi af’ Esk (f,lr,s)=(0,0.0)

The coefficients 4, (k = 1) are functions of d but such is not the case for 4,,. Since
(f,w, &) = (0,0,0) corresponds to the critical point from the perfect system, we have

Aooo =0, Ao = 0, Agro = CTfo~ (28)

The lowest order term in ¢, which governs the imperfection sensitivity as we will see
later, is computed from eqn (26) as

oG = —¢Thd, (29)

Agor =

|

where

will be called the imperfection sensitivity matrix ; B is real but neither square nor symmetric.
We assume 444, # 0 in the following, since 449, = 0 means that the effect of imperfections

is of the second or higher order. -
Note that the condition (20) for a critical point for the whole equilibrium equations
reduces to dG/dw = 0 for the bifurcation equation. At a critical point of an imperfect

structure, (f, ) satisfies

G=0, —=0. (30)
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Fig. 3. Classification of simple critical points.

As shown in Fig. 3, simple critical points are classified into the following major types:
limit points, asymmetric bifurcation points, stable- and unstable-symmetric bifurcation
points. A critical point is said to be of mth order if

Agoo = A100="""=Am-100=0, Ango # 0.

Critical points are assumed to be non-degenerate in this section, that is, 4,49 # 0 for a limit
point, and A},9—44,404020 > 0 for a bifurcation point.

The solution of eqn (30) is given asymptotically for ¢ small as follows according to the
above classification (see the Appendix for the derivation).

(i) For a limit point,

—AODI
N ——p. 31
/e Aore (31

(ii) For an asymmetric bifurcation point of order two,

f: e {41A2001449mf(44%m"4—4 zavozo)} ”z{sign (Azoo)e} vz, (32)

where sign (+) denotes the sign of the variable in the parentheses. Critical loads exist for
the imperfect system only if the sign of imperfection magnitude ¢ coincides with that of
A3q0-

(ii1) For a symmetric bifurcation point of odd order m (> 3),

gl=im. (33)

(iv) For an asymmetric bifurcation point of even order m (>4),

I~ 1/m

{sign (A,00)e}' "™, 34

+m A
= — Am 1/m 001
f: T oo 22
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Simple bifurcation points of order greater than three are rare in structures, though we
included this case here for theoretical completeness.

On the right-hand sides of eqns (31), (32), (33) and (34), A,;, alone is a function of d.
Hence the maximum of |£.| with respect to d is achieved by d that maximizes |4y, ). In
view of eqn (29) we see that | 444, ], and hence | £.1, is maximized under constraint (22) when
d is chosen to be parallel to W ~'BY¢; that is,

d=—W"'B"a, (35)
where
a={ETBW B¢} > 0. (36)
For this critical imperfection pattern, 4,9, equals
Ay =a>0 37
by eqn (29). It is to be noted that the critical imperfection pattern is given by eqn (35)
irrespective of the type of simple critical points.

For a limit point, substituting eqn (37) into eqn (31) and using eqn (28), we obtain the
first-order approximation of f, as

fox =g/ (& fo), (3%)

where Ay, = £Tf, > 0. This shows that the critical load increment is linearly proportional
to &. The capacity f, deteriorates for positive ¢ but increases for negative ¢, as shown in
Fig. 4(a).

(a) {(b)

f f secondary
A A \ branches
P -,
e ~ g2«
S
4 / - £=0
‘f ”’ \\
P T o0
1P
!f %
# /’
> W
{¢) (4}
f secondary f secondary
A branches Z A branches

7
primary
branches -

primary
branches

- W

Fig. 4. Effects of ¢ on simple critical points. {a) Limit point, (b) as‘ymfnetric‘bifurc?:ion point,
{c) unstable-symmetric bifurcation point, (d) stable-symmetric bifurcation point.
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For a bifurcation point, the branches for an imperfect system consist of a pair of a
primary (natural) branch and a secondary (complementary) branch (see Fig. 4). Only the
primary branch which is encountered in a natural loading sequence starting from f =0 is
of physical and practical importance.

For an asymmetric bifurcation point, the primary branch of an imperfect system either
has a limit (maximum) point or has no critical point according to whether ¢« A ¢, is positive
or negative. Only the former case is of physical and engineering importance, but the sign
of ¢ related to this case cannot be known a priori unless 4, is computed at a tedious cost.
In actual analysis, we may trace the primary paths with ¢ both positive and negative instead
of computing A4 ,4¢.

For an unstable-symmetric bifurcation point, at which 4,404 ,0 > 0, a primary branch
has a limit (maximum) point of f that governs the load-bearing capacity. The capacity f. is
reduced for both positive and negative ¢. [Note: for m = 3, this criterion for stability based
on the sign of A3994,,, agrees with that given by Thompson and Hunt (1973) though this
may not be apparent.]

For a stable-symmetric bifurcation point, at which A4,,004,0 < 0, a limit (minimum)
point of f exists on the secondary branch of an imperfect system. The primary branch of
an imperfect system, which is constantly rising, is stable in the neighborhood of the
bifurcation point of the perfect system. Thus the critical imperfection pattern computed by
our method does not seem to have direct practical importance in this case. See also Remark
3.5 below.

In practice, the imperfection parameters are often divided into different categories so
as to implement various kinds of imperfections with diversified physical properties. Then
we partition the parameters into N categories,

v=lvl,. .., vi)T

and accordingly put
vO = (v?Ta V(Z)Ts LR ,Vgr T, d = (d’}.,d;’ LR 9d;)Ta B = [Bl’ BZa LR BN]

Note that d and B are decomposed compatibly with the definition of v. The imperfection
patterns d, (k = 1,2,..., N) are defined as

£dk=vk—'V£, k=],2,...,N,
and normalized as
dIWkdk=1, k=1,2,...,N.

All results obtained above for one category of imperfections apply to each category, and
the critical imperfection pattern for each category is given by

d,= —W.'Bl¢a,, k=1,2,...,N, (39)

where

o = {{'BW'BIE}? >0, k=1,2,...,N.

The variable a, represents the influence of the imperfection in the kth category to the
critical load increment £ ; the kth category has significant or insignificant influence on f,
according to whether « is large or small in value.

For a limit point, £, is calculated from eqn (38) as a superposition of the effects from
the categories:

for - ( Y ak)s / (&™) (40)
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Remark 3.4. In our problem formulation we have assumed that the weight matrices
Wi (k = 1....,N) are given a priori. From the mathematical point of view. these matrices
may be arbitrarily chosen as long as they are positive definite. The choice of the weight
matrices should reflect the design principle and the technological constraints. For example,
W, may be chosen “small™ if the imperfection v, in the kth category is expected to be small
for some technological reasons. Not surprisingly the resulting critical imperfection vectors
d, are substantially affected by the choice of W, ; note, however. that B, and & in eqn (39)
are independent of I¥,. J

Remark 3.5. 1t would be in order here to mention the theory of universal unfolding
due to Golubitsky and Schaeffer (1985). The theory identifies those imperfections which
lead to qualitatively different bifurcation phenomena.

Recall that we have obtained a single equation (26) which describes the local behavior
around the critical point (f’,u),v%), and suppose, for concreteness, that this point is a
stable-symmetric bifurcation point. According to the theory, all the qualitatively different
imperfect bifurcation diagrams are described by a two-parameter family of imperfections,
called a universal unfolding. For example, the family of

U, w, B, = vv3—fw+ﬂl +Baw?

parameterized by (f,, #,) is qualified as such. Note (8, 8.) = (0,0) corresponds to the
perfect system. The theory says that G in eqn (27) is obtained from U in the sense that G
factors through U [see Golubitsky and Schaeffer (1985) for the precise meaning]. However,
this result does not seem to have a direct application in the present analysis of critical
imperfections.

Instead we will make use of this result to explain a subtle point of our formulation of
the critical imperfection. It is known that the primary branch of U(f, w, 8., 8-) = 0 has a
kink (i.e. a pair of maximal and minimal limit points) if (8, ) belongs to the region

K={(B.B)I0 < B, < B3/27 or B3/27<p, <0}

In our problem formulation we have fixed the direction d of imperfection v = vy+&d
as in eqn (21) and considered the asymptotic behavior as [¢] tends to 0. For the problem
described by U, we put (8, f.) = &(d,, d,) and let |¢] tend to 0. It is easy to see that for any
fixed (d,,d,), (B,, ) lies outside of the region K if |¢] is sufficiently small. This explains
why the primary branch with a kink has been ignored in our analysis. [

Remark 3.6. In correspondence to the change f, in load-bearing capacity given in eqns
(31) to (34), the magnitude of the change in displacement u. —u’ is computed from eqn (30)
as being the order of ¢ if m = 1, and of '™ if m > 2; when m > 3, this is larger in order

thanf.. O

4. NUMERICAL EXAMPLES

Case studies on simple structures with various types of simple critical points are
performed by means of the proposed method for determining the worst imperfection.
Remember that the critical imperfection pattern d is given by eqn (35) regardless of types
of points, whereas imperfection sensitivity varies with types. In these examples, we shall
deal with proportional loading problems with symmetric Jacobian matrices, which are fairly
tractable and conventional as explained in Remarks 3.1 and 3.3.

Limit point and unstable-symmetric bifurcation point

Figure 1 shows the shallow arch (a) whose load-bearing capacity is governed by a limit
point and the non-shallow one (b) by an unstable-symmetric bifurcation point. The locations
of the nodes and the sectional and material properties shown in (a) and (b) denote their
perfect cases.

Equilibrium equations under a vertical load f are given by eqn (1) in Section 2.



Critical initial imperfection of structures 877

Imperfection parameter vector is chosen to be

T T ¢T\T
V= (v'{,vg,v”v,,,vs) ’

where
Ve = (xksyk)r, k=1,2,3; vi=(EA); vs=(EA.).
In the perfect cases
o J(=1,1,1,1,0,0, EA,EA)" for the shallow arch
Y = U~1,3,1,3,0,0, EA, EA)" for the non-shallow arch.
We set

W =W,=W,=1I,; W,=W;=1/(E4)". 41
The tangent-stifiness matrix is given by eqn (6). Eigenvalues of J are computed as
b=ty + (=) {Ja~T,) +45}, i=1,2; 4 <4y

The smaller eigenvalue A, is relevant to the critical point determining the load-bearing
capacity, and its associated eigenvector is

E=q = UL+ G =T, Ay =T IE + G~ T )P}V

Equation (1) of the perfect shallow arch yields its equilibrium path (f versus y curve)
shown in Fig. 5 by a solid line. The load-bearing capacity of this path is governed by a limit
point B, where & =5 = (0, )" and (2, x2,y.) = (0.18740EA4, 0,0.49018).

We computed the critical imperfection pattern vector d from eqn (39) with the use of
eqn {41):

d= (= 1/2, = 1/\/2,1//2, = 1/{/2,0,1, — EA, —EA)". (42)

This imperfection makes the arch less flat for ¢ < 0, thereby enhancing its vertical stiffness
against snap-through-type collapse, and for ¢ > 0, it makes the arch even flatter and reduces
the stiffness. The imperfection pattern theoretically obtained here, therefore, is sound
through physical viewpoints as well. Broken lines in Fig. 5 show the equilibrium paths

e
»

o
W

g

e

Y4 \* 820,05
v N E=0.1_
0.2 04 0.6 0.8 0

VERTICAL DISPLACEMENT OF NODE 3, y

Fig. 5. fversus y curves for the shaflow arch with and without imperfections (limit point).

NORMALIZED VERTICAL LOAD, f/EA

©

S 26:8-E
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computed for the pattern d in eqn (42) with imperfection magnitudes of ¢ = +0.01, +0.05
and +0.1.

The increment f, of f, associated with d of eqn (42) is computed from egn (40) with
(41) as

!

5

fix — ( Z D§k>8/ (&'f,) = —1.0577EAs, (43)
k

= |

whefe the a, (k = 1.2.....5), denoting the influence of the imperfection in the kth category
onf., are

(o1, 22, 23, 04, %5) = EA(0.25491, 0.25491, 0.36050, 0.09370, 0.09370).

Since a; is the greatest among =, the imperfection of (x3, y;) reduces 7. most rapidly. The
imperfections of E4, and EA4, with the smallest «,, in contrast, are least influential.

Figure 6 shows the interrelationship between the normalized load-bearing capacity
/./f? and the magnitude of imperfection &. The solid line denotes the critical loads estimated
theoretically from eqn (43), while the closed circles (@) denote those computed from eqn
(1) for the imperfections. The estimation correlates well with the critical loads of imperfect
arches, although the discrepancy enlarges as ¢ increases due to the approximation errors in
the incremental eqn (43), which includes only the first-order term.

For the non-shallow arch, we obtained equilibrium paths (f versus x curves) in Fig.
2. As we have described in Section 2, the paths consist of a main (trivial) path and a pair
of bifurcation paths branching at the simple unstable-symmetric bifurcation point A. The
critical eigenvector at A is & = 5 = (1,0)" and (2, x2,y0) = (0.24776EA, 0, 0.44735). The
critical imperfection pattern is computed from eqn (39) as

d = (—0.73685, —0.67606, —0.73685,0.67606,1,0, EA, —EA)", (44)

which imbalances horizontal stiffness and hence triggers buckling. The dashed lines in Fig.
2 denote the paths computed for d of eqn (44) for ¢ = +£0.01, +0.05 and +0.1. Note that
d of eqn (44) computed for the five categories of weight matrices of eqn (41) is different
from d of eqn (18) computed for the one category of weight matrix of eqn (5). The weight
matrices and categories, which affect greatly the resulting critical imperfection pattern, must
be chosen on the basis of sound engineering judgements.

0
fc/fc
A
*
150 e critical loads
Q
f/fe =1-5.644= 10
054 .
1 N \ .
01 -005 0 005 o1

IMPERFECTION MAGNITUDE, =

Fig. 6. f./f° versus £ relationship for the shallow arch (limit point).
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Fig. 7. f./f? versus ¢ relationship for the non-shallow arch (unstable-symmetric bifurcation point).

The increment £, of f, related to d of (44) is computed from eqn (33):
N 5 2/3
fix-cl X ka> g’ 45)
=1

with a positive constant C independent of ¢ and
(00,00, 005, 24, 25) = EA(0.04292,0.04292, 0.06325,0.04853, 0.04853).

Since «; is the greatest among «,, the imperfection of (x;, y;) has the greatest influence on

Figure 7 shows the £,/ versus ¢ relationship. The open circles (O) indicate f, computed
from eqns (1) for imperfections chosen based on white noise, and the closed circles (@) for
the critical imperfection in eqn (44) by the proposed method. The latter £, values are smaller
than the former for the same imperfection magnitude ¢; this assesses the validity of this
method. The critical load f, computed by the method decreases as theoretically predicted
in eqn (45), in accordance with the two-thirds power law of Koiter (1945).

The influence of the x; and y; values on the load-bearing capacity of the non-shallow
arch was investigated by changing their values in the ranges —0.5 < x,<0.5 and
~0.5 <y; <0.5 at a fine mesh with other imperfections kept fixed. Figure 8 shows the

)
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[~

IMPERFECTION PARAMETER y,
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n

[
o
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05

IMPERFECTION PARAMETER x,

Fig. 8. Contours of /; as a function of x; and y, for the non-shallow arch.
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Fig. 9. Contours of £, as a function of x, and y, for the shallow arch.

contour lines of f, values and the directions of the worst imperfection computed by eqn
(35). The numerals at the lines denote the f, values and the arrows indicate the worst
direction of (dx,,dy;) at each point (xs,y;). The center (x,y;) = (0,0) of this figure
corresponds to the perfect non-shallow arch ; the solid (respectively broken) arrows indicate
that the load-bearing capacity is governed by a limit (respectively bifurcation) point.

Figure 9 shows the case of the shallow arch for various values of (x,,y,). The center
(xy,y1) = (—1,1) of this figure is associated with the perfect shallow arch. In Figs 8 and 9,
the theoretically computed imperfection vectors are orthogonal to the contour lines, i.e.
directed toward the steepest decline of £, ; this verifies the validity of our method.

Asymmetric bifurcation point

Consider the propped cantilever of Fig. 10 comprising a truss member, simply sup-
ported at a rigid foundation and supported by horizontal and vertical springs. The equi-
librium equations under a vertical load f are

_ EA(Y/L—1/L)(x—x,)+F,,

0
(1) = (EA(I/L—I/IZ)cv—y.)my)’ (46)

(a) (b)

P x
initial l
(X,,5,)
Y

displaced

(o,1) (xy.5,)
Fig. 10. Propped cantilever. (a) perfect system, (b) imperfect system.
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where
L={(2=x)+ 2=y} L={(x—x)+0-»)}"%
F,. = EA{B, +By(x~x2)/L+B3(x—x3)*[L*}; F, = EAB.(y—y))/L,

and (x, y) is the location of node 2 after displacement; and F,, and F,, are the horizontal
and the vertical force exerted by the springs, respectively.
The imperfection parameter vector is

v= (v, ),
where
Ve = (X 00)Ts k=12 vy= (B1, 82,83, 84"
In the perfect case, we have
v* = (0,1, 0,0, 0,1,1,1,)". é4n

We set Wl = W2 = Iz; W3 = 14.
The equilibrium eqns (46) give the solution paths for the perfect cantilever as

x=0, fIEA=2y, y<1:
main path,

y= 1={1J(x+2?~x2}"2, fIEA=1+x{1/(x+2)}=x}"?, x> -2: (48)
bifurcation paths,

and those for the imperfect cantilever as

y =y —|x—x]* R(x),
SIEA = By(y, —y2)/L+ {Fy(x) sign (x—x;)/EA~ B4|x—x,|/L}R(x),
F (x)[{EA(x~x)}+1/L >0, 49)

where
R(x) = [{(x—x,)/L+ F.(x)/ EA}"*—1]'2.

Figure 11 shows f versus x curves computed for the perfect cantilever. The curves
consist of a main path and a pair of bifurcation paths branching at a simple asymmetric
bifurcation point C. The critical eigenvector at C is § =5 = (1,0)T and (f?,x2,)?) =
(EA,0,1/2). The critical imperfection pattern d computed by eqn (39) is

d=(-1,0, 1,0, —1,0,0,0). (50)
From eqn (32) the increment £, of f; related to d is
3. 1/2
fim C( ) dk) (—9)'3, (51
k=1
where C is a positive constant and «, = EA (k = 1,2,3). The three categories of imper-
fections, having the same «, values, make the same asymptotic contributions to the critical

load increment £..
The dashed lines in Fig. 11 denote the paths computed from eqns (49) for d in eqn (50)
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Fig. 11. f versus x curves for the propped cantilever with v°in eqn (47) (asymmetric bifurcation
point).

for ¢ = +0.005, +0.01, +0.05 and +0.1. Each of the two paths with ¢ = —0.005 has a
limit point in the vicinity of point C. This agrees with (51) which implies the existence of
two neighboring limit points with opposite signs of f.. However, only one neighboring
limit point was observed for ¢ = —0.01 and no such points were observed for the paths
with ¢ = —0.05 and —0.1. This absence of limit points is due to the global non-linearity of
the bifurcation behavior of the propped cantilever. Note that the proposed method focuses
on the local asymptotic aspects of the bifurcation behavior and is expected to hold for
sufficiently small ¢, such as ¢ = —0.005 in this case.

Stable-symmetric bifurcation point
The propped cantilever with different spring properties is investigated. We choose

v'=(0,1, 0,0, 0,1,0,2)T (52)

as the perfect structure. The equilibrium eqns (46) yield the solution paths:
x=0, fI[EA=3y, y<l1: main path 53
y=1—(E-x*"? flJEA=2—(4—x*"?: bifurcation paths G3)

for v = v°, and the paths of eqns (49) for the imperfect structures.

Figure 12 shows f versus x curves for the perfect cantilever with v in eqn (52). The
curves consist of a main (trivial) path and a pair of bifurcation paths, which branch from
the main path at a simple stable-symmetric bifurcation point D. The critical eigenvector at
Dis&=n=(1,0)" and (f°,x0,»?) = (3EA/2,0,1/2). The critical imperfection pattern d
computed by eqn (39) is '

d=(-1,0, 1,0, —1,0,0,0)". (54)
The dashed lines in Fig. 12 denote the paths computed from eqn (49) with v? in eqn (52),
with the imperfection pattern in eqn (54), and with ¢ = +0.01, +0.05 and +0.1.

From eqn (33) the increment £. of the load-bearing capacity f, related to d of eqn (54)
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Fig. 12. fversus x curves for the propped cantilever with v in eqn (52) (stable-symmetric bifurcation
point).

is
L
fim C( Y mk) g’
ko |

with a positive constant C and a, = EA (k = 1,2, 3). Again, the three categories of imper-
fections have the same asymptotic influence on f.

5. CONCLUDING REMARKS

A method is proposed for determining the critical (or worst) initial imperfection of
structures. The first half of this paper is devoted to the theory of the method and the second
half to its illustration with the use of simple example structures.

The critical imperfection pattern vector at a simple critical point is independent of the
type of the point, being given by

d= —W"'B"¢a,

where & is the critical eigenmode, B is the imperfection sensitivity matrix, and Wis a
weighting matrix.

The initial imperfections are divided into categories so as to implement various kinds
of imperfections with diversified physical properties. The contribution of each category to
the critical load increment f, is characterized quantitatively by the variable a;:

w = {EBW'BIE} >0, k=1,2,...,N.

With the use of %, one can identify the imperfection parameters that greatly affect the
critical loads. All kinds of imperfections can readily be implemented in the formulation,
unlike most of the other techniques hitherto proposed for determining critical imperfections.

The types of critical points substantially influence the sensitivity of the critical load
increment £, to the imperfection magnitude &. This conforms with the study of Thompson
and Hunt (1973), which considered the sensitivity of a system with a potential energy
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function to a few imperfection parameters. Our method is more versatile than their per-
turbation method in that it is applicable to a system which may or may not have a potential
function and may involve a large number of imperfection parameters.

The method was applied to simple truss structures to assess its validity and usability.
Simple calculations enabled us to arrive at the most favorable or unfavorable imper-
fections. The most influential imperfection parameter on critical loads was identified. The
imperfections selected in this manner were physically feasible and, at the same time, altered
the critical loads as predicted by the theory.

In this paper, we disregarded double (multiple) critical points in favor of simple ones.
For double bifurcation points which arise due to geometric symmetry of systems, the
determination of the critical imperfection pattern vector will require the concept of group
symmetry (see Sattinger, 1979, 1980) and will be a topic of future research ; see Murota and
Tkeda (1990).

For customary cases where the tangent-stiffness matrix is symmetric, the critical imper-
fection patterns are expected to be calculated compatibly with finite-element analyses based
on matrix-type formulation. The computational details will be reported in a forthcoming
paper by Ikeda and Murota (1990) with applications to a practical large-scaled truss
structure.
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APPENDIX

The solutions of eqns (30) are obtained in this Appendix for various kinds of simple critical points. Although
G in eqn (27) may be expressed in terms of an infinite power series of w, it turns out to be sufficient for deriving
the first-order approximation to consider up to the mth order terms of w for an mth order critical point. Then
the mth order approximation to G is given by
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where

A4,=3 ¥ 4,/

jm0 k=0

Elimination of w from eqns (30) resuits in the condition that the discriminant of G, (as a polynomial in w),
or alternatively, the resultant of G,, and 8G,,/éw, should vanish. This condition can be written as (see, e.g. van
der Waerden, 1955)

A, A - . <. a,
A, 4, . . . . An
. . . . . . m—1
Ay A, - . . A,
D, = -0 (AD
A| 2A2 * M mA,.,
A; ZAz . M mAm
. N . m
A, 24, * < mA,

Note that D, is a function in ¢ and f, and that {'is to be determined as a function in ¢ by the equation D,, = 0.

Limit point
For a non-degenerate limit point (4g,o # 0, 4300 # 0), the second-order approximation G, of the bifurcation
equation is employed :
Gy, = Adg+A,w+A,w?,

in which

Ao = Aog;3+A0;0f+h.0.£.;

A = Aipg+ A of+hot.;

Az = A200+A20|8+A1mf+h.0.f.

Then D, of eqn (Al) is evaluated to
Dy = (Adody— ADA, = 4(Apo e+ Agrof)Ade0 +ho0.1.

Because Ay, # 0 and 4,40 * 0, this equation yields

J= T 0,

at0

Simple asymmetric bifurcation point of order two
For a simple asymmetric bifurcation point of order two, for which 44,, = 0 and 4,,, # 0, the condition (Al)
with m = 2 becomes

D; = (44od, - A})A; = 0. (A2)
where
Ay = Aoox8+Ao:of2+Aouﬁ.+k.o.:. :
A| = A|0;B+A||of+h.0.t.;
Ay = A;oo+h.0.t. (AB)
With the use of eqns (A3), (A2) becomes
F2 = {443004001/(A} 10— 44 3004 020)}6, (A4)

where the non-degeneracy condition A3 1o—4A43004 020 > 0 was employed. With reference to eqn (37) and this
condition, eqn (A4) yields

j: = £ {414200l4001/(4} 10 ~44 390 4020)} ”z{SiE“ (A100)e} b2,

Simple symmetric bifurcation point of order three
For a symmetric bifurcation point of order three, 44, is the first non-vanishing term of 4,00 (M= 1,2, .. ).
The condition (A1) with m = 3 is evaluated as

Dy = (2TAGA; +4ATAD + (44,4345 — A1A3A; — 18404, 4,43) = 0, (AS)
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in which
Ay = Aogi8+ Agyo f2+ Aoy Je+hot
Ay = Anxlﬁ‘*’All:Lf*'h-O-[-l
Ay = Asgie+ A, of +hot;

A3 == ASDE +;f.0.1.
Substituting (A6) into (AS5) and noting that 4,,, # 0 (due to the non-degeneracy condition), we arrive at

T3
23
&

Ago
2

-3
o —— A
f A 300

Simple bifurcation point of order greater than three
For a simple bifurcation point of order greater than three, it can be proved that

D, = AT {mAY — (= 1)y"(m—1y"" A7 4" v hout.,

where

Ag = AgorE + Aoz fi+ho.t;
A, = A+ A of+hot.;
Ay = Ayoo+h.0.t.

Hence we have

,.._! m ‘1008 =t
e S | A4 frmy V0
j; ’AHOI moﬂi

i {sign (Ao0)e} i

for even m (24) and

bmtm
t—Em

Aoy
—1

-m ;
Fim
ﬁ' = Amoo
Ao

forodd m (2 3).

(A6)



