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The progressive collapse of a space grid structure which haslarge number of members and
a large span is the focus of current research. Before the progssive collapse of the structure,
there is a problem of instability of the members. In this pape, dynamic nonlinear analysis
of a super-long span latticed steel arch structure is carrid out to study its progressive
collapse process using a Kinematic Hardening Plasticity castitutive model compiled by
Vumat material subprogram in Abaqus, which takes into accouwnt instability of the members.
Di erences in the dynamic response process of the structurat the collapse moment and the
failure sequence of the members using the member stability odel and the material failure
constitutive model are compared. Compared with the materid failure constitutive model,
when the member stability constitutive model is used, the pioportion of compressive buckling
members in the structural failure is higher, and the bearingcapacity of the structure is lower
when the initial failure occurs. The structure suers from |ocalized member compressive
failure rather than material yielding, which leads to the progressive collapse of the structure.
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1. Introduction

The steel arch truss structure, as one of the common forms ofpsice grid structures, combines
the advantages of arch and truss, light self-weight, large gan, good force performance and short
construction period, which make it to be widely used in largespan public buildings such as
stadiums, terminals and industrial plants (Zhu et al., 2013; Caiet al,, 2010; Zhao and Wu,
2016). The progressive collapse of such large public buildgs will pose a great threat to people's
life safety and public property once it occurs. The traditional concept believes that the spatial
grid structure itself has a high degree of redundancy, thus ot collapsing on a large scale. In
1978, the overall collapse and damage of a stadium with a quadngular pyramid grid system in
the center of Hartford City in the United States occurred in a heavy snowstorm, which aroused
the attention of domestic and foreign scholars to the progrssive collapse of space grid structures
(Jiang and Chen, 2012).

Progressive collapse is a process of overall collapse or glisportionate large-scale collapse
caused by local failure of the structure (GB50068, 2018). Tk research on the progressive collapse
resistance of structures has been going on for more than 40 ges. At present, the research on the
progressive collapse resistance of frame structures (Somgd Sezen, 2013; Zhang, 2013; Koh and
Krauthammer, 2019; Wang and Wang, 2021) and truss structurs (Zhao et al., 2019; Miyachi et
al., 2012) is relatively mature, and the research focus is sttihg to large-span space structures.
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For space grid structures, the occurrence of progressive ttapse is mainly caused by stability
failure of compression members and strength failure of the ode zone (Tianet al., 2019). The
failure of members is the key to structural design, which carbe divided into two types: strength
failure and instability failure. The ultimate bearing capa city of the instability failure, generally
occurring in compression members, is far less than the yieldtrength of the strength failure,
generally occurring in tension members. Before the overalfailure of the space grid structure,
there will be a problem of instability of the members, hence nding the key members is an
important problem in analysis of the progressive collapse bthe structure. The transformed
load path method is the most commonly used analysis method tstudy the progressive collapse
of space structures. Tianet al. (2019) proposed a dynamic analysis method to simulate the
progressive collapse of large-span spatial lattice structres, and analyzed the progressive collapse
resistance mechanism of large-span single-story spatiahttice structures. By assuming failure
of some key members, the structure is analyzed to determine kether a new load transfer path
can be formed and thus whether the progressive collapse of ¢hstructure will occur. For the
purpose of considering the instability of the member, someaholars use the Vumat subprogram
provided by Abaqus to compile the constitutive model of the member, and use the self-de ned
failure criterion of the member to nd the key member (Ding et al., 2011; Ge, 2012). Wilkes
and Krauthammer (2019) proposed a method based on energy owio analyze failure members
in a structure. Han et al. (2018) identi ed two forms of collapse of the grid structure through
the displacement criterion and found the key members basedrothe sensitivity method. Han et
al. (2021) used a transformed load path method to analyze the prgressive collapse performance
of a single layer latticed shell structure and determined tte e ect of key members and member
groups on the progressive collapse resistance of the struge.

At present, the research on progressive collapse performan of space grid structures is mainly
focused on single-layer or double-layer latticed shell strctures, and the analysis on truss struc-
tures is mainly focused on a plane truss, relatively less tha a spatial truss. It should be high-
lighted that most of Vumat subprograms are only available fa pipe section members, while the
constitutive model compiled by the Vumat subprogram used inthis paper can be applied to ar-
bitrary sections, taking into account instability of the me mber. The force status of the member
is monitored by the subprogram and the failure member is remwed in real time, making it easier
to nd the location of key members. In this paper, an explicit dynamic calculation method for
a super-long span space steel arch truss structure is condted to study the di erence between
the material failure constitutive model and the member stalility constitutive model compiled by
the Vumat subprogram in progressive collapse analysis of th structure, verifying the feasibility
of the Kinematic Hardening Plasticity constitutive model c ompiled by the Vumat subprogram
in practical engineering applications.

2. Materials and methods

2.1. Model information

The model is based on a super-long span latticed steel archrsicture divided into two parts
and arranged symmetrically. Its plane size is 211 m460m and the height is about 60m. A
total of 32 main trusses are arranged longitudinally with a dstance of 15m, and each part
has 16 trusses. The main spatial arch truss has an inverted tangle section, width of 4m and
variable height from 5.5m to 7 m. Seven connecting trusses @ha number of spaced cross struts
are arranged between the main trusses to ensure the out-ofigne stability of the main truss.
The arch curve is a three-center circular arch with height ofabout 60 m, forming an inverted
guadrangular pyramid space arch truss structure system wih a rise-to-span ratio of 0.28. Figure 1
plots the top view of half of the arch truss model that has beenestablished in Abaqus. In order
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to describe the instability of the members during progressie collapse of the model more clearly,
the key positions of the rst truss on both sides have been maked with |-V in the structure

top view.
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Fig. 1. Top view of the model

2.2. Material performance and section type

Section types of the simpli ed model members are all steel e, and the section materials
are all Q345 steel whose main material parameters are shown iTable 1.

Table 1. Material parameter

Yield Elastic Density Poisson's | Breaking
stressfy | modulus E ratio strain
\ 345 MPa\ 206 GPa \ 7850 kg/m® \ 0.3 \ 0.02 \

The members are mainly divided into the upper chord, lower clord and web member ac-
cording to their positions in the truss. Table 2 is a summary d the member section types used
in di erent parts of the structure, where ; represents pipe section, the former number and the
latter one represent the outer radius and thickness of the gie section, respectively.

Table 2. Section types of the members

| Member parts | Section type \
Upper and lower | ;560 25,;500 24,;450 24,;400 24,;377 20,;351 18,
chord ;351 16,;325 16,;299 14,;273 14,;273 10,;245 12

;245 12,;219 10,;219 8,;194 8,;180 8,;159 6,

Web members 140 5.:114 4,:89 4

2.3. The constitutive model

In this paper, two constitutive models are employed to studyprogressive collapse performance
of the arch truss structure considering compression instaltity of the members. The rst one is
the material failure constitutive model which applies material failure as the failure criterion for
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element members. As Q345 steel is adopted, the stress-stracurve of Q345 steel is simpli ed
to a two-stage folding line for simpli ed model calculation. When the compressive and tensile
stresses of the members reach the yield stress, the modulualasticity of the member is reduced
by 0.01 times of the original value. The ultimate strain of Q345 steel is 0.025, and when the
material strain is close to the ultimate strain, the maximum stress and strain uctuate less and
have less in uence on the calculation results. The member isletermined to fail when strain of
the member exceeds the failure strain of the material which g set to 0.02 in this paper. The
sti ness change of the material at di erent stress stages isdescribed by multiplying the elastic
modulus by di erent coe cients Kk, that is, E%= KE. The stress-strain equations of the material
failure constitutive model is given in Eq. (2.1), where "y represents the strain at which the
member stress reaches the yield strengtfiy. In the process on progressive collapse of the space
grid structure, slender compression members are peculiariprone to buckling and tend to fail
before reaching the yield load, making the actual bearing cpacity of the member lower

(

1 for oty

K=" o1 for j'j>", (1)

Vumat is a program interface provided by Abaqgus nite elemert software for users to compile
self-de ned materials. The second one is based on the Vumausprogram in Abaqus to develop a
Kinematic Hardening Plasticity constitutive model consid ering compression instability of mem-
bers. This model introduces the Marshall model and the stality coe cient of the compressed
member. The Marshall model (Marshall et al., 1977) is based on the hysteresis curve obtained
from a steel circular tube test, which describes the hystersis performance of an inelastic mem-
ber containing initial defects and a decrease of axial sti ress after compression instability. The
model is optimized on the basis of the Marshall model, and thestress-strain curve of the opti-
mized model is shown in Fig. 2. The optimized model consistsfeeveral straight lines, indicating
that the elastic modulus of the member di ers at di erent sta ges. When the axial strain of the
member, represented by theX -axis, is greater than 0, the member is in tension. The sti ness
change of the material at di erent stress stages is describd by multiplying the elastic modulus
of the material by di erent coe cients k, that is E®= kE

8
3 0:01 for ">"y
B 1 fOf ncr 4" 4 ny
K= for "0 men (2.2)
. for nen 0

where "¢ represents the strain at which the stress reaches the yieldtiength P¢,. Pgr repre-
sents the critical stress when instability of the compressin member occurs, calculated by the
stability coe cient ' of the compression member in the Standard for Design of Ste@tructures
(GB50017-2017), thatisP¢, = 'f y." is calculated according to parameters such as section type,
length, elastic modulus and radius of gyration of the memberand the physical meaning of crit-
ical control point ' is the same as the stability coe cient of pressure brace in the Standard for
Design of Steel Structures. When the compressive stress dié member exceeds the compressive
instability critical stress P, of the member, the axial sti ness will decrease. and represent
the initial weakening coe cient of the elastic modulus and the deep weakening coe cient of
sti ness after instability of the compression member occus, respectively."® represents the crit-
ical strain at the initial weakening and deep weakening of tke elastic modulus of the member.
The calculation formula is as follows

wO_ m ¢ ) o

o e 29
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where , , are coe cients summed up from the hysteresis curve of the stel round tube test,
and the values in this model are as follows

=0:13 =0:02 =0:28

u, 'y are the stress and strain when the member is unloaded under ogpression, and the
calculation formula for k is as follows

[ — (2.4)

When strain of the member reaches pointD, which is the failure strain of the member, it
indicates that the member has completely lost its bearing cpacity. At this time, it is determined
that the member is failed and then deleted.

]
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Fig. 2. Member-stabilized constitutive model

In order to introduce this model into the subprogram, some inportant material parameters
need to be de ned. Table 3 shows description of the main mateal parameters in the Vumat
subprogram, and these nine parameters need to be added in th&baqus user-de ned material.
With the input material parameters, the subprogram will aut omatically calculate the compres-
sion instability critical pressure P¢ and other related parameters of each member. The Vumat
subprogram monitors the stress state of the members and updas parameters like the elas-
tic modulus in real time by using the feature of transferring speci c variables with the main
program at the beginning and end of each incremental step, wich simulates member sti ness
degradation. The strain of the member is also used as an indator to determine failure of the
member. When the member is in compression, the failure is juged when the strain is greater
than the D point, and when the member is in tension, the failure is judged when the strain is
greater than the ultimate strain.

When using the Vumat subprogram, Abaqus cannot automaticaly calculate the transverse
shear sti ness of the section, and the user needs to de ne anthput the transverse shear sti ness
K 23 and K 13 of the section. The calculation formula for the shear sti ness of the beam section
is as follows

E

K = K = GA G= ——
13 23= M 20+ )

where G is the shear modulus,A is the cross-sectional area anan is the shear non-uniformity
coe cient of the section, which is selected according to thesection category (parameter 9) in
Table 1. When the section type is circular, take 0.89.
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Table 3. Vumat main parameters

| Material parameters | lllustrate

Elastic modulus
Poisson's ratio
Yield strength
Weak axis radius of inertia
Hardening factor (0.01)

Marshall simpli ed model parameter ( 0:13)
Marshall simpli ed model parameter ( 0:02)
Marshall simpli ed model parameter (0:28)
Section category (1)

OO0 AW N -

2.4. Load

The explicit module of Abaqus is employed to simulate the prgressive collapse process of
the calculation structure, and only a dynamic display analysis step with a time length of 4s is
added. To simulate the load condition of the upper part of the steel arch truss structure, 5 times
gravity load (49 m/s ?) is added along thez-direction, which increases linearly to the maximum
value in the rst 2 s, and remains constant in the last 2s so as ® avoid oscillations in the results.
The load amplitude curve is shown in Table 4.

Table 4. Load amplitude

| Time/frequency | Amplitude |

0 0
2 1
4 1

AN

LSS

A
7 77& ‘ %

Fig. 3. Constraints and loads
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The supports on both sides of the structure are all hinged. Tle displacement of nodes irx,
y and z directions are constrained. Figure 3 shows the constraint psition and load application
direction of the structure.

2.5. Structural failure criterion

At present, there are many failure criteria for determining structure collapse. Displacement
criteria are applied in this paper to determine whether progessive collapse occurs. When the
vertical displacement of the structural node exceeds 1/50 bthe span, it is considered that the
structure has collapsed. The maximum span of this structureis 211 m, hence when the maximum
vertical displacement of the structure exceeds 4.2 m, the dlapse of the structure is judged.

3. Analyses and results

3.1. The material failure constitutive model

3.1.1. Vertical displacement of the structure

Figures 4-8 are displacement diagrams at di erent times whe the material failure constitu-
tive model is used for progressive collapse analysis. In Fég 5-11, positions of failed members
at di erent times are marked with red circles. Figure 4 showsthe displacement diagram of the
structure at t = 2:0 s, which is the moment when all loads are applied to the strutre. It can be
seen that the vertical displacement is basically symmetrially distributed along the central axis
of the main truss. The vertical displacement of the middle zae of the truss is larger than that
of the two sides. Figure 5 shows the displacement at = 2:9s, when the rst failure member
appears, the maximum vertical displacement of the structue reaches 3.891 m, which does not
exceed 1/50 of the span. Figure 6 shows the displacement at= 3:0 s, after the member failure,
the vertical displacement increases rapidly, the maximum mde displacement is 6.34 m, which
exceeds 1/50 of the span, and the collapse of the structure igdged. Figures 7 and 8 display
displacement diagrams of the structure at di erent angles @ t = 4:0s. It can be found that
during the whole process from the beginning of loading to theend, the vertical displacement
of zone Il is larger than that of other positions. The maximum displacement point appears at
the mid-span position of the rst truss, on the left in Fig. 8. When t = 4:0s, the maximum
nodal displacement of the structure reaches 57.43 m, leadinto serious overall deformation of
the structure. In Fig. 7, zone | and Il are the most severely camaged, and the structure failure
occurs basically.

3.1.2. Member failure order

At t = 2:0s, the structural load reaches the maximum value, and theras no failure member
in the structure. At t = 2:9s, the rst failure member appears at the marked position ofzone Il
in Fig. 5, which is the upper chord of the truss, and the failure form is compression failure. It
can be seen from Fig. 6 that during the time from 2.880s to 3.00s, with the position of the
rst failure member as the center, spreading along the diretion of the connecting truss, more
failure members appear in the adjacent positions. Meanwhd, a part of the trusses in zone | has
failure members, all of which are the upper chords of the trus, and the failure mode is tensile
failure. It can be seen from Fig. 7 that during the time from 3.0s to 4.0 s, due to in uence of the
internal force redistribution of the structure, the load originally borne by the failure member is
transferred to the surrounding members, and a large number bfailure members appear, thus
resulting in further structural damage. It is worth noting t hat the locations of failure members
are mainly concentrated in zone | and Ill. Most of the failure members in zone | are the upper
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Fig. 5. Structure displacement diagram,t =2:9s

chord members of the truss, and a small part contains diagorlaveb members. At rst, only a few

upper chords of the trusses are damaged by tension, and nall the upper chords of all trusses
in the same position are damaged. Zone lll is the one where th&ilure member occurs rst,

with the largest vertical displacement of the structure. After the rst failure member appears,

other failure members spread from zone Ill to zone V. In gengl, the largest number of failure
members and the most serious structural damage lie in zone IlI
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3.2. Member-stabilized constitutive model

3.2.1. Vertical displacement of the structure

The displacement process at di erent times with the member s$ability constitutive model
is shown in Figs. 9-12. Figure 9 depicts the displacement ofhe structure att = 1:32's, which
is the moment when the rst instable member appears in the stiucture. It can be seen from
the gure that the overall vertical displacement distribut ion of the structure at the moment of
initial loading is basically consistent with Fig. 4, with th e vertical displacement in the middle of
the truss being larger and gradually decreasing to both side As can be seen from Fig. 10, the
maximum nodal vertical displacement of the structure is 4.2 m, which exceeds 1/50 of the span
of the structure at t = 1:76's, at this time the structure has collapsed. The displacemnt diagram
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Fig. 8. Top view of structure, t =4:0s
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of the structure at t = 2:48s, shown in Fig. 11, illustrates that the maximum nodal vetical
displacement is 30.5m. At this moment the superstructure ctlapses as a whole and severe
outward deformation occurs at the arch shoulder. Whent = 3:291s, the support is basically
destroyed and the structure completely failed. Zone Il is the zone with the largest vertical
displacement of the structure, where the vertical displacenent is larger than that in zone IV and
basically the same as that in zone |I. Compared with the materal failure constitutive model, the
collapse of the structure occurs earlier when consideringampression instability of the members.
When the load does not reach the maximum value, the structurehas collapsed. Furthermore,
the collapse of the structure occurs faster and the bearingapacity of the structure is lower.
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3.2.2. Member failure sequence

At t = 1:320s, the earliest failure members of the structure appeamithe rst truss on the
left, located in zone | on both sides of the truss. They belondgo the lower chords of the truss,
and their failure type is compression failure. During the time from 1.320s to 1.760 s, the lower
chords with compression failure appear in zone | of all truses (the failure members in zone |
on the other side are not marked in Fig. 10). In addition, there are diagonal web members
that fail under compression near zone | and Il, and the failue members of the superstructure
are mainly concentrated in left trusses. From 1.76 s to 2.48,ghe lower chord with compression
failure begins to appear in zone Ill, and more failure membes appear near zone |l, expanded
from the left truss to the right truss. It can be seen from the failure members marked in Fig. 11
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that at t = 2:48s, a large number of failure members appear in the structue, most of which
are compression failure members, mainly located in zone | @hll. The connecting truss near
zone Il, with many compression failure members which are maiy lower chord and diagonal
web members, is seriously damaged. A part of the connectingriiss is broken, and the overall
structure deformation is large. A large number of compressin failure members in zone | leads
to the collapse of the truss, which means that the truss has Ist its bearing capacity and the
vertical displacement of the structure increases rapidlyFigure 12 shows the vertical displacement
diagram of the structure at 3.29 s, and the structure completly fails at this time.

3.3. The dierence between calculation results of the two co nstitutive models

3.3.1. The rst failure member

Figure 13 reveals the location of the rst failure member andthe node with the maximum
vertical displacement for both constitutive models. The r st failure members, which are all
compression failure members, all appear on the lowermost tiss (corresponding to the rst truss
on the far left in Fig. 1), whereas location and time are not the same. When adopting the
double broken linear constitutive model, the structure rstly exhibits the compression failure
at t = 2:880s, located in the middle of the rst truss on the left, which is the upper chord in
member 1 in Fig. 13. When using the member stability constituive model considering member
instability, the rst compression failure member appears a t = 1:320 s, much earlier than when
adopting the double broken linear constitutive model. At this moment the structural load just
reached about 3/5 of the maximum load. The failure member is he lower chord of the truss, as
shown in member 2 in Fig. 13.

3.3.2. Type and location of failed members

The failure members of the structure using the material failre constitutive model are mainly
concentrated in zone | and Ill. The failure members appear rst in zone |ll, among which the
number of tension failure members and compression failure embers is similar. The failure
members in zone | are mainly the upper chord members of the tres with tension failure, such
as the position of member 3 in Fig. 13. The failure members oftte structure using the material
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Member 1 Node 36241

Member 3 Member 2

Fig. 13. The failure members and maximum displacement node

failure constitutive model compiled by Vumat and considering member instability are mainly

concentrated in zone | and Il, most of which are compressiondilure members. Zone | is the
earliest location where the failure member occurs, which ignainly the lower chord of the truss

with compression failure, such as the position of member 2 irFig. 13. The failure members in
zone Il, more than those in zone Ill, are mainly diagonal web nembers and upper chords of the
connecting trusses.

3.3.3. Maximum nodal vertical displacement

During the loading process using the two constitutive mode$, the maximum vertical dis-
placement occurs in the middle of the rst truss on the left in zone Ill. The displacement time
history curve of selected node 36241 with the maximum displeement of the structure is depicted
as Fig. 14, from which it can be observed that at the same momenthe vertical displacement of
node 36241 when using the member stability constitutive moel is larger than that when using
the material failure constitutive model. Moreover, when usng the member stability constitutive
model, the structure progressive collapse occurs earliema the vertical displacement increases
faster, indicating that the structural failure process is more rapid.
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Fig. 14. Displacement time history curve of node 36241

4. Conclusions

In this paper, numerical simulation is used to analyze the pogressive collapse process of a

super-long span latticed steel arch structure using two costitutive models. The similarities and



116

S. Guoet al.

di erences of the collapse time of the structure and the failre sequence of the members are
compared, and the conclusions are as follows:

10.

11.

12.

13.

From the calculation results using the two constitutive models, the rst failure member
appears in the rst truss on the left which is the weak point of the structure. In the
structure using the constitutive model considering membercompression instability, the
rst compression instability member appears earlier, befaoe the load reaches the maximum
value.

Using the member stability constitutive model the failure of most members in the structure
is compression failure. For example, the failure type of meiers in zone | of the truss is
primarily compression failure of the lower chord members. ldwever, the failure type of
members in zone | is primarily tension failure of the upper clord members when using the
material failure constitutive model.

In the structure using the member stability constitutive mo del, the collapse of the structure
occurs earlier and the collapse process is more rapid. Codgring the member compression
instability, the actual ultimate bearing capacity of the me mber is lower.
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