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Introduction 

The present study investigates the stability of unstable 

ground due to cavity. The unstable ground problems can 

be categorized in  four groups: (i) the problem soils, 

relative to the soil types issues (soft soils, expansive soils, 

organic soils, frozen soils); (ii) The slope movement 

problems, discussing of problems such as the slope 

failure, landslides, flows, soil creeps; (iii) the 

catastrophic collapse into underground cavities, where 

the problems of natural or manmade cavities leading to 

sinkholes are discussed; and (iv) the regional ground 

movement caused by deep seated processes (Example of 

human activity or natural processes causing a large 

deformation)1). This dissertation deals with the problems 

related to the catastrophic collapse into the underground 

cavities.  

The underground cavities can develop from 

natural or manmade causes. In the case of natural 

occurrence, they develop in soluble rocks area through 

the passage of acidic waters within cracks, fractures, 

rocks joints of the soluble bedrock (limestone, dolomite, 

gypsum). The void can expand within the overburden 

soil layer until the collapse of the cavity’s roof. 

Fig.1 shows a typical cavity formation and 

expansion into the ground until collapse. The manmade 

occurrence of the cavity can be due to human activities: 

tunneling, underground mining, quarries, defective 

sewer pipes, etc. The collapse of underground cavities 

may cause several damages to the human life and 

environment, economic loss, building and infrastructure 

loss, etc. 

 

Fig. 1: illustration of sinkhole formation process2) 

 

In the present study, the rigid plastic finite element 

method RPFEM is used to assess the influence of the 

underground cavity on the performance on a shallow 

foundation. The RPFEM used the Drucker-Prager 

function as the yield function. Its advantage is that only 

3 parameters are necessary for the stability analysis: the 

unit weight of soil, the soil cohesion, and the shear 

resistance angle. Also, any slip surface is not assumed to 

predict the failure mode.  

The risk assessment is conducted by estimating 

the bearing capacity of a rigid footing placed a ground 

with cavity. The bearing capacity of a footing with Width 

B (depth of embedment Df = 0 m) is analyzed in dry and 

unsaturated conditions. The simulation of the bearing 

capacity of such footing is analyzed considering 

different shapes (Circular and square voids) of the cavity 

in the ground. The cavity is located by 2 parameters: (i) 

the horizontal distance r, which is the horizontal distance 

between the footing centerline and the cavity’s roof 

centerline; and (ii) the depth of cavity H, which is the 

vertical distance between the cavity’s roof and the free 

ground surface. The cavity dimensions are varied and the 

main parameter related to the cavity dimension used is 

the ‘diameter D’ which represents the horizontal distance 

of the cavity’s roof for both shapes. 

Objectives 

Around the world, there is an observed rapid and 

continuous increase in land development. The 

suddenness of cavity collapse, the wide-spread 

occurrence of sinkhole and their complex development 

shall urge the decision-makers, scientific communities, 

the geotechnical engineers, etc. to take actions in the 

sense of risk mitigation. The present study aims to 

achieve the following: 

▪ Investigation of the performance (bearing capacity) 

of a shallow foundation and determine the 

associated failure mechanisms. 

▪ Determine the locations where the underground 

cavity has influence on the nearby structures based 

on a parametric study.  

▪ Assess the influence of water flow on the stability 

of the ground with cavity. 



Method 

The bearing capacity of a rigid footing placed on the 

ground with cavity is analyzed through the numerical 

model using the RPFEM. The failure modes occurring in 

the ground in function of different ground models are 

analyzed to bracket the influence zone of the cavity 

around the footing. The seepage analysis considering 

hydraulic parameters is conducted to assess the 

porewater pressure distribution and the effective 

saturation degree at a steady state established. The 

bearing capacity in unsaturated soil is then assessed and 

comparison between the bearing capacity in dry 

conditions and unsaturated conditions is conducted. 

Research outline 

To achieve the objectives of this thesis, the present 

investigation is subdivided in 6 chapters except the 

abstract and conclusion as following. Chapter 1 is the 

introduction with general background of unstable ground 

and introduces the literature review. Chapter 2. Presents 

a quick historical case of sinkholes around the world. 

Chapter 3. introduces the constitutive equations of the 

Rigid Plastic finite element method. Chapter 4. Presents 

the analysis conditions. Chapter 5. Presents the results of 

bearing capacity analysis of a footing placed on a ground 

with void in dry conditions. Chapter 6. Presents the 

bearing capacity in the unsaturated conditions.  

Rigid plastic constitutive model  

The rigid plastic constitutive equations for frictional 

material was developed by Tamura et al. (1984 and 

1987)3), 4) based on the derivation of the Drucker-Prager 

yield function: 

(𝜎) = 𝛼𝐼1 + √𝐽2 − 𝜅 = 0 (1) 

Where I1= tr( 𝜎𝑖𝑗 ), 𝐽2 =
1

2
𝑠𝑖𝑗𝑠𝑖𝑗   (respectively first 

invariant of stress 𝜎𝑖𝑗  and second invariant of deviator 

stress sij ), 𝛼 and 𝜅 are soil parameters. 
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𝑡𝑎𝑛 𝜙

√9+12 𝑡𝑎𝑛2 𝜙
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3𝑐

√9+12 𝑡𝑎𝑛2 𝜙
 (2) 

𝜙: shear resistance angle, c: cohesion. The volumetric 

strain rate is expressed by Eq. (3) and should satisfy Eq. 

(4): 
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�̇� = 𝜀�̇� − 𝜂�̇� = 0 (4) 

Du et al. (2016) introduced the constraint condition on 

the strain rate into the constitutive equation using a 

penalty method (Eq. 5, where P is a penalty constant) 5): 

Karube et al. proposed equations to account the effect of 

suction as an increment of adhesive force (Eq. 6)6): 

𝜙

With s: the suction; Se: effective saturation degree. 

Problem definition and boundary conditions 

Fig. 2 shows a footing of width B placed on a 

homogenous soil with cavity. Tables 1 and 2, below give 

the parameters used in this study. Fig. 3 shows the finite 

element mesh used for seepage analysis. Table 3 shows 

the seepage analysis parameters used in this study. The 

van Genuchten model was considered as the soil water 

characteristics curve in the seepage analysis.  

 

Fig. 2: Typical geometry and finite element mesh 

Table 1. Model geometry parameters 

Cavity depth H (m) 2, 4, 6, 8 

Cavity diameter D (m) 1, 2  

Horizontal distance r (m) 0, 1, 2, 3, 4, 5, 10 

Footing width B (m) 1, 2 

 

Table 2. Bearing capacity analysis parameters 

Properties  Soft layer 

(clayey sand) 

Cohesion c (kPa) 10 

Shear resistance angle  (◦) 30 

Unit weight  (kN/m3) 16 

 

Fig. 3: Typical finite element mesh with a circular cavity 

used for seepage analysis 

Increasing load 



Table 3. Seepage analysis parameters 

Initial ground water table (m) 18 

Residual volume moisture   0.0 

Volumetric water content  0.3480 

Permeability coefficient (cm/sec) 3.6 

Specific storage coefficient Ss (1/cm) 0.012 

𝑡  (1/m4) 5.22 

𝑡  (1/m4) 5.68 

Results 

The results are given in terms of the variation of the 

bearing capacity normalized by the bearing capacity of 

footing without the void, noted BC/BCNV along the 

horizontal distance. The results in dry conditions showed 

that: 

▪ The bearing capacity increases as the horizontal 

distance r increases.  

▪ The footing on the ground with circular cavity 

shapes, presents higher performance in terms of the 

ratio BC/BCNV.  

▪ As the footing width B increases, the bearing 

capacity decreases.  

▪ The bearing capacity values increase with the 

increase in depth. Several failure modes were 

observed. 

Fig. 4 shows the variations of the ratio BC/BCNV 

with the normalized distance r/D. It was observed that 

for the smallest cavity, beyond the ratio H/D =4 and r/B 

= 5, the influence of the cavity on the footing’s 

performance disappears.  

   

Fig. 4. Variation of the normalized bearing capacity with 

the horizontal distance r/D. 

The performance of the footing on the ground with 

cavity as described previously was also evaluated under 

unsaturated conditions. The seepage analysis revealed 

that an unsaturated zone was established after the 

seepage flow at steady state and; a low range matric 

suction was created (Fig.5). It was also noticed that the 

variation of the bearing capacity ratio BC/BCNV was 

strongly affected by the previous parameters: location 

and size of void, loading size (Fig.6).  

The performance of the footing was strongly 

affected in this condition, especially beneath the footing. 

The bearing capacity is less than in the normal ground 

until the depth H = 4 m; and depth H = 6 m as the 

diameter increases (D = 2 m). This means there is an 

expansion of the influence zone beneath the footing. The 

failure patterns observed are different in dry conditions 

and unsaturated conditions. 

The figures below show some comparison of 

typical failure modes in the both analysis conditions. In 

the dry conditions (Fig. 7(a); 8(a)), the failure patterns 

are as proposed by Terzaghi (general shear, punching, or 

local failure). The strain rate is maximum and 

concentrated at the footing base (when the cavity is far 

from the footing) and the slip surface can expand to 

cavity’s wall and roof (when the cavity is close to the 

footing). In deeper depth, the increase in effective stress 

induces high shear resistance which in some cases make 

the soil behave like a ground without cavity. For the 

cavity close to the footing, some intermediate failure 

pattern like in Fig. 7.a occurs with asymmetric 

deformation as the slip surface can reach the cavity or 

not according to size of the cavity.  

Meanwhile, in the unsaturated soils (Fig. 7(b); 

8(b)), the failure modes are different with those in dry 

conditions. The strain rate distribution becomes 

maximum at the cavity’s wall and roof in deeper depth H 

and less strain rate is observed beneath the footing base 

(Fig.7(b)). This is caused the by the decrease in effective 

stress in deeper depth where the saturation degree is high 

at the limit of the water table. At locations close to the 

surface, the suction effects increase the adhesive forces 

beneath the footing which result in less strain rate. At this 

stage, the collapse may probably occur from the cavity’s 

wall.  At shallow cavity’s (Fig. 8(b)), it is observed that 

the strain rate emerging from the footing base can reach 

cavities located far from the footing. We can observe that 

the maximum strain rate appears at both the footing base 

and the cavity’s roof. This reveals the expansion of the 

influence zone of the cavity in unsaturated conditions on 

the performance of the footing. It is likely that the failure 

occurs at both the footing base and the cavity. Moreover, 

at the cavity, the self-weight might have a non-negligible 

role in the failure mechanism.   

 

 

Fig. 5: Porewater pressure distribution on the ground 

with cavity.  
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Fig. 6: Variation of the bearing capacity with the 

horizontal distance r in unsaturated conditions when the 

footing B =1 m with square cavities 

   

Fig. 7: Failure mode at r = 1 m, H = 6 m in (a) dry and 

(b) unsaturated conditions 

   

Fig. 8: Failure mode at r = 10 m, H = 2 m in (a) dry and 

(b) unsaturated conditions 

Critical failure zone 

The distribution on the ratio BC/BCNV in the normalized 

plane (r/B; H/D) revealed the influence zone in the dry 

(Eq. 7) and unsaturated conditions (Eq. 8). The critical 

zone shows the area beyond which the influence of the 

cavity ceases. In the dry conditions (Fig. 9(a)), it is 

bracketed for the lower load and smaller cavity size in 

the range r/B = 5 and H/D = 4. It is supposed to expand 

with the variation of these parameters above. And the 

influence zone is expanding in the unsaturated 

conditions as the Fig. 9(b) illustrates it limits around r/B 

= 5 and H/B = 6. 

Conclusions 

This study investigated the bearing capacity of a shallow 

foundation in unstable ground with cavity. The results 

are presented in chart as variation of the ratio of bearing 

capacity with the horizontal distance r/B. This ratio 

varies with the shape, size and location of the cavity; and 

the load applied. The distribution of the ratio BC/BCNV 

defined a critical zone which equations in both analysis 

conditions are shown above. These equations will be 

generalized in our future work to set risk prediction 

models in such unstable ground. A parametric study of 

the distance between cavity’s wall and footing’s edge 

will be also discussed in the future. 

  

 

Fig. 9: Critical failure zone in (a) dry conditions (b) and 

unsaturated conditions 
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