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Abstract

Seismic damage to equipment installed in residential, commercial, hospital, and multistory industrial buildings are
reported in major earthquakes that happened in the past decades. Equipment, such as heating, ventilation, air conditioning
systems, etc. are attached to the building structure as the nonstructural system which experiences the inertia force or
deformation action transferred from the main building. Mass of these equipment are comparatively smaller than the main
structure, therefore the resulting inertia force is neglected in seismic design of the building structure. However, the mass
of heavy equipment, such as the cooling tower, water pump assembly, medical air unit, etc., cannot be ignored in the
seismic design of the main structure. The mass ratio (MR, the mass of the equipment divided by the total mass of the
structure) is one of the important parameters to determine the dynamic interaction between the equipment and the main
structure.

In this study, to investigate the seismic interaction in terms of the MR, a 1/10 scaled 4-story steel moment frame
was built following the similitude law such that the dynamic response of this frame can be derived to that of the prototype.
To compute the dynamic characteristics of the frame, it was simplified as a four degree-of freedom (4DOF) system. The
equivalent masses of the equipment were applied to various floor levels ignoring the stiffness and damping of the
equipment. The relationship between the MR and vibration period of the system was obtained by solving the
corresponding eigenvalue problem. To verify the accuracy of the simplified model, finite element models were
constructed with OpenSees and SAP2000. The resulting vibration period was observed to match that of the closed-form
solution. Free vibration tests were employed and the vibration period and damping ratios of the frame were computed
based on the experimental results. In the same mass assignment scenario, the vibration period from the closed-form
solution was identical to that from the experiment. The relationships between the mass ratio, damping ratio, and the
fundamental vibration period were discussed based on the experimental results.
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1. Introduction

Mechanical and electrical equipment such as sprinkler systems, switchgear, and transformers, etc. are the
functional utilities in building structures. They play a critical role in ensuring a proper living and working
environment for occupants of the building. In strong earthquake excitations, the resulting failure of such
equipment is likely to disrupt the post earthquake response and recovery (Caldwell et al. 2007 [1]). Moreover,
historical earthquakes have demonstrated that electrical equipment as a whole are often not adequately
restrained and/or anchored, which can lead to significant damage due to overturning and/or sliding. In the 27
May 1964 Great Alaska earthquake, mechanical systems like liquid tanks, elevators, boilers, etc. were damaged
severely in downtown Anchorage (Ayres et al. 1967 [2]). There were no available seismic design guidelines
for the mechanical facilities to follow at that time. As a result of severe earthquake shaking, medical facilities
in Los Angeles Olive View Medical Center were damaged significantly in 9 February 1971 San Fernando
earthquake (Lew et al. 1971, Ayres and Sun 1973 [3,4]). This building was demolished after this earthquake,
and a new building was built in the same place in 1980s. During the 17 January 1994 Northridge earthquake,
only slight equipment damage was experienced because of the supporting brackets failure (OSHPD 1996 [5]).
High-tech industry is usually equipped with data processing equipment being supported by the steel racks,
cabinets, etc. where seismic damage was reported in the 17 October 1989 Loma Prieta earthquake (Ding et al.
1990 [6]). In the 12 January 2010 Haiti earthquake, many electrical equipment in building structures were
damaged as a result of unqualified restraints or anchors (Goodno et al. 2011 [7]). Counterweight and cab
derailments, guide rail damage, jammed doors, and shifted equipment occurred in half of the investigated
buildings (Miranda et al. 2012 [8]). Measures should be taken to improve the seismic performance of these
equipment.

As one type of nonstructural component (NC), the mechanical and electrical equipment is not designed
to carry the seismic load of the main structure. In fact, the immediate load they experience is transferred from
the connections between the equipment and the main structure (Chen and Soong 1988, Villaverde 1997 [9,10]).
As a result of the dynamic and physical characteristics of the two systems such as the vibration period, mass,
and damping ratio, the interaction of the two systems may influence their seismic performance. Floor response
method is typically employed to evaluate the seismic performance of the equipment under the floor motion
excitation. The pioneer work of Penzien and Chopra has been carried out to generate the peak response of the
NCs [11]. A simplified analytical two-degree-of-freedom (2DOF) model was built to investigate the
equipment-structure interaction (Igusa et al. 1985 [12]). Using similar method, multiply supported NCs were
studied regarding the interaction performance ([13,14]). The amplification effect was considered in the lower
floors when the natural period of the NCs was equal to the 2nd or 3™ period of the main structure with the
consideration of the nonlinearity and narrowband excitation of the primary structure [15]. In Segal and Hall
[16], it was observed that mounting of equipment on the main structure would not reduce the peak response
and it would not act as a damper for the main structure. Using the structure interaction, an accurate prediction
for the top displacement of the NC was achieved by considering the relationship between the interacting force
and the response under dynamic loading [17]. Because NCs are not subjected to the external excitation, but
they are excited by the inertia force induced by the main structure, resulting NC response can be considered in
the terms of floor response [9]. However, limited work in literature investigates the interaction effect on the
mass ratio of the equipment (or NCs) to the main structure.

In the current study, to investigate the contribution of the mass ratio on the dynamic properties of the
equipment-main structure system, a scaled 4-story steel building was constructed in the lab. Additional steel
plates representing the mass of the equipment were fixed in different floor levels. Finite element model (FEM)
was created to compute the dynamic parameters of the structure-equipment system. To evaluate the analytical
results, free vibration tests were performed to obtain the experimental dynamic parameters. The dynamic effect
of the mass of the equipment on the main structure are elaborated based on the experimental and analytical
results.
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2. Test Specimen

A 4-story, one-bay symmetric steel building, with a span, story height and total height of 6.0m, 4.5m and 18.0
m, was chosen to be the prototype building structure to support the equipment (Fig. 1). The floor of each story
is made of reinforced concrete. Due to the limitation of the experimental facilities, the building was scaled
down to 10% of the prototype structure. The building was designed following the current Chinese seismic code
([18]). To calibrate the horizontal stiffness of the structure, diagonal braces with double L-shape steel were
manufactured. All the joints are connected with bolts so that the whole building can be fabricated easily (Fig.
Ic). The concrete slab was replaced with steel grid in the scaled structure. The detailed geometrical and
structural parameters are listed in Table 1. As a result of the limited construction materials in real world, if the
same materials were used in the two structures, the scaled building structure would lead to the distortion of the
mass, and structural response such as the deformation, acceleration, stress, etc. Therefore, additional mass
representing the equipment is needed to be placed on each floor based on similitude law (Kim et al. 2009, [19-
22]). According to the theory of similitude introduced in [21], the resulting conversion coefficients between
the prototype and the scaled structure are shown in Table 2. They can be applied to convert the dynamic
responses of the scaled structure to those of the prototype structure.
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Fig. 1. Test specimen
Table 1. Parameters of the Test Specimen.
Item Prototype Scaled
Height (m) 18.0 1.8
Mass of floor (kg) 81,129.3 45.1
Mass of 36,000.0 766.2
equipment (kg)
Height (m) 4.5 0.45
Column . Steel pipe Steel pipe
Cross Section (mm) 400%400x20  40x40x2
Length (m) 5.6 0.56
Beam C-shape steel C-shape steel

Cross Section (mm) (1, 300x25  60x30x2.5

© The 17th World Conference on Earthquake Engineering - 2k-0023 -



2k-0023

The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

Table 2. Conversion Coefficient.

Property

Physical Parameter Conversion Coefficient

Geometrical

Material

Load

Dynamic

Length 0.1
Strain 1.00
Elastic modulus 1.00
Stress 1.00
Density 10.0
Mass 0.01
Concentrated force 0.01
Linear load 0.1
Surface load 1.0
Moment 0.001
Period 0.316
Acceleration 1.00
Time 0.316
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Fig. 2. Four degree of freedom model including the equipment modeling

3. Numerical Analysis

3.1 Building without equipment

The dynamic properties, especially the vibration frequencies, are fundamental characteristics representing the
influence of the mass of the equipment on the main structure. Prior to application of the mass of the equipment
on the main structure, the vibration frequency should be known such that the mass ratio effect can be analyzed
properly. To compute the vibration frequency of the 3D structure, it is simplified as a 4DOF system with four
lumped mass at each story level (Fig. 2). The equation of motion of this system for free vibration (Chopra 2012

[23]) is shown in Eq. (1) below:
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m 0 0 0 k+k, —k, 0 0
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where, M = ’ is the mass matrix; K = ’ S } is the stiffness
0 m O 0 —k,  ky+k, -k,
0 0 0 m 0 0 —k, k,
matrix; u,, i ,and ~ (i=1, 2, 3, 4) are the displacement, velocity, and acceleration of the ith mass; Rayleigh
20.0,
damping is used so that the damping matrix C=a¢M~+aiK is the damping matrix with q, =¢{—— and
. +@.
i J
a=¢ , assuming all the vibration modes of the same damping ratio, . The nth natural frequency of
W+,
i J

the building with damping is:

a)nD = a)n 1 - é’nz (2)

where, wy is the nth natural frequency of the corresponding undamped building, which can be obtained by
solving the eigen value problem:

[K—a)jM:lqﬁn =0 (3)

where, ¢, is the modal shape vector, and ¢, is the damping ratio of the nth mode. Before the free vibration

tests, the damping ratios of the system is assumed as 3%, which is the suggested value in the current seismic
code ([6,18]). The vibration modes and frequencies are computed with Matlab [24] (Error! Reference source
not found.) and listed in Table 3.

Table 3. Vibration Period (Sec).

Mode # Matlab OpenSees SAP2000
Prototype  Scaled  Prototype  Scaled Prototype  Scaled
1 0.63 0.20 0.63 0.20 0.63 0.20
2 0.22 0.07 0.20 0.06 0.21 0.06
3 0.14 0.05 0.13 0.04 0.13 0.04
4 0.12 0.04 0.11 0.03 0.12 0.03
5 P
| —%— 1st
—%—2nd
4 N—6—3rd
L |—P—4th
H
»
2
1
-1 0 1
Amplitude

Fig. 3. Vibration modes computed with Matlab
To evaluate the result of the closed-form solution, a 3D FEM was building with OpenSees and SAP2000
[25,26]. In the model in OpenSees, Steel02 material was used for the nonlinear beams and columns where the
cross section was discretized into fibers. In the model in SAP2000, line element was used to model the beams
and columns. The additional mass was added to each floor level to make sure that the required the similitude
law was satisfied [21,22]. The resulting vibration frequencies are listed in Table 3 where the results from the
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FEM modes are exactly the same. They are slightly smaller than the ones of the simplified closed-form
solution. The error is generally less than 1% indicating that the 4DOF computational model is accurate enough.
The 3D model and the resulting vibration modal shapes are shown in Fig. 4, where the 1%, 2", and 4™ modes
are translational, while the 3™ mode is torsional. The modal participation factors of the first two modes are
95% demonstrating that they are the dominant vibration modes [6,18,23].

a). 3D model in SAP2000 b). 1¥ mode c¢). 2™ mode d). 3 mode e). 4" mode
Fig. 4. 3D model and vibration modes

3.2 Mass Ratio Effect

The mass ratio (MR) denotes the mass of the equipment divided by the whole mass of the main structure. In
ASCE 7-16 [27], it is mentioned that once the MR of the equipment or similar NCs exceeds 25%, they should
be designed as a nonbuilding structure instead of NCs because the dynamic interaction cannot be ignored. In
the mathematical model, the mass of the equipment is applied to the structure by increasing the magnitude of
mei in Figure 2 at the floors with the equipment. Values of MR range from 5 to 50% with an increment of 5%.
The masses are placed on various floor levels as shown in Fig. 2. Same mass (m.;i= m in Fig. 2) is placed on
each floor if two or more floors are to be assigned, leading to a total of 150 computational cases in Matlab
[24]. The stiffness of each story and equipment on each floor is identical i.e., ki= ko, kei = k in Fig. 2. Periods
computed for various MRs are shown in Fig. 5. In this figure, captions indicate the number of floors that the
masses are located at and the legend describe the mass arrangement and which floors the masses are located
at. From this figure, one can observe that if the equipment mass is placed on a certain floor level, the vibration
period increases with the level of MR (Fig. 5a). A similar trend is observed in the other cases in which the
equipment masses are placed on two or more floor levels (Fig. 5b,c). Moreover, if the equipment mass is
located on a single floor, the resulting vibration period increases with the floor level of the located mass (Fig.
5a). However, this trend is not observed in the other cases in which masses are placed on two or more floors
levels (Fig. 5b,c). For instance, if the masses are placed on the 19'&4™, and 3"&4" stories (Fig. 5b), the resulting
period of the former arrangement is generally larger than the that of the latter. This observation is against the
subjective estimation like that shown in Fig. 5a. To solve this issue, a mathematical deduction is carried out to
find the distribution character of the period regarding the MR.
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I |
|
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Period (sec)
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Period (sec)
Period (sec)

#2345

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Mass Ratio (%) Mass Ratio (%) Mass Ratio (%) Mass Ratio (%)

a). One floor b). Two floors ¢). Three floors d). Four floors
Fig. 5. Period in various mass assignment
The period results from this analytical model are compared against those obtained with OpenSees, and
SAP2000 and are shown in Fig. 6, where one can observe that the periods agree with each other well verifying
the analytical model developed in Matlab.
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Fig. 6. Periods of the four DOF structure with equipment mass computed with three methods

4. Free Vibration Test
4.1 Test Setup and Method

The test setup is shown in Fig. 7, where markers and accelerometers were attached to each story level of the
frame, which was attached to the strong floor of the lab. The initial condition to initiate free vibration was
introduced by applying a small displacement using the string shown in Fig. 7. A Nikon video camera was used
to record the whole vibration process. To obtain the displacement response in time history, the recorded videos
were processed with digital image computation method. In this test, mass ratios of 20, 25, and 30% were

reproduced to evaluate the 25% limit specified in ASCE 7-16 [6].
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Fig. 7. Test setup
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Fig. 8. Acceleration response
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Fig. 9. Fourier Spectra
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Table 4. Dynamic Properties.

Mass in Floor # Mass Ratio Period (Sec) Damping Ratio
20% 0.19 0.95%
#2 25% 0.20 0.99%
30% 0.20 0.84%
20% 0.20 0.95%
#3 25% 0.21 0.97%
30% 0.21 0.92%
20% 0.21 0.79%
#4 25% 0.21 1.08%
30% 0.22 0.99%
20% 0.22 1.10%
#5 25% 0.23 0.99%
30% 0.23 0.99%
20% 0.21 0.93%
#2,3 25% 0.21 1.48%
30% 0.21 1.09%
20% 0.21 0.83%
#2,4 25% 0.22 0.91%
30% 0.22 0.93%
20% 0.22 1.00%
#2,5 25% 0.23 0.94%
30% 0.24 0.84%
20% 0.22 0.74%
#3,4 25% 0.23 0.92%
30% 0.23 1.03%
20% 0.23 0.82%
#3,5 25% 0.24 1.27%
30% 0.24 1.05%
20% 0.23 0.79%
#4,5 25% 0.25 0.78%
30% 0.26 1.04%
20% 0.22 0.99%
#2,3.4 25% 0.23 0.93%
30% 0.24 1.11%
20% 0.23 0.96%
#2,3,5 25% 0.24 1.11%
30% 0.24 0.96%
20% 0.24 1.09%
#2,4,5 25% 0.25 0.96%
30% 0.26 0.84%
20% 0.24 1.09%
#3,4,5 25% 0.26 0.96%
30% 0.26 0.97%

4.2 Test Results

In the conducted tests, equipment mass was placed on 1%, 2" and 3™ floors. Fig.8 shows the acceleration
response histories measured at the 4" floor (Fig. 8). Fundamental natural periods are identified from the Fast
Fourier Transform (FFT) of the measured accelerations, Fig. 9. Damping ratio is computed from the FFTs
using half power method suggested by Chopra [23]. The computed dynamic properties including vibration
frequency and damping ratio are listed in Table 4 and plotted in Fig. 10. The identified values are generally
consistent with the results of the numerical analysis (Fig. 10). When the mass is fixed to certain floor levels,
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Make it safer

the vibration period and damping ratio increase with the increasing mass ratio. The vibration period increases
if a certain amount of mass is evenly disassembled and fixed to two or more floor levels. For the same mass
ratio, mass in higher floor levels leads to larger periods and damping ratios.

05 05 05
————— OpenSees —-—-—0OpenSees —-—-—0OpenSees
— — —SAP2000 — — —SAP2000 — — —SAP2000
0.4 Matlab 0.4 Matlab 0.4 Matlab
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9 9 ke
53 53 53
o o o T
| 02 5= -
! 259, | 25%
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0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Mass Ratio (%) Mass Ratio (%) Mass Ratio (%)
a). Mass in floor # 5 b). Mass in floor # 4,5 ¢). Mass in floor # 3,4,5
Fig. 10. Fundamental vibration period identified by the experiments and comparison with analytical

results

Displacement responses measured at the top of the structure are plotted in Fig. 11, with which, the
vibration period of the steel frame was computed and shown in Fig. 12. One can observed that the results
obtained from displacement and acceleration responses are almost identical. This observation confirmed the
reliability of the experimental and analytical results. The interaction between the equivalent mass and the steel
frame exists when the mass ratio even when the mass ratio is smaller than 25%.
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Fig. 11. Displacement response
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Fig. 12. Period and mass ratio

The relationship between damping and mass ratios are shown in Fig. 13. One can find that when the
mass is attached to one floor level, the damping ratio is the largest for the case of the mass placed on the 2™
floor, and smallest for the mass placed on the 3" floor. Similar trend is found for the case of three masses,
while there is no clear trend for the mass located in the other two floors. A general observation is that the
damping ratio increases with the mass ratio. The relationship between the damping ratio and the period is
shown in Fig. 14 where it is difficult to observe a representative pattern. Similar observations are made from
the periods and damping ratios identified from the displacement responses.
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Fig. 14. Relationship between damping ratio and period

5. Summary and Conclusions

Dynamic interaction between the equipment and the main structure may lead to the damage of both systems if
the interaction mechanism is not understood clearly. In an effort to understand this interaction, many analytical
studies based on the simplified models of the two systems were conducted. While the influence of the mass
ratio on the interaction parameters such as the period and damping ratio is clear, the optimized location of
equipment was not investigated comprehensively. In this study, to investigate the seismic interaction in terms
of the mass ratio, a 1/10 scaled 4-story steel moment frame was built following according to similitude relations
such that the dynamic response of this frame can be related to that of the prototype. The frame was simplified
as a four degree-of freedom (4DOF) system to compute its dynamic characteristics. The equivalent masses of
the equipment were attached to various floor levels and numerical analyses and free vibration tests were carried
out, where some conclusions are listed below:

1) The analytical results with the OpenSees, SAP2000, and the Matlab analytical model agree with each
other well. This confirms the accuracy of the simplified MDOF model.

2) The computational and experimental fundamental periods of the steel frame are close to each other.
The fundamental period generally increases with the mass ratio. For a certain amount of mass, the
corresponding period is larger if located at higher story levels.

3) The fundamental period corresponding to the mass ratios of 20, 25, and 30% do not vary much. Further
studies are required to justify the 25% limit in ASCE7-16.

4) The damping ratio of the frame varies between 0.8 to 1.8%, which is different from the 3% value
indicated in current code provisions. It increases slightly if the mass is located at higher story levels.
The experimental damping ratios should be justified with further analytical and shaking table test
studies.
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