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Abstract. Seismic behaviour of a heavy industrial building with highly irregular geometry, 
and mass and stiffness distribution is investigated to assess the effectiveness of current proce-
dures for seismic design of such structures. These procedures were developed essentially for 
conventional commercial or residential buildings with regular and well-defined seismic force 
resisting systems, and their use to predict adequately deformations and forces for irregular 
industrial building may be questionable. The studied building is located near Montreal, Can-
ada, and houses a vertical mechanical process representative of mining and metal refining 
industry. It is braced by low-ductility concentrically braced steel frames. Three-dimensional 
elastic dynamic time history analyses were carried out for selected acceleration records com-
patible with the design spectra at the site. The results are compared to those obtained from 
the equivalent static force procedure and the response spectrum analysis method. The study 
shows that the equivalent static method can adequately predict the displacements, but may 
underestimate column and brace axial forces. In general, response spectrum analysis method, 
provided appropriate prediction of the seismic response of the highly irregular structure stud-
ied. 
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1 INTRODUCTION 

Current code seismic design provisions for buildings in North America are mostly suited 
for conventional office or residential buildings framed by regular, continuous and well-
defined seismic force resisting systems. Heavy industrial buildings are principally designed to 
ensure the functioning of an industrial process, and the structural elements are positioned to 
support heavy equipment and the machinery needed for operation. For these reasons, such 
buildings usually have complex and irregular geometries and uneven distribution of mass 
and/or stiffness which results in variety of dynamic characteristics that significantly differ 
from those found in regular structures. The application of current design provisions to indus-
trial buildings is challenging for practicing engineers, as it requires continuous interpretation 
and adaptation of design rules and may result in inadequate designs [1, 2].  

Structural response of steel-framed industrial buildings in past earthquakes was globally 
satisfactory, but the interruption of the operation was reported in many cases due to damage 
of individual components or connections [3]. Downtime periods may lead to loss of income 
for the industry, unemployment, or shortage of goods, electrical power and communications 
and have significant social and economical consequences. It is therefore imperative to ensure 
that seismic design procedures can lead to adequate performance. In view of limited data on 
the seismic demand imposed on industrial steel buildings by strong ground motions, it is dif-
ficult to evaluate if the seismic force and deformation demand on industrial structures can be 
adequately predicted using methods prescribed in current building design codes.  

In this study, the seismic response of an irregular heavy industrial building is examined, 
and the analysis methods proposed in codes to estimate deformations and forces are critically 
reviewed in light of the observed response. The study is conducted for an existing building 
near Montreal, Canada that houses a vertical mechanical process representative of the mining 
and metal refining industry. Elastic three-dimensional time history analyses are carried out 
using a suite of ground motion records compatible with the design spectrum and the deforma-
tions, as well as axial loads in braces and columns are compared to the predictions from 
equivalent static force and response spectrum analysis methods. Special attention is given to 
the appropriate number of modes to use in response spectrum analysis and the possible impact 
of the direction of seismic loading on member force demand. 

2 ANALYTICAL MODEL OF STUDIED BUILDING AND GROUND MOTION 
RECORDS 

2.1 Building geometry and the analytical model 

A three-dimensional view and the layout of the columns at the base of the industrial build-
ing studied are shown in Figs. 1a and 1b respectively. The main portion of the building has 
37 m x 59 m plan dimensions and is 43 m high. An 8 m tall penthouse is located in the south-
west part of the structure. The building also includes two extensions, one in the north-west 
corner (5 m x 6 m, 18 m high) and another one in the south-east corner (24 m x 8 m, 6 m 
high). In Fig. 1a, a more recent extension located south of column Line 11 can be seen. That 
addition was not considered in this study and is not shown in the other figures. With the ex-
ception of the roof level, the building does not have floors that extend through the whole 
building but rather a series of platform that are used to provide support and give access to dif-
ferent pieces of equipment. The platforms are mainly concentrated in the south and north por-
tions of the building, leaving a large open space in the centre. Two large capacity silos (750 t 
and 1200 t) are located between Lines 1 and 4, and other smaller pieces of equipment are 
placed throughout the structure. Four low-ductility concentrically braced steel frames located 
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on the perimeter of the building form the primarily lateral load resisting system. Additional 
braced frames are provided in the vicinity of the heavy equipment and large openings. The 
building has several irregularities as defined in the 2005 National Building Code of Canada 
(NBCC) 2005 [4], namely mass irregularity, in-plane discontinuity of vertical lateral load car-
rying elements, out-of plane offsets and torsional sensitivity.  

 
a) b)

10

11

9

8

7

6

5

4

3
2

1

A B C D

E

F G H I J
N N

 
Fig. 1 Irregular building studied: a) Three-dimensional view; b) Column layout at the base. 

In order to facilitate the analysis and obtain more general results that could be representa-
tive of the behaviour of similar buildings, the geometry and the secondary framing arrange-
ments were simplified. Fig. 2 shows the final three-dimensional numerical model built with 
the program STAAD.Pro [5]. The model includes the columns, beams, braced frames and ho-
rizontal bracing. The members supporting the main equipment were also represented. All the 
platforms were included in the model, but rigid diaphragm properties were considered only 
for the floors with a concrete slab.  
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Fig. 2 Analytical model in STAAD.Pro: a) Location of platforms; b) Elevation of the braced frames studied.  
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The total seismic weight of the structure (W = 74200 kN) was determined as specified in 
NBCC 2005 and consisted of the weight of the structural members, 25% of the roof snow 
load and the weight of the main equipment in the fully-loaded condition. In order to include 
the mass of the major equipment at appropriate locations, additional nodes were introduced at 
the center of the gravity of the pieces of equipment considered, and linked to the rest of the 
structure by very stiff members. In this way, local overturning moments created by the hori-
zontal inertia forces acting above the platforms that support the equipment could be accounted 
for in the analyses. The masses of the remaining equipment were assigned to the supporting 
columns at each floor in proportion to their tributary areas. For simplicity, the effects of acci-
dental torsion, gravity loads and P-Delta effects were not considered in the analysis. 

2.2 Selection of ground motion records 

Elastic dynamic time history analyses were carried out for an ensemble of ground motions 
compatible with the NBCC design spectrum for a Class C site in Montreal. Due to the lack of 
recordings of historical ground motions rich in high frequencies, which are typical at Eastern 
North-American sites, simulated acceleration records were applied. Fourteen records were 
selected from the database described in [6] based on magnitude-hypocentral distance scena-
rios that dominate the seismic hazard. The records were scaled to obtain the match between 
the intensities of their spectra and the target design spectrum over the range of periods deter-
mined on basis of the best visual fit between the two spectra. A detail description of the 
ground motion selection and scaling can be found in [7]. The resulting median acceleration 
response spectrum of scaled records is compared to the target design spectrum in Fig. 3. 
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Fig. 3 Target design response spectrum (NBCC 2005) and median 5% damped elastic acceleration spectra for 

the ensemble of scaled ground motion  

3 VALIDATION OF SEISMIC ANALYSIS METHODS USED IN DESIGN 

3.1 Equivalent static force method and response spectrum method 

Forces and deformations induced by seismic loads were first determined using the code 
equivalent static force procedure and response spectrum analysis methods. The seismic load-
ing was not reduced to account for the ductility and the overstrength of the system so that di-
rect comparison with the results of the elastic time history analyses could be made. Although 
the use of dynamic analysis is required in NBCC 2005 for an irregular building such as the 
one studied, the equivalent static force method was also considered as it is likely to be used by 
practitioners in preliminarily design due to its simplicity.  

The fundamental periods were initially calculated using the NBCC empirical formula for 
braced frames, Ta = 0.025hn, where hn is the building height. Taking hn = 51m for the frame 
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height at the penthouse location and hn = 43m elsewhere in the building, periods equal to 
1.28s and 1.08s respectively were obtained. The periods were also calculated using modal 
analysis. The results are summarized in Table 1. The directions of the building principal mod-
es correspond to the two orthogonal directions of the building, but modes in both directions 
showed torsional response. Each of the two principal modes were associated with about 54 
percent of the total mass, and the contribution of higher modes was relatively small and varied 
between 0.1 and 7 percent (see Table 1). Thus, a large number of modes had to be considered 
(70 for the E-W direction and 95 for the N-S direction) to obtain the minimum 90% mass par-
ticipation required by codes.  

 
  E-W N-S 

Mode Ti Mi ΣMi / M Mi ΣMi / M
 (s) (%) (%) (%) (%) 
1 1.46 0.0 0.0 0.2 0.2 
2 1.38 53.2 53.2 2.1 2.1 
3 1.32 1.5 54.7 63.4 65.7 
4 1.11 0.2 54.8 0.2 65.9 
5 1.07 7.1 62.0 0.0 65.9 
6 1.05 4.2 66.2 0.2 66.1 
7 1.02 0.0 66.2 0.0 66.1 
8 0.98 3.8 70.0 0.7 66.9 
9 0.96 0.7 70.7 5.1 72.0 
… … … … … … 
70 0.38 0.1 90.0 0.1 86.2 
… … … … … … 
95 0.33 0.5 92.9 0.4 90.3 
… … … … … … 
126 0.26 0.3 97.1 0.1 96.1 

Table 1 Results of the modal analysis: Periods and associated modal masses  
 

Fundamental periods were also computed using the Rayleigh method: 1.29 s and 1.28 s 
were obtained in the E-W and N-S direction, respectively. Values from all three methods 
agreed well. The elastic base shear forces from the equivalent static force method ,V, were 
determined using the periods calculated with the Rayleigh method: V = 8900 kN along the E-
W direction and V = 9000 kN along the N-S direction. Two different approaches were ex-
amined for the vertical distribution of seismic loads to assess how well they account for high-
er mode effects, namely (i) linear distribution with a concentrated force at the top of the 
structure as prescribed in NBCC 2005, and (ii) parabolic distribution, as defined in ASCE 7-
05 [8]. 

In the response spectrum analysis, modal contributions were combined using the CQC rule 
assuming 5% damping in all modes. As previously mentioned, large number of modes had to 
be included to obtain the minimum 90% mass participation required by codes: 70 and 95 
modes for the E-W and N-S directions, respectively. The base shear forces from response 
spectrum analysis, Vt, were equal to 5690 kN and 6460 kN representing only 64% and 72% of 
the seismic base shear forces obtained from the equivalent static method in corresponding di-
rections. When including up to 126 modes, the combined mass participation increases to 97% 
and 96% in each of the two directions (see Table 1) and the two associated base shear forces 
increased to 71% V and 79% V, respectively. Further increase in the number of modes in the 
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response spectrum analyses did not lead to any further augmentation of the base shears. The 
difference between Vt and V is explained by the inherent inadequacy of the equivalent static 
force method to represent the dynamic response of complex structures. In this context, the re-
quirement to scale response spectrum analysis results to the values obtained from the equiva-
lent static force method, as currently prescribed in North-American codes, could be 
questioned when the number of modes used in the spectral analysis is sufficient to reach con-
vergence. However, further investigation is needed on this subject before more general con-
clusions can be drawn. In this study, the results of the response spectrum analysis conducted 
for the number of modes engaging 90% participating mass were scaled by the V/Vt ratio, as 
required in NBCC 2005, and then compared with other methods. 

3.2 Dynamic time-history analysis 

Three-dimensional dynamic time history analysis was carried out using the modal superpo-
sition routine available in the program STAAD.Pro. Damping equal to 5% of the critical value 
was assigned to all modes. Preliminary analyses were performed to determine the appropriate 
number of modes required to adequately predict the seismic base shears, storey displacements 
and maximum brace forces. The number of modes was gradually increased to achieve 90% 
(70 modes and 95 modes in the E-W and N-S direction, respectively), 97% (126 modes) and 
nearly 100% (500 modes) participating mass. Increasing the participating mass from 90 to 
97%, resulted in peak base shear forces increasing by as much as 25%; however, no further 
base shear increase was observed beyond 126 modes. Similarly, brace axial loads changed 
significantly until 126 modes were included but remained fairly constant when additional 
modes were considered. Storey displacements were the least sensitive to the number of modes 
selected; however, for specific building levels, it was necessary to engage 97% of the mass to 
avoid changes in the results. Based on these three observations, 126 modes were selected for 
the time history analyses performed. Comparison with the other methods was based on me-
dian results which can be considered representative in view of number of acceleration records 
selected. However, 84th percentile values were also tracked to illustrate dispersion. The ana-
lyses were conducted for two sets of orthogonal axes: the principal axes of the building and a 
set of axes oriented at 45 degrees angle with respect to the principal directions. The latter set 
was chosen to evaluate the impact of the direction of the analysis on the response. 

3.3 Comparison of results 

Following response parameters were selected for comparison between the three methods: 
the seismic base shear, storey displacements, and the axial forces in columns and braces of the 
braced frames. The results are given in Figs. 4, 5 and 6.  
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Fig. 4 Peak base shear from equivalent static force (STAT), response spectrum (SPEC) non-scaled, and time 

history (TH-med and TH-84th) analysis methods. 

Fig. 4 shows that, regardless of the method, the seismic base shears in the two principal 
building directions were similar. This was expected because the corresponding building pe-
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riods were comparable in the two directions. Elastic base shears calculated using the equiva-
lent static force method exceeded the median time history results by approximately 40%, and 
were even slightly higher than the maximum peak values. Median results agree well with the 
values obtained from response spectrum analysis when no scaling of base shear is applied, 
confirming that the base shear estimates obtained from the equivalent static force method are 
probably conservative. 
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Fig. 5 Peak drift from equivalent static force (STAT), response spectrum (SPEC) scaled, and time history 

(TH-med and TH-84th) analysis methods and for earthquake action along the N-S direction. 

Fig. 5 illustrates the calculated peak displacements under loads and ground motions ap-
plied in the N-S direction. Displacements are studied instead of inter-storey drifts, because 
none of the floors extended through the whole building areas. The results shown are norma-
lized by the total storey height measured from the ground. Comparable displacement profiles 
were predicted from all methods employed. No significant difference was noted when using 
the NBCC 2005 or the ASCE 7-05 seismic force distributions in the equivalent static force 
method. Spectrum analysis results were slightly smaller than those obtained from equivalent 
static load method in all but two locations, and about 40% higher than the mean time history 
results. The 84th percentile values were also below the predictions of the equivalent static and 
response spectrum methods. These observations are consistent with those made for base 
shears. 

Column and brace axial load profiles in the selected braced frames, shown in Fig. 6, com-
pare well between the different methods considered. The results are shown for earthquake 
loads acting along the N-S direction of the building. Similar force profiles were obtained for 
the E-W direction, and the results are not shown herein. The response spectrum analysis val-
ues consistently exceeded the median time history results. They were even higher than the 
84th percentile time history values for almost all structural elements studied. This can be ex-
plained by the scaling procedure that was applied to the response spectrum analysis results. 
The results from the equivalent static force method are comparable to response spectrum val-
ues for the frames oriented in the direction of the analysis. For the frames in the perpendicular 
direction, however, the equivalent static force method under-predicted the member forces by a 
large margin in some cases. This can be attributed to the inadequate treatment of higher mod-
es and in-plane torsional effects when using an equivalent static force method for such irregu-
lar structures. 
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Fig. 6 Comparison of peak axial load in columns and braces induced by seismic loads acting in N-S direction: 

equivalent static force (STAT), response spectrum (SPEC) scaled, and time history (TH-med and TH-84th) anal-
ysis methods  

3.4 Impact of the direction of analysis on column and brace forces 

According to NBCC 2005, when the components of the seismic force resisting systems are 
orientated along a set of orthogonal axes, design seismic forces in the members of a building 
structure can be obtained two independent analyses performed along each of the principal 
axes of the structure. This condition applies for the structure studied. However, given the 
presence of irregularities in the structure and the fact that some braced frames shared columns 
in the upper part of the building, it was of interest to determine if the direction of the applica-
tion of the loads could have impact on the member forces.  

Fig.7 summarizes the results obtained from time history analysis for four directions of load 
application: two analyses along the principal axes of the building and two analyses along or-
thogonal axes oriented at 45 degrees angle with respect to the building principal directions. 
Force envelopes obtained from the response spectrum analysis are also shown for comparison. 
Note that column lines B and I run in the N-S direction while column Lines 1 and 11 are in 
the E-W direction. As expected, the highest axial loads in diagonals of the braced frame were 
developed when seismic action was applied in the direction of the braced frame. The same 
observation holds true for the columns of braced frames in the N-S direction. On the contrary, 
in the upper columns of the frames along the E-W direction, up to 30% higher forces were 
recorded under the ground motions acting in directions other than the direction parallel to the 
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frames, including loading at 45 degrees. Such a result is explained by the fact that these col-
umns were also part of another braced frame placed in the perpendicular direction to the stu-
died frame. This type of framing arrangements is not uncommon in heavy industrial buildings, 
and caution should therefore be exercised when selecting the direction of the loading for 
seismic analysis. In all cases studied, member forces obtained from the response spectrum 
analysis were the highest and would therefore provide conservative estimates of design forces. 

010002000
Pmax Column (kN)

0 200 400 600
Pmax Bracing (kN)

0 500 1000
Pmax Bracing (kN)

N-S
E-W
NE-SW
NW-SE
SPEC-Max

020004000
Pmax Column (kN)

010002000
Pmax Column (kN)

0 200 400 600
Pmax Bracing (kN)

050010001500
Pmax Column (kN)

0 200 400
Pmax Bracing (kN)

a) Column line1 b) Column line 11 

c) Column line B d) Column line I 

 

Fig. 7 Impact of direction of the analysis on peak axial load in columns and braces. 

4 CONCLUSIONS  

• For the building studied, the fundamental periods obtained using the code empirical for-
mulae compared well to values from modal analysis and the Rayleigh method; 

• The equivalent static force method gave reasonable estimates of deformations under seis-
mic loads, but under-estimated the axial loads in columns and braces; 

• For the response spectrum analysis method, it was necessary to include a large number of 
modes to engage the minimum 90% mass participation required by building codes: 70 and 
95 modes, respectively, for each of the two principal directions of the building studied; 
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• The response spectrum analysis method provided a fair prediction of both the deformation 
and force seismic demand, and therefore appeared to be an appropriate method to predict 
the seismic response of such a highly irregular building; 

• In this study, dynamic time history analysis was performed using a modal superposition 
technique. The results showed that member forces are sensitive to the number of modes 
considered in the analysis and can be significantly under-estimated if an insufficient num-
ber of modes is selected. For the building studied, the number of modes required to obtain 
97% global mass participation was needed to adequately predict the base shear forces; 

• The study showed that the selection of the direction in time history analysis should be 
done with care, as the maximum forces in components that are common to two braced 
frames in orthogonal directions may be induced by seismic loads acting in directions that 
are not parallel to the braced frame studied. 

• The study was limited to a single building with specific dynamic characteristics and the 
results cannot be generalized before similar study is conducted on additional structures. 
However, the results provide insight into possible limitations of current seismic design 
procedures and possible directions for future investigation. 
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