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ABSTRACT: Progressive collapse is a dynamic event with high strain rate in which the failure of a member causes
damage to the overall structure. Most research done in the field of progressive collapse are carried out with static analysis.
Structural behaviour with regard to the effects of strain rate needs further studies. In this research, to investigate the
effects of strain rate in a progressive failure, existing theories are used for Finite Element (FE) modelling of two sub-
assemblages, previously tested under static loading. Confirming the model in the static mode, by increasing the rate of
loading; the specimens are subjected to high strain rate condition in order to simulate the target scenario of progressive
collapse. Results shows that considering the strain rate effects in the FE analysis, the strength of sub-assemblages in the
compression zone increases, and the ultimate strength capacity decreases. Increase in maximum tensile and compressive
axial force of the beams and the change in beams rotation is also shown in this study.
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INTRODUCTION

Progressive collapse is a field of research which has
become popular in recent years. Natural catastrophes such
as 1994 Northridge earthquake, 1995 Kobe earthquake,
and manmade disasters such as 1995 bombing of Murrah
Federal Building and 2001 terrorist attack to the World
Trade Center caused the failure of structural elements and
progressive collapse of the building (ASCE, 2006).
Research shows that in many of these catastrophes,
progressive collapse is a dynamic event with high strain
rate, when strain rate plays an important role in collapse
pattern and response of building to the load. The first
analytical research done in the field of progressive
collapse of frames was carried out by Casciati et al.
(1984). Progressive failure reliability of seismic analysis
of 2D RC frames was considered in their research. Some
researchers used simple modelling techniques to simulate
the progressive collapse instead of using complex
nonlinear dynamic analysis. Grierson et al. (2005),
Izzuddin et al. (2008), Powell (2005), Vlassis (2007) and
Ruth et al. (2006) utilized nonlinear static analysis with
some provisions to consider the dynamic effects in a
loading process. In addition, some nonlinear static
analysis for progressive collapse were outlined in DoD
(2005) and GSA (2003) guidelines. In order to consider
the effects of dynamic loads, dynamic amplification factor
(DAF) was used in loading process in research done by
Ruth et al. (2006) and Grierson et al. (2005). Researchers
such as Powell (2005), Dusenberry et al. (2004), Izzuddin
et al. (2008), Vlassis (2007) used a process based on
equilibrium of internal and external energies to analyze
progressive collapse. Vlassis (2007), lzzuddin et al.

(2008), and Dusenberry et al. (2004) used a nonlinear
static analysis (pushover) which considers the dynamic
effects of abrupt removal of column. The static pushover
analysis was according to a criterion that estimates
deformation at the instant when Kkinetic energy was zero
during progressive collapse. Marjanishvily et al. (2006)
showed that the dynamic effects of column removal could
not be overlooked. Using the process described in GSA
guideline Kwasniewski (2010) applied blast loads to an
existing 8-story steel frame building for analysing
progressive collapse. However blast load is a dynamic
load with high strain rate, Kwasniewski did not discuss
the role of strain rate in his analysis. The same analysis for
a RC building was done by Luccioni et al. (2004). Hao et
al. (2006) and Shi et al. (2007, 2008, 2010) also used blast
loads without considering the effects of strain rate in
progressive collapse analysis of buildings. Tavakoli et al.
(2013 a, and b) studied the dynamic response of 2D steel
moment frames in a column removal scenario. Strain rate
effects were considered in their dynamic analysis which
was created by the blast load (Tavakoli et al., 2013b).
Their research was done for steel structures and the
dynamic effects of strain rate on concrete structures were
not mentioned. Review of the past studies on progressive
collapse shows that most of the research was done in static
mode. In this research, the real behavior of sub-
assemblage in a progressive collapse scenario was
considered with utilizing the effects of strain rate applied
to materials. First, load transmission mechanism of sub-
assemblages subjected to progressive collapse was
discussed.

Furthermore, using the existing theories that
specified the strain rate sensitivity of the material, FE
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model of two sub-assemblages (Jan et al., 2011) was
prepared in ABAQUS 6.13. The accuracy of the modeling
was verified by comparing the FE results with
experimental results in the static mode (Jan et al., 2011).
Finally, by keeping constant the elements type, mesh,
boundary conditions, interaction of concrete-steel, and
with only increasing the loading rate, sub-assemblages
behavior was predicted at high strain rate mode

Progressive Collapse

Progressive collapse is a chain reaction which
initiates by loss of one or many load-bearing members.
The initiator of progressive collapse may be man-made
events such as explosion, fire and collision of vehicles.
Progressive collapse can also be initiated by natural
hazards such as earthquake. Removal of a structural
element imposes additional loads to other structural
members and causes the change in loading pattern (Nair,
2006). The mechanism of load transmission in a sub-
assemblage subjected to removal of middle column is
classified in three steps: arch action, formation of plastic
hinges and catenary action (Nist, 2010).

Arch action: The compressive force creates in the
upper side of the beams, near middle connection and in
the lower side close to outer columns. The lower parts of
the beams adjacent to middle connection and upper side of
beams close to the outer connections become fractured
because of tensile stresses (Nist, 2010).

Formation of plastic Hinges in Beams: Bars start
to yield near fractured zones. The concrete in compressive
zone sustains higher stresses, which causes crushing of

concrete. After the formation of plastic hinge, arch action
still exists, but vanishes by increasing the middle joint
displacement. The compressive force in beams, decreases
in this stage and returns to its initial condition (Nist,
2010).

Catenary Action in beams: With increasing the
middle joint displacement, concrete fractures throughout
the whole specimen. The bars that were initially under
compression start to sustain tension. Therefore, all of the
applied loads are transferred to the bars and the role of
concrete capacity is overlooked (Nist, 2010).

MATERIAL AND METHODS

Description of specimens

Each of the sub-assemblages have two beams and
three columns in which the middle column is removed.
Specimens were designed in scale of 1/2 according to the
ACI 318-05 code. One of the specimens was designed at
high ductility (seismic design) with dense stirrups. The
other was designed in intermediate ductility (non-seismic
design) (Jan et al., 2011). Geometry, dimensions and
diameter of the specimens are shown in Figure 1 and
Table 1. All given numbers are in millimetres. More
details could be found in (Jan et al., 2011).

Table 1. Diameter of bars
Steel T6 T10 T13

Diameter (mm) 6 10 13

i 12T13 =
A &
- 1000 - 1000
!T],’!-_—:T]ll'.l 2T10 ITI13+2T 10 | |
= & o é
~ - T 1
2T10 M0 ~——520 500 ' ' i
T 65— ToE 100 e Toi@s0 -l =
i 2750 250=" 7
400
12T13
mwﬂ,« o)
o &
15 - = -
92 3T10 | 2T10 [ 3110 92 | %
L 7 < 13
§|[[ | &
2T10 2TI0
T6@100 40 }
- 2750 =250 i

Figure 1. Geometry of specimens; A. Seismic design (S1); B. Non-seismic design (S2).

Behaviour at high strain rate

FE modelling of materials under static and dynamic
loading requires knowledge of materials' sensitivity to the
strain rate. Existing theories (Malver, 1998a,b; FIB, 2008)

were used to consider the sensitivity of materials to the
strain rate. Experimental data for similar sub-assemblages
subjected to explosion, shown that the strain rate in
materials changed in the range of 0.01 to 0.1 1/s (Jan et
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al., 2014). In order to simulate this condition in FE model
in a conservative mode, the changes of steel and concrete
strength under static strain rate of 0.001 s up until
dynamic strain rate of 1 s ' were applied. ABAQUS
calculated the strength of steel and concrete in different
parts of the specimens according to the strain rates created
in the materials during the loading time (ABAQUS,
2013).

Concrete in Compression with Different Strain
Rates: International Federation for Structural Concrete
(FIB) has investigated the dependence of compression in
concrete with different strain rates (FIB, 2008). Some
studies were carried out by Malver and Crawford (FIB,
2008) to consider the effects of strain rate on concrete
module of elasticity and dynamic increase factor (DIF).
DIF is the ratio of dynamic to static strength. Equations 1
and 2 were given for compression in concrete under the
effects of strain rate (FIB, 2008; Malver, 1998a).

In which E. = module of elasticity at strain rate &,
E.« = static modulus of elasticity, f. = compressive

strength of concrete at strain rate £, &, = static strain

rate equal to 3x10° s, og(y,)=6.156a, —2and

a, =1/(5+9f,/10) -
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Concrete in Tension with Different Strain Rates:
Concrete under tension is also affected by strain rate.
Equations 3 and 4 are given for concrete under tension
with the influence of strain rate (FIB, 2008; Malver,

1998a).
Ec . 0.026
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In which E, = modulus of elasticity at strain rate &,
E.« = static modulus of elasticity, f; = tensile strength of

concrete at strain rate &, f. = static tensile strength of
concrete, £ = strain rate, & = static strain rate equal to 3
x 10°%s7, log(B,)=7.115,-2.33, J; = 1/(5+6 f.4/10).

Steel with Different Strain Rates: Steel modulus of
elasticity is independent of strain rate and is constant
during loading. However, yield and ultimate strengths of
steel are strain rate dependent. With increasing strain rate,
the yield (F,) and the ultimate (F,) strengths of steel
increase and the ultimate strain decreases (Malver,
1998h).

Malver proposed relations for effects of strain rate
on steel, which are given in equations 5 and 6 (Malver,
1998b). The relations are similar in tension and
compression.

f £\
DIF’, =2 = (—)
steel fy,st E 5)
fu ™
DIF% , =—= (—)
steel fust Est 6)

In which f, = yield strength of steel at strain rate g,
fyst = static yield strength of steel, f, = ultimate strength at

strain rate £, f,q = static ultimate strength of steel, & =
= static strain rate equal to 107 s™, a, =

0.074 — 0.040 f, / 414, and o, = 0.019 — 0.009 f, / 414.

With considering equations 1 to 6, material
sensitivity to the strain rate was obtained. Table 2 to 5
shows the properties of concrete and steel in static and
high strain rate mode, with strain rate range of 0.001 1/s to
10 1/s. During the analysis, ABAQUS calculates the
amount of strain, strength and elasticity modulus using
interpolation of entered data (Shi et al., 2011; ABAQUS,
2013).

strain rate, &

Table 2. Material properties of bar T10

Ultimate

Strain rate Yield strength strength qu_ulus of

(1/s) (MPA) (MPA) elasticity (MPA)
static 511 622 211.02
0.001 540 633 211.02
0.01 572 644 211.02
0.05 595 652 211.02
0.1 606 656 211.02
1 641 668 211.02
10 678 680 211.02

Table 3. Material properties of bar T13

Strain rate Yield strength ;’il:é?;[ﬁ Modulus of

(1/5s) (MPA) (MPA) elasticity (MPA)
static 494 593 185.873
0.001 524 604 185.873
0.01 557 615 185.873
0.05 581 624 185.873
0.1 592 627 185.873
1 629 639 185.873
10 668 652 185.873
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Table 4. Material properties of bar T6
Ultimate

Strainrate  Yield strength strength Mc_Jd_qus of

(Us) (MPA) (MPA) elasticity (MPA)

static 310 410 199.177

0.001 343 421 199.177

0.01 380 433 199.177

0.05 407 441 199.177

0.1 420 445 199.177

1 465 457 199.177

10 514 470 199.177

Table 5. Material properties of concrete

Strain rate Cosrg:’[;rzzstshive s-{:er:\sgi;lt% Mo_d_ulus of
(1/s) ( Mpa) (Mpa) elasticity (Mpa)
static 32 3.2 663.27
0.001 35.59 3.91 726.581
0.01 38.16 4.24 771.409
0.05 39.8 4.28 804.437
0.1 40.93 5.59 819.002
1 43.89 4.97 869.531
10 47.07 5.39 923.177
FE Modelling:

Modeling Concrete Behavior: Concrete Damage
Plasticity was used for modeling concrete behavior in this
research. This model was introduced by Lubliner et al.
(1989) and was completed with other researcher (By et al.,
1998). The model can consider the sensitivity of materials
to the strain rate. William-Warnke criterion was used for
concrete failure in this study (Tomasz et al., 2005)
(ABAQUS, 2013).

Modeling Steel Behavior: Bars were modelled
separately with real dimensions. An Elasto-Plastic
constitutive theory was used for modelling steel (Lykidis
et al., 2008) (Satadru et al., 2012).Von mises yielding
criterion was used to show the failure of steel (ABAQUS,
2013).

Concrete and Steel Interaction: The interaction
between concrete and steel is an important parameter in
RC structures. Embedded Element technique was used for
modelling the interaction between concrete and steel. This
simulation technique is useful in static and dynamic
analyses (Lykidis G.C et al., 2008) (Satadru D et al.,
2012; ABAQUS, 2013) .The slippage between concrete
and steel was overlooked in this study.

Choosing Elements: C3D8R element was used for
FE modelling of concrete elements in ABAQUS. This is a
3D solid element with eight nodes and reduced integration
method is used for solving integrals. Bars were modelled
with T3D2 element which is a regular linear truss element
with two nodes (ABAQUS, 2013).

Mesh: Mesh size for specimens was obtained using
the proposed method in (Tavakoli et al, 2013b). 50 mm
and 70 mm mesh size were used for solid and truss
elements respectively. For regions of beam connections in

which experience critical conditions, finer mesh of 30 mm
was utilized. Figure 2 shows mesh details of specimens.

Figure 2. Mesh detail

RESULTS AND DISCUSSION

Validation of modelling with static results:
Displacement control loading with the rate of 0.1 mm/s
was applied to the middle connection until failure of the
specimens occurred. The criterion for final collapse was
fracture of upper bars at connection of beams to the outer
columns (Jan et al., 2011). Experimental results in static
mode of two specimens were used to validate FE
modelling (Jan et al., 2011). Figure 3 shows the ultimate
deformation of specimens after failure.

U, Magnitude
600.282
550.293
500,303
450,313
400.324
350.334
300.345
250.355
200.365
150.376
100.386
50.397

0.407

Figure 3. Displacement contours after failure

Figure 4 and 5 show applied load versus vertical
displacement of middle column for S1 and S2 specimens.
FE results showed good agreement with experimental
results in static mode. There is a slight difference in
experimental and FE results, which is due to homogeneity
of materials and continuous interaction between concrete
and steel in FE model. These cases do not occur in the
experimental conditions because of experiment errors and
loss of experiment accuracy.
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Figure 4. Applied load versus vertical displacement of central
column under static loading (specimen S1)
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Figure 5. Applied load versus vertical displacement of central
column under static loading (specimen S2)

Analysis at high strain rate:

After validation of modelling, using the same
geometry, bar percentage, materials, boundary conditions,
element type, mesh size, and just by increasing the
loading rate at middle connection the analysis of
specimens was done at high strain rate. Explosion
experiment on the corresponding frames indicated that
after removal of column, the middle connection moved
downward at the speed of approximately 1000 mm/s due
to the dead load (Jan et al., 2014). Figure 6 shows the
vertical displacement history of middle connection after
explosion. Therefore, load rate of 1000 mm/s was utilized
for FE analysis of specimens in high strain rate mode in
this study.

-200 A
-300 4
-400

-500 - /
The specimen hit the ground’

Displacement at middle joint (mm)

-600

700 1 . r . . . ' r . )
0 200 400 600 800 1000
Time (ms)
Figure 6. Displacement history of middle connection in blast
experiment (Jan Y et al., 2014)

Strength of Specimens:

Specimen S1: Figure 7 shows applied load versus
vertical displacement of central column at high rate
loading for specimen S1. Due to the lack of experimental
data at high strain rate for sub-assemblages, FE dynamic
results were compared with the validated FE static results.
Results showed that the maximum strength at the
beginning of arch action increased 52% compared to the
static mode. The ultimate displacement of middle

connection and the ultimate strength capacity of specimen
reduced at high strain rate compared to the static mode.
This can be partly attributed to the addition of inertia force
due to the fast dynamic loading. The inertia effect does
not contribute in static loading, because the rate of loading
is low and the time of loading is long. Sudden drops in
curve show fracture of bars due to increased stress at the
critical points during loading. Applied load curve shows
that the failure mode of bars has changed at high rate
loading compared to the static case. First fraction occurred
in lower bars at connection of beam to middle column,
and the load bearing capacity decreased accordingly.
Figure 8 shows Maximum Principle stresses of middle
connection bars in specimen S1 before and after fracture
at high strain rate. After the lower bars at the connection
of beam to middle column were broken, upper continuous
bars of the beams started to carry applied load. With
further increasing the vertical displacement of the middle
connection, the stress in upper bars of the beams at the
right connection reached to the critical value then broke.
Figure 9 shows the ultimate displacement and fracture of
bars for specimen S1.

90
20 XFracture of Bar
70
60
50
40

30

Applied load (KN)

20
10

0 100 200 300 400 500 600 700

Vertical displacement of central culomn (mm)

Dynamic (FE) Static (FE)

Figure 7. Applied load versus vertical displacement of middle
column at high strain rate loading (specimen s1)
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Figure 8. Middle connection of S1 specimen; A. Before fracture
of bars; B. After fracture of bars

5, M. principal Fracture

Fracture Fracture
Figure 9. Ultimate failure of specimen S1 and fracture of bars
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Specimen S2: Applied load versus vertical
displacement of middle column at high strain rate for
specimen S2 is displayed in Figure 10. This curve shows
that the maximum load at the beginning of the arch action
increased 44% compared to the static case. Similar to the
specimen S1, the ultimate displacement and the ultimate
strength capacity of specimen S2 decreased due to the
inertia force effect. The lower bars of the beams in
specimen S2 were spliced near middle connection. Hence,
this zone encountered high stress concentration. The first
bar fracture occurred in the left side of middle connection
at the splice zone.

Figure 11 shows Maximum Principle stresses in bars
at middle connection before and after fraction of left side
bars. After that, right side bars of middle connection
broke. With increasing the vertical displacement of middle
connection, beam upper bars at the left side connection
broke and beam reached the final collapse. Figure 12
shows ultimate displacement and failure of bars in
specimen S2.
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Figure 10. Applied load versus vertical displacement of
middle column at high strain rate loading (specimen s2)
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Figure 11. Middle connection of S2 specimen; A. Before
fracture of bars; B. After fracture of bars
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Figure 12. Ultimate failure of specimen S2 and fracture of bars

The arch action of concrete for specimen S1 at high
strain rate is shown in Figure 13. Because of similarity,

behaviour of specimen s2 is not discussed. With initiation
of loading, concrete fractured in tension zones and
compression zones remained intact in the form of an arch,
Figure 13.A. With increasing the vertical displacement of
middle connection, the arch action of concrete was
terminated and the entire specimen was subjected to
tension, Figure 13.B.
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s, 533
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Figure 13. Resistance mechanism in concrete; A. Formation of
arch action; B. Failure of concrete

Axial Force in Beams:

Axial force develops in beams due to the boundary
condition of outer columns. These boundary conditions
simulate side frames in actual buildings. Figures 14 and
15 show beam axial force versus vertical displacement of
middle column for specimens S1 and S2. Positive and
negative values of beam axial force display compressive
and tensile force, respectively. Similar to the applied load
curve, curves in Figures 14 and 15 show some abrupt
drops in strength, which are due to the fracture of bars.
Results show that the maximum compressive force
increased 13% and 14% in specimen S1 and S2,
respectively compared to the static case. Maximum tensile
force of beams increased 20% and 26% in specimen S1
and S2, respectively compared to static mode. The range
of compressive arch action at high strain rate was the
same as static case. The range of tension in specimens
decreased at high strain rate because of lower strength
capacity. Experimental results of explosion load have
shown that compressive range increased at high rate
loading, however this phenomenon did not occur in FE
analysis.
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Figure 14. Axial force in beams for specimen S1
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Figure 15. Axial force in beams for specimen S2

Rotation and Curvature of Beams:

Figure 16 shows the rotation in connections at the
end of loading. The rotation of two beams in experimental
conditions may not be the same due to experiment errors
and non-homogeneity of materials. Because geometry and
boundary condition are symmetric and the materials are
homogeneous in FE model, the rotation of the two beams
is approximately equal.

Figure 16. Rotation in beams
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Figure 17. Rotation of beam at outer connections for specimen S1
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Figure 18. Rotation of beam at outer connections for specimen S2

Figure 17 and 18 show the rotation of beams versus
vertical displacement of middle column for specimens S1
and S2 at high strain rate. According to these figures, the
rotation of beams in both static and dynamic case has
three steps with three different slopes.

At high strain rate, rotation increased linearly, and
then it became constant. At the end, the rotation increased
again until the specimen failure occurred. The changes of
rotation in static case were not sensible because of long
time and low rate of loading. Hence, the specimens had
enough time for milder changes in rotation. As it can be
seen from the Figures 17 and 18, the rotation increased
with almost linearly slope in static mode. The ultimate
rotation at the end of analysis in the static mode was more
than the high strain rate case due to the less strength
capacity of specimens at high strain rate.

CONCLUSION

Review of literature showed the importance of
investigating the behaviour of sub-assemblages under high
strain rate. Hence, this study considered the sensitivity of
materials to strain rates with existing theories and
incorporated them in FE model. The analysis results of
sub-assemblages with high strain rate loading were
compared with static analysis. FE Results showed that the
strength of specimens in arch action zone increased and
the vertical displacement of middle connection at the point
of ultimate failure decreased at high strain rate compared
to static mode. Failure pattern for bars at high strain rate
was different to the static case. Results of axial force in
beams showed that the maximum compressive and tensile
force increased at high strain rate. Although the range of
compressive action was the same in both static and high
strain rate, the range of tensile action decreased at high
strain rate. The rotation of beams showed a non-uniform
behaviour at high strain rate compared to the static cases.
The changes in rotation slope at high strain rate were more
than the static case due to the low time of loading.

Due to the lack of sufficient experimental data at
high strain rate range and also the cost of testing, the
proposed model in this study is appropriate to predict the
structural behavior in  progressive collapse with
considering the effects of strain rate.
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