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Numerical evaluation on the performance of deep excavation 

with the strut-free retaining system in clays 
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Taipei, Taiwan. 

 
ABSTRACT: This paper aims to evaluate the performance of a novel strut-free excavation system in clays using three-

dimensional finite element analyses. This system typically consists of the diaphragm wall, buttress wall, cross wall, and capping 

slab. The results revealed that the installation of the buttress wall would provide additional frictional and bearing resistance, 

which could enhance the overall stability. On the other hand, implementing the cross wall would cause the failure surface to 

extend far behind and below the diaphragm wall, resulting in a significant increase in the factor of safety. In addition, a new 

schematic of a strut-free excavation system was proposed by combining buttress wall and ground improvement, which can be 

used as an alternative and innovative solution for deep excavation design. Based on these findings, a new simplified method was 

proposed to assess the factor of safety for a strut-free excavation system with a buttress wall, cross wall, and ground improvement. 
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1 INTRODUCTION 

A novel strut-free excavation system is specifically 

adapted to optimize working space, shorten the 

construction period, and effectively reduce excessive 

wall displacement, which has been verified through 

comprehensive studies and case histories (Lim et al. 

2020; Yeh et al. 2022). This system generally consists 

of the installation of diaphragm walls (DW), buttress 

walls (BW), cross walls (CW), and capping slabs (CS). 

A series of three-dimensional finite element methods 

(3D FEM) was performed to evaluate the performance 

of the strut-free excavation system to the deformation 

and stability analysis. Additionally, new schematics of 

strut-free excavation system by combining BW and 

ground improvement (GI) was also introduced as an 

alternative and innovative solution. Finally, a new 

simplified method was proposed to assess the factor of 

safety for a strut-free excavation system, which was 

verified by the 3D FEM results. 

2 NUMERICAL MODELING 

The Plaxis 3D FEM was used to conduct the schematic 

behavior of BW, CW, and GI. All structural components 

were modeled as plate elements, where Young‘s 
modulus was estimated by using E = 4700√𝑓𝑐′ (𝑓𝑐′ = 27.5 

MPa) (ACI 1995). The slippage behavior between the 

structure and soil was modeled by the interface element, 

which is controlled by the frictional resistance ratio of 

wall adhesion and undrained shear strength ( = cw/su).  

Two possible BW shapes were selected, such as the 

R-BW (rectangular shape) and T-BW (similar to the 

capital letter T). Four different models were considered 

for the hypothetical cases, as illustrated in Figure 1. The 

BW length, BW flange, BW depth, CW depth, GI depth, 

BW spacing, and CW spacing were denoted as Lbw, Fbw, 

Dbw, Dcw, DGI, sbw, and scw, respectively. The thickness 

of DW, BW, and CW was assumed to be 0.7 m, while 

the CS thickness was 0.4 m. The BW, CW, and GI were 

implemented directly after installing the DW. The soil 

is excavated uniformly (3 m intervals) until it reaches 

the final excavation level (He = 12 m). The BW part was 

maintained during the excavation, while the CS was 

installed after finishing the first excavation stage. Figure 

2 shows the finite element mesh used in the analysis. 

 

 
Figure 1. Different types of strut-free excavation systems. 
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Figure 2. Finite element mesh used in the analysis. 

 

The stability analysis with the strength reduction 

method was performed to assess the factor of safety 

(FSfem) at the final stage. Because the stress-dependent 

stiffness and hardening effect of soil were excluded in 

the strength reduction method, the total stress Mohr-

Coulomb soil model is appropriate to simulate the un-

drained behavior of the clay and soil strength character-

istic near failure (Abdi and Ou 2022; Goh et al. 2019). 

A normally consolidated clay was considered for the 

analysis, where the soil parameters were adopted based 

on the typical Taipei clay (Lim and Ou, 2017), as 

detailed in Figure 2. The elastic Young’s modulus 
unloading/reloading (Eur) was determined by using 

Equation (1) (Lim et al, 2010). The Eur value was further 

converted to be undrained Young’s modulus (Eu) by 

using Equation (2).  
 𝐸𝑢𝑟 = 3(1+𝑒0)𝑝′(1−2𝑣ur)𝐶s/ln⁡(10)  (1) 

 𝐺𝑢𝑟 = 𝐸𝑢𝑟2(1+𝑣𝑢𝑟) = 𝐸𝑢2(1+𝑣𝑢) = 𝐺𝑢 (2) 

where e0 is the initial void ratio, p’ is the mean effective 
stress, vur and vu are the unloading/reloading and 

undrained poisson’s ratio, respectively. Assuming that 
vur = 0.2 and vu = 0.5, then Eu = 1.25Eur.  

For the GI properties, the unconfined compressive 

strength (qu) ranged from 1 to 3 MPa (Ou et al. 1996). 

The tensile strength and Young‘s modulus of GI can be 

assumed as t = 0.29qu and E50 = 250qu, respectively, 

following the typical treated soil of Taipei clay (Chen 

2003; Fang et al. 1997; Liao 2002). Poisson's ratio (v) of 

GI is 0.30 (Shibazaki and Ohta, 1982). Moreover, the GI 

was simulated by using non-porous soil model. 

3 PERFORMANCE OF STRUT-FREE 

EXCAVATION SYSTEM 

3.1 Deformation and internal force characteristic 

of the strut-free retaining system 

Figure 3(a) shows the computed wall displacement at 

the final stage for Hp/He = 2.5 and B = 30 m (Type 1: 

Lbw/He = 1.0, sbw = 6 m; Type 2: Lbw/He = 0.75, Fbw = 3 

m, sbw = 6 m; Type 3: Dcw/Hp = 0.25, scw = 12 m; Type 

4: Lbw/He = 0.5, Fbw = 3 m, DGI/Hp = 0.25, sbw = 12 m). 

The results showed that the computed wall displacement 

for types 1 and 2 exhibit the cantilever shape caused by 

the long embedded wall that is fixed below the 

excavation level. Besides, R-BW is rather than T-BW in 

restraining the wall displacement for the same amount 

of concrete material. This is due to the frictional 

resistance that fully mobilizes for R-BW, while the BW 

flange (Fbw) in T-BW would decrease the frictional 

resistance on the BW length. Furthermore, combining 

the BW and CW (type 3) or implementing T-BW along 

with GI (type 4: qu = 1–3 MPa) could significantly 

reduce the wall displacement along the depth. 

The maximum bending moment of DW (Mmax) for 

different excavation stages was also evaluated, as shown 

in Figure 3(b). It is found that implementing CW (type 

3) would produce a higher Mmax value as compared to 

that without CW (types 1 and 2). Interestingly, the Mmax 

value for type 4 is relatively lower than that of type 3, 

while these two types yielded similar wall displacement 

results (see Figure 3(a)). This implies that type 4 has a 

promising prospect as an effective measure to control 

the movement and bending moment of DW.  

 

  
Figure 3. Finite element results: (a) computed wall displace-

ment at the final stage; (b) Mmax varied by excavation depths. 

 

The axial force of BW and CW at the final stage was 

further evaluated, as shown in Figure 4(a). The results 

for Dcw = 7.5 m showed that higher axial force acted 

below the excavation level. The highest axial force 

(Nmax) was located at the lowest level of the DW-CW 

and BW-CW connection. Besides, the Nmax value was 

increased significantly for a shorter Dcw (Dcw = 2.5 m). 

These findings should be highlighted when designing 

strut-free excavation system with CW.  

Figure 4(b) shows the schematics behavior of the 

retaining system for type 3. It is found that the relative 

shear stress (rel) for qu = 3 MPa was lower than qu = 1 

MPa, indicating that the GI tends to shear failure for 

lower qu. As a result, the magnitude of Nmax on BW was 

reduced for lower qu. Nevertheless, the Nmax value for 

type 4 is much lower than that of type 3, implying that 

this proposed model could be recommended as an 

alternative solution. 
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Figure 4. Performance of retaining system at the final stage: 

(a) Type 3 (different Dcw); (b) Type 4 (different qu). 

 

3.2 Stability mechanism of BW, CW, & GI 

Figure 5(a) and (b) show the FSfem values varied by  

value and Hp/He ratio. It is found that the FSfem values 

from type 1 were slightly higher than type 2 for a rigid 

BW surface (bw = ). However, for a very smooth 

BW surface (bw = ), the FSfem values from type 1 are 

close to that without BW, whereas the results from type 

2 are relatively higher. The FSfem values were signifi-

cantly increased for type 3, where reducing cw values 

could decrease the FSfem. This implies that the frictional 

resistance on BW and CW interface could contribute to 

the stability resistance. For type 4, the FSfem values were 

enhanced as the qu values increased. 

 

 
Figure 5. Variation of the factor of safety for different  and 

Hp/He (B = 30 m): (a) Type 1 and 2; (b) Type 3 and 4. 

In order to clarify the above findings, the typical fail-

ure surface of the strut-free system with different types 

was introduced by observing the ground movement vec-

tor at ultimate conditions. As shown in Figure 6(a), (b), 

and (d), the overturning failure occurred when no CW 

was considered. Meanwhile, the typical basal heave fail-

ure was found for the case with CW, where the soil 

behind the wall was moving downward, passing through 

below the wall toe, causing the large upward movement 

inside the excavation (Figure 6c). Under such a case, an 

integrated retaining system was established, resulting in 

a higher stability resistance than that of without CW. 

 

 
Figure 6. Typical failure surface of excavation with strut-free 

system: (a) Type 1; (b) Type 2; (c) Type 3; (d) Type 4. 

3.3 Different BW, CW, & GI dimension 

As shown in Figure 7, increasing the BW length or 

shortening the BW spacing could increase the overall 

stability resistance, resulting in a higher FSfem. Besides, 

the FSfem for types 1 and 2 is typically similar for the 

same amount of BW material. However, a wider exca-

vation would reduce the overall stability resistance, 

causing a non-linear increase of FSfem when enlarging 

the BW length towards the middle of the excavation. In 

such a case, the BW length should be sufficiently long 

to enhance the overall stability resistance effectively. 

 

 
Figure 7. Variation of factor of safety for different BW dimen-

sions for types 1 and 2 (Hp/He = 2.5; B = 30 - 50 m). 
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Figure 8 shows the FSfem values for different CW and 

GI dimensions. Similar to types 1 and 2, enlarging the 

CW and GI dimension for types 3 and 4 could also en-

hance the overall stability resistance. Additionally, 

wider excavation could slightly reduce the stability re-

sistance. Although type 3 generally performed the best 

in enhancing the stability resistance, type 4 could still 

satisfy the factor of safety (FSfem ≥ 1.20).  

 

 
Figure 8. Variation of the factor of safety for different CW and 

GI dimensions varied by Type 3 and Type 4 (qu = 3 MPa) 

(Hp/He = 2.5; B = 30 - 50 m). 

4 PROPOSED SIMPLIFIED METHOD  

4.1 Strut-free excavation system with BW & GI 

According to Figure 6, the overturning failure occurred 

for the case without CW, so the factor of safety can be 

defined as the ratio of the moment resisting (Mr) to the 

moment driving (Md). Besides, the wall will rotate near 

the wall toe at failure condition, as indicated in Figure 

6. According to Madabushi and Chandrasekaran (2005), 

the wall will rotate at pivot point (z) where the resistance 

to rotation is minimum, which can be achieved by 

minimizing the moment ratio (M = Mr/Md). Assuming 

that the location of z occurred below the final excavation 

and then conducted the force equilibrium analysis to 

obtain z. The lateral earth pressure acting on the wall 

(σha,hp) can be expressed as (Padfield and Mair, 1984): 

 𝜎ℎ𝑎,ℎ𝑝 = 𝜎𝑣𝐾𝑎,𝑝 ∓ 2𝑠𝑢√𝐾𝑎,𝑝(1 + 𝛼) (3) 

 

where 𝜎𝑣 is the overburden pressure, 𝐾𝑎 and 𝐾𝑝 are the 

coefficient of active and passive earth pressure, 

respectively (𝐾𝑎 = 𝐾𝑝 = 1 for 𝜙 = 0), and⁡𝛼 is the 

frictional resistance ratio of wall interface (𝛼 = 𝑐𝑤/𝑠𝑢). 

Figure 9(a) plots the estimation of pivot location 

(z/Hp) for different Hp/He. It is found that the least 

minimum moment ratio was changed as the Hp/He ratio 

increased. The location of the pivot point was further 

adopted to estimate the lateral earth pressure along the 

depth for Hp/He = 3.0. The close agreement between the 

FEM results and simplified approach was obtained for 

the earth pressure distribution (see Figure 9(b)). Hence, 

this method can be reasonably adopted for estimating 

the FS value without the CW system. 

 
Figure 9. Schematics of excavation without supporting sys-

tem: (a) minimization moment ratio to obtain the location of 

pivot point; (b) earth pressure distribution. 

 

In order to account for the existence of BW and GI, 

the formula was modified by assuming that the 

additional moment resistance (i.e., additional frictional 

and bearing resistance on BW length and flange) acted 

equivalently along the width section of DW, as shown 

in Figure 10. In addition, the self-weight of BW and CS 

could also affect to the factor of safety. Thus, the 

proposed simplified method for estimating the factor of 

safety of strut-free excavation system with BW system 

(𝐹𝑆𝑏𝑤𝑠𝑓
) can be expressed as: 

 𝐹𝑆𝑏𝑤𝑠𝑓 = ∑ 𝑀𝑟∑ 𝑀𝑑 = 𝑃𝑝𝐿𝑝+𝑃𝑏𝑤,𝑓𝐿𝑓+𝑃𝑏𝑤,𝑏𝐿𝑏𝑃𝑎𝐿𝑎+𝑀𝑐𝑠+𝑀𝑏𝑤  (4) 

 𝑃𝑏𝑤,𝑓 = 𝑠𝑢,𝑏𝑤𝜂𝑓 (2𝛼𝑏𝑤𝐿𝑏𝑤𝐷𝑏𝑤𝑠𝑏𝑤 ) (5) 𝑃𝑏𝑤,𝑏 = 𝜎ℎ𝑝𝜂𝑏 (𝐹𝑏𝑤𝐷𝑏𝑤𝑠𝑏𝑤 ) (6) 

 𝑀𝑐𝑠 = ∑ 𝑃𝑐𝑠𝐿𝑐𝑠2 = (𝑛)𝛾𝑐𝑠𝑡𝑐𝑠𝐿𝑐𝑠22  (7) 

 𝑀𝑏𝑤 = ∑ 𝑀𝐿 + ∑ 𝑀𝐹 = 𝛾𝑏𝑤𝑡𝑏𝑤𝐿𝑏𝑤𝐻𝐵(𝐹𝑏𝑤+0.5𝐿𝑏𝑤)𝑠𝑏𝑤  (8) 

 

where Pa and Pp are the resultant of the active and 

passive earth pressure; Pbw,f and Pbw,b are the equivalent 

force from BW friction and bearing resistance; La, Lp, Lf, 

Lb are the length from the pivot point to the point of 

action; γbw  and γcs are the unit weight of BW and CS, 

respectively; and su,bw is the variation of undrained shear 

strength along the BW penetration depth.  
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Figure 10. Proposed modified earth equilibrium method for 

excavation stability with BW, CS, and GI. 
 

Because the BW stability resistance (types 1 and 2) 

was affected by excavation width, modification factor of 

BW frictional (ηf) and bearing resistance (ηb) associated 

with Lbw/B was proposed by performing random cases 

for different B, Lbw, sbw, and Fbw. As shown in Figure 

11(a), the distribution points tend to increase linearly 

and exponentially, which can be defined as:  
 𝜂𝑓 = 1.507 (𝐿𝑏𝑤𝐵 ) + 0.287 (9) 

 𝜂𝑏 = 0.0927𝑒5.6635(𝐿𝑏𝑤/𝐵) (10) 

 

Although the additional bearing resistance was 

mainly controlled by GI for type 4, the frictional 

resistance on BW length could still contribute to the 

overall stability resistance at the certain Lbw/B ratio 

(Figure 11(b)). Thus, the modification factors (ηf  and ηb) 

for type 4 can be expressed as:  
 𝜂𝑓 = 3.04 (𝐿𝑏𝑤𝐵 ) − 0.064 (11) 

 𝜂𝑏 = 0.576 (𝐿𝑏𝑤𝐵 ) + 0.645 (12) 

 

 
Figure 11. The modification factor for BW frictional and 

bearing resistance: (a) types 1 and 2; (b) type 4  

4.2 Strut-free excavation system with CW 

According to Figure 6(c), the failure mechanism of the 

strut-free excavation system with CW is the basal heave 

failure rather than the overturning failure. Hence, the 

proposed simplified method was derived on the basis of 

the original Terzaghi’s bearing capacity theory 
(Equation (13)). As shown in Figure 12, the original 

Terzaghi's failure surface was extended below the wall 

toe to define the proposed modified Terzaghi's failure 

surface. Under such conditions, the modified formula 

can be expressed by Equation (14). Furthermore, the 

overall CW frictional resistance were assumed to be 

acted equivalently along the width section of DW. 

Finally, the modified Terzaghi‘s method with 
considering CW system can be defined by Equation 15. 
 𝐹𝑆𝑇 = 5.7𝑠𝑢,𝑏𝐵′𝛾𝐻𝑒𝐵′−𝑠𝑢,𝑎𝐻𝑒 (13) 

 𝐹𝑆𝑚𝑇 = 5.7𝑠𝑢,3𝐵′+𝑠𝑢,2𝐻𝑝(1+𝛼𝑑𝑤)𝛾𝐻𝑒𝐵′−𝑠𝑢,1𝐻𝑒  (14) 

 𝐹𝑆𝑐𝑤𝑠𝑓 = 5.7𝑠𝑢,3𝐵′+𝑠𝑢,2𝐻𝑝(1+𝛼𝑑𝑤)+𝑠𝑢,𝑐𝑤𝛽𝑐𝑤𝛾𝐻𝑒𝐵′−𝑠𝑢,1𝐻𝑒  (15) 

 𝛽𝑐𝑤 = 2𝛼𝑐𝑤𝐷𝑐𝑤0.5𝐵𝑠𝑐𝑤 = 𝛼𝑐𝑤𝐷𝑐𝑤𝐵𝑠𝑐𝑤  (16) 

 

where γ is the soil unit weight;  B’ = B√2 is the radius 

of failure surface; su,a, su,b, su,1, su,2, su,3, su,cw  are the av-

erage undrained shear strength at the certain depth (see 

Figure 12); αcw is the frictional resistance ratio of CW 

interface. 

   

 
Figure 12. Proposed modified Terzaghi’s method for excava-

tion stability with CW. 

4.3 Results validation 

A total of 876 cases were conducted, which were varied 

by different properties of BW, CW, GI, and excavation 

geometries. As shown in Figure 13, the close agree-

ments were obtained between the 3D FEM results and 

the proposed simplified method, where the data points 

are within ± 10% of the 1:1 line. This confirms that the 

simplified method is reasonably accurate and could be 

reasonably adopted in assessing the factor of safety for 

excavation stability with a strut-free system.  
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Figure 13. Comprehensive comparison of the factor of safety 

between the 3D FEM results and proposed simplified method.  

 

 

5 CONCLUSIONS 

This paper presents the numerical evaluation of the 

performance of the strut-free excavation system in clays. 

The results concluded that the stability resistance of a 

strut-free excavation system with a buttress wall was 

mainly governed by the frictional and bearing resistance 

that acted along the buttress wall length and flange, 

respectively. On the other hand, implementing the cross 

wall would establish an integrated retaining system, 

which could significantly increase the factor of safety. 

A new schematic of the strut-free system was 

introduced by combining the buttress wall and ground 

improvement. This model performs well in restraining 

wall displacement and resisting overturning failure. 

Besides, the internal force of wall for this model is lesser 

than the cross wall system. Hence, this proposed model 

could be recommended as an alternative and innovative 

solution for excavation design. 

A new simplified method was proposed to calculate 

the factor of safety for a strut-free excavation system 

with the cap-slab, buttress wall, cross wall, and ground 

improvement. The results concluded that the proposed 

simplified method could be reasonably adopted to assess 

the factor of safety, which was validated by the 3D FEM 

results through comprehensive comparisons.  
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