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1. Introduction 
 

Deep excavations are often used in urban areas, such as 

underground transport systems and basements for car 

parking (Lee 2019, Shi et al. 2019, Ding et al. 2017). Since 

the deep excavation inevitably induces unfavorable 

movement and stress changes in the ground, it can cause 

additional settlement and cracks to nearby existing 

structures, especially in masonry buildings. Hence, 

excavation remains a big challenge for geotechnical 

engineers, particularly when an excavation is to be carried 

out adjacent to the load-bearing structure. Therefore, it is 

vital to predict the damages in masonry wall due to an 

adjacent excavation so as measures can be taken to 

minimize the impact of the ground deformation. Damage 

levels have been investigated and developed for buildings 

adjacent to excavation-induced stress release by performing 

physical scaled model tests (Ou et al. 2000, Giardina et al. 

2012), analytical approaches (Halim and Wong 2012, 

Basmaji et al. 2019), field observations, case studies (Son 

and Cording 2005), 2D numerical analyses (Son and 

Cording 2008, 2011, Hashemi et al. 2015, Karira et al. 

2022), and also 3D numerical simulations (Minh 2013,  
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Giardina et al. 2010, 2013, 2015, Lin et al. 2014, Orazalin 

et al. 2015, Zhang et al. 2016, Dong et al.2017, Bejarano-

Urrego et al. 2018, Lasciarrea et al. 2019). The different 

methods are also addressed in the literature by focusing on 

the ground surface settlement and horizontal strain of 

building frames (Ghahreman 2004, Naeimifar et al. 2021), 

differential settlement of building frames (Halim and Wong 

2012), and lateral strain and angular distortion of building 

walls (Schuster et al. 2009) to classify damage levels in 

buildings. The underground transportation systems and 

basements for parking provided in the buildings have 

become common; it is sometimes unavoidable to encounter 

double neighbouring excavations adjacent to the buildings 

(Shi et al. 2020, Ruan et al. 2010, Wu 2012, Shen 2012, Mu 

et al. 2021, Jamil and Ahmad 2019). Chen et al. (2013) 

described a case history of two excavations at the same time 

in Shanghai soft clay. It was found that the displacements of 

the wall between the two excavations were larger than those 

of other sides, which might be due to the surcharge. The 

maximum settlement was about 0.18% of the excavation 

depth. Numerical analyses have been conducted to 

investigate the soil and wall deformation during several 

excavations by some researchers (Ruan et al. 2010, Wu 

2012, Shen 2012, Qian et al. 2020, Soomro et al. 2022c).  

They found that the soil settlements during several 

excavations were larger than the superimposed settlements 

in each excavation, while the horizontal soil movements  
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Abstract.   In urban construction projects, it is crucial to evaluate the impacts of excavation-induced ground movements in order 

to protect surrounding structures. These ground movements resulting in damages to the neighboring structures and facilities (i.e., 

parking basement) are of main concern for the geotechnical engineers. Even more, the danger exists if the nearby structure is an 

ancient or masonry brick building. The formations of cracks are indicators of structural damage caused by excavation-induced 

ground disturbances, which pose issues for excavation-related projects. Although the effects of deep excavations on existing 

brick masonry walls have been thoroughly researched, the impact of twin excavations on a brick masonry wall is rarely 

described in the literature. This work presents a 3D parametric analysis using an advanced hypoplastic model to investigate the 

responses of an existing isolated brick masonry wall to twin perpendicular excavations in dry sand. One after the other, twin 

perpendicular excavations are simulated. This article also looks at how varying sand relative densities (Dr = 30%, 50%, 70%, 

and 90%) affect the masonry wall. The cracks at the top of the wall were caused by the hogging deformation profile caused by 

the twin excavations. By raising the relative density from 30% to 90%, excavation-induced footing settlement is greatly 

minimized. The crack width at the top of the wall reduces as a result of the second excavation in very loose to loose sand (Dr = 

30% and 50%). While the crack width on the top of the wall increases owing to the second excavation in medium to very dense 

sand (Dr = 70% and 90%). 
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were much less in the cases of excavations at both sides. 

Although extensive work related to stress-release effects on 

a brick masonry wall has been carried out in the literature. 

However, most previous studies have focused on the effects 

of a single excavation on an isolated brick masonry wall.  

Owing to non-linear soil behaviour, an excavation can 

cause a reduction in the stiffness of the ground. Therefore, it 

is vital to investigate the brick masonry wall responses not 

only to the first excavation but also subsequent excavation.  

To obtain a satisfactory numerical model of the brick 

masonry wall responses to an adjacent excavation, the 

analysis needs to take account of the small strain non-

linearity of soil. This paper presents a 3D numerical 

parametric analysis to understand settlement and cracks 

pattern mechanism in an isolated brick masonry wall due to 

twin excavations (i.e., perpendicular to the brick masonry 

wall) in dry sand. In addition, effects of different sand  

 

 

 

relative destines (i.e., Dr = 30%, 50%, 70% and 90%) on 

the masonry wall were investigated. Settlement, slope and 

development of cracks in the wall during twin excavations 

are reported and discussed. 

 
 
2. Three-dimensional finite element analysis 
 

2.1 Numerical modelling programme 
 

By using the finite element software Abaqus (2010), 

three-dimensional numerical analyses were conducted to 

investigate the effects of twin excavations (i.e., 

perpendicular to the brick masonry wall) on an adjacent 

isolated brick masonry wall. Fig. 1(a) shows the twin 

excavations were carried out on the either sides of the brick 

masonry wall perpendicularly. To evaluate density effects  

 

Fig. 1 Plan view of the twin excavations (i.e., perpendicular) adjacent to the existing brick masonry wall 

 

Fig. 2 Elevation view of the configuration of the numerical simulation 
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on wall settlements, relative sand densities (Dr) were 

selected as 30% (i.e., very loose), 50%, 70% (i.e., medium 

dense) and 90% (very dense). Fig. 2 shows the elevation 

view of the configuration of the numerical simulation. To 

simulate long and narrow metro stations, twin excavations 

with a final excavation depth (He) of 25.0 m and a width of 

10.0 m were simulated in the numerical analysis, while 

excavation length was taken as 20 m in each case. 

For both excavations, the diaphragm walls had a depth 

of 37.5 m, having a penetration depth ratio (Hp/He) of 0.5, 

which is a typical penetration depth ratio in engineering 

practice (Hsiung 2009, Ng et al. 2012, Shi et al. 2022). 

Eight levels of props supported the diaphragm walls in both 

excavations with a vertical and horizontal spacing of 3.0 m 

and 5 m, respectively. The first level of props was installed 

at 2.0 m below the ground surface. The props (I-section) are 

modelled as soft with axial rigidity of 81 × 103 kNm (Shi et 

al. 2022, Soomro et al. 2022). An existing brick masonry 

wall 0.4 m thickness and 4.0 m in height was located nearby 

the basement. The wall is constructed from a brick unit of  

 

 

 

size 500 mm × 400 mm × 250 mm (Giardina et al. 2012, 

2013) with two doors (each of size 2 m × 2.25 m) and four 

windows (each of size 2 m × 1.25 m). The lintels were also 

provided above all the doors and windows. The wall was 

founded on a 1 m wide and 1 m deep strip footing. All the 

details of the isolated brick masonry wall are illustrated in 

Fig. 3. 

 

2.2 Finite element mesh and boundary conditions  
 
The finite element mesh, consisting of the 3D isolated 

wall, the foundation, and the soil (incorporating excavation 

along with diaphragm wall and props), was generated using 

Abaqus CAE. The depth from the ground surface to the 

base of the mesh was 50 m, as shown in Fig.4. Eight-noded 

hexahedral brick elements were used to model the soil, the 

brick unit, lintels, and the diaphragm wall, while two-noded 

truss elements were adopted to model the props. The 

sensitivity of the numerical results with respect to mesh size 

was explored. It was found that without undermining the  

 

Fig. 3 Details of the isolated brick masonry wall 

 

Fig. 4 3D finite element mesh (showing model of the wall, diaphragm walls, and props) 
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stability of analysis, the optimum value of 1.5 mm of 

elements was chosen. A relatively fine mesh was used near 

the excavation and the brick masonry wall because large 

shear strains were expected, and the mesh became coarser 

further away from the structures. The numerical test shows 

that further halving current mesh size can only lead to a 

change of computed results of no more than 0.2%. Roller 

and pin supports are applied to the vertical sides and the 

base of the mesh, respectively. Therefore, movements 

normal to the vertical boundaries and in all directions of the 

base are restrained. The excavation-induced stress release 

process was modelled by the “element death” technique 

widely used in finite element analysis. In this technique, the 

excavation process was simulated by deactivating soil 

elements inside the excavation zone. In the meantime, the 

truss elements representing the props were activated. 

 

2.3 Constitutive model and model parameters used in 
finite element analysis 

 

Since the stress-strain relationship of soils is highly non-

linear even at very small strain and the stiffness of soil 

depends on the recent stress or strain history of the soil 

(Atkinson et al. 1990, Hong et al. 2017), an advanced 

hypoplastic model was used to simulate the behaviour of 

sand in this study. 

It consists of eight model parameters (’c, h
s
, n, ed0, ec0, 

ei0,  and ). The first six parameters ('c, hs, n, ed0, ec0, ei0) 

of Toyoura sand were calibrated by Herle and Gudehus 

(1999). The remaining two parameters ( and ) were 

obtained by curve fitting Maeda and Miura (1999)’s triaxial 

test results (at large strains). To account for strain-

dependency and path-dependency of soil stiffness (at small 

strains), Niemunis and Herle (1997) further improved the 

hypoplastic model by incorporating the intergranular strain 

concept into the model. Five additional parameters (mR, mT, 

R, r, and ) are required. 

These five parameters were obtained by fitting the 

stiffness degradation curves of Toyoura sand obtained from 

the stress-path triaxial tests carried out by Hong et al.  

 

 

(2017). The model parameters were taken from a study by 

Shi et al. (2019). They calibrated and validated all the 

parameters of the hypoplastic sand model against their 

centrifuge test results (which was performed to simulate 

excavation in sand). These parameters are summarized in 

Table 1. 

This study used the micro-modeling technique to model 

the brick masonry wall (Bolhassani et al. 2015). The units 

were modelled as a linear elastic material with a modulus of 

elasticity and Poisson’s ratio as 6.1 GPa and 0.15, 

respectively. The density of the brick unit was taken as 

1900 kg/m3. This interaction model provides a way of 

modelling cohesive connections with negligible thickness 

interfaces by using the traction-separation constitutive 

model. This interaction model provides a way of modelling 

cohesive connections with negligible thickness interfaces by 

using the traction-separation constitutive model. This 

surface-based cohesive model is employed to obtain the 

structural response of masonry along the bed and head 

joints. The stiffness and damage parameters for the 

cohesive model parameters are summarised in Table 2 

(Nela and Grajçevci 2019). The separation between two 

brick units was taken as crack width in the finite element 

analyses. The diaphragm wall-soil interface is modelled as 

zero thickness by using duplicate nodes. The interface is 

modelled by the Coulomb friction law, in which the 

interface friction coefficient () and limiting displacement 

(lim) are required as input parameters. A limiting shear 

displacement of 5 mm is assumed to achieve full 

mobilization of the interface friction equal to ×p', where p' 

is the normal effective stress between two contact surfaces 

and a typical value of of 0.35 is used in the analysis (Shi 

et al. 2019). The diaphragm wall and the props were 

assumed to be linear elastic with Young's modulus of 35 

GPa and Poisson's ratio of 0.25. The unit weight of concrete 

was assumed to be 24 kN/m3. The lintels were assumed to 

be made from concrete and were modelled as linearly 

elastic with Young’s modulus of 9 GPa and a Poisson’s 

ratio of 0.2. The coefficient of at-rest earth pressure (K0=0.5) 

was estimated based on the effective angle of shearing  

Table 1 Hypoplastic model parameters of sand adopted in this study 

Description Parameter 

Effective angle of shearing resistance at critical state: ’c 31o 

Hardness of granulates, hs 2.6 GPa 

Exponent n 0.27 

Minimum void ratio at zero pressure, ed0 0.61 

Maximum void ratio at zero pressure, ec0 1.10 

Critical void ratio at zero pressure, ei0 0.98 

Exponent  0.14 

Exponent  6 

Parameter controlling initial shear modulus upon 180 strain path reversal, mR 11 

Parameter controlling initial shear modulus upon 90 strain path reversal, mT 6 

Size of elastic range, R 2×10-5 

Parameter controlling degradation rate of stiffness with strain 
r
 0.1 

Parameter controlling degradation rate of stiffness with strain  1.0 
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resistance at critical state ( ' c  =310) and Jáky (1944)’s 

equation (1 − 𝑠𝑖𝑛𝜑′). 
 

2.4 Numerical simulation procedure 
 

Each numerical analysis is modelled according to the 

following steps: 

a) Step 1: Initial geostatic stresses were generated in the 

mesh by applying gravity load and the coefficient of 

lateral earth pressure of 0.5. 

b) Step 2: The footing of the wall was constructed then 

elements representing brick masonry wall were 

activated on the footing. 

c) Step 3: Activate the brick elements representing the 

diaphragm wall. 

d) Step 4: Staged multi-propped excavation is simulated as 

described in section 2.1. After excavating to 2 m depth, 

the first level of props is installed at 2 m below the 

ground surface.  

e) Step 5: Repeat step 4 to excavate the next stages and 

install props until the last stage of excavation (i.e., He= 

25 m) is completed.  

f) Step 5: Repeat steps 4 and 5 to simulate the second 

excavation in each case. 

 

 

 

3. Interpretation of computed results 
 
3.1 Induced wall settlement due to twin excavations  
 

Fig. 5 shows the settlement (S) along the length of the 

footing of the brick masonry wall due to the first excavation 

and the second excavation. The footing settlement (S) is 

normalized by the width (B) of the footing of the wall. For 

reference, the footing settlement on completion of the wall 

(before excavation) is included. As expected, the settlement 

along the entire footing length is uniform after the 

construction of the wall (i.e., due to the self-weight of the 

wall). It can be seen from the figure that the non-uniform 

settlement was induced in both cases. The induced 

settlement in the portion of the wall closest to the 

diaphragm wall (i.e., the first excavation) was larger than 

that in farthest on completion of the first excavation. The 

settlement decreased significantly in the portions away from 

the excavation. This resulted in a differential settlement 

which caused cracks in the wall. This observation is 

attributed to a larger stress-release which induced larger 

shear strain and ground movement near the excavation. This 

is because larger ground deformation closest to the 

excavation resulted in a settlement and the development of  

Table 2 Cohesive behaviour of joint (Nela and Grajçevci 2019) 

Contact behaviour 

Tangential  Normal  Cohesive  

Frictional  coefficient 

Hard contact 

Traction-separation behaviour 

Stiffness coefficient (N/mm3) 

Damage 

0.78 

Initiation (N/mm2) Evolution 

Knn Kss Ktt Normal Shear I Shear II 
Plastic displacement 

(mm) 

360 144 144 0.8 1.0 1.0 2.0 

 

Fig. 5 Settlement of brick masonry wall along the length of footing after first and second excavations 
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cracks in the wall. It is further observed that the portion of 

the wall (0≤x/B≤12) bends downward, behaving like a 

cantilever beam. This implies that the upper courses of 

bricks are subjected to tension which caused the cracks in 

the wall. The maximum induced settlement at the end of the 

first excavation was 17.5 mm (1.75B%). The induced 

settlement further increased in both cases on the completion 

of twin excavations. Since the location of the brick masonry 

wall (i.e., perpendicular to both diaphragm walls) was 

between the twin excavations (see inset in the figure), the 

portion of the wall closest to the diaphragm wall of the 

second excavation settled larger than that of farthest portion.  

This is because of the larger stress-release, which 

induced larger shear strain and ground movement near the 

second excavation. The negligible change in the settlement 

in the portion of the wall near the first excavation was 

observed due to the second excavation. This is because the 

distance between the two excavations is far enough to 

overlap the excavation-induced shear strain in the ground. 

Because of the induced differential settlement, the wall 

bends towards the second excavation. This resulted in the 

hogging deformation profile of the wall. Consequently, the 

crack width at the top of the wall increased significantly. 

 

3.2 Induced slope in the wall due to twin excavations 
 

As discussed in the previous section, non-uniform 

settlement is induced along the length of the brick masonry 

wall during excavation. This non-uniform settlement is 

expressed in terms of slope, which is defined as differential 

settlement at two points of the wall normalized by the  

 

 

horizontal distance between the two settlement points. For 

convenience, the wall is divided into two bays, namely Bay 

1 and Bay 2 (see inset of Fig. 6). Fig. 6 shows the deduced 

slope (s) of Bay 1 and Bay 2 of the brick masonry wall 

during the first and the second excavation. As a sign 

convention, the slope angle measured counter-clockwise 

from the positive horizontal axis is taken as positive and 

vice-versa. It can be observed from the figure that the 

induced slope increased non-linearly in Bay 1 with 

excavation stages. This is because the vertical side AC is 

closer to excavation than the other side EF of Bay 1 and 

hence subjected to larger stress-release and ground 

deformation, which decreased with distance from the first 

excavation. 

As a result, the induced settlement of point C and lateral 

movement of point A were larger than that of point F and 

point E, respectively. This results in the increment of slope 

in CF of Bay 1 with excavation depth. The increment in the 

slope of the wall resulted in the widening of the cracks. This 

is because of the variation of the soil stiffness underneath 

the footing due to excavation-induced stress relief. Owing 

to stress release due to deeper excavation stages, the 

stiffness of the ground at the mid-portion of the excavation 

degraded significantly. Since Bay 2 is the farthest from the 

excavation, the induced slope is smaller as compared to that 

in Bay 1. This observation can be attributed to the ground 

movement induced due to excavation which is smaller in 

the portion of Bay 2 as compared to that of Bay 1. 

Furthermore, most of the part of Bay 2 is located beyond 

the shear strain zone due to excavation-induced stress 

release. 

 

Fig. 6 Induced slope during twin excavations 
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As the second excavation was commenced, the slope in 

Bay 1 and Bay 2 reduced with excavation depths.  This is 

because of the location of the second excavation, which is 

at the opposite side of that the first excavation. Owing to the 

sagging of the deformed profile of the wall due to twin 

excavations, the upper bricklayers in the wall were 

subjected to tensile stresses. Consequently, the crack width 

at the top of the wall further widened during the second 

excavation. On completion of twin excavations, final slopes 

induced in Bay 1 and Bay 2 are +0.08% and -0.05%, 

respectively. 

 
3.3 Induced displacement and cracks pattern due to 

twin excavations 

 

As discussed in previous sections, cracks are developed 

due to settlement and lateral movement of the wall due to 

twin excavations. To further understand the mechanism of 

crack development in the wall due to twin excavations, the 

displacement vectors of wall movement are drawn. Figs. 7(a) 

and (b) illustrate the induced displacement and crack pattern 

in the wall due to the first excavation. 

The displacement vectors of the wall are larger in the 

portion of the wall near the first excavation than that in the 

portion away from the excavation. This is because of the 

larger ground displacement due to excavation-induced shear 

strain near the excavation. By inspecting the induced 

displacement pattern in the wall, the deflection profile of 

the wall is similar to the cantilever beam subjected to 

loading. Consequently, the bending of the wall caused 

tensile stresses at the upper portion of the wall. As a result, 

each brick unit moves away laterally, causing the crack 

development in the wall. This mechanism of displacement 

pattern led to developing cracks in the middle portion of the 

wall (8.0≤x/B≤12.0) only. The cracks propagate from the 

face of the lintel at the middle portion of the wall towards  

 

 

the top of the wall (see Fig. 7(b)). Moreover, the cracks 

developed underneath the window (propagate to the footing 

of the wall) of Bay 1 near the middle of the wall. 

Figs. 8(a) and 8(b) show the induced displacement and 

cracks pattern in the wall on completion of twin 

excavations. The displacement vectors show that the 

movement of the wall occurred on the right side of the wall 

due to the second excavation. This is because the second 

excavation was carried out on the right side of the wall, 

which caused higher stress release closest to the second 

excavation. The portion of the wall closest to the diaphragm 

wall (i.e., the second excavation) settled larger than that of 

the farthest portion. This is because of the larger stress-

release, which induced larger shear strain and ground 

movement near the second excavation. By inspecting the 

induced displacement pattern in the wall, the hogging 

deformation profile was induced in the wall on completion 

of the twin excavations. Consequently, the width of cracks 

at the top of the wall increased significantly. However, the 

pattern of the cracks remained the same as that due to the 

first excavation. 

 

3.4 Crack width during twin excavation 
 
To quantify the crack width during twin excavations, 

two critical locations were selected at the top and footing of 

the wall (see inset in Fig. 9). Fig. 9 shows the development 

of the width of the cracks at the selected locations during 

twin excavation. The crack development is consistent with 

the induced settlement and slope in the wall. The width of 

all the cracks grows non-linearly with excavation depth 

during twin excavations at both locations. The maximum 

crack width (i.e., 7 mm) was developed at the top of the 

wall on completion of excavation. This is because the wall 

deformation profile (see Fig. 5) exhibits the behaviour of a 

cantilever beam with a maximum deflection at the corner  

 

Fig. 7 (a) Displacement vectors of the wall movement and (b) Induced cracks pattern on completion of the first excavation 
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near the excavation. This results in the development of 

tensile stresses at the upper portion of the wall. 

Consequently, each brick unit moves away laterally, which 

caused the development of the cracks in the upper courses 

of the wall. Each brick unit is bonded with mortar with 

brittle behaviour. The mortar sustained the pull of brick till 

the excavation stage of h/He=0.56. However, as excavation 

goes deeper, the rate of induced settlement slope and lateral 

wall movement increases caused the development of cracks 

on the wall. 

 

 

 

The crack width developed in the foundation and the 

lower portion of the wall is less than that in the upper layers 

of the wall. Due to the second excavation, the rate of crack 

growth increased in the wall. This is because of the location 

of the second excavation, which is at the opposite side of 

that the first excavation. Owing to the sagging deformed 

profile of the wall due to twin excavations, the upper 

bricklayers in the wall were subjected to tensile stresses. 

Consequently, the crack width at the top of the wall and 

footing further widened during the second excavation. The  

 
Fig. 8 (a) Displacement vectors of the wall movement and (b) Induced crack patterns on completion of the twin 

excavations 

 

Fig. 9 Development of crack width in the wall during twin excavations 
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crack widths of 12 and 4 mm were developed on 

completion of twin excavations at the top and the footing 

the wall, respectively. 

 

3.4 Effects of density of ground (sand) 
 
3.4.1 Induced footing settlement  
Fig. 10(a) shows the influence of sand relative density 

(i.e. Dr = 30%, 50%, 70% and 90%) on the settlement along 

the footing on completion of first excavation. It can be seen 

from the figure that the induced maximum footing 

settlement decreases almost linearly with increasing sand 

relative density. 

Moreover, the influence zone of the induced settlement 

increases in loose (i.e., Dr = 30%) sand than that in very 

 

 

dense sand (Dr = 90%). On completion of the excavation 

(h/He=1.0), the footing settlement in loose sand (Dr=30%) 

and dense sand (D r=90%) are 2.9B% and 0.9B%, 

respectively. The settlement of the footing was reduced by 

70%. This is because loose sand has a smaller shear 

modulus. Due to excavation-induced stress relief, large soil 

movements are induced in loose sand (discussed in section 

3.4.3), causing larger footing settlement. Consequently, the 

larger cracks are induced in the façade constructed on loose 

sand (discussed in section 3.4.2). Since shallow excavations 

induce smaller stress relief, the effects of the relative 

density of sand on footing settlement is less significant than 

that of deep excavations. Similar effects of relative density 

of sand were identified on the footing settlement due to 

subsequent excavation which is located on the other side of  

 

(a) 

 

(b) 

Fig. 10 Effects of sand density of on induced settlement of the brick masonry wall on completion of (a) first excavation 

and (b) twin excavations 
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the masonry wall, as shown in Fig. 10(b). The induced 

settlement was smaller in very dense sand that in very loose 

sand. The hogging deformation profile of the masonry wall 

has been identified from induced settlement of the masonry 

wall in medium to dense sand (i.e., 70% and 90%). This is 

because of the induced shear strain and ground movement 

are localised to the excavations (discussed in section 3.4.2).  

This results in different settlement of the wall. 

Consequently, the crack width at the top of the wall due to 

second excavation increased significantly (discussed in 

section 3.4.2). On the contrary, the induced footing 

settlement is uniform in loose to very loose sand (i.e., 50% 

and 30%). This can ascribed to the induced ground 

movement and shear strain due to second excavation. The 

influence zone of the ground movement and shear stain due 

to twin excavations overlap each other which results in 

uniform settlement in loose to very loose sand as compared 

to that in in medium to dense sand. This results in the 

reduction of crack width on the top of the masonry wall 

(discussed in section 3.4.2). 

 

3.4.2 Induced cracks in the wall  
To investigate the consequences of excavation-induced 

footing settlement on the wall in different relative densities 

of sand, the largest crack location which is top of the 

masonry wall was selected. Fig. 11 illustrates the width of 

crack on the top of the masonry wall due to first and second 

excavation in ground with different relative density (i.e., Dr 

= 30%, 50%, 70% and 90%). It can be seen that the crack 

width in the wall decreases as the sand density increases  

 

 

due to first excavation. This is because of larger settlement 

in very loose sand than that in very dense sand near the first 

excavation. This led to induced differential settlement of the 

wall which resulted in the hogging deformation profile of 

the wall (see Fig. 10(a)). Consequently, the largest cracks 

were developed in top of the wall in very loose sand than 

that in very dense sand. In contrast, the crack width 

decreases on the top of the wall on completion of the 

second excavation in very loose to loose sand (Dr = 30%, 

50%). Whilst the second excavation in medium to very 

dense sand (Dr = 70% and 90%) caused to increase the 

crack width on the top of the wall. This can be attributed to 

the induced ground movement and shear strain due to 

second excavation. The influence zone of the ground 

movement and shear stain due to twin excavations overlap 

each other which results in uniform settlement in loose to 

very loose sand as compared to that in in medium to dense 

sand. This results in the reduction of crack width on the top 

of the masonry wall (discussed in section 3.4.3). On the 

other hand, the induced shear strain and ground movement 

are localised to the excavations in medium to very dense 

sand (discussed in section 3.4.3). This results in different 

settlement of the wall. Consequently, the crack width at the 

top of the wall due to second excavation increased 

significantly. This clearly suggests that the relative density 

of sand has substantial effects on the responses of the wall 

due to twin excavation-induced stress relief. The final crack 

widths of 7.4, 7.8, 11.4 and 10.8 mm were computed on 

completion of twin excavations in ground of Dr = 30%, 

50%, 70% and 90%, respectively. 

 

Fig. 11 Development of crack width in the wall during twin excavations 
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3.4.3 Induced soil movement and shear strain in the 
ground  

Figs. 12(a)-12(d) show the soil movement on 

completion of twin excavations in the ground with different 

sand densities of Dr = 30%, 50%, 70% and 90%, 

respectively. In addition, computed incremental shear strain 

the excavation induced stress release is also superimposed 

in the figure. It can be seen from the figure that downward 

ground movement is induced behind the diaphragm wall in 

all the cases. However, the heave in the formation level was 

induced at excavation side. The deep-seated horizontal soil 

movements indicate the “bulging” profiles of the wall 

deformation. The soil movement in loose ground (i.e. , 

Dr=30%) is larger than that in denser grounds. This is 

because of lower shear modulus of loose sand. The 

horizontal influence zone is larger when the sand density is 

lower (ranging from 1.6 to 0.6He for Dr=30% and 90%, 

respectively). Moreover, the influence zone of the ground 

movement and shear stain due to twin excavations overlap 

 

 

each other which results in uniform settlement in loose to 

very loose sand (i.e., Dr = 30%, 50%) as compared to that in 

in medium to dense sand. As a consequence of this, in the 

reduction of crack width on the top of the masonry wall (see 

Fig. 11). When twin excavations were carried out in dense 

to very dense sand (Dr = 70%, 90%), the induced shear 

strain and ground movement are localised to each 

excavation.  

Hence, the portion of the masonry wall close to each 

excavation settled, resulting in the hogging deformation 

profile of the wall. Consequently, the crack width at the top 

of the wall due to second excavation increased significantly 

(see Fig. 11). The different mechanism of induced ground 

movement and shear strain contours due to twin excavations 

in the ground with different sand densities clearly suggests 

that the relative density of sand has substantial effects on 

the responses of the wall due to twin excavation-induced 

stress relief. 

  
(a) (b) 

  
(c) (d) 

Fig. 12 Effects of the sand relative density on the ground movements and shear strain (a) Dr = 30%; (b) Dr = 50%; (c) Dr = 

70% and (d) Dr = 90% 
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(a) 

 

(b) 

 

(c) 

Fig. 13 Changes in shear stiffness during twin excavations (a) Dr = 30%, (b) Dr = 50%, (c) Dr = 70% and (d) Dr = 90% 
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3.4.4 Induced ground stiffness during excavation 
To substantiate discussion from the previous section, 

mobilized secant shear stiffness of soil elements underneath 

the wall footing is interpreted in this section. The mobilized 

secant shear modulus (Gm) values were calculated from the 

following equations 

𝐺𝑚 = 𝑞 3𝜀𝑠⁄  (1) 

𝑞 =
1

√2
√[(𝜎1 − 𝜎2)

2 + (𝜎2 − 𝜎3)
2 + (𝜎3 − 𝜎1)

2] (2) 

𝜀𝑠 = √
2

9
[(𝜀1 − 𝜀2)

2 + (𝜀2 − 𝜀3)
2 + (𝜀3 − 𝜀1)

2] (3) 

where 𝑞 and εs are the computed deviatoric stress and strain, 

respectively. 𝜎𝑖  and 𝜀𝑖  are the principal stresses and 

principal strains, respectively. 

Figs. 11(a)-11(d) show the variation of the mobilized 

secant shear modulus of soil elements (see inset in the 

figure) underneath the footing during twin excavations in 

the in the ground with different sand densities of Dr = 30%, 

50%, 70% and 90%, respectively. 

It can be seen from the figure that mobilized shear 

modulus is higher in dense sand. This is because under the 

same mean effective stress, the initial stiffness is higher. In 

addition, less deviatoric strain was induced in denser sand 

and thus low stiffness degradation occurred. After the first 

excavation, significant degradation of the stiffness of the 

three selected elements occurred. Comparing the stiffness 

degradation of the element CE (y=0 m), the stiffness 

degradation of the elements ME (y=10 m) and CE (y=20 m) 

is small. This is because the element CE (y=0 m) is near to 

the first excavation and subjected to higher excavation-

induced stress release. As a result, the settlement of the 

portion of the brick masonry wall closer to the excavation is 

higher than that in the farthest (see Fig. 10). When the 

second excavation was carried out, the stiffness of the 

 

 

element CE (y=20 m, which is closest to the second 

excavation) further degrade causing the settlement of the 

wall portion near to the second excavation. The shear 

stiffness degradation of loose sand (i.e., Dr=30%) is larger 

during excavation because of larger induced deviatoric 

strain. This resulted in the larger footing settlement in loose 

sand (see Fig. 10). 

 
 
4. Conclusions 
 

This paper presents a 3D numerical parametric analysis 

to understand settlement and cracks pattern mechanism in 

an isolated brick masonry wall due to twin excavations (i.e., 

perpendicular to the brick masonry wall) in dry sand. In 

addition, effects of different sand relative destines (i.e., Dr = 

30%, 50%, 70% and 90%) on the masonry wall were 

investigated. Settlement, slope and development of cracks 

in the wall during twin excavations are reported and 

discussed. To accurately capture the excavation-induced 

ground deformation, path- and strain-dependent soil 

stiffness at small strains were taken into account in each 

numerical analysis by adopting an advanced hypoplastic 

sand model coupled with the inter-granular strain 

formulation. Based on the computed results, the following 

conclusions can be drawn: 

(a) The induced settlement in the portion of the wall closest 

to the diaphragm walls of both excavations was larger than 

that in farthest on completion of the first and the second 

excavations. The settlement decreased significantly in the 

portions away from the excavations. This is because of the 

larger stress-release, which induced larger shear strain and 

ground movement near each excavation. Because of the 

induced differential settlement, the wall bends towards each 

excavation. This resulted in the hogging deformation profile 

of the wall. Consequently, the width of the crack at the top 

of the wall increased significantly. 

 

(d) 

Fig. 13 Continued- 
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(b) The rate of crack growth increased in the wall due to the 

second excavation. This is because of the location of the 

second excavation, which is at the opposite side of that of 

the first excavation. Owing to the hogging of the brick 

masonry wall due to the twin excavations, the upper 

bricklayers in the wall were subjected to tensile stresses. 

Consequently, the crack width at the top of the wall during 

the second excavation. The crack width of 12 and 4 mm 

were developed on completion of twin excavations at the 

top and footing of the wall, respectively.   

(c) By increasing the relative density from 30% to 90%, the 

induced footing settlement decreases significantly. The 

hogging deformation profile of the masonry wall has been 

identified from induced settlement of the masonry wall in 

medium to dense sand (i.e. 70% and 90%). On the contrary, 

the induced footing settlement is uniform in loose to very 

loose sand (i.e., 50% and 30%).  

(d) On completion of the second excavation in very loose to 

loose sand (Dr = 30%, 50%), the crack width decreases on 

the top of the wall. Whilst the second excavation in medium 

to very dense sand (Dr = 70% and 90%) caused to increase 

the crack width on the top of the wall. This can be attributed 

to the induced ground movement and shear strain due to 

second excavation. The influence zone of the ground 

movement and shear stain due to twin excavations overlap 

each other which results in uniform settlement in loose to 

very loose sand as compared to that in in medium to dense 

sand. On the other hand, the induced shear strain and 

ground movement are localised to the excavations in 

medium to very dense sand.   

It should be noted that the computed results reported in 

this paper should be treated with caution since they may be 

specific to the particular soil type and isolated wall type 

adopted. 
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