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ABSTRACT 
 

     In this study, a wall-design approach based on characterized support-system 
stiffness is presented. The approach is based on the newly established stiffness influence 
factor for which the effects of various influence factors are considered. The results of 
three-dimensional finite element analyses are shown and analyzed. A range of 
excavation, support, and soil conditions were considered in the analysis. Emphasis was 
placed on the effect of system stiffness for irregular excavation configurations with re-
entrant corner, under various soil conditions. The findings revealed that the re-entrant 
corner acted as a stiffening element, resulting in reduced wall deflection and surface 
settlement within this zone. It was also observed that the influence zones of wall 
deflection and surface settlement were deeper and wider in the re-entrant corner zone. 
The individual performance of the influence parameters was evaluated and integrated 
into a unified evaluation model based on the system stiffness influence factor. The newly 
established system stiffness influence factor proved to be highly effective in predicting 
wall deflection and surface settlement. Case examples provided empirical evidence 
supporting the validity and efficacy of this method in excavation design. Additionally, a 
SHAP analysis highlighted the pivotal role of wall stiffness in shaping wall performance, 
demonstrating its relevance in further enhancing and optimizing excavation design.  
 
1. INTRODUCTION 
 
     Urban construction projects face significant challenges due to excavation-induced 
wall behavior and ground movements. These issues, resulting from changes in soil stress, 
wall deformation, and ground movements during excavation, pose a risk of temporary or 
permanent damage to nearby properties. The extent of wall deformation and ground 
movements depends on factors like wall stiffness, support system, soil condition, 
excavation geometry, and construction processes (Wang et al. 2010; Goh et al. 2017). 
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The influence of support-system stiffness during excavation has often been 
characterized using parameters proposed by Clough et al. (1989) and Bryson and 
Zapata-Medina (2012). However, these parameters primarily focus on quickly estimating 
wall deflection, overlooking the impact of excavation and wall configurations with 
geometrical irregularities and strut distribution. Notably, irregular-shaped excavations 
with re-entrant corners, as discussed in Abbas et al. (2023 and 2024), lead to 
unsymmetrical wall deformation and ground settlement. These irregularities may alter 
the influence of support-system stiffness, emphasizing the need for further investigation 
and quantification of these effects. 

A method to assess the impact of support system stiffness in excavation design is 
introduced in this study, employing a newly developed system stiffness parameter. 
Analyses of various stiffness components are incorporated into the method, and 3D finite-
element simulations are employed, considering various excavation and support 
configurations, wall properties, and soil conditions. A Shaply Aditive exPlaination (SHAP) 
analysis is conducted to check the importance of influence parameters. Case examples 
are utilized to validate and evaluate the effectiveness of the proposed method. 
 
2. Finite element analysis of excavation 
 
2.1 Analysis cases 
     A database of wall and ground movement behaviour was prepared using three-
dimensional (3D) finite element (FE) analysis with PLAXIS 3D. A total of 240 FE models 
were prepared and analysed with changes in wall embedment depth (D), strut horizontal 
and vertical spacing (SPh, SPv) and wall bending stiffness (EI), as given in Table 1. 
Typical cross-section of the excavation support system is given in Fig. 1. The EI of wall 
was considered by varying the thickness of wall (t) with constant elastic modulus of E = 
24.82 GPa (Goh et al. 2017). Each model case in Table 1 was simulated for three 
different soil types of soft clay (CS), medium clay (CM) and sand (S) and four different 
excavation configurations of irregular shapes (IR-1, IR-2) and regular shapes (R-1, R-2), 
assuming different soils and excavations in actual conditions. The excavation 
configurations adopted are summarized in Figs. 2(a) and (b). The representative 
monitoring locations and excavation influence area (Ai) are described in Fig. 2(c), where 
P1-1 and P3 are the locations of maximum deflection along W1 and W3. 
 

Table 1 Stiffness influence components in FE analyses. 
D (m) SPh (m) SPv (m) t (m) 

6, 10, 13, 18 5.0 3.0 0.6 

13 2.5, 5.0, 
7.5, 10 3.0 0.6 

13 5.0 1.5, 3.0, 4.2, 
5.1, 6.0 0.6 

13 5.0 3.0 
0.3, 0.45, 
0.6, 0.8,  

1.0, 1.2, 1.4 
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Fig. 1 Cross-sectional view of irregular excavation case. 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 2 Excavation configurations: (a) IR-1 and IR-2; (b) R-1 and R-2; and (c) monitoring 
locations and influence area. 
 
2.2 FE analysis model 

   The lateral boundaries of the FE model used in this study were extended beyond 
the settlement influence zone at a distance of five times of Hex. The size of the FE model 
was 230 x 230 x 60 m in length, width, and depth, respectively, as shown for the case of 
IR-1 in Fig. 3. The lateral and bottom boundaries of the model were laterally constrained 
and fixed, respectively. 
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Fig. 3 FE model used in analysis. 

 
The wall in the FE analysis was modelled using plate elements with elastic modulus 

E of 24.82 GPa and Poisson’s ratio of 0.2, typical assumed for diaphragm wall (Goh et 
al. 2017). Steel struts and walers for the braced excavation were modelled with elastic 
beam elements with axial stiffness (EA) of 1.53 x 106 kN/m and 1.82 x 106 kN/m, 
respectively (Zhang et al. 2015). Structural members (wall, struts and walers) were 
modelled as a fixed connection. The soil-structure interaction was simulated using the 
strength reduction factor (Rint) of 0.8 and 0.7 for excavation in clays and sand, 
respectively. The hardening soil small strain (HSS) was used for soil to incorporate the 
non-linear elastoplastic response of the soil at small strain (Benz et al. 2009). The input 
parameters for different soil types of CS, CM and S were adopted from the literature 
(Bryson and Zapata-Medina 2012; Goh et al. 2017; Zhang et al. 2019), as given in Table 
2. 

The staged-excavation process was modelled for the excavation depth (Hex) of 17 
m. After the wall installation in first-stage, the soil was excavated to a depth of 2.0 m, 
where the first level supports were installed at a depth of 1.5 m. This process was 
sequentially performed until reaching Hex = 17 m. To simulate fully saturated ground 
conditions, the groundwater level was maintained at the ground surface and dewatered 
inside the excavation in each step. 

Table 2 HSS model soil parameters used in analysis. 
Parameters CS CM S 
γsat (kN/m3) 18.1 18.9 19.8 
E50 (MPa) 2.35 6.55 30 
Eoed (MPa) 1.95 5.24 30 
Eur (MPa) 10 19.65 90 
G0 (MPa) 43 55 120 

γ0.7 0.0002 0.0002 0.0002 
φ′ (°) 24.1 29 35.4 

Cref (kPa) 0.05 0.05 0.01 
Power (m) 0.8 0.8 0.54 

K0 0.59 0.51 0.42 
Rf 0.8 0.8 0.93 
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2.3 Model validation 
The field measured case example data by Hsiung et al. (2016) was adopted and 

compared with predicted FE results in this study. The considered case example 
excavation of 20 × 70 m in length and width, was retained by a 0.9-m thick and 32-m 
deep wall. The excavation depth of 16.8 m was supported by four levels of steel struts at 
an SPh of 5.5 m. The soil layers composed of sandy and thin clay layers, which 
correspond to sand soil conditions assumed in this study. The HSS model, with E in the 
ranges of 20 - 75 and 14 - 42 MPa for the sand and clay layers, respectively, as provided 
in Hsiung et al. (2016), was employed. Figs. 4(a) and (b) display the profiles of measured 
and predicted lateral wall deflection (δw) at excavation depth of 7.3 m and final excavation 
depth of 16.8 m. The predicted profile closely matched the monitored results along the 
entire depth, confirming the validity of FE model used in this study. 

 
Fig. 4 Validation of FE model with Hsiung et al. (2016). 

 
3. Effect of influence parameters 
 
3.1 Effect of excavation shapes 

Excavation-induced wall deflection (δw) for irregular cases IR-1 and IR-2 and 
regular case R-1 (30 x 30 m) for the excavation in medium clay (CM) were presented in 
Fig. 5. Results in Fig. 5 were obtained at P1-1 and P3 for IR and at the center of L for R, 
showing a typical bulging shape with maximum δw (i.e., δw,m) at a depth of 16 m (Zm = 
0.95Hex). 

 
Fig. 5 Wall deflection with different excavation shapes. 
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In Fig. 5, smaller δw values at P3 of IR-1 and IR-2 compared to P1-1 were attributed 
to the narrower excavation width at the re-entrant corner side. Larger δw values in IR-2, 
particularly pronounced at P3, were explained by the diminished corner stiffening effect 
with an increasing corner-wall length. R-1 exhibited smaller δw values than IR cases, 
attributed to a uniform strut distribution creating a stronger supporting system. Fig. 5 
results suggest that δw is primarily influenced by excavation length (strut length), distance 
from the corner, and the excavation influence area (Ai). 
 
3.2 Effect of stiffness parameters 

Various stiffness influence components, including embedment depth (D), wall 
stiffness (EI), and vertical and horizontal spacings of struts (SPh and SPv), were analyzed 
for δw,m/Hex in different soil types for IR-1 and R-1, as given in Fig. 6. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 6 Effect of stiffness parameters on on δw,m: (a) EI; (b) D; and (c) SPh and SPv. 
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In Fig. 6(a), δw,m/Hex values for P1-1 of IR-1 and center of L for R-1 decreased with 
increasing EI, revealing that the EI played a significant role in selecting support system 
stiffness, particularly for soft soils of CS to CM. δw,m/Hex decreased with increasing D/Hex, 
with a more pronounced reduction at D/Hex between 0.4 and 0.7, indicating an optimum 
D, as given in Fig. 6(b). Fig. 6(c) illustrated the influence of SPh and SPv on δw,m, showing 
increased values with rising SPh/Hex and SPv/Hex, especially for softer soils of CS. This 
confirmed the 3D nature of the strut effect, emphasizing the need to consider both SPh 
and SPv for characterizing support system stiffness. These findings indicate economic 
relevance and optimization of stiffness influence parameters for deep excavation design. 
 
4. Proposed method for system stiffness 
 
4.1 Proposed stiffness factor 

Various excavation and soil conditions were used to establish an optimized method 
for evaluating support system stiffness in excavation design. The effects of stiffness 
influence components (D, EI, SPh, SPv), soil conditions (CS, CM, S), and excavation 
configurations (IR, R and Ai) were all considered and incorporated to establish a stiffness 
influence factor (IF) as a concise and effective expression. Based on the positive and 
negative influence tendencies of each parameter, IF was formulated given as follows: 

𝐼𝐼𝐹𝐹 = 𝐸𝐸𝑠𝑠
𝑝𝑝𝐴𝐴
∙ 𝐸𝐸
𝑝𝑝𝐴𝐴
∙ 𝐼𝐼𝐴𝐴𝑠𝑠
𝑆𝑆𝑆𝑆ℎ𝑆𝑆𝑆𝑆𝑣𝑣𝐴𝐴𝑖𝑖

∙ 𝐷𝐷
𝐻𝐻𝑒𝑒𝑒𝑒

                        (1) 

where Es and E = elastic moduli of soil and wall; I = moment of inertia of wall; As = cross-
sectional area of strut; Hex = final excavation depth; D = wall embedment depth; SPh and 
SPv = horizontal and vertical strut spacings; and Ai = excavation influence area; pA = 
reference pressure equal to 100 kPa, adopted for dimensionless normalization. 

Fig. 7 shows δw,m/Hex values with IF for all considered cases, revealing a consistent 
decrease as IF increases. Soft and medium clays exhibited lower IF values than sandy 
soils, indicating a tight and consistent correlation between δw,m/Hex and IF across different 
soil types. The results in Fig. 7, considering various excavation configurations, influence 
stiffnesses, and soil conditions, are uniquely consistent, leading to a fitting line 
expressing the correlation between δw,m/Hex and IF. 

𝛿𝛿𝑤𝑤,𝑚𝑚
𝐻𝐻𝑒𝑒𝑒𝑒

(%) = 0.2 × 𝐼𝐼𝐹𝐹
(−0.39)                         (2) 

 

 
Fig. 7 Values of δw,m/Hex with IF. 
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Fig. 7 and Eq. (2) aid designers in selecting optimal support system stiffness for 
control deformation. IF effectively quantifies combined influences of stiffness parameters 
and 3D characteristics of the excavation. 

 
4.2 Validation of proposed method 

To validate the proposed method, case examples were collected from literature 
(Hsieh and Ou 1998; Wang et al. 2010; Khoiri and Ou 2013; Tan et al. 2014; Hsiung et 
al. 2016; Elbaz et al. 2018; Houhou et al. 2019) covering various soil, excavation and 
support system conditions. Using Eq. (1), IF values were computed based on wall and 
soil parameters. In Fig. 8, measured δw,m/Hex values of the collected case examples 
correlated well with the proposed Eq. (2), confirming the effectiveness of IF in estimating 
δw,m/Hex. 

 
Fig. 8 Validation of proposed IF for estimating δw,m. 

 
4.3 Importance of influence parameters 

The excavation induced wall behavior and support system stiffness is influenced 
by various parameters, as discussed earlier. Understanding the significance of 
influencing factors are important for accurate prediction in design. The importance and 
contribution of these parameters, including Es, EI, Ai, SPh, SPv, and D, in estimating δw,m 
were assessed using the SHapley Additive exPlanations (SHAP) analysis (Lundberg and 
Lee 2017). Fig. 9 depicts the relative feature importance, with soil stiffness (Es) identified 
as the most important variable, followed by Ai, EI, SPv, and SPh. D was found to 
contribute the least to δw,m. 

 

 
Fig. 9 SHAP analysis of influence parameters on δw,m. 
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5. Conclusions 
 

In this study, a system stiffness influence factor was introduced, establishing a 
correlation between various excavation parameters and the resulting movements of walls 
and ground. Smaller wall deflection values were observed for the re-entrant corner wall 
in irregular excavation compared to the long wall, attributed to the corner stiffening effect 
and a smaller excavation influence area in the re-entrant corner zone. In regular cases, 
wall deflection values were smaller than in irregular excavations, highlighting the 
influence of uniform strut distribution with a robust support system. 

The values of wall deflection decreased with an increase in support system stiffness, 
whether in terms of D, EI, SPh, or SPv. The influence of stiffness influence parameters 
was more noticeable in soft clay and medium clay excavations, while less prominent in 
sandy conditions. The proposed system stiffness influence factor (IF) effectively predicts 
maximum wall deflection, serving as a valuable tool for designers to select support 
system stiffness based on deformation limits and enhance the precision of excavation 
design across various conditions. 

The SHAP analysis underscores the pivotal role of soil stiffness, excavation 
influence area, and wall stiffness in minimizing wall deflection, while the configuration of 
strut supports, and wall embedment depth exhibit comparatively lesser influence. Case 
examples validate the practical applicability of the proposed method, emphasizing its 
effectiveness in estimating wall deflections. These comprehensive findings contribute to 
decision-making for excavation design with improved performance.  
 
ACKNOWLEDGEMENTS 
 

This research was conducted with the support of the "National R&D Project for 
Smart Construction Technology (No. RS-2020-KA156488)" funded by the Korea Agency 
for Infrastructure Technology Advancement under the Ministry of Land, Infrastructure and 
Transport, and managed by the Korea Expressway Corporation. It was also supported 
by the “National Research Foundation of Korea (NRF) grant funded by the Korea 
government (MSIT) (No. 2020R1A2C201196615)”. 
 
REFERENCES 
 
Abbas, Q., Yoon, J., and Lee, J. (2023), “Characterization of wall deflection and ground 

settlement for irregular-shaped excavations with changes in corner configuration”, Int. 
J. Geomech., 23(1), 04022258. 

Abbas, Q., Yoon, J., and Lee, J. (2024), “A method for characterizing stiffness of support 
system for excavation design”, Int. J. Geomech., 24(2), 04023277. 

Benz, T., Vermeer, P. A., and Schwab, R. (2009), “A small-strain overlay model”, Int. J. 
Numer. Anal. Methods in Geomech. 33(1), pp. 25-44. 

Bryson, L. S., and Zapata-Medina, D. G. (2012), “Method for estimating system stiffness 
for excavation support walls”, J. Geotech. Geoenviron. Eng., 138(9), pp. 1104-1115. 

Clough, G. W., Smith, E. M., and Sweeney, B. P. (1989), “Movement control of 
excavation support system by iterative design”, In: Found. Eng. Current Principles and 
practices (ASCE), 2, pp. 869-884, 1989. 



The 2024 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM24)
19-22, August, 2024, The K hotel, Seoul, Korea

  

Elbaz, K., Shen, S. L., Tan, Y., and Cheng, W. C. (2018), “Investigation into performance 
of deep excavation in sand covered karst: A case report”, Soils and Found., 58(4), pp. 
1042-1058. 

Goh, A. T. C., Zhang, F., Zhang, W., Zhang Y., and Liu, H. (2017), “A simple estimation 
model for 3D braced excavation wall deflection”, Comput. Geotech., 83, pp. 106-113.  

Hsieh, P. G., and Ou, C. Y. (1998), “Shape of ground surface settlement profiles caused 
by excavation”, Can. Geotech., 35(6), pp. 1004-1017.  

Hsiung, B. C. B., Yang, K. H., Aila, W., Hung, C. (2016), “Three-dimensional effects of a 
deep excavation on wall deflections in loose to medium dense sands”, Comput. 
Geotech. 80, pp. 138-151. 

Houhou, M. N., Emeriault, F., and Belounar, A. (2019), “Three-dimensional numerical 
back-analysis of a monitored deep excavation retained by strutted diaphragm walls”, 
Tunn. Undergr. Space Technol., 83, pp. 153-164. 

Khoiri, M., and Ou, C. Y. (2013), “Evaluation of deformation parameter for deep 
excavation in sand through case histories”, Comput. Geotech., 47, pp. 57-67. 

Lundberg, S. M., and Lee, S-I. (2017), “A unified approach to interpreting model 
predictions”, In: 31st Conf. on Neural Inf. Proce. System (NIPS), Long Beach, CA, 
USA. 

Tan, Y., Wei, B., Diao, Y., and Zhou, X. (2014), “Spatial corner effects of long and narrow 
multiproped deep excavations in shanghai soft clay”, J. Perform. Constr. Facil., 28(4), 
04014015.  

Wang, J. H., Xu, Z. H., and Wang, W. D. (2010), “Wall and ground movements due to 
deep excavations in shanghai soft soils”, J. Geotech. Geoenviron. Eng., 136(7), pp. 
985-994. 

Zhang, W., Goh, A. T. C., Xuan, F. (2015), “A simple prediction model for wall deflection 
caused by braced excavation in clays”, Comput. Geotech., 63, pp. 67-72. 

Zhang, W., Hou, Z., Goh, A., and Zhang, R. (2019), “Estimation of strut forces for braced 
excavation in granular soils from numerical analysis and case histories”, Comput. 
Geotech., 106, pp. 286-295. 


