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ABSTRACT: This paper compares the influence of several modelling approaches for progressive collapse
assessment of steel-framed buildings, considering sudden column loss as a design scenario. A typical steel moment
frame structure is modelled at various levels of structural idealization, including assembled beam models, grillage
models and frame models with the reinforced concrete slab. Both peripheral and corner column loss scenarios are
investigated, where the maximum dynamic response of the above floors is regarded as a key factor defining the
structural robustness. Both nonlinear dynamic finite element analysis and a novel simplified dynamic assessment
method are employed, where it is confirmed that the simplified approach has good accuracy considering various
structural idealizations. The influence of the level of structural idealisation is investigated, where it is shown that
grillage models using a simplified assembly procedure predict the response of a frame idealisation under sudden
column loss quite well. On the other hand, the incorporation of the reinforced concrete floor slab can significantly
affect the structural response to sudden column loss beyond the predictions of grillage models due to 2D slab effects.
It is recommended that progressive collapse assessment of multi-storey buildings under sudden column loss is
performed using the simplified dynamic assessment procedure, and that grillage models can be used as a
conservative representation in the absence of detailed slab models.

Keywords: Progressive collapse; modelling approach; simplified analysis method; column failure; steel frame
building; pseudo-static analysis

1. INTRODUCTION

Since the Ronan Point collapse in 1968, progressive collapse of multi-storey buildings has attracted
the attention of several researchers. Several related design codes have since been developed, where
most of these, such as GSA 2003 [1], DoD 2005 [2] and ACI [3], consider three types of
requirement, namely, interconnection or continuity via tying forces, alternate load path, and local
resistance of key elements. However, there are still numerous issues that remain to be resolved,
including the treatment of dynamic amplification for sudden column loss, which has been recently
adopted as an even-independent scenario for the assessment of structural robustness [4].
Williamson et al [5] suggested decreasing the dynamic amplification factor to 1.5 for the static
nonlinear analysis of steel structures, and they argued that none of the parameters as the number of
bays, stories and so on significantly affected the dynamic multiplier. Marjanishvili and Agnew [6]
compared four methods for progressive collapse analysis by analyzing steel moment-resistant
frame with linear elastic static, non-linear static, linear-elastic dynamic and non-linear dynamic
method. They supposed that 2 is a good estimate of the amplification factor. Rather than providing
a determinate amplification factor, Izzuddin et al. [7, 8] proposed a novel simplified framework,
which enables the evaluation of dynamic response to be predicted using pseudo-static analysis
method. In the case study of this paper, the dynamic amplification factor estimated with this
method proved to be accurate enough compared with the nonlinear dynamic analysis results. More
recently, the effect of available ductility on dynamic amplification has been incorporated in an
empirical manner within the recommendations for the new DoD design code [12], though 1zzuddin
[13,14] has shown that these recommendations ignore the nature of the nonlinear static response
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and can be unsafe, Izzuddin [13,14] proposed that the simplified dynamic assessment procedure
used in this work, resulting in the so-called ductility centred approach, offers a more rational
approach for progressive collapse assessment under sudden column loss scenarios.

In addition to the issue of dynamic amplification, and although computing power is now order of
magnitude more than decades ago, it is still impractical for structural engineers to set up detailed
FEM models for real building structures. Accordingly, research efforts have been dedicated towards
the development of simplified structural modelling approaches, which satistfy both accuracy and
efficiency requirements, for example utilising and improving the component method in EC3 to
simulate the response of beam-to-column connections [8,15]. However, physical testing is still
necessary to validate these connection models, since the ductility of connections is still not very
well understood and cannot be simply derived from FEM modelling. Besides the beam-to-column
connections, the modelling of the floor slab is also of great concern, since it can play a significant
role in the structural resistance to progressive collapse. Khandelwal et al [9,10] and Sadek et a/,[11]
developed a reduced component connection model and simulated the composite slab in detail using
LS-DYNA, which provided a useful insight into structural pushdown behaviour. However, this
modelling approach is too complicated and computationally demanding for practical application in
the design and assessment of structure for robustness.

In the current paper, several modelling approaches at various levels of idealisation are compared
with reference to a typical seismically-design steel moment-resisting framed building, considering
the sudden loss of middle peripheral corner columns. Since the floor of the structure is crucial in
assessing the robustness of the structure, a composite beam frame model is firstly adopted for
idealization rather than the bare steel frame, which neglects composite action between the steel
beam and the concrete slab. This is compared to a simpler grillage model for which the response is
obtained using a simplified assembly procedure [7], where good agreement has been achieved. In
order to consider the contribution of the floor slab more realistically, a plate element is also utilized
at the higher level of idealisation, where it is shown that the more complete structural system is
typically less prone to progressive collapse than the grillage models. In considering the effect of the
structure surrounding the affected bay, various representative boundary conditions have also been
applied to the affected bay. It is found that when the edges of the slab are rotationally restrained, the
structure behaves similarly to a full structural model with the entire floor slab. In all of the
idealisations, the novel simplified dynamic assessment method proposed by Izzuddin [7] is utilised,
which evaluates the dynamic response as a pseudo-static response, and this is shown in this paper
to be quite accurate compared to detailed nonlinear dynamic analysis at the various levels of
structural idealisation.

2. FRAMEWORK OF STRCTURAL PROGRESSIVE COLLAPSE ASSESSMENT
APPROACH

When the scenario of sudden loss of a single vertical member is considered, the vertical support of
the affected bay is lost. The floor begins to deflect towards the damaged column under the action of
the unbalanced gravity load, which will lead to a considerable concentration of deformations in the
connections within the floors above, provided the redistributed gravity load can be sustained by the
adjacent columns, and thus the vulnerability of the structure is largely determined by the maximum
deformation demands on the connections in relation to their ductility supply.

The framework of structural progressive collapse assessment approach, which is presented by
Izzuddin et al. [7, 8], is based on this typical failure mode. It utilises three main stages for assessing
this limit state:
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a) non-linear static response, which considers the damaged structure under gravity loading,

b) simplified dynamic assessment, in which the maximum dynamic response can be evaluated on
the basis of the energy conservation, and

c) ductility assessment, which compares the ductility supply against the ductility demand with at
the maximum dynamic response.

In the nonlinear static analysis stage, this framework can be applied at various levels of idealisation
[7], such as the individual beam level, grillage/floor model level provided that the affected floors
are identical in terms of structure and loading, and the level of several floors. On the beam level,
the beams are simulated with elasto-plastic beam-column elements. The semi-rigid beam-to-column
connections can be modelled as a series of springs according to the component method introduced
in EC3 [17]. This level also has the additional benefit of enabling the realistic representation of
composite action between the steel beam and the floor slab, including the influence of partial/full
shear connection. In the cases that the arching and 2D slab action of the slab are significant, the
resistance provided by the floor slab can be modelled with shell elements. The framework proposed
by Izzuddin ef al. [7] is based on the simplifying assumption that the maximum dynamic response
can be estimated from the nonlinear static response under amplified gravity loading (APy), where A
is the dynamic amplification factor, and Py is the designed gravity loading. Moreover, this nonlinear
static response also forms the basis for simplified dynamic assessment method without the need for
detailed non-linear dynamic analysis.

In the simplified dynamic assessment stage, the energy conservation is utilized to predict the
maximum dynamic response using only the nonlinear static response. In the initial stage of
dynamic response, the differential work done over the incremental deformation by the unbalanced
gravity load is transformed into additional kinetic energy. As the deformation increase, the static
resistance exceeds the gravity loading, and hence the velocities are decreased until the kinetic
energy is reduced back to zero, provided the beam-to-column connections satisfy the ductility
demand. Therefore, at the maximum dynamic deformed configuration (i.e. at rest), the work done
by the gravity loads become identical with the energy absorbed by the structure, and the dynamic
equilibrium is achieved.

In order to evaluate the total energy absorbed by the structure, a dominant deformation mode is
assumed. The equivalence between external work and internal energy is obtained when the two
depicted hatched areas become identical [7], as illustrated in Figure 1 (a-b), where the nonlinear
static load-deflection response is employed for two levels of suddenly applied gravity loading
(P=APy P=A,Py). The level of suddenly applied gravity loading (P,=4,P)) that leads to a specific
maximum dynamic displacement (i, ) is therefore easily obtained from Eq. 1 [6]:

Ud p
P =ap=— [ Pdu, (1)
Usn %
In the final ductility assessment stage, the ductility capacity of the structural system is checked and
compared to the ductility demand, which is established from the maximum dynamic displacement
(ug) obtained from the pseudo-static response. It is noted that, in order to establish the ductility
supply of various connection types under general deformation conditions, more experimental work
is required, since their ductility under the combination of axial force and bending moment is still
not very well understood.
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Figure 1. Simplified Dynamic Assessment and Definition of Pseudo-Static Response
(Izzuddin et al. [7])
(a) Dynamic Response (P=A;Py); (b) Dynamic Response (P=A,Py); (c) Pseudo-Static Response

3. INFLUENCE OF DIFFERENT MODELLING APPROACHES

In order to compare and verify the various modelling approaches with this simplified assessment
method, a steel moment frame is designed. Considering the case that the affected floors are
identical in terms of structure and loading, the axial force in the columns above the lost column
immediately becomes negligible. A typical level of the steel framed structure investigated is
illustrated in Figure 2. For the purpose of introducing great damage caused by the sudden column
loss, the steel frame members are deliberately selected as small as possible, while still satisfying the
design requirements under normal loading. All the steel members are Grade S275 steel and the slab
is Grade 30 normal weight concrete of 120 mm thick with reinforcement ratio p=2.09% in long
span and p=1.038% in short span. The steel section sizes and dimensions are summarized in Table 1,
and the total floor load at accidental limit state is assumed 7.25 kN/m”. In order to focus on the
influence of the modelling approach, the beam-to-column connections are designed as rigid
connections as appropriate to design in a seismic area. However, the model can be extended
without great difficulty to semi-rigid connections in non-seismic areas by introducing a series of
springs according to the EC3 [17] component method.

As shown in Figure 2, two sudden column loss scenarios are investigated for the considered
building structure, specifically the loss of a peripheral middle column and the loss of a corner
column. At the floor level of structural idealisation, the lower ends of the remaining columns are all
fixed, while the upper ends are rotationally restrained, assumed as the restraints provided by the
upper floor.
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Figure 2. Layout of Steel-Framed Building Structure

Table 1. Structural Member Cross-Sections

Beams Section Columns Sections
Bl UB 305x127%x48
B2 UB 178x102x19 C1 UC 356x406x287
B3 UB 127x 78%13
B4 UB 178x102x19
B5 UB 127x 78%13
B6 UB 178%102x19 C2 UC 356x358%x153
B7 UB 203x102x23

3.1 Case Study: Scenario 1
3.1.1  Simplified assembly of beam models

To evaluate the vulnerability of the structure to progressive collapse as a consequence of the sudden
column loss as well as to obtain an insight into the relative contribution of the affected beam
members, the beam level of structural idealisation is firstly considered, in which the affected beam
members are individually modelled. Since the composite action between the concrete slab and the
steel beams is critical, and the beams are designed as composite beams, the concrete slab on the
steel beam is simulated with elasto-plastic beam-column elements as a flange using the nonlinear
structural analysis program ADAPTIC developed by Izzuddin [16], which can also include the sla
reinforcement, where an effective width of L/4 simplicities chosen. Composite action between the
concrete slab and the steel beam is realised by connecting the centroids of the concrete slab and the
steel beam cross-sections through rigid links.

In Scenario 1, two bays of the structure are directly affected, in which the peripheral edge beam,
secondary beam and transverse beam are assumed to deform according to the compatibility mode
depicted in Figure 3. The nonlinear static responses of these individual beams are obtained as part
of the first stage of progressive collapse assessment.
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Considering the affected double-span peripheral edge beam illustrated in Figure 4, the nonlinear
static analysis is carried with ADAPTIC. The steel members and reinforcement bars are simulated
using a bilinear steel model with kinematic strain-hardening. The concrete is simulated using a
trilinear concrete model with tensile response. Proportional point loading is applied on the middle
node of peripheral edge beams, and full axial restraint is assumed from the surrounding structure,
while rotational restraint is assumed for the peripheral end node of the transverse beam. The
nonlinear static response of the middle node of the peripheral edge beam is obtained as a sequence
of values (ugj, Pq4i) with small increments and depicted in Figure 5, in which 1<i<n. In order to
obtain the pseudo-static response, the algorithm proposed by Izzuddin et al. [7] is applied as
follow:

a) Fori=1, (ug,, Pa1) is (0, 0), and the absorbed strain energy is Uqg; =0. Thus the pseudo-static
response (ug,1, P1) is also (0, 0).

b) For 1=2, the static response is obtained as (ugp, P42), and the absorbed strain energy is
Ugr=Ug1 + (Pg1 +Pao)(ugp-uq,1)/2 .

c) On the basis of Eq. 1, the pseudo-static load corresponding to ug, can be obtained as
P,=Uq,/u4> , and thus the pseudo-static response is obtained as (uq2, P2).

d) Similarly for 1 = m < n, the static response is (Uqm, Pam), the strain energy is obtained as
Udm=Udm1 + (Padm1 T Pam)( Ugm - Uam1)/2 , and the pseudo-static load is determined as
Pn = Uq4m/ ugm , thus the pseudo-static response is established as (Py, , Ugm)-

Secondary Beam

Transverse Beam Peripheral Edge Beam

Figure 3. Affected Members in Scenario 1

W
< 9m > 9m >
B
o> N
r
t ooo.oooooIh
D d < >
b=L/4
T
v
b
=l e

Figure 4. Modelling of Peripheral Edge Beam



Progressive Collapse of Steel-Framed Buildings : Influence of Modelling Approach 938

—— Static response of peripheral beam

200 -
- - - - Pseudo-static response of peripheral beam

130:
150-‘
140
120:

100

Load (kN)

80 - -
60 - -
40 4 _-

20 4 -

e S T e
0 200 400 600 800 1000 1200 1400
Vertical Displacement (mm)

Figure 5. Nonlinear Static and Pseudo-Static Responses of Peripheral Edge Beam

Noting that the secondary beams undergo a similar deformation mode to the peripheral edge beam,
they are idealised and simulated in a similar way, where the nonlinear static and pseudo-static
responses are shown in Figure 6. It is observed that the catenary effect of the beams plays a
significant role when the deformation becomes large both in the edge beam and the secondary beam,
provided that the ductility supply and axial restraint contributed by the surrounding structure are
sufficient.

For the transverse beam, this is modelled as a cantilever beam with one end fixed, while the other
end is rotationally restrained. A point load is applied on the outer end of the beam to obtain the
nonlinear static response. It is noted that the specific distribution of loading is not very important in
the context of an assumed mode approach [7], since this is only required for obtaining the internal
energy that is more dependent on the deformations than the applied load. The static and
pseudo-static responses are shown in Figure 7, where the catenary effect is much smaller than for
the previous two beams due to the absence of axial restraint. Accordingly, the contribution to the
overall resistance provided by this beam is obviously lower than that of the other two beams.

350, — Static response of secondary beams
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Figure 6. Static and Pseudo-Static Responses of Secondary Beam
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Figure 7. Static and Pseudo-Static Response of Transverse Beam

Considering the deformation compatibility of the beams, the displacement of middle node of the
double-span edge beam is equal to that of the end node of transverse beam and to twice the
displacement of middle node of the double-span secondary beam. In order to estimate the
relationship between the total load applied on the system and the structural deformation, a set of
displacement value are selected at the location of the lost column, varying between 200mm and
1400mm. From the previous results, the corresponding static and pseudo-static load resistances are
provided in Table 2.

According to the layout at the floor level of idealisation, the deformation compatibility factors are
given by:

B=1. B=05, B =1

By assembling the responses of individual beams in accordance with the simplified assembly
approach proposed by Izzuddin et al. [7], the equivalent point load at the location of the lost
column resisted by the overall system is illustrated in Eq. 2:

P:lZalﬂifj zl(lxleq +1x0.5x P, +1x1x P)
a 1 (2)

in which o; are non-dimensional weighting factors which depend on the assumed load distribution
on the beams, where all o; values in this case are 1.

Table 2. Static and Pseudo-Static Resistance of Affected Beams

Edge Beam Secondary Beam Transverse Beam
Ug u Static Pseudo-Static  w Static Pseudo-Static  uj Static Pseudo-Static
(mm) (mm) (kN) Py (kN) (mm) (kN) P, (kN) (mm) (kN) P; (kN)
200 200 329 22.8 100 464 26.3 200 535 41.7
400 400 343 28.2 200 575 38.3 400 58.6 49.0
600 600 59.2 33.6 300 45.6 59.7 600 61.8 52.7
800 800 955 44.6 400 503 65.6 800 64.6 55.6
1000 1000 121.6 57.7 500  78.8 54.0 1000 67.0 57.4
1200 1200 149.1 70.7 600 101.2 58.8 1200 68.9 59.0

1400 1400 176.2 83.8 700  129.7 68.4 1400  70.9 60.6
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u: reference vertical displacement at the location of the lost column

u;: vertical displacement of the middle of the edge beam

uy: vertical displacement of the middle of the secondary beam

us: vertical displacement of the outer end of the transverse beam

On the basis of Table 2, the equivalent point load resistance corresponding to various levels of
maximum dynamic displacement can be obtained, as provided in Table 3.

Table 3. Equivalent Point Load Pseudo-Static Resistance of Floor System

Us 200 400 600 800 1000 1200 1400

P (kN) 77.65 96.35 116.15 133 142.1 159.1 178.6

As previously noted, the gravity load is assumed to be 7.25kN/m?, hence the equivalent line load of
the beams is obtained as 10.875kN/m for the peripheral edge beam and 21.75kN/m for the
secondary beam. The equivalent point load at the top of column can then be determined on the
basis of work equivalence as Eq. 3:

F, :%q1 ><21+%q2 x 2/ :%x10.875x18+%x21.75><18 =195.75kN (3)

The equivalent point load pseudo-static resistance obtained previously can be normalised relative to
the corresponding gravity load given by Equation (3), where the resistance/load unity factors are
provided in Table 4 at various levels of reference vertical displacement. These values allow the
determination of the level of anticipated maximum dynamic displacement for various levels of
gravity loading (ie. the displacements at 50% of the above gravity load correspond to a unity load
factor of 0.5).

Table 4. Resistance/Load Unity Factors for the Floor System

Displacement (mm) 200 400 600 800 1000 1200 1400

Fully restraint 0.397 0.492 0.593 0.679  0.726 0.813 0.912

In order to verify the accuracy of the design-oriented approach based on simplified assembly of
beam responses into an overall floor system response, a detailed grillage model is considered in the
next section.

3.1.2 Detailed Grillage Model

Based on the same multi-level assessment framework [7], the assessment is undertaken here
directly at the floor level using a grillage model with composite beams as shown in Figure 8. For
the purpose of verifying the accuracy of the proposed simplified dynamic assessment method,
detailed nonlinear dynamic analysis method is first performed to evaluate the dynamic response.
Figure 9 depicts the structural dynamic response after the sudden column loss under the assumed
gravity load. The maximum dynamic responses corresponding to a series of gravity load factors,
including 0.1, 0.2, 0.3 ... 1.1, are obtained and provided in Table 5.

Table 5. Maximum Dynamic Response of Grillage Model from Nonlinear Dynamic Analysis

Gravity Load Factor 01 02 03 04 05 06 07 08 09 10 1.1

Vertical (?r'frg;aceme”t 32.1 69.8 138 267 538 788 968 1100 1230 1380 1510
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For comparison with the simplified dynamic analysis procedure proposed by Izzuddin [7],
nonlinear static analysis is also performed as the first stage of assessment approach, and the
pseudo-static response is subsequently obtained. It is noted that the relationship between the load
factor and the maximum dynamic response has been established with three simplified modelling
approaches for the same frame structure, namely the assembled beam model with fixed boundary
condition, assembled beam model with more realistic boundary conditions and the grillage model.
The dynamic response obtained from the nonlinear dynamic analysis method is hence compared
against these responses in Figure 10. It is observed that the pseudo-static responses predicted by the
three models are quite accurate compared with the results obtained from nonlinear dynamic
analysis of the full grillage model. It is therefore evident from this comparison that the simplified
dynamic assessment method [7] is applicable to different types of simplified model and provides an
accurate prediction of the maximum dynamic displacements much more effectively than detailed
nonlinear dynamic analysis.

Figure 8. Grillage Model of Floor System

200 . .
] — Dynamic response of grillage model
E o
E 200
T Column suddenly removed
[ -400 )
E ]
o
g 600
a 1 Peak dynamic response
g 800 - Y p
= : (1380mm)
8 -1000 -
'E |
= -1200 -
L e e
Y T T T T T T T L] 1
0.0 0.5 1.0 1.5 20 25

Figure 9. Nonlinear Dynamic Response Predicted for Full Gravity Loading
(Load Factor = 1.0)
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Figure 10. Maximum Dynamic Responses Predicted by Different Modelling Approaches

3.1.3 Detailed Slab Model

Since the 2D slab action may play a critical part in the structural resistance to progressive collapse,
the floor slab model is modelled here with shell elements to address this issue, as shown in Figure
11. The same boundary conditions at the column ends as the grillage model are adopted, and the
tensile softening is ignored in the slab model. The nonlinear static, nonlinear dynamic and
pseudo-static responses are also obtained in a similar way, where the corresponding maximum
dynamic displacements for different levels of gravity loading are compared in Figure 12. Compared
with the responses obtained using the grillage model, it is clear that the slab reduces the maximum
dynamic response significantly for the considered building structure due to 2D slab action and the
ignorance of concrete cracking in slab model. Despite ignoring 2D slab action, the assembled beam
models and the grillage model are still useful since they provide a conservative prediction of the
structural response under sudden column loss.

Figure 11. Steel Frame Model with Concrete Slab
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Figure 12. Pseudo-Static and Dynamic Responses of Frame Model with Slab

Considering the fact that the shell element is computationally demanding, and that the adjacent bay
of the floor does not affect the response in a direct way, it is next assumed that the adjacent floor
slab only provides planar and rotational restraints. Consequently, another idealised model is set up
based on this assumption, where the adjacent floor slab is omitted as in Figure 13. No planar and
rotational restraints are initially applied at the edges of the slabs. The nonlinear static, pseudo-static
and dynamic responses are obtained in Figure 14. It is worth noting that the dynamic response
predicted by the simplified dynamic assessment method also shows very good accuracy compared
with the results of nonlinear dynamic analysis, which confirms that the dynamic and amplified
static loads are associated with a similar dominant deformation mode under sudden column loss.
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Figure 13. Floor Model with Partial Concrete Slab in Affected Bay
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Figure 14. Pseudo-Static and Dynamic Response of Floor Model with Partial Slab

Although the above model hugely reduced the computational demand by ignoring the unaffected
floor slab, the influence of the restraints provided by the surrounding floor slabs appear to be
significant. Therefore, different kinds of boundary conditions, namely rotational restraint, planar
restraint, and both rotational/planar restraints, are applied on the edge of the slabs of the affected
bay, representing the assumed restraints provided by the surrounding floor slab. The pseudo-static
responses of these models are compared in Figure 15. It is noted that the planar restraints have
limited influence on the damaged bay, while the rotational restraints at the edge of the slab may
lead to similar response as obtained from the realistic whole slab model. The adjacent concrete
floor normally provide hogging moment at the boundary of the affected floor, which significantly
increases the robustness of the structure, and hence applying the rotational restraints plays the same
role in this idealised model.

Since the tensile cracking of concrete in the slab is also a key factor which should be considered in
assessment of structural progressive collapse, a concrete softening modulus of 500 N/mm® is
introduced in the whole slab model to address this issue. The pseudo-static responses of the
structure with and without consideration of tensile cracking are given in Figure 16. It is observed
that concrete cracking does not have a significant influence in this case, which is attributed to the
fact that the reinforcement plays an important role in reinforced concrete slabs in both bending and
2D slab action. However, cracking affects the onset of rupture of the reinforcement bar, and this
should be further investigated with more detailed models accounting for bond-slip effects.

- - - - Model with partial slab, unrestrained

- == Model with partial slab, planar restrained
144 | eee- Model with partial slab, planar & rotational restrained
Model with partial slab, rotational restrained

12 —— Model with whole slab

Load Factor

0.0

0 b 160 ' Zl‘ill) I 360 I 460 I 560 b 660 ‘ ?(I‘.iﬂ I 8(;0
Verticla Displacement (mm)
Figure 15. Pseudo-Static Response of Floor System with Different Restraints
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Figure 16. Pseudo-Static Response of Floor System with/without Cracking of Concrete Slab
3.1.4 2D Slab Action Resistance Amplification Factor
Having shown that 2D slab action affects the level of deformation sustained by the bay affected by
column loss, the pseudo-static responses obtained from the grillage model and the floor system

model including the slab are compared. A 2D slab action resistance amplification factor d is defined
as Eq. 4:

5 — s, CO (4)

where A;., is the load resistance factor of the composite grillage model and Ay, is the load
resistance factor of the floor model with concrete slab corresponding to the same maximum
dynamic response us.

The relationship between displacement and resistance amplification factor is depicted in Figure 17
for Scenario 1, where the amplification factor varies little around 2.3 in this case. Clearly, the 2D
action of reinforced concrete slabs has a significant effect on the pseudo-static resistance,
increasing it by more than two fold.
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Figure 17. 2D Slab Action Resistance Amplification Factor in Scenario 1
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3.2 Case Study: Scenario 2

Here, the second scenario involving of the sudden loss of a corner column is investigated, where
again various levels of idealisation are considered. The nonlinear static, pseudo-static and dynamic
responses of these models are obtained using the same modelling approach as for Scenario 1, as
depicted in Figure 18. The simplified dynamic assessment approach [7] again shows great accuracy
in predicting the maximum dynamic response. It is also observed that the grillage model is again
conservative compared with the slab model. The 2D slab action amplification factor is also
employed to evaluate the contribution of the 2D slab action of the floor slab, and is depicted in
Figure 19.

Static response, slab model
------ Pseudo-static response, slab model
2.4 ----- Static response, grillage model
--=- Pseudo-static response, grillage model
= Dynamic response, slab model
e Dynamic response, grillage model

Load Factor
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Vertical Displacement (mm)
Figure 18. Nonlinear Static, Pseudo-Static and Dynamic Response for Scenario 2

2.0 4
1

™
| m—E_ .
.“H-\_.,_-—.—._._‘—.—~—-_._._._-—'.'_.‘_'. u—-m

1.5 4
1.0 1

0.5

0.0 Y T v T ¥ T ' T Y 1
200 400 600 800 1000

2D Slab Action Amplification Factor

Vertical Displacement (mm)
Figure 19. 2D Slab Action Resistance Amplification Factor in Scenario 2

It is observed that the 2D slab action resistance amplification factor also varies little with
displacement, and is smaller than the factor obtained in Scenario 1, as expected due to reduced
continuity of the slab in Scenario 2. Despite the variation of the amplification factor in different
bays, it still provides an insight on the contribution of the 2D slab effect towards the resistance to
structural progressive collapse. Further research should be carried out to establish whether a
generalisation of these findings can be made so as to provide practical robustness design guidance
for buildings of different structural configurations.
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4. CONCLUSIONS

A typical steel moment-resisting framed building structure is investigated for robustness under sudden
column loss considering several modelling approaches and employing the simplified framework for
progressive collapse assessment previously proposed by 1zzuddin and co-workers at Imperial College
London. The first and second stages of this framework, consisting of the nonlinear static response under
gravity loading and the pseudo-static resposne, are utilised in the current paper, where the latter is
compared with the the maximum dynamic response obtained from detailed nonlinear dynamic analysis.
Two scenarios are investigated for the chosen building structure, including the removal of a peripheral
middle column and a corner column. It is evident from the undertaken analysis that the simplified
dynamic analysis approach can be used to evalute the maximum dynamic response with very good
accuracy, thus offering an effective design-oriented approach for the assessment of maximum dynamic
deformations due to sudden column loss.

With the consideration of the required modelling detail and the feasibility of model reduction, the
structure is considered at the floor system level, and is idealised starting from different levels, including
the simplified assembly of composite beam models, grillage floor models, and a floor model inclduing
the 2D influenece of the reinforced concrete slab. In the process, some important modelling related
findings are made. When using the assembled beam model, significant benefits arise from the
evaluation of the contributions of individual members, as this sheds significnat light on their relative
contribution to the overall system response. Importantly, the dynamic response evaluated with the
assembled model using the simplified dynamic assessment approach agrees well with the results
obtained from detailed nonlinear dynamic analysis of the grillage model, which can be used as a
conservative assessment method that ignores the 2D slab action.

With the consideration of 2D slab action, it is evident from the obtained results that this action plays a
significant role in resisting progressive collapse under sudden column loss. In order to evaluate
nonlinear static and dynamic structural response more efficiently, reduced slab models are employed by
omitting the floor slab surrounding the affected bay. Various types of boundary condition are introduced
to substitute for the effect of the omitted slab. It is found that employing rotational restraints on the
edges of the affected bay is a reasonably accurate way to represent the restraints provided by the
adjacent structure, which can thus be utilised to reduce the computational demand. Furthermore,
cracking in the concrete slab is also considered and shown to have limited influence on progressive
collapse resistance, since the reinforcement plays a relatively more critical role.

In order to determine the contribution of the 2D slab action, an amplification resistance factor is
introduced in this paper, by dividing the load factor in slab model with that or the grillage model
corresponding to the same maximum dynamic displacement. It is found that this amplification is larger
for sudden column loss in the middle bay than in the corner bay, since there are more restraints provided
by the surrounding structures in the former case.

In conclusion, the framework proposed by Izzuddin and co-workers at Imperial College London can be
used as a practical approach for progressive collapse assessment of multi-storey buildings. The
simplified dynamic assessment method leads to a new and practical method for addressing the relatively
complicated issue of nonlinear dynamic response under sudden column loss. By investigating the
different levels of structural idealisation, it is shown that simplified assembly of beam contributions into
the pseudo-static response of the floor system is similar to grillage modelling, and can provide efficient
and conservative prediction of resistance to progressive collapse. On the other hand, full floor models
including the 2D reinforced concrete slab can enhance the resistance by over two fold, though the
computational demands are typically much more extensive than those of the assembled beam and
grillage models.
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