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1. Introduction 
 

Rapid urbanization has led to an increasing demand for 
deep excavation projects necessary for the construction of 
high-rise buildings, basements, and underground 
infrastructures. A major concern for urban construction 
projects with deep excavation is the wall and ground 
movements induced by excavation. Stress release and 
changes in other mechanical state of soil from deep 
excavations can cause excessive lateral wall deflection and 
ground movement, potentially resulting in temporary or 
permanent damage to nearby facilities (Chen et al. 2023, 
Liu et al. 2023, Tabaroei and Chenari 2024, Abbas et al. 
2024a, b). To ensure the stability and sustainability of urban 
construction, therefore, it is important to comprehend wall 
and ground movements behavior. 

The extent of wall deformation and ground movements 
during excavation is influenced by various factors such as 
the stiffness of wall and support system, soil condition, 
groundwater level, excavation geometry, and construction 
processes (Ou et al. 1998, Wang et al. 2010, Goh et al.  
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2017). In particular, the stiffness of wall and support system  

is a crucial factor that affects wall and ground movements 

(Clough et al. 1989, Wang et al. 2010, Zhang et al. 2015, 

Giraldo et al. 2021). This stiffness is given by the structural 

stiffness condition, wall embedded depth, strut spacing, and 

geological conditions. Closely spaced struts, thicker walls, 

and deeper embedded depths all increase the system 

stiffness yet raise costs, thus requiring optimization (Ou et 

al. 1996, Finno et al. 2007, Zhang et al. 2019, Giraldo et al. 

2021, Ling et al. 2024). 
Many urban areas are located near rivers, and 

excavations in urban areas often take place below the 
groundwater table leading that the groundwater level during 
construction is crucial consideration to prevent possible 
accidents and ensure safety (Pujades and Jurado 2021). Wall 
and support systems offer essential resistance in excavation 
against exerted earth pressure and water pressure, while 
dewatering wells facilitate dry excavation conditions (Calin 
et al. 2017). Instances of excavation failure have been 
reported primarily due to high groundwater level and 
wrongly overestimated stability or the instability of the 
designed support system (Hsieh et al. 2008, Pong et al. 
2012). This clearly indicates that designing a wall and 
support system with proper consideration of groundwater 
level variations is essential. 

The impact of support-system stiffness on excavation 

has been frequently characterized using the system stiffness 

parameters proposed by Clough et al. (1989) and Bryson 

and Zapata-Medina (2012), and Abbas et al. (2024a). These 

parameters were adopted for the estimation of wall 
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deflection, whereas the effect of groundwater level and its 

interaction with excavation and wall configurations were 

not specifically considered. The groundwater level can vary 

during excavation depending on the waterproof condition of 

installed wall, affecting the magnitude of wall deflection. 

For irregularly shaped excavations featuring re-entrant 

corners, wall deformation and ground deformations occur 

unsymmetrically (Abbas et al. 2023, 2024a, Sun et al. 

2022), which would be further complicated with 

groundwater level. All these highlight the need for 

additional investigation and quantification of these effects. 
In this study, the effect of groundwater level and support 

system stiffness on the wall and ground behavior are 
characterized, considering an irregular excavation 
configuration common in urban areas. The system stiffness 
influence factor was adopted to quantify the effect of 
groundwater level in interaction to support system stiffness. 
A design methodology using the stiffness influence factor 
considering the groundwater level is proposed. For this 
purpose, a series of 3D finite-element (FE) analyses were 
performed considering various groundwater level and 
support configurations and wall properties and analyzed. 

 

 

2. Wall and ground movement behavior with 
excavation 

 

2.1 Description of wall deflection and surface 
settlement 

 

Analytical and empirical methods were employed to 

investigate wall and ground movements induced by 

excavation, with field monitoring data and numerical 

modelling results being utilized. Typical configurations of 

excavation-related movements are illustrated in Fig. 1, 

highlighting lateral wall deflection (δw), ground surface 

settlement (sv), the depth to maximum wall deflection (zm), 

and the influence zone of maximum surface settlement (dm). 

It is specified by the common design criteria for wall 

serviceability limit state that the maximum wall deflection 

(δw,m) should fall between 0.2% and 2% of the excavation 

depth (Hex) (Clough and O’Rourke 1990, Long 2001, 

Bahrami et al. 2018). 

The magnitude of δw,m and the depth to δw,m (i.e., zm in 

Fig. 1) is usually proportional to Hex, given as the following 

relationship 

𝛿𝑤,𝑚 = 𝑘𝛿𝐻𝑒𝑥 (1) 

𝑧𝑚 = 𝑘𝑧𝐻𝑒𝑥 (2) 

where kδ and kz = proportional coefficients for δw,m and zm. 

The values of kδ and kz vary in the ranges of 0.1% to 1.5% 

and 0.5 to 1.4, respectively (Ou et al. 1998, Wang et al. 

2010). 
Ground settlement (sv) behind the excavation wall is 

considered a critical design factor to avoid damage to 
adjacent structures. A triangular-shaped influence zone for 
the sv profile behind the wall, extending to two and three 
times the excavation depth (Hex) for sand and stiff clay, 
respectively, and a trapezoidal sv profile was characterized 
for excavations in soft to medium clay (Clough and  

 
Fig. 1 Typical configurations describing wall and ground 

movements for excavation 

 

 

O’Rourke 1990). Hsieh and Ou (1998) reported that the 

maximum ground settlement (sv,m) occurred at a distance of 

0.5 times Hex behind the wall (i.e., dm in Fig. 1), with sv at 

the wall being approximately 0.5 times sv,m. The 

relationship between sv,m and δw,m is expressed as being 

proportional to each other, represented by the following 

relationship 

𝑠𝑣,𝑚 = 𝛼𝛿𝑤,𝑚 (3) 

where α = proportional coefficient. The values of α range 

from 0.4 to 1.5 for soft to medium soft clays and 0.1 to 0.7 

for sand and stiff clays (Clough and O’Rourke 1990, Hsieh 

and Ou 1998, Leung and Ng 2007, Wang et al. 2010). 

These were proposed for regular excavation shape, and no 

detailed guidance on α has been presented for irregular 

cases, where the 3D excavation effect prevails, and changes 

in the groundwater level behind the wall. 

 

2.2 Effect of support system stiffness 
 

Clough et al. (1989) indicated that the wall movements 

are primarily caused by the excavation process and the 

installation of the supporting system. They introduced a 

design procedure for selecting appropriate support-system 

stiffness by presenting a chart that allows for the estimation 

of δw,m as a function of the stiffness influence factor (SIF), 

defined as follows 

𝑆𝐼𝐹 =
𝐸𝐼

𝛾𝑤𝑆𝑃𝑉
4  (4) 

where EI = wall bending stiffness (E = elastic modulus of 

wall and I = moment of inertia of wall); SPv = average 

vertical strut spacing; and γw = unit weight of water. 

Bryson and Zapata-Medina (2012) noted that the SIF 

proposed by Clough et al. (1989) does not accurately 

represent the true nature of wall deformations in deep 

excavations due to its simplified assumptions regarding the 

influence parameters. As an alternative, they suggested a 

new SIF that incorporates soil-structure interaction, support 

and wall elements, and excavation stability, defined as 

follows 

𝑆𝐼𝐹 =
𝐸𝑠
𝐸
∙
𝑆𝑃ℎ𝑆𝑃𝑣𝐻

𝐼
∙
𝛾𝑠𝐻𝑒𝑥

𝑠𝑢
 (5) 
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where Es and E = elastic moduli of soil and wall, 

respectively; I = moment of inertia of wall; SPh and SPv = 

horizontal and vertical spacings of strut, respectively; H = 

wall height; Hex = excavation depth; γs = unit weight of soil; 

su = undrained shear strength of soil at the bottom of the 

excavation. Subsequently, similar charts and equations for 

SIF were proposed with modifications to Eqs. (4) and (5) 

(Moormann 2004, Zhang et al. 2015, Goh et al. 2017, Mu et 

al. 2021). 

Abbas et al. (2024a) introduced a unified stiffness 

influence factor (IF) that considers various components 

affecting excavation, including excavation configuration, 

soil type, support configuration, and wall stiffness. The IF 

proposed by Abbas et al. (2024a) takes into account the 

actual excavation configuration, wall embedded depth, and 

strut properties to more accurately reflect field excavation 

conditions, represented by the following functional 

expression 

𝐼𝐹 =
𝐸𝑠
𝑝𝐴

∙
𝐸

𝑝𝐴
∙

𝐼𝐴𝑠
𝑆𝑃ℎ𝑆𝑃𝑣𝐴𝑖

∙
𝐷

𝐻𝑒𝑥
 (6) 

where Es and E = elastic moduli of soil and wall; I = 2nd 

moment of inertia of wall; As = cross-sectional area of strut; 

Hex = excavation depth; D = wall embedment depth; SPh 

and SPv = horizontal and vertical strut spacings; Ai = 

excavation influence area; and pA = reference pressure 

equal to 100 kPa. IF was then correlated to δw,m/Hex given by 

(Abbas et al. 2024a) 

δ𝑤,𝑚

𝐻𝑒𝑥
(%) = 0.2 × 𝐼𝐹

(−0.39)  (7) 

All the relationships of the wall influence factors 

presented so far pertained to a specific groundwater level 

(GWL) condition and are not applicable to the cases with 

generally observed conditions of GWL that varies 

frequently in periodic pattern depending on field and 

seasonal conditions. This clearly implies that further 

analyzing and accounting for variations in GWL for the 

wall behavior with excavation is necessary and essential to 

ensure the stability of the wall during excavation and for the 

design. 
 

 

3. Numerical simulation of staged excavation 
 
3.1 Description of finite element model 
 
To characterize and quantify the impact of groundwater 

level on wall and ground behavior, the stiffness influence 

factor for excavation was analyzed considering various 

groundwater levels and stiffness conditions of wall and 

supports as well as strut configuration. For this purpose, a 

three-dimensional (3D) finite element (FE) analysis was 

conducted using PLAXIS 3D (PLAXIS 2020). In the 

numerical simulation, the actual excavation process of 

staged construction was included, incorporating changes in 

the factors influencing stiffness. 

Fig. 2(a) shows the cross-sectional and plan views of the 

excavation configuration considered in the analysis. The 

excavation depth (Hex) and the wall embedment depth (D) 

were set to 17 m and 13 m, respectively, reflecting typical  

 

 

urban excavation conditions (Zhang et al. 2019, Hsieh et al. 

2019). A square-shaped re-entrant corner shape 

configuration was considered for excavation, with ratios 

W3/W4 = 1.0 and W3/W1 = 0.5, as shown in Fig. 2(b), 

where the widths of W1 and W3 were 60 m and 30 m, 

respectively. Support struts were placed in two directions, 

with horizontal spacing (SPh) and vertical spacing (SPv) of 

5.0 m and 3.0 m, respectively. The diagonal struts were also 

placed at the corners of each excavation level. 

Fig. 2(c) indicates the locations of measuring points, 

selected as representative locations for each wall: P1-1 and 

P1-2 along W1 in longer and shorter strut zones, and P3 at 

the center of W3. For considering and analyzing the 

stiffness of wall and support system, various conditions of 

wall embedment depth (D), strut horizontal spacing (SPh), 

strut vertical spacing (SPv), and wall bending stiffness (EI) 

were prepared and adopted in the analysis, as summarized 

in Table 1. Note that the variations in wall bending stiffness 

(EI) were achieved by altering wall thickness (t) with a 

constant elastic modulus (E) of 24.82 GPa. Each case for 

the support system stiffness parameters in Table 1 were 

analyzed for three different groundwater levels: at the top 

surface (GL-0 m), at the mid-excavation level (GL-8.5 m), 

and at the base of the excavation depth (GL-17 m). 

Fig. 3 illustrates the typical finite element (FE) model 

for the excavation configuration used in this study. The 

dimensions of the FE model were 230 m in length, 230 m in 

width, and 60 m in depth. The lateral boundaries were 

extended beyond the settlement influence zone to a distance 

of five times Hex from the wall, in accordance with the 

recommendations of Hsieh and Ou (1998). Fixed conditions 

were applied along the bottom boundary of the model, 

while the lateral boundaries were constrained. The soil was 

represented using 10-noded tetrahedral continuum elements, 

with refined mesh arrangements near the wall where high 

stress levels were anticipated. 

The wall was represented using eight-nodded 

quadrilateral plate elements, with an elastic modulus (E) of 

24.82 GPa and a Poisson’s ratio of 0.2. For the braced 

excavation, steel struts and walers were modeled as elastic 

beam elements, exhibiting axial stiffness (EA) values of 

1.53 x 106 kN/m and 1.82 x 106 kN/m, respectively (Poh 

and Wong 1998, Zhang et al. 2015). The walers were 

designed to connect the wall and strut elements, mirroring 

their actual use in construction. Fixed connections were 

simulated for the structural support components (e.g., wall, 

struts, and walers), with the assumption that forces and 

moments are fully transferred. A strength reduction factor  

Table 1 Values of embedment depth (D), strut spacing (SPV, 

SPh) and wall thickness (t) in FE analyses 

D (m) SPh (m) SPv (m) t (m) 

6, 10, 13, 18 5 3 0.6 

13 2.5, 5.0, 7.5, 10 3 0.6 

13 5 1.5, 3.0, 5.1, 6.0 0.6 

13 5 3.0 
0.45, 0.69, 0.80 

1.00, 1.20, 1.40 
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(Rint) was applied to define the interface condition between 

the wall and soil, with a value of 0.7 assigned, considering 

excavation in sand (Zhang et al. 2019). 

The soil constitutive behavior was represented using the 

advanced hardening soil small-strain (HSS) model, which 

effectively captures the non-linear elastoplastic response of 

the soil at small strains (Benz 2007, Benz et al. 2009). The 

HSS model is commonly employed in excavation-related 

modeling due to its suitability for simulating the unloading 

conditions of soil during excavation (Bryson and Zapata-

Medina 2012, Zhang et al. 2015, Goh et al. 2017, 

Choosrithong and Schweiger 2020). The primary 

parameters of the HSS model include four reference 

stiffnesses: secant modulus (E50), unloading-reloading 

modulus (Eur), small-strain shear modulus (G0), and  

 

 
 

oedometric modulus (Eoed). Other necessary parameters 

comprise the internal friction angle (), cohesion intercept 

(cref), a power for stress-dependent stiffness formulation 

(m), and the failure ratio (Rf). In this study, sandy soil was 

utilized and modeled as a drained material. The typical 

properties of both dry and saturated sandy soil were derived 

from the literature (Goh et al. 2017, Zhang et al. 2019) and 

summarized in Table 2. 

For model analysis, the initial geostatic stress state in 

the ground prior to excavation was established using the at-

rest lateral earth pressure ratio (K0). The final excavation 

depth of Hex = 17 m was reached through a staged 

excavation process consisting of 12 stages, as shown in Fig. 

4. Following the installation of the wall during the first 

stage, the soil was excavated to a depth of 2.0 m, where the  

 
(a) Cross-sectional view (b) Plan view (c) Monitoring locations 

Fig. 2 Cross-sectional view and monitoring locations considered in FE analysis model 

 
(a) Model description (b) Details of wall and supports 

Fig. 3 Description of FE model: (a) Mesh configuration and (b) wall and strut system 
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Fig. 5 Validation of FE model with measured wall 

deflection by Hsiung et al. (2016) 

 

 

first level of supports (struts and walers) was installed at a 

depth of 1.5 m. This process was repeated until the 

excavation depth of Hex = 17 m was attained, maintaining a 

vertical spacing of struts at 3.0 m. The final level of support 

was positioned at a depth of 13.5 m. The water level within 

of soil excavation, in accordance with the specified 

groundwater level conditions. In this study, a wished-in-

place wall modeling approach was adopted without pre-

excavation dewatering. Dewatering was simulated using the 

water level control method by adjusting groundwater levels 

inside and outside the excavation, consistent with recent 

studies (Zeng et al. 2021, 2022, Xue et al. 2024). However, 

significant wall movement may occur due to pre-excavation 

dewatering, as reported previously (Zeng et al. 2019, 2021, 

2021, 2025). It should be noted that, like most numerical 

models, the FE analysis assumes idealized soil conditions 

and uniform material properties. Natural variability in soil 

stratigraphy and stiffness was not explicitly modeled, which 

may affect localized deformation patterns. Additionally, the  

wall-soil interface was simplified using a constant reduction 

factor, which may not fully capture the complex, stress- 

 

 

 

dependent interaction behavior under varying excavation 

stages. 

To validate the finite element (FE) analyses performed 

in this study, field monitoring data from Hsiung et al. 

(2016) were used for comparison with the predicted results. 

The excavation was 20 m in length and 70 m in width, 

supported by a wall 0.9 m thick and 32 m deep. The final 

excavation depth was 16.8 m, with support provided by four 

levels of struts at a SPh of 5.5 m. The subsurface conditions 

consisted primarily of loose to medium dense sand with thin 

interbedded clay layers. Soil properties for the numerical 

model were derived from in-situ DMT, CPT, and SPT 

correlations as reported in Hsiung et al. (2016).  

Fig. 5 shows the measured and predicted lateral wall 

deflection (δw) profiles, with δw normalized by the final 

excavation depth (Hex). The results indicated that the 

predicted profile closely matched the monitored data across 

the entire depth. In both cases, the maximum wall 

deflections were approximately 0.33% of Hex, occurring at a 

depth of approximately 0.57H.  

Minor deviations are attributed to idealizations in the 

model geometry, support configuration, and simplification 

of stratigraphy, which are common in FE analyses. 

Nonetheless, the validation confirms the model capability to 

replicate field performance trends in deep excavations. It 

should be noted that the influence of pre-existing 

underground structures on excavation behavior, through 

barrier effects, can either amplify or mitigate pit 

deformation depending on their geometry and stiffness. 

However, the practical validation case considered in this 

study did not account for such effects, but their significance 

has been highlighted in recent research (Yang et al. 2025, 

Zeng et al. 2022-2024, He et al. 2024, Xue et al. 2023). 

 

 

4. Influence of groundwater level and stiffness 
parameters 

 

4.1 Influence of groundwater level 
 

Table 2 Hardening soil small strain parameters used for FE analysis. 

 
 

(kN/m3) 
E50 

(kN/m2) 
Eoed 

(kN/m2) 
Eur 

(kN/m2) 
G0 

(kN/m2) 
0.7 

- 
Cref 

(kN/m2) 
 

() 
ur 

- 
K0 

- 
Rf 

- 

Sat. Sand 18.8 30,000 30,000 90,000 120,000 0.0002 0.05 35.4 0.3 0.42 0.90 

Dry Sand 16.8 48,000 48,000 144,000 158,000 0.0002 0.05 37.8 0.3 0.38 0.93 

 
Fig. 4 Description of excavation process in FE analyses 
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The depth profiles of normalized wall deflection (δw/Hex) 

for the given excavation configuration in Fig. 2 were 

obtained from the FE analyses and plotted in Fig. 6. The 

results in Fig. 6 were those obtained for different 

groundwater levels (GWL) at P1-1, P1-2 and P3 locations 

[Fig. 2(c)] and plotted in Figs. 6(a)-6(c), respectively. The 

effect of GWL was clear and considerable, showing the 

magnitudes of changes that were variable depending on the 

location along the wall. The δw/Hex profiles showed the 

typical bulging pattern with depth showing the maximum δw 

(i.e., δw,m) at the  depth of 13.6 m (i.e., Zm = 0.80Hex), which 

was consistent with other cases previously reported (Zhang 

et al. 2015, Hsiung et al. 2016). In all cases of Figs. 6(a)-

6(c), the values of δw/Hex decreased as GWL became deeper, 

and the smallest δw/Hex profile was observed for GWL at 

the base of excavation depth (i.e., at GL-17 m). This was in 

agreement with results from centrifuge and field studies by 

Ou et al. 1993, Zeng et al. 2021, where wall deformations 

were shown to reduce under deeper GWL due to increases 

in effective stress and reduced hydraulic forces. It was also 

found that the values of δw/Hex at P1-1 in Fig. 6(a) were 

largest, and those at P3 in Fig. 6(c) were smaller than for 

P1-2 in Fig. 6(b), due to the stiffening effect of re-entrant 

corner at P3. This corner stiffening effect was attributed to 

the three-dimensional geometric confinement,  where  

 

 

 

intersecting walls and struts restrict wall deformation in 

both orthogonal directions. In addition, the proximity of the 

adjacent corner and shorter wall lengths further limit 

flexibility at P3, resulting in higher localized stiffness and 

lower wall deflection compared to other locations. These 

results exhibit the dependency of the GWL effect on the 

location along the wall, which needs to be properly 

considered in the design. 

The values of δw,m/Hex at P1-1, P1-2, and P3 were 

obtained from Fig. 6 and plotted with GWL (GL- m) in Fig. 

7(a). δw,m/Hex continuously decreased with lowering GWL 

from the ground surface to the base of the excavation depth. 

The values of δw,m in Fig. 7(a) were normalized with δw,m 

for the case of GWL at the ground surface (i.e., δw,m
GL-0 (m)) 

and plotted in Fig. 7(b). It was observed that P1-1 and P3 

locations were more and less sensitive to the location of 

GWL, respectively. The low sensitivity of GWL at the P3 

location stems from the three-dimensional excavation effect 

and stiffening effect on the re-entrant corner. P1-1 location 

was more sensitive to GWL as compared to P1-2 and P3 

due to larger excavation influence area at P1-1, as compared 

P1-2 and P3. 

The horizontal profiles of surface settlement (sv/Hex) 

behind the wall at P1-1, P1-2, and P3 were obtained and 

plotted in Fig. 8 for different locations of GWL. The sv/Hex  

   
(a) P1-1 (b) P1-2 (c) P3 

Fig. 6 Depth profiles of δw/Hex for different groundwater levels at (a) P1-1, (b) P1-2 and (c) P3 

  
(a) δw,m/Hex with GWL (b) δw,m/δw,m

GL-0 (m) with GWL 

Fig. 7 Normalized maximum wall displacement with GWL for (a) δw,m/Hex and (b) δw,m/δw,m
GL-0 (m) 
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profiles showed the typical increasing-decreasing shape 

with distance from the wall. Similar to the results for δw/Hex  

in Fig. 6, the values of sv/Hex decreased as GWL became 

deeper. The values of sv/Hex at P1-1 were largest whereas 

the influence zone of sv/Hex from the wall was wider for P3 

as indicated in Fig. 8. This was because sv/Hex at P3 was 

affected by both sides of excavation with three dimensional 

effects at re-entrant corner of the excavation. 

The values of the maximum sv/Hex (sv,m/Hex) were 

obtained from Fig. 8 and plotted with location of GWL in 

Fig. 9(a). Similar to the results for δw,m/Hex in Fig. 7, 

sv,m/Hex decreased with lowering GWL towards the base of 

the excavation depth. This relationship was consistent with 

the principles of soil-structure interaction, where inward 

wall deflection induced ground deformation and surface 

subsidence to satisfy equilibrium and compatibility. As 

supported by Clough and O’Rourke (1990) and Ou et al. 

(1993), the magnitude of surface settlement is commonly  

proportional to wall deflection, particularly in granular or 

lightly overconsolidated soils. From the normalized profiles 

of sv,m/sv,m
GL-0 (m) in Fig. 9(b), it was observed that the effect 

of GWL on sv,m was largest and smallest at P1-1 and P3,  

 

 

 

respectively. It was noted that the values of sv,m/Hex directly 

related to the values of δw,m/Hex, however, the reduction of  

surface settlement with lowering GWL was more noticeable 

than for wall deflection in Fig. 7. The relatively greater 

reduction in sv,m/Hex compared to δw,m/Hex is attributed to the 

direct influence of GWL on effective stress changes and 

vertical deformation near the surface, especially in backfill 

zones. 
 
4.2 Effect of stiffness influence parameters 
 
The effects of various stiffness influence components, 

including wall stiffness (EI), embedment depth (D), and 

horizontal and vertical spacings of struts (SPv, and SPh), on 

δw,m/Hex were analyzed for various locations of GWL and 

monitoring locations. Figs. 10(a)-10(c) show the effect of 

EI on δw,m/Hex at P1-1, P1-2, and P3, respectively. The 

values of δw,m/Hex decreased with increasing EI, more 

notably for GWL at ground surface (GL-0 m) and for lower 

values of EI at P1-1, P1-2 and P3 monitoring locations. The 

results in Fig. 10 indicate that EI plays a significant role in 

selecting support system stiffness, particularly for weak  

  
(a) ) P1-1 (b) P1-2 

 
(c) P3 

Fig. 8 Horizontal profiles of sv/Hex with groundwater level at (a) P1-1, (b) P1-2 and (c) P3 

c  
(a) sv,m/Hex with GWL (b) sv,m/sv,m

GL-0 (m) with GWL 

Fig. 9 Normalized maximum surface settlement with GWL for (a) sv,m/Hex and (b) sv,m/sv,m
GL-0 (m) 
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ground with GWL at GL-0 m. Fig. 10(d) shows the 

normalized δw,m with those for the lowest EI (i.e., δw,m
0). It 

was indicated that the effect of EI was larger at P3 than at 

P1-1 for all locations of GWL. These results aligned with 

previous parametric studies by Zeng et al. (2021), where 

greater EI was shown to significantly limit wall 

deformations in soft or granular soils. Although the values 

of δw,m/δw,m
0 at P1-2 were not plotted in Fig. 10(d), they  

 

 

 

 

were found to lie between those at the P1-1 and P3 

monitoring locations for all GWL conditions. 

Fig. 11 shows the values of δw,m/Hex with D/Hex for P1-

1, P1-2, and P3 monitoring locations at different locations 

GWL. The values of δw,m/Hex at P1-1, P1-2, and P3 

decreased with increasing D/Hex. The rate of δw,m/Hex 

reduction was more noticeable at lower D/Hex. From the 
normalized δw,m with those for the lowest D/Hex (i.e., δw,m

0)  

  
(a) δw,m/Hex at P1-1 (b) δw,m/Hex at P1-2 

  
(c) δw,m/Hex at P3 (d) δw,m/δw,m

0 at P1-1 and P3 

Fig. 10 Values of w,m/Hex with EI for different GWL locations at (a) P1-1, (b) P1-2, (c) P3 and (d) δw,m/δw,m
0 at P1-1 and P3 

  
(a) δw,m/Hex at P1-1 (b) δw,m/Hex at P1-2 

  
(c) δw,m/Hex at P3 (d) δw,m/δw,m

0 at P1-1 and P3 

Fig. 11 Values of w,m/Hex with D/Hex for different GWL locations at (a) P1-1, (b) P1-2, (c) P3 and (d) w,m/w,m
0 at P1-

1 and P3 
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in Fig. 11(d), it was seen that the effect of D/Hex was more 

pronounced and significant for higher GWL (i.e., GL-0) and 

at the P3 location, This indicated that the dry ground shows 

the minimum effect of wall embedment depths. This also 

highlighted the economic relevance and optimization for the 

determination of optimum support system parameters for 

excavation design. 

 

 

 

 

Figs. 12 and 13 show the effects of SPh and SPv on δw,m, 

where SPh and SPv were normalized with Hex. The values of 

δw,m/Hex increased with increasing SPh/Hex and SPv/Hex 

which was more pronounced for the higher GWL. Similar 

to the effect of EI in Fig. 10, the effects of SPh and SPv were 

more significant and beneficial for fully saturated soil 

conditions and P3. From Figs. 12 and 13, it was also found  

  
(a) δw,m/Hex at P1-1 (b) δw,m/Hex at P1-2 

  
(c) δw,m/Hex at P3 (d) δw,m/δw,m

0 at P1-1 and P3 

Fig. 12 Values of w,m/Hex with SPh/Hex for different GWL locations at (a) P1-1, (b) P1-2, (c) P3 and (d) w,m/w,m
0 at P1-

1 and P3 

  
(a) δw,m/Hex at P1-1 (b) δw,m/Hex at P1-2 

  
(c) δw,m/Hex at P3 (d) δw,m/δw,m

0 at P1-1 and P3 

Fig. 13 Values of w,m/Hex with SPv/Hex for different GWL locations at (a) P1-1, (b) P1-2, (c) P3 and (d) w,m/w,m
0 at P1-

1 and P3 
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that SPh and SPv equally contributed to the support system 

stiffness, indicating the 3D nature of the strut effect, 

consistent with those reported by Clough and O’Rourke 

(1990). This confirms the need to consider both SPv and SPh 

for characterizing the support system stiffness. 
 
 

5. Design consideration for groundwater level 
 
The results and effects of groundwater level (GWL) 

obtained from this study were all characterized together in a 
unified design process. For this purpose, the system 
stiffness influence factor (IF) given by Eq. (6) was adopted 
and modified considering the effect of GWL. Based on the 
influence tendency of GWL on δw,m/Hex and sv,m/Hex shown 
in Figs. 6 to 13, the effects of GWL locations and stiffness 
influence parameters were quantified and formulated by 
modifying the stiffness influence factor (IF) of Eq. (6), 
given as follows 

𝐼𝐹,𝑚 = 𝐼𝐹 × (1 +
𝐺𝑊𝐿

𝐺𝑊𝐿𝑅
) (8) 

where IF,m = modified stiffness influence parameter; GWL = 

groundwater level and GWLR = reference GWL depth = 1.0 

m. 

The values of δw,m/Hex and sv,m/Hex for all cases with 

various locations of GWL and stiffness parameters 

considered in this study were plotted as a function of IF,m in 

Figs. 14(a) and 14(b), respectively. From Fig. 14, while an 

approximately unified correlations were observed, it was 

seen that saturated ground condition with higher GWL and 

low support system stiffness showed a match to lower IF,m 

value than dry soil and stiffer support system. It was 

observed that the correlations of δw,m/Hex and sv,m/Hex to IF,m 

were both unique and consistent, showing decreasing 

tendencies with increasing IF,m. From Figs. 14(a) and 14(b), 

the correlations of δw,m/Hex and sv,m/Hex with IF,m were 

obtained, given as follows 

δ𝑤,𝑚
𝐻𝑒𝑥

(%) = 0.1 × 𝐼𝐹,𝑚
(−0.25) (9) 

s𝑣,𝑚
𝐻𝑒𝑥

(%) = 0.075 × 𝐼𝐹,𝑚
(−0.19) (10) 

 

 

Case examples involving mixed soil conditions with 

various groundwater levels, excavation and support 

conditions were collected from the literature (Davies and 

Henkel 1980; Humpheson et al. 1986, Chu et al. 2001, 

Leung 2005, Houhou et al. 2019, Elbas et al. 2018, Hsiung 

et al. 2016) and adopted in comparison. It should be noted 

that the multi-stratum soil conditions were considered in the 

verifications using representative average stiffness values. 

This approach ensured validation of the proposed method 

under more realistic ground conditions. The values of 
δw,m/Hex, sv,m/Hex and IF,m were obtained for each of the   

collected case examples and plotted in Figs. 14(a) and 

14(b), where the proposed correlations of Eqs. (9) and (10) 

and the FE results were included. As shown in Fig. 14, the 

values of δw,m/Hex and sv,m/Hex from the case examples were 

found to be in reasonably close agreement with the 

proposed correlations of Eqs. (9) and (10). This indicates 

that the application of IF,m is effective for quantifying the 

combined influences of various stiffness parameters, GWL 

locations and inherent 3D characteristics for excavation and 

support system on wall and ground movements. 

Furthermore, it is also indicated that the proposed method 

enables a designer to select the appropriate support system 

stiffness based on limiting deformation for given location of 

GWL. 
 
 

6. Conclusions 
 

In this study, the influence of groundwater level (GWL) 

in relation to the stiffness of wall and support systems on 

wall and ground movements during excavation was 

investigated. A methodology was established to 

characterize the influence of GWL using the stiffness 

influence factor (IF). A three-dimensional finite element 

analysis was performed considering various excavation 

configuration, GWLs and support system stiffness 

parameters. The following conclusions were drawn from the 

results: 

1. The results for the irregular excavation showed that 

wall deflection (δw) and surface settlement (sv) 

decreased as GWL deepened. The minimum values for 

δw and sv were observed when GWL was at the base of 

  
(a) δw,m/Hex with IF,m (b) sv,m/Hex with IF,m 

Fig. 14 Correlative relationships of (a) δw,m/Hex and (b) sv,m/Hex to IF,m with comparison using FE estimated and measured 

data from case examples 
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the excavation depth. Additionally, the values of δw and 

sv were lower at the re-entrant corner at P3 compared to 

P1-1 and P1-2, which can be attributed to the corner 

stiffening effect of the re-entrant corner. 

2. For the W1 wall, the location of maximum wall 

deflection (zmax) occurred at 0.8Hex and shifted to a 

deeper depth for the re-entrant corner wall (W3) due to 

the three-dimensional effects. The influence zone of 

surface settlement (sv) behind the wall was broader for 

the re-entrant corner wall, extending to 3.0Hex, 

compared to 2.0Hex for W1, as ground behavior was 

affected by both sides of the excavation in the re-

entrant corner zone. 

3. For the system stiffness parameters, the values of δw,m 

decreased as overall stiffness increased, either by 

increasing EI and D or by reducing SPv and SPh. The 

effects of increasing system stiffness (EI, D, SPv, and 

SPh) for the stability of excavation were more 

significant for higher GWL and at the P3 location 

compared to P1-1. 

4. The stiffness influence factor (IF) was adopted and 

modified to quantify the effect of GWL location, which 

enabled effectively predicting wall and ground 

movement during excavation design. Case examples 

demonstrated that the modified stiffness factor (IF,m) 

was effective and applicable for enhancing and 

optimizing excavation design. 
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