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A B S T R A C T   

The design of fully braced excavation of underground works, whether in rural or urban areas, is 
important to ensure that the design of fully braced support is safe, particularly in determining the 
depth of excavation and inserting the length into the clay of the wall, as well as a proportional 
excavation width. This study investigates the undrained basal stability of fully braced excavation 
in anisotropic clays with linearly increasing shear strength with depth employing upper and lower 
bound finite element limit analysis under symmetry plane conditions based on the AUS failure 
criterion. The dimensionless variables were used to examine the stability number (N) and the 
failure mechanisms selected for this problem’s practical analysis. There is an anisotropic strength 
ratio (re), depth-wide ratio (B/H), embedded wall depth ratio (D/H), and strength gradient factor 
(ρH/Suc0). This study proposes design charts and failure mechanisms for fully braced excavations 
based on finite element limit analysis. Moreover, the artificial neural network model (ANN) was 
used to establish the relationship between the investigated and output variables and to conduct 
sensitivity analysis. Therefore, the developed ANN formula is a pragmatic approach for 
geotechnical engineers to calculate the basal stability of the excavations.   

1. Introduction 

Generally, natural clay partial strength anisotropy emanates from depositional and sedimentation processes, resulting in a 
particular particle orientation [1]. The shear strength anisotropy of clays is directional (i.e., depending on the depositional direction). 
Three anisotropic undrained shear strengths can be obtained through triaxial compression, triaxial extension, and direct simple shear 
tests, which are defined as Suc, Sue, and Sus, respectively. To take this phenomenon into account, Krabbenhøft et al. [2] recently 
proposed the anisotropic undrained shear (AUS) model extending from the Generalized Tresca model to anisotropic materials, 
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Fig. 1. Problem definition of the rigid wall fully braced excavation in plane strain condition; where (a) Model of the fully braced excavation, (b) 
Model of the half-braced excavation, and (c) Final adaptive meshes. 
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specifically regarding the case of cross anisotropy (or transversely isotropic materials). Several researchers have employed the 
application of the AUS model in conjunction with finite element limit analysis (FELA) to successfully compute the stability solutions for 
various geotechnical issues, for instance, the bearing capacity of footings [e.g. Refs. [3–6]], the pullout capacity of caissons or anchors 
[e.g. Refs. [7–9]], the slope stability [e.g. Ref. [10]], the stability of unsupported excavations [e.g. Refs. [11–13]], and the problem of 
the limiting pressure behind soil gaps or trapdoors [e.g. Refs. [14–16]]. 

Due to the worldwide limitation of surface spaces in megacities caused by increased population and rural-to-urban migration, the 
use of underground spaces has increased. As a result, the number of diaphragm walls or piled wall constructions of basements and deep 
foundations has increased. However, previous research has focused on the serviceability aspect of wall movements and lateral earth 
pressures related to stresses around excavated areas (e.g. Refs. [17–34]). Nevertheless, there have been few studies on braced exca-
vations’ basal heave stability. 

Terzaghi [35] and Bjerrum and Eide [36] originally introduced analytical methods for computing solutions for braced excavations’ 
basal heave stability by employing the limit equilibrium method (LEM). In their methods, the assumptions of the basal heave problem’s 
failure pattern were carried out to produce the limit equilibrium equations for calculating the factor of safety. Later, Goh [37,38] and 
Faheem et al. [39] employed the displacement–based finite element method (DB-FEM) to solve the plane strain excavations’ basal 
heave stability. The finite element limit analysis (FELA) was also used by Yodsomjai et al. [40] to obtain plastic bound solutions to the 
same problem. Moreover, the basal heave stability of braced circular excavations was also investigated by Cai et al. [41], Goh [42], and 
Keawsawasvong and Ukritchon [43]. In the past, there were some previous studies regarding braced excavations in anisotropic clays in 
terms of stability and movement [44–46]. However, anisotropic and nonhomogenous clays conforming to the AUS model have never 
been considered for the basal heave stability problem under plane strain conditions. 

The lower bound (LB) and upper bound (UB) FELA software, namely OptumG2 [47], together with the AUS model, is employed in 
this study to compute the basal stability solutions for plane strain excavations. The previous works by Terzaghi [35] and Bjerrum and 
Eide [36] employed the limit equilibrium method (LEM) in their analysis, where the simple patterns of the failure lines around ex-
cavations were assumed before computing. In addition, Goh [37,38] and Faheem et al. [39] carried out solutions from DB-FEM models 
with very coarse mesh distributions indicating an insufficient number of meshes in their FEA models. However, this study used the 
FELA with the mesh adaptivity approach to obtain more accurate limit state solutions of the excavation problem. Note that the fully 
braced supports are applied to the wall, indicating that there is no horizontal movement or rotation of the wall. Since the AUS model is 
adopted as a failure criterion of anisotropic clays, two anisotropic strength ratios are proposed: re = Sue/Suc and rs = Sus/Suc to normalize 
those three anisotropic undrained shear strength components. It is worth noting that the relationship of re and rs can be computed from 
rs = 2re/(1+ re) and the range of re varying from 0.5 to 1. When re = 1, the case of isotropic undrained shear strength can be simulated. 
The non-homogenous properties of clays are also considered in this study. A non-homogeneous clay’s undrained shear strength profile 
is a linear function of Suc(z) = Suc0 + ρz, where Suc0 represents a surface undrained shear strength and ρ denotes a strength gradient. 
After obtaining the UB and LB solutions to the plane strain excavation problem, the artificial neural network (ANN) model is used to 
formulate the relationship between the investigated and output variables and conduct sensitivity analysis. The proposed formula can 
be effective for practical engineering in directly estimating the investigated stability number. Furthermore, sensitivity analysis is useful 
for selecting the value of input parameters in the initial stage. 

2. Method of analysis 

This paper utilizes the finite element limit analysis, OptumG2 software [47], to compute rigorous UB and LB solutions on collapse 
loads of fully braced excavation in plane strain conditions. OptumG2 is FELA software that was developed based on a numerical 
technique with the limit analysis theory used in structural and geotechnical engineering to evaluate the ultimate strength or collapse 
load-carrying capacity of a structure or soil mass. The process in OptumG2 involves performing an iterative optimization algorithm on 
the finite element mesh to find the load distribution that results in the highest factor of safety or critical load factor. The critical load 
factor represents the ratio of the applied load to the ultimate load capacity of the structure. By combining the accuracy and versatility 
of finite element analysis with rigorous limit analysis principles, FELA can efficiently analyze complex structures and geotechnical 
problems to predict their ultimate load-carrying capacity. 

As shown in Fig. 1(a), the excavation has a width of B, a depth of H, and a wall embedment of D. Due to the symmetry of the 
problem, only half the domain can be used in the simulation, as shown in Fig. 1(b). Additionally, the features of all numerical model 
boundaries imposed that the left and right boundaries can move only in the vertical direction. The bottom ones have no movements in 
either the vertical or horizontal axis. In addition, the wall is modeled as a rigid plate with no failure prior to the soil’s collapse. Both the 
unit weight supports and walls are neglected, and it is assumed that the interface between the wall and the clay is rough. To avoid the 
impact of the weight of the wall on the computed results, this study ignores this weight term by only focusing on the weight of the soil 
mass behind the wall. Note that the roughness of the wall can be varied from fully smoother to rough. However, this study considers 
only the rough case. Future works are requested to further investigate the impact of wall roughness. 

Very fine-meshed elements and three iterations of numerical analyses are applied to obtain accurate results for UB and LB solutions, 
along with adaptivity control shear dissipation. The adaptive meshing process can be summarized as follows: 

Initialization: The user specifies the initial number of elements, which defines the mesh size distribution. 

Step 1. A mesh is generated based on the specified mesh size distribution. 

Step 2. The limit analysis problem is solved using finite element discretizations applied to the mesh created in Step 1. If the number of 
adaptive iterations exceeds the predefined limit, the adaptivity loop is considered complete. If not, the process continues to Step 3. 
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Step 3. An optimum adaptive technique is employed to update the mesh size distribution based on the adaptivity control shear 
dissipation. After this, the process returns to Step 1 for the next iteration. 

In summary, adaptive meshing proceeds by creating an initial mesh, solving the problem on that mesh, and then updating the mesh 
size distribution iteratively until the desired level of accuracy is achieved. The mesh element number used in this study starts from 
5000 to 10,000 elements at the final step. The automatic mesh element development in the numerical modeling of a braced excavation 
by OptumG2 software has finer mesh at the bottom of wall regions, as shown in Fig. 1(c). Moreover, it will become coarser when the 
distance of the excavation model edge increases. Note that the sizes of the domains for all models are set to be large enough so that 
there is no intersection of the failure lines to the right and bottom boundaries to maintain the correctness of the limit state solution 
using FELA. 

In this paper, the output from FELA is the maximum unit weight (γ) that causes the basal heave failure of the planar excavations. 
The input parameters are used to analyze the UB and LB undrained stability of fully braced excavation in non-homogeneous and 
anisotropic clays to obtain the stability number that can be adopted to calculate the maximum unit weight depending on these var-
iables, consisting of H, D, B, Suc0, ρ, and re (= Sue0/Suc0). The dimensionless technique was used to simplify the investigated variables of 
four dimensionless input parameters and to derive the stability solutions in terms of the stability number (N = γH/Suc0). These pa-
rameters can be shown for correlation of the fully braced excavation’s stability number as follows: 

N =
γH
Suc0

∝f
(

B
H
,
D
H
,

ρH
Suc0

, re

)

(1)  

where: 
B/H is the depth-width ratio. 
D/H is the depth ratio of the embedded wall 
ρH/Suc0 is the strength gradient factor 
re is an anisotropic strength ratio. 
N is the stability number of the fully braced excavation. 
Eq. (1) is expressed in this paper to demonstrate the relationship between four dimensionless inputs and one dimensionless output. 

The parametric studies and their ranges that are used to model and analyze the solutions of UB and LB finite element limit analysis of 
fully braced excavation in plane strain conditions consist of D/H = 0–1, B/H = 0.25–2, ρH/Suc0 = 0–4, and re = 0.5–1. These values are 
shown in Table 1. The ranges of these parametric studies are referred from previous works conducted by Refs. [40,43]. Note that the 
factor of safety (FS) can be included in the stability by N = γH/Suc0 = γH(FS)/Suci, where Suci is the undrained shear strength from the 
compression test that is obtained in the field before the excavation collapse and Suc0 is the reduced undrained shear strength at the 
collapse (Suc0 = Suc0i/FS). 

3. Results and discussion 

The mean value of the UB and LB FELA solutions for the stability numbers of current fully braced excavation results are compared 
with the previous results by Yodsomjai et al. [40], using the finite element limit analysis, OptumG2 software [47], where the soil 
properties used for the analysis of this stability number (N) of fully braced excavation were modeled as an AUS material model, while 
the previous studies modeled the soil properties as Tresca material. 

It is recognized that verifying the numerical model is the most crucial thing before further analysis. Therefore, Fig. 2 is prepared 
between the present study and previous results from Yodsomjai et al. [47] for the case of isotropic (re = 1) and non-homogeneous clays. 
By setting the parameter re to one, the mathematical function of the AUS model can approximately become the Tresca model. 
Furthermore, Fig. 2 also represents the function of the correlation between the depth ratio of the embedded wall (D/H) and the stability 
number of fully braced excavation (N), which has functions of the strength gradient factors ρH/Suc0, depth-width ratio B/H, and 
isotropic strength ratio re. From the results in Fig. 2, it can be concluded that this study’s results have values greater than the previous 
studies’ results in all cases of ρH/Suc0. As proposed above, the values of N from the AUS model were not equal to those from the Tresca 
model because of the mathematical function of the flow rules between both models. Consequently, the N value obtained from the 
present study differs from the previous study by Yodsomjai et al. [47] using the Tresca failure criterion. 

Fig. 3(a–d) presents the correlation between N and ρH/Suc0 for the case of an anisotropic clay with re = 0.5. The dimensionless 
parameters selected to examine this problem consist of four parameters, namely, B/H, D/H, re, and ρH/Suc0. Examining the results in 
Fig. 3a–d, the value of N increases with an increase in the ρH/Suc0 and D/H ratios, and the tendency of N is linear in all cases of D/H 
ratios. On the other hand, the N factor decreases when the B/H ratio increases. Based on the preceding findings, we can deduce that 

Table 1 
The input data range.  

Parameters Input values Max Mean Min 

B/H 0.25, 0.5, 1, 2 2 0.938 0.25 
re 0.5, 0.6, 0.7, 0.8, 0.9, 1. 1 0.75 0.5 
ρH/Suc0 0, 1, 2, 3, 4 4 2 0 
D/H 0, 0.25, 0.5, 0.75, 1 1 0.5 0  
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Fig. 2. Comparison between the present study and the previous study’s results from Yodsomjai et al. [47].  

Fig. 3. Correlation between N and ρH/Suc0 ratios of the fully braced excavation in plane strain conditions, where re = 0.5; B/H = 0.25, 0.50, 1.0, 
2.0; D/H = 0, 0.25, 0.50, 0.75, 1.0; and ρH/Suc0 = 0, 1, 2, 3, 4. 
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when the strength gradian factor (ρH/Suc0) has a significant ratio value, the soil shear strength increases with that ratio value. 
Therefore, the soil strength will increase with depth as an ρH/Suc0 increases, which means that the soil can support its own weight more 
effectively than in the case of a small ρH/Suc0 ratio value. The correlations between ρH/Suc0 and N are also shown in Fig. 4(a–d), Fig. 5 
(a–d), Fig. 6(a–d), Fig. 7(a–d), and Fig. 8(a–d), for the different values of re = 0.6, 0.7, 0.8, 0.9, and 1, respectively. It can be observed 
from Fig. 4(a) to 8(d) that all of the increasing trend lines of the N value are similar to Fig. 3(a–d), which are linear. The results shown 
in Fig. 3(a)–8(b) can be used as the design charts for evaluating the stability of fully supported excavations in anisotropic and isotropic 
clays considering the linear increase in soil strength with depth. 

To demonstrate the impacts of other parameters, in addition to the correlation of N with ρH/Suc0, the correlations between N and 
other dimensionless variables, namely, D/H, B/H, and re are shown in Figs. 9–11. Fig. 9(a) and (b) indicate the correlation between D/ 
H and N for narrow and broad fully braced supported excavations (B/H = 0.25 and 1), where re = 0.5. The dimensionless parameters 
are selected to investigate the influence of D/H on N comprising D/H = 0 and ρH/Suc0 = 0 to 4. From the results in those figures, it can 
be seen that N increases as both the D/H and ρH/Suc0 ratios increase. When the length of the clay-embedded portion of the wall is 
sufficient, the D/H ratio is an important dimensionless parameter. It will help the wall resist the forces transferred from the soil’s 
weight to the wall as we excavate the soil. 

Fig. 10(a and b) demonstrates the influence of B/H on N for both cases of no embedded wall (Fig. 10(a)) and an embedded wall case 
(Fig. 10(b)). The dimensionless variables selected to examine the effect of B/H on N consist of D/H, re, and ρH/Suc0. These dimen-
sionless variables are equal to D/H = 0 and 1; re = 0.5; and ρH/Suc0 = 0 to 4. From the overall observation, the influence of B/H on N 
can be divided into three terms. First, in terms of no embedded wall (D/H = 0) with narrow excavation (B/H = 0.25 and 0.5), the N 
value decreases when the B/H ratio increases for the cases of ρH/Suc0 = 0 to 4. Second, in terms of no embedded wall (D/H = 0) with 
broad excavation (B/H = 1 and 2), the N value does not change even though B/H increases for the cases of ρH/Suc0 = 1 to 4. For 

Fig. 4. Correlation between N and ρH/Suc0 ratios of the fully braced excavation in plane strain conditions, where re = 0.6; B/H = 0.25, 0.50, 1.0, 
2.0; D/H = 0, 0.25, 0.50, 0.75, 1.0; and ρH/Suc0 = 0, 1, 2, 3, 4. 
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example, in the case of D/H = 0, re = 0.5, ρH/Suc0 = 1, and B/H = 1 and 2, the values of N are equal to 9.87 and 9.87 (see Fig. 10(a)). 
Third, in the case of an embedded wall (D/H = 1), N decreases when the B/H ratio increases for all cases of ρH/Suc0. There is no 
constant part in the third term. According to the findings, the influence of B/H on the N value can be summarized by stating that it does 
not affect the N value in the case of broad excavation and no embedded length of the wall. However, a narrow excavation with an 
embedded length can significantly cause a change in the N value. 

Fig. 11(a and b) shows the effect of re on the N value for both cases of narrow and broad excavation (B/H = 0.25 and 1) for the case 
of no embedded wall (D/H = 0). The dimensionless variables utilized for numerical investigation in Fig. 11 to examine the influence of 
re on N consist of re = 0.5 and ρH/Suc0 = 0 to 4. From the results, as shown in Fig. 11(a)–(b), the N value increases with an increase in 
both dimensionless parameters of re and ρH/Suc0 ratios for all cases, and the tendency of N is slightly non-linear for all cases of ρH/Suc0. 
As the re ratio increases, the parameter of Sue0 (undrained shear strength from the extension test) also increases while the value of Suc0 
remains constant. Suppose Sue0 has a significant value up to one hundred percent or Sue0 = Suc0 = Sus0; this indicates that the soil is in 
an isotropic condition and can receive the same force in all directions (in the case of re = 1). As a result, the soil capacity would 
increase. 

The dimensionless parameters used to examine the influence of the shear dissipation failure mechanisms of braced excavations 
consist of D/H, B/H, ρH/Suc0, and re. Fig. 12(a–e) indicates the shear dissipation failure mechanisms in the case of broad excavation (B/ 
H = 1) and the soil modeled as anisotropic clay (re = 0.8) with the strength gradient factor (ρH/Suc0 = 1). In all cases where D/H is 
increased, the failure mechanism zone becomes deeper and spreads upward to the wall behind. The shear dissipation failure mech-
anisms formed in the case of no embedded wall (D/H = 0) have two overlapping spiral patterns. In this instance, the most sensitive 
zone is beneath the excavation zone. In the case of a very shallow inserted wall (D/H = 0.25), the formed shear dissipation has a single 
spiral pattern, and a portion of the sensitive zone remains beneath the excavation. In other cases, D/H = 0.5, 0.75, and 1, shear 

Fig. 5. Correlation between N and ρH/Suc0 ratios of the fully braced excavation in plane strain conditions, where re = 0.7; B/H = 0.25, 0.50, 1.0, 
2.0; D/H = 0, 0.25, 0.50, 0.75, 1.0; and ρH/Suc0 = 0, 1, 2, 3, 4. 
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dissipation appears as a spiral pattern. It clearly occurs at the end of the wall, cutting through to the symmetry plane under the 
excavated area and then extending from the base upward to the wall’s right-side zone. The shear dissipation failure mechanisms 
described above can be explained using two terms. No embedded to shallow embedded walls or medium to deeply embedded walls 
exhibit distinctive shear dissipation patterns. In the no embedded to shallow embedded wall cases, the soil beneath the excavation has 
risen due to the downward pressure generated by the soil weight from the walls behind. At the bottom of the cut, this pressure causes a 
bulge. In the case of medium to deeply embedded walls, the downward pressure generated by the soil’s weight cannot pass through 
under the bottom of the cut because the part inserted into the clay of the wall is long enough. Consequently, the shear dissipation 
failure mechanism occurred at the end of the bottom of the wall. 

Fig. 13(a–d) shows the influence of the B/H ratios on the shear dissipation failure mechanisms of this issue with D/H = 0.5, re = 0.8, 
and ρH/Suc0 = 1. In all cases, the pattern of shear dissipation changed as the B/H ratios increased. At the bottom of the cut, the failure 
mechanism of the wide-area excavation (B/H = 2) case changes significantly. The downward pressure created by the soil’s weight from 
the walls behind was most noticeable under the excavation and along the side of the wall. 

Fig. 14(a–e) demonstrates the effect of ρH/Suc0 on the shear dissipation failure mechanisms of this issue with D/H = 0.5, re = 0.8, 
and В/Н = 1. The area of shear dissipation failure mechanisms decreased when the ρH/Suc0 ratios increased, and the failure patterns 
were the same spiral pattern. Except for ρH/Suc0 = 0, the failure mechanism is half of a V-shaped pattern. Fig. 15(a–f) depicts the 
impact of the re ratio on the shear dissipation failure mechanism of fully braced excavation with D/H = 0.5, ρH/Suc0 = 1, and B/H = 1. 
All failure patterns exhibit the same spiral formation, and the failure zone remains unchanged despite the increase in the re ratio. 

Fig. 6. Correlation between N and ρH/Suc0 ratios of the fully braced excavation in plane strain conditions, where re = 0.8; B/H = 0.25, 0.50, 1.0, 
2.0; D/H = 0, 0.25, 0.50, 0.75, 1.0; and ρH/Suc0 = 0, 1, 2, 3, 4. 
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4. ANN application 

This study employs an artificial neural network (ANN) model to propose a correlation equation between the investigated input and 
output variables to assist practitioners in applying the findings of this paper to design work. Although the application of the ANN model 
appeared in the last decade and other machine learning approaches, such as MARS, RF, XGBoost, and SVM, it is still an effective 
approach to calibrating the complicated relationship of all parameters. The use of ANN models is more popular, which can be observed 
from some recent studies related to the fields of structure engineering [48,49], construction management [50], environmental en-
gineering [51], and geotechnical engineering [52–67]. Furthermore, ANNs can be used to implement sensitivity analysis [65]. 

The concept of the ANN model is to emulate the functioning of the human brain by imitating its input, hidden, and output layers 
and their connected neurons, or nodes, as shown in Fig. 16. The current nodes are responsible for processing and transmitting input 
signals to the nodes that follow them. The characteristics of a neuron are expressed through the connection weight and bias constant, 
which are changed during learning processing. Based on the connection weight and bias of neurons, the complex nonlinear rela-
tionship between input and output variables can be simulated in terms of the tansig function [65], as presented in Eq. (2), while the 
impacts of input variables on the output variables, also known as sensitivity analysis, can be determined using the relative index (RI) 
derived from Eq. (3) [65]. 

Npredicted =
∑Nh

=1
Whotansig

(
∑Nx

=1
Wihx+ bih

)

+ bho (2)  

Fig. 7. Correlation between N and ρH/Suc0 ratios of the fully braced excavation in plane strain conditions, where re = 0.9; B/H = 0.25, 0.50, 1.0, 
2.0; D/H = 0, 0.25, 0.50, 0.75, 1.0; and ρH/Suc0 = 0, 1, 2, 3, 4. 
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Fig. 8. Correlation between N and ρH/Suc0 ratios of the fully braced excavation in plane strain conditions, where re = 1; B/H = 0.25, 0.50, 1.0, 2.0; 
D/H = 0, 0.25, 0.50, 0.75, 1.0; and ρH/Suc0 = 0, 1, 2, 3, 4. 

Fig. 9. Effect of the D/H on the N, where re = 0.5; B/H = 0.25, 1; ρH/Suc0 = 0, 1, 2, 3, 4; and D/H = 0, 0.25, 0.5, 0.75, 1.  
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where x and Nx indicate the independent variables and the number of independent variables; Nh and Ni indicate the number of hidden 
and input neurons; W and b indicate the connection weight and bias, respectively, with the symbols i, h, and o representing the input, 
hidden, and output layers, respectively, and the subscripts k, m, and n representing input, hidden and output neurons, respectively. 

This study selects all data from the investigated cases for use as training data. Four dimensionless investigated variables (B/H, D/H, 
ρH/Suc0, re), or input neurons, are adopted as independent variables, while only one target variable, N, is considered. As a result, there 
are 576 data sets. These data sets are randomly divided into training, validation, and testing with 70 %, 15 %, and 15 %, respectively. 
The optimal ANN model is selected based on using the simplest ANN model that includes one input layer, one hidden layer, and one 
output and considering the effect of the number of neurons in the hidden layer on the accuracy of the ANN model. The accuracy of the 
examined ANN model is determined through traditional regression parameters, which are the coefficient of determination (R2) and 
mean squared error (MSE). The determination of MSE and R2 can be found in Eq. (4) and Eq. (5). Fig. 17 illustrates the relationship 
between the number of hidden neurons and the variation in MSE and R2, which are used to select the optimal model. Due to the 
increased number of hidden neurons, the R2 is closer to 1, and the MSE is slight. When the number of hidden neurons is less than four, 
the values of R2 and MSE are unstable. In contrast, R2 and MSE stabilize when the number of hidden neurons exceeds four. These values 

Fig. 10. Effect of the B/H on the N, where re = 0.5; D/H = 0, 1; ρH/Suc0 = 0, 1, 2, 3, 4; and B/H = 0.25, 0.5, 1, 2.  

Fig. 11. Effect of the re on the N, where D/Н = 0; B/H = 0.25, 1; ρH/Suc0 = 0, 1, 2, 3, 4; and re = 0.5, 0.6, 0.7, 0.8, 0.9, 1.  

V.Q. Lai et al.                                                                                                                                                                                                          



Heliyon 9 (2023) e20902

12

Fig. 12. Shear dissipation failure mechanisms of the rigid wall fully braced excavation, where D/H = 0, 0.25, 0.50, 0.75, and 1.0; B/H = 1; re = 0.8; 
and ρH/Suc0 = 1. 
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remain constant when the number of hidden neurons is above eight. Therefore, the simplest ANN with eight neurons in the hidden 
layer is chosen as the optimal model. 

MSE=
1
n
∑n

i=1

(
Npredict

i − Ni
)2

(4)  

R2 = 1 −

∑n

i=1

(
Npredict

i − Ni
)2

∑n

i=1
(Ni − N)

2
(5)  

where n is the number of samples and Npredict
i and Ni indicate the predicted and input values, respectively. 

Fig. 13. Shear dissipation failure mechanisms of the rigid wall fully braced excavation, where B/H = 0.25, 0.50, 1, and 2; D/H = 0.5; re = 0.8; and 
ρH/Suc0 = 1. 
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Fig. 14. Shear dissipation failure mechanisms of the rigid wall fully braced excavation, where ρH/Suc0 = 0, 1, 2, 3, and 4; D/H = 0.5; re = 0.8; and 
В/Н = 1. 
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Fig. 15. Shear dissipation failure mechanisms of the rigid wall fully braced excavation, where re = 0.5, 0.6, 0.7, 0.8, 0.9, and 1; D/H = 0.5; ρH/Suc0 
= 1; and В/Н = 1. 
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Fig. 16. Architect of general ANN model.  

Fig. 17. Relationship between number of hidden neurons and R2, MSE with: (a) training set (70 % data) (b) validating set (15 % data) (c) testing set 
(15 % data) (d) all data (100 % data). 
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Based on the constant values of connection weight and bias of the optimal model prepared in Table 2, the empirical equation that 
shows the relationship between four dimensionless investigated variables (B/H, D/H, ρH/Suc0, re) and stability number (N) is shown in 
Eq. (6). The empirical equation is evaluated using the numerical results presented in Fig. 18. With an R2 of 99.98 %, the predicted 
stability number N is in excellent agreement with the numerical results. This result confirms that the developed empirical equation for 
predicting the basal heave stability number of braced excavations is a practical engineering tool. 

N = 0.0357N1 + 2.2905N2 + 1.1785N3 − 0.6486N4 + 1.6976N5

− 1.0330N6 + 1.2324N7 + 3.2987N8 − 0.7388
(6)  

where 

N1 = tansig(0.6429B /H − 0.1458re − 1.5227ρH / Suc0 + 0.8487D /H)

N2 = tansig( − 0.0448B /H + 0.0643re + 0.2127ρH / Suc0 + 0.234D /H)

N3 = tansig(0.0152B /H − 0.24058re + 0.2036ρH / Suc0 + 0.1276D /H)

N4 = tansig(0.3811B /H − 0.0292re + 0.4175ρH / Suc0 − 0.3827D /H)

N5 = tansig( − 0.0431B /H + 0.14018re − 0.3051ρH / Suc00.1447D /H)

N6 = tansig( − 1.452B /H + 0.19468re + 0.3218ρH / Suc0 − 0.2461D /H)

N7 = tansig( − 2.2641B /H + 0.1505re + 0.4087ρH / Suc0 + 0.374D /H)

N8 = tansig(0.0867B /H + 0.0274re + 0.1726ρH / Suc0 − 0.2458D /H)

Furthermore, the impact of each dimensionless investigated variable (i.e., B/H, D/H, ρH/Suc0, re) on the stability number is 
determined using Eq. (3). Moreover, sensitive results are presented in Fig. 19. According to Fig. 19, ρH/Suc0 is the most influential 
parameter with an RI of 32.96 %, followed by D/H, B/H and re with RIs of 27.74 %, 26.76 %, and 12.54 %, respectively. These results 
suit the parametric study results shown in Figs. 3, 9 and 10, where the variation between N and ρH/Suc0 is stronger than that between N 
and other parameters. 

5. Conclusion 

This study investigates the undrained basal stability of fully braced excavation in anisotropic clays with linearly increasing shear 
strength with depth employing upper and lower bound finite element limit analysis under plane strain based on the AUS failure 
criterion. The undrained basal stability is examined through dimensionless stability number (N) variation and the failure mechanisms 
due to changes in re, B/H, D/H, and ρH/Suc0. The following conclusions can be drawn from the study outcomes:  

- The N factor linearly increases due to an increase in the D/H and ρH/Suc0 ratios and nonlinearly increases due to an increase in re. 
Conversely, the N factor decreases when the B/H ratio increases.  

- The effects of D/H and B/H on shear dissipation failure mechanisms have similar formations. With a shallow embedded depth, 
failure occurs at the bottom of the cut, and failure occurs at the bottom of the wall in the case of a deeper embedded depth. In other 
ways, the failure mechanisms have small changes due to ρH/Suc0 and re variations. There occurred under the excavation zone as a 
spiral pattern except for a V-shaped pattern in the case of ρH/Suc0 = 0.  

- The ANN model is applied to propose an empirical equation that can serve as a valuable tool for practical engineering with an R2 of 
99.98 %. Furthermore, from the ANN model, the sensitivity results show that ρH/Suc0 is the most influential parameter with an RI of 

Table 2 
The constant weigh and bias of the selected ANN model.  

Neuron Wih bih Who bho 

Input variables Output 

B/H re ρH/Suc0 D/H N 

1 0,6429 − 0,1458 − 1,5277 0,8487 − 1,8076 0,0357 − 0,7388 
2 − 0,0448 0,0643 0,2127 0,2340 − 0,8047 2,2905 
3 0,0152 − 0,2405 0,2036 0,1276 0,1267 1,1785 
4 0,3811 − 0,0292 0,4175 − 0,3827 0,5337 − 0,6486 
5 − 0,0431 0,1401 − 0,3051 0,1447 0,4582 1,6976 
6 − 1,4520 0,1946 0,3218 − 0,2461 − 3,0919 − 1,0330 
7 − 2,2641 0,1505 0,4087 0,3740 − 3,5430 1,2324 
8 0,0867 0,0274 0,1726 − 0,2458 0,4276 3,2987  
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32.96 % and that the RIs of D/H, B/H, and re are 27.74, 26.76, and 12.54 %, respectively, which can be used as a theoretical 
guideline for practical engineering in selecting parameters during the initial design process. 
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