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Abstract

In this study the progressive collapse resisting capacities of tall diagrid buildings were evaluated based on arbitrary column
removal scenario, and the seismic load-resisting capacities were investigated through fragility analysis and ATC 63 procedure.
As analysis model structures both regular and twisted diagrid structures were designed and their load-resisting capacities were
compared by nonlinear static and dynamic analyses. The analysis results showed that the progressive collapse potential of
twisted buildings decreased as the twisting angle increased, but the seismic fragility or the probability of failure decreased as

the twisting angle increased.
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1. Introduction

Recently the geometric complexity and irregularity in
tall building configuration have been rapidly increasing.
Scott et al. (2007) explored the structural challenges that
are created by buildings with unique geometries or articu-
lated forms, and discussed economic design and construc-
tion techniques. Vollers (2008) categorized the geometry
of high-rise buildings into Extruders, Rotors, Twisters,
Tordos, Transformers, and Free Shapers depending on
their form-generation method. Sarkar et al. (2010) propo-
sed a new method of quantifying irregularity in building
frames with vertical geometric irregularity accounting for
dynamic characteristics, and provided a modified empiri-
cal formula for estimating fundamental period. Kim and
Hong (2011) estimated the progressive collapse potential
of tilted irregular buildings, where it was observed that
the performance of irregular buildings subjected to sudden
loss of a column depends significantly on the location of
the removed column.

Among the irregularities of the vertical building forms,
twisted building configuration has been applied to various
major tall building projects including the Turning Torso in
Malmo, Infinity Tower in Dubai, the Chicago Spire pro-
ject, etc. In this study the progressive collapse resisting
capacities of twisted diagrid buildings were evaluated
based on arbitrary column removal scenario, and the seis-
mic load-resisting capacities were investigated through
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ATC 63 (2009) approach and fragility analysis. As analy-
sis model structures both regular and twisted diagrid struc-
tures were designed per Korean Building Code (KBC,
2009) and their load-resisting capacities were compared
by nonlinear static and dynamic analyses.

2. Design of Analysis Model Structures

The prototype analysis model structure is a 36-story
steel diagrid structure with square plan shape as shown in
Fig. 1. For the purpose of comparison of structural perfor-
mance, variations were made by twisting the prototype
structure by 90°, 180°, and 270°, which are depicted in
Fig. 2. The structures were designed per Korea Building
Code (KBC, 2009) in such a way that the interior moment
frames resist only gravity load and the lateral loads are
resisted by the exterior diagrid system. The interior frames
were designed using H shaped rolled sections and the
exterior diagrids were designed with hollow sections. The
design dead and live loads are 6 kN/m? and 2.5 kN/m?,
respectively, and the coefficients used for estimation of
the design wind and earthquake loads are denoted in Table
1 and 2, respectively. As the diagrid system is not catego-
rized as one of the seismic load resisting systems in most
design codes, the response modification factor of 3.0 was
used in the estimation of design seismic load. Table 3
shows the member sizes of the exterior diagrid frames of
the four model structures at selected stories. It was obser-
ved that, in case the structures are designed using the same
loading conditions, the required steel tonnage and the
fundamental natural period increase as the twisting angle
increases. The maximum displacements of the model struc-
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Figure 1. Structural plan of the model structures.

Table 1. Design wind load parameters

Basic wind speed 30 m/sec
Exposure A (Downtown)
Importance factor 1.1

Table 2. Design seismic load parameters

Seismic coefficient (S) 0.22
Soil type S.
F, 1.18
F, 1.58
Sbs 0.433¢g
Spi 0.232¢
Response modification factor (R) 3.0
Importance factor (Ir) 1.2
Seismic design category D

tures subjected to the design wind load were 15 cm (0°),
15.5 cm (90°), 17.9 cm (180°), and 23.31 cm (270°), res-
pectively, which are less than the 1/500 of the total story
height, which is 25.9 cm. As observed in Fig. 3, the maxi-
mum inter-story drifts of the model structures were within
the limit value of 1.5% of the story height.

3. Progressive Collapse Resisting Capacity

A progressive collapse involves a series of local fail-
ures that lead to partial or total collapse of a structure. The
progressive collapse resisting capacity of a building de-
pends on the capability of the force redistribution including
various factors such as redundancy, ductility, and confi-
guration, etc. For structural design of structures against
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(c) 180°

Figure 2. 36-story diagrid buildings with various twist
angles.

progressive collapse, Alashker and El-Tawil (2011) pro-
posed a design-oriented model for computing the load-
resisting capacity of composite floors subjected to column
loss. Recently a series of research was conducted to inve-
stigate the performance of building structures designed
with various structure systems. Kim and Lee (2010) inve-
stigated the progressive collapse potential of tube-type
structures, and Almusallam et al. (2010) evaluated the pro-
gressive collapse potential of a framed concrete buildings

Table 3. Member sizes of model structures at the selected stories (mm)

Stories 0° 90° 180° 270°

1-2 P 1016.0x12 P 1016.0x19 P 1025.0x30 P 1050.0x50
11-12 P 609.6x14 P 812.8x16 P 914.4x19 P 1030.0x25
21-22 P 500.0x14 P 600.0x16 P 609.6x22 P 914.4x22
31-32 P 406.4 <9 P 457.2x9 P 406.4x19 P 700.0x12
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Figure 3. Maximum inter-story drifts of the model structures subjected to the design seismic load.

subjected to blast loads. Kim and Hong (2011) evaluated
the progressive collapse performance of irregular build-
ings based on the arbitrary column loss scenario.

Fig. 4 shows the bending moment vs. rotation relation-
ship of the structural elements recommended in the AS
CE/SEI 41-06 (2007). The points B and C represent the
nominal yield strength and the ultimate strength, respec-
tively. The post-yield stiffness was assumed to be 3% of
the initial stiffness. The points of D and E indicate the
state of initial and the final failure, respectively. Also indi-
cated on the curve are the performance limit states such
as /O (immediate occupancy), LS (life safety), and CP
(collapse prevention). The values of coefficients a, b, and
¢ which define the nonlinear behavior can be found in
ASCE/SEI 41-06.

Nonlinear static pushdown analyses of the model struc-
tures were conducted using the nonlinear analysis code
SAP 2000 (2004) by arbitrarily removing vertical mem-
bers of the structures shown in Fig. 5. The pushdown ana-
lysis results of the model structures subjected to removal
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Figure 4. Nonlinear load-displacement relationship of ben-
ding members.

of a pair and two pairs of corner diagrids are shown in
Fig. 6(a) and (b), respectively, where the load factor in the
vertical axis represents the applied load divided by the
initial member force. The figure shows that in every mo-
del structure the load factor exceeded 1.0, and therefore
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Figure 5. Locations of removed diagrids.
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Figure 6. Nonlinear static pushdown analysis results for progressive collapse.
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Figure 7. Nonlinear dynamic analysis results.
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the structures are safe for progressive collapse when one
or two pairs of diagrids are removed from a corner. It also
can be observed that as the twist angle increases the maxi-
mum load factor also increases, which implies that the
progressive collapse resisting capacity increases as the
twist angle increases. Fig. 7 depicts the nonlinear dyna-
mic analysis results obtained by sudden removal of the
first story corner diagrids, which shows that all the model
structures remain stable after vertical vibration. The verti-
cal displacements of the model structures after being sta-
bilized turned out to be 17.05 mm, 15.79 mm, 15.28 mm,
and 13.87 mm as the twist angle changes from 0 to 270,
respectively, when a pair of diagirds were removed, and
39.75 mm, 28.17 mm, 20.62 mm, and 17.09 mm, respec-
tively, when two pairs of diagirds were removed.

4. Seismic Performance Based on ATC 63

In this study the seismic performance and safety of the
model structures were evaluated following the procedure
recommended in ATC-63, in which collapse assessment
is performed using nonlinear static (pushover) and nonli-
near dynamic (response history) analysis procedures. Non-
linear static analyses are used to help validate the beha-
vior of nonlinear models and to provide statistical data on
system overstrength and ductility capacity, and nonlinear
dynamic analyses are used to assess median collapse ca-
pacities and collapse margin ratios. Nonlinear response is
evaluated for a set of pre-defined ground motions which
include twenty-two ground motion record pairs from sites
located greater than or equal to 10 km from fault rupture,
referred to as the “Far-Field” record set. Nonlinear inc-
remental dynamic analyses are conducted to establish the
median collapse capacity and collapse margin ratio (CMR)
for each of the analysis models. The ratio between the
median collapse intensity, S.;, and the MCE intensity,
Sy 1s defined as the collapse margin ratio (CMR), which
is the primary parameter used to characterize the collapse
safety of the structure. Fig. 8 depicts the schematic diag-
ram for explaining the meaning of the collapse margin
ratio (CMR) specified in ATC-63, which is obtained as
follows:

CMR=-L=—LI (1)

Collapse is judged to occur by dynamic instability.
Using collapse data obtained from nonlinear dynamic
analyses, a collapse fragility can be defined through a
cumulative distribution function (CDF). The lognormal
distribution is defined by two parameters, which are the
median collapse intensity, S, and the standard devia-
tion of the natural logarithm, £. The lowest intensity at
which one-half of the records cause collapse is the median
collapse intensity, S.r. The MCE intensity is obtained
from the response spectrum of MCE ground motions at
the fundamental period, 7.
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Figure 8. Schematic diagram for collapse margin ratio
(CMR) specified in ATC-63.
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Figure 9. Seismic pushover analysis results of the model
structures 3.

To account for the effect of spectral shape in determina-
tion of the collapse margin ratio, the spectral shape fac-
tors, SSF, which depend on fundamental period, 7, and
ductility capacity, i, are used to adjust collapse margin
ratios. The adjusted collapse margin ratio (ACMR) is ob-
tained by multiplying tabulated SSF’ values with the col-
lapse margin ratio that was predicted using the Far-Field
record set. Acceptable values of adjusted collapse margin
ratio are based on total system collapse uncertainty, Grozn
and established values of acceptable probabilities of
collapse. They are based on the assumption that the distri-
bution of collapse level spectral intensities is lognormal,
with a median value, S, and a lognormal standard devi-
ation equal to the total system collapse uncertainty, Sror

Bror= «/ ﬁIZ2TR+ﬂéR+/g§D+ﬁi/IDL @)
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Table 4. Nonlinear static analysis results (KN, cm)

Vdesign Vmax 2 yeff 514 Hr

0° 14522.5 63000.02 4338 136.71 561.65 4.11
90° 14489.75 78036.51 5.386 166.33 538.23 3.24
180° 15011.54 86170.63 5.740 200.20 635.84 3.18
270° 15764.23 99483.50 6.311 301.15 694.45 231

The total system collapse uncertainty is a function of
record-to-record (RTR) uncertainty, design requirements
related (DR) uncertainty, test data-related (TD) uncer-
tainty, and modeling (MDL) uncertainty. Values of total
system collapse uncertainty, Srop are provided in Table 7-
2 of the ATC-63. Table 7-3 of the ATC-63 provide accep-
table values of adjusted collapse margin ratio, ACMR10%
and ACMR20%, based on total system collapse uncer-
tainty and values of acceptable collapse probability, taken
as 10% and 20%, respectively.

Fig. 9 and Table 4 show the nonlinear static pushover
analysis results of the analysis model structures using
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PERFORM 3D (2007). The lateral loads proportional to
the fundamental mode shapes of the model structures were
applied to the structures and the roof displacements and
the corresponding base shears were plotted in the figure.
The design base shear, maximum strength, and the failure
point at which the base shear is reduced to 80% of the
maximum strength are also indicated in the figure. It can
be observed in the figure that the overstrength increases
as the twist angle increases. However the ductility, which
is the ratio of the maximum displacement and the yield
displacement, decreases as the twist angle increases.
Fig. 10 depicts the incremental dynamic analysis results
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Figure 10. Incremental dynamic analysis results of the model structures with various rotation angles.
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Table 5. Results of nonlinear incremental dynamic analysis results
Svir Scr CMR SSF ACMR Bror ACMR,p,  Pass/ Fail
0° 0.106 0.924 8.746 1.254 10.966 0.750 1.88 Pass
90° 0.107 0.787 7.381 1.220 9.002 0.750 1.88 Pass
180° 0.100 0.738 7.346 1.217 8.942 0.750 1.88 Pass
270° 0.088 0.567 6.443 1.169 7.529 0.725 1.84 Pass

of the model structures subjected to the 44 earthquake
records obtained from the PEER NGA Database and nor-
malized in such a way that the spectral accelerations
corresponding to the natural frequency of the model struc-
tures coincide with the MCE design spectra. Damping
ratios of 5% were used for all vibration modes. The me-
dian collapse intensity or the spectral acceleration (Sq7)
at which dynamic instability of each model structure was
initiated by the 22nd earthquake record was determined
from the IDA curves. The state of dynamic instability was
defined as the point at which the stiffness of the structure
decreased to 20% of the initial stiffness. Table 5 shows
the adjusted collapse margin ratios (ACMR) of the model
structures obtained from nonlinear incremental dynamic
analysis results. It can be observed that the ACMRs of the
model structures are much larger than the acceptable val-
ues of adjusted collapse margin ratio, ACMR20%, which
implies that the response modification factor of 3.0 used
for design of the model structures is valid. It also can be
observed that the ACMRs decreases as the twist angle
increase, which implies that the seismic safety against
collapse decreases as the twist angle increases.

Fragility curves show the probability of a system rea-
ching a limit state as a function of a seismic intensity
measure. In this study pseudo spectral acceleration is
used as the seismic intensity measure, and the seismic fra-
gility is obtained from the incremental dynamic analysis
results. The fragility is described by the conditional pro-
bability that the structural capacity, C, fails to resist the
structural demand, D. It is generally modeled as a lognor-
mal cumulative density function as follows (Vamvatsikos
and Cornell 2002).

ln[C/D]J

C

P[D<C]= l—d)( 3)
where ®[e] = standard normal probability integral, C =
median structural capacity associated with a limit state, D
=median structural demand, f-= system collapse uncer-
tainty. The lognormal collapse fragility is defined by the
median collapse intensity, S, and the standard deviation
of the natural logarithm. The median collapse capacity
corresponds to a 50% probability of collapse.

Fig. 11 shows the fragility curve for the model struc-
tures. The horizontal axis represents the seismic intensity
corresponding to a certain level of collapse probability.
FEMA-450 recommends that the assumed response modi-
fication factor is valid when the probability of collapse
for the MCE-level earthquakes is less than 10%. The
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Figure 11. Fragility curves of the model structures.

figure shows that the collapse probabilities of the model
structures corresponding to the spectral acceleration Sy
which are shown in Table 5, are much less than 10%.
Therefore it can be concluded that the model structures
are generally safe against the MCE-level earthquakes and
the response modification factor of 3.0 used for design of
the model structures is valid. It also can be noticed that as
the twist angle increases the seismic fragility, i.e., the pro-
bability of failure, also increases.

5. Summary

In this study the progressive collapse resisting capaci-
ties of 36-story twisted diagrid buildings were evaluated
based on arbitrary column removal scenario, and the seis-
mic load-resisting capacities were investigated through
fragility analysis and ATC 63 procedure. The analysis re-
sults are summarized as follows:

The analysis model structures turned out to be safe
against progressive collapse caused by arbitrary removal
of one or two pairs of diagrids from the first story. It was
also observed that the progressive collapse potential dec-
reased as the twisting angle increased.

The adjusted collapse margin ratios (ACMR) of the
model structures obtained from nonlinear incremental dy-
namic analysis results turned out to be much larger than
the acceptable values of adjusted collapse margin ratio,
ACMR20%, specified in the ATC 63, which implies that
the response modification factor of 3.0 used for design of
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the model structures is valid, It was also observed that the
ACMRs decreased as the twist angle increased, which
implies that the seismic safety against collapse decreases
as the twist angle increases.

According to the fragility analysis the collapse probabi-
lities of the model structures corresponding to the spectral
acceleration S, are much less than 10%, which confirms
that the model structures are generally safe against the
MCE-level earthquakes. It was also observed that the seis-
mic fragility decreased as the twisting angle increased.
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