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Abstract: Robustness and vulnerability are important evaluation criteria for structural safety to
improve progressive collapse resistance. Modeling rapid evaluation on important elements in the
conceptual analysis stage is an essential and efficient way to ensure the robustness of a design. This
paper proposes an evaluation method for element importance by using structural strain energy,
which can reflect the influence of geometric topology and external load distribution on the structural
safety status simultaneously. Three simple planar trusses are chosen to clarify the proposed method.
Moreover, the influences of geometric topology, boundary condition, stiffness distribution and load
distribution on the element importance are investigated. This evaluation method also extends to the
two spatial truss structures, regular quadrangular pyramid grid structures and chessboard-shaped
pyramid grid structures. The distribution characteristics of important elements are obtained. This
work defines the element importance distribution law of typical structures. It provides a method
for rapid robustness analysis of general truss structures, which can be effectively integrated into the
existing analysis platform.

Keywords: element importance coefficient; robustness; strain energy; truss structure; symmetry

1. Introduction

The research on the progressive collapse resistance of structures has been a hot topic
worldwide for many years due to the partial or total collapse of iconic and public build-
ings [1-8]. There are numerous studies about the progressive collapse behavior of rein-
forced concrete [9-13] and steel frame structures [14-17]. The collapses of long-span spatial
structures, especially for the spatial truss structures caused by member failure, may lead to
more losses. The study of collapse behavior analysis has attracted more attention [18-20].

Experimental and numerical methods have been used to study the collapse behavior
of long-span spatial structures. The collapse-resistant behavior of planar trusses has
been investigated by experimental studies to compare the difference among the directly
welded, pinned and rigid joints [21]. The snap-through collapse behavior and internal force
redistribution mechanism were also understood by the experimental studies of the Kiewitt
Lamella and geodesic single-layer latticed domes [22]. Progressive collapse tests have been
carried out to investigate the failure mode, dynamic response and collapse mechanism
of a single-layer latticed K6 dome subjected to non-uniform snow loads [3]. According
to the experiment results, the internal force redistribution and the oscillatory response of
truss string structures with sudden rupture of cables have also been reported [23]. The
progressive collapse tests have been conducted for the single-layer cylindrical latticed shell
to evaluate the effect of the joint stiffness [24].

The codified alternative path method was often introduced to perform the progressive
collapse. The collapse potential would be checked by removing certain structural mem-
bers by the buckling analysis and dynamical time history analysis. The equivalent load
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unloading method has been proposed to obtain the progressive collapse resistance capacity
of long-span spatial grid structures reliably and rationally [25]. The progressive collapse
resistance of double-layer grid space structures has been assessed by using both implicit
and explicit methods [26]. Recently, complex physical phenomena associated with the
non-elastic hysteretic behavior of bar members can be considered in the explicit dynamic
analysis method to analyze the seismic collapse of spatial truss structures. The yielding
under tension and buckling under compression can be included [27].

The importance evaluation of components is the basis of robustness and progressive
collapse analysis. In the conceptual design stage, a rapid and efficient evaluation of element
importance is important for robustness analysis, especially for the long-span spatial grid
structures characterized by a high degree of static indeterminacy [15]. A safety assessment
method based on a linear static analysis procedure was proposed to evaluate the sensitivity
index and key index of structural members for steel truss roofs [28]. The displacement index
was selected as the evaluation index of the well-formedness of single layer domes [29].
The change of smallest stiffness after removal of specific elements and the determinant
of the stiffness matrix was calculated to evaluate element importance in the progressive
collapse analysis of space trusses [30]. The results show that the element transferring a
higher load in the load path is generally more important. Li et al. [31] proposed a new
method for quantifying robustness, considering the dynamic effects and the plastic internal
force redistribution within a frame structure. A suitable method for evaluating single-layer
grid structures by incremental dynamic analysis, using a quantitative evaluation index
called the collapse margin ratio, was established [32]. Yan et al. [33] proposed a method to
identify the critical members of single-layer lattice domes, using an index that implicitly
estimates the relative vulnerability to node buckling with a member removal. Static axial
forces or free vibration responses were calculated and compared against the nonlinear
dynamic alternate path analysis results. Element importance can be evaluated by the
tangent stiffness-based method [34], which was introduced to the safety assessment of
spatial truss structures, including square pyramid grids, diagonal square pyramid grids,
biorthogonal lattice grids and biorthogonal diagonal lattice grids. A novel risk-based
robustness index was also proposed based on the damage evolution curve [35]. The index
can take into account the full spectrum of risk due to initiating events and quantify the
impact of intermediate partial damages.

It should be noted that there are many indexes used to determine the important
elements of structure based on the robustness, but few indexes have taken account of some
factors, such as geometric topology, node connection form and external load distribution
simultaneously. The structural strain energy includes both of these factors, which can reflect
the structural safety status. In this paper, a new method for evaluating element importance
base on structural strain energy is proposed for rapid evaluation in the conceptual analysis
stage, which is an important and efficient way for the robustness design. Three types
of planar trusses are chosen to calculate the important elements under the influence
of the geometric topology, support conditions, stiffness distribution and external load
distribution to clarify this method. Then, two kinds of spatial trusses, regular quadrangular
pyramid grid structures and chessboard-shaped pyramid grid structures, were chosen to
test this method.

2. Basic Principles

The equilibrium equation of an undamaged truss structure under the external load P
can be given as follows:
Ku=P (1)

where K is the global stiffness matrix, and u is the corresponding nodal displacement.
After removing the damaged elements, the equilibrium equation of the remaining
structure can be modified:

Kt = P = (K4 AK)(u+ Au) = P ©)
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where K’ (K’ = K + AK) and «’ (' = u + Au) are the corresponding global stiffness matrix
and nodal displacement of the damaged structure.

The total strain energy of the undamaged structure is denoted as V, and W represents
the work of the external force. According to the law of conservation of energy, the work
done by nodal loads should be equal to the accumulated strain energy.

1 1
—W==-PTy = -4TK
V=W yPiu=su Ku 3)
Moreover, V//, the strain energy of the damaged structure with removing member i,
can be given by the following:

Vit = 3(u+ Du)T (K + AK) (1 + Au)
1 T 1 T (4)
5(u+Au) K(u + Au) + 5 (u+Au)” AK(u 4 Au)

Substituting Equation (1) into Equation (2) leads to the following:
AK(u+ Au) +KAu =0 ()

Substituting Equation (5) into Equation (4) can give the following:

1

Vit = E(u + Au) Ku (6)

Thus, AV, the variation of the structural strain energy caused by the loss of member i,
can be obtained as follows:

1 1 1
AVi= Vi =V = (u+ Au) Ku — EuTKu = EAuTKu )

After transposing both sides of Equation (5) with the orthogonal stiffness matrix, it
leads to the following:

AuTK = —(u + Au)TAK 8)
Substituting Equation (8) into Equation (7) leads to the following:

AV; = —%(u + Au) AKu = —%(u’)TAKu 9

Substituting Equations (1) and (2) into Equation (9) gives the following:

1, ,-1..T 1 _1.T
8V = —5 (K 'P) AK(K'P) = —5PT (K B AK((K P (10)
According to Equation (10), AV; is just related to the variation of structural stiffness.
Therefore, AV; not only reflects the role of the element in the undamaged structure but also
can contribute to the change of structural stiffness. The strain energy of each element in
truss structures can be calculated as follows:

V, = (11)

2EA 20 20 T 2E 2
where N is the axial force of the bar, E is the elastic modulus of the material, / is the original
length, Al is the variation of the bar, A is the section area, ¢ is the strain, ¢ is the stress and v
is the volume. The total structural strain energy V can be obtained by adding all the strain
energy of every element.

3. Element Importance Coefficient

In this paper, the proposed method is mainly used for rapid model evaluation in the
conceptual analysis stage after the preliminary design of the structure. The buckling of
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members was avoided in the design of truss structures by controlling the geometry and
axial compression force. Some assumptions are made to simplify the calculation, as well
as make the investigation focused and succinct. First, only linear elasticity is considered,
while material damage and structural stability are not considered. However, the geometric
nonlinearity of the truss structure is considered. Second, the method of ‘conceptual removal’
(changing the topological relationship of the structure) is used in the numerical simulation
for the initial damage caused by accidents without considering the dynamic effects. Third,
when an accident occurs, the structure is rarely affected by earthquakes and wind loads at
the same time. Therefore, only vertical loads are considered in the evaluation.

The loss of one element each time is considered in this paper. Based on the concept of
sensitivity analysis, the change of the structural strain energy after the loss of elements can
be used to evaluate structural robustness. Then the structural robustness coefficient, I, is
defined as follows:

I = minl; = min
i=1,n i=1,n

(12)
1 HVSo‘ll

Ve,

where Ve, and Ve,; are the element strain energy vectors of the undamaged structure and
the corresponding damaged structure with component number 7, respectively.

A higher structural robustness coefficient means that loads can be distributed through
more alternative paths after losing one element. If the whole structure only suffers from
local damage, it can maintain its stability. Based on the fact that the structural robustness is
inversely proportional to the structural sensitivity, the element importance coefficient can

be derived as follows: )
R
i I ’

H VSU H 1
Veqlly
where the value of #; is in [0, 1], and a larger coefficient «; represents that one element i

is more important. If &; = 0, it means this element i contributes to fewer alternative load
paths and is not essential in the structure.

(13)

4. Results and Discussion
4.1. Numerical Example
In this section, three planar truss structures are chosen to study the importance of

elements. The software ANSYS is chosen to create models with the Link 8 element assigned
with Young’s modulus E of all bars as 2.1 x 10° MPa.

4.1.1. Planar Truss 1

A two-dimensional truss 1 is shown in Figure 1. The height and span of the truss are
both 3 m. The area of the truss section is 904 mm? with a cross-section of @ 76 x 4. The
horizontal load applied on node 1 is 10 kN. The hinge support is used to constraint nodes
3 and 4 in the structure.

1 ©® 2

Ao A

Figure 1. Planar truss 1 applied by the horizontal load.
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The analysis results about the element importance coefficients are given in Table 1.
It can be seen that the importance coefficient of element 1 is 0, because two nodes of the
element are fully restrained. Thus, these nodes have no displacement. This element does
not affect the truss structure, whether it is lost or not.

Table 1. Element importance coefficients for planar truss 1.

Structural Number 1 2 3 4 5 6 Complete Structure
Structural strain energy 1.6866 3.8169 3.8141 3.0237 3.0237 3.0237 1.6866
Element number @ @) ® ) ® ®
Element importance coefficient «; 0 0.5581 0.5578 0.4422 0.4422 0.4422

The order of the importance of the elements is 2, 3—4, 5, 6—1 (the direction of the
arrow indicates a decrease in the importance coefficient). The importance coefficients of
elements 2 and 3 are nearly equal. From Figure 1, it can be found that a simple structure is
formed by elements 2 and 3 with nodes 3 and 4. This simplified structure can support the
horizontal load. Therefore, elements 2 and 3 are the most important under the load mode.

To study the effect of different load distributions on the element importance coefficient,
four types of load distribution, as shown in Figure 2, are considered on the planar truss 1. It
can be seen that the structural responses are not the same under different load distributions
in Table 2. Under the load distribution in Figure 2a, the element importance order is
2—3,4, 5, 6—1. Element 2 is the direct load-bearing element under this load, so it is
the most important element. For load distribution in Figure 2b, the order of the element
importance is 2, 5—3, 4, 6—1. Elements 2 and 5 are the main load-bearing elements, and
their importance coefficients are the same, which conforms to the structural symmetry.
When the structure is loaded, as shown in Figure 2c, the order of the element importance is
6—2,5, 3, 4—1. Removing element 6 will increase the displacement of remain structure
under the horizontal loads and increase element strain energy. Thus, the importance
coefficient of element 6 is higher than the others. Under load distribution in Figure 2d, the
order of the element importance is 5—2, 3—4, 6—1. Element 5 is the direct load-bearing
element, having the highest importance coefficient. Elements 2 and 3 transfer the load of
the vertical loads, which are less important.

To modify the support constraints of plane truss 1, the horizontal restriction of node
4 is removed, as shown in Figure 3b. Comparing Table 3 with Table 1, it can be seen
that, when the support condition is changed, the importance coefficient of element 1
changes from 0 to 0.4999. Releasing the horizontal constraint of node 4 allows element 1
to deform under the horizontal load, and now element 1 affects the bearing load of the
structure. In Figure 3b, the order of the element importance is 2, 3—4, 5, 6, 1, and each
importance coefficient of elements is close. Under the condition of support II, the structure
has a redundant degree of freedom, and the remaining structure will become statically
determinate after removing any elements. Hence, the importance of each element is similar.



Buildings 2021, 11, 436 6 of 15

®

(a) (b

(©) (d)

Figure 2. Planar truss 1 under the different load distribution: (a) vertical load applied to node 1,
(b) vertical loads applied to nodes 1 and 2, (c) horizontal loads applied to nodes 1 and 2 in opposite
directions and (d) horizontal load applied to node 1 and vertical load applied to node 2.

Table 2. Element importance coefficients for different load distributions.

Element Importance Coefficient

Load Distribution

@ @ ® @ ® ®
(a) 0 0.8845 0.1155 0.1156 0.1156 0.1156
(b) 0 0.7690 0.2311 0.2311 0.7690 0.2311
(©) 0 0.1156 0.1155 0.1155 0.1156 0.8845
() 0 0.5018 0.5014 0.1915 0.7960 0.1912

(@) (b)

Figure 3. Planar truss 1 under different supports: (a) support I and (b) support II.
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Table 3. Element importance coefficients of planar truss 1 with support IL
Structural Number 1 2 3 4 5 6 Complete Structure
Structural strain energy 3.8130 3.8169 3.8141 3.8128 3.8128 3.8128 1.9068
Element number @ @ ® ) ® ®

Element importance coefficient 0.4999 0.5004 0.5001 0.4999 0.4999 0.4999

The sectional areas of elements 26 in Figure 1 are changed in turn to n times (A, = nA)).
The results about the element importance coefficient analysis are shown in Table 4. When the
section of element 5 is changed, the order of the importance of the elements is 5—2, 3—4, 6—1.
The importance coefficients of elements 2 and 3 are slightly different from elements 4 and 5.
We can also see that the importance of element 5 increased with the area. The importance of
elements 4 and 6 are also increasing, and their importance coefficients change from 0.1912 to
0.4953. Element 5 is the direct bearing loads element of the vertical loads. By increasing its
sectional area, it makes elements 4 and 6 play a more important role.

Table 4. Element importance coefficient on different bar sections.

Element Number @) ® ®@ ® ®

Primary structure 0.5018 0.5014 0.1915 0.7960 0.1912
As’ = 1045 0.4951 0.4949 0.4563 0.8884 0.4561
As' = 5045 0.4991 0.4989 0.4910 0.8976 0.4908
As’ = 10045 0.4997 0.4995 0.4955 0.8988 0.4953
Ay’ =1004, 0.5665 0.5661 0.1149 0.7762 0.1147
Az' =10043 0.7412 0.7410 0.0001 0.7445 0.0001
Ay’ =100A4 0.3117 0.3114 0.2830 0.7881 0.2828
Ag' = 10044 0.4470 0.4467 0.2162 0.7914 0.2159

Comparing the importance coefficient of each element after increasing the sectional
area of element 2, we can see that there is no change in the order of the importance of the
element. However, the importance coefficient of elements 2 and 3 increases from 0.501 to
0.566, and the importance coefficient of elements 5, 4 and 6 are lower than before. Similarly,
in order to compare these importance coefficients after increasing the sectional area of
element 3, we can see that the order of the importance of elements is not changed. The
importance coefficient of elements 2 and 3 is equal to element 5. Strengthening elements 2
and 3 can improve their importance effectively and decrease the importance of elements 5,
4 and 6.

When comparing the importance coefficient of each element after increasing the
sectional area of elements 4 and 6, it can be seen that there is no change in the order of the
importance of the element. The importance coefficients of elements 4 and 6 have increased,
and the importance coefficients of elements 5, 2 and 3 have decreased. When the sectional
area of element 4 has increased, the changes of these coefficients are notable. The sectional
area of element 4 is large, thus giving a high stiffness to resist large deformation. Moreover,
one side of this element is linked with the fixed node, which makes node 2 no displacement.
Thus, it dramatically affects the importance coefficient of whether or not to increase the
sectional area of element 4. Element 6 has no constraint, such that it has little effect on the
structure.

Similarly, the sectional area of element 2 is changed to n times (A; = n4;) in Figure 2b.
According to the results in Table 5, it can be found that the order of importance of the element
is 2, 53, 4, 6—1. Along with the increase of the section of element 2, the importance of
elements 2 and 5 increased, and the elements 3, 4 and 6 decreased. It should be noted that,
even if the section area of element 2 is increased, it is not possible to make its importance
higher than element 5 under symmetry vertical loads. When element 2 is damaged, element
5 bears no stress, resulting in the strain energy of the remaining structure being comprised
only of elements 3, 4 and 6. The failure of element 5 is similar to element 2. After the failure
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of elements 2 and 5, the strain energy of the remaining elements is equal under the same
load effect, and hence the importance of elements 2, 5 are equal. We can conclude that the
structural robustness will not be improved by merely increasing the stiffness of element 2.

Table 5. Element importance coefficients with different truss sections.

Element Number ® ® ® ® ®

Primary structure 0.7690 0.2311 0.2311 0.7690 0.2311
Ay’ =104, 0.8582 0.1419 0.1418 0.8582 0.1419
Ay’ =100A, 0.8683 0.1319 0.1317 0.8683 0.1318

4.1.2. Planar Truss 2

Two-dimensional planar truss 2, shown in Figure 4, takes the height and span of all
3 m (the lengths of elements 2 and 6 are 3 m), and node 5 is the midpoint of the straight
linked with nodes 3 and 4. The area of the bar section is also 904 mm? with a cross-section
of @ 76 x 4. Node 1 is subject to a 10 kN horizontal load (R = 10 kN), and node 2 bears a
10 kN vertical load.

1 © V2

Figure 4. Planar truss 2 under the load.

According to the element importance coefficient results in Table 6, the order of the
element importance is 5—2—3—6—4—1—7. Due to the loss of element 1 of plane truss 1,
element 5 is the immediate load-bearing member, giving it the highest importance under
the vertical loads. This horizontal load is transferred to other nodes by elements linked
with node 1. The importances of elements 2, 3 and 6 are higher than that of element 4,
and element 1 linked to node 1 is more important than element 7. Given the same loads,
because of node 5, elements 1 and 7, the importances of elements 2-5 are lower than before
the structure loses one bar. There is little change of structural response, which shows
overall better robustness.

Table 6. Element importance coefficients of planar truss 2.

Structure Number

1 2 3 4 5 6 7 Complete Structure

Structural strain energy
Element number
Importance coefficient

3.0701 49414 4.3228 3.4122 7.1626 3.4496 29518 2.9336

@ @ ® @ ® ® @
0.0445 04063 03214 01403 05904 01496  0.0061

4.1.3. Transient System

A transient structure can be obtained after the failure of element 3, as shown in Figure 5.
The length of the elements is all 3 m, and the area of the cross-section is 904 mm? with a cross-
section of @ 76 x 4. A vertical load P is applied on node 4, and all members are pin-jointed.
The importance coefficients are shown in Table 7. The importance coefficients of elements 1 and
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2 are all nearly 0, and the importance coefficient of element 3 is nearly 1 when P = 10 kN. As the
load becomes higher, the importance coefficient of element 3 is lower.

J’L 3
X 3 After element 3 failed
1 4 2 1 4 2

Figure 5. Transient system.

Table 7. Element importance coefficient of transient system.

Element Importance

Load
©) @) ®
P=10kN 0 0 0.9972
P =100 kN 0 0 0.9870
P =200 kN 0 0 0.9794

4.2. Element Importance of Spatial Trusses

In this section, different grid structures are studied, including two types of spatial
grids, regular quadrangular pyramid grids and chessboard-shaped pyramid grids.

4.2.1. Regular Quadrangular Pyramid Grid Structures

A regular quadrangular pyramid grid structure, as shown in Figure 6, was chosen as a
case. The planar size is 40 m x 40 m. The vertical distance between the plane of top chords
and lower chords is 2 m, and the material is Q235 steel with Young’s modulus 2.1 x 10°
MPa and the Poisson’s ratio 0.3. A dead load of 1.0 kN/m? and a live load of 0.5 kN/m?
are applied to the upper nodes in the vertical direction. The numbers of the cross-section
of elements are given in Figure 6. The details of the cross-section of elements are given in
Table 8. The upper surrounding nodes are assumed to be fixed. According to the symmetry
of the load and geometry, only one-eighth of the model is chosen to study the element
importance, as shown in Figure 7.

Table 8. Cross-sections of elements for the regular quadrangular pyramid grid structure.

Element Number Cross-Section of Element Element Number Cross-Section of Element
1 D60 x 4 6 P 159 x 6
2 D76 x 4 7 ® 159 x 8
3 D89 x 4 8 @180 x 8
4 $114 x 4 9 ¢ 180 x 10
5 ® 140 x 4 10 @ 190 x 12
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Figure 6. Number of cross-sections of regular quadrangular pyramid grid structure: (a) upper chords, (b) lower chords and

(c) web members.

Element importance coefficient results of the regular quadrangular pyramid grids are
given in Table 9. The important elements of the upper chords are located near the line
connecting chords 67 and 10 and are distributed in a stripe shape, while the important
elements of the lower chord element are located on the lower chord plane of chord 214 and
chord 188. The important elements of the web members are located near the perimeter
evacuation grid of the web surface. When comparing the importance coefficients of the
most important elements of each part, we see that the order of the importance coefficients
is the lower chord, upper chord and then web member. Due to the decrease of the lower
chords and the web members, the importance of the lower chord is increased, and the
importance of the web at the edge of the evacuated grid is also increased.
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67

64 66
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25 27 29
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Figure 7. Regular quadrangular pyramid grid: (a) eighth of the model, (b) number of the top chords,
(c) number of the lower chords and (d) number of the diagonal web members.

Table 9. Element Importance coefficients for regular quadrangular pyramid grid structure.

Upper Chord Number o; Lower Chord Number o; Web Member Number o;
25 0.0158 85 0.0569 263 0.0144
27 0.0315 185 0.0464 270 0.0140
29 0.0498 188 0.1108 271 0.0257
45 0.0188 195 0.0621 277 0.0169
46 0.0241 196 0.1608 278 0.0470
48 0.0467 202 0.0684 303 0.0135
64 0.0464 204 0.0699 304 0.0136
66 0.0286 206 0.1861 305 0.0296
67 0.0794 214 0.1976 306 0.0299

4.2.2. Chessboard-Shaped Pyramid Grid Structure

A chessboard-shaped pyramid grid structure of equal bottom side length 40 m, as shown
in Figure 8, was chosen as a case study. The vertical distance between the two planes or
between two chords top and bottom chords is 2.0 m, and the materials are Q235 steel. Young’s
modulus is 2.1 x 10° MPa, and Poisson’s ratio is 0.3. The dead load is 1.0 kN/m?, and the
live load is 0.5 kN /m?. The loads are applied at the upper nodes in the vertical direction. The
numbers of the cross-section of elements are also given in Figure 8. Moreover, the details of
the cross-section of elements are given in Table 10. The top boundary is assumed to be fixed.
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According to the symmetry of the load and geometry, only one-eighth of the model is chosen
to study the element importance, as shown in Figure 9.

By 5 b
2%

oV

B
2

N
N
'y
N
[+>]
o
=
o
N
N
oV
oV
oV
oV
N
&

Figure 8. Number of cross-sections of chessboard-shaped pyramid grid structure: (a) upper chords, (b) lower chords and
(c) web members.

Table 10. Cross-sections of elements for the chessboard-shaped pyramid grid structure.

Element Number Cross-Section of Element Element Number Cross-Section of Element
1 D60 x 4 6 D159 x 6
2 d76 x 4 7 d 159 x 8
3 D89 x 4 8 @180 x 8
4 D114 x 4 9 $ 180 x 10
5 $ 140 x 4
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64 66
46 48
43 45 47
25 27 29
22 24 26 28
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3 5 T 9
DS
=
(b)

(d)
Figure 9. A chessboard-shaped pyramid grid: (a) eighth of the model, (b) number of the top chords,

(c) number of the lower chords and (d) number of the diagonal web members.

The results of the chessboard-shaped pyramid grids are given in Table 11. The impor-
tant elements of the upper chord are located near the line connecting chord 67 and chord
10 and are distributed in a stripe shape. The important elements of the lower chord are
distributed in a diagonal stripe, and the larger the cross-span is, the less important the
element is. The important elements of the web members are located near the evacuated grid
of the web surface. When comparing the importance coefficients among the most important
elements of each part, we see that the order of the importance coefficients is lower chord
followed by upper chord and then the least important web member. Compared to the
regular quadrangular pyramid grid structure, the lower chord is rotated by 45° to increase
the importance of the upper chord. The importance of the lower chord is reduced, and the
importance of the web member is increased.

Table 11. Element importance coefficients for the chessboard-shaped pyramid grid.

Upper Chord Number o; Lower Chord Number o; Web Member Number o;
10 0.0248 85 0.1053 290 0.0565
25 0.0159 185 0.0242 291 0.0686
27 0.0221 189 0.0792 292 0.0408
29 0.0625 202 0.1416 319 0.0690
45 0.0398 204 0.0634 320 0.0121
46 0.0480 212 0.0482 321 0.0177
48 0.0868 213 0.0867 322 0.0650
64 0.0448 224 0.0659 341 0.0208
66 0.0681 283 0.0299 343 0.0485
67 0.1076 284 0.0140 344 0.0151
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5. Conclusions

We proposed an evaluation method for element importance by using structural strain
energy and the alternative path method. The collapse potential was assessed by the
discrepancy of the strain energy through the removal of certain structural members. Three
kinds of planar trusses and two types of spatial trusses were introduced to clarify the
proposed method and investigate the influence of geometric topology, boundary condition,
stiffness distribution and load distribution on the element importance.

For the simple planar trusses, the results show that the proposed rapid evaluation
method on the element importance is useful and efficient. The order of importance of
elements will change accordingly with the load distribution. Releasing support constraints
can reduce the redundancy of the structure, leading to the change of importance coefficient.
Increasing the section size of an element, resulting in a higher stiffness of the element,
will increase the load assigned to the element under the same load, and the importance
coefficients of the elements will also change.

The more redundant degrees of freedom represent how the structure has a richer force
transmission path in the structure. Once the local elements of the structure are damaged,
the remaining structure can rely on the adjacent elements to form a new load path so that
the structure can still withstand some external load. If the failure of one element transforms
the structure into a transient system, the importance coefficient of this element is much
larger than that of the other elements. The results can reveal that the evaluation method of
element importance is suitable.

For the spatial structure, regular quadrangular pyramid grids and chess-board-shaped
pyramid grids, the distribution characteristics of important elements are investigated in
upper chords, lower chords and web members. The result can provide direct guidance in
component design and reinforcement for higher robustness. However, material nonlin-
earity and member buckling during the subsequent progressive collapse are ignored, so
this proposed method is more applicable for rapid evaluation in the conceptual design of
truss structures.
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