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Abstract

Adjacent structures are often not sufficiently separated due to the land costs of the construc-
tion areas in densely populated regions. Moreover, existing structures located in a block may
have zero or insufficient distance in between due to architectural or economical constraints
despite current seismic provisions. This study aims to evaluate the collision behavior of typi-
cal reinforced concrete structures by considering the effects of Soil Structure Interaction
(SS1). Seismic response of 2D reinforced concrete frame models having 4 and 6 storeys are
evaluated for two different soil conditions. The direct method is chosen to include SSI effects.
Inelastic time history analyses are performed under ten strong ground motion records. Story
shear forces, pounding forces, and story drifts are compiled from analyses and compared for
two different soil conditions. Results indicate that the seismic response of typical reinforced
concrete structures in terms of storey drifts and floor accelerations changes considerably due
to pounding induced collision and inclusion of SSI effects in the dynamic analyses.
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1 INTRODUCTION

Although codes and regulations [1, 2, 3] specify the minimum seismic gap between adja-
cent structures, these limits often ignored in densely populated residential areas due to factors
such as high land costs or architectural concerns. Seismic gaps can be reduced or adjacent
structures might even be built with no separations. Even there are regulations and provisions
regulating the gap between adjacent buildings, these gaps may not be in accordance with the
specified conditions if not properly controlled during construction. Seismic provisions such as
Turkish Earthquake Code (TBEC-2018) specify analysis guidelines considering the building
stand as free, stand-alone state. The structures under design are not differentiated whether
they have adjacent existing buildings on site, or not. However, structures with insufficient
seismic gap in between exhibit different displacement response during earthquake action due
to their different dynamic properties (vibration periods etc.). This may result in adjacent struc-
tures colliding with each other. Previous studies investigating the seismic behavior of adjacent
structures have carried out studies using fixed-support models [4, 5, 6, 7] by ignoring the soil-
structure interaction (SSI). However, it is known that the SSI effects can amplify the seismic
response of the superstructure [8, 9, 10].

Pounding effects of reinforced concrete (RC) structures modeled via soil structure interac-
tion (SSI) refer to the impact and collision forces that occur between adjacent structures dur-
ing an earthquake. These forces can result in severe damage, structural failure, or even
collapse of the structures involved [11]. The pounding behavior are affected by several factors
such as the dynamic response of the structures, soil shear wave velocity and the nature of the
ground motion. Understanding and mitigating the pounding effects of RC structures with in-
cluded SSI effects is crucial in the design and construction of resilient and safe buildings in
earthquake prone regions. It involves specialized analysis techniques, structural design
measures, and the implementation of appropriate building codes and standards.

This study aims to evaluate the collision behavior of low and mid-rise adjacent RC struc-
tures modeled with SSI. In accordance with this purpose, 2D frame models having 4 and 6
storeys are analyzed considering two different soil conditions with soil shear wave velocities
of 198 m/s and 398 m/s respectively. The direct method, which is structure and soil medium
are modeled and analyzed at the same time, is chosen to consider SSI effects. Seismic gap be-
tween the adjacent structures is determined as described in TBEC-2018. To avoid soil ampli-
fications for twice during considered analyses ground motion records are chosen from soils
which have shear wave velocity greater than 1000 m/s.

No analytical model with fixed support conditions was used during the analysis, and all
analyzes were performed by taking into account the SSI effects. Response evaluation such as
comparison of the analysis results of the model of the 4 storey building on V30 198m/s soil
with those of the pounding case of the 4 and 6 storey structures on Vg0 198m/s soil were car-
ried out.

2 STRUCTURAL MODELS AND SSI

The 4 and 6 storey structures considered in the study are the type of buildings representing
the general Turkish building stock [12]. The two bays in the X direction of the buildings,
which are modeled as a two-dimensional frame, are 5 meters in span and the floor height is 3
meters in all stores. In order to represent the nonlinear behavior of structures, fiber hinges that
directly consider material properties are used in beam and column end regions. The non-linear
stress-strain curves of the reinforcement and concrete material models employed in the hinges
are shown in Fig. 1.
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Figure 1. Material properties of concrete (left) and reinforcement (right).

All columns are 60 cm by 30 cm with the strong axis is located in direction of the earth-
quake excitation. The reinforcement layouts of columns and beams are shown in Fig. 2Crack
section stiffness is defined to elastic portions reinforced concrete elements as 0.35/ for beams,
and 0.7/ for columns.

Figure 2. Reinforcement layouts of columns (left) and beams (right).

In Fig.3 a schematic illustration of the x-z plane views of the 4- and 6-storey frame models
are given. The capacity curves of the examined buildings obtained from nonlinear pushover
analyses are shown in Fig. 4. When the capacity curves are examined in detail, it can be stated
that the buildings inspected in the study in terms of lateral strength ratio and drift ratio capaci-
ties represent the relatively better portion of the Turkish building stock in terms of ductile be-
havior and base shear capacity [12].
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Figure 4. Unitless capacity curves of examined structures.

As mentioned before, "Direct Method" [13, 14] was preferred while considering SSI ef-
fects in the study. The soil medium is modeled in 2D with solid elements and meshed two me-
ters in horizontal by 1 meter in vertical. In the near field regions of the superstructure, mesh
dimensions have been reduced to 0.5 meters in both directions [11]. The soil medium is as-
sumed to be not homogeneous in vertical [15]. Therefore 31 different types of soil material
defined for a total depth of 35 meters. Rather than using viscous boundaries which are em-
ployed to exclude waves reflected back from the soil medium into the analysis domain, the
soil medium is extended to 500 meters in horizontal direction. Soil profiles are are determined
by using the non-commercial software DEEPSOIL [16] and shown in Fig 5 and Fig. 6 for
V30=398 m/s and V30=198 m/s respectively.
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Figure 6. Soil profile of Vs30=198 m/s.

While considering the seismic gap between adjacent structures, TBEC-2018 specifications
has been taken into account. According to the specification, adjacent structures shall have 3
cm gap for the first 3 m and 1 cm should be added to this gap for every other 3 m. Therefore,
the seismic gap for 4 and 6 storey structures is considered as 6 cm for pounding cases. The
equation is given in Eq. (1).

d=(H-6)/3+3 Sy
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Two dimensional reinforced concrete nonlinear structure models were used in this study. It
is known that if the storey diaphragms at different levels between adjacent structures, calcula-
tions and modeling of pounding behavior differs from the structures having same level storey
diaphragms. In this study, pounding behavior is considered between adjacent structures with
same storey heights of 3m. Hence, storey diaphragms of considered structures are at the same
level for each storey. If adjacent structures have the same structural properties (i.e., same vi-
bration periods) no collisional behavior is expected. However, is not likely to happen in reali-
ty.

Collision behavior is simulated as the subjected nodes of two adjacent structures come into
contact. Linear visco-elastic connection model is used in modelling of the gap elements [11,
17].In order to model this behavior, linear - viscoelastic gap element is used at storey levels
between two structures. Kelvin-Voigt model [18] is the most used model to define gap ele-
ment properties for pounding problems [11]. Therefore, it is utilized in this study and respec-
tive parameters are computed. In Eq. (2) and Eq. (3) stiffness coefficient is shown by KL and
the damping coefficient is shown by CL, where e is the coefficient of energy efficiency. KL
value is taken as 9350 t/m and the e value is taken as 0.65 [21]. The stiffness of gap element
(KG) is considered 100 times of KL to prevent convergence errors. A schematic illustration of
gap elements is shown in Fig.7, a representative figure of the pounding model is shown in Fig
7.
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Figure 7. Representation of the gap element.
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Figure 8. Schematic illustration of 2-D SSI pounding model.
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3  GROUND MOTION RECORDS

The structures that are inspected within the scope of the study were subjected to non-linear
time history analyses under 10 strong ground motion records. It is known that the soil ampli-
fications vary according to the soil type and generally increase as the soil shear wave velocity
decreases [19]. For this reason, instead of considering the ground amplifications of both the
soil where the station is located and the soil medium that surrounding the inspected structures,
attention was paid to ensure that the shear wave velocity of the soil where the station located
where the ground motion record is obtained is greater than 1000 m/s [15, 16, 19]. Thus, the
SSI pounding models analyzed were only exposed to the amplifications of the soil environ-
ment included in the model. The average spectrum of the ground motions and the free vibra-
tion periods of the investigated buildings are shown in Fig. 9, and in Table 1 detailed
information of the selected ground motions from PEER NGA [20] database are given.
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Figure 9. Mean spectrum and the free vibration periods of investigated structures.

Table 1. The ground motion records subjected the study.

Record Sequence Number

(PEER NGA) Earthquake Name Year Magnitude Vs30 (m/sec)
77 San Fernando 1971 6.61 2016.13
765 Loma Prieta 1989 6.93 1428.14
795 Loma Prieta 1989 6.93 1249.86
804 Loma Prieta 1989 6.93 1020.62
879 Landers 1992 7.28 1369.00
1011 Northridge-01 1994 6.69 1222.52
1108 Kobe Japan 1995 6.90 1043.00
1257 Chi-Chi Taiwan 1999 7.62 1525.85
1366 Chi-Chi Taiwan 1999 7.62 1010.40
3799 Hector Mine 1999 7.13 1015.88

4 ANALYSIS RESULTS AND CONCLUSIONS

When collision behavior occurs between two adjacent buildings, the seismic behavior of
both buildings under ground motion can be affected by the discussed interactions. While the
displacement demand in the collision direction may decrease for both structures, the dis-
placement demands of the structures in the free direction may increase as a result of the mo-
mentum behavior caused by the collision [11].

In Fig. 10, the roof displacement time series for the free and pounding directions and the
link forces occurring in the floors are given for the soil condition with the shear wave velocity
of 198 m/s for 4 and 6 storey buildings. Results are given both in the non-pounding and
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pounding conditions for the record sequence number 1257 (Chi-Chi Taiwan). Upon inspec-
tion of the link forces in this figure, it is seen that the collision occurred not only at the 4™ sto-
rey, but at the other stories as well. Therefore, it can be concluded that the additional storey
shear forces and displacement demands occurring due to collision behavior should be consid-
ered for both in the design, and evaluation of the seismic behavior of existing buildings.
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Figure 10. Displacement-time series of the roofs and link forces for the record RSN 1257.

2573



1.OZ, K. KAATSIZ

The maximum and minimum displacement demands obtained for each floor are compiled from the nonlinear
time history analyses conducted under 10 strong ground motion records and their averages are given in Table 2
for 4-storey structures, and in Table 3 for 6 storey structures. Table 2. Average of maximum and minimum storey
demands of 4 storey structure (units in mm).

4 storey Vs30=198 m/s 4 storey Vs30=398 m/s
Stand . Stand . Stand . Stand .
Storey Alone Pounding Alone Pounding Alone Pounding Alone Pounding
Case Case Case Case
No Case . Case Case . Case
. Pounding Free . Pounding Free
Pounding S Free o Pounding L Free o
. . Direction . . Direction . . Direction . . Direction
Direction Direction Direction Direction
4 145.46 106.25 -169.88 -170.77 122.81 99.64 -106.38 -107.95
3 78.69 62.25 -94.85 -91.58 78.44 66.66 -66.32 -67.20
2 49.81 47.02 -48.86 -47.26 45.39 41.41 -37.47 -36.98
1 118.53 87.36 -140.77 -141.09 98.42 76.32 -87.60 -88.39

The analysis results for the soil with a shear wave velocity of 198m/s in the 4-storey build-
ing model show that the average of the roof displacement demands in the collision direction is
reduced by 27% for the pounding condition. The same rate was calculated as 33% for the 3rd
floor, 5% for the 2nd floor and 27% for the 1st floor. In the free direction for the same model,
it is seen that there is a slight increase in displacement demand on the roof, 2nd floor and 1st
floor, and a slight decrease in the displacement demand on the 3rd floor. For the model with a
shear wave velocity of 398m/s, the results of the 4-storey buildings are similar for the soil
with a shear wave of 198m/s. While the displacement demand of the structure is severely re-
stricted in the collision direction (nearly 30%), a slight increase is observed in the free direc-
tion.

Table 2. Average of maximum and minimum storey demands of 6 storey structure.

6 storey Vs30=198 m/s (mms) 6 storey Vs30=398 m/s (mms)
Stand Pounding Stand Pounding Stand Pounding Stand Pounding
Storey Alone Alone Alone Alone
Case Case Case Case
No Case . Case Case . Case
. Pounding Free . Pounding Free
Pounding . Free S Pounding L Free o
. Direction R Direction . Direction L Direction
Direction Direction Direction Direction

6 -170.58 -177.74 197.04 210.00 -125.58 -122.17 172.65 172.05
5 -150.24 -158.10 175.85 190.60 -117.72 -113.86 153.74 156.84
4 -122.78 -130.20 145.05 162.34 -108.33 -104.70 137.20 139.63
3 -73.12 -74.17 92.47 100.33 -60.54 -59.45 72.94 71.77
2 -56.25 -56.61 66.16 68.96 -32.17 -29.57 39.35 37.42
1 -96.89 -100.84 115.43 129.35 -90.42 -87.50 108.78 111.65

The averages of the maximum and minimum of the displacement demands for 6-storey
buildings show that the displacement demands in the pounding direction increase slightly for
the soil with a shear wave of 198 m/s, and decrease slightly for the soil with a shear wave ve-
locity of 398 m/s. However, the averages results obtained for the soil condition with a shear
wave velocity of 198m/s showed that the drift demands of the 6-storey building in the free
direction increased by around 5%. Table 2 and Table 3 show that the pounding effects affect
the short-period building in particular, but the longer period building is less affected- The ex-
amined building group shows that the displacement demands of the buildings are dramatically
reduced (in some cases almost 40%) in pounding direction, while the demand may increase
relatively less (%10), in the free direction.

All drift demands obtained from nonlinear dynamic analyses are compiled and sorted in an
ascending order and plotted in logarithmic scale. Thus, the displacement demand values given
as average for buildings can be presented as a single plot for all acceleration records. This plot
in fact yields the probability of exceedance of a drift demand for all building types. In Fig. 11
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these probabilities of exceedances given at the roof of the 4 storey structure for different anal-

ysis cases.
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Figure 11. Probabilities of exceedances of drift ratios of the 4-storey structure.

The probabilities of exceedances of the roof displacement demands obtained from the dif-
ferent analyses of the 4-story model show that no significant difference the pounding and non-
pounding conditions for the soil condition with the shear wave velocity of 398m/s. However,
as the soil shear wave decreases, the results show that the roof displacement values of the 4-
storey building are limited by the pounding behavior, and there is a significant decrease in
values corresponding probability of exceedance to 10%.
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Figure 12. Probabilities of exceedances of drift ratios of the 6-storey structure.

The probabilities of exceedance of drift limits for 6 story building analyses are given in Fig.
12. It is observed that the pounding effects reduce the roof drifts in the 6-storey building, alt-
hough reduction of the drift rates of 6-storey structure is relatively less than the 4-storey
building. Although the drift values of the roof are given in the graph, the last floor where the
building is exposed to pounding effects is the 4™ floor of the 6-storey building. Therefore, the
probabilities of exceedance of the 4™ floor drifts are given separately in Fig. 13.
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Figure 13. Probabilities of exceedances of drift ratios of the 4% storey of 6 storey structure.

On the 4" storey of the 6-storey structure, the displacement demands that corresponding to
the probability of exceedance of 10% increase with the pounding effects about 50%. Fig. 12
and Fig. 13 show that although the roof displacement demands of the building may decrease
with the pounding effects however, the displacement demands at the pounding floor may in-
crease.

In addition to the displacement demands, the ratios of the accelerations occurring in the
floors in the pounding state, and the floor accelerations occurring in the non-pounding state
are also investigated. In Table 3, means of the maximum of the floor acceleration ratios of the
pounding state and the non-pounding state are given, for each direction and both cases
(apound/ awopound) .

Table 3. Ratios of the floor accelerations of investigated states.

Storey 4 Storey Vs 198 4 Storey Vs 398 6 Storey Vs 198 6 Storey Vs 398
No Free Pounding Free Pounding Pounding Free Pounding Free
Direction Direction Direction Direction Direction Direction Direction Direction
6 1.05 1.22 1.00 1.09
5 1.33 1.95 1.23 1.56
4 5.39 1.56 2.51 1.22 4.27 9.40 2.07 3.44
3 2.76 1.15 1.11 1.01 1.21 3.18 1.36 1.55
2 1.56 1.22 1.12 1.06 1.16 1.87 1.40 1.33
1 438 1.05 1.85 1.03 1.48 5.58 1.06 1.83

Table 3 shows the averages of apound/awopound Values. These ratios show that pounding ef-
fects increase the acceleration demands in the all storeys of buildings for both directions.
However, especially at 1% and 4™ floors, the acceleration demands increases are more signifi-
cant on the free direction which can be explained by the momentum effects [11].
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5 CONCLUSIONS

This study investigates the pounding effect on seismic behavior of 2D frame structures
modeled with inclusion of SSI effects.. The selected frame systems represents the existing
Turkish building stock. Nonlinear time history analyses conducted under 10 strong ground
motion records. The important outcomes for investigated cases from the study are given as
follows:

e The results for the investigated buildings show that pounding behavior can occur not on-
ly at the collision floor but also at other floors.

¢ In general, pounding effects are restricting the displacements in pounding direction. On
the other hand, these effects increase the displacement demands in the free direction.

e The probabilities of exceedance corresponding to the drift ratio demands of the top sto-
ries indicate that the top story displacement demands of the 4-storey structures is reduced
considerably. The 6-storey structure, on the other hand, is less affected than the 4-storey
structure although there was a slight decrease in the roof displacement demand.

e Acceleration demands are found to increase significantly in both direction such that it
can reach up to 5 times for 4 storey structures, and 9 times for 6 storey structures in free
direction.

e It should be noted that the results of this study obtained from 2d reinforced concrete
structures with analyses conducted under individual ground motions. Further studies are
to be performed to generalize the results for different types of structures.
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