
Eng. Sci., 2023, 24, 921 

 

© Engineered Science Publisher LLC 2023                                                                                                                                                         Eng. Sci., 2023, 24, 921 | 1 

 

Engineered Science 

DOI: https://dx.doi.org/10.30919/es921 
 

 

Data-driven Modeling for Stability Evaluation of Cylindrical 
Boreholes with Slurry in Anisotropic and Non-Homogeneous 
Clays 
 

Khamnoy Kounlavong,1 Jim Shiau,2 Van Qui Lai,3,4 Vinay Bhushan Chauhan,5 Pitthaya Jamsawang6 and Suraparb Keawsawasvong7,* 

 
Abstract 
 

Wet-bored pile construction is a commonly used technique by contractors for building bored piles. This method involves the 
use of a special drilling fluid, known as bentonite slurry, to support the borehole walls and prevent their collapse during the 
drilling process. Given the importance of such a soil stability problem, the present paper aims to study borehole stability and 
its associated failure mechanisms of all relevant design parameters. In particular, we focus on the investigation of the depth 
and diameter of the cylindrical borehole for anisotropic and non-homogeneous clays. To achieve this goal, the advanced finite 
element limit analysis (FELA) method alongside the upper and lower bounds limit analysis is used as a numerical tool to 
perform a series of the parametric study. The dimensionless variables utilized in this study consist of a practical range of depth 

ratio (H/D), dimensionless strength gradient (H/Suc0), and anisotropic strength ratio (re). The newly obtained numerical 
results are in good agreement with previous studies, and therefore several design charts are confidently produced for the 
design of cylindrical borehole stability using a dimensionless stability number. The study continues to explore the associated 
failure mechanisms using the graphical output of velocity fields. The artificial neural network (ANN), which is one of soft-
computing techniques, is utilized to establish a surrogate model for predicting the borehole stability and also developing a 
correlation equation based on FELA results. This correlation equation is useful to practical engineers as it can be used to 
predict the stability number N and factor of safety (FS) in their daily design practices. 
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1. Introduction 

Bentonite-water slurry supported borehole is commonly used 

during the construction process of pile or open caisson 

foundation. This method is preferred over pure water as it 

improves stability by creating lateral pressure on the borehole 

face. Previous studies of the problem include the limit 

equilibrium method (LEM) to determine the factor of safety of 

a borehole or planar excavation's stability in 2D plane strain 

trenches.[1-3] Similarly, researchers have used the LEM 

technique in 3D to propose the stability of 3D trenches by 

considering the soil arching phenomenon.[4-8] In addition, the 

elasto-plastic finite element method (FEM) with strength 

reduction has been used by Oblozinsky et al.[9] and Grandas-

Tavera and Triantafyllid is[10] to carry out numerical solutions 

for slurry trench wall stability. 

Han et al.,[11] Zhang et al.,[12] Qin,[13] and Wang and Huang[14] 

have used limit analysis procedures based on upper and lower 

bound theorem to determine the stability of slurry-supported 

trenches. Li et al.[15] used the finite element limit analysis 

(FELA)[16] numerical procedure to derive plastic solutions of 

3D rectangular trenches under bentonite pressure. 

Additionally, several researchers have also studied 

unsupported cylindrical and rectangular excavations without 

considering slurry pressure using axisymmetric and 3D 
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FELA.[16-27] More recently, Keawsawasvong and Shiau[28] have 

presented stability solutions for boreholes with slurry in 

isotropic clays using axisymmetric FELA.  

Ladd[29] and Ladd and Degroot[30] reported the inherent 

anisotropy of clayey soils, as well as stress-induced anisotropy, 

would cause the principal stress to rotate towards the vertical 

axis or the depositional direction. As a result, they defined 

three anisotropic undrained shear strengths using triaxial 

compression (Suc), triaxial extension (Sue), and direct simple 

shear (Sus).[31] Recently, Krabbenhoft et al.[32] developed a new 

failure criterion for anisotropic clay called the Anisotropic 

Undrained Shear (AUS) model by extending the generalized 

Tresca failure criterion.[33] Several previous studies have 

utilized the AUS failure criterion along with the FELA 

approach to solve stability problems such as bearing 

capacity,[34-36] pullout capacity,[37,38] and excavation and 

opening problems.[39] 

Even though, there were few previous studies regarding the 

borehole stability,[40-45] most of them are case studies, where 

the design charts or equations were not given. To our best 

knowledge, there has been no prior investigation of a slurry-

supported borehole in anisotropic and non-homogeneous clay. 

An increase in anisotropic undrained shear strength as 

subsurface depth increases would significantly affect 

cylindrical borehole stability. Therefore, this study aims to 

present limit analysis solutions for cylindrical borehole 

stability while taking into account the impacts of anisotropy 

and non-homogeneity of the clay. In this study, axisymmetric 

Finite Element Limit Analysis (FELA) with the AUS model is 

utilized to assess the upper bound (UB) and lower bound (LB) 

solutions of the aforementioned problem. The artificial neural 

network (ANN), as one of soft-computing techniques, is 

utilized to establish a surrogate model for predicting the 

borehole stability. In this study, ANNs are applied to generate 

the relationship between input data (H/D, H/Suc0, re) and 

outcome stability number. The structure of an ANN in 

MATLAB code refers to the input nodes, hidden layers and 

nodes, and the output node. R squared (R2), Mean Absolute 

Error (MAE), and Root Mean Squared Error (RMSE) are 

extensively used as assessment metrics in Artificial Neural 

Networks (ANN) to analyze the performance of the trained 

model. Furthermore, weights and biases, the final results of 

ANN model adjustment and optimization, are presented, and 

performance and careful tuning of these parameters are crucial 

to attaining good results. Finally, the importance of each input 

variable can be estimated by examining the weights associated 

with each network connection. Thus, the novelty of this study 

is that the ANN model for predicting the cylindrical borehole 

stability in anisotropic and non-homogeneous clay is proposed 

for the first time and can be employed to assess the stability of 

such problem for practical engineers. 

 

2. Problem definition 

Figure 1 shows a problem statement of a cylindrical borehole 

that has been excavated to install a pile under the influence of 

slurry pressure. The diagram presents a plan view of the 

cylindrical borehole diameter as well as a front view showing 

the depth of the cylindrical borehole filled with slurry, which 

is leveled with the depth of the cylindrical borehole. Fig. 2 

depicts the geometry of a cylindrical borehole that is subjected 

to slurry pressure under axisymmetric conditions. The 

cylindrical borehole has a depth (H) and a diameter (D), and 

the saturated unit weight of the undrained clay is represented 

by . The slurry pressure acts on the inner surface and bottom 

of the cylindrical borehole and is denoted by the expression 

sH, where s is the unit weight of the slurry pressure. The 

undrained shear strength of non-homogeneous clays that 

increases linearly with depth (z) can be calculated using the 

equation Suc(Z) = Suc0 + z, where Suc0 is undrained shear 

strength at the surface and  is the strength gradient.  

The anisotropic undrained soil (AUS) model requires three 

input parameters, namely, undrained shear strength in triaxial 

compression (Suc0) and extension (Sue0), as well as in direct 

shear (Sus0). These parameters can be calculated from two 

anisotropic strength ratios, namely re = Sue0/Suc0 and rs = 

Sus0/Suc0. To normalize the three anisotropic undrained shear 

strengths by combining both re and rs ratios, an equation 

proposed by Krabbenhoft et al.[32] can be used, which is given 

as rs = 2re / (1 + re).  

 
Fig. 1 Overview of a cylindrical borehole under slurry pressure. 

 

The analysis of the upper and lower bounds solutions of 

cylindrical boreholes in anisotropic and non-homogeneous 

clays involves certain input parameters including H, D, , s, 

, Suc0, and re. To obtain the stability number that can be used 
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to calculate the factor of safety, these input parameters are 

used to derive three dimensionless variables as:[46] H/D, re, and 

H/Suc0. These variables are related to the borehole stability 

numbers and the failure mechanisms of shear dissipations in 

the problem and Eq. (1) shows the relationship between these 

variables.  

𝑁 =
𝐹𝑆(𝛾−𝛾𝑠)𝐻

𝑆𝑢𝑐0
= 𝑓(

𝐻

𝐷
, 𝑟𝑒 ,

𝜌𝐻

𝑆𝑢𝑐0
)                (1) 

where H/D is the depth ratio of the cylindrical borehole; 

H/Suc0 is the dimensionless strength gradient; re is an 

anisotropic strength ratio; N is the cylindrical borehole 

stability number. The notations of parameters used in this 

study are comprehensively shown in Fig. 1. 

 

Fig. 2 Geometry problem of the cylindrical borehole under slurry 

pressure in axisymmetric condition. 

 

3. Finite element limit analysis (FELA) 

This study proposes to use finite element limit analysis to 

determine the stability number (N) as well as the associated 

failure mechanisms of a cylindrical borehole under 

axisymmetric conditions. OptumG2 software was employed 

to model the problem.[47] Note that the OptumG2 is based on 

the FELA framework providing only the limit state of 

geotechnical problems, which is different from the 

displacement-based finite element analysis that also provides 

the deformations.[48-52] The soil model adopted in this study is 

for AUS materials with considerations given to anisotropic 

and non-homogeneous clays. All numerical solutions used in 

the present study are based on the bounding theorem, which 

are lower and upper bounds, and they are presented throughout 

the paper using the average results (i.e., (UB+/LB)/2). A half-

cylindrical borehole model is shown in Fig. 3a, with the axial 

symmetry line set at the left domain, the dimensions of the 

domain, and the applied equivalent slurry pressure.  Note that 

the slurry pressure is simulated as a linearly increasing 

pressure with depth, starting from zero at the top and reaching 

sH at the bottom of the cylindrical borehole.  

Figure 3b shows a typical FELA mesh of the problem. To 

ensure that the size of the boundary domain does not affect the 

overall velocity field during the numerical process, the domain 

size in the X and Y dimensions is determined by the following 

expressions: X = 1.5(H + D/2) and Y = 1.5H, respectively. If 

failure slip lines of problem intersect the right and bottom 

boundaries due to the insufficient boundary size, the accuracy 

of FELA solutions can be decrease. Noting that the soil 

movement of the bottom boundary is prevented in both 

vertical and horizontal directions, the left-hand side boundary 

is permitted to have vertical movement, simulating a line of 

axial symmetry. A roller type of boundary is given to the far 

right-handed side, and the top ground surface of the borehole 

is a free surface. What is interesting in the adaptive mesh given 

in Fig. 3b is that it can be used to improve the solution 

accuracy greatly. In this paper, five adaptivity steps were 

employed in all computations, along with the default option of 

using shear dissipation as the adaptive control parameter,[53] 

and the number of elements in the mesh increased from 5,000 

in the first step to 10,000 in the final mesh. Note that the mesh 

is automatically expanded in sensitive zones with significant 

plastic shearing strain using adaptive mesh techniques. 

Employing more elements may indicate a more sensitive stress 

zone, leading to a more precise solution, but it is not necessary 

to use more than 10,000 elements as it may consume 

additional CPU time and computer memory with little effect 

on the solution. Note that, by using this setting of the adaptive 

mesh refinement, the LB and UB solutions are extremely close 

meaning that the true solutions can be obtained. 

With the above setting for FELA, the practical range of 

dimensionless variables considered in the paper includes the 

depth ratio (H/D) at values of (0.5, 1, 2.5, 5, 10, 20, 30, and 

40), the dimensionless strength gradient (/Suc0) at values of 

(0, 0.5, 1, 2, and 5), and the anisotropic strength ratio (re) at 

values of (0.5, 0.6, 0.7, 0.8, 0.9, and 1). Note that the selected 

values of all parameters are based on the previous studies by 

Li et al.[6] and Keawsawasvong and Shiau.[28] The 

comprehensive numerical solutions are reported in the next 

section. 

 

4. Data-driven analysis (ANN model)  

Artificial Neural Network (ANN) is a computational model 

based on the human brain that involves creating algorithms 

and models that allow computers to learn from data and make 

predictions or judgments. McCulloch and Pitts[54] introduced 

the first mathematical model of an artificial neural network 

and provided the foundation for the development of any 

research on ANN. Moreover, this machine learning approach 

now plays an essential role in numerous areas, from the 

economy to engineering. The concept of the ANN model is 

prepared in Fig. 4 and the detail of the ANN model can be 

found in.[55-59] 

In this study, numerical results are adopted as the feeding 

data for the ANN model to propose the empirical equation 

between investigated parameters (H/D, H/Suc0, re) and output 

stability (N). In detail, there are 270 datasets of (H/D, H/Suc0, 

re) that influence the borehole stability (N). As standard  
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Fig. 3 (a) Numerical model of the cylindrical borehole under slurry pressure in OptumG2; (b) final adaptive mesh. 

 

procedure, the datasets are split into three groups including 

training, validation, and testing with the following ratios: 70%, 

15%, and 15%, respectively. Three are two important 

algorithms for the ANN model, i.e., optimization algorithm 

which is used to update the weight and bias of neurons, and 

active function which is used to transform the weighted sum 

of the input and bias into the output of a node. In the present 

ANN model, the Levenberg-Marquardt (LM) optimization 

and Log-sigmoid are applied as the optimization algorithm 

and activation function. The detail of the LM algorithm can be 

referred to the works of Hagan et al.[60] and the Log-sigmoid 

activation function can see in the works of Shim et al..[61] 

 

Fig. 4 Concepts of ANN model. 

 

5. Results and discussions 

5.1 Comparison 

As a first step to verify the proposed model, the numerical 

results of this study for the case of anisotropic strength ratio, 

re = 1 are compared with published results from 

Keawsawasvong and Shiau.[28] Shown in Fig. 5 is the influence 

of H/D on the borehole stability number (N) for the various 

dimensionless strength gradient (/Suc0 = 0, 0.5, 1, and 2). 

Numerical results have shown that the published solutions are 

slightly greater than our results for all the considered cases. 

The variation ranges are about (3-5%, 2-4%, 2-4%, and 2-4%) 

for corresponding values of (H/Suc0 = 0, 0.5, 1, and 2), 

respectively. This has greatly enhanced the confidence in 

producing all numerical results as follows. 

 

Fig. 5 Comparison between the N values obtained from present 

and past study Keawsawasvong & Shiau [28]. 

 
5.2 Parametric results 

The bulk of numerical results of the dimensionless stability 

number (N) is presented in Figs. 6-8. Note that they are 

presented as averaging the value obtained from the lower 

bound (LB) and upper bound (UB) solutions. In Figs. 6a-6f, 

the variations of borehole stability number (N) with borehole 

depth to diameter ratio (H/D) are presented for the different 

anisotropic strength ratios (re) ranging from 0.5 to 1 and the 

dimensionless strength gradient (H/Suc0) values of (0, 0.5, 1, 

2, and 5). Numerical results have shown that the borehole 

stability number increases nonlinearly with the increase in the 

H/D ratio. Depending on the magnitude of H/Suc0 and re 

values, the rates of increase are different. In general, the larger 

the (H/Suc0), the greater the gradient of the curve. 
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Fig. 6 Influence of H/D on the borehole stability number with various dimensionless strength gradients (/su0) and anisotropic 

strength ratios (re). 

 

The influence of H/Suc0 on the borehole stability number 

(N) is shown in Figs. 7a-7f for the various depth-to-diameter 

ratio (H/D) and anisotropic strength ratio (re). The figure has 

shown that H/Suc0 has a significant impact on the value of N. 

An increase in H/Suc0 leads to a linear increase in N for all 

values of H/D and re. This behavior can be attributed to the 

fact that an increase in H/suc0 results in a greater undrained 

shear strength of the clay surrounding the borehole, making it 
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more resistant to the forces acting around the borehole than in 

the case of homogeneous clay (i.e., H/Suc0 =0). Therefore, 

both the value of N and the factor of safety (FS) increase with 

an increase in the H/Suc0 ratio. The larger the value of H/D 

(i.e., the smaller the borehole diameter), the greater the 

stability number. Indeed, a smaller diameter of borehole would 

yield more stable results when compared to a larger diameter 

borehole. It is expected that a greater arching effect occurs as 

the value of H/D increases.   

The study on the effect of anisotropic strength ratios re is 

presented in Figs. 8a-8e, where the relationship between the 

borehole stability number N and re is shown for the various 

values of H/D and H/Suc0. Noting the linear relationship 

between N and re over the entire range of H/D and H/Suc0 

considered, this trend can be understood by knowing the fact 

that when the value of re is less than one (re < 1) the soil 

properties do not exhibit uniform strength in all directions. In 

the contrast, when re equals one (re = 1), the soil properties are 

such that the undrained shear strength of the clay is consistent 

in all directions (Suc = Sue = Sus). This is the reason why the 

borehole stability number increases with an increase in the 

value of re.  

 
Fig. 7 Influence of /su0 on the borehole stability number with various depth ratios (H/D) and anisotropic strength ratios (re). 
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Fig. 8 Influence of re on the borehole stability number with various depth ratios (H/D) and dimensionless strength gradients (/su0). 

 
5.3 Failure mechanisms – contour of velocity field 

This section investigates potential failure mechanisms of 

boreholes under slurry pressure by examining the effects of 

(H/D, H/Suc0, and re). The potential failure mechanisms are 

expressed by using the contours of velocity fields, and the 

variables considered are H/D, H/Suc0, and re, as shown in Figs. 

9-11. Note that the actual values of the color contours are not 

important for such a perfectly plastic material model, therefore 

they are not normally shown in a professional report. Yet, the 

most important element in presenting these color plots is 

simply to show the slip surfaces or the so called failure 

mechanism.  

For the case of re = 0.7 and H/Suc0 =1 (see Fig. 9), velocity 

contour plots are presented for H/D = (0.5, 1, 5, and 10) 

respectively. For a larger diameter, i.e., a small H/D ratio as 

seen in the case of H/D = 0.5 and 1, failure occurs from the 
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borehole bottom corner and extends toward the ground surface. 

As H/D increases, the failure tends to confine in the local area, 

as seen in the case of H/D = 5 and 10, much larger velocity 

values occur at the borehole’s bottom corner and extend 

forward one-third of the borehole height, resulting in a type of 

possible local failure. 

The effect of H/Suc0 on the associated failure mechanism 

is shown in Figs. 10a-10d. The case considered here is for (re 

= 0.7 and H/D =1). The figures have shown that, by increasing 

the value of H/Suc0, it would cause the shape of the slip 

surface to shift from curvilinear to linear. Consequently, this 

results in a narrower failure zone being observed when the 

ratio of H/Suc0 becomes greater (i.e., an increase of the 

gradient of the linear increase).  

Finally, Figs. 11a-11d shows the influence of re on the 

potential failure slip surface of the borehole. The presented 

case is for (H/D = 1 and H/Suc0 = 1). It is interesting to note 

the two slip surfaces (see the red color) in the cases of smaller 

re values (i.e., re = 0.5 and 0.7). This observation can be 

attributed to the fact that, in the case of an isotropic condition 

(re = 1, see Fig. 10d), clay properties have equal strength in all 

directions (Suc = Sue = Sus), resulting in only one distinct 

potential failure plane around the borehole, whereas, with 

smaller re values, multiple potential failure envelopes can 

occur. 

 
5.4 ANN results  

For analysis purposes, the optimal ANN model in other words 

the optimal architecture ANN model is selected. It is 

recognized that the simplest ANN model with one hidden 

layer, which was adopted in previous research, is suitably used 

in this study. Accordingly, the performance of investigated 

ANN model is exanimated through the three regression 

parameters i.e., the coefficient of determination (R2), the Root 

Mean Square Error (RMSE), and the Mean Absolute Error 

(MAE).  

 

Fig. 9 Effect of H/D on the shear dissipations of soil, having re = 0.7 and /su0 = 1. 

     

(a) H/D = 0.5                                      (b) H/D = 1   

  

                                     (c) H/D = 5                                            (d) H/D = 10 
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Fig. 10 Effect of /su0 on the shear dissipations of soil, having re = 0.7 and H/D = 1. 

 

 
Fig. 11 Effect of re on the shear dissipations of soil, having /su0 = 1 and H/D = 1. 

  

(a) H/Suc0 = 0                                       (b) H/Suc0 = 1 

  

(c) H/Suc0 = 2                                             (d) H/Suc0 = 5 

  

(a) re = 0.5                                       (b) re = 0.7 

  

(c) re = 0.9                                             (d) re = 1 
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The relationship between the number of neurons (NNs) in 

the hidden layer and R2, RMSE, and (MAE) is presented in 

Fig. 12. The graph shows that when the number of neurons is 

less than 6, the coefficient R2 does not approach 

approximately the optimal value of 1. Meanwhile, the value of 

RMSE and MAE tend to decrease to 0, but both errors are still 

quite large and show no sign of stabilization. This error can 

lead to the wrong prediction for borehole stability number 

results (N) in the ANN model. Hence, when the number of 

neurons 6 is used to train the ANN model in an optimal and 

stable drawing, R2 is nearly equal to one, and RMSE and MAE 

are close to 0. It is essential to explain why the number of 

neurons was not chosen as 8 because the outcome is not 

significantly better than 6, but given the number of neurons 

running more than 2 neurons, this is not optimal and necessary. 

 
Fig. 12 The relationship between R2, RMSE, MAE and the 

number of neurons. 

 

By using the constant value of the ANN model such as 

weight and bias, it can build an empirical equation based on 

active function, as shown in Eq. (2).  

𝑁𝑛 = ∑ 𝑊23𝑁ℎ
ℎ=1 tansig(∑ 𝑊12𝑥𝑁𝑖

𝑁𝑖
𝑖=1 + 𝑏1) + 𝑏2  (2) 

where xNi indicates the normalized values in the range 

(𝑘𝑚𝑖𝑛, 𝑘𝑚𝑎𝑥) = (−1,1)  and is calculated in Eq. (3) 

and Tansig function is shown in Eq. (4) 

𝑥𝑁𝑖 =
𝑥𝑖−𝑥𝑚𝑖𝑛 −𝑖

𝑥𝑚𝑎𝑥 −𝑖−𝑥𝑚𝑖𝑛 −𝑖
(𝑘𝑚𝑖𝑛𝑚𝑎𝑥 + 𝑘𝑚𝑖𝑛)      (3) 

tansig(∑ 𝑊12𝑥𝑁𝑖
𝑁𝑖
𝑖=1 + 𝑏1) =

2

1+𝑒
−2(∑ 𝑊12𝑥𝑁𝑖

𝑁𝑖
𝑖=1 +𝑏1)

− 1     (4) 

Note that Nn denoted in Eq. (1) is the normalized output. The 

predicted value is the reverse normalization of the normalized 

output and can be calculated by using Eq. (5).  

0 max 0 min

min 0 min

max min

( )n

N N
N N k N

k k

− −

−

−
= − +

−
     (5) 

Noted that, xmin-i, xmax-i, N0-min, N0-max is the minimum and 

maximum value of input and output parameters of training 

data; Ni and Nh is the number of input and hidden neurons. 

Based on Eq. (2), the detail of the proposed empirical equation 

can be found in Appendix. The comparison between the 

borehole stability number (N) from FELA and the outcome 

from ANN prediction is represented in Fig. 13. It is obvious 

that if the points associated with the FELA and ANN 

prediction data are roughly the same, this point will be towards 

the middle of the line. The figure shows that the majority of 

the value points are close to the line, and the R2 equal to 0.9997 

further clarifies the optimal result of taking 6 neurons for 

training the ANN model. 

It is interesting to adopt the weight of the optimal ANN 

model to do sensitivity analysis which is adopted in many 

previous studies[55-59] through Eq. (6) 

𝐼𝑗 =

∑ ((
|𝑊𝑗𝑚

𝑖ℎ |

∑ |𝑊𝑘𝑚
𝑖ℎ |𝑘=𝑁𝑖

𝑘=1

)×|𝑊𝑚𝑛
ℎ𝑜 |)

𝑚=𝑁ℎ
𝑚=1

∑ {∑ (|𝑊𝑘𝑚
𝑖ℎ |/ ∑ |𝑊𝑘𝑚

𝑖ℎ |
𝑘=𝑁𝑖
𝑘=1

)×|𝑊𝑚𝑛
ℎ𝑜 |

𝑚=𝑁ℎ
𝑚=1 }

𝑘=𝑁𝑖
𝑘=1

     (6) 

where Ii denotes the relative importance of the ih input variable 

on the output stability number (N), Ni and Nh are the number 

of input and hidden neurons, respectively; W is the connection 

weight; the superscripts i; h; and o refer to input, hidden, and 

output layers, respectively; the subscripts k; m; and n refer to 

input, hidden, and output neurons, respectively. 

 
Fig. 13 Comparison between results from ANN prediction and 

FELA. 

 

The relative importance of each input parameter, including 

depth ratio (H/D), anisotropic strength ratio (re), and 

dimensionless strength gradient (H/Suc0) on stability number 

(N) are shown in Fig. 14. It should be noted that the larger the 
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weight, the more important the corresponding input variable is 

to the output of the network. The results show that the depth 

ratio (H/D) is the most critical input variable in the ANN 

model, with a value of 56.20 %. The less essential parameters 

are dimensionless strength gradient (H/Suc0) and anisotropic 

strength ratio (re), with 25.50% and 18.29%, respectively. It is 

feasible to limit the number of input variables utilized in the 

model by selecting the H/D, which can simplify the model and 

reduce computational complexity. 

 
Fig. 14 Relative importance (%) of all input variables. 

 

6. Conclusions 

The present study has investigated the stability of boreholes 

with the slurry and its related failure mechanisms under slurry 

pressure in anisotropic and non-homogeneous clays. The 

axisymmetric upper and lower bound limit analysis were 

employed, with five iterations of adaptive meshing capacity, 

giving accurate bounding solutions, which were further 

averaged for results presentation. A series of the numerical 

study was then performed, and considerations are given to a 

linear increase in strength with borehole depth as well as the 

various governing parameters such as dimensionless strength 

gradient (H/Suc0), depth ratio (H/D), and anisotropic strength 

ratios (re). The study found that an increased H/D leads to 

nonlinearly increasing characteristics in the borehole stability 

number (N) and Factor of Safety (FS). Furthermore, an 

increase in H/suc0 or re results in an increase in N and FS. The 

variables such as depth ratio (H/D), anisotropic strength ratio 

(re), and dimensionless strength gradient (H/Suc0) greatly 

affect the potential failure surfaces around the borehole. As a 

final step of the investigation, the proposed equation based on 

optimal gives well agreement with FELA results, where 

R2=0.9997. The sensitivity analysis results showed that H/D is 

the most important parameter while H/Suc0 and re are later 

ranked at 56.20%, 25.50%, and 18.29%, respectively. The 

solutions presented in this study are applicable only to 

cylindrical boreholes in homogeneous soils and cannot be 

extended to rectangular or square boreholes or boreholes in 

layered soils. Future study may include a full 3D FELA 

analysis for investigating the borehole stability. 
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Notations of parameters used in this study. 

Notation Meaning Unit 

H Depth of borehole m 

D Diameter of borehole m 

 Unit weight of clay kN/m3 

s Unit weight of the slurry 

pressure 

kN/m3 

 Strength gradient kPa/m 

Suc0 Undrained shear strength at 

the surface 

kPa 

re Anisotropic strength ratio Dimensionless 

H/D Depth ratio of the borehole Dimensionless 

H/Suc0 Strength gradient ratio Dimensionless 

FS Factor of safety Dimensionless 

N Borehole stability number Dimensionless 
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