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ABSTRACT

Design standards require that the tie beams, which join the individual footings of the
structure in two directions, usually at right angles, have a tension or compression design
strength that works. This strength should be equal a minimum downward load of q1 (10
kN/m recommended value) according to Eurocode 2 (ECS 1-1992), should be equal 10%
of SDS multiped by the maximum compression force in the columns, which the tie beam is
connecting, in the factored ultimate case according to American Society of Civil Engineers
(ASCE 7-16) or should be equal the lesser of 10% of SDS multiped by the maximum
compression force in the columns, which the tie beam is connecting, or 25% multiped by
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the minimum compression force in the columns, which the tie beam is connecting, in the
factored ultimate case according to the International Building Code (IBC 2009), SDS is
effected by the type of soil and seismic ground motion. The values of the aforementioned
codes show that several crucial factors such as the building's structural system, number of
floors, ground beam span, location, and cross-section were overlooked. In contemporary
soil-structure interaction models, the substructure approach and the direct analysis
methodology are the two main methodologies employed. The fundamental objectives of
this research study can be summarized as follows: creating a numerical model that can
depict how time historical motion at the rock layer affects the seismic response of framed
constructions, examining how waves travel across soil layers and how soil filtering affects
shape, frequency, and behaviour Examine how the seismic loads affected the framed
structure both before and after the ground beams were added. Find out how much strain
the earthquake caused on the ground beams, then compare that information to the relevant
numbers from the international codes.

KEYWORDS: soil structural interaction, seismic wave propagation, Seismic Response
of Ground Beams.

1 Introduction

Ground beams are structural elements that connect two or more columns to make the
whole structure stiffer and more stable and to control and minimize differential settlement
between adjacent footings. Moreover, it is also used to support ground walls, resist seismic
loads and reduce the effective buckling length of columns.

The tie beams that connect the separate footings of the structure in two directions—
typically at right angles—must have a tension or compression design strength that
complies with design regulations. This strength should be equal a minimum downward
load of q1 (10 kN/m recommended value) according to Eurocode 2 (ECS 1-1992) [1],
should be equal 10% of SDS multiped by the maximum compression force in the columns,
which the tie beam is connecting, in the factored ultimate case according to American
Society of Civil Engineers (ASCE 7-16) [2] or should be equal the lesser of 10% of SDS
multiped by the maximum compression force in the columns, which the tie beam is
connecting, or 25% multiped by the minimum compression force in the columns, which
the tie beam is connecting, in the factored ultimate case according to the International
Building Code (IBC 2009) [3], SDS is effected by the type of soil and seismic ground
motion. The values of the aforementioned codes show that several crucial factors such as
the building's structural system, number of floors, ground beam span, location, and cross-
section were overlooked.

The seismic behavior of a structure is not only influenced by the superstructure’s response,
but also by how the soil under its foundation reacts, as many academic publications have
shown in recent years. According to Federal Emergency Management Agency (FEMA
2020) [4], there are two main approaches that are now utilized in models to take into
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account for the interaction between soil and structure. The first approach, the substructure
approach models the soil as discrete multi-directional springs, and the second approach is
the direct analysis approach, which will be used in this thesis, with only one finite element
approach, the building's structure, foundations, and underneath soil are all modeled.

2 Model and verification of 3D finite elements

Using the finite element program Sap2000 [5], an improved soil-structure numerical model
is created to simulate seismic wave propagation and the impact of soil-structure
interaction. The direct approach is used to study the effect of soil structure interaction and
the validity of the finite element model is tested by comparing it with a shaking table test
conducted by (Xiaofeng Zhang and Harry Far 2021) [6].

2.1 Structural Model

The model of the structure for shaking table tests is a frame structure with 15 stories
(height = 45m), a total mass of 953 tonnes, and a natural frequency of 0.384 Hz. It is built
on a shallow foundation on clay soil with a maximum shear modulus of 3310 tons/m”2
and a soil density of 1.47 tons/m”3.To achieve dynamic similarity, (Xiaofeng Zhang and
Harry Far 2021) [6] followed the method described by (Meymand 1998) [7] for the
shaking table test and the geometric scaling factor (A ) used was 1:30; therefore, the
dimensions of the prototype are 1.5 m height and 0.4 m width and the natural frequency of
the scaled model is 2.11 Hz. Shell, frame and solid elements in Sap 2000[5] were used to
model slabs, columns and foundations. For more information about the shaking table tests,
refer to (Meymand 1998) [7], (Tabatabaiefar 2014) [8], (Fatahi 2015) [9], (Tabatabaiefar
2016) [10] and (Tabatabaiefar and Mansoury 2016) [11]. The scaled frame construction
has a damping ratio of around 1.1%, according to shaking table measurements. Hence, two
damping coefficients o and B can be calculated as 2.297 and 0.0004 from the first and
second vibration frequencies of the structure. Figure 1 shows the scaled frame structure's
3D numerical model, the model's material characteristics, and the shaking table test are
shown in.
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Figure 1: 3D numerical model of this scaled frame structure in ABAQUS presented in (Xiaofeng
Zhang and Harry Far 2021). [6]
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2.2 Soil Model

A 3D eight-node element with reduced integration is used to model the soil element and
the Mohr-Coulomb model is applied. Soil-structure interaction is modelled using a one-
parameter Winkler soil model. The completely nonlinear approach is a widely used
technique to account for soil nonlinearity when computing wave propagation or seismic
response in soil. The nonlinear backbone curves proposed by H. Bolton Seed, F. ASCE
1986) [12] and Joseph Sun., H. B. Seed 1998) [13] are utilized to derive the shear modulus
reduction, cyclic shear strain, and to compute the damping ratio in order avoid the usage of
nonlinear analysis.

2.3 Soil Boundary

This study uses the 3D viscous-spring boundary proposed by (Liu Jingbo and Du Yixin
2006) [14]. To calculate the mechanical coefficients of the spring, which depend on the
property of the surrounding soil medium, the following formula is used. The spring and
dampers are placed in parallel in one normal and two tangential directions of the boundary
nodes..
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Figure 2: Viscous-spring boundary presented in (Liu Jingbo and Du Yixin 2006) [5].

Ker= [or] [G]/[R] Cer=[p] [Cs]
Ken= [on] [G]/[R] Cen=[p] [Cr]
Where ar= (0.5-1) and an= (1-2) according to (Liu Jingbo and Du Yixin 2006) [14].

2.4 Finite Element Model Verification

Two earthquakes, El Centrro and Kobe (Table 1), are simulated using sap2000 software on
a 15-story framed building situated on clay soil in order to examine the viability of the
finite element method described in these earlier sections and compared with the shaking
table test conducted by (Xiaofeng Zhang and Harry Far 2021) [6]. Figure (3) shows the
difference between the analytical model and the experiment with El Centro and Kobe
earthquakes (-3.77% and 1.52% respectively).

Table 1: Earthquake ground motions used in this study

Earth-quake Country Year PGA (g) Mw (R) Dura- tion (s) Type Hypocentral Rord
distance (km)
Bedrock
El Centro USA 1940 0.349 6.9 56.5 Far field 15.69
record
Bedrock
Kobe Japan 1995 0.833 6.8 50.0 Near field 7.4
record
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Figure 3: shows a good resemblance between the results obtained from the analytical
model and the experiment

3 Parametric Study

The framed structure used in the parametric study consists of 5 spans in X and Y directions
and it is designed according to Egyptian codes for design and construction of buildings
(ECP 203-2018) [15]. the parametric study was done for different soil types according to
(ECP 201-2012) [16] (type B, type C and type D) (table 2 shows soil properties and figures
5 and 6 show the nonlinear backbone curves introduced by (H. Bolton Seed, F. ASCE
1986) [12] and (Joseph Sun., H. B. Seed 1998) [13] ) show the shear modulus reduction,
cyclic shear strain and the), seismic ground acceleration (0.15g, 0.2g, 0.25g and 0.3g), the
ground beams location (at foundation level and slab on grade level), the distance between
building’s footings and bedrock (10, 20 and 40m), the span of the ground beams (4, 6 and
8m), the inertia of ground beams (Iground beam/Ibeam = 1, 4 or 8 ) and the framed
structure number of stories (4, 6 and 8 stories). The damping ratio is assumed to be 7%.
The grade of the concrete used in the studied framed structures= 35Mpa and the yield
strength of the steel used in the studied structures =350Mpa. Earthquake excitation is
implemented using seismic central motion at the model bedrock level. Artificial
earthquake time history by (Abdel-Motaal 1999) [17] (Figure 4), is used after scaling to
simulate the target earthquake intensity or maximum acceleration.
Table 2 Soil properties used in this study

Soil Sodl Bearings Cohesiotn Friction Drensity Mlaxitmumam Stiffiness
tvpe name capacity (EP.AD angle (EIN/me ™57 shear (AP A0
(EEAY (Dez) modulus
(BAEPA)
B Dense 200 Q0 38 20 250 100
sarud
Lo Silty 150 Q 3z 18 150 50
sarud
D Clay ey 125 20 22 15 100 30
=ilt amd
sarud
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Figure 4 Time-acceleration history of the artificial earthquake

1
0.8 _
Backbone curve for Cohesive Soils
Presented by : Sun et al (1998)
o8 Soil type : Clay
E ' Utilised test : Resonant column test
(U]
~ 04
(L)
0.2
0
0.0001 0.001 0,01 0.1 1
Cyclic Shear Strain (%)
24
20
= Backbone curve for Cohesive Soils
~ 16 Presented by : Sun et al (1998)
.g Soil type : Clay
& Utilised test : Resonant column test
o 2
£
Q
§ 8
Q
4
0 _

0.0001 0.001 0.01 0.1 1

Cyclic Shear Strain (%)

Figure 5: The first graph depicts the Relationship between G/Gmax versus yc for cohesive soils,
while the second graph depicts the Relationship between & versus yc for cohesive soils (Presented
in (Joseph Sun., H. B. Seed 1998)) [13].
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Figure 6: The first graph depicts the Relationship between G/Gmax versus yc for cohesionless
soils, while the second graph depicts the Relationship between & versus yc for cohesionless soils
(presented in (H. Bolton Seed, F. ASCE 1986) [12]).

4 Results and Discussion

In this section, the results of the parametric study are displayed and reviewed. For each
framed structure, tie beams are designed, and the design process values are compared to
the corresponding values from various international codes (Eurocode 2 (ECS 1-1992) [1],
the International Building Code (IBC 2009) [3], and the American Society of Civil
Engineers (ASCE 7-16) [2].
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4.1 Seismic Design for Tie Beams

The introduction shows that the codes’ values do not consider some important factors, such
as the location and the building’s structural system, column spacing, and number of floors.
These parameters are studied separately in this section without neglecting the considered
parameters by the building codes (soil type and seismic ground motion). The maximum
results obtained from the finite element model is compared with the corresponding values
in the codes and the effect of each previously mentioned parameters is shown separately.

4.1.1 The Effect of The Soil Type
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Figure 10: The relationship between the percent Tie axial force / maximum column axial
force and Soil Type

Figure 10 shows that the ratio of the minimum tensile axial force in tie beams to the
maximum axial compressive force increases significantly with the soil shear modulus for
all studied framed structures as the SSI effect deceases with the increase of the shear
modulus; consequently, increasing the straining actions in the tie beams. Furthermore, the
examined ratio is marginally greater when the tie beams are positioned in the foundation
level as opposed to the slab on grade level, and the code values for the three codes that
were employed are higher than the findings from the finite element model.
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4.1.2 The Effect of The Seismic Ground Acceleration
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Figure 11: The relationship between the percent Tie axial force / maximum column axial
force and maximum seismic ground acceleration

Figure 11 shows that the ratio of the minimum tensile axial force in tie beams to the
maximum axial compressive force increases significantly with the seismic ground
acceleration for all studied framed structures as the actual motion under the studied framed
structures foundation rises with the increase of seismic ground acceleration; consequently,
increasing the straining actions in the tie beams. Moreover, the code values for the 3 used
codes are higher than the results obtained from the finite element model, and the studied
ratio is slightly higher when the tie beams are located in the foundation level than when
they are located in the slab on grade level.

4.1.3 The Effect of The Spacing Between Columns
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Figure 12: The relationship between the percent Tie axial force / maximum column axial
force and the spacing between columns

Figure 12 demonstrates that for all studied framed structures, the ratio of the minimum
tensile axial force in tie beams to the maximum axial compressive force increases
significantly with the spacing between columns as seismic forces increase with the
increase in the weight of the framed structure while the number of columns remains
constant. This causes the tie beams' straining actions to increase. Furthermore, the code
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values for the 3 used codes are higher than the results obtained from the finite element
model, and the studied ratio is slightly higher when the tie beams are located in the
foundation level than when they are located in the slab on grade level.

4.1.4 The Effect of The Number of Stories
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Figure 13: The relationship between the percent Tie axial force / maximum column axial
force and the number of stories

Figure 13 shows that the ratio of the minimum tensile axial force in tie beams to the
maximum axial compressive force decreases significantly with the number of stories for
all studied framed structures as the increase in the compressive force in columns is higher
than the increase in the straining action for tie beams. Moreover, the code values for the 3
used codes are higher than the results obtained from the finite element model, and the
studied ratio is significantly higher when the tie beams are located in the foundation level
than when they are located in the slab on grade level.
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4.1.5 The Effect of Tie Beams Cross Section Area
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Figure 14: The relationship between the percent Tie axial force / maximum column axial
force and tie beams cross section area

Figure 14 shows that the ratio of the minimum tensile axial force in tie beams to the
maximum axial compressive force decreases steadily with the tie beams’ cross section area
for all studied framed structures as the cross section resisting the seismic forces increases.
Furthermore, the code values for the 3 used codes are higher than the results obtained from
the finite element model, and the studied ratio is slightly higher when the tie beams are
located in the foundation level than when they are located in the slab on grade level.

5 Conclusion

The effect of soil structure interaction in the framed structures is investigated in this paper
and the results obtained from designing the tie beams are compared with the corresponding
code values. Several conclusions are drawn from this parametric study:

[1]. The seismic waves when propagating through different soil types may amplify or
diminish according to soil shear modulus, soil density, water content, Plasticity,
overconsoildtion and soil thickness. Dense sand tends to amplify the seismic
waves, while loose sand and stiff clay tend to diminish the seismic waves.

[2]. The flexible base models (considering the effect of soil structure interaction) have
a higher periodic time and relative displacement than the fixed base models, while
the fixed base models have a higher base shear than flexible base models.

[3]. The soil structure interaction effect is inversely related with the shear modulus.

[4]. The ratio of the minimum tensile axial force in tie beams to the maximum axial
compressive force in columns decreases significantly as the number of stories

140



[5].

[6].

[7].

Refe
[1].

[2].
[3].

[4].
[5]
[6].
[71
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increases for all studied framed structures, while the previous ratio is directly
related to the shear modulus and the seismic ground acceleration for all studied
framed structures.

The ratio of the minimum tensile axial force in tie beams to the maximum axial
compressive force in columns is also inversely related to the cross-section area, as
the cross-section area of the tie beam increases, the studied ratio decreases slightly
or significantly depending on the span of tie beam and the location of tie beam.
The most critical case in the studied cases is when the framed structure consists of
4 stories founded on soil type B, the span of tie beams equal 8m, located on
foundation level and Iground beam= Ibeam, while the most uncritical case is when
the framed structure consists of 8 stories founded on soil type D, the span of tie
beams equal 4m, the tie beam is located on SOG level and Iground beam= 8
Ibeam.

The ratio of the minimum tensile axial force in tie beams to the maximum axial
compressive force in columns is lower than the corresponding values from
Eurocode 2 (ECS 1-1992) [1], American Society of Civil Engineers (ASCE 7-16)
[2] or the International Building Code (IBC 2009) [3] in all studied cases.
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