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A B S T R A C T

The catastrophic collapse of the Twin-towers has further prompted structural engineers to un-
derstand and investigate the progressive collapse of multi-story buildings. This paper aims to
simulate the response of reinforced concrete (RC) special moment resisting frame (SMRF) as-
semblies under column-loss scenarios through nonlinear finite element (FE) modeling. Besides
the modeling of nonlinear rate dependent material behavior, bond-slip effects at the concrete-to-
steel rebar interface have been considered. The FE model was calibrated against a scaled, single-
story, two-bay by one-bay, RC SMRF model specimen with reinforcement detailing conforming to
ACI 318-11 code. The specimen was tested under a middle column removal scenario. The cali-
brated FE model was subsequently employed for some parametric studies of interest wherein the
effect of different parameters such as: type of assembly, column continuity, development of beam
rebars at exterior joints, applied axial loads on columns and beam continuity at exterior joints, on
the behavior of SMRF under a middle column removal scenario was studied. A simple procedure
is also proposed for the progressive collapse assessment of RC SMRFs caused by sudden column
removal.

1. Introduction

Progressive collapse is a chain of local and global failures owing to the local failure of structural members caused by anomalous
loads. For inhibiting the progressive collapse of a structure, there should be enough redundancy for the development of an alternative
load path, even if a vertical load-carrying element is lost. To avoid progressive collapse, different codes [1–6] require the setup of
connecting members, selection of appropriate plans, consideration of load combinations covering column-loss scenarios, and methods
of introducing alternate load transfer paths. Some concepts for minimizing the progressive collapse potential in RC structures have
also been recently patented [7,8].

The progressive collapse behavior was incorporated in various design codes and guidelines [1–6,9,10] through notional column-
loss scenarios, which were based on early progressive collapse incidents reported in the past [11,12]. Significant work has been
dedicated to study the progressive collapse behavior of steel and RC structures [11–25]. The contribution of compressive arch and
catenary actions to the progressive collapse resistance of steel and RC structures has been recently investigated experimentally and
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numerically by some researchers e.g. [26–30]. Choi and Kim [31] demonstrated, through experiments performed on RC beam-
column sub-assemblages, the role of seismic reinforcement detailing in resisting progressive collapse through the development of
catenary actions in beams. In another experimental study by Yu and Tan [32], the contribution of seismic detailing in resisting the
progressive collapse of RC frames was also highlighted. The Compressive Arch Action (CAA) and the catenary action were found to
significantly enhance the structural resistance against progressive collapse. Kim and Yu [33] investigated numerically the effect of the
amount of flexural and shear reinforcement on the progressive collapse potential of RC moment frames. The flexural reinforcement
was shown to enhance the catenary action and the amount of shear reinforcement was responsible for the initiation of the catenary
action.

The role of reinforcement detailing in the progressive collapse potential of RC frames was also investigated experimentally by the
authors through tests performed at King Saud University [34]. Two types of rebar detailing were used – one conforming to the
ordinary moment-resisting frames (OMRF) and the other conforming to special moment-resisting frames (SMRF) [3]. The scaled
frames were tested under a column-removal scenario. The experiments gave rise to a better understanding on the role of connections
in RC floor systems in terms of mitigating the progressive collapse mechanism.

This paper aims to develop finite element (FE) models for predicting the behavior of RC SMRF assemblies under a column-loss
scenario. A high fidelity code, LS-DYNA [35], was used for the development of the FE models. The nonlinear rate dependent behavior
of concrete and steel, and bond-slip effects at the concrete-to-steel rebar interface were incorporated. The numerical model was
validated using the results for a SMRF specimen that was previously tested by the authors [34]. Some parametric studies of interest
were also carried out numerically to investigate the effect of different parameters, viz. type of assembly, column continuity, de-
velopment of beam rebars at exterior joints, axial load application on columns and beam continuity at exterior joints on the response
of SMRF under a column-removal scenario. A simple procedure was also developed to analyze the progressive collapse potential of RC
SMRFs due to sudden column removal.

The novelty of this work is created from the investigation of the following research points, which have not been studied before in
the literature, concerning the progressive collapse potential of special moment resisting RC frames: (i) effect of bond-slip modeling at
rebars-to-concrete interface versus the case of perfect bond assumption; (ii) effect of modeling of RC slabs in the 3D assemblies versus
the cases of 3D assemblies without slabs and 2D assemblies; (iii) effect of boundary conditions in terms of beam and column con-
tinuity and axial load application at exterior joints; and (iv) suggesting a simple analysis procedure for the progressive collapse
evaluation using pushover, capacity and load curves.

2. Experimental program

A single story, two-bay by one-bay RC SMRF scaled specimen, tested by the authors at King Saud University [34] under a column-
loss scenario, has been employed for validating the FE model adopted in this study. The test specimen (denoted as SMRF) was
designed as a quarter-scale of the exterior bays of a prototype eight-story commercial SMRF building located at a busy intersection of
the city of Jeddah in Saudi Arabia. As per the Saudi Building Code SBC 301 requirements [36], the seismic design parameters of the
building are: Occupancy Category III, Site Class E and Seismic Design Category C. All spans in the prototype building were 8.0 m. The
superimposed dead load and live load used in the design were 2 and 3 kN/m2, respectively and the building design conformed to both
the Saudi Building Code SBC 304 [37] and the ACI 318–11 code [3]. Table 1 provides the building dimensions and reinforcement
detailing for both the prototype assembly and the SMRF test specimen. The test specimen dimensions are also depicted in Fig. 1.
Specimen SMRF comprises of a single-story RC assembly with 2.0 × 4.0 m floor panels supported on beams (B1-B7). The section
dimensions of the columns, as well as the beams, were 200 × 200 mm. The RC columns were supported on steel stubs, which were
resting on steel rails that were rigidly connected to strong lab floor (Fig. 2). The base of column C2 was removed to represent the

Table 1
Geometric properties and reinforcement detailing of prototype building and test specimen.

Property Prototype building Specimen SMRF

Ground story heighta (m) 6.75 1.69
Typical story height (m) 5 –
Beam span (m) 8 2
Beam width (mm) 800 200
Beam depth (mm) 800 200
Longitudinal rebars of beams 12ϕ20 (top) + 12ϕ20 (bottom) 2ϕ12 (top) + 2ϕ12 (bottom)
Beam stirrups at middle of span ϕ12 @ 150 mm c/c (6 branches) ϕ6 @ 100 mm c/c (2 branches)
Beam stirrups at end ϕ12 @ 75 mm c/c (6 branches) ϕ6 @ 50 mm c/c (2 branches)
Width of column section (mm) 800 200
Depth of column section (mm) 800 200
Longitudinal rebars of columns 20ϕ28 4ϕ16
Column ties ϕ12 @ 75 mm c/c (at ends)

ϕ12 @ 150 mm c/c (remaining)
ϕ6 @ 50 mm c/c (at ends)
ϕ6 @ 100 mm c/c (remaining)

Clear concrete cover to transverse steel (mm) 40 10
Thickness of slab (mm) 240 60

(continued on next page)
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column-loss scenario in the case of progressive collapse. This column will be referred to as the “test column” hereafter. Table 2 lists
the mechanical properties of concrete and steel rebars measured according to the relevant standards [38,39].

The column removal scenario of the building was simulated by removing the test column support and exerting a suddenly applied load
on this column with the help of an actuator with a 1000 kN peak load capacity. The bases of all columns, except the test column, were
fixed. The sand-filled jute bags were used for applying a superimposed load of 5 kN/m2 on the floor slab panels, as shown in Fig. 2.

The data was recorded at a speed of 1 k/s using a high-speed data acquisition system. The rebars of all beams and columns were
instrumented with the help of strain gages for recording the strains in the rebars. The vertical displacement of the test column and
mid-span displacements of the beams B1, B2 and B4 were measured using string potentiometers and laser transducers. Fig. 2 depicts
the instrumentation details of the test specimen.

Fig. 3 shows the displacement-time history applied through the actuator for testing the specimen. Strain rates of the order of
100–10,000 s−1 are reported in real progressive collapse scenarios due to blast loads [40]. However, the rate of application of the
load in the experiments was 100 mm/s, which was the maximum that could be applied using the actuator. Although the rate of
application is on the lower side, the consequent reduction of the inertial loads is expected to be partly compensated by the increase in
the material strength due to the strain rate effect. The recorded measurements were analyzed to investigate the mechanism of
progressive collapse.

3. FE modeling

The FE analysis of the tested specimen was performed using a general-purpose FE code, namely LS-DYNA [35]. The general-
purpose software FEMB Pre-Processor was used to create the FE model. Taking advantage of symmetry, only half of the test specimen
was modeled.
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Fig. 1. Concrete dimensions of test specimen SMRF.

Fig. 2. Instrumented specimen SMRF ready for testing.

H.M. Elsanadedy, et al. Engineering Failure Analysis 105 (2019) 896–918

898



3.1. Model geometry

Fig. 4(a) and (b) show the FE mesh of the specimen and FE model of the steel rebars, respectively. The concrete volume of the
beams, columns and slabs was meshed using eight-node solid hexahedron elements of reduced integration. The Hughes-Liu beam
elements were employed for modeling the steel rebars provided in the beams, columns and slabs. Eight-node solid elements were
employed for modeling the steel plates and the Belytschko-Tsay shell elements [41] were used to model the I-beams of the steel stubs
(Fig. 4(a)).

The size of the concrete mesh in the model was 20 to 30 mm, which was decided based on a mesh sensitivity test. The mesh of the
test specimen had 59,352 solid elements of concrete and steel, 11,188 beam elements of steel rebars, and 1120 shell elements of steel.

3.2. Material models

Table 2 presents a summary of the material properties used in the FE modeling. The strain rate sensitivity of the materials was
incorporated in the material model because of the dynamic nature of the loads. The continuous surface cap model (type 159) from LS-

Table 2
Material properties used in the FE modeling.

Concrete

Material model Type 159 (MAT_CSCM_CONCRETE)
Density (kg/m3) 2320
Uniaxial compressive strength (MPa) 57.3
Rate effects option, IRATE 1 (Rate effects model turned on)
Erosion factor, ERODE 1.05
Pre-existing damage parameter, PRED 0.0 (No pre-existing damage)
Maximum aggregate size, DAGG (mm) 10.0

Steel rebars ф6 ф12 ф16

Material model Type 24 (MAT_PIECEWISE_LINEAR_PLASTICITY)
Density (kg/m3) 7850
Young's modulus (GPa) 200
Poisson's ratio 0.3
Strain rate parameter, C 250
Strain rate parameter, p 1.6
Yield stress (MPa) 290 588 588
Tangent modulus (MPa) 388 660 660
Plastic strain to failure (%) 19.8 14.7 14.7

Steel stubs at base of columns

Material model Type 1 (MAT_ELASTIC)
Density (kg/m3) 7850
Young's modulus (GPa) 200
Poisson's ratio 0.3
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Fig. 3. Typical target displacement-time history for specimen testing.
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DYNA [35,42] along with the erosion option was used to model the concrete volume. The elasto-plastic material model (type 24) was
used for modeling the steel rebars. Cowper-Symonds relation was used to incorporate the enhancement in the yield stress of the steel
rebars. The linear elastic material model (type 1) was employed for both the plates and I-beams of the steel stubs.

Based on earlier studies [21,42,43], the erosion of concrete elements was permitted when the principal strain exceeded 0.05. For
steel rebars, the plastic tensile strain to failure was employed to activate material erosion.

3.3. Bond-slip effect

In this study, perfect bonding was assumed between the longitudinal and transverse rebars of columns C1 to C6 and surrounding
concrete, between the transverse rebars of all beams B1 to B7 and the concrete, and between the main steel rebars of beams B3, B5,
B6 and B7 and the concrete. However, bond-slip effects were modeled between the concrete and main rebars of beams B1, B2 and B4,
and between the slab rebars and concrete. One-dimensional contact (CONTACT_1D in LS-DYNA) was considered to model the bond

Fig. 4. FE model for specimen SMRF: (a) FE mesh for one-half of specimen; (b) FE model of steel reinforcement for one-half of specimen.
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slip between the solid concrete elements and the beam elements of steel rebars through fictitious springs, as shown in Fig. 5 [35].
When the damage accumulation is not considered, the bond between a concrete and steel rebar is assumed to be elastic-perfectly-

plastic; when the damage accumulation is considered to be in the plastic range, the bond shear stress will decay exponentially with
the increment of plastic slippage. In the elastic range, the bond shear stress, τ, varies linearly with the elastic slip, s (s < smax), up to a
maximum value, τmax, as shown in Fig. 6. The constitutive relation between shear stress and slip is represented by:

=
>

G s s s
e s s

s
h D

max

max maxdmg (1)

where Gs is the bond shear modulus; smax is the maximum elastic slip; hdmg is the damage curve exponential coefficient; and D is the
damage parameter, which is defined as the sum of the absolute values of the plastic displacement increment Δsp as

= ++D D sn n p1 (2)

The shear force acting on the bond area per unit length of rebar Ab (Ab = πdb,db = rebar diameter)at step n+ 1 is given as:

= ++f f G A s G A smin( , )n n s b s b1 max (3)

According to Eqs. (1) to (3), the typical bond shear stress-slip relationship is shown in Fig. 6.
In order to use the one-dimensional slide line model in LS-DYNA, three parameters are required to be defined. They are the bond

shear modulus Gs, the maximum elastic slip smax, and the damage curve exponential coefficient hdmg. In this paper, the maximum
elastic slip was taken as 0.254 mm, as recommended by Xiao and Rui [44], and the maximum bond stress τmax was assumed as 1.9ft
[45], where ft is the tensile strength of concrete = f0.62 c (where fc' = specified compressive strength of concrete in MPa units).
Hence, the bond shear modulus Gs was assumed as:

=
×

=G
f

f
1.9 0.62

0.254
4.64 (MPa units)s

c
c (4)

The damage curve exponential coefficient, hdmg, was taken as a variable in this study, as will be discussed later in Section 4.

Fig. 5. Sketch of fictitious springs between master and slave nodes in one-dimensional slide line model.

Fig. 6. Bond shear stress-slip relationship for the one-dimensional slide line model.
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3.4. Loading and boundary conditions

The displacement and rotation of the base of the columns (bottom surface of steel stubs) were restrained in all the three Cartesian
directions, as shown in Fig. 4(a). The plane of symmetry was modeled by restraining the global X displacement and the global Y and Z
rotations of the nodes lying in the plane. The superimposed gravity load on the slabs was modeled as a uniform load acting in the
negative Z-direction as a ramp function increasing from zero at the onset of the analysis to its peak value of 5.0 kPa at a time of 0.5 s,
and then held constant for the rest of the analysis time, as seen in Fig. 7. This was done to eliminate the oscillatory response
associated with the dynamic analysis. To simulate the experiment, the displacement boundary conditions were applied to the nodes
lying on the top surface of the test column using the Z-displacement from the displacement-time history of Fig. 3. The prescribed
displacement-controlled loading was assumed to start at a time of 0.5 s at which the gravity load reached its peak value.

4. Calibration of FE model

The modeling procedure and the method of numerical analysis were validated using the test results of the scaled model, which are
discussed herein.

As mentioned earlier, bond-slip effects between the concrete and main steel rebars of the beams (B1, B2 and B4) and slab panels
(S1 and S2) were included in the numerical model, and the damage curve exponential coefficient (hdmg) was varied from 0.05 to 0.15
in a step of 0.05. Thus, four FE models were prepared for the SMRF test specimen. The first case is for bond-slip effects with

Fig. 7. Load application for FE model of specimen SMRF: (a) Gravity load on slabs; (b) Prescribed vertical displacement at location of middle column
C2.
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hdmg = 0.05. The second and third cases are for the curve exponential coefficient (hdmg) of 0.10 and 0.15, respectively. The last case
(case 4) is for the analysis with a perfect bonding assumption between all reinforcing bars and concrete, which was taken as an upper
bound solution. Fig. 8 shows the comparison between the load-displacement variations obtained from the analysis and the experi-
ments. It can be observed that the perfect bond assumption of case 4 considerably overestimated the stiffness and the peak load i.e.
with the ratio of the predicted peak load to that obtained from experiment is 1.22. The FE model of cases 2 and 3 significantly
underestimated the post peak load slope of the load-displacement curve. However, the load-displacement curve obtained from the
numerical analysis of case 1 closely fits the experiments. Therefore, the bond-slip model with a damage curve exponential coefficient
(hdmg) of 0.05 was considered to be successful in estimating the load-displacement characteristics of the SMRF specimen. It should be
noted from Fig. 8 that the experimental load-displacement curve did not continue beyond the middle column displacement of about
200 mm because the test was stopped due to the limitation of the actuator stroke.

Figs. 9 and 10 depict the experimental failure modes for the frames and slabs, of the SMRF test specimen, respectively, compared
to the predicted failure modes. The FE modes of failure in the figures are shown using damage contours (effective plastic strain)
ranging from 0 to 1, with 0 indicating no damage and 1 designating full damage. It should be noted that the experimental failure
modes shown in Figs. 9 and 10 were obtained at the end of the test (at middle column displacement of about 200 mm) and the FE
failure modes were presented at the same displacement level for the sake of comparison. Due to the limitation of the representation of
the smeared crack approach, whereby the cracks are distributed over the elements rather than isolated, the comparison between the
crack pattern obtained from the experiment and the damage parameter in the model does not show a precise correlation. The damage
parameter appears to be spread over a wider area of damage because the smeared crack approach smears the hairline cracks, which
may not be visible in the tests. However, as shown in Figs. 9 and 10, the damage parameter contours obtained from the FE model tend
to provide a reasonable estimate of crack growth in the test specimen. As illustrated from Figs. 9 and 10, considerable damage was
noted in both slab panels S1 and S2, longitudinal beams B1 and B2 and the transverse beam B4. Columns C1, C2, C3 and C4 were
lightly damaged. However, all columns C5 and C6, longitudinal beams B6 and B7 and transverse beams B3 and B5 were almost
undamaged. As seen from Fig. 9(a) and (b), plastic hinges were formed in the longitudinal beams B1 and B2 near the zone of their
connection with the middle column, which are indicated by wide flexural cracks and concrete crushing in the compression zone
(Fig. 9(b)). However, at the exterior joints (near columns C1 and C3), a plastic hinge was not formed in the beam due to partial
slippage of the top beam rebars in the joint region, which can be evidenced from the longitudinal splitting cracks at the exterior
joints, as displayed in Fig. 9(b). For the transverse frame containing a test column, slippage was also noticed between the bottom
rebars of beam B4 and test column C2, and between the top rebars of beam B4 and outer column C5, as seen in Fig. 9(c). Slippage of
the rebars of beams B1, B2 and B4 at the exterior joints can be explained as follows:

According to Sec. 12.5 of the ACI 318-11 code [3], the tension development length of deformed rebars terminating in a standard
hook (ldh) shall not be less than the largest of f f d0.24 /y c b, 8db and 150 mm, where fy is the yield strength of the rebars (in MPa); fc' is
the specified compressive strength of concrete (in MPa); and db is the rebar diameter (in mm). Hence, for the prototype building, ldh
was calculated as 373 mm (for ϕ20 mm rebars) and the available distance for anchorage inside the outer columns was 720 mm, which
will provide full development of the beam rebars. However, for the model scale assembly (specimen SMRF), ldh was calculated as
224 mm (for ϕ12 mm rebars) and the available distance for anchorage inside the outer columns was only 168 mm, which will not
provide full development of the beam rebars. Accordingly, slippage of the beam rebars occurred at the outer joints as discussed above.

Fig. 10(a) and (b) illustrate the crack pattern observed experimentally for the bottom and top faces of the slabs, respectively, as
compared with the damage contours predicted from the FE model at a middle column displacement of 200 mm. A close match could
be noticed between the experimental and predicted damage pattern. It is noted that both the experimental and FE crack pattern
match the anticipated yield line pattern of slabs having the same boundary and loading conditions.

A comparison between the experimental and FE load-displacement characteristics of the SMRF specimen is listed in Table 3. It is

Fig. 8. Comparison of experimental and FE load-displacement envelopes for specimen SMRF.
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worth mentioning here that the ultimate state used in this study (Table 3) is based on New Zealand Standard-1992 [46], which is
defined as the state at which the load in the post peak zone drops to 80% of the peak load. The numerical prediction of the peak load
is in close conformity with experiments (Table 3) with a deviation of only 4%. However, compared with the experimental results,
deviations of 8%, 10%, 0%, 9% and 2% were observed for the displacement of the test column at the peak load, the displacement of
test column at the ultimate state, mid-span displacement of the longitudinal beams B1 & B2 at the ultimate state, mid-span dis-
placement of the transverse beam B4 at the ultimate state and mid-span displacement of the slabs S1 and S2 at the ultimate state,
respectively. The energy dissipated at the ultimate state (area under load-displacement curve up to ultimate displacement Δu) was
predicted efficiently by the FE model with a deviation of 10% (Table 3).

Table 4 shows a comparison between rebar strains obtained numerically and experimentally for the SMRF specimen at ultimate
conditions. The numerical values are in close conformity with the experimental values. From Table 4, it is clear that the predicted
peak strain for the bottom rebars of longitudinal beams B1 and B2 at the inner column face was about 49 times the rebar yield strain,

Fig. 9. Comparison of experimental and FE mode of failure of frames of specimen SMRF: (a) Whole specimen; (b) Longitudinal frame containing test
column C2; (c) Transverse frame containing test column C2.
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which indicates the full formation of plastic hinges as mentioned previously. However, both measured and predicted peak strains for
the top rebars of longitudinal beams B1 and B2 at the outer column face were well below the rebar yield strain due to the insufficient
development of the top rebars at the outer joints, which caused rebar slippage as discussed earlier. The same behavior was found for
the top rebars of transverse beam B4 at the outer column face. Due to the propagation of flexural shear cracks at the ends of both
longitudinal beams B1 and B2, and transverse beam B4 (Fig. 9), stirrups at 150 mm from the column face had yielded as indicated
from Table 4. As seen in Fig. 10, major cracks occurred diagonally at the exterior corners of slab panels S1 and S2 and hence, high
strain values of about 9 and 8 times the rebar yield strain, respectively, were recorded and predicted for the slab rebars located near
the exterior corner along the longitudinal direction (Table 4).

5. Parametric study

The validated FE model detailed earlier in Section 3 was further extended to study the effect of different boundary-condition

Fig. 10. Comparison of experimental and FE mode of failure of slabs of specimen SMRF: (a) Bottom view; (b) Top view.

Table 3
Comparison of experimental and FE load-displacement characteristics for test specimen SMRFa.

Results Py (kN) Pu (kN) Δy Δu,c Δu Δu,b1,2 Δu,b4 Δu,s Eu

(mm) (mm) (mm) (mm) (mm) (mm) (kNm)

EXP NA 95.4 NA 41.5 200.6 91.3 87.3 54.8 17.4
FE 73.9 99.4 12.0 45.0 182.6 91.1 96.0 53.6 15.7
EXP/FE – 0.96 – 0.92 1.10 1.00 0.91 1.02 1.10

a Py = load at first yield of bottom steel rebars of longitudinal beams B1 & B2 at inner column face; Pu = peak load; Δy = displacement of middle
column C2 at first yield of bottom steel rebars of longitudinal beams B1 & B2; Δu,c = displacement of middle column C2 at peak load;
Δu = displacement of middle column C2 at ultimate state; Δu,b1,2 = mid-span displacement of longitudinal beams B1 & B2 at ultimate state;
Δu,b4 = mid-span displacement of transverse beam B4 at ultimate state; Δu,s = mid-span displacement of slabs S1 & S2 at ultimate state; Eu = energy
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parameters on the behavior of a SMRF assembly under a middle column-removal scenario. Including the SMRF specimen, the matrix
for parametric analysis consisted of 13 specimens with different parameters, viz. type of assembly, column continuity at the exterior
joints, development of beam rebars at the exterior joints, axial load application on top of the columns, and beam continuity at the
exterior joints (see Table 5). The FE mesh for representative specimens used in the parametric study is presented in Fig. 11. It should
be noted that in the designation of specimens used in the parametric analysis, the acronyms “NS” and “2D” stand for no slab and 2D
assembly, respectively, the acronym “CC” denotes continuous columns at exterior joints (i.e. two-story specimens), the acronym
“FDBR” symbolizes fully developed beam rebars at exterior joints, the acronym “AL” stands for axial load application on top of the
columns, and the acronym “BC” stands for continuous beams at exterior joints. As illustrated in Table 5, three different groups of
specimens were investigated. In the first group (Group-A), 3D assemblies comprising seven beams, six columns and two slabs were
studied for sudden removal of the middle column of the outer longitudinal frame (see Fig. 11(a)). In the second group of specimens
(Group-B), 3D assemblies without slabs (comprising seven beams and six columns as seen in Fig. 11(b)) were analyzed. However, the
third group of specimens (Group-C) comprised of 2D assemblies as seen in Table 5 and Fig. 11(c) and (d). The first specimen of each
group (specimens SMRF, SMRF-NS and SMRF-2D) is a single story without axial load applied on columns and the rebars of the beams
are not fully developed in tension at the outer joints as discussed previously. The second specimen of each group is the same as the
first specimen but with continuous columns at exterior joints (two-story specimens). The columns of the second story were restrained
at their top 200-mm length (representing beams traversing the column) against translation in the global X and Y directions, and
against rotation about the global X, Y and Z directions as seen in Fig. 11(a). The third specimen of each group is the same as the
second specimen but with longitudinal rebars of beams B1, B2 and B4 (for groups A and B) and beams B1 and B2 (for group C) to be
fully developed in tension at the exterior joints. This was done numerically by assuming perfect bonding at the rebar-to-concrete
interface for nodes lying only beyond the centerline of the outer columns. However, for the rest of the rebar nodes, bond-slip effects
were considered as detailed previously in Section 3. The fourth specimen of each group is the same as the third specimen but with the
application of an axial load on top of columns of the second story level (see Fig. 11(b) to (d)). In order to estimate the amount of axial
load applied on the columns of model-scale specimens, a 3D FE model was created for the eight-story prototype building using ETABS
software [47] with the inclusion of all structural members (beams, columns and slabs) and different load cases (self-weight, su-
perimposed dead and live loads). The axial load ratio on the columns of the second story of the prototype building at the service load
level was calculated. The axial load on the columns of the model-scale specimens was then assessed and applied on the top nodes of
the columns as a ramp function increasing from zero at the onset of the analysis to its peak value at a time of 0.5 s, and then held
constant for the rest of the analysis time (similar to the gravity load on slabs shown in Fig. 7(a)). The effect of beam continuity after
the exterior joints was only studied for the 2D assembly as seen in Table 5. Specimen SMRF-2D-CC-FDBR-AL-BC is the same as
specimen SMRF-2D-CC-FDBR-AL but with continuous beams at the end joints (4-span assembly) as seen in Fig. 11(d).

Table 6 provides a summary of the results of numerical analysis of 13 specimens. The results are given in terms of all response
parameters at both different stages and the ultimate state. The FE mode of failure for the representative samples of 3D and 2D
assemblies used in the parametric study are also depicted in Figs. 12 and 13, respectively. Fig. 14(a) to (c) show comparisons between
the load versus middle column displacement envelopes obtained from the FE model of specimens from groups A to C, respectively.
The evolution of axial force in the beam for the five 2D assemblies used in the parametric study is also presented in Fig. 15. It is clear
that neither the compressive arch action (CAA) nor catenary action (CA) was developed for single-story specimens due to the in-
sufficient restraint provided by the outer columns and also due to the inadequate tension development of the top beam rebars inside
the outer joints. This was also evidenced from Fig. 15 for the axial force in the beams of specimen SMRF-2D, which was very small
(close to zero) for the whole displacement history of the specimen. For single-story specimens, flexural action was only developed at
the inner beam-column joints of the longitudinal beam via plastic hinge formation. However, it was not developed at the outer joints
due to rebar slippage as depicted from the strains reported in Table 6 for the top beam rebars, which were well below their respective

Table 5
Details of FE matrix used in the parametric study.

Specimen ID Details

Group-A: 3D assembly with slabs
SMRF See Table 1 and Figs. 1 & 2
SMRF-CC Same as specimen SMRF but with continuous columns (two-story specimens) and columns restrained at 2nd floor level
SMRF-CC-FDBR Same as SMRF-CC but with longitudinal rebars of beams B1, B2 and B4 to be fully developed at outer columns
SMRF-CC-FDBR-AL Same as SMRF-CC-FDBR but with axial load applied on top of each column

Group-B: 3D assembly without slabs
SMRF-NS Same as SMRF but without slabs
SMRF-NS-CC Same as specimen SMRF-NS but with continuous columns (two-story specimens) and columns restrained at 2nd floor level
SMRF-NS-CC-FDBR Same as SMRF-NS-CC but with longitudinal rebars of beams B1, B2 and B4 to be fully developed at outer columns
SMRF-NS-CC-FDBR-AL Same as SMRF-NS-CC-FDBR but with axial load applied on top of each column

Group-C: 2D assembly
SMRF-2D 2D assembly of specimen SMRF
SMRF-2D-CC Same as specimen SMRF-2D but with continuous columns (two-story specimens) and columns restrained at 2nd floor level
SMRF-2D-CC-FDBR Same as SMRF-2D-CC but with longitudinal rebars of beams B1 and B2 to be fully developed at outer columns
SMRF-2D-CC-FDBR-AL Same as specimen SMRF-2D-CC-FDBR but with axial load applied on exterior columns
SMRF-2D-CC-FDBR-AL-BC Same as specimen SMRF-2D-CC-FDBR-AL but with beams B1 and B2 to be continuous after exterior columns (4-span assembly)
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yield value. For two-story specimens (having continuous columns at exterior joints) with an insufficient development length of beam
rebars inside outer columns, both flexural and catenary actions were partially developed as seen from Table 6 and Figs. 12, 14 and 15.
However, a compressive arch action was not developed for these specimens as the compressive axial force in longitudinal beams of
specimen SMRF-2D-CC was 79 kN (3.4% of the beam axial capacity). This value was considerably less than 10% of the axial beam
capacity, which as per the ACI 318–11 code [3], would not affect the flexural capacity, and could thereby be ignored. For two-story
specimens with a full development of beam rebars at the exterior joints, both flexural and catenary actions were fully developed as
seen in Table 6 and Figs. 12 to 15. However, a compressive arch action (CAA) was not developed as the peak compressive axial force
of the beam of specimen SMRF-2D-CC-FDBR was only 72 kN (3.1% of the axial beam capacity). Also, for the two-story specimens with

Fig. 11. FE mesh for representative specimens used in the parametric study: (a) Specimen SMRF-CC-FDBR; (b) Specimen SMRF-NS-CC-FDBR-AL; (c)
Specimen SMRF-2D-CC-FDBR-AL; (d) Specimen SMRF-2D-CC-FDBR-AL-BC.
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fully developed beam rebars at the exterior joints and the applied axial force on top of the columns, both flexural and catenary actions
were fully formed. However, the peak axial compression force in the beam of specimen SMRF-2D-CC-FEBR-AL was limited to 5.1% of
the beam axial capacity, which shows the absence of the compressive arch action (Fig. 15). In the 2D assembly SMRF-2D-CC-FDBR-
AL-BC (having column continuity at the exterior joints, the adequate development of beam rebars at the outer columns, the applied
axial load on top of the columns and continuous beams at exterior joints), all action stages were developed as seen in Figs. 13 to 16.
Fig. 16 presents the evolution of both the vertical load and beam axial force over the displacement history for specimen SMRF-2D-CC-
FDBR-AL-BC. The peak axial compression force in the beams was about 238 kN (10.4% of its axial capacity), which as per the ACI
318–11 code [3], would marginally induce a compressive arch mechanism, as seen in Fig. 16. Also, a catenary action was very clearly
developed for this assembly as the axial force changed its sign from compression to tension at a displacement of 139 mm and
increased to a peak tensile force of 274 kN (corresponding to the yielding of all beam rebars along the full beam span). This tensile
force was almost maintained until a large displacement of 889 mm at which the peak load of 269 kN was attained.

Fig. 12. FE mode of failure for representative 3D assemblies used in the parametric study: (a) Specimen SMRF-CC; (b) Specimen SMRF-NS-CC-FDBR.
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In order study the effect of the different boundary-condition parameters on the performance of the numerically investigated
specimens, the percentage enhancement in the response parameter was calculated and then plotted for each assembly type, as seen in
Figs. 17 to 20. Fig. 17 depicts the effect of column continuity on enhancing the flexural action capacity, progressive collapse re-
sistance and energy dissipated for each assembly type. It is clear from the figure that extending the columns in the FE model to the

Fig. 13. FE mode of failure for representative 2D assemblies used in the parametric study: (a) Specimen SMRF-2D-CC-FDBR-AL; (b) Specimen SMRF-
2D-CC-FDBR-AL-BC.
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second story level in specimens SMRF-CC, SMRF-NS-CC and SMRF-2D-CC enhanced the flexural action capacity by 3% to 29%, the
progressive collapse resistance by 6% to 53% and the energy dissipated at ultimate conditions by 209% to 525% over that of their
counterparts SMRF, SMRF-NS and SMRF-2D. The enhancement was more pronounced in the 2D assembly. Continuity of the columns
added more restraint to the exterior joints and thereby helped to form the catenary action, which increase the progressive collapse
resistance (collapse limit state). Depicted in Fig. 18 is the effect of providing adequate development of the beam rebars at the exterior

Fig. 14. Load-displacement envelopes (based on FE analysis) for: (a) Group-A specimens; (b) Group-B specimens; (c) Group-C specimens.
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joints on the response parameters. This enhancement was calculated for specimens SMRF-CC-FDBR, SMRF-NS-CC-FDBR and SMRF-
2D-CC-FDBR with respect to their counterparts SMRF-CC, SMRF-NS-CC and SMRF-2D-CC. It is clear from Fig. 18 that the en-
hancement in progressive collapse resistance and energy dissipated was clearer for the 3D assembly without a slab (SMRF-NS-CC-
FDB) than the other two specimens. The enhancement of the progressive collapse resistance and energy dissipated ranged from 38%
to 81% and 71% to 213%, respectively. The enhancement was due to sufficient anchorage provided for the beam rebars at the outer
joints, which helped to develop plastic hinges in the beams at the outer columns (see Figs. 12 and 13), and provided sufficient
restraint for beams at the outer joints so that catenary action was fully developed as discussed earlier. Fig. 19 illustrates the effect of
the axial load application on top of the columns on the response parameters of specimens SMRF-CC-FDBR-AL, SMRF-NS-CC-FDBR-AL
and SMRF-2D-CC-FDBR-AL, compared with their counterparts SMRF-CC-FDBR, SMRF-NS-CC-FDBR and SMRF-2D-CC-FDBR. It is
clear that the enhancement is more obvious for the 3D assembly with slabs (SMRF-CC-FDBR-AL) than the other two specimens, and
the enhancement ranges from 17% to 26%, 39% to 51% and 12% to 39% for the flexural action capacity, progressive collapse
resistance and energy dissipated at ultimate state, respectively. Applying an axial load increased the flexural stiffness of the columns
and thereby induced more restraint at the outer joints, which increased both flexural and catenary action capacities. Presented in
Fig. 20 is the effect of beam continuity at end joints on the performance of the 2D assembly SMRF-2D-CC-FDBR-AL-BC with respect to
its counterpart SMRF-2D-CC-FDBR-AL. Since extending the beams beyond the outer joints would increase the redundancy in the load
path and add more restraint at the joint, enhancements of 23%, 114% and 179% were calculated for the flexural action capacity,
progressive collapse resistance and energy dissipated, respectively, as seen in Fig. 20.

Fig. 15. Evolution of beam axial force for 2D assemblies used in the parametric study.

Fig. 16. Development of different action stages for specimen SMRF-2D-CC-FDBR-AL-BC.
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6. Progressive collapse assessment

In a study by Guo and Gilsanz [48], a simple analysis procedure was proposed for the progressive collapse evaluation of 2D RC
frames. This procedure was extended in this study for progressive collapse assessment of 3D SMRFs. The first step is to generate a 3D
FE model for the whole building using ETABS software [47] and then calculate the reaction of the removed column at the service load
level. This reaction was scaled down to represent the model-scale assembly used in this study. The corresponding reaction of the
removed column of the quarter-scale 3D assembly was estimated to be about 130 kN. From Table 6, it is clear that the best flexural
action performance in terms of yield and peak loads was provided by specimen SMRF-CC-FDBR-AL. Hence, the load-displacement
curve of specimen SMRF-CC-FDBR-AL shown in Fig. 14(a) was used as the pushover curve of the structure. According to Guo and
Gilsanz [48], if the reaction of the removed column was less than 50% of the yield strength of the pushover curve, the structural
frame has low potential for progressive collapse. This condition was not satisfied as the reaction force of the removed column was
estimated as 130 kN, which is considerably greater than 50% of the yield strength of the pushover curve (0.5 × 98 = 49 kN).
However, if the reaction was larger than the peak strength of the pushover curve, the structural frame has high potential for pro-
gressive collapse. This condition was also not met as the reaction force of 130 kN was considerably less than the maximum strength of
the pushover curve (229 kN). If the above two conditions are not satisfied, the capacity curve of the structure should be generated and
then compared with the load curve. The three curves of the 3D assembly were generated and then plotted, as shown in Fig. 21. The
pushover curve is the load-displacement envelope of specimen SMRF-CC-FDBR-AL. The area under the pushover curve gives the
amount of energy that the structure can absorb. If the energy below the pushover curve is divided by the corresponding displacement,

Fig. 17. Effect of column continuity on enhancement of: (a) Flexural action capacity and progressive collapse resistance; (b) Energy dissipated.
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the capacity curve of the structure can be obtained. The load curve is straight in this case and the load corresponds to the reaction of
the removed column (130 kN). Fig. 21 shows that before point F, the capacity curve is lower than the load curve. This indicates that
before reaching the displacement corresponding to point F (135 mm), the structure cannot absorb the potential energy. It is evident
that the structure will collapse if the deflection is corresponding to point F (135 mm), even if the energy can be balanced at point F.
Thus, the 3D SMRF has a moderate potential for progressive collapse.

7. Conclusions

The conclusions derived from this study can be summarized as follows:

1. The FE modeling used in this study was found appropriate for assessing the progressive collapse resistance of RC special moment
resisting frames. This demonstrates the validity of the FE modeling approach that may be reliably employed in future research on
the progressive collapse assessment of RC intermediate moment resisting frame structures due to sudden column-loss scenarios.

2. The assumption of perfect bonding between rebars and concrete overestimates the progressive collapse resistance of RC assem-
blies subjected to sudden column removal. For the proper prediction of progressive collapse resistance, bond-slip effects have to be
modeled at least between concrete and the longitudinal rebars of beams and slabs connected to the removed column.

3. Modeling of RC slabs in the 3D assemblies significantly increased the flexural action capacity and the progressive collapse re-
sistance over 3D assemblies without slabs. Testing and modeling of 3D assemblies with slabs provide a better approximation for
progressive collapse resistance under sudden column-loss scenarios, whereas, the 2D assemblies will give lower-bound solutions.

4. The catenary action stage was not developed in assemblies of either single-story or having beams with inadequate development of
longitudinal rebars at the outer joints. Column continuity and the provision of full development of beam rebars at the exterior
joints favor the full development of both flexural and catenary actions.

Fig. 18. Effect of provision of adequate development of beam rebars at exterior joints on enhancement of: (a) Flexural action capacity and pro-
gressive collapse resistance; (b) Energy dissipated.
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5. Applying an axial load on the columns will increase the flexural stiffness of the columns and thereby induce more restraint at the
exterior joints, which would increase both flexural and catenary action capacities. Testing and modeling of RC assemblies without
the application of axial loads on columns will then give a lower-bound solution for progressive collapse resistance under abrupt
column-removal scenarios.

6. Extending the RC beams beyond the outer joints of the beam-column assembly would increase the redundancy in the load path
and add more restraint at the joint, which will in turn enhance the progressive collapse resistance of the assembly under sudden
column-loss scenarios.

7. A simple analysis procedure was proposed in this study for the progressive collapse evaluation of 3D RC special moment resisting

Fig. 19. Effect of axial load application on top of columns on enhancement of: (a) Flexural action capacity and progressive collapse resistance; (b)
Energy dissipated.

Fig. 20. Effect of beam continuity at exterior joints on enhancement of performance of 2D assembly.
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frames using pushover, capacity and load curves. Based on this procedure, the 3D RC SMRF studied in this research was found to
have a moderate potential for progressive collapse.
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