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Abstract. The progressive collapse of the 16-story Plasco steel building induced by fire
in Tehran on 19 January 2017 led to the death of dozens of firefighters. This paper presents
the results of a comprehensive 3D nonlinear finite element analysis for a floor of the Plasco
building under fire condition. The LS-DYNA program is used to investigate the cause
of steel beam-to-column connection failure. Results of the nonlinear analysis of detailed
numerical model confirm the failure modes of the structural elements such as columns,
trusses, joists, beams, welds, and other structural elements investigated during the site
visits. Design recommendations are provided based on the results from the fire analysis of
the Plasco building.
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1. Introduction and background

The 16-story Plasco building, as an important com-
mercial center in Tehran, experienced an accidental
fire that led to the collapse of the entire building.
There are such similar fire-induced incidents like World
Trade Center 5 [1], Alexis Nilton Plaza [2], and One
New York Plaza [3]. Inspection reports from these
fire incidents indicate that the failure of the steel
connections was reported to be the main source of its
collapse in most cases. Therefore, extensive researches
have been conducted to investigate the response of steel
connections subjected to fire over the past few decades.
In the following, a summary of the numerical and
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experimental studies on common welded and bolted
steel connections is provided.

Rahnavard et al. [4] conducted a numerical study
on three types of rigid connections, namely flush end-
plate, connection with bolted cover plate, and bolted T
joint at elevated temperatures using the ABAQUS soft-
ware. The numerical models were validated using data
from tests conducted by Wald et al. [5] through the
elastic and plastic ranges up to failure. Based on the
results of numerical analysis, out of three connections,
the end-plate connection had a better performance
with lower stiffness degradation and lateral buckling.
Eslami et al. [6] developed a finite element model to
predict the behavior of bolted splice connections under
fire condition. Three major types of nonlinearities in-
cluding geometric, material, and contact nonlinearities
were considered. Parametric studies were conducted
using the validated proposed model. The above study
demonstrated that the free length of flange splice plate
and thermal gradients affected the fire behavior of
the connections significantly. Sarraj et al. [7] studied
the robustness of fin plate connections under catenary
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action in fire using nonlinear finite element models
incorporating geometric and material nonlinearities
as well as contact behavior. The developed models
predicted the behavior of specimens tested by Wald
et al. [8] with bolt shear as the predominant failure
mode. Al-Jabri et al. [9] conducted a numerical study
on four elevated-temperature models to investigate the
behavior of flush end-plate connections. The ABAQUS
predicted response was compared to the data obtained
from tests conducted by Al-Jabri et al. [10]. The
numerical results including failure modes and moment-
rotation curves of the connection exhibited reason-
able agreement with experimental results. Daryan
and Yahyai [11] investigated the behavior of bolted
angle connections subjected to concentrated forces at
elevated temperatures with and without web angles
using ten nonlinear finite element models. A series
of tests including two different types of connections,
namely specimens without web angle and specimens
with web angle, conducted by Daryan [12] and Daryan
and Yahyai [13] were employed to validate the proposed
model. The failure modes and moment-rotation curves
agreed with the experimental results.

Zhu and Li [14] tested five welded connections
under heating and natural cooling process. H-section
beam and H-section column flanges were connected
with all-through butt welds. The beam web and
column flange were connected with double-sided fillet
welds. Results showed that the failure mode of connec-
tions changes from beam flange buckling in the ambient
temperature to the butt weld cracking at elevated tem-
peratures. Zhang et al. [15] tested three common types
of welded connections, namely butt-welded, transverse,
and longitudinal fillet welded connections, subjected
to high temperatures and cooling. For each type
of connection, 39 specimens with high-strength steel
were constructed. The above study illustrated that
the transverse and longitudinal fillet welded connection
specimens experienced failure in the base metal and the
other specimens failed in the butt-welded connections.
Guo and Huang [16] conducted a numerical study on
Reduced Beam Section (RBS) connections under fire
condition using the finite element ABAQUS software.
Results of RBS connections were compared to those
of typical steel beam with fin-plate connections. The
comparison showed that the flanges were cut in the
RBS beams, providing rotational and axial ductility
to the connections that led to higher fire resistance
than those of typical beams. Seif et al. [17] performed
a numerical study on the fire performance of steel
moment frames with welded unreinforced flange, bolted
web (WUF-B) connections, and RBS connections using
the LS-DYNA program. Material with temperature-
dependent properties for structural steel and bolts
were considered for both models. In addition, the
fracture of the elements of bolted web (WUF-B)

assembly was considered using an erosion criterion.
Results showed that local buckling caused the failure of
both WUF-B and RBS connections during the heating
phase.

Fletcher et al. [18] provided a “state-of-the-art”
review of research on the effects of temperature on
concrete and concrete structures. This review demon-
strated that the response of concrete subjected to
fire was complex depending on its mix properties,
maximum fire temperature, and fire duration. This
local complexity together with issues of fire analysis of
the whole structure led to significant challenges for fire
analysis of concrete structures. Jiang and Usmani [19]
examined the accuracy of the thermo-mechanical anal-
ysis of steel structures developed in OpenSees using
the test data and results of finite element analysis
for beams and frame structures subjected to fire.
This research indicated that the constitute model in
OpenSees for fire analysis could predict the thermal
responses for various ranges of steel structures success-
fully. The response of World Trade Center (WTC)
tower to fire along with various collapse scenarios was
investigated by Kotsovinos and Usmani [20]. They
identified two collapse mechanisms including weak and
strong floor mechanisms by analyzing a simple and
typical composite frame structure subjected to fire.
The same failure mechanisms of tall building in fire
were proposed by Lange et al. [21]. A simple fire
assessment methodology was proposed.

Although the previous study by the authors
[22] investigated the major sources of fire initi-
ation and collapse of the Plasco building, the
fire performance of connections that failed during
the fire has not been studied yet. Herein, the
results of the detailed numerical analysis of a part
of the Plasco building including columns, girders,
joists, slab, and connections subjected to grav-
ity and thermal loads are presented and discussed.
The failure modes of the connections and other
structural components resulting in total collapse of
the structure are also presented. Based on the
analysis results, design recommendations are pro-
vided.

2. Specifications of the Plasco building

2.1. The structure of the building

The Plasco building was a 16-story building including
a basement, a ground floor, and fourteen stories above
the ground. The elevation view of the building is
presented in Figure 1. The typical numbering of the
building is shown on the right side of the figure.

The structural plan view of the building is shown
in Figure 2. Except the basement, all other stories were
constructed using steel members.

As shown in Figure 3, the flooring system con-
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Figure 1. Elevation view of the Plasco building.

sisted of a 130 mm thickness concrete slab with 150 mm
spaced steel reinforcement. The joists and tie beams
were designed to support the concrete floor slab.

A tube frame system including closely spaced
columns and short span beams with diagonal braces
in the perimeter of the structure was used as a lateral
force-resisting system for the Plasco building. A
concrete slab with four large columns and truss girders
and a number of joists was used as the gravity system.
All of the structural members were made using built-
up sections. The corner columns were made using four
double channels connected using steel box members.
The perimeter columns, located on the main axis of
the building, were made using two double channels,
while other perimeter columns were made using just
one double channel. The interior columns were made
using four double channels. The cross-section views of
the corner, perimeter, and interior columns are shown
in Figure 4.

The joists and girders used in the Plasco building
are shown in Figures 5-7. The top and bottom chords

of the joists were made using double angles. The web of
the joists consisted of diagonal double bars and vertical
plates. The configuration of the girders was similar
to that of the joists, except that the bottom chords
were made using double channels and diagonal plates
in joists.

The dead and live loads, considered in the anal-
ysis, are 550 kg/m? and 100 kg/m?, respectively. The
dead load includes the weight of the ceiling, concrete
slab, flooring, partition, and mechanical equipment.
The weight of the structural components is automati-
cally computed in the analysis.

3. Numerical analysis of the Plasco building

The general-purpose finite element code, LS-DYNA
[23,24], is used to simulate the nonlinear and collapse
behavior of two-quarters of the most critical panel of
a typical floor. The modeled zones are presented in
Figure 8.

The models included the half-length of the
columns above and below the floor, the half-length of
the girders, joists, and ties, a quarter of the slab and
its reinforcement, the connections between the girder
and column, joist and girder, and tie and joists, as
presented in Figures 9 and 10. Both geometrical and
material nonlinearities were considered in numerical
analysis.

The boundary conditions at the edges of the
two-modeled panels are presented in Figure 11. The
three numbers from left to right in each edge panel
indicate the restraint condition along z, y, and z axes,
respectively, where the z-y plane is parallel to concrete
slab. The fixed and free translational motions along x,
1y, or z axes are denoted by 1 and 0, respectively.

The slab reinforcement is tied to the concrete
elements. The available contact algorithms in the
software are used to consider friction between the con-
crete slab and the steel girders and joists and to avoid
penetration of the adjacent steel elements. Except for
the slab reinforcement, all other elements including
the steel column, girder, joist, tie, connections, and
concrete slab are modeled using an eight-node solid
element with a constant stress formulation. The cross-
section integrated beam element (Hughes-Liu beam in
LS-DYNA) is used for the slab reinforcement. The
mesh size for the main components of the floor system
including the girders, joists, columns, ties, and their
connections ranges from 10 to 15 mm. The mesh size
of the concrete slab and its reinforcement increased to
50 mm.

The Winfrith concrete model (MATO085) and the
elastic-plastic-thermal model (MATO04) in LS-DYNA
are used for the concrete slab and steel components,
respectively. The use of MATO04 in the software allows
for consideration of temperature effect on the steel
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Figure 3. Details of concrete slab.

material properties (i.e., Young’s modulus, Poisson’s
ratio, the coefficient of thermal expansion, yield stress,
and plastic hardening modulus). Of the steel ma-
terial properties, Young’s modulus and yield stress
are changed as a function of temperature and the
other parameters are assumed constant. The effect of
temperature on the material properties of the concrete

slab and its reinforcement is ignored. Based on
the measured material properties of the coupon steel
specimens and concrete cylinders, an ASTM A36 steel
with a yield stress of 235 MPa and a C30 grade
with a concrete compressive strength of 27.5 MPa are
used for the steel and concrete materials, respectively.
Given the lack of experimental data on the welding
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Figure 9. LS-DYNA model of a quarter of the floor

panel.

material, the material properties of the welds are
assumed equal to those of E60 electrode. The effect
of temperature on the elasticity modulus is presented
in Figure 12 [25].

The fracture of the steel and weld elements is
considered using erosion strains (i.e., maximum prin-
cipal strain) of 12% and 8% for the steel and weld
elements, respectively. Two erosion strains are defined
for the concrete slab: a compressive erosion strain
(i.e., minimum principal strain) of —0.005 and a tensile
erosion strain (i.e., maximum principal strain) of 0.002.

(a) Girder-to-column connection

(b) Joist-to-girder connection
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ones in LS-DYNA.

Two gravity and thermal loads are applied to the
structure. The gravity load is applied first and then,
the girders, joists, ties, and columns are subjected
to the thermal load. Due to the existence of some
fireproof materials such as gypsum boards and light
concrete around columns of the building and according
to the results of a finite element analysis of the effect
of fireproofing material on the temperature distribu-
tion among structural components, a 200°C difference
between the temperatures applied to the beams and
columuns is considered.

4., Predicted and observed damages to
structural components

Herein, the results of the nonlinear analysis of the LS-
DYNA models are compared with the failure modes
of the structural elements investigated during the site
visits. Figure 13 presents the damage to the girder-
to-column connection of the first model including the
fracture of the gusset plate welds and the fracture of
the channel section. According to Figure 13, the LS-
DYNA predicted damage which matched the failures
observed following the collapse of the structure.
Figure 14 shows the LS-DYNA predicted and
observed damages to the steel girders of the second

(c) Tie-to-joist connection

Figure 10. Various connections modeled in LS-DYNA.
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Figure 11. The boundary condition of the LS-DYNA models: (a) Model 1 and (b) Model 2.
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Figure 12. The effect of temperature on elastic modulus.

model. The top double angles of both predicted
and observed girders experience excessive out-of-plane
deformation and the red colored zone in the numerical
model shows the yield part in the failed specimen. In
addition, the fracture at the connection between the
top angles and vertical strap is captured as well.

.......

Fracture of
the welding
connection

Fracture of the channel section

5. Analysis of results

In this section, the local failure of each member of
the Plasco building is investigated using the nonlinear
analysis of the structure.

The deflation ratios of the steel girder to the ver-
tical displacement of the panel at its mid-point at two
stages of loading including full gravity and full gravity
plus thermal loadings are presented in Figure 15. The
deflection ratio is defined as the ratio of the vertical
displacement at the mid-length of the girder or mid-
point of the panel to the length of the beam or length
of the panel. Figure 15 indicates that the deflection
ratio of the girder (solid line in Figure 15(a)) ranges
from 0% to 0.4% (0 to 1/250) as gravity load increases
from 0% to 100%. As expected, the deflection ratio of
the mid-point of the panel (dashed line in Figure 15(a))
is greater than its corresponding deflection of the girder
at each level of the gravity load. Figure 14(b) indicates
that the deflection ratio ranges from 0.4% (1/250) up
to the large value of 8.2% (1/12) and from 0.6% (1/67)
to 10% (1/10) for the girder and panel, respectively,
which exceed the allowable deflection ratio of (1/20), as

Fracture of
= the welding
connection

Fracture of the channel section

Figure 13. Failure at the connection between the girder and column.
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Figure 14. Deformed shape and buckling of the components of the girder.
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Figure 15. Beam and slab deflections due to gravity and thermal loadings: (a) Gravity loading and (b) thermal loading.

the temperature increases from 0 to 1000°C. Based on
the part 20 of BS 476 [26], the deflection of beam and
floor slab is limited to (L/20) or when the deflection
exceeds (L/30), the rate of the deflection is limited to
(L?/9000 d) where L is the length span in mm and d is
the distance from the structural section to the bottom
of the design tension zone in mm.

5.1. RC slab

The LS-DYNA predicted crack pattern in the Rein-
forced Concrete (RC) slab at different stages of the
gravity and thermal loadings is presented in Figure 16.
The cracks are negligible at the end of gravity loading.
As thermal loading is applied and increases, joists,
which are designed to control the deflection of the
slab, buckle and their load carrying capacity is lost.
Therefore, the deflection of the RC slab becomes
excessive and the cracks are propagated on the bottom
face of the RC slab where it is connected to the joists
and between two joists.

5.2. Tie beam

Figure 17 presents the Von-Mises stress contours of
the tie beams at full gravity plus different thermal
loadings. As Figure 17 indicates, there is yielding in
some bars of the tie beams at the end of the gravity
loading. As temperature is applied and increases up to
400°C, the bottom double angles experience an out-of-
plane deformation since they are not constrained in the
RC slab. The increment of out-of-plane deformation
of double angles leads to fracture at the connection
between the double angles and vertical straps at
800°C.

5.3. Joist

Joists play an important role in load carrying as they
transfer load from slab to girder. Figure 18 shows
that the joists have an elastic behavior except some
local yield zones up to 600°C. As joists buckle and
accordingly, the propagation of cracks at the RC slab
occurs at the top of the joists, the slab cannot prevent
the excessive buckling of the joists. At 800°C up to
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Figure 16. LS-DYNA predicted cracking of the RC slab due to gravity and thermal loadings.

1000°C, buckling of the joists, fracture of the tie beam-
to-joist connection, and collapse of the RC slab cause
fracture of the connection between bottom double
angles and vertical strap and accordingly, the joist-to-
girder connection is fractured, as well.

5.4. Edge girder

LS-DYNA prediction of stresses in the edge girder
due to full gravity plus different thermal loadings is
presented in Figure 19. The fracture of the connection
between tie beam and edge girder causes the excessive
out-of-plane buckling of the top angles of the edge

girder at 800°C. As temperature increases further (at
1000°C), buckling of the top angles and vertical strap
cause the torsion of the diagonal angles, leading to the
loss of girder capacity to carry loading.

5.5. Mawn girder

As thermal load is applied and increased, thermal
elongation of joists causes compressive force at the top
angles and the bottom channels of the girder. The
compressive force leads to the out-of-plane deformation
in the girder since the out-of-plane stiffness of the top
angles and bottom channels is low to provide sufficient
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Figure 17. LS-DYNA predicted damage to the tie beams due to gravity and thermal loadings.

stiffness to the deformation. Furthermore, with the Buckling of the top angles and bottom channels leads
application of the thermal load, the girder length tends to their fracture, as seen in Figure 20.

to increase and therefore, a compressive axial force is

generated due to its end constraints and both the top 5.6. Column

angles and the bottom channels accordingly buckle. Von-Mises stress distribution in column due to gravity
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Figure 18. LS-DYNA predicted damage to the joists due to gravity and thermal loadings.

and thermal loadings is presented in Figure 21. There
is no buckling or yielding in the column, as there is
not a red colored zone in Figure 21. These results
show the column have sufficient stiffness and strength
to resist the gravity and thermal loadings without a
considerable damage at the end of loading process.

6. Progressive collapse

In previous sections, the LS-DYNA prediction of the
local failure of each member was discussed. Herein,

the main reason of fire-induced progressive collapse is
discussed.

The behavior of a steel beam under fire is often
governed by its flexural bending response at elevated
temperatures. However, in the presence of axial
restraint, the beam at large deflections behaves dif-
ferently. Indeed, the effect of axial restraint at large
deflection is not negligible and can cause a catenary
action in the beam, which can become the main load-
carrying mechanism. In catenary action, the beam will
be mainly in tension and resist the bending moment
due to applied vertical load by catenary force in the
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Figure 19. LS-DYNA predicted damage to the edge girder due to gravity and thermal loadings.

beam. The catenary force, however, is transferred to
the end connections of the beam resulting in premature
failure if they are not designed to resist this tension
force.

The Plasco investigation indicates that the major
source of rupture in the connections and its following
progressive collapse of the structure resulted from cate-
nary action in the connections. As Figure 22 shows, as
thermal loading is applied (up to 110°C) in the presence
of 100% gravity, the compressive axial force in the

bottom channels increases. As temperature increases
further (above 110°C), the compressive force decreases
due to catenary action in the beam and at nearly
700°C, the fracture of the bottom channels occurs.
The top double angles follow the same trend, except
that the initiation of the catenary action occurs at
200°C since they do not experience excessive buckling
like the bottom channels. Figure 22 presents that
the diagonal plates are less sensitive to the catenary
action and it is more critical for horizontal members.
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Figure 20. LS-DYNA predicted damage to the girder due to gravity and thermal loadings.

The tensile axial force in the gusset plate decreases
when the thermal load is applied (up to 200°C). As a
temperature increases (above 200°C), the compressive
axial force in the gusset plate decreases due to catenary
action and the gusset-to-column connection is fractured
at 700°C mainly by two simultaneous mechanisms.
The first mechanism is an out-of-plane deformation of

the bottom edge of the gusset plate due to thermal
elongation of the joists and buckling of the bottom
channel of the main girder, and the second mechanism
is the catenary force transferred to the gusset from the
main girder. Finally, the fracture of the connection
between gusset and column causes the collapse of the
whole structure.
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Figure 21. LS-DYNA predicted damage to the corner column due to gravity and thermal loadings.

A brief explanation of behavior of each member
of the Plasco building at various stages of full gravity
plus thermal loadings is provided in Table 1.

7. Design recommendations

The progressive collapse of the Plasco building due
to failure of the girder-to-column connection was
discussed in detail in previous sections. Therefore,
a number of recommendations are made to prevent
similar disasters in future constructions. The incidence
of Plasco building revealed the importance of consid-
ering the interaction of flexural, shear, and catenary
demands in designing structures under fire, which

is not assumed in any available regulation regarding
fire safety. Up to now, the design of a steel beam
under fire has been based on the flexural behavior of
the beam according to general rules of structural fire
design in EN1993-1-2 code [27]. However, the results
of this research indicate when the beam is axially
restrained in the presence of large deflection under
fire, the connections experience catenary force at high
temperatures. Since the connections are not typically
designed for the interaction between other forces and
catenary force, they fail and cause the collapse of the
whole structure. Therefore, the inclusion of catenary
force together with other typical demands in the design
of structures in fire conditions, especially in structures
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Table 1. Summary of the structural damage to all the members of the first model at various stages of the gravity and

thermal loadings.
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Figure 22. LS-DYNA predicted damage to the girder-to-column connection due to gravity and thermal loadings.

with opening web in which elements are prone to
damage due to catenary force, needs to be considered
in design standards and guidelines.

Providing a continuous load path in elements
and connections is another important provision that
needs to be considered in the design of structures. As
explained in Section 2.4. of AISC 358 [28], continuity
and stiffener plates for columns in rigid connections
should be provided to ensure a continuous load path
from beams to columns. Utilizing continuity plates
prevents any local failure in column (e.g., crippling,
yielding, and sidesway and compression buckling in
column web and bending in column flanges) and
makes the stress distribution at the beam-to-column
connection uniform. In the Plasco building, continuity
plates in the columns were not considered along the
gusset plate, although the connections were rigid. The
flexural force in the girder along with the catenary
force led to the considerable bending of the gusset
plate and rotation at a beam-to-column connection in
the absence of continuity plates, which could prevent

out-of-plane deformation of the column flange. This
confirms that the absence of continuity plate has a
significant role in the structural failure of the buildings.

8. Summary and conclusions

In this paper, a quarter of the most critical panel
at the eleventh floor of the Plasco building was sim-
ulated using the LS-DYNA program. To overcome
computational cost and reduce the time of analysis,
some simplifying assumptions not affecting the overall
results were used in analysis. Results of the nonlin-
ear analysis confirmed the failure mechanism of the
structure inferred from site investigations. Based on
the analysis results, the failure of the main girder-to-
column connections was associated to the out-of-plane
deformation of the gusset plate and catenary action
in the girder. The connection rupture and collapse of
the girders led to overall instability and collapse of the
whole structure.

As an important lesson from this tragic incident,
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the effect of catenary action together with all routine
flexural and shear demands must be considered in the
design of structural connections of the steel structures
in the fire condition. Furthermore, the use of continuity
plates in columns is essential to providing a continuous
load path in structure and preventing any local failure
of the connection.
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