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Abstract

Essential facilities, such as hospitals, communication systems, highways, bridges, among oth-
ers, play a significant role in a community. These facilities are vital, especially after being hit
by a natural hazard. They must remain functional after a significant event to provide essential
services to the community. The implementation of control systems during the structural design
and rehabilitation stages enables an attractive manner for this type of structure to dissipate the
dynamic response under major disturbance events. Typically, the design stage of structural
control systems focuses its attention on the asset's structural configuration. Under seismic
events, the structure's response can be altered by the interaction between the structure and the
soil underneath. In this paper, the dynamic response's influence is evaluated through numerical
simulation by including the effects of soil-structure interaction in a concrete moment resistant
frame with viscous fluid-type energy dissipation systems. For this analysis, seven ground mo-
tion records were selected for the analysis, considering their frequency and source of content.
These records are matched to the corresponding building code design response spectrum for
areas prone to high seismicity. Similarly, the soil profiles used for the analysis correlates with
the same seismic hazard zone. The analyzed structure corresponds to an essential facility of
high importance modeled as a two-dimensional concrete moment resistant frame. The analysis
is performed on a seven-story building implementing viscous dampers. Two cases are studied:
implementing and neglecting the effects of the soil-structure interaction. The results for the
case-study show a significant increase in the dynamic response in terms of displacement, inter-
story drift, and base shear when considering soil-structure interaction.
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1 INTRODUCTION

For assets for the built environment, structural damage may occur due to medium to high-
intensity seismic events. These effects can damage structural and non-structural elements, and
on some unfortunate occasions, they have resulted in casualties. During the last decades, mul-
tiple researchers have focused their attention on alternatives for controlling the structure's re-
sponse due to seismic loads in order to guarantee people' safety and to minimize the amount
of inflicted damage into the buildings [1]. The seismic design aims to develop structural con-
figurations to resist earthquake loads, providing reliability, durability, and, most importantly,
minimizing casualties. Traditionally, the dissipation of energy has been considered by the de-
formation and damage of the building components. In the last decades, different methodolo-
gies have been developed for the design of structures (e.g., buildings, bridges, dams) with the
objective of dissipating the energy while preserving the investment. For instance, displace-
ment-based design and accounting for enough ductility into the structure are used alternatives
for energy dissipation. The latter represents the basis of the current building design codes. Al-
ternatively, there are other methods, such as the incorporation of energy dissipation systems,
including base isolation, known as control systems. These systems are typically implemented
on essential facilities to control the seismic response and remain functional during and after
an earthquake [2-7]. Recently, it became evident that the traditional design of structures does
not represent a sufficient solution to prevent the collapse of certain structures [8]. Rather, it is
necessary to implement solutions that enable immediate occupancy while minimizing re-
quired repairs and functionality interruptions after medium to high-intensity earthquakes [8].
This can be achieved by incorporating control systems to reduce structure forces and displace-
ments among seismic events. Incorporating control systems as an alternative for the design of
new structures and the rehabilitation of existing structures is becoming more popular among
building codes. Some examples of this implementation include the Colombian current code
NSR-10 and the new one that is being developed AIS 700 (Asociacion Colombiana de Inge-
nieria Sismica), ASCE 7-16 (American Society of Civil Engineers), the Eurocode, and the
Chilean Standard NCh. Additionally, previous studies have shown that the implementation of
control systems may enable a life-time reduction of the structure’s cost, in comparison with
the cost associated with structures designed in a traditional manner, due to the capability to
reach inelastic deformations during earthquakes, suffering minimal damage, providing post-
earthquake operability, and reducing the need for repair [8]. Control systems have been imple-
mented in multiple buildings around the world to reduce the dynamic behavior of the struc-
ture, for example: St. Francis Towers (Mandaluyong, Philippines), Churchill Hotel (San
Diego, California, USA), King County Courthouse (Seattle, Washington, USA), Opera House
(San Francisco, California, USA) and 3 Com (Foster City, California, USA) [9, 10].

However, these structures are typically designed neglecting any soil-structure interaction
[11]. In structural dynamics, a structure's behavior is analyzed considering a set of discrete el-
ements, modeled following a set of equations of motion to estimate displacements and
stresses. For the case of soil dynamic analysis, the study is performed similarly while taking
into account the effect of the soil, and therefore the resulting structure's displacements and
stresses differ [12]. This effect is known as "Dynamic Soil-Structure Interaction" (DSSI). Ac-
cording to Kausel [13], the DSSI concept is hard to define completely. Still, in general terms,
it refers to static and dynamic phenomena that occur between the ground and a much more
rigid structure. For example, the seismic wave amplification in the ground and the dynamic
interactions between different soil layers are factors to consider during a DSSI analysis. Other
studies showed that DSSI consideration could significantly influence the dynamic response of
structures [12-18]. This influence is mainly seen in three aspects: i) the change in the dynamic
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characteristics of the soil-structure system such as frequencies and modes of vibration; ii) the
increasing in damping within the system due to the transference of the structure's energy into
the ground; and ii1) the soil moving properties influence the analysis [11]. Recent studies have
shown that the effects of the DSSI have a greater influence on the structural response in terms
of base shear, performance level, and inter-story drifts when is supported on soft soils [17].

To evaluate the influence that the DSSI has on the response of concrete frames with vis-
cous damper devices, we analyzed a seven-story concrete frame with and without imple-
mented control systems. First, seven representative seismic records were selected, considering
representative characteristics such as their frequency content. These records were matched to
the corresponding response spectrum of a high seismic hazard zone, defined by the design
codes. Subsequently, the matched records were filtered through a soil profile to obtain surface
records. With the same profile data, the foundation stiffness was calculated at the surface
level to perform a more accurate analysis of the structure and the soil at the transition zone be-
tween both systems. The soil stiffness and the earthquakes acting at the surface were consid-
ered during the analysis. For the seismic response analysis, the analytical model of the
structure was done in the finite element software ETABS [21]. The analysis was performed
for four cases: fixed and flexible base with and without viscous dampers. The results are pre-
sented in terms of the maximum inter-story drift, the base shear, and hysteretic curves for the
viscous dampers. Although the complete analysis includes more models of structures with dif-
ferent characteristics (e.g., different number of bays, stories, dimensions) [22], only one struc-
tural model with seven stories and five bays are presented within this paper.

2 GROUND MOTIONS

2.1 Ground motion selection

For the dynamic analysis in the time domain, ground motion records must meet certain cri-
teria [21, 22]: must be a minimum of three different acceleration records or the average value
of seven acceleration records, all of them different and representative of the expected ground
motions at that zone; they must be events with magnitude, distance to the seismic source and
rupture mechanisms similar to the ones for the location of the case-study; and covering the
broadest possible range of frequencies.

Following the guidelines outlined above, the seismic acceleration records were selected from
the Pacific Earthquake Research Center (PEER), for the NGA-West2 database [25]. Ranges of
magnitude and distance to the seismic source were established, according to the analysis of the
disaggregation of the seismic threat of the seismic micro zoning project for the city of Cali,
Colombia [26]. Two different searches were performed for the analysis: 1) magnitude between
5.5 and 6.7 and a distance between 0 and 40 kilometers; ii) magnitude between 7.0 and 8.5 y
distance between 110 and 180 kilometers. Also, an average shear wave velocity range of at least
500 m/s was required [27].

Table 1 shows the seven selected ground motion records and a summary of some of their
most representative characteristics.

. Magnitude Distance to Failure Vs30

Event Station Yea Mw rupture sur- Mechanism  (m/s)

face (km)
ChiChi, Taiwan TAP046 1999  7.62 118.34 Reverse  ¢16.9
Oblique
Kocaeli, Turkey Eregli 1999 7.51 142.29 Strike Slip  585.09
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Niigata NIG023 2004  6.63 25.82 Reverse  654.76

Northridge-01 ~ LA-Chalon Rd 1994 6.69 20.45 Reverse ~ 740.05

Northridge-01 LA Dam 1994 6.69 5.92 Reverse 628.99

Northridge-01 ~ Santasusana —gq, ¢ g9 16.74 Reverse  715.12
Ground

San Fernando Lake#ﬁl‘zlghes 1971 6.6 19.3 Reverse  602.1

Table 1: Selected ground motions.

2.2 Target response spectrum

The design elastic response spectrum was defined according to the Colombian NSR-10,
whose parameters are shown in Table 2, taking into account an importance coefficient (I) of
1.25. From this spectrum, the structure is designed without viscous dampers. For the structure
with incorporated viscous dampers, a response spectrum of the maximum considered earth-
quake must be used. According to ASCE 7-16 [24], the response spectrum for the controlled
structure must be determined using the code target spectrum amplified by 1.5. Figure 1 shows
the two target spectrums.

Ground seismicity Soil Type Importance Factor A. Ay F. Fy
High D I 0.25 0.25 1.30 1.90

Table 2: Parameters for the construction of the design spectrum according to Colombian design code NSR-10
[23].

——Target Spectrum (NSR- 10)

1.200 —— Target Spectrum (MCER)
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C
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Figure 1: Target response spectrums.
2.3 Spectral matching

Considering that the acceleration records were selected from a location different than the
one from the case-study, it is necessary to match these records according with the target spec-
trum. This matching process guarantees compatibility in terms of the frequency content and
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tectonic regimebetween the acceleration records and the case-study location. Using the time
domain matching methodology described in [28, 29], it is possible to modify the existing ac-
celeration records while preserving the non-stationary character of the reference ground mo-
tion records. The methodology implements a tapered cosine wavelet for adjusting the
acceleration records, resulting in records without drift in the corresponding displacements and
velocities. This adjustment procedure ensures stability, efficiency, and speed in obtaining the
numerical solution of the spectral match [29].

The acceleration records are matched to the target response spectrum employing the wave-
let algorithm from SeismoMatch, a software by SeismoSoft [30]. Figure 2 shows the compari-
son between the originalacceleration record for the 1971 San Fernando earthquake (recorded
at the rock level), and the matched records with respect to the NSR-10 response spectrum and
the maximum considered earthquake spectral response (MCER).

0.8
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-0.6
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Time (s)

Figure 2: Comparison of original and matched accelerogram records to the Colombian code NSR-10 and MCER
target spectrum for 1971 San Fernando Earthquake.

Figure 3 shows the comparison of the mean matched spectrums to its respective target
spectrum of the Colombian code NSR-10 (For the model without viscous dampers) and the
MCER (For the model with viscous dampers).
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Figure 3: Comparison of the Colombian NSR-10 and MCER target spectrum and their respective mean response
spectrum for the original seismic records.
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2.4 Non-linear properties of the soil

Generally, for stiff structural systems, foundation deformations can represent a significant
component of system flexibility and ignoring it can result in bad characterization of properties
as fundamental mode frequency and damping ratio [31]. Foundation damping results from the
relative movements of the foundation and the supporting soil and these cause displacement
and rotations of the structure relative to the free field. The difference between the foundation
input motion and free-field motion gives rise to energy dissipation by radiation damping and
hysteretic soil damping, and this affects the overall system damping [32].

Site effects are caused by the amplification of the seismic waves as they travel from the
rock to the surface. This amplification is the result of the seismic wave traveling through the
different layers from the soil profile. The most common physical properties used to character-
ize these soil layers include their thickness (H), the shear wave velocity (Vs), the specific
weight (y), the friction angle of the material (®), the modulus of elasticity (E), and the shear
modulus (G) of the soil. Table 3 shows a summary of the soil layers implemented within this
study and their representative characteristics.

Soil Layer Him]  Vsfms] o F [(f] [Ml“i)a] [Mclia]
Surface Clay 4 157 185 25 12311 4628
Clay with lens 1 244 185 32 29735 111.79
Hard Clay 7 570 200 33 175427  659.50
Peat Clay 8 736 218 42 3188.07 1198.52

Table 3: Soil profile data.

The implementation of the soil layers effects can be carried out using ProShake 2.0 [33], a
software that finds the solution of ground response problem in the frequency domain, whose
input acceleration records are represented as a sum of series of sine waves of different ampli-
tudes, frequencies, and phase angles. Filtering the acceleration records using the transfer func-
tions from the different soil layers, the response of the soil profile for each of the waves is
obtained. Figure 4 and Figure 5 shows the rock records for the San Fernando earthquake and
their comparison with the same record filtered through the soil profile.
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0.2
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Record at rock level (NSR-10)

Record filtered by the soil

PGA (%g)

Time (s)

Figure 4: Comparison of matched records to Colombian NSR-10 and the same records filtered through the soil
profile for 1971 San Fernando earthquake.
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Figure 5: Comparison of matched records to MCER spectrum and the same records filtered through the soil pro-
file for 1971 San Fernando earthquake.

2.5 Soil structure interaction

Using the soil profile data shown in Table 3, the stiffnesses of the foundation are calculated
at the surface level to posteriorly included in the flexible base model. This calculation is car-
ried out using the following equations from [34]:

GB L\%-65
Kysur =~ [3.4 (z) + 1.2] (1)
GB L 0.75
Kpsur =+ [1.55 (z) "+ 0.8] )
GB3 L\24
Kyysur = 50— [0.47 (3) + 0.034] (3)

where, Ky sur, Kzsur, and Kyy sur are the stiffnesses for the translation along the X-axis, Z-
axis, and the rocking effect about the Y-axis, respectively, G is the shear modulus, v is the
Poisson ratio, B is the rectangular foundation width, and L is the rectangular foundation
length.

For the flexible base model a foundation beam 0.60 meters wide and discretized in seg-
ments of 1.0 meters long, is implemented. Using equations 1 through 3, the following stift-
ness values are obtained: Ky sur = 98752.0 kN/m, Kz sur = 127388.3 kN/m, and Kyysur =
24402.8 kN-m.

3 NUMERICAL MODEL

The seven-story frame is modeled in ETABS considering the geometry presented in Figure
6 for both cases with and without incorporating viscous dampers.

—r 6.0 7.0 6.0 70— 7.0 6.0 7.0 6.0 7.0—

I-—3 2-4+-3.2-+32-+32+832+32+32—
r—3.2—‘-—3,2—‘-—3‘2—“—3.2—“—3.2—-—3.2—“—3,2—
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Figure 6: 7-story frame geometry for the case (a) without viscous dampers and (b) with viscous dampers. Dimen-
sions in meters.

Structural elements are modeled using a value of concrete compressive strength of 28 MPa
and reinforcing steel with yield strength of 420 MPa. The structural design of the case-study
building is performed in accordance with the NSR-10 and performing a dynamic modal spec-
tral analysis to determine that the maximum inter-story drift is less than established limit of
one percent. Additionally, an adequate capacity of structural elements needs to be guaranteed
with respect to the expected load demands that the structure is expected to withhold.

According to ASCE 7-16, the base shear used for the design of the main system for the
structure with viscous dampes must not be less than 75 percent of the originally determined
base shear. Consequently, the reduction in the lateral forces for the system results in a reduc-
tion on the transversal section of the structural elements from the main system.

Viscous dampers were incorporated into the model using link elements with a non-linear
exponential damper. The non-linear properties were introduced considering a moderate dam-
age level in a moderate-height building [35] and following the methodology presented in [36]:

Firstly, the response reduction factor B was calculated using the following equation:

Dmax
B = Don,; 4)
where Dmax 1s the maximum drift obtained in the structural analysis and Doy; is the target
drift, which in this case is 0.0051 for a moderate damage level according to [35]. A structure’s
effective damping of 35 percent is set as the target, meaning that viscous dampers must con-
tribute to 30% of total structural damping. Then, the damping coefficient C was calculated for
each floor using the equation below:

N T cosgj

)

where ( is the damping ratio, k; is the stiffness for the i-th story, 7; is the number of vis-
cous dampers per story, T is the fundamental period of the structure, and 8; is the inclination
angle for the viscous dampers.

The following non-linear properties for the viscous dampers were determined: damping co-
efficient C =2553.59 kN-seg/m, velocity exponent a = 0.5, brace stiffness K =202630.16
kN/m, obtained by axial stiffness equation of a brace element using physical properties of a
steel section HEB200. The maximum damper force can be obtained by using the equations
shown on [36]:

F=C V)~ (6)
V =2 0.02xHgyory x Cos (6) (7)

where F is the damping force, V is the velocity, T is the fundamental period, Hgtopy is the
height of the analyzed story, and 8 is the damper inclination angle.

3.1 Load considerations

A load assessment was carried out and summarized in Table 4Table 5.

Dead Loads
Joist slab 3.00 kN/m?
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Floor finishes 1.50 kN/m?
Facade and partition walls 3.00 kN/m?
Mechanical, electrical and plumbing systems (MEP)  0.55 kN/m?
Ceiling finishes 0.25 kN/m?
SUM OF DEAD LOADS 8.30 kN/m*

Table 4: Dead loads included in the analysis of the seven-story frame building.

Live Loads
Operating room 4.00 kN/m?
SUM OF LIVE LOADS 4.00 kN/m?

Table 5: Live loads included in the analysis of the seven-story frame building.

4 RESULTS

Table 6 shows the Peak Ground Acceleration (PGA) values of the original, matched and
filtered acceleration records and it shows that PGA for the matched records to MCERr have an
increase of approximately 50% comparing them to the matched records to the NSR-10.

Similarly, Table 7 shows the maximum Fourier amplitude for an analysis in the frequency
domain. A graphic example of frequency content is shown for the San Fernando Earthquake on
Figure 7. It is important to notice that the maximum Fourier amplitude has an average increase
of 80% when the soil effects are considered.

PGA
Earthquake Original Rec- Matched NSR-10 Matched MCERr
ord Rock Surface Rock Surface

ChiChi 0.083 0.622 0.671 0.953 0.912
Kocaeli 0.087 0.404 0.623 0.596 0.998
Niigata 0.405 0.734 0.774 1.093 1.019
Northridge CHL 0.183 0.562 0.678 0.806 0.926
Northridge LDM 0.324 0.569 0.897 0.864 1.181
Northridge SSU 0.231 0.533 0.717 0.755 0.860
San Fernando 0.282 0.527 0.764 0.887 1.063

Table 6: PGA comparison between the different evaluated cases.

1 (a) 4 (b) f Record at rack

=

[

Fourer .l"|r|1|_|||||.||j|_-
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Y o VYT a'f.*hiih.uﬂh '
(iR ] 1 10 - Y
1 10

Frequency (hz) 01

Fourier Amplitude

-

Feglent v (hz)

Figure 7: Frequencial content for matched record to the (a) Colombian Code NSR-and the same record filtered
through the soil profile for San Fernando earthquake; (b) ASCE 7-16 Spectrum and the same record filtered
through the soil profile for San Fernando earthquake.
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Maximum Fourier Amplitude

Event Original Matched NSR-10 Matched MCEg
Record Rock Surface Rock Surface

ChiChi 0.063 0.445 1.081 0.738 1.508
Kocaeli 0.102 0.613 1.192 0.873 1.390
Niigata 0.140 0.364 0.689 0.518 1.048
Northridge CHL 0.202 0.396 0.785 0.692 1.194
Northridge LDM 0.243 0.379 0.716 0.527 0.875
Northridge SSU 0.142 0.419 1.080 0.537 1.067
San Fernando 0.144 0.338 0.786 0.705 1.148

Table 7: Maximum Fourier amplitude comparison between the different evaluated cases.

For the structural model, the fundamental period for each case is shown in Table 8. The
increment in the fundamental period for the structures with the viscous dampers results from
the reduced section in structural elements (i.e., reduced stiffness).

Case Fundamental period (s)
Fixed base without viscous dampers 0.354
Flexible base without viscous dampers 0.382
Fixed base with viscous dampers 0.450
Flexible base with viscous dampers 0.484

Table 8: Fundamental periods for studied cases.

Table 9 show the maximum displacement and acceleration values for response of the struc-
ture’s top floor, showing valuos for all seven earthquake records for the 7-story frame building
with viscous damper incorporation for the fixed base case and flexible base case, respectively.

Maximum Displacement (mm) Maximum Acceleration (m/s?)

Event Fixed Base Fl;);lslzle Fixed Base Flexible Base
ChiChi 23.7 504 10.3 7.7
Kocaeli 26.1 52.9 12.0 13.2
Niigata 38.1 62.2 14.3 11.9
Northridge CHL 233 52.7 10.4 8.3
Northridge LDM 24.0 66.1 12.4 13.3
Northridge SSU 24.7 51.6 13.0 10.9
San Fernando 25.0 64.2 11.9 10.8

Table 9: Maximum displacement and acceleration values for the seven records.

The inter-story drift response is also shown in Figure 8 for the fixed base model and the
flexible base model incorporating viscous dampers.
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Figure 8: Maximum drift ratio for (a) fixed base model incorporating viscous dampers and (b) flexible base
model incorporating viscous dampers.

The inter-story drift has an average increment of 117% for the flexible base than the fixed
base case. But for both cases with viscous dampers, the maximum drift is below the limit for a

moderate damage level (0.5 percent), according to Hazus [35].
The distribution of the story shear forces for both cases with viscous dampers are shown in

Figure 9.
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i 520 Femandao
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Figure 9: Shear distribution for (a) fixed base model incorporating viscous dampers and (b) flexible base model
incorporating viscous dampers.

The maximum shear force increases on average 61% for the flexible base case with
respect to the fixed base case.

The obtained results for the viscous dampers show stable hysteretic cycles. For space
reasons, two hysteretic curves of the second-story viscous damper were presented for the
Kocaeli earthquake for fixed-base and the flexible base cases (Figure 10).
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Figure 10: Hysteretic curve for K13 for Kocaeli earthquake of (a) fixed base model and (b) flexible base case.

The figures show that the dampers were successfully dissipating energy and reducing

displacements of the structure. The maximum forces and deformations increased for the
flexible base model, meaning that the viscous dampers have a wider working range when
the soil effects are considered.

S CONCLUSIONS

The SSI effects for concrete frame structures implementing viscous dampers have been

investigated. The following conclusions were determined for the 7-story frame building
used as case-study:

In a comparison between the models with fixed and flexible base,the average inter-story
drift increased by approximately 115 percent when the SSI is considered. Similarly, the
maximum story shear force increased on average by approximately 60 percent for the
model with flexible base.

The results of the study show that the cceleration and displacement responses have
inversely proportional effects when SSI is considered. Although the maximum displace-
ment increased on average by approximately 120 percent, the acceleration response
shows a slight noticeable reduction of less than 20 percent.

For both cases implementing viscous dampers, the devices had a stable behavior and a
good performance dissipating the energy. The use of viscous dampers enables the dy-
namic control during a seismic event, which may result in a reduction in the amount and
the level of damage that both structural and non-structural elements can sustain. This is
the result of the additional capacity to dissipate the energy provided by the control sys-
tems.

There is a noticeable difference of the results when the SSI effects are considered in the
analysis. For the case-study, the displacement and distribution of shear forces increases
for the selected characteristics of the soil supporting the structure. Therefore, it is of
high importance to consider the SSI effects when performing any type of global analysis
of structures, and even more significant when the structure is categorized of high im-
portance for a community.
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