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Abstract: Structures are affected by additional forces due to the different lateral loads that may cause foundation failure. Many
studies of infilled frames' behavior under lateral loads were performed, but the effect of walls' existence on the foundation’s
behavior was ignored. In this work, PLAXIS 3D software was used to study the various factors affecting the foundation of
reinforced concrete infilled frames under lateral load. Two specimens of single-story frames consisting of one bay of 3.10 m,
width of 0.50 m, and 2.10 m in height, with and without masonry walls were adopted in this study. The effect of walls on the
stability of the foundation soil system over sandy soil is investigated to show the improvement of the structure response under
lateral loads. The wall stiffness is also investigated in the case of increasing the wall’s inertia. Numerical results indicated that
the fully infilled frame has better performance than the bare frame, thus the infilled frame interacts with the surrounding infill
walls as a single unit. Results demonstrated that the wall's existence reduced the soil horizontal acceleration and shear strain
by 35% and 37%, respectively, compared to the bare frame. As indicated throughout the tests' findings, the wall's existence
has a great impact on minimizing settlement and reducing the stress of the foundation. Walls' existence significantly reduced
the foundation settlement and stresses by as much as 18.5% and 33%, respectively, from its initial values. Results showed that
the utilization of walls has promising outcomes and improves structural stability against the devastating effects of earthquakes.
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1. INTRODUCTION

Masonry walls are commonly used and found in most reinforced concrete (RC) buildings and steel structures. Masonry infill
causes major hazards and typically fails in case of strong earthquakes. This is due to several reasons, such as the large weight,
the very low tensile strength, and the weakness between the structural elements [1]. This inhomogeneous material is widely
used for interior and exterior separations as it is an economical material that is reachable to all cities and provides the structure
with both acoustic and thermal insulation [2]. Masonry infill is considered a nonstructural element, which interacts with the
surrounding frame columns when the structures are under the effect of strong earthquake loads or wind loads. Also, masonry
infill panels are widely used to increase the existing moment-resisting frames and improve the performance of different
structures under the effect of earthquake loads [3].

On the other hand, masonry infill contribution to the effect of frames foundation and subsoil behavior is mainly neglected
during earthquakes. During the earthquake, a huge amount of energy is firstly received by the foundation, then it is distributed
to the superstructure [4]. The effect of infill on different structural foundation performances has been controversial, and there
are no seismic code requirements or any available guidelines for the safety design and utilization of walls' existence on
foundation behavior. In light of the aforementioned information, it is rigorous work to evaluate the existence of the wall on
the dynamic behavior during earthquakes. Besides, a major important issue is that in the numerical modeling of infilled frames,
the soil mass with its real interaction was ignored. This study is motivated to investigate the effect of masonry infill walls on
the frames, foundation, and subsoil behavior during earthquakes by using the finite element method. Findings pointed out that
walls' existence decreased the system settlement, displacement, and stresses.

It can be clearly seen that the majority of experimental studies have shown that masonry infills increase the frame stiffness
and strength by as much as 50% compared to the case of bare frames [5-9]. Also, the walls’ existence reduced the lateral
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displacement of the frames under cyclic loads compared to the bare once [10]. Previous experimental investigations confirmed
that the existence of masonry increased the frame lateral capacity due to the increase in the elastic stiffness and improved the
frame seismic response throughout both the lateral displacement and the base shear in comparison to the bare frame [11]. An
experimental study on infill walls with behavior with variable thicknesses and materials on the frame subjected to cyclic loads
was conducted [12]. Results confirmed that walls with thicknesses of 12 cm and 6 cm increased the frame lateral resistance by
184% and 61%, respectively, compared to the case of a bare frame. A numerical study by finite element analyses program
conducted to study the effect of infill walls on the frame’s failure under lateral loads. The results demonstrated that decreased
the frame displacement and increased the frame's lateral loads capacity [13]. Both experimental and numerical studies of the
effect of adding walls on the frame behavior under seismic loads were conducted. The results demonstrated that walls reduced
the inner displacement and enhanced the dissipation energy capacity of infilled frames and avoid damage to the system [14].

In summary, most previous experimental investigations or numerical analyses have been focused on the effect of walls on
the superstructure behavior under the effect of lateral loads with no consideration of the foundation. Moreover, the literature
ignored the effect of walls' existence on the soil mass, which has a major role in altering the structural system behavior during
earthquakes. Also, analysis of any structure without considering the real effect and behavior of the soil leads to either
unnecessarily costly or unsafe designs. Consequently, this paper's main goal is to model and simulate the real interaction
between the structure and the soil, then investigate the effect of adding walls on the structure system behavior by using the
PLAXIS 3D program [15] to capture the utilization of walls to improve the structure, foundation, and soil stability under the
effect of lateral load condition. The derived results from the numerical analyses are presented in various charts and
comparisons.

Therefore, in this current study, an attempt has been made to take into consideration the effect of walls' existence on the
subsoil response. Also, the walls’ influence in improving the subsoil performance and the foundation dynamic behavior was
investigated. A numerical representation model has been created of the interface between both the soil mass and the foundation
to estimate the influence of walls' existence to improve the behavior of structures subjected to lateral loads. This paper
discovers and analyse such a problem to relieve the system deformation and safeguard the foundation from collapse. In
addition, this research studies the utilization of walls as an attractive choice to control the lateral displacement of the structure
and decreases foundation stresses, displacement, and settlement by using the PLAXIS 3D finite element program.

2. NUMERICAL MODELLING AND RESEARCH STRATEGY

In this work, the soil domain consisted of sand strata with thickness of 30 m, and 40 x 4 m for length and width, respectively.
These dimensions were enough to satisfy the soil failure mechanism under the effect of both static and dynamic loads [16].
The investigated reinforced concrete frame consists of one story of one bay of 3.10 m, 0.50 m and 2.10 m for width and height
respectively. The ratio of frame height to length (H/L) was 1/1.5 as presented in Figure 1. The layout of the model including
the supporting soil is illustrated in Figure 2. For the generation of the mesh, it was selected as a 'coarse' mesh, while the
clusters surrounding the structure were refined twice because of the high expected stresses under the structure elements and to
get a more accurate analysis.
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Figure 1. Schematic diagram of the bare / infilled frame
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Figure 2. Layout of the numerical model (by PLAXIS 3D)
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Raleigh damping was considered at vertical boundaries by considering @ and § = 0.2320 and 0.008, respectively to
overcome the effect of the Raleigh waves [17-18]. The soil plastic material properties (viscous properties) are the material
damping coefficients as described in PLAXIS by the Rayleigh coefficients (a and ). They were used to include the soil plastic
properties under the effect of dynamic loads and were automatically defined by the program. The damping terms are assumed
which is relative to both the mass and stiffness of the system (Rayleigh damping) as presented in Equation (1) where C is the
damping coefficient, M is the mass, K is stiffness and a and § determine the effect of the mass and the stiffness in the damping
system, respectively.

C =aM+BK (1)

Three monitoring nodes 4, B, and C were selected at the top of the frame, the foundation base level, and the subsoil
beneath the foundation, respectively, to investigate the performance of the structure, the foundation, and the subsoil under the
effect of lateral loads. The interface was set to 1 for the real soil, while the different structure elements embedded in the soil
were modified to 0.67 to realize the compatibility deformation between the structure element and the surrounding soil. The
seismic activity is modeled by assigning a prescribed horizontal displacement at the boundary bottom in contrast to the standard
unit length (U, = 1.0 m, U,, = 0 and U, = 0) [17-18].

3. BOUNDARY CONDITIONS AND MODEL CONSTITUTIVE

Numerical modeling and simulation are commonly applied to study the seismic response of different structures during
earthquakes. For simulating the model within acceptable limits and to model and define a domain large enough to represent
the dynamic condition, it is recommended to only model the soil region of interest surrounding the investigated model in the
range of five to ten times the structure width, while modeling the rest of the soil as artificial fixed boundaries [19].

3.1 Lateral Boundary and Bedrock Conditions

In this work, the horizontal distance between the structure and the soil domain boundaries was set to be five to ten times the
dimensions of the structure that has a small effect on the model seismic response. Therefore, the horizontal distance between
the soil lateral boundary and the model was to be 18 meters (six times the structure width in this study). These dimensions are
enough to prevent soil failure under both seismic and static conditions [20-21]. Also, the bedrock depth was about 30 m in the
case of numerical analysis, which complies well with most seismic codes [22-23] that highlighted the characteristics of the
first 30 m of the soil stratigraphy to assess local site effects.

3.2 Dynamic Boundary Conditions

According to the constraint of finite element methods (FEM), the propagating waves are reflected and refracted from the
boundaries that waves return back into the model and do not allow the required energy radiation and trapping energy in the
model. So, the major objective of dynamic models is to investigate the effect of radiation conditions in overcoming the
reflection of false waves (avoid waves to return back to the model and region of interest) from the soil domain boundaries [24-
25].

4. CALCULATION METHOD

The following FEM analysis procedure was adopted:

The case of wind load calculation procedure involves three phases: (1) The initial phase includes the generation of the initial
conditions; (2) The second phase is the frame construction; (3) The third phase is applying the frame to lateral load. In the case
of the bare frame, a concentrated load was applied to the frame center starting from 10 kN and was increased gradually up to
100 kN. For the infilled frame, a lateral load was applied starting from 40 kN and was increased gradually up to 180 kN.

In the case of earthquakes, the numerical process consists of four phases: (1) The initial conditions phase; (2) The
simulation of the frame construction phase; (3) The free vibration analysis phase; (4) The dynamic phase. In phase 4, the
earthquake force was modeled, the displacement was set to zero and the seismic time interval was set to 10 sec. The earthquake
ground acceleration was set according to the PLAXIS default acceleration input file (225 SMC) (SMC, Strong Motion CD is a
format used by the U.S. Geological Survey National Strong-Motion Project). The used acceleration time history was the
program default with the maximum horizontal acceleration (0.3 g = 2.94 m/sec? at a time of 2.53 sec). Pore water was started
before generating the mesh.

5. VERIFICATION EXAMPLE

The model test presented by [3] was used to verify the finite element program accuracy in solving such problems. The soil
domain had a thickness of 30 m, and 40 x 4 m for length and width, respectively, to overcome the boundary effect. The bare
and the infilled frame were modeled by PLAXIS with the dimension in Figure 1. The verification processes were created by
both Mohr-Coulomb and hardening soil constitutive models. Table 1 presents the geotechnical properties of the sand soil. The
level of the underground water was assumed at 2.0 m beneath the earth's surface. The soil undrained conditions were considered
to assess the pore water excess pressure. The frame, foundation, and walls properties are listed in Table 2.
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Table 1. Details of soil geotechnical and mechanical parameters for Mohr Coulomb (M.C) parameters [18] and for

Hardening Soil Model (H.S.M) [26]

Soil Parameter Units Dense Sand Soil
Material Model -- M.C H.S.M
Relative Density(D,) -- 85% 85%
Unsaturated unit weight (y) kN/m? 18 17.65
Saturated unit weight (y) kN/m? 19.5 19.5
Poisson's Ratio -- 0.3 0.3
Angle of Friction (p) ° 38 39
Dilatancy Angle(?) ° 8 9
Modulus of Elasticity kN/m? 50000 -
Esrgf kN/m? -- 50000
Eg:g kN/m? -- 50000
Egif kN/m? -- 62000
Pres kN -- 100
Power (M) -- -- 1
Table 2. Material properties of frame and walls [2]
. Frame and Masonry
Parameter Unit Foundation Walls
Soil Plate
Set Type B Properties Properties
Material weight (y) kN/m? 33.33 17.5
Young’s modulus (E) kN/m? 30E6 1.5E4
Poisson’s ratio (v) -- 0.15 0.15
Rayleigh damping _ 0.2320 & _
(a and B) 0.008
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Figure 3. Verification of the PLAXIS results with the load displacement for (a) bare frame and (b) infilled frame by [3]

Results in Figure 3 showed that the H.S.M has a significant difference compared to both experimental and Mohr-Coulomb
results as presented. However, there is a good agreement and strong reproducibility between both the experimental study that
was discussed by [3] and the numerical results by (M.C) criteria model. Also, Mohr-Coulomb was recommended to model the

real dynamic soil behavior under the effect of seismic load conditions [20]. Therefore, this model was adopted in this present
study.
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6. RESULTS AND DISCUSSIONS

The following subsections present the effectiveness of walls on the behavior of the subsoil, the foundation, and the frame.

6.1 Effect of Walls on the Frame Displacement under Wind Load

The numerical results demonstrate that the existence of walls decreased the lateral displacement for each corresponding load
at least eight times for infilled frame compared to the same load at the bare frame. Also, as presented in Figure 3, infill walls
increased the frame capacity to resist the lateral loads by two times more than the bare once. These results indicate the
effectiveness of the walls in reducing the lateral displacement and improving the frame lateral load capacity [27].

6.2 Effect of Walls on the Performance of the Subsoil

The results show an improvement in the soil horizontal displacement beneath the foundation. Figure 4 illustrates (orange
circled points) which refers to the maximum horizontal displacement at point C in the bare frame was 0.01 m, which was
reduced to 0.0085 m in the case of the infilled frame. Also, by increasing the inertia, / of the infilled walls to 27, the
displacement decreased to 0.0075 m with a reduction of 25%. As a main conclusion, the existence of the walls increases the
frame stability and mass besides decreasing the soil lateral displacement under the frame and avoids the soil particles from
moving and flowing in the horizontal position of the free displacement [28]. Also, the soil acceleration was reduced at the peak
point (orange circled points) by nearly 35%, from 0.242 m/s? in the case of the bare frame to 0.157 m/s? for the infilled frame,
as shown in Figure 5. This reduction has occurred as the addition of such walls represents an additional coherent mass that
increases the stability of the foundation under seismic effects. As shown in Figures 6 and 7, the maximum horizontal velocity
was 2.00 m/s, while after adding the walls the velocity was reduced by 25% to 1.5 m/s. So, adding walls improves the subsoil
seismic response as a result of the densification of the mass over the soil layers which leads to increasing the foundation
stability. Figures 8 and 9 present the shear strain of soil particles before and after adding walls respectively. According to the
numerical results, the existence of walls reduced the shear strain by 37% along the foundation subsoil. The results confirmed
that the effect of adding walls on the reduction of shear strain is due to the additional coherent mass of the walls over the soil
which reduces the soil particles movement. The walls and the subsoil behaved as one block which has an excessive effect on
resisting the induced shear strength during the earthquakes.
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6.3 Effect of Walls on the Foundation

The effect of applying different wall stiffnesses was also studied at the monitoring point (point B). Results confirmed that
increases in the wall stiffness improved the foundation lateral displacement behavior as shown in Figure 10 (orange circled
points). A major point included was to investigate the existence of walls on the vertical settlement of the frames during the
earthquake loads. Results illustrated that the total settlement of the bare frame was 81 mm, but in the case of the infilled frame,
the final settlement was only 66 mm as presented in Figures 11 and 12. The existence of walls leads to a reduction in the total
vertical settlement by as much as 18.5% compared to the bare frames. This reduction due to the wall's weight reduced the soil
voids and improved the soil particles' stability.
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Values of the different measures were taken from the numerical analysis and plotted against the (X /B) ratio, where X is
variable distance from the model center and B is distance from the model center to the edge. Figure 13 presents the effect of
walls to reduce the horizontal displacement along the foundation. Walls existence significantly increased the foundation
stability during the earthquake and the reduction in the horizontal settlement at X /B = 1 was about 63% in comparison with
the bare frame. Moreover, the walls reduced the foundation's vertical settlement as presented in Figure 14, which shows the
variation in vertical settlement between the bare and infilled frame, the existence of walls can mitigate the frame models
vertical settlement.

Walls’ existence has a main role in the tuning of the foundation acceleration behavior (orange circled points), as presented
in Figure 15. The numerical results have shown that the walls decreased the maximum acceleration by 17% in comparison to
the maximum acceleration of the bare frame at point B. Moreover, increasing the wall's stiffness leads to a remarkable decrease
in acceleration by 22% compared to the bare frame acceleration. It has been found that adding walls enlarged the foundation
and the subgrade stiffness and increased the foundation stability during earthquake loads.

Also, the existence of the wall has a major role in the tuning of the foundation stresses, as presented in Figures 16 and 17
for bare and infilled frames. It has been found that using walls decreased the stresses from 161 kN/m? to 108 kN/m? with a
reduction factor of 33%. Numerical results confirmed that the existence of walls contributed effectively to mitigating and
reducing the effect of the horizontal loads during the earthquake which causes a reduction in the transmit stress to the beneath
soil. As presented in Figure 18, the walls reduced the stresses along the path of the infilled frame foundation in comparison
to the case of bare once. This tendency in stress improvement is due to the dynamic interconnection between both the frame
elements and the walls; thus, walls increased the structure strength and contributed in the dissipation and distraction of seismic
energy during the earthquake loading [1].

6.4 Effect of Walls on the Frame Response

Walls existence causes a significant decrease in the frame lateral displacement (orange circled points) as illustrated in Figure
19. Numerical results demonstrated that the existence of the wall decreased the displacement by 10% compared to the case of
bare frame. Moreover, the numerical results confirmed that the walls adjusted the frame's horizontal acceleration. At the top
monitoring node of the frame (point 4), the maximum horizontal acceleration at the peak point (orange circled points) as
presented in Figure 20 was significantly reduced by 16% in comparison to the case without walls. In addition, doubling the
wall's stiffness has reduced the acceleration by 28%. As a main conclusion, it has been found that the horizontal displacement
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is inversely proportional to the wall’s stiffness, thus because the existence of walls increases frame stiffness and improves both
the flexure and shear demands of different frame elements [29]. Walls behave similarly to a diagonal strut and a bracing
member to increase the frame strength and improve the initial elastic stiffness to behave as monolithic shear walls through the
earthquake loads.
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7. CONCLUSION

Previous studies neglect the vital role of walls' existence to increase the lateral load resistance and consider the infilled frames
as bare once. Therefore, this study investigates the advantages of existing walls to decrease the lateral displacement and
increase the overall stability of the frames during earthquakes. These results are valid for a small scale one-bay single-story
reinforced concrete frame of H/L is 1/1.5 and rested over dense sandy soil of relative density of 85% and internal angle
friction of 38°, with fully masonry walls and without walls. This was investigated numerically under the effect of seismic
loads. According to numerical results, the following remarks were drawn from this study:

a) Walls existence decreased the infilled frame lateral displacement and increased the infilled frame lateral load
resistance by nearly two times more than the bare frame.

b) Results show that adding walls leads to a reduction in the subsoil horizontal displacement by 15% from the initial
value. Besides, increasing the wall's stiffness reduced the horizontal displacement by as much as 25% in comparison
to the case of bare frame.

¢) Walls existence reduced the soil horizontal acceleration and soil velocity by as much as 35% and 25% respectively,
in comparison to the case of bare frame.

d) Soil shear strain was reduced by as much as 37% along the foundation subsoil.

e) Walls’ existence reduced the foundation's horizontal displacement and the vertical settlement by as much as 17% and
18.5% respectively from it is initial value. Also, increasing wall stiffness reduced the acceleration by about 22%
compared to the case of bare frames which leads to more stability of foundation during earthquakes.

f) The stresses at the infilled frame foundation caused a 33% reduction compared with the corresponding values of the
bare frame which walls increase the structure strength and contribute to dissipation and distraction of seismic energy
during the earthquake loading.

g) Results showed that the existence of walls reduced the frame horizontal displacement and acceleration by as much as
10% and 16% respectively, thus because walls behave as a strut and increases the structure confinement and bracing
during earthquakes.
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