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Abstract—This paper offers a theoretical study on the probabilistic nature of critical loads (buckling
loads) of structures subject to normally distributed initial imperfections. Explicit form of probability
density function of critical loads are derived for various types of critical points. Double bifurcation
points of structures with regular-polygonal symmetry are dealt with by means of the group-theoretic
bifurcation theory. The distribution of minimum values of the critical loads is investigated to present
a statistical design index. The theoretical and empirical probability density functions for simple
structures are compared to show the validity and effectiveness of this method. The method is quite
efficient when it is directly applicable ; otherwise, the explicit forms, at least, can greatly supplement
the inefficiency of the conventional random method.

1. INTRODUCTION

Initial imperfections of members and of materials of structures make their critical loads
(buckling loads) essentially uncertain and indeterministic. The method of random initial
imperfections with known probabilistic properties, which obtains these loads numerically
or experimentally for a number of random initial imperfections, would reflect their pro-
babilistic nature [see e.g. Elishakoff (1979, 1983), Elishakoff and Arbocz (1982), Elishakoff
et al. (1987), Lindberg (1988), Kirkpatrick and Holmes (1989), and Arbocz and Hol
(1991)]. The stochastic finite-element method has been developed to incorporate the random
properties of structures and soils in analysis [see e.g. Astill ef al. (1972) and Baecher and
Ingra (1981)].

The imperfection sensitivity laws by Koiter (1945) deterministically relate critical
load to imperfection magnitude for a given mode of imperfection when the magnitude is
infinitesimally small. Roorda and Hansen (1972) extended these laws to a single mode
normally-distributed initial imperfection and successfully arrived at failure probabilities,
without resort to the asymptoticity assumption of imperfection magnitude. Elishakoff et
al. (1987), following the pioneering work of Bolotin (1958), extended these laws to multi-
mode initial imperfections subject to multivariate normal distributions to obtain reliability
curves with reference to experimental samples. Arbocz and Hol (1991) utilized measured
initial imperfections of axially compressed cylindrical shells to evaluate the statistical nature
of their critical loads with the use of the first-order, second-moment method [¢f. Karadeniz
et al. (1982)].

In order to develop a potential design alternative, which can efficiently implement a
stochastic viewpoint, the authors have presented a series of asymptotic theories on initial
imperfections by extending the Koiter laws. Here the word asymptotic indicates that the
results hold accurately for an (infinitesimally) small imperfection magnitude and in a
sufficiently close neighborhood of the critical point. At the expense of the asymptoticity
assumption, the results obtained have become quite general and simple, thus achieving a
deeper insight, as was the case with the Koiter laws. The critical initial imperfection vector,
which achieves the steepest decline of critical load under the constraint of a constant norm,
was explicitly obtained in Tkeda and Murota (1990a) for various kinds of simple critical

+ Part of this paper has been presented in the Second Japan-Korea Joint Seminar on Steel Bridges, July 1992.
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points, and in Murota and Tkeda (1991) for group-theoretic double points, which appear
generically for (dome and shell) structures with regular-polygonal symmetry. The bifur-
cation equation, which characterizes relevant bifurcation behavior, was derived by expand-
ing the equilibrium equations into power series in the vicinity of the critical point, and by
eliminating the passive coordinates. This process of deriving the bifurcation equation is
called the Lyapunov-Schmidt-Koiter decomposition [see e.g. Sattinger (1979), Golubitsky
and Schaeffer (1985), and Golubitsky ez al. (1988)]. Then from this equation the explicit
form of the critical load reduction, and, in turn, that of the critical initial imperfection
vector are obtained in an asymptotic sense. In particular, for the double points, the so-
called group-theoretic approach in bifurcation theory is vital in the investigation of the
vanishing or nonvanishing of the terms in the equation [see e.g. Sattinger (1979), Golubitsky
and Schaeffer (1985), Golubitsky et al. (1988), Healey (1988), and Dinkevich (1991) for
mathematical backgrounds. See also Ikeda et al. (1991), and Murota and Ikeda (1991,
1992) for an exposition of its application to structures].

These studies for the critical imperfection revealed that the space of imperfection
vectors is to be divided into two orthogonal subspaces : the subspace that affects the critical
load and the other that does not. The former subspace is spanned by the critical imperfection
vector(s). Based on this result, when an initial imperfection vector is assumed to be randomly
distributed under the constraint of a constant norm, explicit forms of the probability density
function of critical loads have been obtained in Ikeda and Murota (1991) for simple points,
and in Murota and lkeda (1992) for the double ones. The knowledge of these forms, which
yield various statistical properties, such as the expected value and the variance, of the
critical loads is quite comprehensive and is expected to be of great assistance in design.
Such an assumption on the distribution, however, is suited for the theoretical derivation
but is not very realistic in that the norm in general changes randomly.

In order to address this problem, we present a theoretical method on normally dis-
tributed initial imperfections. Asymptotically the increment of the critical loads for the
critical points can be expressed as a function in one or two variables (according to whether
the point is simple or double), which is (are) also subject to a normal distribution. This
makes it possible for various types of critical points to derive the probability density function
and relevant stochastic properties of the critical loads. Explicit formulae for reliability
functions are presented for some of the critical points, while the integral forms of the
functions are applicable for the remaining ones. In addition, in order to reduce an analytical
task we present a semi-empirical evaluation procedure which obtains this function with
reference to the sample mean and the sample variance of critical loads observed in an
experiment or an analysis. The distribution of the minimum values of the critical loads is
investigated with the hope of providing a design index based on a firm statistical theory.
The present method is applied to simple example structures to show its usefulness.

2. FORMULATION

This section offers the formulation of the present problem, due to Murota and Ikeda
(1992), which is applicable both to simple and double critical points. We consider a system
of nonlinear equilibrium equations

H(4,u,v) = o, e))

where 1 denotes a loading parameter ; u indicates an N-dimensional nodal displacement (or
position) vector; and v a p-dimensional imperfection pattern vector. We assume H to be
sufficiently smooth (or even analytic) and that the eigenvalues of the tangent stiffness
(Jacobian) matrix

J=J({uv) = (J)) = (?3%)

of H for the perfect system are all positive at the initial state (4, u) = (0, o). This means
that the system is originally (subcritically) in a stable state.
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For a fixed v, a set of solutions (4, u) of the above system of equations makes up
equilibrium paths. Let (A, u.) = (4.(v), u.{v)) denote the first critical point on the main path
of engineering interest [(+), refers to the critical point], governing the critical load (buckling
load) of the structure with an imperfection pattern vector v. The tangent stiffness matrix is
singular at (4., u., v):

det [J(4c, u,, v)] = 0. 2)

In particular, this is satisfied by the critical point (42, u?, v°) of the perfect system [(*)°
refers to the perfect system]. It is assumed that we can choose §; (i=1,...,M)tobe M
critical eigenvectors of J° such that

Te =6, ij=1,....M,
EIV =o', i=1,...,M,

where M is the multiplicity of the critical point and §,; is the Kronecker delta. Define by
M
P=3 &t 3)

the orthogonal projection matrix onto ker ((J%)7), which characterizes the influence of
initial imperfections.
We write

y=v'4ed

and

-~

Ao = A0+ 4., Q)

where e(>0) denotes the magnitude of the initial imperfection ; A, means the increment of
the critical load ; and

d: (d],...,dp)T

indicates its pattern (normalized in an appropriate way).

We are interested in the stochastic behavior of the critical load A, for random imper-
fections v. To be more specific, we consider the case where the imperfection magnitude ¢ is
small and where the imperfection mode d is subject to a multivariate normal distribution
N(o, W~"). Here N(¢c, W) denotes the normal distribution with a mean ¢ and a variance-
covariance characterized by a positive definite matrix W', The theoretical development
will be continued in Section 3 (for simple points) and in Section 4 (for double points). The
analyses are asymptotic in the sense that they are valid only when ¢ is small.

As we will see later, the imperfection sensitivity matrix defined by

dH,
B=(B,) = (év_
i

i=1,...,N;j=1,...,p> (5)

(o= (}.S,uf,vg}}

plays the primary role in evaluating the influence of d on the critical load. For truss
structures the explicit forms of the matrix B for various kinds of imperfection variables
have already been obtained in Ikeda and Murota (1990b).

3. THEORY FOR SIMPLE CRITICAL POINTS

An asymptotic theory for normally distributed initial imperfections, valid in the neigh-
borhood of a simple critical point of the perfect system, is presented in this section. This
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serves as an extension of Ikeda and Murota (1991) for initial imperfections uniformly
distributed on a sphere of ||d|| = constant. The explicit form of probability density function
and relevant statistical properties are derived in order to reveal the stochastic nature of
critical loads.

As has been made clear in Murota and Ikeda (1991), the asymptotic behavior of the
increment (increase or decrease) 4, of the critical load 4. of the imperfect system for simple
critical points (and also for double ones to be dealt with in Section 4) is known to be
expressed as

he = Ac— A0 ~ C(d)e” (6)

when ¢ is small. The increment [ is characterized by the exponent p and the coefficient
C(d), the explicit forms of which for simple critical points are given as follows?} [¢f. Koiter
(1945) and Tkeda and Murota (1990a)] :

p=1, Cd)= —Coa at limit point,
p=1/2, Cd)= —Cyla}'* atasymmetric bifurcation point, @

p=2/3, C()= —Cy a¥® atunstable-symmetric bifurcation point,
p=2/3, Cd)=Cya*’ at stable-symmetric bifurcation point.

Here C are positive constants, and the coefficients C(d) depend on d through one variable

a=EBd= Y cd, ®)

i=1
where € = &, ; and

(Cl,...,Cp)T = BTE.

Since the increment 4. in eqn (6) for the stable point corresponds to the limit point for the
secondary imperfect path, which does not have physical meaning, we hereafter exclude this
point.

Denote by f;(d)) the probability density function of d,(i = 1,..., p). Then by eqn (8)
the probability density function of a is given as the convolution integral of the scaled
Su(d) (i=1,...,p). This convolution could be computed via the Fourier transformation.
Then a simple transformation from a to the critical load 4., through eqns (6) and (7), yields
the probability density function of A, as we will see later. It is also remarked that the central
limit theorem (Kendall and Stuart, 1977) says that under fairly mild conditions we may
regard a as being normally distributed when p is large.

3.1. Stochastic properties of the critical load

An asymptotic theory for initial imperfections &d subject to the normal distribution
N(o, e?W ") is presented in this subsection. The variable a of eqn (8), which is a sum of
normally-distributed variables c;d; (i = 1,.. ., p), is subject to a normal distribution N(0, 6°)
with mean 0 and variance

¢ = ETBW - BTE. 9)

A normalized variable

+1t is to be noted that for the asymmetric bifurcation point the increment I, in eqn (6), and hence all the
results in this section, has been defined as the conditional distribution given that a limit point exists on the primary
branch of the imperfect system.
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a=

IR

is subject to the standard normal distribution N(0, 1) ; the probability density function of
dis expressed as:

.1 <—a2)
ﬁ(a)—ﬁexp 5 )

We introduce a normalized critical load (increment)

7 —a at limit point (p = 1),
(= C ;,, = < —|a|"? at asymmetric bifurcation point (p = 1/2), (10)
0

—a¥*  at unstable-symmetric bifurcation point (p = 2/3),
where

o =de=(ETBW 'BT¢)" % (11)
by eqn (9). Then the formula

fA@da/d;, —oo<{<oo atlimitpoint,
() =< 2fz(@da/d{, —oo <{<0 atasymmetric bifurcation point, (12)
2f:(@dajdl, —oo <{<0 atunstable-symmetric bifurcation point

yields the probability density function of {. Then the cumulative distribution function F;({)
of { is obtained by

¢
F () = J‘ f(©d, (13)

and, in turn, the reliability function R,({) of { is evaluated by :

Ri(O) = 1-F(0, (14

which stands for the probability of failure, that is, that of the critical load exceeding the
designed one. From eqns (12), (13) and (14) we obtained f;({), R;({), the expected value
E[(], and the variance Var [(], for various kinds of simple critical points as below, where
I'(-) denotes the gamma function and

{ 1 _CZ
00=[ e ()
— o 7

indicates the error function.
Limit point :

1 _ 2
Ji() = —==exp (——), —o0 < { < o (standard normal distribution N(0, 1)), (15)

VeI



2450 K. IkepAa and K. Murota

R (D) =1-0()), (16)
E[(] =0,
2
E[l} =

Ned

Asymmetric point of bifurcation (conditional on the existence of a limit point)

5O =ﬂ\/%;exp<“2§4>’ —0<{<0, (17)
RO = 1-20(—{2), (18)

734
E[{] =— 2 F(E) = —0.822,

NEIA
_ 2
NE

Var[{] = (0.349)2.

E[(?]

Unstable-symmetric point of bifurcation :

3lC|‘/’zexp<—|C|3
J2n 2

R(0) = 1-20(= ("),

__~5l6
E[(] =- 2 r<§>= —0.802,

J2m \6
E[{1) = \z/;rG) = 0.831,
T

Var [{] = (0.432)7.

)= ) -0 <{<0, 19)

20

The probability density functions f;({) and the reliability functions R,({) of these three
types of critical points are plotted in Figs 1(a) and (b), respectively. Note that { =0

T T T 1

< (2) /( Asymmetric bif. pt. (b)
et |
o1 1 -
g Symmetric bif. pt. & Symmetr1c
E = |bif. pt. \
2 2
Z -~
z : |
- s Limit point
> =
z \< Limit point i
.—a -
% \ & Asymmetric \
= if. pt.

0 i 0 bif. 1;>I . |

-3 -2 -l 0 1 2 3 R 1 > 3

Normalized critical load increment, ¢ Normalized critical load increment, ¢

Fig. 1. Probability density functions f,({) and reliability functions R,({) of normalized critical
load increment { for various types of simple critical points. (a) Probability density functions.
(b) Reliability functions.
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corresponds to the critical load 1 = A? for the perfect structure, and for bifurcation points
the reliability of the structure is nullified at { = 0 (R,(0) = 0). For the appropriately nor-
malized critical load ¢, its probability density function f,({) is independent of individual
structures and is unique for each type of critical point. Details of structures, such as stiffness
distribution, geometrical configuration, material property, and so on, do not affect the form
of this function but the values of A2 and Cyo”.

The probability density function of the critical load 4, is evaluated to be

g1(4), —00 < A, < 00 atlimit point,
fih) =< 291,(A), —oo <A <A atasymmetric bifurcation point, @1
29,3(A), —o0 <A, <Al atunstable-symmetric bifurcation point,
where
he— A0V —1| 2= 20|
) = E L o (SRR @
\/th(coo.o)llﬂ 2 | Cyo
The mean E[4] of 1. is computed as
E[i} = 40+ E[{]Co0”
A2 at limit point,
=< 12—-0.822C,6"* at asymmetric bifurcation point, (23)

12-0.802C,6%* at unstable-symmetric bifurcation point,
and the variance Var[1] of 4 as

Var[A.] = Var [{](Cy0?)?
(Co0)? at limit point,
= < (0.349Cyc"%)? at asymmetric bifurcation point, 24)
(0.432C,6*%)? at unstable-symmetric bifurcation point.

From eqns (16), (18) and (20), the reliability function of the critical load A, becomes

Rlc(lc) =
[ Ae— AL
1—<D< CC GC) —00 < A, < o0 atlimit point,
0
i _AO 2
< 1—2(D<— (é—;ﬁ) ) — o0 < A, < A atasymmetric bifurcation point,
0
y —10 3/2
1—2(D<— ’é"?/% ) —00 < A < A atunstable-symmetric bifurcation point.
w 0

3.2. Evaluation of probability density function

We here present theoretical and semi-empirical evaluation procedures for the parameter
Coo?%in eqns (10) and (22) defining the probability density function, while the conventional
way to obtain the histogram based on random initial imperfections is called the empirical
evaluation.

The theoretical one is applicable when the equilibrium equations (1) can be differ-
entiated to arrive at the imperfection sensitivity matrix B in eqn (5). Such a differentiation
can be carried out for each element to obtain element matrices for B, and these matrices
are assembled for the whole structure to obtain B, in compatibility with the framework of
finite element analysis [see Ikeda and Murota (1990b) for its application to trusses]. Then

SAS 30:18-B
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eqn (11) vields ¢?; C, is evaluated with reference to eqns (6) and (7) by obtaining the
critical load A, from eqns (1) for a given imperfection mode d. Thus the theoretical evaluation
of the probability density function is quite simple and straightforward.

The semi-empirical evaluation procedure is suggested for use when B cannot be com-
puted, as is usually the case with experiments and highly nonlinear analyses. In this regard
this procedure will be quite suited for practical use. For a series of random imperfection
modes d chosen based on a known normal distribution, critical loads A, of a structure are
evaluated by solving eqns (1). Then the sample mean E,n,.[4] and the sample variance
Vargmpe [4] are computed based on random 4.s computed in this manner. The critical load
42 for the perfect system and the variable Cyg? are computed from egns (23) and (24) as

(VargmpelA]) 2 atlimitpoint (p = 1),
COO'p = (Varsample[j'c ]) ”2/0-349 at aSymmetric bifurcation point (p = 1/2), (25)
(Varampie[A])?/0.432  at unstable-symmetric bifurcation point (p = 2/3),

Esample[j-c] at limit point,
A = < EqmpelAc]+2.35(Vargmue[A]) "> atasymmetric bifurcation point, (26)
EqmplelAc]+ 1.86 (Vargmp[4:]) 2 at unstable-symmetric bifurcation point.

The substitution of the values of Cyo” and A? into eqns (21) and (22) leads to the semi-
empirical probability density function f; (4.) of critical load A..

3.3. Distribution of minimum values

In this section we show that the minimum critical load achieved by a series of random
imperfections d will serve as an index of extreme values. Such an index will be of great
assistance in developing a sound designing procedure based on a firm statistical standpoint.

Let {x be the minimum value of the normalized critical load { of eqn (10) attained by
K independent random imperfections. The asymptotic form of the cumulative distribution
function Fg({x) of {x (as K— + o0) can be derived as [see Theorem 2.1.6 of Galambos
(1978) ; also Kendall and Stuart (1977)]

l!in}o Fy(cx+dix) = ,}1_{130 Pr{{x < cxk+dgx} = 1 —exp(—e¥) 27
with
CK =
1 , loglog K+log (4n) .
—_ 1/2 —
(2logK) |:1 Jlog K at limit point,

2 4my |2
< —[2log(2K )]”4[1 _ log log“(lolg)(;-;;)g (1):] at asymmetric bifurcation point,
loglog (2K) +log (4n) | )
—[2log QK3 1— oglog (2K) +log (4m) at unstable-symmetric bifurcation point,
& 4log K)

QRlogK)~'? at limit point,
dy = < 32log (2K)]~¥* atasymmetric bifurcation point,
32log (2K)]~%* atunstable-symmetric bifurcation point,

from the concrete forms of f,({) given in eqns (15), (17) and (19). The limit distribution

(27) is called the double exponential or the Gumbel distribution. Then, roughly speaking,
{« is of the order of ¢, for large K, which we denote as

{k ~ ¢k (28)
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By means of eqns (4), (10), (25) and (26), we can rewrite eqn (28) for the minimum
critical load (4.)« attained by K independent random imperfections as below :

(A)x ~ A +cxCoo? =

Esamp]e['lc] + Ck (Varsample[lc]) i at hmlt POint,
EgmpelAc] +(2.35+¢4/0.349) (Varmpe[Ac]) '?  atasymmetric bifurcation point,
EmplelAc] +(1.861 4 ¢4/0.432) (Varympe[4:]) >  at unstable-symmetric bifurcation point,

as K — + oo. We can use this equation to simulate (4.)x with reference to the sampie mean
Eqmpie[A] and the sample variance Varg,g,y.[4]. It should be emphasized here that these
sample values may be based on a far smaller number of random imperfections than K. This
shows the simplicity and the efficiency of the present method.

4. THEORY FOR DOUBLE CRITICAL POINTS

We are interested in the system (1) of nonlinear equilibrium equations of a structure with
group symmetry, for which multiple critical points appear generically. Following Murota
and Tkeda (1991, 1992) we assume that the symmetry of the equations is described mathema-
tically by the equivariance of the equilibrium equations (1) to a finite group G, that is,

T(g)H(4,u,v) = H(A, T(g)u, S(g)V), 9€G, (29)

in terms of an N x N unitary matrix representation 7(g) of G on the N-dimensional space
of the nodal displacement vector u, and another p x p unitary representation S(g) of G
on the p-dimensional space of the imperfection parameter v. Remember that any finite-
dimensional representation is equivalent to a unitary representation.

We also assume that the displacement vector u at the critical point and the imperfection
vector v° for the perfect system are G-symmetric. That is, we assume

Tw; G T)=2(+";G S)=0G,
where

Z(w; G, T) = {geG|T(g)u =u} (30)

denotes the subgroup of G which expresses the symmetry of u, and X(v; G, S) is defined
similarly.

When the initial imperfection vector &d is subject to a normal distribution N (o, e2W '),
we adopt an additional assumption on the compatibility of the variance-covariance matrix
W~ with the group symmetry :

S(@WS(g)' =W, geG. G3h

Note that this is satisfied if W is equal to the unit matrix I, of order p, that is, each
component of d is subject to the standard normal distribution.

Many dome and shell structures have regular-polygonal symmetry. To describe such
symmetry, we henceforth assume G to be the dihedral group D, of degree »n defined by

D,={etp....r} s, Sty 57 Y = {rksr¥1k=0,1,...,n—1}

with 7" = s = (sr,)* = e. Here e denotes the unit transformation, the element s stands for
the reflection with respect to the XZ-plane, and r for the counter-clockwise rotation around
the Z-axis at an angle of 2nk/n (k= 1,...,n—1). Note that D, indicates the invariance
with respect to n rotations and »n reflections.

Recall that the tangent stiffness (Jacobian) matrix of the perfect system is singular at

the critical point (A2, u?), i.e. eqn (2) holds for J°. It follows from the D,-equivariance (29)
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that ker ((J ") is D,-invariant, where ker ((J°)7) denotes the kernel of (J %7, spanned by
the critical eigenvectors & (i = 1,..., M). Critical points of a D,-equivariant system are
generically either simple (M = 1) critical points or so-called group-theoretic double (M = 2)
points of bifurcation. In this paper a double point wilt mean a group-theoretic double point.
This is a consequence of the fact that the irreducible representations of D, are necessarily
either one- or two-dimensional.

With a critical point, we associate a subgroup of D, that represents the symmetry of
the kernel of J7, or of the vectors u belonging to ker (J%. We denote this subgroup as

X (ker (J) = Z (ker (J°); D,, T) = kQJO Z(u; D,, T)
weker )

by extending the notation (30). Note that X (ker (J %) = Z (ker ((JHT)).
The explicit form of £ (ker (/%)) is known from the group representation theory

D, at limit point,
Z(ker (J%) = < D, D}y or C, atsimple-symmetric point of bifurcation,  (32)
C, at double point of bifurcation,

where m is a divisor of n; and

D2y = {r2, sr 'k =0,1,...,n/2—1};

Cp = {rFmk=0,1,...,m—1}.

It will turn out that #/m is an important index characterizing a double critical point. The
integer m in eqn (32) is to be determined in view of the symmetry of ker ((J%7), that is,
the symmetry of the critical eigenvector. In addition, we choose &, in such a way that

T()E: =&

4.1. Stochastic properties of the critical load
For group-theoretic double points of bifurcation, C{d) and p in eqn (6) vary with the
values of index n/m as follows [¢f. Murota and Ikeda (1991)]

p=2/3, C@)= ~Cya** if njm > 5 and unstable,
p=2/3, C(d)=Cyal’? if n/m > 5 and stable,
p=1/2, Cd) = —t(PBd/|PBA|)Cy-a'? ifnjm =3,

p=2/3, C)=—i(PBd/|PBAd|)Co-a®® ifnjm =4,

(33

where C, are {possibly different) positive constants; r > 0 and 7 are nonlinear functions in
PBd/|PBd| (where || - | denotes the Euclidian norm}; and

= (| PBdf.
We decompose W as
W=y
and define a transformation
d=Vd. (34

This new variable d is subject to the standard normal distribution N{e, 7,).

As we have seen in eqn (33), the change 1, in the critical load is primarily governed by
a = || PBd}. It is proved in Section 4.2 of Murota and Tkeda (1992) that | PBd||* can be
expressed as
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IPBd|* = |&TBd|)> +|&3Bd|* = 6*(|n1d)* +(n3d)?) (35

with the use of the critical eigenvectors &, and &,, d = Vd of eqn (34), mutually orthogonal
p-dimensional unit vectors #; and 5, which are independent of d, and

& =¢BW~'B'¢, = §1BW BT,

Then, as is well known,

x= (g)z 36)

is subject to the exponential distribution, or the 2 distribution of two degrees of freedom.
The probability density function of x is given as:

£ = fexp (32—") (37

With the use of x of eqn (36) in eqn (33), we can introduce the normalized critical load
increment as

—x'* if n/fm > 5 and unstable (p = 2/3),
- A | x' if n/m > 5 and stable (p = 2/3), (38)
Coo”? —x"* ifnim = 3(p = 1/2),

—x!3 if njm = 4(p = 2/3),

where o = d¢. As may be apparent from this equation, the explicit form of probability
density function f;({) of { depends entirely on the value of the index n/m.

4.1.1. Case I : n/m = 5. For an unstable-double point with #/m > 5, combining eqn (37)
with eqn (38) leads to the probability density function f,({), the reliability function R,({),
the expected value E[{], and the variance Var[{] of {:

2 13
0= op(7E), —w<r<o (39)

I<]

R(C)-1~exp< ), —o0 < {<0, (40)

Bl = 1/3r(‘3‘) TS

E[CY] = 22/3r(§ =143,

e < 2{e(3)[ ()]} - o



2456 K. IkeEpA and K. MUROTA

. 1.0
M (b)

0.5

0.5 *\

Reliability function, R¢(¢)

Probability density function, f;(¢)

J 0.0

0. 0—3 -2 -1 0 -3 -2 -1 0
Normalized critical load increment, ¢ Normalized critical load increment, ¢
Fig. 2. Probability density function f({) and reliability function R;({) of normalized critical load

increment { for double critical points with n/m > 5. (a) Probability density function. (b) Reliability
function.

Namely, —{ is subject to the Weibull distribution. Figures 2(a) and (b) show the shape of
the probability density function f;({) and the reliability function R;({) of f;({), respectively.
A simple calculation yields various statistical properties of the critical load 4. as below :

3(10_'1((:))2 —llc'—lgls 0
ﬁ.c(j'c) - 2C30’2 €Xp 2C30’2 s —00 < 'lc < ;Lc, (41)

_,AC_A(?I3 0
R; (4;) = 1—exp 20 ) -0 < A < A,
0

4
EfA] = 13—2”31"(5>C062/3 = A2 —1.13Co0%3, (42)

Var[4] = 22/3{1“(;)- [r(%)] }C%a"’ = (0.409C,5%%)2, (43)

4.1.2. Case 2: nfjm = 3. As shown in eqn (38), { for n/m = 3 is given by
(= —t@)x",
where it is known (Murota and Ikeda, 1991) that
¥ = arg (£1Bd+if1Bd) (44)

(i denotes the imaginary unit) and t(y) > 0 is a solution to the equation

_27 9, 1
g(r)=§5—61 —g‘t —rz—zcos(3|p).

It is noteworthy that the variables t(i) and x"* are statistically independent. The
probability density function of b = (a/§)"/? = x'/* is computed with reference to eqn (37)
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as

4

f5(b) = 2b% exp <-2b ), 0<b<o0.

The mean and variance of b are evaluated to be

E[b] = 2”4r(§> = 1.08,

Var [b] = \/g —\/i[rG)]z = (0.302)2.

On the other hand, on noting that ¥ of eqn (44) is uniformly distributed in the range
0 < ¥ < 2#, we can arrive at the probability density function of t as follows:

1d 1 !
j;(T) = _—lp' = —.—i@—’ Tmin < T < Traxs

2ndt 2=n m

with

Tmin = Tmax = 2.

2z
V3
The density functions f,(r) and f,(b) are depicted in Figs 3(a) and (b). By numerical
integration we obtain

E[1] = 1.77, Var[1] = (0.221)%,

It should be noted that t lies in a bounded positive interval away from zero, and therefore

plays only a secondary role compared with b.
Then the probability density function f;({) of the normalized critical load increment

{=—-bt

is given by

—
o

o
=]

fe(€)

<

o
o

(=
L4

Probability density function, f,()
Probability density functions, fi(b), f¢(¢)

»k

0573 2

i
d
-

Fig. 3. Probability density functions of normalized critical load increment { for double crmcal points

with n/m = 3. (a) £.(7). (b) /,(b) and f().



2458 K. IxepA and K. MUROTA

ﬁ,(mﬂ(‘) dr, —o0<{<0. (45)

T T

S = f

T,

This shows that the probability density function of { is independent of individual structures,
just as in Case 1. A numerical integration yields

E[(] = 1.91, Var[{] = (0.590)2,
E[k] = 22—191Ce6"?, Var[A] = (0.590C,s /). (46)

4.1.3. Case 3: nfm = 4. As shown in eqn (38), { for u/m = 4 is given by

{= _f(w)xiﬁ’
where

¢ = arg (&1 Bd+i¢3 Bd)

and f(¥) is a solution to an algebraic equation, which varies with individual structures [see
Murota and Tkeda (1991) for details}. We normalize (i) in such a manner that its maximum
Tmax 18 €qual to unity.

As in the case of n/m = 3, the variables () and b = x'* are statistically independent.
The distribution of b coincides with the one described in eqn (39). The probability dis-
tribution of £, and hence that of {, vary with individual structures.

If necessary, the probability distribution of { may be empirically evaluated as follows.
First compute 4, for the imperfection modes

_ B¢, . B
d*(p) = cos<pm—” +sm(pm

for sufficiently many values of ¢ (0 < ¢ < 2x). Since || PBd*(¢)| is independent of ¢, this
gives the distribution of 7. Then the distribution of { is computed from the formula (45).
The values of average E{(] and variance Var [(], which vary with individual structures,
must be obtained through numerical integration for each case. For the theoretical evalu-
ation, the value of C, is evaluated from eqn (38) for ¢, that maximizes |1.|, and hence with

f(‘?o) = Topax = 1.

4.2. Evaluation of probability density function

As explained in Section 4.1 the theoretical evaluation is also applicable to double
critical points. The form of the probability density function f;({) is unique for n/m # 4, but
is dependent on individual structures for n/m = 4. Its form is explicitly given for n/m = 5,
whereas numerical integration by eqn (45) is needed for n/m = 3 and 4.

The semi-empirical evaluation similar to the one explained in Section 3.3 is also
applicable for double critical points. For n/m # 4 the critical load A for the perfect system
and the variable Co”, which determines the semi-empirical probability density function of
load incrementfC by eqn (41), are computed from eqns (42), (43) and (46) as

Coo” = {(Varsampne[/u)”z/ﬂ.409, nim > 5(p = 2{3),
7= UVarampelA]) 2/0.590, njm =3(p = 1/2),

/10 - Esample[lc]'{'z'?s (Varsample{"{c])”za n/m > 53
¢ Esample['q'c] +324 (Varsample[lc]) ”2, n/m = 3

For n/m = 4, instead, the values of E[1] and Var [4.] obtained though numerical integration
yield the values of Cy0” and A2. It should be noted that the imperfection sensitivity matrix
B is needed for this case.
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4.3. Distribution of minimum values
For double critical points with n/m # 4, the asymptotic formula (27) for the minimum
load { achieved by K independent random imperfections also holds with

_{—[ZIOgK]'” if njm > 5,
k= —[2logK]1"* ifn/m =3,

B {5[2 logK]™%? ifnim >3,
7 UR21ogK]™ Y ifnfm = 3.

For n/m = 5, with reference to eqn (39), the probability distribution function of { is
expressed as

. 3\ 1k
Fx(ly) = 1—[1 —exp< 'g"' )] , —0<{x<0 47
and the differentiation of eqn (47) gives its probability density function

3Kk — ¢k’ — 1) ¥
Jxlx) = b CXp(*Z )[1-—exp< 3 )] s

the shape of which is plotted in Fig. 4 for various values of K. The peak of this function
shifts toward — co and becomes sharper in association with the increase in K.

5. EXAMPLES

5.1. Asymmetric simple bifurcation point
Consider the propped cantilever of Fig. 5 comprising a truss member, simply supported
with a rigid foundation at node 1 and supported by horizontal and vertical springs at node
2. A vertical load A is applied to the free node 2. This cantilever has also been put to use in
Ikeda and Murota (1990a, 1991) as an example for an asymmetric simple bifurcation point.
The system of equilibrium equations is

1 Y/ x—x, F,, 0
Hd.n.v) = E4 (Z - Z><y—y1>+ <ny)_ (i) - “8)

where

Probability density function, fe, (Cx)
DO
—

=)

3 -2 -1 0

Normalized minimum critical load, (x

Fig. 4. Probability density functions of the minimum critical load { attained by K independent
random imperfections for double critical points with n/m > 5 (K = 1, 10, 102, 10°, 10%).

SAS 30:18-C
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X
A initial
(X,,¥,)
Y 2 2

2

displaced

0: free node
(0,1) (X,,¥,) o: fixed node
(a) Perfect system (b) Imperfect system

Fig. 5. Propped cantilever. (a) Perfect system. (b) Imperfect system.

L=[(x,—x)2+(y,—y)", L= [(x—x)*+(y—y)*"%,

2
_ X—X X—X; _ Y=
F.= EA[ 17 +( 7 )], F,=EA SR

u = (x, y)"is the location of node 2 after displacement, (x;, y;) is the initial location of node
i (i=1,2), and F;, and F,, are the horizontal and vertical forces exerted by the springs,
respectively ; E is the modulus of elasticity and A is the cross-section.

The equilibrium paths for the perfect cantilever expressed by eqns (48) consists of a

main path and a pair of bifurcation paths branching at an asymmetric simple bifurcation

point. The critical eigenvector at this point is & = (1, 0)" and (1, x¢, %) = (EA4, 0, 1/2).

We choose (x;, y;) (i =1, 2) as imperfection parameters, and define
V= (X1, y1, X2, y2)"
as an imperfection parameter vector. In the perfect case, we have
vi=(0,1,0,0)".

We assume that

ed =v—v°
is subject to a multivariate normal distribution N(o, &2/,), that is

w-'=1I, (49)

First, following the theoretical evaluation, we obtain the probability density function
of critical load. The imperfection sensitivity matrix

1 0 -1 0
B=EA<0 P o) (50)

is obtained by differentiating H in eqns (48) with respect to v and evaluating at the bifurcation
point [¢f. eqn (5)]. Use of eqns (49) and (50) in eqn (11) leads to



Normally distributed initial imperfections 2461

K=10 K =10?
o —
ANIENAN

K =10° K =10*

/AN IAYS
J 7

0
0.975 1 0975 1
Critical load, A./(EA) Critical load, A./(EA)

100

100

Probability density function, fi.(Ac)

Fig. 6. The influence of the sample size K on the semi-empirical probability density function and

the histogram (10° samples; ¢ = 10~*) for the propped cantilever (asymmetric simple bifurcation

point). Solid curve : theoretical probability density function ; dashed curve: semi-empirical prob-
ability density function ; histogram : numerical experiment.

o? =2 ETBW'BTE = 262,

Further, we solved eqns (48) for an arbitrarily chosen imperfection mode d = (1, 1, —1,
—1)T and & = 10~%, which is sufficiently small as to make the asymptotic formula (6)
accurate, to arrive at

1. = 0.00141E4 ~ Co(ETBd)%c"? = /2 107°C,
by eqns (6) and (7). The solution of this asymptotic relationship yields

Based on the values of C, and o2 evaluated in this manner, we computed from eqn (21) the
theoretical probability density function f; (4.) of the critical load 4. shown by the solid line
in Fig. 6.

Next, following the semi-empirical evaluation, which does not necessitate the com-
putation of B in eqn (5), we have randomly chosen K = 10° imperfection modes subject to
the aforementioned normal distribution N(o, £2/,) for ed and computed a set of critical
loads A, for a constant imperfection magnitude ¢ = 1072, 10~ and 10~ *. Table 1 lists the
sample mean Eg,,c[A.] and the sample standard deviation (Var,mpre[4.]) 172 of these critical
loads. From eqns (25) and (26), we have empirically evaluated the values of A2 and Cyo'/?
also listed in this table. In association with the decrease of imperfection magnitude e, the
evaluated values converge to the exact values, in agreement with the asymptotic nature of
eqn (6). The semi-empirical evaluation seems to be quite accurate.

Table 1. BEvaluated values of A2 and Cyo'? (K = 10°)

Esample[}“c] (Varsample[’lc]) 2 'l«? C‘OGI/2 CQ(G’/&') 2
10-2 0.905 3.87x1072 0.9964 LI1x 107! 1.11
e=10"3 0.969 1.30x 1072 0.9999 3.73x 1072
10-4 0.990 4.15x107° 1.0000 1.19x 1072

Exact values 1.0000
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0

(673

|

—

=

[ J

o 00 0

1 § 1
10! 102 10%  10*
K

Fig. 7. Comparison of {x and theoretical estimation (28) plotted against K in a semi-logarithmic
scale for an asymmetric simple bifurcation point (¢ = 107 %). (@) : empirical {4; solid line : theoretical
estimation (28).

In order to see the improvement in the semi-empirical probability density function and
the histogram in association with the increase in the sample size K of random initial
imperfections, they are plotted in Fig. 6 based on the first K = 10, 102, 10* and 10 random
samples for ¢ = 10~ %, Although the improvement of the histogram seems to be slow, the
semi-empirical probability density functions (shown by the dashed lines) quickly approach
the theoretical one (the solid line). This implies the importance of the knowledge of the
explicit form of the probability density function, and hence of the present method.

We plotted in Fig. 7 for ¢ = 10 ¢ the comparison of the empirical minimum load {x
achieved by K random imperfections [shown by the symbols (@)] and its theoretical
evaluation by eqn (28) (shown by the solid line). This evaluation is fairly consistent with
the empirical (k.

5.2. Limit point and unstable-symmetric simple bifurcation point
We consider the regular octagonal truss dome in Fig. 8(a) as a numerical example for
a limit point and the hexagonal one in (b) for an unstable-symmetric simple point of

25

— X

25

o free node
o fixed node

z

o free node

ZT o fixed node

T
]‘”Iwm‘ ' wri: W—’x

(2) (b)

Fig. 8. (a) Regular-octagonal truss dome (limit point). (b) Regular-hexagonal truss dome (unstable-
symmetric simple bifurcation point).
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bifurcation. All members of these domes have the same modulus of elasticity F and the
same cross-section 4. Uniform vertical loads 4 are applied to each free node for the former
dome {a); and vertical loads applied 0.54 to the crown node and / to other free nodes for
the latter {b). We have carried out a finite displacement analysis to solve equilibrium
equations (1) to note that the first critical load for the former is governed by a limit point
and for the latter by an unstable-symmetric simple bifurcation point.

We choose the initial location (x;, y,, z) (i = 1,...,k) of nodes as imperfection par-
ameters (k = 17 for the former and k = 13 for the latter). The imperfection vector is subject
to a normal distribution N(e, ¢%;;) with ¢ = 10~3. We utilized the explicit form of the
imperfection sensitivity matrix B for these imperfection variables given in Tkeda and Murota
{1990b). Equation (11) yields

,  j277x107 'YEAY?, atlimitpoint,
7 T 13.49x 107 (E4)*, atunstable-symmetric simple bifurcation point,

and eqn (6) gives

1.28, at limit point,
©=00.051(E4)"?, atunstable-symmetricsimple bifurcation point,

where the values of BT¢ computed at the relevant critical point are used herein. The use of

these values in egns (15) and (19) leads to the theoretical probability density function of {
shown as the solid lines in Fig. 9.

{b) Unstable-symmetric

imit point . . . .
{a) Limit p simple bifurcation point

0.6 15|

0. 4} 10

0.2 0.5 \
00 8.0% :
s <
SR TIHETS
g g
b 5 3 Ah
| E L0 % \
& 2 4
& kS .
'g E 0.5 d \
2 2 )
Y] SRS
o & 13

LSEF =%

-3 -1 0 1 2
Normalized critical load, ¢ Notmalized critical load, ¢

Fig. 9. Comparison of theoretical and semi-empirical probability density function £,() and empirical

histogram of normalized critical load increment { (¢ = 107, (a) Limit point (regular-octagonal

truss dome). (b) Unstable-symmetric simple bifurcation point (regular-hexagonal truss dome). Solid

curve: theoretical probability density function; dashed curve: semi-empirical probability density
function; histogram : numerical experiment.
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Table 2. Evaluated values of 42 and Cyo* (¢ = 1077
(a) Limit point

;“t(:) = Esamplc[;tc] COO' = (\]a'rsample[A.'c])”2
10 3.746 < 1074 5.02x1077
K= 25 3747 x 1074 591 %1077
100 3.747x 10~* 6.88x 1077
Exact values 3748 x 1074 6.74%x 1077

(b) Unstable-symmetric simple bifurcation point

Esumple[;“c] (Varsample[)-c]) 1 A"::j C‘OO'Z/3
10 7.635x10°* 2.20x10°°¢ 7.68x10°* 5.09x10-°
K= 25§ 7.639x10-* 2.46x10°° 7.69 %104 5.68x107°
100 7.648 x 10~* 2.76 x10~¢ 7.70x 10~4 6.37x10-¢
Exact values 7.638x10°* 3.35x10°° 7.70 % 107* 7.74x10"¢

For each dome, we have randomly chosen K = 10, 25 and 100 samples of ed subject
to N(o, £’I5), and traced the equilibrium paths to compute the normalized critical load
increment {. Table 2 lists the improvement of the semi-empirical evaluation of A2 and Cyo*
by eqns (25) and (26). The histogram, the theoretical and the semi-empirical probability
density functions f;({) are compared in Fig. 9(a) for a limit point and in (b) for an unstable-
symmetric simple point of bifurcation. The theoretical and the semi-empirical curves are in
relatively good agreement with the observed histogram for each case.

5.3. Double critical (bifurcation) points

As numerical examples for double critical points we consider elastic n-bar truss tents
(n =3, 4, 5) shown in Fig. 10, and regular n-gonal truss domes (n = 3, 4, 5) in Fig. 11
[these examples were also employed in Murota and Tkeda (1992)]. The truss tents are subject
to a vertical load A applied to the top node, the truss domes to uniform vertical loads A
applied to each free node except for the center node. All members of these structures have
the same modulus of elasticity £ and the same cross-section A for the perfect case. Such
symmetric stiffness distribution, accompanied by symmetries in geometry and loading, will
result in the group-equivariance (29) of the equilibrium equations of these truss structures.
Accordingly, the equations of n-bar truss tents (n = 3, 4, 5) and also those of regular n-
gonal truss domes (n = 3, 4, 5) are D,-equivariant.

We define an imperfection parameter vector as

o: free nodes Y Y

? @®: fixed nodes T T

z z 2

] T T
—X — X —X
0.5 1 R o

Fig. 10. n-bar truss tents (n = 3, 4, 5).
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(a) v (b) (e) ‘T'

r ¥

O: free nodes
®: fixed nodes 2z 2

T |
P —X OT — X o X
™~ i
Q =)
< <
&
35.35 , 20 50 47.55
50 20 | } 2%, | | '

Fig. 11. Regular n-gonal truss domes (n = 3, 4, 5). (a) Triangular. (b) Square. (c) Pentagonal.
V= (Als- '-,Ap)T9

where 4; i = 1,...,p) are the cross-section_s of the ith members. For the perfect structure,
we have

vi=(4,..., A"

We assume that ed = v—v? is subject to a multivariate normal distribution N(o, ¢°1,). Then
the group symmetry (31) of W is satisfied.

The finite displacement analysis of these trusses for the perfect cases (¢ = 0) was
performed to note that their critical loads are governed by unstable group-theoretic double
points of bifurcation, with C,-symmetric kernel space ker ((J %)) with m = 1. These double
points for n = 3, 4 and 5 correspond to the three cases n/m = 3, 4 and 5 in Section 4,
respectively.

For each truss structure, we have randomly chosen K = 100 imperfection modes of
ed = v—v° subject to a multivariate normal distribution N(e, ¢°1,) and computed a set of
critical loads { for a constant imperfection magnitude & = 10~*. Then A and Cyo” are
computed based on the theoretical and empirical evaluation techniques. The empirical
histogram obtained from these 100 imperfections and the theoretical (for n/m # 4) and
semi-empirical probability density function f;({) are compared in Figs 12, 13 and 14 for

—
=3

1.0

(b)

0.5

Probability density fn., f¢(¢)

[=4
1=

Normalized critical load, ¢ Normalized critical load, ¢

Fig. 12. Comparison of probability density function f;({) and empirical histogram (100 samples) at

an unstable double point of bifurcation (n/m = 3). (a) 3-bar truss. (b) 3-gonal truss dome. Solid

curve: theoretical probability density function; dashed curve: semi-empirical probability density
function ; histogram : numerical experiment.
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1.5 1.5
(a) (b) .

1.0 " 1.0

0.5 i 0.5

0.05 L ]
Normalized critical load, ¢ Normalized critical load, ¢

Fig. 13. Comparison of probability density function f;({) and empirical histogram (100 samples) at
an unstable double point of bifurcation (n/m = 4). (a) 4-bar truss. (b) 4-gonal truss dome. Dashed
curve : semi-empirical probability density function ; histogram : numerical experiment.

—
(34

1.5

}é (@) (b)
B
=10 1.0
7 I\ /
E 0.5 S _‘1\\ 0.5
5 1
3 R 7J
e \ )
5 y
a
0.0 ) 1 0 0.0 ) ] 0
Normalized critical load, ¢ Normalized critical load,

Fig. 14. Comparison of probability density function f,({) and empirical histogram (100 samples) at

an unstable double point of bifurcation (n/m = 5). (a) 5-bar truss. (b) 5-gonal truss dome. Solid

curve : theoretical probability density function; dashed curve: semi-empirical probability density
function ; histogram : numerical experiment.

n/m = 3, 4 and 5, respectively. The theoretical values of Cyo” were used to normalize { for
n/m # 4. The theoretical and empirical functions are in fair agreement with the histogram
in each case. This shows the validity of the present method.

6. CONCLUSION

In this paper we have made a theoretical study on random initial imperfections of
(symmetric) structures to arrive at various kinds of stochastic properties of critical loads.
As we have seen in Figs 1 and 2, the probability density function for a limit point agrees
with the normal distribution, but those for the bifurcation points do not. This raises a
question on the validity of the simplifying assumption often utilized in the first-order,
second-moment method that critical loads are normally distributed (Arbocz and Hol, 1991).
Put otherwise, this shows the importance of the present method that can derive the explicit
form of probability density function by virtue of the asymptoticity assumption. Of course
the use of this assumption make the results less accurate, especially when imperfections are
large, in comparison with the former method that solves the governing nonlinear equations
to obtain critical loads. The tradeoff between these two methods will require further studies.

The theoretical method presented in this paper is readily applicabie to truss structures,
for which the explicit forms of the matrix B have already been obtained in lkeda and
Murota (1990b). It will be the natural course of future research to extend the theoretical
method to other structures by deriving the explicit form of the matrix for each structure.
It is to be emphasized here that the present formulation regarding D,-equivariant structures
can be extended to those with other types of symmetries in a straightforward manner, when
the asymptotic behavior of the critical load depends solely on a = | PBd]|.
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