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1. Introduction 
 

As a city develops, the ground space quickly becomes 
occupied, so underground space utilization becomes 
important. As the excavation of underground space becomes 
increasingly frequent, the existing ground structures and/or 
ground/underground structures in construction (e.g., earth 
retaining walls and tunnels) can be very close to new 
underground space excavation. There have been precedent 
studies on the individual themes, such as earth retaining 
walls (Altunbas et al. 2017, Bang 1985, Jeon et al. 2013, 
Tang and Kung 2010, Zheng et al. 2015) and underground 
excavation (Camos et al. 2016, Chakeri and Unver 2014, 
Han 2006, Mazek 2014, Son 2003, Son and Yun 2010, Yang 
and Li 2017, Yang and Wang 2018). An analysis of the 
behavior of the earth retaining wall and the changes of earth 
pressure by consecutive rather than individual excavations 
of retaining walls and underground spaces was previously 
carried out by Park et al. (2015). In addition, there have 
been a lot of studies on cases where the existing ground 
structure and the new underground excavation are close to 
each other (Ding et al. 2017, Ding et al. 2012, Jenck and 
Dias 2004, Meleki et al. 2011, Mroueh and Shahrour 2003, 
Pott and Addenbrooke 1997, Shahin et al. 2006, Son 2003). 
However, there have not been so many studies mainly 
focused on the behavior of the retaining wall when an 
underground space is excavated close to the underground  
retaining wall currently under construction. In other words,  
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studies on the phenomenon in which the retaining wall of 
the building under construction is influenced by nearby 
underground excavation, are currently insufficient. 

Therefore, in this study, when an underground space 
(e.g., tunnel) is newly built close to the area where another 
underground excavation has already been made by using the 
earth retaining wall for the construction of the ground 
structure, the changes of the earth pressure acting on the 
earth retaining wall and the surface settlement were 
experimentally studied. For this purpose, a large size model 
tank was manufactured, and sand was used as a test 
material. That is, a model tank with a length of 120 cm and 
a height of 160 cm was prepared so as to measure the earth 
pressure change of the earth retaining wall and the surface 
settlement in each underground excavation stage. The 
experiment was carried out in such a manner that, on the 
uniformly constructed sandy ground, some displacements 
were given to the base ground as measures such as the trap-
door test and the changes in earth pressure of the vertical 
retaining wall and surface settlement were measured. The 
model test simulated underground excavation by 
constructing and moving 10 right wall bodies representing 
the earth retaining wall and five base wall bodies 
representing the underground excavation, in order to 
measure the earth pressure according to the height of the 
retaining wall due to the excavation of the adjacent 
underground space. 
 
 

2. Experimental model test 
 

2.1 Model test apparatus 
 

For the experiment, we produced a model tank, as  
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were studied experimentally according to the separation distance between the underground excavation and the retaining wall. In 
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middle part of the retaining wall, proving the arching effect experimentally. It is necessary to consider the changes in earth 
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Keywords:  underground excavation; retaining wall; arching effect; excavation distance; model tank 

 



 

Seok-Won Lee 

 

Fig. 1 Model tank with sand 

 

 

Fig. 2 LVDT installed 
 

 

shown in Fig. 1. The tank had a rectangular structure with a 

length of 120 cm, a height of 160 cm, and a width of 40 cm. 

The ground was constructed by raining the sands into the 

tank. The size of the composed ground area was 80 cm in 

length, 80 cm in height, and 40 cm in width. In order to 

simulate the two-dimensional behavior, the material 

constituting the frame was made of steel having a thickness 

of 45 mm, so that no deformations would occur in 

directions other than horizontal and vertical. A 150 mm 

thick transparent acrylic plate was placed in front in order to 

observe both the ground settlement and retaining wall 

deformation. Steel of the same thickness was placed in the 

grid in order to prevent the bending of the acrylic plate. 

The tank walls (right wall and base wall) were 

manufactured in separate parts of 10 right wall bodies and 

five base wall bodies in order to simulate the stepped 

excavations of an earth retaining wall and underground 

space. The size of each right wall body was 8 cm in height 

and 40 cm in width, and the size of each base wall body was 

16 cm in length and 40 cm in width. A screw was placed on 

the back of each wall body so that the power could be 

transferred to the wall body through the rotation of the 

screw, allowing for either left-right or up-down movement. 

Since the displacement and the change of earth pressure had 

to be measured, load cells and LVDTs (linear variable 

displacement transformer) were placed, as shown in Figs. 2 

and 3, in the space where the screw was placed. 

Surface settlement is inevitable with the artificial 

movement of the retaining wall. In this experiment, the 

surface settlement measurement system was manufactured, 

as shown in Fig. 4, to measure the ground displacement.  

 

Fig. 3 Load cell installed 

 

 

Fig. 4 Measurement of surface settlement 
 

 

The rod measuring the settlement amount was made of 

styrofoam in order to avoid settlement due to its own 

weight; its diameter was 2 cm and its length 20 cm. A T-

shaped bar was designed to hold the styrofoam rod, and the 

holes were drilled with the same diameter as the rod so as to 

facilitate their up-down movement; the holes were arranged 

at regular intervals. A camera and commercial software 

Photo-modeler 5 pro were used to calculate the surface 

settlement through photogrammetry. 
 

2.2 Experimental test conditions and procedures 
 

2.2.1 Test material 
Jumunjin sand was used for the ground formation. Table 

1 shows the physical properties of the sand used. In order to 

maintain and confirm the constant unit weight every time 

the ground was constructed, the unit weight measuring cans 

were buried at depths of 20 cm, 40 cm, and 60 cm, and the 

unit weights inside the cans were measured upon 

completion of the experiment. The average unit weight of 

the ground was 12.4 kN/m3. 

The purpose of this study is to qualitatively study the 

behavior of adjacent retaining walls and ground arching 

effect with underground excavation. Therefore, sand was 

used as a ground material so that the ground arching effect 

can be maximized experimentally. Therefore, it may be 

similar to the results obtained in this study qualitatively in 

the ground such as cohesive soil and rock mass, but the 

quantitative value may be different. 

 

2.2.2 Experimental test conditions 
The purpose of this test is to measure the changes in  
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Table 1 Physical properties of sand 

Uniformity 

coefficient, 
Cu 

Coefficient of 

gradation, 
Cc 

Specific gravity, 

Gs 
USCS 

1.53 0.87 2.63 SP 

 

 

earth pressure and surface settlement when a new 

excavation of underground space is made next to an 

existing earth retaining wall. In order to perform this 

experiment, the existing earth retaining wall was simulated 

by the right wall, as shown in Fig. 5. In order to measure the 

earth pressure at each height of retaining wall during the 

experiment, the total right wall was divided into 10 wall 

bodies (W1 ~ W10 in Fig. 5). Then, a total of 10 earth 

pressure load cells and 10 LVDTs were installed, one of 

each on every wall body. In order to simulate the 

underground space excavation adjacent to the retaining 

wall, the base wall was divided into five wall bodies (B1 ~ 

B5 in Fig. 5) and the underground excavation was activated 

by generating displacements in each wall body. In order to 

simulate the underground excavation at a certain distance 

from the retaining wall, one of the five base wall bodies is 

selected, and the base displacement is generated step by 

step (phases 1-7). 
 

2.2.3 Experimental test procedures 
The experiment test was conducted as follows using the 

above-mentioned model tank: First, the wall bodies were 

leveled. Then, the sand was rained into the tank 10 times by 

8 cm at a time so as to form a total of 80 cm of model 

ground. A compaction rod of 1.0 kg was used to compact 

the model ground 25 times at constant intervals. After the 

ground composition was completed, a T-shaped bar was 

installed at the top of the tank, and five styrofoam rods with 

measuring points were placed on the tank at regular 

intervals. 

Fig. 5 shows the modelling of phases 1 to 7 only for the 

base first wall body (B1 in Fig. 5). Here, each phase 

represents a 1 mm lowering of the base wall body. This 

means that if the experiment is completed up to phase 7, the 

wall body has been lowered down to a total of 7 mm. It can 

be seen that the base first wall is similar to the case where 

the underground space is excavated with the separation 

distance of 0.1H (8 cm) from the earth retaining wall. Here, 

H is the height of the retaining wall (80 cm). Therefore, the 

base second, third, fourth, and fifth wall bodies represent 

0.3H, 0.5H, 0.7H, and 0.9H, respectively. 

The whole experiment was carried out through this 

division into five cases from the base first to the base fifth 

walls. As described above, in order to clearly comprehend 

the changes of earth pressure of the retaining wall, the 

displacement range of the base wall was set at 0.009H (7 

mm). All of the procedures of the experiment were 

measured with the load cells and LVDTs, and recorded in 

the spreadsheet using a PC and data logger. 

The purpose of this study is to investigate the behavior 

of retaining walls and ground arching effect due to the 

excavation of the adjacent underground space. For this 

purpose, the experimental equipment was simulated using a 

trapdoor test device (Ahmadi and Hosseininia 2018,  

 

Fig. 5 Experimental test conditions 

 

 

Chevalier et al. 2012, Costa et al. 2009) widely used in 

underground excavation simulations. In the experiments, 

one base wall unit was experimented from the viewpoint of 

one underground space. In addition, each step of downward 

displacement of the base wall unit was performed to 

simulate the excavation process of the underground space. 

 

 

3. Results of experimental model test 
 

For the experiment, the selected base wall body was 

lowered through seven phases in order to simulate the 

underground space construction having certain separation 

distance from the retaining wall. The five cases of 

experimental testing were carried out having separation 

distances between the base wall and the earth retaining wall 

of 0.1H, 0.3H, 0.5H, 0.7H, and 0.9H, respectively. Even 

though five experiments were carried out, the changing 

tendency of earth pressure acting on the earth retaining wall 

was described here for only the two experiments with 

separation distances of 0.1H (lowering of base first wall 

body) and 0.5H (lowering of base third wall body), since 

the other test results were similar to these. However, the 

ground settlement was described for all five of the 

experiments, since the ground settlement may differ from 

experiment to experiment. 

 

3.1 Variation of earth pressure acting on the retaining 
wall 
 

3.1.1 Variation of earth pressure due to the lowering 
of base first wall body 

Fig. 6 shows the earth pressure acting on the right wall 

(simulating the retaining wall) at each depth in phase 0 

(earth pressure at rest), phase 1 (1 mm lowering of base first 

wall body), and phase 7 (7 mm lowering of base first wall 

body), respectively, due to the lowering of base first wall 

body. It can be seen that the earth pressure on the right wall 

in phase 0 was similar to the theoretical triangular lateral 

earth pressure distribution. Across every phase of the 

experiment, the earth pressure on the right wall showed the 

largest increase at the right third wall body (W3 in Fig. 5), 

and the measured value was 0.8 kPa. The location where the 

earth pressure decreased most was at the right ninth wall 

body (W9 in Fig. 5), and the measured value was 1.8 kPa. 
Comparing the changes of earth pressure between phase  
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Fig. 6 Pressure variation due to B1, phases 0-7 

 

 

Fig. 7 Pressure on B1 
 

 

0 and phase 1, it can be seen that the earth pressure on the 

right sixth to tenth wall bodies decreased with the 

movement of the base first wall body and that the earth 

pressure on the right third to fifth wall bodies increased. 

The movement of the base first wall body created an 

arching phenomenon such that the pressure was reduced 

around the right sixth to 10th walls and redistributed around 

the right third to fifth walls. The variation of the earth 

pressure around the right first to second wall bodies was 

relatively small, which indicates that they are beyond the 

range of the arching effect. Therefore, it is necessary to 

consider the changing earth pressure in designing an earth 

retaining wall for sections where the arching effect is 

manifested. 

Comparing the earth pressure changes between phase 1 

and phase 7, the earth pressure on the right seventh to 10th 

wall bodies decreased, and that on the right third to fourth 

wall bodies increased. As the movement of the base first 

wall body continued, the trend became the same as before, 

but it was smaller than the variation between phase 0 and 

phase 1. Thus, it can be considered that, in the dry sand 

condition, most earth pressure change occurred at the initial 

deformation. 

Fig. 7 shows the changes in the earth pressure acting on 

the base first wall body at the movement of the base first 

wall body. Here, the P0 and P refer to the initial pressure and 

pressure at each wall displacement, respectively. The 

lowering of the base first wall body caused the drop of earth 

pressure on the base first wall by 86.2% when compared to 

the initial earth pressure. Fig. 8 shows the changes in earth 

pressure acting on the base second and third wall bodies 

 

Fig. 8 Pressures on B2 and B3 
 

 

(B2 and B3 in Fig. 5) at the movement of the base first wall 

body. The lowering of the base first wall body caused an 

increase of earth pressure on the base second wall by 27% 

compared to the initial pressure, indicating an arching 

effect, and the drop of earth pressure on the base third wall 

by just 2% compared to the initial one. Thus, it can be 

considered that the movement of the base first wall does not 

affect the earth pressure acting on the base third wall. 

 

3.1.2 Variation of earth pressure due to the 
movement of base third wall body 

Fig. 9 shows the earth pressure at each depth acting on 

the right wall (representing the retaining wall) in phase 0, 

phase 1, and phase 7, respectively, due to the lowering of 

the base third wall body. Across every phase of the 

experiment, the deviation of the measured earth pressure on 

the right walls was just -0.2~0.3 kPa. Therefore, as shown 

in Fig. 9, despite the change from phase 0 to phase 7  
 

 

 

Fig. 9 Pressure variation due to B3, phases 0-7 
 

 

Fig. 10 Pressure on B3 
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Fig. 11 Pressures on B2 and B4 
 

 

(underground excavation), the earth pressure on the 

retaining wall changed very little. It can be considered that 

the movement of the base third wall (underground space 

excavation) did not affect the right walls (earth retaining 

wall), because the separation distance of the base third wall 

was sufficiently large at 0.5H (0.5 X height of retaining 

wall). 
 

3.2 Variation of ground settlement 
 

During the experimental test simulating the underground 

excavation near the retaining wall, the ground settlement 

was measured at each phase with photos, then analyzed 

using a software program. Fig. 12 shows the ground 

settlement up to phase 7 due to the movement of the base 

first wall body (0.1XH separation distance between the 

retaining wall and the excavation of the underground 

space). Fig. 13 is that due to the base second wall body 

(0.3XH separation distance), Fig. 14 due to the base third 

wall body (0.5XH separation distance), Fig. 15 due to the 

base fourth wall body (0.7XH separation distance), and Fig. 

16 due to the base fifth wall body (0.9XH separation 

distance), respectively. The X axis was normalized by 

dividing the distance from the right wall (retaining wall) by 

the total length of the retaining wall (80 cm), and the Y axis 

was normalized by dividing the surface settlement at each 

phase by the maximum settlement that occurred. Table 2 

shows the maximum settlement and its location according 

to each experimental test case. The average maximum 

settlement was 3.37 mm. The maximum settlement was 

found near the ground where the base wall body was 

lowered in each experiment. 
 

 

 

Fig. 12 Settlement due to 0.1H (B1) 

 

Fig. 13 Settlement due to 0.3H (B2) 

 

 

Fig. 14 Settlement due to 0.5H (B3) 

 

 

Fig. 15 Settlement due to 0.7H (B4) 

 

 

Fig. 16 Settlement due to 0.9H (B5) 
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Table 2 Maximum settlement and its location 

Experimental test case 
Maximum settlement, 

mm 

Location of maximum 

settlement 

B1 (0.1H, Fig. 12) 3.67 0.1H 

B2 (0.3H, Fig. 13) 2.70 0.3H 

B3 (0.5H, Fig. 14) 3.14 0.5H 

B4 (0.7H, Fig. 15) 3.08 0.9H 

B5 (0.9H, Fig. 16) 4.28 0.9H 

 

 

4. Analysis of model test results 
 

4.1 Comparison of earth pressure at the center of the 
retaining wall according to construction phases 
 

Fig. 17 shows the earth pressure on the right fourth, 

fifth, and sixth walls (W4, W5, and W6 in Fig. 5), 

respectively, in each construction phase, which indicates 

how the lowering of the base first wall body (B1) 

influenced other walls during the entire experimental 

procedure (phases 1~7). When the base first wall body was 

moved, the earth pressure of the right central part (right 

fourth, fifth, and sixth walls) increased somewhat. Fig. 18 

shows the earth pressure on the right fourth, fifth, and sixth 

walls (W4, W5, and W6 in Fig. 5), respectively, which 

indicates how the movement of the base third wall body 

(B3) influenced other walls during the entire experimental 

procedure (phases 1~7). When the base third wall body was 

lowered, the earth pressure of the right central part (right 

fourth, fifth, and sixth walls) decreased slightly, but it 

remained nearly constant. 

 

 

 

Fig. 17 Pressures on W4, 5, 6 due to B1 

 

 

Fig. 18 Pressure on W4, 5, 6 due to B3 

 

Fig. 19 Pressures on W9, 10, B1 due to B1 

 

 

Fig. 20 Pressure on W9, 10, B1 due to B3 
 
 

4.2 Comparison of earth pressure at junction of the 
retaining wall and underground space according to 
construction phases 
 

Fig. 19 shows the earth pressure on the right ninth, 10th, 

and base first walls (W9, W10, and B1 in Fig. 5), 

respectively, in each construction phase, which indicates 

how the lowering of the base first wall body (B1 in Fig. 5) 

influenced other walls during the entire experimental 

procedure (phases 1~7). When the base first wall body was 

moved, the earth pressure on the right walls decreased. As a 

result of the base wall movement, it was confirmed that the 

ground got loose with a certain area, and the earth pressure 

also decreased on the right ninth and 10th walls belonging 

to the zone. Fig. 20 shows the earth pressure on the right 

ninth, 10th, and base first walls (W9, W10, and B1 in Fig. 

5), respectively, in each construction phase, which indicates 

how the movement of the base third wall body (B3 in Fig. 

5) influenced other walls in the entire experimental 

procedure (phases 1~7). When the base third wall body was 

moved, the earth pressure on the base first wall increased 

slightly. It can be considered that the decrease of the earth 

pressure on the base third wall caused that on the base first 

wall to increase slightly, but the earth pressures on the right 

ninth and 10th walls remained nearly constant. 

This study has limitations in obtaining the results of the 

experiment using the sand in the 1g condition where the in-

situ soil stress condition can not be reproduced. 
 

 

5. Conclusions 
 

In this study, experimental model tests were carried out 
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in order to investigate the variation of earth pressure acting 

on the earth retaining wall due to the underground 

excavation nearby, according to the separation distance 

from the underground excavation. In addition, the ground 

surface settlement was measured in the case of a new 

underground space being built near the earth retaining wall. 

This study also aimed to experimentally prove that the 

arching phenomenon occurred during the construction of 

underground space. The conclusions drawn from this study 

are as follows: 

• At the underground excavation of the base first wall 

body (0.1XH separation distance), the earth pressures on the 

right sixth to 10th walls (the lower end of the earth retaining 

wall) decreased, but those on the right third to fifth walls 

(middle of the earth retaining wall) increased. The variation 

of the earth pressure on the right first to second walls (upper 

part of the retaining wall) was relatively small. The arching 

phenomenon that the earth pressure around the right sixth to 

10th walls was reduced, and that around the right third to 

fifth walls was increased due to the underground excavation 

of the base first wall, was proven experimentally. 

• At the underground excavation of the base third wall 

body (0.5XH separation distance), the earth pressure on the 

earth retaining wall hardly changed, even when the 

underground excavation was simulated up to 7 mm. It can 

be considered that the behavior of the base third wall 

(underground excavation) did not affect the right wall (earth 

retaining wall), because the separation distance of the base 

third wall was sufficiently large as 0.5H (0.5Xheight of the 

earth retaining wall) away from the earth retaining wall. 

• As a result of observing the earth pressure changes at 

the nearby base second and fourth walls during the 

excavation of the base third wall, the pressure on the base 

third wall became 83.2% lower than the initial pressure. 

However, the earth pressures on the base second and fourth 

walls became 18.7% and 27.5% larger than the initial 

pressure, respectively. This is due to the arching 

phenomenon, by which the pressure drop of the base third 

wall was redistributed to the neighboring ground. 

• The measurements of ground settlement confirmed 

experimentally that the maximum surface settlement 

occurred near the ground where the excavation occurred. 

• It is necessary to consider the changes in earth pressure 

on the retaining wall in designing an earth retaining 

structure for the sections where the arching effect occurs. 
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