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Abstract

The effects of the basement storey on the seismic behavior of RC buildings built on near-surface alluvial soft soil are studied
in this study. Numerical building models with and without a basement and with different numbers of stories are developed.
Time-history dynamic analysis of the structure—soil models was performed using the specialized geotechnical software
package PLAXIS-2D. In the first phase of the finite element analysis, the settlement on the soil under the static loads of
the building was determined. In the second phase, the earthquake responses of RC buildings with and without a basement
storey in terms of lateral displacement were examined by considering the determined stresses after the static loading. The
results of the numerical models demonstrate that when the height of the RC buildings is increased, the seismic response of

RC buildings without basement storey is detrimentally affected.

Keywords Soft soil - Basement - Earthquake behavior - Reinforced concrete - Structure—soil interaction - Finite element

method

1 Introduction

Turkey is located in one of the most active seismic zones in
the world, which has earthquake periods quite often with
short return periods. During the last century, more than
twelve major earthquakes with minimum magnitudes (M,,)
of 7 caused significant casualties and severe damages to a lot
of structures and lifelines in Turkey [1]. The 1999 Marmara
earthquake caused the majority of the building collapse and
deaths in small towns located on the narrow flat shorelines
of the Marmara Sea. The absence of shear walls, many defi-
ciencies in design, poor detailing, and faulty construction
execution may have contributed to the extent of the damage
and collapses in buildings by reducing the ductility of the
structural elements. Moreover, heavy damage and loss of
life were reported and observed in the city of Adapazari, and
many buildings sank due to soil failure [2, 3]. The extensive
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damage in the center of Adapazari can be directly related to
top soil conditions. Local variations in the characteristics
of alluvial sediments in Adapazar1 appear to have played
an integral role in the occurrence and non-occurrence of
soil failure and associated building damage [2—4]. These
observations revealed that determining the soil properties
and taking them into account provides an important contri-
bution to understand the real response of buildings subjected
to heavy ground motions. In the event of an earthquake, the
building and the soil will affect each other since the seis-
mic responses of the ground and the structure are different
from each other. Structures under earthquake move with the
ground, and changes in the ground affect the dynamic behav-
ior of the building, such as the period and mode shapes.
Therefore, the soil structure interaction (SSI) effects should
be included in the dynamic analysis of all structures located
in active seismic zones [5-7].

In recent years, numerous researchers have been per-
forming a lot of studies regarding the effects of SSI on
the dynamic seismic response of buildings. Although the
dynamic SSI effects could be neglected for regular flex-
ible buildings on rock or very stiff soil, they should be
significantly taken into account for structures founded on
relatively flexible soil types [8—14]. Investigating the soil
structure interactions of RC buildings that built on a ground
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containing alluvial origin soft soils is potentially of great
importance. Such RC buildings are well known to suffer
problems in resisting seismic loads. The construction of a
basement storey for such RC buildings can offer an effec-
tive solution. A properly designed and constructed basement
storey, in the event of severe earthquakes, reduces the lateral
drift of the above-ground storeys significantly, which is often
the cause of serious damage of RC buildings [15-17].

The main purpose of this study is to investigate the con-
tribution of the basement storey to the response of RC build-
ings subjected to earthquake. In addition, the study aims to
show the effect of the basement storey in solving the soil
failure and deformation problems in RC buildings on soft
surface soil. Moreover, this study focused on the relative
displacement changes at the top of the building rather than
determining the damages in the structural elements, and con-
sequently, the structural components of the RC building are
assumed to undergo linear elastic behavior. In the study, the
two-dimensional finite element models of RC buildings and
surrounding soil were generated by using of PLAXIS 2D, a
commercially available finite element program. In all of the
FE analyses, the RC buildings were assumed to behave as a
linear elastic material and the soil was assumed to behave as
a homogeneous, elasto-plastic medium with a Mohr—Cou-
lomb failure criterion. The results of the numerical models
demonstrate that when the height of the RC buildings is
increased, the seismic response of RC buildings without
basement storey is detrimentally affected.

2 Methodology of SSI Analysis

There are two main methods dealing with soil-structure
interaction, namely the direct method and the substructure
method. In the direct method, the response of the soil and
structure is determined simultaneously by analyzing the
idealized soil-structure system in a single step [18]. The
soil with the superstructure is modelled up to the artificial
boundary (Fig. 1). In some conditions where it is impossible
to cover the unbounded soil domain with finite elements
with bounded dimensions, the Substructure Method is used
as an alternative. A special frequency-independent viscous
dashpot boundary on the interface nodes in all directions
was proposed [19]. Because this method uses finite element
modelling of the core region, it provides a suitable way to
solve complex structures such as dams or nuclear reactors.
From the other point of view, a large number of degree of
freedoms appear due to the discretization of the soil region
as it accounts for the nonlinearity of near-structure domain.

In SSI problems, the ability to predict the coupled
response of the soil and structure is of great signifi-
cance. Therefore, combined soil and structure models
are required to simulate these problems. However, while

@ Springer

Superstructure
v e
HE= = H
Artifical E;i E;i IH
ifica | i
Boundary HI = = IH
f— $\ 1 }
>~ _ N lr | _ _ - |
Vet ™ fE, - fEs Wt e e - - -

Fictitious Dashpot Boundary

Fig. 1 Direct method configuration [18]

structure models are with a good basis in the literature,
soil models include complicated analysis due to their
unbounded nature. Then the major difficulty in modeling
the soil region comes into being from the propagating
wave characteristics in the soil medium. The main objec-
tive of many related engineering studies is to build up SSI
models, which are reliable and easy to implement [6].

In the SSI analyses, the appropriate boundary condi-
tions need to be applied to avoid the reflection of ema-
nating waves from the artificial boundaries back into the
interior domain. In many cases, the soil region proves a
complex and nonlinear behavior, which can be discretized
using the finite element Method (FEM), the boundary ele-
ment method (BEM) or hybrid models. These models have
a lot of advantages and disadvantages. In the finite element
models, the large-scale mesh is required to take account of
the surrounding soil medium which is bounded by the far-
field that is represented by artificial boundaries. In numeri-
cal modelling of wave propagation, the special boundary
conditions, which might be referred to as radiation damp-
ing, are used to compensate the problems arising as artifi-
cial boundaries to introduce artificial reflections that con-
taminate the solution. These special boundary conditions
such as transmitting, non-reflecting and silent boundaries
absorb the wave energy. The non-reflecting viscous bound-
aries have been widely used for various dynamic SSI prob-
lems [6, 19, 20]. These boundaries must be identified far
away from the structure or source of dynamic load as they
are only capable to transmit plane and cylindrical waves.

In modelling the SSI system, the substructure method
is more complex than the direct method. In the Substruc-
ture Method, the semi-infinite half-space is represented by
approximate boundary conditions. In substructure method
[21], the soil-structure system is divided into two sub-
structures of simpler problems, which are solved indepen-
dently, and the results are then superposed to obtain the
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response of the structure (Fig. 2) which leads this method
to be simple and computationally more efficient.

While the direct method is usually used to study two-
dimensional models, the substructure method is used for
three-dimensional case. The substructure approach is most
often simulated in the frequency domain to account for the
frequency dependence of the foundation impedance func-
tions. The substructure method has an important advantage
where changes owing to the properties of the structure and
the seismic environment have not to be repeated once the
scattering and impedance problems have been resolved. The
fundamental step in the substructure approach is to deter-
mine the force—displacement characteristics of the soil. This
relationship may be in the form of an impedance (stiffness)
function, or, inversely, a compliance (flexibility) function
[18].

3 Soil Profiles

Sakarya University has evaluated around 600 drillings and
conducted 250 cone penetration tests (CPT) in Adapazari
within 10 years after the 1999 earthquakes. The results of
soil investigations show that the floads of the meandering
streams Sakarya and the Cark cause extreme lateral and ver-
tical changes in the soil profiles [2, 22]. Typical cone point
resistance profiles from CPT tests in Adapazari are shown
in Fig. 3.

In these profiles, it can be seen that soft surface layers
have CPT point resistances of almost lower than 1 MPa. The
thickness of these soft surface layers, which contain alter-
nating nonplastic silts and clays, may vary from 3 to 10 m.
After these depths, dense/very dense sand and medium over-
consolidated clay layers are encountered. The thicknesses
and CPT point resistances may reach to 6—8 m and 30 MPa
in sands, respectively. At greater depths, the soils consist of
interbedded clays, silts and sands which have much better
conditions regarding soft surface soils.

Superstructure
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Fig.2 Substructure method configuration [16]

It can be easily seen from Fig. 4 that lots of very dense
soils (standard penetration test number, N3, > 50) have
appeared starting from the depth of 4—6 m and thicknesses
may reach to 10 m in Adapazari [22]. Also Bol [23] and
Seed et al. [24] confirmed that dense/very dense sand layers
are available in different depths in Adapazari in the regions
where abandoned channels of Sakarya River are encoun-
tered. Moreover, Sancio et al. [4] showed that three of four
typical sections in Adapazari have these dense/very dense
sand layers (Fig. 5).

Since Adapazari soils show general characteristic of soft/
loose surface soils, example sections from Adapazari were
selected to simulate soft soil conditions in this study. In finite
element models, surface soil thickness was used as 6 m by
considering of the profiles in Fig. 5.

4 Numerical Study

The two-dimensional soil-structure numerical models with
RC frame structures and surrounding soils were generated
using PLAXIS 2D, a commercially available finite element
program (Fig. 6) [25]. In total, 14 soil-structure models were
prepared. Two cases including the RC frame buildings with
basement storey and without basement storey were sepa-
rately modelled considering impact of the structural slender-
ness (H/B: Height/Width), soil conditions and ground water
table (Table 1).

In all of the FE analyses, the RC frames were assumed to
behave as a linear elastic material and the soils were mod-
eled with hardening soil model and assumed to behave as a
homogeneous, elasto-plastic medium with a Mohr—Coulomb
failure criterion. Both material models are considered sepa-
rately for describing the seismic response of soil behavior
for the proposed soil—structure systems.

The numerical study has been carried out to investigate
the effect of the basement storey on the response of RC
buildings under static and dynamic loads with regard to slen-
derness ratio of the building. Buildings with higher slender-
ness ratio are much more sensitive to earthquake loads [26].
The slenderness ratio, which is one of the most important
factors affecting the structural response of RC buildings, is
defined as the ratio of the height (H) to base width (B) of the
superstructure. A total of seven different slenderness ratios
(H/B) were employed to proposed soil-structure systems
with constant width of the RC frame B=6 m. RC build-
ings constructed with mat foundations on soft surface soil
are mostly 5-6 storeys which corresponds to slenderness
ratio 2.50-3.00. However, in this study, the maximum slen-
derness ratio was also chosen as 4.00 in order to show the
negative impact on the response of RC buildings subjected
to earthquakes. During the dynamic time-history analysis,
the Marmara Earthquake acceleration record (Fig. 7) was
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applied horizontally at the entire base, while energy absorb-
ing boundaries of Lysmer type were assigned to the vertical
side of soil deposit boundaries.

In the PLAXIS program, soil deposits can be modeled
with 6 or 15 noded elements [25]. The corresponding struc-
tural elements of superstructure can be modeled with 3 or
5-noded elements. In this study, 15-noded soil elements were
selected for a more precise analysis. The superstructure plate
elements corresponding to the selected soil elements must
have 5 nodes for the continuity and compatibility of the finite
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element mesh. Therefore, in this study, the soil deposits were
modelled by two-dimensional 15-noded triangular elements
and the RC buildings were modelled by two-dimensional
5-noded plate elements. As suggested in the literature, the
model boundaries should be extended to 10 times of the
model height to assure that all shear waves move without
any reflection [27-29]. In this study, depth and width of the
soil deposits were chosen 30 m and 400 m, respectively.
The underlying soils consist of three distinct layers of both
soft and dense soils types, with properties similiter to soils
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Fig.5 Typical soil profiles from
Adapazari city center [4]
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Fig.6 Numerical model of soil-
structure system
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Table 1 Finite element models

Slender- Base-

ness ratio ment

H/B storey
Model 1 1.00 Yes
Model 2 No
Model 3 1.50 Yes
Model 4 No
Model 5 2.00 Yes
Model 6 No
Model 7 2.50 Yes
Model 8 No
Model 9 3.00 Yes
Model 10 No
Model 11 3.50 Yes
Model 12 No
Model 13 4.00 Yes
Model 14 No

(b) PLAXIS 2D finite element mesh

found in Adapazari/Sakarya. From the ground surface to
a depth of 6 m, there is a soft silty clay soil. Underneath
this layer, down to a depth of 11 m, there is a very dense
sand layer. The underlying layer consists of clayey soil.
The mechanical properties of soils were gathered from the
literature [15]. Variation of the underlying soft and dense
soils mechanical properties along the depth is summarized
in Table 2. The mechanical properties of all structural ele-
ments of superstructure in terms of the axial and bending
stiffnesses were converted to have input values of the plate
elements (Table 3).

5 Validation of the FEA Model

The results of the dynamic analysis of soil-structure model
are compared with observed the response of the real RC
building (Fig. 8). A careful study of the results from Fig. 8
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Table 2 M.echan.ical properties Depth (m) 0-6 6-11 -
of underlying soils [15]
Layer name Silty-clay Dense sand Clay
Material model Hardening soil Model Hardening soil model Hardening soil model
Material type Undrained Undrained Undrained
Junsat (kN/m? 175 17 17
Jsat (kN/m?) 18 18 20
e 0.9 0.6 0.9
E/;;f (kPa) 5000 60,000 15,000
/’ffd (kPa) 5000 60,000 15,000
Power m 0.8 0.5 0.9
d (kPa) 10 1 20
¢ (0) 20 38 25
W (o) 0 8 0
EY (kPa) 15,000 180,000 45,000
” 0.2 0.2 0.2
p (kPa) 100 100 100
K¢ 0.658 0.384 0.577
cz/'mrrement (de) 1 0 1
Yref (m) 0 0 -11
Ry 0.9 0.9 0.9
OCR 3 2 1.5
Table 3 .Adapted va}lues of Column/Beam Basement
mechanical properties of RC
frame structures Axial Stiffness EA (kN/m) 4.48x10° 4.48x10°
Flexural Stiffness EI (KNm?*/m) 5.97x10* 5.97x10*

leads to an observation of fairly good agreement between
the real problem and FEA model outcomes. During 1999
earthquakes, some foundation bearing capacity failure and
excessive displacement of RC buildings constructed with
mat foundations on soft surface soil have been observed in
the study area [2]. In this case, building moves as rigid block
and therefore, there is no damage at the structural elements
of RC buildings since the integrity of the building is not

Springer

demolished. As can be seen from Fig. 8, there is no damage
in the structural elements of the real RC building. The most
significant effect was observed as excessive displacement in
the soft soil on which the building constructed. The reason
of this failure is the fact that the building has no basement
storey. Therefore, the failure of the soil body and excessive
displacements obtained in the finite element analysis coin-
cide with the real behavior presented in Fig. 8. Earthquake
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Fig.8 The response of the actual building in Marmara Earthquake and the FEA Model

damage has occurred on many RC buildings that were con-
structed on alluvial soil in downtown Adapazari. This was
especially pronounced in the case of buildings that were
constructed without a basement storey, which experience
excessive displacement and tilting.

6 Result and Discussions

A numerical study has been carried out to investigate the
effect of the basement storey on the horizontal and verti-
cal displacement behavior of reinforced concrete buildings
under the static and dynamic loads. Static loads are the
weight of the RC buildings. In the first phase of the finite
element analysis, the vertical displacement (settlement) on
the soil under the static loads was determined. In the second
phase, the response of RC buildings under the earthquake
loads was examined by taking into account the determined
stresses after the static loading. In buildings with basement
storey, there is no excessive settlement under the static loads
for all values of H/B. However, in buildings without base-
ment storey, soil failure was determined due to excessive
displacements under static loads for values of H/B =2.50
and higher (Table 4, Fig. 9). The numerical analysis results
show that basement storey is very effective in solving the
soil failure problem in RC buildings on soft surface soil.
With the construction of basement storey in RC build-
ings on soft surface soil, the net stress and the thickness
of compressible soft layer decrease, besides, the founda-
tion bearing capacity increases, and the risk of overturning
decreases with the increase of the embedment depth. This
fact is clearly evident in Table 4 and drastic decreases in
vertical displacements are remarkable. For example, when
H/B =2.00 for an RC building without and with basement
storey, vertical displacements under the static loads are
68.73 cm and 1.05 cm, respectively. Moreover, the analysis

Deformed mesh |u| (at true scale) (Time 20,00 s)

Table 4 Settlement (under the static loads, cm)

H/B With no With
basement storey basement storey
1.00 5.55 0.38
1.50 18.18 0.67
2.00 68.73 1.05
2.50 Soil body collapsed 1.47
3.00 Soil body collapsed 1.95
3.50 Soil body collapsed 2.53
4.00 Soil body collapsed 3.23
-—with basement -s=-with no basement
4.00
3.50
3.00
2.50
=)
)
x
2.00
1.50
1.00
0.50
0.00 #

o

10

20 30 40 50
Vertical Displacement (cm)

Fig.9 Vertical settlements for point B
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Fig. 10 Vertical displacement of the RC frame structures
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Fig. 11 (continued)

of RC buildings without basement storey for H/B higher
than 2.00 is terminated with the soil body collapsed mes-
sage of PLAXIS program before the whole static load is
applied. This message means that the shear strength of soils
is exceeded. In other words, when the stresses caused by
static loading in soft soils exceed the shear strength of the
soils, the soil body may collapse and in this situation, the
deformations represent excessive displacements.

As can be seen from Fig. 10, the greatest value of verti-
cal displacement under earthquake loading in RC buildings
with the basement storey is about 10 cm for H/B =4.00.
However, as the H/B ratio increases, there is a significant
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increase in vertical displacements in buildings with no base-
ment storey. In RC buildings with over H/B =1.00, there
are significant increases in vertical displacement of the soil
and also tend to failure with a sudden increase in the 7-—th
second of the earthquake. In RC buildings with no basement
storey, the maximum value of vertical displacement of soil
is about 6.72 cm and 28 cm for H/B =1.00 and H/B =2.00,
respectively. Therefore, as it can be seen from these results,
even if there are no excessive settlement under static loads,
basement-storey effect is evident on the seismic response of
RC buildings on soft surface soil under dynamic loads. The
basement-storey effect is to substantially decrease the set-
tlement of the RC buildings, which is a desirable outcome.
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Fig. 12 Maximum relative lateral displacement of RC Buildings
between points A and B

In the RC building with a basement storey, the maximum
values of vertical displacements of the soil are about 0.72
and 12.7 cm for H/B =1.00 and H/B =4.00, respectively.
In cases that RC buildings were built with basement storey,
the basement storey helped to prevent the soil failure and
collapse of building due to excessive displacements under
static and dynamic loads.

The earthquake responses of RC buildings with and with-
out a basement storey in terms of lateral displacement are
plotted in Fig. 11. In cases where the slenderness ratio is
higher than 2.00, soil failure occurs due to excessive settle-
ments under static loads. Dynamic analysis cannot be per-
formed because of the soil failure occurrence. Maximum
relative lateral displacement of RC buildings between points
A and B is also plotted in Fig. 12.

As can be clearly seen from Fig. 11, the contribution
of the basement storey to seismic response in a low-rise
(H/B=1.00 and H/B =1.50) RC building is negligible. The
lateral displacements for point A and point B of RC Build-
ings with basement storey are stable and oscillates around
the equilibrium position, almost the same as the RC building
without basement storey.

As clearly seen from Fig. 11, in RC building with base-
ment storey and H/B =4.00, there are significant increases
in vertical displacement of the soil and oscillates around
the new equilibrium position due to permanent displace-
ment of the soil in the 7-8th second of the earthquake. Due
to the permanent displacement of the soil, lateral displace-
ments of point A seem to oscillate around the new equi-
librium position. Consequently, basement storey signifi-
cantly affects the seismic response of RC buildings over

soft surface soil considering the displacements of Point A
(Fig. 11) and the relative displacements between Point A
and Point B (Fig. 12).

7 Conclusions

The results of the analysis in this paper confirm the dam-
age observed in Adapazari city after 1999 earthquakes. In
that event, a great number of reinforced concrete buildings
of 4-5 storeys without basement storey faced with earth-
quake related foundation bearing capacity and excessive
displacement problems. At the end many of them were
collapsed during the earthquake or had to be demolished
by the owners or the government soon after. Although the
number of reinforced concrete buildings built with base-
ment was much less at that time, it can be clearly said that
they resisted the earthquake much better.

The numerical analysis results show that the soil failure
and deformation problems in RC buildings on soft surface
soil can be solved with the use of basement storey. The
weight of excavated soil for basement storey decreases the
net weight of the building. At the same time, thickness of
compressible soft layer decreases. Moreover, the founda-
tion bearing capacity increases, and the risk of overturning
decreases with the increase of the embedment depth.

There is a significant increase in vertical displacements
of soil in RC buildings with no basement storey. The base-
ment storey helps in preventing the soil failure and col-
lapse of the building due to excessive settlements/displace-
ments under static and dynamic loads. The contribution
of the basement storey to seismic response in a low-rise
RC building is negligible. However, as the building height
increases, especially for H/B =4.00, the basement storey
significantly affects the seismic response of the RC build-
ings over soft surface soil.

This study confirms that alluvium originated soft
Adapazari soils have bearing capacity and settlement/defor-
mation problems. Regarding these problems, it can be said
that taking soil structure interaction into account is necessary
and the real structure behavior cannot be predicted without
considering the soil properties and structure—soil relation-
ship. The results show that when the height of the building
is increased, the negative effects of soft and loose alluvial
soils on the structural behavior are also increased. After
evaluating the results, it was concluded that the buildings
without basement are clearly affected by soft soil properties
with increasing building height. It was also concluded that
the buildings with basements are less prone to be damaged.
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