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Abstract: The dynamic soil-structure interaction is a combination of phenomena caused by the
flexibility of soil foundation in structure response. The structure response may be changed by
embedded basement stories. Thus, this study seeks to assess the dynamic response of seven-story
concrete frame type buildings without a basement, one basement story, and two basement stories,
considering fixed and flexible bases. For this purpose, the experimental tests on the small shaking
table were executed with a small scaling coefficient of 1:50. Consequently, three scaled models of steel
skeleton structures with variable embedded depths have been constructed with fixed and flexible
bases. These models are exposed to three seismic input motions: Northridge (1994), Kobe (1995), and
Chi-Chi (1999) at the base of the structure as a fixed base and the bedrock level in the soil structure
system as a flexible base. The finite element technique is carried out for scaled and real models.
Both the scaled and real numerical models are in good agreement with the obtained experimental
observations with reasonable accuracy. It is concluded that the lateral deflections are overestimated
by excluding embedded depths of structural elements. In the flexible prototype model, the lateral
deflections of the superstructure with embedded depths (3 m, 6 m) decrease compared with no
embedded depth, in which the maximum reduction percentages of 7-story with embedded depths
3 m and 6 m at the roof floor level are 21% and 42% compared with no embedded depth, respectively,
under Northridge earthquake. Otherwise, ignoring the SSI effects (fixed base case), the lateral
displacements are underestimated compared with the flexible base. The maximum amplification
percentages at the roof floor level between flexible and fixed bases models with variable embedded
depths are 35%, 37%, and 65% under Northridge, Kobe, and Chi-Chi earthquakes, respectively. The
amplification and reduction percentages may be high or low, mainly depending on soil condition
(fixed, flexible), variable embedded depths, characteristics of seismic motion, travel pass, and source
of seismic motion. These items are summarized as the frequency domain of the coupled system
compared with the frequency domain of the earthquake motion.

Keywords: embedded basement stories; small shaking table; seismic response; soil-structure interac-
tion; low-rise building; finite element analysis

1. Introduction

The effects of dynamic soil-structure interaction are sometimes ignored during seismic
analysis. However, in reality, the system of soil-foundation is detrimental to structural be-
havior. In addition, numerous reports of damaged structures due to earthquakes presented
that the Soil-Structure Interaction (SSI) has influenced structures’ seismic vulnerability.
Therefore, the soil-structure interaction problem becomes substantial, especially in active
seismic regions. The Soil-Structure Interaction (SSI) can be summarized as inertial and
kinematic interactions. Both inertial and kinematic interactions generally affect the founda-
tion vibrations and can increase displacements and decrease base shear and overturning
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moments [1–3]. In addition, many design engineers consider the walls around basement
stories to be only used to prevent the soil from collapsing inside the building and neglecting
its effects in seismic analysis. Therefore, it is imperative to simulate the seismic response of
structures considering SSI and variable embedded depths.

Several researchers have discussed the SSI effects, but fewer have addressed the effects
of embedment structural elements considering SSI. Beredugo and Novak (1972) mentioned
that the structural elements embedment had increased the resonant frequencies, reduced
resonant amplitudes [4], and increased the radiation damping [5]. Spyrakos and Xu (2004)
studied the embedment depth effects by comparing two different embedment depths of
foundations (2 m and 4 m) with a surface foundation [6]. It was observed that the resonance
frequencies of embedded foundations are close compared with the surface foundation.
Another investigation [7] simulated the elevated fluid tank with a structural frame sup-
ported on a foundation soil system with variable embedded depths. The finite element
technique was carried out by ANSYS software. The models were analyzed for the founda-
tions with and without embedded depths. It was indicated that the lateral displacement
of the roof level of the elevated tank was significantly affected with variable embedment
depths, especially in soft soil. Others [8,9] studied the effect of foundation embedment
under different frequencies. It was concluded that the foundation embedment decreases
the roof displacements under all frequencies with different percentages. This study [10]
focused on SSI analysis considering the foundation’s embedded depths of asymmetric
six-story reinforced concrete space frame building supported on stiff soil and exposed
to seismic loadings. It was concluded that the soil foundation structure interaction with
the consideration of different embedment depths is significant in modifying the seismic
response of the building. Turan et al. (2013) stated that the lateral dynamic responses of
a single degree of freedom considering variable embedment depths decrease slightly in
the soil-structure interaction analysis. In addition, with increasing embedment depth, the
resonance frequency becomes a bit higher [11]. However, the general consensus about
the increasing embedment depths is that the lateral response and period of the structures
decrease because the soil stiffness (shear modulus) increases with the soil depth [7].

Many researchers have applied different approaches to study the SSI effects. For exam-
ple, the analytical studies [12,13] were carried out to investigate the torsional response of
embedded foundations considering the SSI effects. While Ref. [14] examined the response
of the embedded footing under vertical vibration by approximate analytical solution. More-
over, Stewart et al. [15] applied analytical methods to evaluate the inertial SSI effects on
seismic response of the structure by considering site conditions, foundation embedment,
shape, and flexibility. While Mylonakis et al. [16] used the simplified expressions for com-
puting the kinematic response of footings under seismic loading. Later, Kim et al. [17]
improved two SSI parameters using the dynamic centrifuge tests and analytical approach.

Other studies were extended, such as in Ref. [18], the researchers used the numerical
model to solve the steady-state problem of coupled rocking and horizontal vibrations
of footings embedded. Moreover, Wolf and Darbre [19] based on the boundary element
method in numerical analysis to conclude the dynamic stiffness matrix of the embedded
foundation. In addition, Gan et al. [20] investigated numerically the seismic response of
three adjacent tall buildings with pile raft foundations arranged in a viscoelastic half-space.
In this study [21], they observed the seismic response of a cooling tower supported on
the pile of a petrochemical facility located in Italy by 3D Finite Element Method (FEM)
analysis considering the SSI effects. Ref. [22] simulated 3D structural modeling supported
on shallow foundations numerically by Opensees software to investigate the complex
soil-structure interaction with liquefaction. In addition, Forcellini [23] observed the SSI
effects on a residential structure with base isolation by performing 3D numerical simula-
tions with Opeensees software. While he performed a new framework to assess the SSI
effects by equivalent fixed-based models and validated with nonlinear dynamic numerical
simulations modeled by Opensees [24]. Ref. [25] focused on the FEM and bi-directional
lumped-mass-story-stiffness numerical models to investigate the SSI effects on an instru-



Sustainability 2022, 14, 1275 3 of 20

mented 16-story building. However, most analytical and numerical studies are more than
experimental observations.

The experimental studies are not commonly performed due to cost and skilled labor
requirements, which Ref. [26] examined the experimental observations on a school building
in Taiwan under forced vibration tests and compared the results with numerical simulations.
Furthermore, Ref. [27] assessed the frequency and damping variation of low-rise masonry
buildings based on experimental observations. Goktepe et al. [28] investigated the seismic
response of a six-story building considering the SSI effects, while Ref. [29] examined the
SSI effects of fifteen stories supported on soft soil. In addition, Lee et al. [30] assessed
the boundary effects of laminar container in centrifuge shaking table test. Moreover,
Ahn et al. [31] examined the shaking-table tests for single-degree of freedom and multi-
degree of freedom superstructures.

The full-scale experimental observations are the better research methods for observing
and understanding the seismic SSI effects on the building. Ref. [32] examined the seismic
response of a 14-story reinforced concrete building as full-scale construction in Srpska
under 20 recorded earthquakes. In addition, Ref. [33] applied a large-scale single degree of
freedom structure supported on soft soil experimentally and compared the results with
FEM results. Nevertheless, such research execution would be difficult due to complex
high-technical instrumentations with skilled labor and the high costs of the experimental
setup. The small capacity shaking table tests provide an alternative cost-effective research
method to determine the essential characteristics of the seismic analysis of a coupled
system. Therefore, to verify the computer analysis models and the environment of limited
experiment conditions for instrumented model structures, it is a condition to compare
the gathered data from the laboratory tests with numerical findings to verify and extend
parametric studies for prototype models [34].

Several experimental tests with scaled models have been accomplished to investigate
the dynamic response of buildings. The 1:45 scale model of the 6-story moment-resisting
frames was executed on the shaking table by Goktepe et al. (2019) to evaluate the small
scale coefficient to capture the dynamic response of structures [28]. The experimental and
numerical simulations achieved reasonable accuracy. Tabatabaiefar et al. (2014) developed
a scaled factor of 1:30 for a real coupled SSI system [35]. The laboratories investigations
were verified with numerical results examined by FLAC2D software and obtained good
results. Therefore, the developed numerical model was compatible with Laboratory mea-
surements. In addition, the seismic behavior of four steel models rested on soft soil were
evaluated as experimental tests with a scale of 1:100 that achieved good agreements with
numerical results [36]. Chunyu et al. (2012) applied a series of shaking table tests with
a 1:40 scale model to estimate the seismic response of the irregular tall buildings under
earthquake loadings [37]. The experimental results showed that the structure could meet
the Chinese code requirements. Others [38] performed a 1:30 scaled factor of an Office
Building consisting of a concrete-filled steel tube frame and a steel plate reinforced concrete
core wall in Beijing, China. It was concluded that the prototype structure could meet the
performance-based seismic design requirements.

In the past, most researchers studied only the dynamic behavior of the soil inside the
container under seismic motions [30,39,40]. Other studies [41,42] had considered the soil
container with simplified structural models as a single degree of freedom. However, the
simplified structural models may not be convenient to reality. Therefore, in this study, the
coupled system models, including soil and superstructure, are simulated in one model to
represent the real construction of buildings.

The increasing demand for low-income housing in Egypt has fostered the construction
of buildings with reinforced concrete and with few stories (low-rise buildings) that necessi-
tate the study of low-rise buildings’ behavior with variable embedded depths considering
SSI effects. For addressing this issue, the objectives of this study are to (i) assess the accu-
racy of the small-scaled coefficient in representing the dynamic behavior of structures by
verifying the experimental results with numerical simulations, (ii) evaluate the SSI effects
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on seismic response of low-rise buildings compared with fixed bases, and (iii) simulate the
effects of basement stories on the dynamic response of the low-rise buildings whether with
fixed and flexible bases.

2. Model Description

In this study, the actual prototype examined for the SSI system consists of a seven-
story reinforced concrete frame-type building with variable embedded depths of structural
elements. For simulating the real construction of the SSI system in the laboratory, a series
of small-scale shaking table tests of the 7-story steel frame with variable embedded depths
were considered. These models were laid directly on the shaking table as a fixed base
and on the silty clay soil to consider SSI effects. The experimental tests were carried out
on a shaking table in the construction and material laboratory, American University in
Cairo (AUC), Egypt. The shaking table characteristics are: length is 1.70 m; width is
1.30 m; maximum displacement is ±75 mm, and the maximum applied load is five tones.
Therefore, the appropriate geometric scaling coefficient is 1:50 for the shaking table tests
due to dimension limitations and maximum loads of the shaking table. Three seismic
records have been applied at the level of the shaking table. The experimental observations
were compared with numerical simulations of the coupled system accomplished by PLAXIS
3D software [43]. The full details are illustrated as follows:

2.1. Real Characteristic of the Soil-Structure System

The three prototype superstructures consist of seven-story concrete frames with vari-
able raft foundation levels (i.e., at near ground level (S7), −3 m (S7+1b), and −6 m (S7+2b)
from ground level). The total height of the prototypes is 21 m. Each prototype model
has double bays designed to be 8 m in and out of planes, and the bay span is 4 m. For
basement stories, the prototype models have retaining walls around the building with a
thickness of 250 mm. The dimensions of all columns and beams are 800 mm × 800 mm and
300 mm × 600 mm, respectively. The slab thickness is 160 mm. The mechanical properties
of all elements are the same, in which the modulus of elasticity (E) is 25,742.96 MPa, and
the average compressive strength (ƒc) is 30 MPa. The prototype models are supported on
fixed and flexible bases. The configuration of the real models in the SSI system is shown
in Figure 1. In addition, the actual dimensions of discretized soil layer over bedrock level
used in the dynamic analysis are to be 70 m in length, 50 m in width, and 40 m in depth.
The soil medium is silty clay with a shear wave velocity of vs. = 220 m/s and unit weight
of γ = 17.8 kN/m3.
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Numerical analyses were simulated on the prototype models with a fixed base by SAP
2000 software [44] to check the preliminary safety of sections and conclude the fundamental
frequencies of these models. Therefore, Table 1 presents the natural frequencies and total
masses of the three prototypes.

Table 1. Natural frequencies and total masses of the three real model cases.

S7 S7+1b S7+2b

Natural Frequency (Hz) 1.62 1.84 2.26
Total Mass (tones) 645 706 767

(S7) without embedment depth (No basement story), (S7+1b) with embedment depth 3 m (one basement story),
and (S7+2b) with embedment depth 6 m (two basement stories).

2.2. Scaling Coupled Models for Shaking Table Tests

An electric actuator can activate the shaking table with an electric servo valve and a
controller, controlled by special software in the computer. In addition, Accelerometers and
Linear Variable Differential Transformers (LVDTs) simulated the dynamic superstructure
by connecting with dynamic data collectors. The environmental components of the shaking
table tests are displayed in Figure 2.
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The convenient geometric scaling coefficient is one of the fundamental steps of the
experimental studies with limitations of the shaking table. Therefore, the Cauchy condition
is essential to establish the series shaking table tests for dynamic analyses of the coupled
system [45]. The similitude laws of geometric and dynamic between the prototype and
scale models used in the shaking table test are presented in Table 2 [11,29].

Table 2. Scale factors applied for experimental shaking table tests.

Mass Density 1 Acceleration 1 Length λ

Force λ3 Shear wave velocity λ0.5 Stress λ

Stiffness λ2 Time λ0.5 Strain 1
Modulus λ Frequency λ−0.5 EI λ5
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According to the specifications (dimensions and max. loads) of the shaking table
and similitude laws, the dimensions and weight of the scaled model are shown in Table 3.
Consequently, the suitable geometric scaling factor was determined to be λ = 1:50 in this
study. Thus, the total height and width in both directions of superstructures were scaled as
0.42 m and 0.16 m, respectively. Due to the fact that the models of the concrete frame were
not favorable for the test conditions, equivalent steel structure models were determined
according to the similitude rule. In addition, the scaled soil size domain applied in the
shaking table test was selected to be 1.40 in length, 1.0 m in width, and 0.80 m in depth.

Table 3. The dimensions of prototype and scaled coupled system according to the similitude law
considering various scaling factors.

Geometric
Scaling
Factors

Width
of Structure

(m)

Length of
Structure

(m)

Height of
Structure

(m)

Length
of

Soil (m)

Width of
Soil (m)

Depth of
Soil (m)

Volume of
Soil (m3) Mass (Kg)

1:1 8.0 8.0 21.0 70.0 50.0 40.0 140,000 249,200,000
1:10 0.80 0.80 2.1 7 5 4 140 249,200
1:20 0.40 0.40 1.05 3.5 2.5 2 17.5 31,150
1:40 0.20 0.20 0.525 1.75 1.25 1.0 2.1875 3893.75
1:50 0.16 0.16 0.42 1.4 1.0 0.8 1.12 1993.6

To conclude the steel skeleton section properties, the natural frequencies and total
masses of the three prototypes shown in Table 1 should be scaled with a factor of λ−0.5 and
λ3, respectively. Therefore, Table 4 presents the required frequencies and masses of three
scaled models.

Table 4. Required natural frequencies and masses of three scaled models.

S7 S7+1b S7+2b

Natural Frequency (Hz) 11.45 13.01 15.98
Total Mass (Kg) 5.16 5.64 6.13

3D numerical models have been achieved through SAP2000 software as shown in
Figure 3 to conclude the steel skeleton section properties by employing the required
characteristics of scaled models in Table 4 and dimensions of scaled models. After sev-
eral trials to adopt the required characteristics, the final dimensions of each floor plate
are 160 mm × 160 mm × 3.5 mm while 7 mm × 1.5 mm × 420 mm as four vertical
steel column plates. Additionally, four and eight vertical steel plates with dimensions
160 mm × 60 mm × 1.5 mm are used as retaining walls in the case of seven stories with
one basement story (S7+1b) and two basements stories (S7+2b), respectively. The connection
used between elements is welded, and the mild steel 240/350 is adopted. Consequently,
Table 5 presents the adopted natural frequencies and total masses of three scaled models.
It is observed that the maximum variations between required and adopted for natural
frequencies and total masses do not exceed 2.6%. The three scaled models were assembled
in the workshop, as depicted in Figure 4.

Table 5. The adopted natural frequencies and masses of three scaled models.

S7 S7+1b S7+2b

Natural Frequency (Hz) 11.56 13.35 15.78
Total Mass (Kg) 5.06 5.51 5.98
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Scaling Geotechnical Model and Soil Properties

The geotechnical model cannot be directly found on the shaking table; a container
is required to represent the boundary of the soil in which the soil is placed. The inner
dimensions of the laminar box for homogenous soil are 1.40, 1.00, and 0.80 m, corresponding
to the length, width, and depth, respectively.

Many researchers [46,47] mentioned that the laminar shear box is the most appropriate
method used to describe the truncated boundaries of the soil in the dynamic analysis, with
aluminum sections and rubber layers used as manufacturing materials. In addition, the
essential parameter to construct the laminar box is the natural frequency. It should be close
to the natural frequency of the soil medium to prevent any interaction effects between the
soil and container. Therefore, the natural frequency of the scaled soil layer was calculated
as 9.72 Hz [48].

Based on the previous discussion, 3D numerical models were simulated by SAP2000
software as 1D frame elements, and 2D shell elements were applied to represent the
aluminum sections and rubber layers, respectively, as shown in Figure 5. After trial and
error cycles to match with the required frequency of the soil layer, the natural target
frequency of the laminar shear box was concluded as 9.43 Hz, which matched with the
natural frequency of the soil layer [48]. As a result, the manufacturing of the laminar box
was composed of ten aluminum frames with dimensions 80 mm × 40 mm × 2 mm and
nine rubber layers with dimensions 40 mm × 50 mm.

The aluminum frames and rubber layers were joined by high-strength resin. Afterward,
the interior container was covered with 20 mm thick foam sheets for truncated sides
to reduce the reflected waves in the free field conditions [35,49]. In addition, plastic
sheeting was added to prevent the water in the soil from evaporation. A wooden base
plate connected both the shaking table and the first aluminum frame to prevent the soil
from being placed on the shaking table directly. Finally, the soil particles were resin at the
bottom of the container to represent the frictional surface between the bedrock and the soil,
as displayed in Figure 5.
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Figure 5. Constructed laminar shear box.

Most of the population in Egypt is concentrated around the Nile River, of which the
common type of soil may be clayey to loamy in texture. Representative soil block was taken
from a site located in Banha city, Qalyubia, Egypt, as shown in Figure 6 to represent the
real condition of the coupled system. Samples of the soil block were examined in the soil
mechanics laboratory at the AUC. It was found that the structure of this soil is mainly 70%
clay and 30% silty. Table 6 summarizes the soil layer characteristics examined in the soil
laboratory. During the transportation of the soil block to the laboratory (a distance of more
than 80 km), the soil moisture content decreased.
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Table 6. Characteristics of silty clay soil for scaled SSI system from laboratory investigations [48].

Parameter Symbol Magnitude Unit

Average unit weight γ 17.8 kN/m3

Shear modulus G 1758 kN/m2

Young modulus E 4571 kN/m2

Poisson’s ratio ν 0.3 —
Shear wave velocity Vs 31.13 m/s

Compression wave velocity Vp 58.23 m/s
Cohesion C 60 kN/m2

Friction angle Φ 31.8 (◦)
Dilatancy angle Ψ 1.8 (◦)
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In order to place the soil in the laminar box, the box was divided into 16 layers by
laser lines; each layer of soil was remolded with specific water quantities in the determined
layer and compacted with a free hammer to get the same characteristics as in Table 6.
Many specimens were provided to ensure the mechanical properties of the underlying soil
in the laminar box. It is noted that the soil properties used in the laminar shear box are
accepted with the field specimens as in Table 6. A rectangular hole of 60 mm and 120 mm
depths were excavated to locate the scaled models with one basement and two basements,
respectively, ensuring no gaps around sidewalls.

2.3. Displacement Time Histories Records

Seismic analyses of the prototype and scaled models were tested under three different
seismic loadings: Northridge (Mw = 6.7 in 1994), Kobe (Mw = 6.9 in 1995), and Chi-Chi
(Mw = 7.6 in 1999) records. To conclude the three scaled seismic records, the displacement
and time step values were scaled by a coefficient of λ = 0.02 and λ0.5 = 0.14142, respectively,
according to the similitude rule in Table 2. Figure 7 shows the displacement time histories
for studied earthquakes as original records for prototype models and scaled records for
scaled models. In addition, the properties of the original earthquakes are reported in Table 7.
The seismic earthquakes records have been carried out at the fixed base and the bedrock
level (a flexible base).

Sustainability 2022, 13, x FOR PEER REVIEW 10 of 20 
 

  
(a) (b) 

  
(a) (b) 

  
(a) (b) 

Figure 7. Three earthquake records (a) original (b) scaled. 

Table 7. Characteristics of the actual earthquake ground motions from NGA-west2 records [50]. 

Earthquake Country Date PGA (g) Mw (R) Duration(s) Station 

Northridge USA Jan. 1994 0.57 6.7 40 CDMG STATION 24278 

Kobe Japan Jan. 1995 0.34 6.9 40 KAKOGAWA 

Chi-Chi Taiwan Sep. 1999 0.36 7.6 120 CHY006 

3. Experimental Measurements 

3.1. Shaking Table Tests without SSI Effects (a Fixed Base) 

Three scaled superstructures were secured and fixed on the shaking table to 

determine the natural frequencies and lateral seismic response. Therefore, 

instrumentations including LVDTs and accelerometer were set up on each structure. 

Three LVDTs were installed as two LVDTs at the shaking table level and one LVDT at the 

roof level. In addition, one accelerometer was fixed on the roof floor level to verify the 

LVDT reading values by double integration for acceleration values readings. The 

installation of LVDTs and accelerometer are displayed in Figure 8. 

Figure 7. Three earthquake records (a) original (b) scaled.



Sustainability 2022, 14, 1275 10 of 20

Table 7. Characteristics of the actual earthquake ground motions from NGA-west2 records [50].

Earthquake Country Date PGA (g) Mw (R) Duration(s) Station

Northridge USA Jan. 1994 0.57 6.7 40 CDMG STATION 24278
Kobe Japan Jan. 1995 0.34 6.9 40 KAKOGAWA

Chi-Chi Taiwan Sep. 1999 0.36 7.6 120 CHY006

The dynamic electric actuator can measure the output displacement at the direction
of movement to ensure the consistency of the obtained records of the input motions.
Consequently, the average dynamic actuator records (Avg. Dyn. Act.) are displayed in
Figure 7b, which agree with the different scaled input motions.

3. Experimental Measurements
3.1. Shaking Table Tests without SSI Effects (a Fixed Base)

Three scaled superstructures were secured and fixed on the shaking table to determine
the natural frequencies and lateral seismic response. Therefore, instrumentations including
LVDTs and accelerometer were set up on each structure. Three LVDTs were installed as
two LVDTs at the shaking table level and one LVDT at the roof level. In addition, one
accelerometer was fixed on the roof floor level to verify the LVDT reading values by double
integration for acceleration values readings. The installation of LVDTs and accelerometer
are displayed in Figure 8.
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A sine sweep test was applied to three scaled models before observing the seismic
behavior of scaled models in the case of a fixed base. The frequency of the shaking table has
increased from 1 Hz to 20 Hz. The first resonance between the scaled model and the shaking
table displayed the fundamental natural frequency of each model. The test was repeated to
an adequate accuracy. The natural frequencies of three constructed models obtained from
the sine sweep test were 11.5, 13.5, and 16.0 Hz for S7, S7+1b, and S7+2b models, respectively.
These agreed with the required and target frequencies in both Tables 4 and 5. The maximum
variations between experimental and numerical analyses (required or target frequencies)
for three scaled models are less than 4.0%, achieving adequate accuracy.

After ensuring the dynamic characteristics of the three scaled structural models, three
scaled seismic records of Northridge (1994), Kobe (1995), and Chi-Chi (1999) were applied
at the base of structural models. The obtained values from the experimental measurements
are related to absolute displacement. This includes the movement of the shaking table and
the relative displacement of the structural model.
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3.2. Shaking Table Tests with SSI Effects (a Flexible Base)

The laminar shear box was fixed on the shaking table by a hardwood plate. After
that, the soil was placed into the box. After filling the laminar box in one day, the surface
was sealed and covered by a plastic sheet to maintain the water content, and the soil
became homogenous. On the second day, the structural models were lifted and placed
on the determined location. For structural models with basements, the filling soil around
retaining walls was executed by the same soil and compaction to maintain the homogenous
soil mix. Accelerometer and LVDTs were set up as similar to fixed base cases. Figure 9
displays the final setup of the seven stories without a basement (S7) as an example of
the SSI system. Shaking table tests were excited by three scaled seismic motions at the
shaking table level. Therefore, the obtained results are also in the term of absolute lateral
displacements, including the transition component of the shaking table, rocking component
from foundation rotation, and elastic-plastic relative movement of the superstructure.
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4. Numerical Simulations
4.1. Finite Element Analyses of Prototype and Scaled Models without SSI Effects (Fixed Base)

The main goal of the numerical analyses is to verify the results with experimental ob-
servations to extend parametric studies in actual cases. Therefore, the numerical prototype
and scaled models of the fixed bases were carried out by SAP2000 software based on the
finite element method as mentioned above. After ensuring the fundamental frequencies
agreed with experimental results, fully nonlinear time histories were applied at the base
of the structures under three seismic motions. The maximum absolute lateral displace-
ments of the roof floor level under three seismic motions for prototype and scaled models
are concluded.

4.2. Finite Element Analyses of Prototype and Scaled Models with SSI Effects (Flexible Base)

The effects of the SSI system on seismic response were simulated numerically under
three seismic scenarios. In order to evaluate these effects, the finite element models were
built by the PLAXIS 3D software. The direct method was developed to simulate the soil-
structure system problem. Many researchers mentioned that the linear elastic- perfectly
plastic under Mohr-coulomb criteria failure represents the constitutive soil model in dy-
namic analyses and achieved good results [2,28,35]. According to Mohr-Coulomb (MC)
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criterion, the normal and shear stresses are generated at Gauss points and then compared
with the Mohr-Coulomb failure criterion. The Friction angle (Φ), Cohesion (C), and the
Dilatancy angle (Ψ) are used to describe the irreversible change in volume during seismic
forces. Fully nonlinear dynamic analyses were applied under three earthquake records
adopted at the bedrock level.

The appropriate boundary conditions simulate the far-field behavior of the soil
medium by absorbing the increment of stresses and voiding any reflecting waves. There-
fore, Free field boundaries and interface elements were recommended in the seismic
analysis [43]. The free field boundaries with viscous dampers were employed for infinite
soil medium to minimize the reflecting waves and simulate the energy losses. The normal
and shear stresses at the boundaries depending on the pressure and shear wave velocities
are described by Lysmer and Kuhlmeyer (1969) [51] as follow:

σx,y = C1ρVp
.
ux,y (1)

τ = C2ρVs
.
uz (2)

where σx,y is the normal stresses in the x or y direction, respectively, τ is the shear stress
in zx or zy planes, ρ is the density of the soil material, Vp and Vs are pressure and shear
wave velocities, respectively,

.
ux and

.
uy are the nodal velocities at the boundaries in x and y

directions, respectively, and C1 & C2 are the relaxation coefficients were used to develop
the absorbent boundaries at the calculation stages. Therefore, several trials were examined
to adopt the best values of the relaxation coefficients to improve the absorption effects. The
best values of records C1 & C2 are based on measuring output vs. input records at the
bedrock level, which are 1.00 and 0.67, respectively. The compliant base was considered
at the bottom of the soil medium to represent the bedrock level. The compliant base is
combined between the viscous boundaries to absorb any reflecting waves and surface
prescribed displacement to apply the earthquake records. Moreover, the surface prescribed
displacements were

.
ux = 0.001 m (which the unit of displacement earthquake records

is mm),
.
uy = 0, and

.
uz = 0 at the compliant base to multiple these factors with seismic

record values.
The slab element and column element were represented as plate and beam elements,

respectively. To achieve the desired accuracy of dynamic analyses of the SSI system with
appropriate time, the mesh sensitively is essential to ensure transmitting seismic waves
in the finite element models. Therefore, the mesh size should not exceed one-eighth to
one-fifth of the shortest wavelength at the highest frequency of the significant components
of the input motions [52]. Therefore, the mesh size in the seismic analyses for real and
scaled models could be around less than 3.28 m and 0.077 m, respectively.

Figures 10 and 11 display the fully 3D numerical real and scaled models with a
flexible base, respectively. In addition, the sidewalls and the foundation facing were
separated from the adjacent soil zone by interface elements to develop frictional contact.
The interface element is an elastic-plastic model, in which the normal and shear strengths
of the interface have been simulated by the Mohr-coulomb criteria soil model. The green
color in Figures 10 and 11 indicates the interface element.

The dynamic analyses of the considered real and scaled models were simulated under
three seismic loadings. Therefore, the absolute displacements for three real and three scaled
models in numerical computations are deduced under seismic motions.
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5. Results and Discussion

This section presents the obtained experimental measurements that are compared
with numerical simulations of scaled and real models to evaluate the small-scaled coeffi-
cient in the dynamic analyses. This simulation is in terms of maximum absolute lateral
displacement at the roof floor level. In addition, concerning the experimental results, the
SSI effects are studied and compared with the fixed bases. Then the embedment length
effects are assessed. All these studies are in terms of relative displacement at the roof floor
level. Finally, simulate these effects (SSI, embedment length) on the prototype models.
The full details are illustrated as follows:

5.1. Absolute Lateral Displacements of Three Scaled and Real Models

The maximum absolute lateral displacements at the roof floor level of the real and
scaled models in the case of fixed and flexible bases under three seismic motions are sum-
marized comparatively in Tables 8 and 9, respectively. In addition, the average percentages
of the geometric scaling factors between prototype and scaled models (experimental &
numerical) are presented. These percentages were calculated by dividing the real and
average scaled models’ peak absolute lateral displacement at the roof floor level to estimate
the adopted small shaking table factor (herein, λ = 1:50).
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Table 8. Geometric scaling coefficients between real and scaled models of the peak absolute displace-
ments (mm) at the roof floor level under three seismic loadings in the case of fixed base.

Northridge (1994) Earthquake Kobe (1995) Earthquake Chi-Chi (1999) Earthquake
Scaled model Real Scaled model Real Scaled model Real
Exp.

(mm)
Num.
(mm)

Num.
(mm)

Average
geometric scale

(1/λ = 50)
Exp.

(mm)
Num.
(mm)

Num.
(mm)

Average
geometric scale

(1/λ = 50)
Exp.

(mm)
Num.
(mm)

Num.
(mm)

Average
geometric scale

(1/λ = 50)

S7 1.89 1.89 116 61 1.85 1.93 105 55 5.04 5.00 275 55
S7+1b 1.79 1.73 107 60 1.70 1.70 102 60 4.80 4.82 263 55
S7+2b 1.60 1.69 106 64 1.66 1.69 98 58 4.53 4.80 262 56

Table 9. Geometric scaling coefficients between real and scaled models of the peak absolute displace-
ments (mm) at the roof floor level under three seismic loadings in the case of flexible base.

Northridge (1994) Earthquake Kobe (1995) Earthquake Chi-Chi (1999) Earthquake
Scaled model Real Scaled model Real Scaled model Real
Exp.

(mm)
Num.
(mm)

Num.
(mm)

Average
geometric scale

(1/λ = 50)
Exp.

(mm)
Num.
(mm)

Num.
(mm)

Average
geometric scale

(1/λ = 50)
Exp.

(mm)
Num.
(mm)

Num.
(mm)

Average
geometric scale

(1/λ = 50)

S7 1.93 1.92 129 67 1.98 2.05 117 58 5.30 5.45 292 54
S7+1b 1.91 1.90 119 62 1.87 1.98 113 59 5.04 4.90 290 58
S7+2b 1.75 1.75 108 62 1.80 1.93 105 56 4.70 4.80 286 60

By examining the results of the experimental and numerical scaled models, it is noted
that the maximum calculated error percentages are 6% and 7% for fixed and flexible bases,
respectively, under different seismic motions for three scaled model cases. Therefore, the
numerical scaled models are consistent with experimental results and adequately represent
the SSI system.

Concerning the geometric scaling factors in Tables 8 and 9, the maximum geometric
scaling factor is less than 60 in both fixed and flexible bases except under the Northridge
earthquake. Consequently, it is generally considered agreement to capture the small
scaling coefficient (herein, λ =1:50) to represent the dynamic analysis of the real structures
and complex SSI problems with reasonable accuracy. As a result, it is noticeable that
the numerical simulations of the real and scaled models are in good agreement with
sufficient accuracy.

It may be noted that the SSI effects have slightly amplified in the absolute lateral
displacement compared with a fixed base for low-rise buildings under different input
motions. Whilst investigating the effects of embedment depth of structural elements, it
is observed that the lateral displacement generally decreases with increasing embedded
depth under different input motions, whether in fixed and flexible bases. However, the
decrease in lateral displacement may be minimal with increasing embedded depth, as
displayed in Tables 8 and 9 that may refer to the dominant frequencies of the input motion
being close to the dominant frequencies of the system. Therefore, the structural vibration
will increase dramatically during nearly the resonance case with increasing embedded
depth of the structural element.

5.2. Relative Lateral Displacements of Three Scaled Models

The components of the absolute lateral displacement in Tables 8 and 9 comprise the
translational component of the earthquake motions, the rocking component caused by
foundation rotation (generated in the flexible cases), and an elastic-plastic component of
the superstructure. The three components are: in phase or out of phase, overlapped or
disjoint and sync or out of sync. Therefore, the results of relative lateral displacement
differ compared with absolute lateral displacement. Due to the fact that the shaking
table movement is the conjoint movement in the case of fixed and flexible bases, the
measured roof floor time histories have been subtracted from the shaking table of the input
motions to determine the relative lateral deflection. Therefore, concerning the laboratory
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measurements to study the SSI effects on structural response, Figure 12 shows the maximum
relative lateral deflection at the roof floor level for three scaled models under seismic
motions in the case of fixed and flexible bases. In addition, it explains the SSI effects
compared with a fixed base as amplification percentages.
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Figure 12. Maximum relative lateral displacements (mm) at the roof floor level under three scaled
seismic input motions in the case of fixed (No SSI) and flexible bases (SSI) for three models: (i) S7

(ii) S7+1b (iii) S7+2b.

The results show that the SSI effects have amplified in lateral displacements compared
with a fixed base, which agree with absolute lateral displacement discussion.

The maximum amplification reaches up to 97% under the Chi-Chi earthquake in the
S7+1b model. In addition, the lowest amplification is 11% under the Kobe earthquake in
the S7 model. Therefore, the highest and lowest amplification ratios mainly depend on
the frequency domain of the input motion with respect to the frequency domain of the
SSI system. Thus, the assumption of the fixed base is not proper in the seismic analysis of
buildings, and flexible bases have modified the dynamic characteristic of the superstructure.
Consequently, the conventional analysis excluding SSI may not be suitable to guarantee
structural element safety.

The embedded depth of structural elements plays a role in converting the seismic
response of the building. Therefore, Figure 13a,b show the maximum relative lateral
displacements at the roof floor level of three scaled models in the case of fixed and flexible
bases, respectively, under different scaled seismic motions. In addition, the reduction
percentages of the lateral displacement at the roof floor level in cases with basement stories
(S7+1b, S7+2b) compared with no basement story (S7). In the fixed base case in Figure 13a,
the S7+1b model has reduced lateral deflection by 2%, 35%, and 33% compared with the S7
model under Northridge, Kobe, and Chi-Chi earthquakes, respectively. At the same time,
the reduction percentages are increased to 43%, 43%, and 36% in the case of S7+2b with
respect to the S7 model under Northridge, Kobe, and Chi-Chi earthquakes, respectively. It
becomes apparent in the flexible base case in Figure 13b; the lateral deflections decrease
around 14%, 1.5%, and 7% for the S7+1b model and 40%, 11%, and 40% in the case of the S7+2b
model compared with the S7 model under Northridge, Kobe, and Chi-Chi earthquakes,
respectively. Therefore, neglecting the embedded depth effect is considered conservative in
the seismic analysis of buildings.
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It is displayed that the lateral deflections values of the S7+2b model with flexible base
in Figure 13b are the closest to values of the S7 model with a fixed base in Figure 13a under
three input motions due to the increasing confining soil around basement stories.

The deviations between the S7 model with a fixed base and the S7+2b model with a flex-
ible base are 9%, 2%, and 17% under Northridge, Kobe, and Chi-Chi motions, respectively.

5.3. Relative Lateral Displacements of Real Models

The studying real numerical models with variable embedded depths under actual
soil conditions was to simulate the small scaling coefficient. After ensuring the appro-
priate scaling coefficient (herein, λ = 1:50) was suitable to represent dynamic response
of the coupled system. The SSI and embedment depths effects on the superstructure are
considered. The foundation level movement is subtracted from the floor level movement
under different seismic motions. Therefore, Figure 14 exhibits the maximum relative lateral
displacement at all floors for three prototype models under different input motions with
fixed and flexible bases.
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It is noticed that the importance of SSI effects compared with fixed base, especially
for upper floors, which the maximum amplification percentages at the roof floor level are
35%, 37%, and 65% under Northridge, Kobe, and Chi-Chi earthquakes, respectively. That
ensured the previous conclusions about the importance of SSI effects in seismic analysis of
buildings. In addition, the flexibility behavior of structural elements for lower floors with
basements compared with a rigid base.

On the other hand, the embedded depth of structural elements has reduced the lateral
displacement compared with no embedded element depth. The reduction values may be
high or low based on the frequency content of input motion compared with the frequency
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content of the system. Therefore, by examining flexible models in Figure 14, the embedded
element depths have decreased lateral displacements in the upper floors. For example,
the lateral displacements at the roof floor level in the S7+1b model reduce by 21%, 14%,
and 10% compared with the S7 model under Northridge, Kobe, and Chi-Chi motions.
At the same time, the reduction percentages are 42%, 25%, and 39% in the case of the S7+2b
model compared with the S7 model under Northridge, Kobe, and Chi-Chi earthquakes,
respectively. Consequently, the embedded depths of structural elements have decreased in
lateral deflection compared with no embedment depth under different input motions that
ensured the previous discussion.

6. Conclusions

This research aims to evaluate the small geometric scaling factor for representing the
real low-rise building with variable embedment depths of structural elements underneath
silty clay soil with shear wave velocity of vs. = 220 m/s. In addition, the seismic behavior
of low-rise buildings is studied considering SSI effects and variable embedded element
depths. The geometric scaling coefficient was determined as 1:50 according to shaking
table dimensions and specifications. The actual system and scaled models were excited
under three seismic scenarios: Northridge (1994), Kobe (1995), and Chi-Chi (1999) applied
at the base of structures (fixed base) and the bedrock level of the soil (flexible base). The
experimental observations and numerical simulations for scaled models were examined
under different input motions by comparing the structural lateral displacements obtained
from fixed and flexible bases. Afterward, they were compared with actual model results to
evaluate the small scaling factor.

The obtained results show that the scaled numerical simulations are consistent with the
experimental measurements. In addition, they are in good agreement with real numerical
models under different frequency contents. Therefore, the adopted geometric scaling
coefficient with a small rational scale for the coupled system can capture the dynamic
response of the full-scale system with adequate accuracy for complex SSI models.

It can be clearly observed that the soil deposit has significantly amplified the dynamic
response of structures with respect to the fixed base cases. Therefore, the assumption of
a fixed base excluding SSI effects is considered detrimental in the dynamic analyses of
low-rise buildings, especially in the active seismic regions. The maximum amplification
percentages between flexible and fixed bases of three prototype models at roof floor level
are 35%, 37%, and 65% under Northridge, Kobe, and Chi-Chi earthquakes, respectively.
On the other hand, the embedment depth has reduced lateral displacements compared with
no embedded depth. Therefore, considering the embedded depth in the dynamic analyses
gives generally positive effects due to minimizing lateral deflection of buildings. In the
flexible base of prototype model, the lateral deflections at roof floor level with an embedded
depth of 3 m reduces compared with no embedded depth, which the maximum reduction
percentages are 21%, 14%, and 10%, while the maximum reduction percentages in the case
of embedded depth of 6 m are 42%, 25%, and 39% compared with no embedded depth
under Northridge, Kobe, and Chi-Chi earthquakes, respectively. However, the negative
effect may be occurred due to increasing embedded depth, which the natural frequency of
structure increases and may close to the natural frequency of seismic motion. Therefore, the
reduction in lateral displacements may be very low compared with no embedded depth.

The beneficial and detrimental dynamic responses of buildings mainly depend on soil
conditions (fixed, flexible), embedment length of structural elements, and characteristics of
input motion, travel pass and source of earthquakes. All these properties are summarized
to become the frequency content of the coupled system with respect to the frequency
content of the input motion. Therefore, the design engineers should consider the SSI and
embedment length in the seismic analysis even though the building is low-rise.

However, it should be acknowledged that the studies of SSI and embedded depths
effects were somewhat complex. This research only discussed the absolute and relative
lateral displacements of the structure. Therefore, more work needs to be done to simulate
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other parameters. In addition, assess the different structural configurations and soil types.
Further study is still in progress.
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