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Project outline
The aim of this project is to model and carry out collapse analysis of Plasco tower using the
Open System for Earthquake Engineering Simulation (OpenSEES) which is a software
framework for simulating the seismic response of structural and geotechnical systems.

The Plasco building which collapsed two years ago in Tehran, Iran was never designed to
withstand fire. Unlike WTC towers, only limited structural drawings are available and most of
the information obtained was by post collapse inspection. Because of these reasons, since its
collapse, there hasn’t been much research focused on what exactly caused the collapse. In case
of Plasco tower the occupancy changes over several decades proved to be catastrophic during
the fire. As there isn’t much information available about how fire spread and its fuel load,
determining this appropriate fire load scenario has become an important objective in this
project.

Most commercial FEA software provide heat transfer analysis and simulate structural response
accurately for simple fire scenarios. It is however extremely tedious to simulate the structural
response to realistic complex fire scenarios (such as the so-called travelling fire) with the
currently used software tools without expending lot of time and effort. Considering this it has
also been a research interest to couple heat transfer analysis in OpenFOAM with thermomechanical analysis in the OpenSEES and thereby transferring nodal/elemental temperature

histories from one model to the other. The structural model is said to be complete and
reasonably accurate when this automation is achieved.

Plasco tower and the fire accident
The Plasco Tower, a steel frame high-rise building containing 15 stories above ground and two
stories below ground was built in 1962. At the time of its construction, it was the tallest building
in Tehran, the capital city of Iran. The building was occupied primarily by garment businesses.
Large amount of fabrics was stored on the premises. On 19th January 2017, a fire accident
occurred on the 10th floor and spread to other parts of the building which eventually resulted in
the collapse of the building within four hours as shown in Figure 1. It was believed that the fire
was initiated by a short circuit in the electrical system. The accident resulted in loss of many
lives including residents and fire fighters. In addition, hundreds of businesses were destroyed,
and thousands of workers lost their employment.
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Figure 1: Plasco Tower at different stages of the event (a) before the accident (d) during fire accident
(c) at collapse (all images courtesy of IRNA NEWS Agency)

The building had two separate structural blocks; the 17-storey main tower standing beside a 5storey building. The 17-storey building was 30m × 30m in plan with two floors below the
ground level and fifteen floors above the ground level. The height of the ground floor was 6.3m
compared to 3.8m for other floors. The 5-storey building was a 105m long shopping mall along

the North-South direction and had 3200 m2 floor area approximately. Weaker section columns
were placed along the periphery to resist the lateral loads such as wind and earthquake loads.
Whereas stocky columns were placed in the centre to safely transfer the gravity loads to the
foundation. Altogether, there were 50 columns in the building. The corner columns and two
perimeter columns at the centre of each face were double the size of the other thinner 34
perimeter columns. The double-sized perimeter columns near the middle of each face were
aligned with the four stocky interior core columns. The perimeter columns on the south side
were not connected to the foundation in order to provide free access to the adjoining 5-story
part of the structure. Due to the lack of structural drawings and other information during the
fire incident, many field inspections were conducted to establish the details of all structural
members. All the structural members were welded built-up sections, meaning that they were
made by welding multiple steel profiles such as U and L-shaped profiles. The flooring system
comprised of a concrete slab with a thickness of 120 mm, which was supported by a series of
ceiling trusses in both perpendicular directions forming a dense steel grillage structure. The
structure details have been discussed in depth by Behnam [1].

It was reported by TFSD that the fire started at north-west corner on the 10th story of the
building. By analysing the photographs in detail, fire was assumed to have travelled along the
floor horizontally and across the floors through staircase and windows vertically.

OpenSEES for fire
OpenSEES is an open source software which was originally developed for simulating the
seismic response of structural and geotechnical systems. It was originally developed at the
University of California, Berkeley [2] to analyze structures under seismic loading, and was
later extended to perform structural fire analysis by research group of Usmani at the University
of Edinburgh [3–4], and Brunel University London [8, 9] UK. Currently, the development of
thermal OpenSEES is being carried out by fire research group at Hong Kong Polytechnic
University [10].

OpenSEES is an object-oriented software implemented in the C++ language, through an opensource development process and uses the ‘Tcl’ scripting language as the platform. As models
in OpenSEES are created using Tcl language it lacks a user-friendly visual interface. To model
a complex structure using Tcl script such as Plasco Tower is an exhaustive task and may lead

to many errors in the code. To overcome this problem a GiD pre-processor has been coupled
with OpenSEES. Using the OpenSEES GiD interface, the deformed shape of the model and
deflection response of a typical floor can be seen. Moreover, only top ten floors are modelled
to reduce the computational cost.
All the members in the structure were modelled using displacement-based beam column
elements

available

in

the

OpenSEES

library

(dispBeamColumnThermal)

and

ShellMITC4Thermal. The fiber section approach is followed while modelling of sections
where each Fiber Section object is composed of multiple fibers and a uniaxial thermal material
is assigned to all the fibres. The fiberSecThermal object class enables the user to apply thermal
load at 2, 5 or 9 points across the depth of the section. Since the thickness of sections used in
the Plasco Tower was small, no temperature variation across the depth of sections is assumed
as of now; in other words, the temperature gradient across the section is assumed to be zero.

Progress made during the reporting period
Stage -1:
The structural modelling of the Plasco tower began without considering the slab i.e., slab is
assumed as a dead load simply resting on underneath frame system. In our investigation of the
Plasco Tower structural system we could not find a definitive answer to the question about
whether the concrete floor slab was composite with the supporting grillage or simply rested on
top of it. Even if it has composite action it cannot be acertained to what extent. Hence the work
on this project started by acknowledging this fact. A grillaage model has been made which
structurally represents the Plasco tower with full cracked and/or detached from the frame
memebres; in other words the model assumes complete absence of slab and its composite
action. This grillage model offers insight into the behavoir of structre at its lowest possible
global stiffness.

Considering the thin members of trusses uniform temperature rise of 800 0C for all members
has been considered.
The thermo-mechanical analyses performed in during this early study assumes various fire
spread scenarios to understand the failure mechanism of Plasco Tower by considering various
single floor fire exposures and a multiple floor fire exposure. In case of single floor fire, it is

noticed that the failure temperature is governed by the extent of fire spread in horizontal
direction. It is observed that the fire exposures involving 30 to 40 % plan area blocks of the
plan is enough to cause a similar magnitude of floor deflections as caused by the full floor fire.
Stage - 2:
The work done during this stage has given important insights into..


The effect of extent of fire spread in horizontal direction on the runaway failure
temperature of the floor.



The effect of pulling-in forces exerted by sagging floors on the columns on the global
structural stability

Stage-3:
In this stage the modelling of the Plasco tower is improved. Importance was given to analyse
the behaviour in greater detail including the investigation of potential composite action and
more realistic fire scenarios as may be gleaned from the video evidence available. The work is
focussed on modelling the slab which was ignored in the earlier model.
Modelling of the Plasco floor system to include the slab action has posed a challenge in the
beginning. To avoid potential instability errors a simple elastic material has been used for the
shell elements. Initial attempts have been made by modelling shell elements at an offset from
frame members and then tying them up with frame elements using rigid links. This exercise
generated tens of thousands of rigid links between nodes of shell elements and frame elements.
The analysis using this technique has turned out unfruitful with erroneous results, though
further investigation needs to carry out to understand the reasons.
Later instead of using rigid link constraints, both shell elements and frame elements have been
modelled on a same plane. The meshing of shells and frames have been done carefully to have
nodes at common locations and merging them resulted in a computationally simpler model.
The model at this stage has shells elements included only in the floors where temperature load
has been applied. After prolonged troubleshooting activity and solving various errors, stability
in the thermo-mechanical analysis has been achieved.
Figure 2 shows the deformation response simulation of the composite action Plasco tower
model when frame elements are subjected to 8000C; top and bottom face of the shell elements
to 2500C and 4000C.

(a)

(b)

Figure 2 (a) Deformation contours in the Plasco floor systems (b) maximum floor deformation
comparison in non-composite and composite floor systems
These analyses have shown the response of floors when modelled with full composite action.
The deformations have greatly reduced in comparison to non-composite floor system though
the material model used is inaccurate. This composite model has been developed with
assumptions of elastic material model for concrete and arbitrary temperature distribution across
the slab thickness. Further study is needed to understand accurate behaviour.

Stage-4:
The work conducted so far has shown that the corner slabs are seen experiencing a partial 2way bending moment whereas the edge slab is seen experiencing one way bending action.
Since, as per the model, it is evident that slabs at the corners have column supports along two
edges, four edge slabs have column supports on two sides and interior slab has columns at four
corners. The response of individual slabs is also accordingly different.
Maximum deformations have seen in the middle floor which was supported by the Primary
beam on either side. The rate of deformation started increasing after steel temperatures reaching
5000C and rapid rate of downwards displacements are seen after 6600C. The temperatures
shown in the plot represent steel truss temperatures. The corresponding temperature at the
bottom face of the concrete is 5300C whereas steel truss members is 6600C.

SOUTH FACE

NORTH FACE

Figure 3 Global column reponse with North face on the left side and South face on the right.
The global response of the column at the end of thermo-mechanical analysis can be seen in
Figure 3. The floor system has been hidden for clarity. The tops of central core columns can be
seen at a position much lower than the edge and corner columns (left side of the image). This
differential vertical column displacement would cause the redistribution of the column loads.
As the two North side central core columns are rapidly losing their strength than the edge and
core columns. The load carried, up to that point, is redistributed to edge columns present on
the East and West side of the tower. The edge and corner columns due to the additional load
coming from the floor are further sinking thereby causing a side way displacement of the
building globally. The columns on the North face (left side of the image) moving slightly away
from the core at the same time sinking. This in turn causing edge and corner columns on the
South face to drift inwards i.e., towards the core. Both these actions together are facilitating
greater increase in displacements on the North side.
The collapsing two core columns seem to have put sufficient load on every North facing
peripheral columns to reach buckling state even under the assumption of non-failure of
floor/truss connections with columns.
The global lateral response indicated that the columns on the North face moving outwards from
the beginning whereas the columns on the South face moved outwards till 5000C and started
moving inwards after that.
It has been observed during the thermomechanical analysis that the core columns are losing the
strength rapidly which caused the redistribution of the load towards the edge columns present

on the East and West faces. The core columns on the South side also seem have been taking
some additional redistributed load.
The material model used for the steel members follows the Elastic modulus deterioration
against temperature as specified by the Eurocode 1993 [14]. As per the Eurocode, the loss of
elastic modulus majorly occurs between temperatures 3000 C and 4000 C. It has been noticed
in the analysis that the core columns are reaching its maximum load carrying capacity at 3000C
- 4000C under thermal load conditions. Beyond 4000C the column seems to be losing its load
carrying capacity by 50% i.e. a drop from 9000kN to 4500kN.
It is very plausible to give serious consideration to model failure of connections when the
temperatures in the steel grillage reach 7000C and there is a high likelihood for the sandwich
failure to occur.

Figure 4 Plot showing the column vertical displacements in all types of columns as shown.
Figure 4 highlights the vertical displacements of all columns on the North-East corner of the
building involving in fire load. This explains how dependent building’s global stability on the
core columns.
Stage-5:
The analysis which has been conducted until now is based on non-realistic fire cases. For
accurate analysis, CFD model with appropriate dimensions and fire loads of the Plasco
Building are required. This would raise the data volume transfer by multiple folds hence a
proper data transfer automation is required between CFD and FE models.

(a)

(b)

(c)

Figure 5 The above pictures (a) and (b) show the FDS model of 8 x 8m North West corner; (c)
shows the an instant when the N-W corner was engulfed in the fire.

Figure 6 Shows the FDS model for 10th floor of Plasco tower.
For full-scale structural analysis, fire simulation needs to be performed for all the floors which
were exposed to the fire. In further study, using the calibrated CFD model based on the visual
evidence, realistic thermal boundary condition will be used to stimulate the structural collapse
of the Plasco Building.
Before advancing towards the full-scale model with complete vertical and horizontal travel fire
cases, it is wise to conduct two analyses representing the fire event at two different stages, see
Figure 5 and Figure 6.
To verify the vertical fire spread, the North-West corner (8×8m2) of the Plasco Building from
the 10th to 15th floors is simulated where the fire could be seen to reach the top floor at the
early stages of the fire as shown in Figure 5. The vertical fire spread can be verified with the
photographic evidence of the Plasco Building (Figure 5-(c)), it was found from the testimonies
of the witnesses that the fire reached to the top floor within 20 minutes of fire. This simulation

is performed to represent the vertical fire spread and to predict the estimated time to reach the
upper floor from the floor of fire origin. Whereas, to reconstruct the whole fire incident of the
Plasco Building, authors recommend performing a detailed forensic study. A full floor
(30×30m2) is simulated to obtain the realistic temperatures from the CFD analysis. As primary
combustible in the Plasco Building was clothes, therefore nylon is considered as fuel in the
simulation and its properties are taken from the SFPE handbook [12].
Based on the gas temperatures obtained with a reasonable spatial resolution, heat transfer
analysis will be carried out using OpenSEES Heat Transfer capabilities. This analysis would
yield temperature-time histories for elements in the FE model. This is a three-step sequential
analysis wherein the data transfer from one model to the other, in future, will be automated.
This automation work named as OpenFIRE is another project being developed at The Hong
Kong Polytechnic University fire team.

The OpenFire is an integrated computational framework to carry out CFD, Heat Transfer and
Thermo-mechanical analysis sequentially. In detail, the first stage of OpenFire involves the
generation of the geometry of the fire compartment by writing input code in FDS. In FDS,
structural surfaces are defined as obstruction (OBST) and necessary fuel load needs to be
defined in the code. For data extraction approaches like DEVC or BNDF can be utilised by
describing them in the FDS code.
To attain proper thermal gradients, it is recommended to place the ‘Temperature thermocouple
(Solid phase Device, AST)’ as close as possible if utilising DEVC approach (for BNDF data
can be extracted after simulation), however, it depends on the user discretion, who decides
based on the requirement for the level of accuracy and computational cost. After the fire
simulation, FDS gives the output of the simulation. From either approach (DEVC or BNDF),
the required quantity (ASTs, hc, etc.) can be obtained in a comma separated format (*.csv) as
a function of time.

Figure 7 A broad view of data from FDS to FE models

The transient temperatures output from FDS analysis are used for performing heat transfer
analysis of the structural members. A concrete slab of 130 mm thick and 400 mm deep truss
are considered in this paper. The temperatures in the form of Adiabatic Surface temperatures
(AST), a concept proposed by Wickström [11] , are used as the boundary condition for heat
transfer analysis. Figure 8 – (a), (b) and (c) shows the surface temperature obtained after heat
transfer analysis for steel truss and sectional temperatures for concrete slab near the location
where the fire was broke out (North-west corner of the building). The heat transfer analysis
was performed to get the structural temperature due to both convective and radiative heat
transfer. The heat transfer analysis was performed in OpenSEES software.

(a)

(b)

(c)

Figure 8 Shows (a) Output from FDS analysis; (b) and (c) shows output from heat transfer
analysis for truss elements and slab at different location across the depth.
Figure 8 represent the time-temperature behaviour for both structural members i.e., steel truss
and concrete slab, respectively .The overall surface temperatures reached in steel are slightly
higher compared to concrete due to its higher conductivity and lower specific heat. After 12
minutes of the fire exposure, the surface temperature for both structural members started to
decrease representing the travelling behaviour of fire. This decrease in surface temperature due

to the travelling nature of the fire cannot be replicated using the fire models available in design
codes such as standard Time-temperature code e, Eurocodes parametric curves and so on [13].
Therefore, a CFD simulation is carried out to accurately estimate the fire load in this case. It is
noteworthy that a significant thermal gradient can be observed across the slab depth as shown
in the figure. Though the surface temperatures for the slab are relatively high, the temperatures
at the reinforcement level are significantly low due to high specific heat and lower conductivity
of the concrete.

The current analysis is performed for one-hour fire duration where

temperatures on the top surface of the slab are still in the range of 100 °C.
The data at this stage will be post processed to comply with the OpenSEES Heat Transfer
requirements. The mapping of data to the right location in the heat transfer entities will be
achieved using appropriate modules using the same global coordinate system as the FDS
model. After the completion of heat transfer analysis, a middleware will then transfer
temperature time histories to a FE model for final thermo-mechanical analysis.
Scope of investigation undertaken

A full-fledged analysis involves generating three different models of the Plasco tower. The first
model will be using FDS, the second one for heat transfer analysis and finally the third model
for thermo-mechanical analysis.
Firstly, a Plasco building FDS model appropriate fire load will be modelled and the analysis
would produce gas temperature time history at different locations. Secondly, in the heat transfer
stage, the gas temperatures generated previously will be used for obtaining element temperature
time histories. In the final stage thermo-mechanical analysis will be conducted.
During the time of this project, efforts have been put in modelling the composite concrete-steel
floor system in OpenSEES for thermo-mechanical analysis. This composite floor model has
been used in analysing the global behaviour of the structure. During the initial stages, no
thermal models have been used. Towards the end of the project a standard fire temperature has
been used for heat transfer analysis. The element level temperature time histories obtained from
heat transfer analysis are used for analysis Plasco-tower. The results have given important
insights into building’s vulnerability to fire.

A software has been developed to automate the huge data transfer between heat transfer model
and OpenSEES FE model. Presently it is being tested for efficiency and bugs. Once the FDS
to Heat transfer to Thermo-mechanical models are properly joined for sequential analysis, the
final analysis would take place.

Summary of objectives achieved
The Figure 7 shows are step wise workflow for the project. Assuming weightage as shown
below for work done in creating each of the three models and for coding work, the following
table gives an idea of amount of work completed so for in fulfilling the project objectives.
Part of the work

Weightage

Completion

FDS model

30%

15%

FDS to Heat transfer data 15%

10%

transfer coding
Heat transfer model

10%

10%

Heat transfer to Thermo- 15%

10%

mechanical model data
transfer coding
OpenSEES

thermo- 30%

25%

mechanical analysis
Full project

100%

70%
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Future work
From the analyses conducted till now have indicated that the building’s global stability is
highly sensitive to the stability of core columns. The core columns are susceptible to rapid
sinking when temperatures cross 500°C thereby overloading the other columns in the building.
This redistribution of vertical loads would result inside way swaying of the structure,
predominantly at 11 to 15th floors. The non-realistic temperatures which have been used until
now cannot convincingly answer the question why the Plasco tower collapsed.
Hence the future work on this topic will be concentrated towards the modelling of fire loads
extracted from FDS and heat transfer analysis. The full scale FDS model for Plasco building
and related automation works are a part of OpenFire framework which is developed by the
research team. Simultaneously the connection modelling to simulate floor collapse will be
considered in future work.
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