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Abstract. The main purpose of retaining wall methods for deep excavation is to keep the construction site safe from the earth
pressure acting on the backfill during the construction period. Currently used retaining wall methods include the common strut
method, anchor method, slurry wall method, and raker method. However, these methods have drawbacks such as reduced
workspace and intrusion into private property, and thus, efforts are being made to improve them. The most advanced retaining
wall method is the prestressed wale system, so far, in which a load corresponding to the earth pressure is applied to the wale by
using the tension of a prestressed (PS) strand wire. This system affords advantages such as providing sufficient workspace by
lengthening the strut interval and minimizing intrusion into private properties adjacent to the site. However, this system cannot
control the tension of the PS strand wire, and thus, it cannot actively cope with changes in the earth pressure due to excavation.
This study conducts a preliminary numerical analysis of the field applicability of the controllable prestressed wale system
(CPWS) which can adjust the tension of the PS strand wire. For the analysis, back analysis was conducted through two-
dimensional (2D) and three-dimensional (3D) numerical analyses based on the field measurement data of the typical strut
method, and then, the field applicability of CPWS was examined by comparing the lateral deflection of the wall and adjacent
ground surface settlements under the same conditions. In addition, the displacement and settlement of the wall were predicted
through numerical analysis while the prestress force of CPWS was varied, and the structural stability was analysed through load

tests on model specimens.
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1. Introduction

Deep excavations in urban areas must be performed in
consideration of factors such as land expropriation,
influence of adjacent structures, and changes in
groundwater level. The size and depth of such excavations
are gradually increasing owing to the demands of users and
contractors. Therefore, many studies have developed
methods for ensuring stability against excavation and
supporting the earth pressure acting on the workspace (Lee
et al. 1998, Onishi and Sugawara 1999, Long 2001, Leung
et al. 2009, Usmani et al. 2010, Osman and Bolton 2007,
Ou et al. 2000, Huang et al. 2012, Xu et al. 2013, Dang et
al. 2012, Chowdhury et al. 2013, Dong 2014, Dong et al.
2016, Osman and Bolton 2006, Pickels et al. 2003, Kung
2010, Usluogullari et al. 2015, Li et al. 2015). The slurry
wall method, strut method, and prestressed wale system are
commonly used to support retaining walls in deep
excavation. The anchor system is designed to resist the
earth pressure transmitted to the wall of the excavation
surface through the resistance obtained from the tension of
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a prestressed (PS) strand wire. If there is a large difference
between the elevation of the excavation section or the
bottom surface, this system affords an advantage in that
there is no restriction on the use of construction machines.
However, if the anchor is too long, it may intrude on the
construction boundary.

The strut method is the most common retaining wall
method. In this method, a wall is installed at the excavation
boundary, and this wall is supported using struts and wales.
Although this method is mechanically safe and economical,
it is difficult to realize sufficient workspace, and the
potential buckling of struts poses a risk in the case of deep
excavations.

Prestressed wale systems have been developed and
widely used for overcoming the abovementioned
shortcomings of excavation methods (Park et al. 2009, Park
et al. 2004, Kim et al. 2004, Kim et al. 20053, Kim et al.
2005b, Kim et al. 2007). However, the drawback of
prestressed wale systems is that they cannot adjust the
tension of the PS strand wire for the wale that is required to
resist the earth pressure transmitted from the back to the
wall.

In this study, back analysis was conducted based on
measurements of a site where the strut method was applied,
and numerical analysis was conducted for applying the
controllable prestressed wale system (CPWS) to the same
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ground conditions. The CPWS numerical analysis was
conducted while the horizontal force acting on the wall was
varied, and the strut method, wall horizontal displacement,
and ground surface settlement were analysed. In addition,
the structural stability of the CPWS and the system safety
owing to variations in the tension of the PS strand wire
were investigated through indoor model tests.

2. Controllable prestressed wale system (CPWS)

Existing retaining wall strut methods suffer from
problems such as constructability degradation owing to
increased steel material usage, wall displacement and earth
pressure uncertainties, and increased construction cost.
CPWS introduces prestress to overcome these problems,
and it can adjust the prestress according to the wall
deformation owing to the earth pressure. Therefore, CPWS
can improve the constructability, stability, and economic
efficiency because it enables efficient use of the workspace
through a long-span support.

2.1 Concept of CPWS

Fig. 1 shows the main components of CPWS. The T-
type girder cross section includes a wide flange on the sides
and a web with a large cross section in the centre. This
cross-section configuration considers the effect of the
bending moment redistribution. The bending moment
owing to earth pressure is offset by the prestress force, and
the bending stress and deflection are reduced by the large
cross section in the centre. When a long span is applied to
the strut interval, the bending moment and deflection in the
centre increase owing to the earth pressure. Therefore,
prestress is introduced to offset the stress and displacement.
In addition, the eccentricity is increased by arranging the PS
strand wire in a curve by using the T-type girder and saddle
to avoid the excessive use of the PS strand wire and PS
force. The PS strand wire is fixed at both ends of the T-type
girder, and an external prestressing system and a hydraulic
jack are installed at an end so that the PS force can be
adjusted to an appropriate moment according to the change
in the earth pressure.

Fig. 2 shows a free body diagram of CPWS. The tension
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of the PS strand wire is transmitted to the T-type girder
through five nodes, and the T type girder serves to offset the
earth pressure acting on the wall. In other words, the PS
forces x1 and x2 introduced by the PS strand wire generate
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force V in the vertical direction to the T-type girder in the
saddle and fixing devices, and this force offsets the earth
pressure acting on the T-type girder.

2.2 Laboratory model test

To investigate the field applicability of CPWS, load tests
for simulating the earth pressure were conducted in a
laboratory. Fig. 3 shows the load test system and
measurement situation constructed for this purpose. The
earth pressure delivered from the back of the retaining wall
was simulated using a universal test machine (UTM), and
the tension of the PS strand wire was adjusted according to
the increase or decrease in earth pressure.

Fig. 4 shows the horizontal displacement when a 400-
kN PS force was applied to the T-type girder shown in Fig.
1. The horizontal displacement was measured as 12.730
mm/400kN and 7.465mm/200kN; this is equaled to 0.0263
mm/kN when converted to the unit PS force ([12.730-
7.465]mm/[400-200]kN). In addition, the horizontal
displacement according to the elastic analysis was 0.02503
mm/kN; this was similar to the measured value of 0.0263
mm/kN.

Fig. 5 shows the measured strain values by the position
in the PS strand wire when stepwise load was applied to the
T-type girder with the introduction of a 400-kN PS force. As
the earth pressure increases on the T-type girder, the PS
strand wire length and PS force increase by AS and AX.
These values are interpreted by applying the three
equilibrium equations as well as the compatibility condition
that the sum of the horizontal displacement caused by the
earth pressure and the displacement caused by the PS force
is 0. The analysis result showed that when a 400-kN load
was applied, the PS force increase in the PS strand wire was
43.0 kN. When a 600-kN load was applied, the PS force
increase in the PS strand wire was 60.9 kN. When this was
converted based on a 400-kN load, the measured PS force
increase was 40.6 kN; this is in good agreement with the
analytical value of 43.0 kN.

From the above results, the horizontal displacement of
the PS force by the analysis and the PS force increase by the
applied load tend to agree with the measurement results.
When analysis equations that consider the equilibrium
conditions and deformation compatibility condition shown
in Fig. 4 are applied, it will be possible to predict the
varying earth pressure. In this study, laboratory model tests
were conducted using a load application device. The results
showed that CPWS could easily respond to the earth
pressure variation through the T-type girder and adjust the
PS force accordingly. Despite such force adjustment, its
structural stability was ensured.

3. Field application

To analyse the field applicability of CPWS through
numerical analysis, back analysis was conducted based on
the measurement data of a site that used the existing strut
method. CPWS was numerically analysed and compared
with the existing strut method. In addition, the results were
compared while varying the PS force.

- 2 .
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3.1 Construction site and ground condition

The construction site that used the existing strut method
was a new building with 11 ground floors and 4
underground floors located in Nonhyeon-dong, Seoul (Fig.
4). Excavation was performed up to a depth of 25.0 m from
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Table 1 Construction phase

Stages  Period: dates  Interval days Construction activities

Lining, side pile, centre pile perforation and
insertion/CIP and LW grouting completion/measuring
instrument installation
Excavation depth: GL(-)5.1m and 1st-phase strut

1  2016.06.01~07.15 52

2 08.01~08.24 33 : y
installation
3 09.01~09.13 2 Excavation depth: (_3L(-)8.4_m and 2nd-phase strut
installation
N Excavation depth: GL(-)11.0m and 3rd-phase strut
4 10.14-10.31 % installation
5 11.01~11.23 a1 Excavation depth: QL(-)lS.?m and 4th-phase strut
installation
6 12.01~12.31 39 Excavation depth: QL(-)16.§m and 5th-phase strut
installation
7 2017.01.01~01.24 23 Excavation depth: QL(-)19.§m and 6th-phase strut
installation

8 01.24~01.30 16 Excavation completion: GL(-)25.3m

Table 2 Description of soil deposit

Thickness Description N-Value Classification
Filled layer ~ 4.0-45m  Cray-brownsilty sand-gravel =, 55 555, SM
mixture, moist, medium dense
Weathered soil 12m Yellow-brown silty sand, moist, 50/25 M
very dense
Yellow-brown fragment sand
Weathered 13m with 50/10
rock . 3
boring, moist, very dense
Bedrock, medium or highly
Soft rock 15.5-23.5m weathered, crack and joint, 50/3

grey-pinkish grey

the ground surface (G.L. (-) 0.0 m), and six phases of struts
were installed. As seen from the top view and cross-
sectional view (Fig. 5 (a) and 5(b), respectively), there were
various adjacent structures and roads in use around the site.

The site wall comprised CIP (Cast-In Place Pile) and H-
pile and wooden lagging in the upper soil zone and CIP and
shotcrete in the lower rock zone; furthermore, the LW
grouting method was applied for water cut-off (Fig. 6).
After installing piles for the CIP method, excavation was
performed, and the struts for each phase were installed for
the construction. Table 1 lists details of each construction
phase.

The drilling investigation revealed the type of bedrock,
geological structure, and groundwater level. Through a
standard  penetration test that was  conducted
simultaneously, the relative density, bearing capacity factor,
allowable bearing capacity, adhesion, elastic modulus,
softness, and angle of shearing resistance could be
estimated. The location of the drilling investigation and the
strata sections are shown in Figs. 7(a) and 7(b). The drilling
investigation revealed strata in the order of the filled layer,
weathered soil, weathered rock, and soft rock (Table 2). The
bedrock in the present interval is the banded gneiss, where
the mafic mineral part and leucocratic mineral part
alternate. The groundwater level was at G.L. (-) 7.7-7.8 m
in the soft rock layer.

3.2 Back analysis

To assess the field applicability of CPWS, the site at
which the existing strut method was applied was modelled
through numerical analysis; back analysis was performed
first based on the horizontal displacement of the wall,
settlement, and axial forces in the struts, as mentioned
earlier. Back analysis was performed through two-
dimensional (2D) and three-dimensional (3D) numerical

Building load
Strut f

21.42m

wyzTs

-
I

(b) 3D
Fig. 6 Back analysis modelling for strut method

Table 3 Soil properties

Filled layer Weath_ered Weathered Soft rock
soil rock
Unit weight Vst KN/m® 18 19 20 21
Void ratio €int - 0.5 0.5 0.5 0.5
Young’s modulus E kN/m? 10,898 20,000 45.000 850,000
Poisson’s ratio v - 0.35 0.35 0.25 0.25
Cohesion ¢ kN/m? 0 0 10 35
Shear resistance ® ° 23 25 3 35
angle
Dilatancy angle P ° 0 0 0 0
Interface Rinter - 0.7 0.7 0.7 0.7
Table 4 Wall properties
CIP Shotcrete H-pile
Unit weight % kN/m? 24 24 785
Young's modulus E MPa 30,000 21,000 21,500
Poisson ratio v - 0.15 0.18 0.2

analysis and by using the commercial software program
Plaxis (ver. 2016.02).
The above-mentioned adjacent structures, ground
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Fig. 7 Procedure of numerical analysis

conditions, groundwater level, and construction phases of
the site were modelled. In the case of 2D analysis of a
representative section, the horizontal displacement of the
wall was measured and the loads of the adjacent structures
were estimated according to the conditions of each building.

In 2D and 3D modelling, 1,166 and 198,533 elements
were used, respectively (Fig. 6). As for the boundary
conditions, the side sections were fixed in the horizontal
direction and the bottom surfaces were fixed in all
directions.

The Mohr-Coulomb constitutive model was used in the
numerical analysis; The soil properties were estimated
using the N value obtained from the standard penetration
test. The physical properties of each structure were referred
from the site report and the Korea Geosynthetics Society
(2010).

The Plaxis software used in this study represents the
interface between the ground and the structure through a
strength reduction factor. In Plaxis, the strength reduction
factor of the interface between concrete and the ground is
generally 0.6-0.7. In this study, a value of 0.7 was obtained
in the site measurement. Tables 3 and 4 show the soil
properties, strength reduction factor, and wall properties
used in the numerical analysis. Fig. 7 shows the overall
numerical analysis process.

The horizontal displacement of the wall, settlement of
the adjacent ground, and axial forces in the struts that were
obtained from the site were analysed. The horizontal
displacement was measured using an inclinometer;
settlement was measured at distances of 1.0, 1.2, and 1.5 m
from the wall; and axial forces in the struts were measured
in two struts, S1-1 and S2-1 (C), that were installed at the
top.

3.3 Comparison with field data

The applicability of CPWS in the field can be sorted
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(b) Safety factor for CPWS
Fig. 8 Safety factors from numerical analysis

into the reliability analysis of wall, the displacement of wall
and ground, and the safety factor obtained by limit
equilibrium analysis. While the reliability analysis of wall
can be conducted by using the target reliability index on
long-term behaviour through the functions according to
corrosion level (Ghasemi and Nowak 2017a, Nowak and
Collins 2013, Ghasemi and Nowak 2017b). In this study,
however, since the CPWS is a temporary structure which is
essential during construction, it has been reviewed by using
the only safety factor obtained by limit equilibrium analysis
and the displacement of wall and ground. The groundwater
level was considered, thus, the safety factor in the rainy
season was selected as the baseline. As shown in Fig. 8, the
values were respectively 1.26 and 1,27 in strut method and
CPSW.

The horizontal displacement of the wall in the final
excavation phase and the maximum horizontal displacement
depending on the excavation phase are shown in Figs. 9 and
10, respectively. As shown in Fig. 9, the maximum
horizontal displacement of the wall in the final excavation
phase occurred at the top of the wall. A displacement of
8.38 mm occurred at the top of the wall, and a displacement
of -0.10 mm was measured at the final excavation depth of
21 m. The position of each strut installed in each excavation
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Fig. 13 Mesh generation and virtual image of CPWS

strut installation positions.
The location where the field-measured value rapidly

decreases or becomes negative value shown in Fig. 9 is
where the strut is installed. This indicates that the strut
influenced the lateral deflection of the wall.

Fig. 10 shows the maximum horizontal displacement of
the wall depending on the construction phase. The
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maximum horizontal displacement was 9.76 mm in
construction phase 5, and then, it gradually converged.

The settlement was measured at SE2-1-3, and the results
are shown in Fig. 11. The maximum settlement of 0.32 mm
occurred at SE2-1, which was closest to the excavation
surface with 0.2 m distance, in the final excavation phase.
The next largest settlements of 0.25 and 0.18 mm occurred
at SE2-2 and SE2-3, which were 0.7 m and 1.2 m away
from the wall, in the final excavation phase, respectively.

The axial forces in S1-1, the main strut, and S2-1(C)
installed in the right section were measured using a strain
gauge, and the results are shown in Fig. 12. The (+) and (-)
signs of the axial force represent compressive and tensile
force, respectively. As shown in the figure, both struts were
subject to compressive force. The maximum axial force was
79.2 kN in S1-1 and 127.6 kN in S2-1(C), and it was found
that 61% larger compressive force occurred in S2-1(C)
owing to the stress concentration in the right section.

3.4 Modelling for CPWS

To conduct a preliminary analysis of the field
applicability of CPWS, CPWS application with the same
conditions as for the back analysis of the actual site, where
the strut method was applied, was simulated. The prestress
was divided into three steps—100, 150, and 200 KN—and
gradually increased, and changes in the horizontal
displacement of the wall and in the surface settlement were
analysed.

Prestress application in CPWS numerical analysis is
shown in Fig. 13(a) and 13(b), and the virtual views of the
site with CPWS applied are shown in Fig. 13(c) and 13(d).
The number of elements formed was 1,188 in 2D and
94,146 in 3D modelling; this was similar to the element
number for the back analysis of the strut method.

As for the boundary conditions, the side sections were
fixed in the horizontal direction and the bottom surfaces
were fixed in all directions as in the case of the back
analysis, and the Mohr-Coulomb construction model was
used. The soil properties used were the same as those
estimated through the back analysis, and the prestress load
applied to the wall is shown in Table 5. The tensile force
listed in Table 5 was estimated within the allowable range
of the 12.7 mm PC strand wire that was used for prestress.

3.5 Results from numerical analysis of CPWS

Among the results of 2D and 3D numerical analyses of
CPWS, the horizontal displacement of the wall and ground
settlement are shown in Figs. 13-15. The maximum
horizontal displacement of the wall in the final excavation
phase was 7.9 mm near the ground surface (Fig. 14).

Fig. 15 shows the maximum horizontal displacement of
the wall depending on the construction phase. The
maximum horizontal displacement was ~8.0 mm in 2D
numerical analysis and 7.0 mm in 3D numerical analysis;
however, both 2D and 3D analyses showed similar
displacements of ~8.0 mm in the final excavation phase.
This is a somewhat smaller value compared to the back
analysis result of the strut method (8.5 mm).

Fig. 16 shows the settlement according to the excavation
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phase in the numerical analysis that used CPWS. The
settlement predicted using 2D and 3D analysis was 8.0 mm
and 6.0 mm, respectively. Although these are somewhat
smaller than the values obtained from the site measurement
or back analysis result of the strut method, it is believed that
the settlement can be reduced further by introducing a
larger PC strand wire tension against the earth pressure
generated from the back.

4. Comparison of results

4.1 Results from strut method and CPWS

The field applicability of CPWS was assessed in
advance by comparing the site measurement data using the
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strut method, back analysis results, and numerical analysis
results of CPWS. Only the 3D results were shown for the

back analysis and numerical analysis of CPWS. Fig. 17
shows the horizontal displacement according to the depth in
the final excavation phase. As seen from this figure, all the
largest displacements occurred at the top of the wall, and
the horizontal displacement of the wall at 7.82 mm in
CPWS was 10% smaller than that at 8.69 mm in the back
analysis. This was the case when the prestress introduced in
the CPWS was 150 kN.

Fig. 18 shows the maximum horizontal displacement of
the wall according to the excavation phase. When the
results of the back analysis were compared with those of the
numerical analysis of CPWS, the largest displacement of
the wall occurred at the first-phase excavation and the
displacement of the wall gradually converged at later
excavation phases. This was somewhat different from the
actual measurement results. However, the displacements of
the wall in the final excavation phase were 8.0 mm for the
site measurement, back analysis, and CPWS numerical
analysis.

This means that the application of CPWS does not make
much difference compared to the application of the strut
method in terms of the horizontal displacement of the wall,
that is, structural stability; however, effects such as
shortened construction period and improved economic
efficiency can be expected by providing sufficient
workspace.

The settlements measured at the site were compared
with the results of the back analysis and the numerical
analysis of CPWS at the same point (Fig. 19). As seen from
the figure, the largest settlement change occurred in the 1st
phase excavation process for the site measurement, back
analysis, and numerical analysis, and the maximum
settlements converged to 6.1 mm. As in the case of the
above-mentioned maximum  horizontal  displacement
according to the excavation phase, when CPWS is applied
in practice, it is believed that the same stability as that
achieved using the existing method can be ensured and
economic efficiency can be improved by providing
sufficient workspace.

4.2 Results from CPWS depending on pre-loading

The CPWS method used in this study has the advantage
of being able to adjust the prestress applied to the PC strand
wire according to the earth pressure change. Therefore, the
horizontal displacement of the wall in the final excavation
phase. The prestress was assumed to be 150 and 200 kN,
and the same ground and boundary conditions were applied.
As seen from Fig. 20, when the prestress was 150 kN, a
7.82 mm horizontal displacement occurred at the top of the
wall; this was similar to the value of 8.69 mm obtained
from the back analysis result of the strut method. However,
when the prestress was increased to 200 kN, a 3.59 mm
horizontal displacement occurred; this was 54% lower than
the result when the prestress was 150 kN.

5. Conclusions

In this study, back analysis was conducted based on
measurement data from a site where the strut method was
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applied. In addition, preliminary numerical analysis of the
field applicability of the newly developed CPWS method at
the same site was conducted by analysing the horizontal
displacement of the wall and ground settlement.

» When the horizontal displacement of the wall with

depth in the final excavation phase was 10% lower when
using the CPWS method than when using the strut method.
The maximum horizontal displacement according to the
excavation phase was also 23% lower when using the
CPWS method than when using the strut method.
Therefore, CPWS shows superior field applicability
compared to the typical strut method.

» Changes in the horizontal displacement of the wall

and in the ground settlement were analysed while the
prestress of CPWS was gradually increased. The tension
could be applied in the field when compared with the results
of the indoor model tests. As a result, when the prestress
increased by 33%, the maximum horizontal displacement of
the wall and the ground settlement decreased by 54% and
26%, respectively.

» The CPWS, as can be shown in the study results, is

not a method for increasing the structural stability by
decreasing the horizontal displacement of wall or the
settlement of adjacent ground in the prestressed wale
system, nor it an typical existing method such as strut.
Compared to the existing methods, while wall displacement
and settlement occur, a wider work space can be secured,
compared to the strut method. Also, unlike the existing
prestressed wale system, the tensile force introduced by the
PS steel strand can be adjusted and modified according to
the changes in the earth pressure during the excavation,
which is advantageous.

This shows that CPWS can ensure higher levels of
stability against changes in the earth pressure on the wall
from the back compared to the existing prestressed wale
system. Therefore, CPWS not only affords the advantages
of the existing prestressed wale system (i.e., shortened
construction period and reduced construction cost by
providing sufficient workspace) but also improves the
stability against excavation by actively coping with changes
in the earth pressure.
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