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Abstract For the estimation of the strength of a structure, one could avoid detailed elastoplastic analysis and
resort, instead, to direct limit analysis methods that are formulated within linear programming. This work
describes the application of the force method to the limit analysis of three-dimensional frames. For the limit
analysis of a framed structure, the force method, being an equilibrium-based approach, is better suited than
the displacement method and results, generally, to faster solutions. Nevertheless, the latter has been used
mostly, since it has a better potential for automation. The difficulty for the direct computerization of the force
method is to automatically pick up the structure’s redundant forces. Graph theory concepts may be used to
accomplish this task, and a numerical procedure was proposed for the optimal plastic design of plane frames.
An analogous approach is developed herein for the limit analysis of space frames which is computationally
more cumbersome than the limit analysis of plane frames. The proposed procedure results in hypersparse
matrices, and in conjunction with the kinematic upper bound linear program which is solved by a sparse
solver, the proposed method appears computationally very efficient. It is also proved that it is much more
effective than any displacement-based formulation. The robustness and efficiency of the approach are testified
by numerical examples for grillages and multi-storey frames that are included.

Keywords Numerical methods, Limit analysis, Force method, Graph theory, Grillages, Multi-storeyed frames

1 Introduction

In order to establish safety and integrity for a structure made of an elastoplastic material, an engineer has
to determine its strength as well as its ductility. The computational approach, which is most often used to
accomplish this, is the step-by-step analysis. This analysis is formulated using the direct stiffness approach
which is based on the displacement method. This approach is quite cumbersome as one has to follow in an
incremental way the load history taking into account the continuous plastic stressing and possible plastic
unstressing by continuously re-formulating and re-decomposing the stiffness matrix.

The three-dimensional character of a space frame increases the complexity of the approach, and thus,
published results on the step-by-step analysis of space frames are much rarer than those for plane frames.
Among these one could mention [1-3]. In these works second-order effects are included, and plasticity is
simulated as concentrated plastic hinges of zero length of a material having rigid plastic behavior. In a recent
publication [4] strain hardening effects are taken into account.

When common civil engineering structures are subjected to monotonic loading, their limit load provides
the threshold above which the deformations start to get large [5]. Then, there is no need to calculate the
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deformations prior to collapse, which could be estimated through a step-by-step analysis, and one may resort
to an alternative way of evaluating the limit load. This is provided by the upper and lower bound theorems
of plasticity, and the numerical methods that are used are called direct methods of limit analysis. A natural
framework to formulate a direct method for the limit analysis problem is linear programming (LP). In this way
the deficiencies of the incremental method are avoided, and one seeks for the value of the limit load right from
the start of the calculations.

Although the formulation of limit analysis as an LP problem goes back to the early seventies [6], it always
remains a timely approach, due to the continuous development of optimization algorithms, considered for its
solution, that help us to solve increasingly large-size problems [7]. There is a big evolution in these algorithms
starting from the standard simplex method [8], later the less-expensive revised simplex method, up to the
interior-point algorithms, which were initiated by [9]. Many publications have appeared in recent literature
using interior points; see, for example, two representative articles: a two-dimensional structural [10] and a
geotechnical mechanics [11] problem. Also taking into account the sparsity of the matrices involved has a
big impact on the amount of the computer time spent for the solution [12]. Thus, formulations concerning
specific limit analysis problems [13] are continuously adapted to comply with the advances in all the fields of
numerical analysis.

In relation to frames, a computer program with the name CEPAO [14] was written, which used LP for the
limit and shakedown load evaluation of 2D frames; recently, this program was extended to the case of the limit
analysis [15] and the design of 3D frames [16]. The procedures are built within the displacement method of
description, and the LP problem is solved with the aid of the simplex technique. Using also the displacement
description, an interior-point algorithm was recently employed for the limit analysis of space frames [17].

In all the aforementioned works, plastic hinges are almost exclusively used to model the plastic effects.
The reason for the popularity of the plastic hinge model stems from the fact that it provides a computation-
ally quick way to assess the inelastic behavior of the structure. According to this model, plastic effects are
considered lumped at some predefined cross sections. Additionally, one does not have to consider a detailed
stress description over the cross section but may get their overall behavior in the form of the generalized forces
(forces and moments on the cross section). The section is fully plasticized whenever the combination of these
forces touches a yield surface called an interaction surface. These surfaces can be determined for steel frames
from the plastic capacities of a given cross section. On the other hand, interaction surfaces for reinforced
concrete frames may be determined from the amount of reinforcement [18]. Sufficient ductility capacities, so
as to allow for redistribution of forces, for both types of frames are assumed to hold.

Coming now to the formulation of the limit analysis problem, we have to note that equilibrium is a more
important condition than compatibility, and therefore, the alternative description of the frame, which is the
force method, is better suited. Using this description, for a statically indeterminate frame, equilibrium equations
must be established between the unknown hyperstatic forces as well as with the applied loading. The reason
that, even in limit analysis, the displacement method is much more in use than the force method is that it may
be automated more easily. One may get, however, an indirect access to the formulation by the force method
from its displacement counterpart, using the so-called algebraic approach. Such a methodology [19], which in
the context of limit analysis was proposed in [20], involves a degree of approximation and generally produces
dense matrices.

In [21] one may find a classification of different ways that may lead to the force method, among which
is the class of the topological approaches which may be used to get a direct formulation. These are based on
the topological view of a frame as a directed graph. Thus, concepts from graph theory like a minimum path
technique and a cycle basis may be utilized.

In the present work a topological approach forms a part of a novel direct method which, utilizing a plastic
hinge model of zero length, addresses the problem of the limit analysis of space frames using the upper bound
theorem of plasticity, assuming first-order theory. The method adjusts an algorithm [22] that was used for plane
frames [22-24] to establish equilibrium with the hyperstatic forces of a space frame. The algorithm is based
on the repeated use of the minimum path-finding technique of the graph theory so as to establish the shortest
path between the two ends of members of the frame going around the structure. The minimum path between
the points of application of each load forms a cantilever in space which is used to satisfy equilibrium with
the applied loads. The proposed way is shown to lead to the formulation of a LP program with highly sparse
matrices whose solution requires the least amount of computing time, as compared to any displacement-based
LP which is almost exclusively currently used.

Examples of application for various types of space frames like grillages and 3D buildings show the robust-
ness and computational efficiency of the proposed method. Although the examples considered are for steel
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frames, one may equally apply the method, as already discussed, to reinforced concrete frames of sufficient
ductility capacity.

2 General considerations

A typical 3D-framed structure is shown in Fig. 1. One may also see some numbering of the nodes, which
mark the beginning and the end of each member, thus showing the direction of the member. One may assume
an additional node (node 10 in Fig. 1) and additional “ground” members, which connect this node with the
foundation nodes, to portray ground support.

The whole frame may thus be represented by a closed 3D directed graph. Any such graph can be topolog-
ically embedded into a 2D polyhedron [25], whose diagrammatic form may be seen in Fig. 2.

Let us suppose that the structure is subjected to proportional loading. Using entirely equilibrium arguments,
one may write the following equation:

Qu=B-p+By-s (M

where Qy are the independent generalized forces of the structure along the global axes whose positive directions
are shown in Fig. 1.

The first term of (1) is due to the indeterminacy of the frame with p being the vector of the unknown forces
and B the corresponding equilibrium rectangular matrix, whereas the second term comes from the equilibrium
with the applied loads with s being the proportional load factor and By the corresponding equilibrium column
vector.

For a typical member i of the framed structure, these stress resultants are given in its local axes {1, 2, 3}, by

0 1(\11) = {F1j, F2j, F3;, M1 j, My, M3,j}(i) that correspond to the axial force, the two shear forces, the twisting
moment, and the two bending moments at its starting end ;.

5

z

Fig. 1 Typical space frame with ground node
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Fig. 2 Graph representation of original structure, node and member numbering, cycle basis and cycle numbering
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Fig. 3 Resolution to local axes

Fig. 4 Positive axial, shear, torsional, and bending moments at the two ends of a member

The local axes form an orthogonal set with the direction of axis / coinciding with the direction of the
member (Fig. 3). An arbitrary point P must now be used to define the local axis 2. One good choice could be
for this point to lie on one of the principal axes of the cross section. The local axis 2 may be formed as lying in
the plane defined from this point and the local axis /. Local axis 3 is then uniquely defined as perpendicular
to this plane.

If we satisfy equilibrium along the element, we may find the corresponding forces and moments at its
finishing end k. Thus, by grouping the forces and moments at the two ends, one may write:

Qi =T§, QY 2)

where the superscript “T” denotes the transpose of a matrix or a vector.
The matrix T is given by:

P
T, =[I; | E] 3)
I3 : 03
. 0 0 , . , . .
with E = 0 0 L | I¢ being the 6 x 6 unit matrix, I3 and 03 the 3 x 3 unit and zero matrices,
L 1,
0 -L 0

respectively, and L the length of the member i.

The assumed sign convention for positive forces and moments along the local axes 1, 2, 3 at the two ends
of a member may be seen in Fig. 4.

Thus, one may now write for the whole structure:

Q=TT Qy @)

with T being constructed from the individual elements.
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Next, one may establish a transformation of the global stress resultants to the local ones at the starting end
J of the member i (Fig. 3). This may be accomplished through the unit vectors along the three axes which are
related through their vector products. It may be found that:

Qv=A-Qn o)
. oo A 0|
The matrix A may now be constructed from each individual element A ;) = 0T with:
310
r . . a0
My M
A _|B Az C A i_A Az CAX?AAy_B Ax
"|R.L.RL{RLRLIRLRL
AT B | c
| R R R ©)
with the following definitions:

Ay Az

A=— -Azp— — - Ayp,
L zp L yp

B=-2% ap+2Ea

—_— . —_ xXp,
L rt T P
=2 A
_ . _ . xp,

L yp L P

R=VA2+ B2+ C?

where

Axp =xp—xj, Ayp=yp—yj, Azp=2zp—2Z;
Ax =xp —xj, Ay=yr—yj, Az=2z,—7j

with the above entities denoting the x, y and z coordinates of P and of the ends j and k of the element .
By combining (1) and (5) one may write:

Qv=G-p+g-s ()
where G=A-Bandgy= A -Bg

3 Selection of the hyperstatic forces

For each closed graph there are exactly « = M — O + 1 independent cycles [26] that constitute a cycle basis,
with M and O being the total number of members and the nodes of the graph, respectively. Denoting by Mj,
the members of the frame (with ground members not included), by Oy the foundation nodes, and by Oy, the rest
of the nodes of the frame, it is obvious that for the graph representation (Fig. 1) we have that M = M;, + Os.
On the other hand, we have that O = Oj, + Of + 1. Thus, one may write that « = Mj, — Ojp.

There are 6« hyperstatic forces in a space frame. If one has a way to find a cycle basis, a statical basis may
be found straightaway. The two-dimensional diagrammatic form of the space structure (Fig. 2) makes possible
to use an algorithm that has been developed for the case of plane frames [22]. This algorithm utilizes a shortest
path technique, from graph theory, to find the quickest way, going around the structure, between the two end
nodes of a member, which is called the generator member. This path together with the generator member forms
a cycle. The difficult task to select an independent cycle is simply done by increasing the “lengths” of the
members of the cycle, which originally are set equal to /.
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Fig. 6 Hyperstatic pair at each cycle

A cycle will enter the cycle basis if it satisfies the following admissibility rule:
(length of the path) < 2 - [(nodes along the path) — 1]

If this rule is satisfied, the cycle enters the basis and the lengths of the members of the path become 2.

The steps of the algorithm may be seen in Fig. 5, where a subgraph has been extracted from a main graph
(Fig. 5a). Starting from the node k and selecting km as a generator member, the minimum path whose length
is equal to 2 satisfies the admissibility rule and the cycle kimk enters the basis. The lengths of the members
of the cycle then become equal to 2 (Fig. 5b). This cycle cannot be reselected because it will not pass the
admissibility rule. Next, by picking up, for example kg, as a generator member the next obvious cycle enters
the cycle basis (Fig. 5c).

There are cases of complicated graphs that this simple process may leave out some cycle [22], but there
are remedies to overcome this problem. For such a case, it appears computationally more useful to use an
alternative equivalent rule (this rule is employed in the present work), that is to add, to the length of the path,
the length of the generator member. So the above rule may now be replaced by:

(Iength of the cycle) < 2 - [(nodes along the path)]

For the structure of Fig. 1, such a cycle basis may be seen in Fig. 2.

Starting with the nodes having the higher valency (number of members incident to a node) guarantees an
almost minimal cycle basis in terms of the number of elements that constitute a cycle.

Each of the selected cycles may now be visualized as its real three-dimensional nature. In Fig. 6 one may
see such a cycle. If we make a cut at any such cycle, a pair of resultant forces and moments F, and M, that
constitute the hyperstatic forces for this cycle will appear. This pair may be analyzed in their components along
the global axes x, y, z. Equilibrium with each of these components leads to stress resultants at each starting end
Jj of the members that are met going around the perimeter of the cycle. More specifically, the opposites of these
hyperstatic components are transferred to produce the corresponding forces and moments at the starting end
j of each member of the cycle. The moments have to be augmented by the cross product of the components of
the distance vector r from the cut to the end j (Fig. 6) with the hyperstatic force vector F.. So one may write:

(m)

F" = —F"

M™ =M™ — (rj x Fe)™ )
j - c ] ¢

where m is equal to either x or y or z.
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Fig. 7 Equilibrium with external load
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Fig. 8 a Linearized yield surface, b typical yield plane

If we provide unit values for the components of F. and M, the equilibrium matrix B may be established.
It is obvious that if the specific member happens to be a part of another cycle too, the stress resultants for this
member will be additive.

As far as equilibrium with the external loads is concerned, the shortest path technique is used to find the
quickest way of each load to the ground in the form of 3D cantilevers (Fig. 1). Such a typical load path may
be seen in Fig. 7. The forces and moments produced by the load vector components at the starting end j of
each member along this path may be found in an analogous way as above:

(m)
Fj ™= _Fs(m)
Mj(m) = — (rj x F))™ C))

For unit values for the components of Fg, the entries to the matrix By may be found. It is obvious that if
the specific member happens to be a part of other load paths, its stress resultants will be additive.

4 Problem formulation

We assume a perfectly plastic material. Plasticity is considered concentrated at the critical cross sections
located at the member’s end nodes. A “generalized plastic hinge” of zero length will appear whenever the
combination of the components of the vector Q° at a cross section ¢ touches the generally nonlinear plastic
yield surface. An interaction between two components may be seen in Fig. 8.

The yield surface may then be linearized using planes to approximate it. The plastic strain vector is
considered orthogonal to any of these planes and directed outward; the length of this vector on any such plane
k is denoted by A,. Thus, one may write for the plastic vector at a particular critical section c:
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@C=in., i£>0 (10)

where n, denotes the outward unit normal vector to the plane « (Fig. 8b).

The sign convention of the components of the plastic vector follows the ones of the corresponding stress
resultants. _

Plastically admissible combinations of stress resultants are those for which the stress vector Q€ at a critical
section lies within the yield surface. This may be expressed [27] through:

n Q4+ w=5 w=>0 (11)

The complementary ways of the activation or not of the «th yield surface are given by the well-known
complementarity condition:

WA =0 (12)

If we group the terms n,, S, i,c inN, S, and i, respectively, for all the possible planes at the critical sections
of all the members of the frame, Eq. (7) after using the transformation (4), together with Egs. (11) and (12), are
the Karush—Kuhn-Tucker conditions of the plastic limit analysis [28]. These lead to the following force-based
unsafe program which needs to be solved:

Minimize s = STA

Subject to:
g T-N1, [1 (13)
G'-T-N 0
A>0
N0
whereN=| : -.
0 ... Nnes

with the dimensions being (6 - ncs) x (npl - ncs), where ncs denotes the number of the critical sections of the
frame equal to 2 - M;y,, and npl the number of planes that each yield surface is linearized with; for a proper
description npl > 8.

Any standard LP algorithm, like the simplex technique or an interior-point algorithm [12], may be used to
solve the linear program (13). Interior-point algorithms, which are particularly suited to solve sparse large-scale
problems with linear or nonlinear constraints (e.g., [17,29]), are increasingly been employed in limit analysis
problems, the last decade. In the present work both sparse solvers, one using the simplex algorithm and one
using a LP interior-point algorithm, have been implemented. Both solvers are contained in the optimization
package MOSEK [30].

5 Computational and programming considerations

Based on the duality of mathematical programming, four different limit analysis LP programs, in the framework
of either the force or the displacement method, may be written. The variables of these LP programs may be
either kinematic or static ones. Also, the number of constraints of the primal LP is equal to the number of
variables of the dual LP.

The number of constraints of the kinematic program (13), for a space frame with no releases, is m =
14+6-0a =146 (Mj — Oin), whereas the number of variables, with the variables being the lengths of
the plastic vectors, is 7y = npl - ncs. On the other hand, the kinematic LP program that may be formulated
using the alternative displacement method has m" = 1 4+ 6 - M, constraints and n{, = npl - ncs + 6 - Oy
variables, with the extra terms being the independent displacements of the frame [27]. The size of the matrices
involved (i.e., the number of constraints and the number of variables) is of course one parameter that influences
the computing time. Thus, a force-based LP like the kinematic program (13), which has the fewer number of
constraints and variables, is the more suitable to solve.

Additionally, the procedure of establishing a near-optimal cycle basis that was described above leads to
hypersparse G matrices, which one should take into advantage, using sparse solvers [30].
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Fig. 9 Part of a general multistorey—multibay frame

The very sparse form of the equilibrium matrix B may be easily demonstrated in the one-storey configuration
of Figs. 1, 2. We may see that there are, at mostly, two nonzero block entries rowise (Eq. 14).

Q) [BY !BV ! 0 | 0]
Qy,| [BYi 0 B 0

ng}p B}”f 0 0 iBf) :

Q| [BIT 0 o B ™

QP t=IBP 0 0 o e

Qv,| o Y B 0| (P

QY| o o IBY BY

5\’,) » is the 6 x 1 vector of the independent forces of the member i due to the indeterminacy of the frame, p;
is the 6 x 1 vector of hyperstatic forces of a topological cycle j, and Bj.') is the corresponding 6 x 6 block
entry in the B matrix.

On the other hand, the equilibrium, in a displacement-based LP formulation, is expressed by equilibrating
the forces, acting on a node, with the stress resultants of the members that are incident to this node [20]. Built
in this way the equilibrium matrix becomes denser than above. This may be easily seen for the configuration
of Fig. 1 where three nonzero 6 x 6 block entries would be needed rowise, since most of the nodes connect
three members.

The same pattern difference between the two formulations holds for the most general case, shown in Fig. 9,
where one may see a part of a frame that consists of several bays and storeys. It is easy now to visualize that
as any member will belong to at most four cycles (a typical member with end nodes / and 2 is shown in the
figure), the maximum number of entries in the equilibrium matrix for the force-based approach will be four
nonzero 6 x 6 block entries rowise. At the same time, we see that the members connected to a typical node
(node [ in the figure) are six, which will require six nonzero block entries rowise if the equilibrium matrix
were to be built in a displacement-based formulation.

Thus, the force-based formulation presented, combined with the solution of the kinematic program, is the
most efficient, in terms of computing time, 3D frame limit analysis procedure that may be written.

A computer program that implements the theory described above was written in FORTRAN. The shortest
path technique introduced by Nicholson [31] is used, whose coding may be found in the literature [32]. The
Lagrange multipliers of the optimum solution provide values for the hyperstatic forces p from which using
(7), a safe distribution of the stress resultants may be established.
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(b)

Fig. 10 a Geometry, b cycle basis and collapse mechanism

(a)
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(b)

(d)

Fig. 11 Member numbering, local axes, and distributions of moments and shear force at collapse
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6 Numerical examples

Examples of application of increasing complexity, using different yield surfaces, are presented next. The first
three examples were chosen so as to indicate the robustness and the last one to mark also the computational
efficiency of the proposed method. A pre- and post-processing graphics package that checks the data and may
plot results was written as a companion to the limit analysis computer program.

6.1 Limit analysis of grillages

A grillage constitutes a special type of a space frame in which all the members of the frame lie in one plane
and all loads act perpendicular to that plane. To establish equilibrium equations for such structures, it suffices
to take moments about axes lying in the plane.

Such a member, therefore, is under the action of combined bending and torsion. If the influence of the
transverse shear on the formation of a plastic hinge is disregarded, the yield condition involves only twisting
and bending moment acting at a typical cross section of the frame.
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Fig. 14 Six-storey building: a perspective view, b plan view
Table 1 Plastic capacities for the six-storey building
Section Fip (KN) M, , (KNm) M3, (KNm)
W12 x 87 4,125.00 247.45 540.75
W12 x 120 5,700.00 349.75 762.00
W12 x 53 2,525.00 119.25 319.25
WI2 x 26 1,235.00 33.48 152.40
W10 x 60 2,850.00 143.38 305.50

If the plastic moment capacity in the absence of twisting moment is M3 ;, and the plastic twisting moment
capacity in the absence of bending is M ;,, then for many structural members that are used in practice, for
example, tubes of circular or rectangular section, the yield criteria may be approximated by a circle:

(M /M) + (M3 M) = 1 (15)

Sixteen planes, four for each quadrant, may be used to inscribe this circle. Supposing further, for the
case of simplicity, that M , = M3, it turns out that S, is constant and approximately equal to / for all the
planes whereas the normal n,, for each plane, forms an angle %, with respect to the horizontal axis given by
(16):
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Fig. 15 a Member numbering and local axes. b Distribution of plastic hinges in collapse mechanism
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Equation (16) may be used to form the (6 x 16) N° matrix for each critical cross section c:

0 0O - .- 0
0 0O «-v--- 0
c 0 [ I 0 _
N"= CcOS ﬁl cOS 192 ...... cos 016 ’ — 19 2, , NCS
0 0O - .- 0

sinty sindp ------ sin 146

(16)

a7
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Table 2 Safe force and moment distribution for the six-storey building at collapse

Member no. Critical sect. F; F F3 M; M, M3
1 1 —586.96 225.02 —22.69 8.38 0 502.28
2 —586.96 225.02 —22.69 8.38 83.02 —320.86
2 3 35.72 —41.07 0 —45.49 0 —150.2
4 35.72 —41.07 0 —45.49 0 150.2
3 5 —869.99 314.28 —32.38 —115.58 0 703.85
6 —869.99 314.28 —32.38 —115.58 118.44 —445.8
4 7 15.86 414 0 —337.94 0 151.42
8 15.86 41.4 0 —337.94 0 —151.42
5 9 —385.42 158.84 55.07 9.38 0 515.49
10 —385.42 158.84 55.07 9.38 —201.46 —65.53
6 11 0 87.29 0 251.3 0 319.25
12 0 87.29 0 251.3 0 —319.25
7 13 —-915.16 62.6 3.6 0 0 473.38
14 —915.16 62.6 3.6 0 —13.15 244 .4
8 15 0 —41.67 0 —307.74 0 —152.4
16 0 —41.67 0 —307.74 0 152.4
9 17 —1823.23 150.33 -3.6 294.01 0 583.05
18 —1823.23 150.33 —-3.6 294.01 13.15 33.15
10 19 11.26 41.48 0 —408.26 0 151.71
20 11.26 41.48 0 —408.26 0 —151.71
11 21 —1772.48 189.69 0 0.37 0 346.94
22 —1772.48 189.69 0 0.37 0 —346.94
12 23 0 —87.29 0 —146.49 0 —319.25
24 0 —87.29 0 —146.49 0 319.25
13 25 0 147.85 0 —65.32 0 540.75
26 0 147.85 0 —65.32 0 —540.75
14 27 —456.7 151.64 —58.41 8.38 —213.67 43.88
28 —456.7 151.64 —58.41 8.38 0 —510.82
15 29 35.72 —41.07 0 —191.57 0 —150.2
30 35.72 —41.07 0 —191.57 0 150.2
16 31 —747.34 240.9 —12.53 —115.58 54.35 387.4
32 —747.34 240.9 —12.53 —115.58 100.17 —493.81
17 33 28.1 41.19 0 —37.13 0 150.67
34 28.1 41.19 0 —37.13 0 —150.67
18 35 —254.82 85.45 70.94 9.38 201.26 —84.23
36 —254.82 85.45 70.94 9.38 —58.22 —396.81
19 37 0 87.29 0 98.79 0 319.25
38 0 87.29 0 98.79 0 —319.25
20 39 —609.72 62.6 3.6 0 —112.06 255.91
40 —609.72 62.6 3.6 0 —125.21 26.93
21 41 0 —41.67 0 18.15 0 —152.4
42 0 —41.67 0 18.15 0 152.4
22 43 —1405.57 150.33 7.67 294.01 79.17 473.38
44 —1405.57 150.33 7.67 294.01 51.12 —76.52
23 45 11.26 41.48 0 —369.3 0 151.71
46 11.26 41.48 0 —369.3 0 —151.71
24 47 —1467.24 189.69 —11.26 0.37 —5.21 380.57
48 —1467.24 189.69 —11.26 0.37 35.99 —313.32
25 49 0 —87.29 0 —87.46 0 —319.25
50 0 —87.29 0 —87.46 0 319.25
26 51 0 147.85 0 —118.59 0 540.75
52 0 147.85 0 —118.59 0 —540.75
27 53 —326.44 78.26 —94.13 8.38 —237.66 0
54 —326.44 78.26 —94.13 8.38 106.66 —286.26
28 55 —66.7 —35.33 —1.15 88.58 —8.38 —110.12
56 —66.7 —35.33 —1.15 88.58 0 148.28
29 57 —624.49 167.51 —4.91 —115.58 —17.94 —107.49
58 —624.49 167.51 —4.91 —115.58 0 —720.26
30 59 —99.03 34.16 —1.28 —156.46 0 146.29
60 —99.03 34.16 —1.28 —156.46 9.38 —103.61
31 61 —124.44 12.07 99.03 9.38 191.23 —114.69
62 —124.44 12.07 99.03 9.38 —171.03 —158.84
32 63 —62.6 86.2 0 67.42 0 315.29
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Table 2 Continued

Member no. Critical sect. F; F F3 M; M, M;
33 65 —304.29 62.6 3.6 0 —-71.6 364.33
66 —304.29 62.6 3.6 0 —84.76 135.35
34 67 -3.6 —41.61 0 —450.64 0 —152.18
68 -3.6 —41.61 0 —450.64 0 152.18
35 69 —987.91 150.33 18.93 294.01 170.4 76.78
70 —987.91 150.33 18.93 294.01 101.16 —473.12
36 71 —22.53 41.29 0 —243.32 0 151.01
72 —22.53 41.29 0 —243.32 0 —151.01
37 73 —1162 189.69 —22.53 0.37 —28.26 375.23
74 —1162 189.69 —22.53 0.37 54.14 —318.66
38 75 —58.35 —86.28 0 —96.87 0 —315.56
76 —58.35 —86.28 0 —96.87 0 315.56
39 77 0 147.85 0 102.32 0 540.75
78 0 147.85 0 102.32 0 —540.75
40 79 —200.92 64.37 —27.43 0 —100.33 —59.28
80 —200.92 64.37 —27.43 0 0 —294.73
41 81 —27.43 22.9 —4.02 —193.21 0 150.71
82 —27.43 22.9 —4.02 —193.21 29.41 —16.83
42 83 —488.87 94.27 27.43 —115.58 100.33 65.53
84 —488.87 94.27 27.43 —115.58 0 —279.3
43 85 0 73.11 —5.29 —2.82 0 319.25
86 0 73.11 —5.29 —2.82 38.73 —215.57
44 87 —570 150.33 0 294.01 0 274.95
88 —-570 150.33 0 294.01 0 —274.95
45 89 0 20.83 —4.58 340.59 —33.48 0
90 0 20.83 —4.58 340.59 0 —152.4
46 91 —857.95 131.34 0 0.37 0 240.23
92 —857.95 131.34 0 0.37 0 —240.23
47 93 —143.61 —84.8 0 —150.71 0 -310.17
94 —143.61 —84.8 0 —150.71 0 310.17
48 95 —132.15 138.62 0 0 0 208.65
96 —132.15 138.62 0 0 0 —298.42
49 97 0 20.83 —4.58 —81.45 0 152.4
98 0 20.83 —4.58 —81.45 33.48 0
50 99 —362.6 16.86 —5.29 —144.99 14.02 —153.25
100 —362.6 16.86 —5.29 —144.99 33.38 —214.94
51 101 —47.92 4.75 1.78 —33.38 118.12 0
102 —47.92 4.75 1.78 —33.38 105.13 —34.78
52 103 —341.24 145.75 5.29 221.81 2.82 281.21
104 —341.24 145.75 5.29 221.81 —16.55 —251.95
53 105 0 27.7 —-3.07 367.02 —22.44 50.25
106 0 27.7 —3.07 367.02 0 —152.4
54 107 —575.84 —-7.7 0 0.37 —1.69 —270.64
108 —575.84 7.7 0 0.37 —1.69 —242.49
55 109 0 —87.29 0 —154.09 0 —319.25
110 0 —87.29 0 —154.09 0 319.25
56 111 —63.79 69.81 0 0 —1.69 102.28
112 —63.79 69.81 0 0 —1.69 —153.08
57 113 0 254 —3.57 166.17 0 152.4
114 0 254 —3.57 166.17 26.14 —33.42
58 115 —170.04 —13.18 —3.52 —60.36 0 —296.39
116 —170.04 —13.18 —3.52 —60.36 12.87 —248.16
59 117 —-90.14 31.84 3.52 —46.29 86.49 82
118 -90.14 31.84 3.52 —46.29 60.76 —150.89
60 119 —187.71 94.77 3.52 94.24 —33.42 149.85
120 —187.71 94.77 3.52 94.24 —46.29 —196.81
61 121 0 20.6 —4.63 45.92 —33.48 0
122 0 20.6 —4.63 45.92 0.37 —150.71
62 123 —284.37 —4.63 0 0.37 0 —290.26
124 —284.37 —4.63 0 0.37 0 —273.33
63 125 0 —87.29 0 —150.71 0 —319.25
126 0 —87.29 0 —150.71 0 319.25
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6.1.1 Right-angle bent frame

To test the software written, as a first example of application, the unsymmetrical right-angle bent (Fig. 10a) is
solved. In Fig. 10b one may see the unique cycle identified by the computer program together with the collapse
mechanism. This mechanism is the same over-complete mechanism as it was also pointed out by Heyman
[33], who solved this problem analytically. The collapse load factor comes out to be PyC = 0.7109M , which

is almost identical to the one analytically computed [33]: Pf = j-% e —— 0.7155M,,

In Fig. 11 one may see the evaluated, by the program, distributions of the various stress resultants. To be
able to determine also their directions, the local axes of the members are also plotted.

6.1.2 Rectangular grillage

The rectangular grillage shown in Fig. 12 is the next example of grillage type of problems. This example has
been analytically solved by Chakrabarty [34]. The computed load factor turns out to be P; = 2.30M, /¢
which compares very well to the analytically evaluated P;, = 2.33M ,/¢L.

6.2 Limit analysis of space frames under biaxial bending and axial force

Next, examples concerning 3D steel frames using the AISC [35] interaction surfaces for compact wide-flange
sections are examined. For a specific cross section c, these may be expressed through the following equations:

af - |Fil + a3 - [Ma| + o5 - |M3| = S5 for |Fi|/F} , >0.2

oS - |Fi| +af - Mol +of - [Ms] = S5 for |Fil/FY, <0.2 (18)

S5 c_ 85 c 855 c S5 i S50 c_ S

where af = T om0 93 T o 0% = aE 0% T a0 % T,

with Ff’p, ngp, M3C’p being the corresponding plastic capacities of the axial force and of the bending
moments of the cross section, respectively, whereas S is its yield stress.

If one expands (18), we turn up with sixteen equations each one of which corresponds to the equation of a
plane. If we plot these equations in a three-dimensional space, with the axes being the normalized axial force
and the normalized bending moments, we can distinguish four quadrants for either a positive or a negative
axial force. Two planes may be drawn for each quadrant that are represented by either the first or the second
of the equations (18). Two such planes in the first quadrant for positive values of the stress resultants may be
seen in Fig. 13.

Assuming S; to be equal to S, which is the distance of the origin of the axes (Fig. 8), equation (18)

is the Hessian normal form of the equation of a plane and thus the various triads (&)a;,/ = 1,...,3 or
(£)aj,l =4, ..., 6play the role of the components of the unit normal vector to the plane «. Thus, the (6 x 16)
N€ matrix for each cross section ¢ will now look like:
af af of —af —af —af «f —af af of of —ay —of —of oy —oy
o o0 o0 o0 o o o o o o o0 o0 o o0 o o
NC_OOOOOOOOOOOOOOOO
-f 0 0o o0 o o o o o o o0 o0 o0 o o0 o o
—ay 05 @) a5 —05 —5 — o —05 a5 a5 o5 —a§ —as —o5 oS
-y —eg el af of —op e oy —0g —0gog o @f —0g Of —dg

6.2.1 Six-storey building

The six-storey frame of Fig. 14, which was considered in [15], offers a first example. The yield strength of
all the members is equal to 250 MPa. For the various members of the frame, AISC [35] sections were used,
whose plastic capacities may be seen in Table 1.

The structure is subjected to both horizontal and vertical loads that vary proportionally. Wind loads along
the z direction represent the horizontal loading. These loads were simulated as point loads applied at every
beam to column joint having a value of 26.70 KN.
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Fig. 16 Twenty-storey building: a perspective view, b plan view
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Table 3 Plastic capacities for the six-storey building

Section F1p (KN) M; , (KNm) M3, (KNm)
W12 x 26 1,701.59 46.17 210.19
W14 x 176 11,516.32 920.96 1,808.13
W16 x 36 2,377.02 61.03 361.70
W21 x 57 3,723.84 83.61 728.91
W14 x 159 10, 378.48 825.11 1,621.59
W14 x 145 9,482.00 751.32 1,469.19
W14 x 132 8, 620.00 638.57 1,322.31
W12 x 106 6,930.48 42445 926.48
W12 x 87 5, 689.20 341.28 745.80
W10 x 60 3,930.72 197.74 421.35
W8 x 31 2,030.87 79.68 171.78
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Fig. 17 Distribution of plastic hinges in the collapse mechanism

A uniform floor pressure of a value of 4.8 KN/m? was considered as a vertical loading. This loading is
equivalent to a total load on each floor beam of the value of P = 64.21 KN. This load is then considered
lumped at the two end nodes of the beam acting along the negative y direction and having the value of P /2.
The collapse load factor turns out to be 2.75, which is roughly 10 % different from the predicted value in
[15]. The collapse mechanism, consisted of twenty-eight plastic hinges (Fig. 15b), is obviously a sway type
mechanism. One may see in Table 2 the evaluated safe stress resultants’ distribution at collapse.

6.2.2 Twenty-storey building

The last example of application is also considered in [15] and is a relatively large building consisted of twenty
storeys, whose geometric data can be seen in Fig. 16. The yield strength of all the members is taken equal to
344.8 MPa. The plastic capacities of the cross sections [35] are reported in Table 3.
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A uniform floor pressure of 4.8 KN/m? was considered as lumped vertical loads, like in the previous
example. Another loading was wind pressure of 0.96 kN/m? acting at the backside face along the z direction.
The areas of the surrounding panels of a node served as a means to distribute this pressure evenly as equivalent
nodal load. The load collapse factor obtained was 1.715, which is almost identical with the result obtained by
[15]. One may observe a pure sway type of 116 plastic hinges collapse mechanism of the bottom nine floors
(Fig. 17).

The computer program was run at a desktop computer with an Intel Core i7 at 3.20 GHz CPU with 6 GB
RAM. The same, more or less, computing time was spent for the solution with either the sparse interior point
or the sparse simplex solver of [30].

The result was obtained in just 2.15s. This indicates the hypersparcity of the matrices involved, as from
the 23 x 10 elements, only 13,800 are nonzero, that is, a reduction of 99.4 %.

7 Concluding remarks

A novel direct method for the limit analysis of elastoplastic space frames is presented. The method is based
on linear programming and the unsafe theorem of plasticity and uses as a framework the force method. The
implementation of the force method, using concepts from the theory of graphs like a cycle basis and the
minimum path between two points of a directed graph, offers computational advantages over a displacement-
based alternative, which is used almost exclusively at present.

It is believed that the presented approach is not difficult to follow and relatively easy to program. Thus, the
method may become a useful tool for the practicing engineer, who would like to have a quick estimate of the
strength of a three-dimensional skeletal structure.

Obviously, the method may also be employed for the shakedown analysis of such structures.
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