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Abstract

Structures founded on the soil mass encounter stability issues due to cavity that may naturally forms in soluble soil or rock.
A significant risk associated with excessive settlement and a reduction in strength of soil. The coupled behavior of soil,
foundation, and structure subjected to seismic loading in the presence of cavities is investigated using 3D-PLAXIS
software based on FEM. The study examined the impact of cavity positions on foundation settlement and building
deflection. The horizontal distance from foundation center to center of cavity (X) was expressed as a ratio to foundation
width (B) (X/B=0, 0.5, 1 and 2), while depth of cavity was expressed as a ratio between vertical distance between
foundation base and cavity crown (H) to foundation width (B) of (H/B= 0.067, 0.2, 0.4, 0.8, 1.33 and 2). The results
indicated that in case of no-cavity, the settlement increased considerably to 142 mm under seismic load compared to 62 mm
under static load, and the differential settlement increased from zero to 11 mm due to seismic load. The risk condition arose
when the cavity found under foundation’s edge (X/B=0.5). The maximum total and differential settlements under seismic
load were148 mm and 38 mm, which were 4.05% and 245.5% more than in event of no-cavity. Under the limitations of the
current study, the influence of cavity on settlement diminished when the cavity offset to location (X>B) and the effective
depth of cavity extended to (H=0.8B). The maximum building floor deflection exhibited when a cavity positioned beneath
foundation (X/B=0).

Keywords: Dynamic load, inter-storey drift, building deflection, Cavity, total settlement, differential settlement.

1. Introduction

Cavities are significant subsurface features that influence the soil behavior particularly under the seismic load. When the
cavity existing in the soil mass causes a substantial differential settlement of foundation [1,2]. The differential settlement
induced by cavities forms cracking within building walls and roofs [3]. There is a critical zone beneath the foundation,
when cavity is located outside this zone, it has no apparent impact [4-6]. Only when locates within the foundation's failure
zone can poses an impact [7-9].

Many studies considered the influence of cavity under the static load condition [10-13]. Al-Tabbaa et al. [14] indicated that
a shallow cavity located close a strip foundation is the most risk case. And the cavity with a circular shape is less critical
than the square one. Wang et al. [15] found the size and location of cavity have effect on the bearing capacity. Using finite
element software PLAXIS 2D, Lee et al. [16] found that the bearing capacity factor of square cavities increased with
increased their horizontal and vertical distance from the foundation. But the capacity factor remained constant when the
cavity located outside the critical zone. Hussein and Snodi [17] examined the effect of square cavity on the bearing capacity
of a square foundation located on a gypseous soil using Plaxis 3D program. The cavity effect vanished when located at
depth 4B to 6B. The influence of cavity diminishes when the horizontal distance is X=1.5B and the vertical distance
between the foundation and the cavity is H=3B [18]. The cavity location and load eccentricity have a significant impact on
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the bearing capacity, where the bearing capacity increases with increasing the distance between the crown of cavity and the
underneath of foundation to H=2B and then the cavity effect vanishes [19,20]. The displacement increases as the cavity
approach foundation and as increases in the size of cavity, which it may collapse with reduces the distance between cavity
and the foundation or size of cavity [21]. There is a critical zone when the cavity is outside that zone, then, no effect on the
foundation's stability or bearing capacity [22]. The size and type of failure zone were found to vary with the cavity depth,
cavity offset, shear strength factor. Still, the failure mechanism is not significantly impacted by the form of the foundation
[23].

On the other hand, the cavity may act as a barrier against the propagation of seismic waves which reflects or refracts. This
is resulting an amplification of ground motion due to high concentrated of seismic energy around the cavity [24]. Pokhrel
and Kuwano [25] experimentally investigated the issue of earthquake on cavity stability by a number of shaking table tests.
Zhang et al. [26] numerically studied the seismic bearing capacity of undrained clay containing a single, continuous square
void considering the cavity depth, cavity offset, cavity size and undrained shear strength. It was found that increasing in the
depth of cavity (H) and horizontal distance (X) led to increase the seismic bearing capacity while reduced with size of
cavity. The factor of safety reduced with decreasing the cavity depth and increasing cavity size, and the collapse occurred
under high peak ground acceleration for various cavity depth 2-10m, depending on the cavity size [27]. Xiao et al. [28]
examined the seismic bearing capacity of a strip foundations placed on a cohesive-frictional soil with existence of square
cavities, using an adaptive finite element limit analysis. The minimum seismic bearing capacity achieved when the cavity
was located at the edge of foundation. The critical zone varied inversely with the value of horizontal coefficient of
acceleration.

Previous studies demonstrated that the presence of cavities in the soil mass poses a high risk to structures and their stability.
Most of them examined the effect of cavities on the settlement and bearing capacity of soil under the static load. Limited
studies have considered the behavior of cavity under the seismic load. However, to understanding the actual behavior of
soil-foundation-structure interaction in presence of cavity, it is reliable to consider the mechanism of the complex system
interaction. Therefore, a numerical analysis carried out using the PLAXIS 3D software to evaluate the influence of cavity
on the behavior of soil-foundation-building system under a dynamic load in terms of settlement, differential settlement,
deform and inter-storey of building.

2. Material Properties and Numerical Modelling

2.1. Geometry of the problem
The problem under the study is a site involves a site consisting of clay soil bounded by dimensions of 150x150x100 m. The

structure is a 15-story building has an area of 12x12 m and 45 m height, founded on a raft foundation of area 15x15 m. A
cavity of cubic shape exists in the soil mass at different locations relative to the axis of building foundation.

2.2. Soil properties
The proposed C-@ soil has been considered as a soil under the foundation. The properties of the soil are presented in Table

1. The Hardening Soil model with small-strain stiffness (HS-small strain) was selected to simulate the behavior of the soil
under the static and dynamic loading.

Table 1: The properties of the soil adopted in the study

Parameter Symbol Unit Value
Material Model Model --- HS small
Type - - Drained
Unsaturated unit weight Yunsat kN/m?3 17
Saturated unit weight Ysat kN/m? 18
1 : : ref
Secant stiffness in standard drained EL IN/m? 20000

triaxial test
Tangent stiffness for primary

. Eref kN/m? 20000

oedometer loading
Unloading / reloading stiffness Ersf kN/m? 60000
Cohesion Chet kN/m? 14
Angle of internal friction ? degree 24
Angle of dilatancy 7 degree 0
Power for stress-level dependency of

. m --- 0.7
stiffness
Poisson's ratio for unloading-reloading Vur --- 0.25

Reference shear modulus at very small Gt kN/m? 75000
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strains

Threshold shear strain at which Gs = . L 25104
0.722G0 o

Shear wave velocity Vs m/sec 210
Shear strength reduction Rint --- 0.75
Mass coefficient o} - 0.2474
Stiffness coefficient B --- 7.579E-3

2.3. Foundation properties

The raft foundation was chosen in this study, with dimensions (15 m x 15 m) with a thickness of 1.5 m. The properties of
concrete foundation are unit weight of 25 kN/m?3, Modulus of elasticity of 28600 MPa, Poisson’s ratio 0.15 behaved as
elastic.

2.4. Cavity shape and size

The cubic cavity has dimensions of (3.75 x 3.75 x 3.75) m. Accordingly, the ratio of length of cubic cavity to the width of
foundation (L/B) was 0.25.

2.5. Cavity locations

Different vertical distances (depths) of the cubic cavity were adopted. The depths are (1, 3, 6, 12, 20, and 30) m. These
depths considered as a ratio of H/B, where H is the depth of cavity from the footing base to the cavity crown, and B is the
width of footing. The ratios H/B are (0.067, 0.2, 0.4, 0.8, 1.33, and 2).

Several horizontal distances were taken into account, which are (0, 7.5, 15, and 30) m. These distances were taken as a ratio,
represented by X/B, where X it is the horizontal distance between the center of the cavity to the center of the footing and B
is the width of the foundation. The X/B ratios are (0, 0.5, 1, and 2).

2.6. Ground motion characteristics
For dynamic analysis, the selection of input motion is based on the acceleration time history records of earthquakes. In this
study, the far-field acceleration record of the El-Centro 1940 earthquake has a peak ground acceleration of 0.349g have

been selected, as illustrated in Fig. 1a [29]. A wide range of input motion with predominant and maximum frequencies are
1.5Hz and 4Hz respectively as shown in Fig 1b.
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(b) The Fourier spectrum

Fig. 1: El-Centro 1940 earthquake characteristics [29]
2.7. Numerical simulation

To model the cavity, foundation and building, the PLAXIS 3D software based on the finite element method has been used
to simulate 15 stories building rested on raft foundation. The 10-node tetrahedral element has been selected to simulate the
soil media, while a plate element was used to model the foundation and slabs of building. Beam elements were used to
model the beams and columns of the building.

The behavior of soil-structure interaction is simulated using 12-node interface elements (PLAXIS 3D, 2020). A static load
corresponding to building load and seismic load represented by El-Centro earthquake were applied.

The finite element mesh presented in Fig. 2 which has dimensions of 150x150%100 m. The type of fine mesh was used in
modeling to ensure the accurate results. Regarding the boundary conditions for static and dynamic problems, it was
employed free field boundaries at the lateral boundaries whereas a compliant base introduced at the bottom of the soil
medium.

100m

15
Compliant basc Om

Free field boundary

Fig. 2: The finite element mesh and boundary condition of the model

2.8. Modeling validation

To examined the modeling followed in the present study using Finite Element software (PLAXIS 3D), a verification carried
out with the model proposed by Xu and Fatahi [30] that used a Finite Difference software (FLAC 3D). They performed a
dynamic analysis on building has 15 stories found it on a soft soil and subjected to El Centro earthquake.

The results obtained from the present study and those obtained by Xu and Fatahi [30] are presented in Fig. 3. It seems that a
good comparable results of the both studies regarding the horizontal displacement of the building. The current study
achieved less displacement by 13.35%.
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Fig. 3: The horizontal displacement using FLAC 3D [30] and PLAXIS 3D (current study).

3. Results and Discussion

3.1. Effect of cubic cavity on the settlement

Figure 4 shows variations of settlement () with different locations of cavity. The &s decreases with the increasing depth of
cavity (H) and with distance (X). The cubic cavity with a size of (L/B = 0.25) displays a slight effect on &s. The settlement
varies between 135 mm to 148 mm with + 6 mm compared to 142 mm exhibits in case of no-cavity. Cavity sites at (X/B =
0 and 0.5) shows further impact on the settlement than the distances (X/B=1 and 2). When the cavity locates outside the
effective region of external load, then the settlement values drop below that of no-cavity case. The effective depth of cavity
concerning the ds is (H/B = 0.2). The maximum Js of 147mm and 148mm recoded at X/B = 0 and 0.5 respectively.
Consequently, the cubic cavity of size (L/B = 0.25) does not pose a threat under the seismic load. Regarding the settlement
results and under the circumstances of the present study, the critical zone of such cavity limited by (X <B) and (H < 1.33B).
Previous studies [19,31] show that effect of cavity diminished at depth more than 2B, while other found that the ineffective
depth of square cavity is 4B to 6B [17].

The impact of seismic load appeared through increases the ds from 62 mm (static) to 148 mm (dynamic) about twice, for
most cavity locations. The high stresses concentrate at the corner of cubic cavity as well as at the region between the cavity
and foundation that leads to increase in the settlement when cavity locates within the critical zone near the foundation.
Under static load condition, the stress concentrated under the foundation when cavity locates in critical zone [5]. In addition,
the shallow cavity amplifies the seismic waves that caused a more concentrated in stresses and hence more settlement than
the static condition. Lancioni et al. [32] also reported that the wave is magnified when cavity near the ground surface.
Comparison of settlement values from the current study and those allowable, it obvious that the static settlement is fall
within the permissible settlement of clay soil (65-100) mm for raft foundation [33], however, the settlement achieved under
seismic load exceeds the 100 mm.
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Fig. 4: Effect of cavity location on the settlement

3.2. Effect of cubic cavity on the differential settlement

The relationship between cavity locations on the differential settlement (84) is shown in Fig. 5. The nonlinear response of
soil to seismic load is the cause of variations in the 84, in addition, to the response of cavity to seismic waves that may
decreases the overall soil bearing. When cavity locates at (X/B = 0.5) and depth (H/B = 0.067, 0.2, and 0.4) shows
maximum settlements of (38, 35, and 21) mm respectively, by (245, 218, and 91) % increasing over no-cavity case. These
increases in d4 attributed to concentrate of stresses at the edge of foundation and to seismic waves amplify by the cavity.
This result is consistent with that of Xiao et al. [28], who found that the cavity positioning under the edge of foundation
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gives a lowest seismic bearing capacity. Smaller values of 64 exhibits when the cavity located at (X/B = 0). Cavity moves
away from the foundation displays a lower 84 varies between 7mm to 17mm.

Consequently, it can be stated that the high risk of cavity when it’s located at shallow depths under the foundation edge.
This because of a high stress achieves at the edge of foundation particularly under seismic load which rises the differential
settlement from 11mm (for static) to 38mm (for dynamic) about 3.5 times increases. Accordingly, the critical zone bounds
by (X < B) and (H < 0.8B) considering the study restrictions. The differential settlements under static and dynamic loads
does not exceeding the permissible limits of 40 mm [33].
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Fig. 5: Effect of cavity location on the differential settlement

3.3. Deformation pattern of soil

The presence of cavity within the soil mass as a discontinuity is altering in deformation values especially under the
foundation and around the cavity as presented in Table 2. The variation in pattern of deformation with cavity depth (H) for
the case of cavity locates under the centerline of foundation (X/B=0) is illustrated in Fig. 6. For the shallow cavity
(H/B=0.067), a high vertical displacement initiates in the region between the cavity crown and the foundation base of order
168 mm and 144 mm at the cavity crown and under the foundation respectively. The vertical displacement reduces with the
cavity depth to maximum values (174, 140 and 116) mm recorded at the crown of cavity for (H/B=0.2, 0.4 and 0.8)
respectively. Nevertheless, the deeper cavities have slight influence on the deformation.

On the other hand, Fig. 7 shows the deformation pattern for the case of cavity locates at the edge of foundation (X/B=0.5).
Again, about similar behavior exhibits as in the case of (X/B=0), unless high values of vertical deformation achieve at the
edge of foundation as well as at the crown of cavity. The maximum displacements recorded at the edge of foundation are
(146, 148, 145, 141, 139 and 138) mm for (H/B=0.067, 0.2, 0.4, 0.8, 1.33 and 2) respectively.

Furthermore, Fig. 8 describes the effect of horizontal position of cavity (X) on the deformation pattern when cavity locates
at shallow depth (H/B=0.067). For the cavity locates under the center of foundation (X/B=0), approximately a uniform
deformation attains under the foundation with a maximum value reaches 168 mm. It increases to a value of 195 mm when
the cavity locates under the edge of foundation (X/B=0.5), which causes a high differential settlement due to the non-
uniform stress distribution. Moreover, an increase in the offset of cavity to (X/B=1), the vertical displacement unaffected
by the cavity and so on for (X/B=2). Similarly for cavity depth (H/B=0.2), Fig. 9 shows that the deformation pattern
influences when the cavity near the foundation at (X/B=0 and 0.5), beyond the (X/B=0.5) the displacement under the
foundation unaffected by the presence cavity.

Table 2: Maximum vertical deformation under the base of foundation and at crown of cavity
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Fig. 6: Pattern of vertical deformation with cavity depth when X/B =0
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Fig. 7: Pattern of vertical deformation with cavity depth when X/B = 0.5
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3.4. Building deflection

The deflection of building was measured through the horizontal displacement of the floors. Figure 10a shows that the
horizontal displacement of upper floor reaches 139 mm when cavity locates at the edge of foundation (X/B=0.5). At further
distance (X/B=1 and 2), the displacement decreases to about 50% as the cavity offset away from the active zone of external
load. In addition, the impact of the cavity due to the seismic wave magnification is insignificant on the building for far
cavity. When cavity sites at (X/B=0), the displacement reduces to 36 mm which is less than the case without cavity.

Regarding the inter-storey drift (IDR), Fig. 10b indicates a maximum value of 0.31% for the case of (X/B=0.5;H/B=0.067).
The value of IDR drops to 0.16% when cavity sites at (X/B=1 and 2) which is approximately approach the value 0.13% of
the case without cavity. This is because the cavity is located outside the critical zone. Cavity at distance (X/B=0) exhibits
lower IDR value of 0.09% which is less than the value without cavity. In all cases the value of inter-storey drift not
exceeded the allowable limit of 1.5% that proposed by Australian standard for concrete structure AS 3600 [34]. Al-Farham
et al. [35] stated that the horizontal displacement and inter-storey drift increases as the tunnel approach the structure.
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Fig. 10: Effect of cubic cavity location horizontally at (H/B=0.067)
a) horizontal displacement, b) inter-storey drift.

4. Conclusions

The following conclusions can be drawn under the limitations of the study as soil type, static and dynamic loads intensity,
size and shape of cavity:

1.

2.

W

9,

In case of no-cavity, the settlement under the static load is 62 mm which increases to 142 mm due seismic load.
Additionally, the differential settlement increases from zero to 11 mm.

There is a critical zone forms under the building foundation represents the region of the impact of cavity. Such
zone is defined as (X<B , H<1.33B) depends on total settlement, while for differential settlement the zone became
narrow (X<0.4B , H<B).

The most critical case happened when the cavity was sited under the edge of foundation (X/B = 0.5).

A cavity located at (X/B = 0.5) produces a maximum settlement of 148 mm and a maximum differential
settlement of 38 mm under the seismic load. The total settlement is approximately the same as that of the no-
cavity case, while the differential settlement is 245.5% higher than in the case of no-cavity.

Generally, the effect of cavity vanishes when the cavity is offset far from foundation (X>B).

The presence of cavity changed the deformation pattern, with increases detected at the edge of foundation as well
as at the crown of the cavity.

The maximum deflection and inter-storey drift of the building were exhibited when cavity was located at the edge
of foundation (X/B=0).

The conclusions presented above are limited by the scope of this study. These limitations include cavity size and
shape, soil properties, and intensity of applied loads (static and dynamic). Therefore, it is recommended that these
limitations be considered in future studies due to their importance
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