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1. Introduction

In the past decades, more and more large size open foundation 

pits were constructed benefiting from the development of design 

knowledge and construction techniques, e.g., open pits for metro 

line #4 in Shanghai (40.9 m in depth), laboratory testing pit in 

Shanghai Jiaotong University (39 m in depth), etc. (Li, 2012). 

Bottom-up and top-down methods were in general adopted for 

the excavation of the large size foundation pits. For the top-down 

approach, excavation has to be conducted after installing the internal

structure, which was temporarily used to support the diaphragm 

wall (Finno et al., 1989; Tan and Wang, 2013a). For the bottom-

up method, temporary struts were used to prevent the failure of 

the pits, e.g., temporary diaphragm wall and the construction 

started from the bottom and worked upwards (Tan and Wang, 

2013b). Due to the size of large-scale foundation pits, the central-

island technique was adopted for most of the large-scale excavations, 

where the center of the soil was first excavated while the soil 

close to the boundary of the foundation pit was not excavated to 

provide supporting force to diagram walls.

The deformation behaviours during excavation had to be 

monitored to prevent the potential failure of the foundation pits 

before the completion of construction. In general, there are three 

approaches to estimate the possible ground settlement, including 

empirical approach, physical modelling, and numerical simulation. 

Several empirical models have been proposed to estimate the 
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excavated-induced wall deflection and surface settlement (Peck, 

1969; Clough, 1990; Ou et al., 1993; Hashash and Whittle, 1996; 

Hsieh and Ou, 1998). The wall deflection, vertical column 

movement and ground settlement were generally correlated to the 

excavation depths through a linear relationship. The upper boundary 

of the coefficient for the relationship between maximum wall 

deflection and excavation depth was 1.0% (Peck, 1969), and that 

between maximum column movement and excavation depth was 

0.20% (Tan and Wang, 2013a). The ground settlement was relatively 

larger compared with maximum column movement which was 

correlated to excavated depth with a maximum ratio of 0.50%. 

However, several factors can limit the application of the proposed 

empirical correlations, including the arching effect at the corner 

section for rectangular pits, involvement of underground water, 

layered soil conditions, type of supporting structures, and the 

excavation depth (Ou et al., 1993; Yi et al., 2015). Therefore, the 

empirical correlation was generally proposed for small regions 

with similar soil conditions and excavation strategies. However, 

the proposed empirical correlations can still be used in the design 

stage as they were straightforward. 

The approach of the physical simulation was adopted to study 

the bearing capacity and settlement behaviour of foundations. 

Small-scale laboratory physical models were generally constructed, 

as the full-scale field test was very costly (Eid et al., 2009). However, 

the scale effect was always one of the main concerns when applying 

the results to real projects, which can be significant when a retaining 

wall was used in the model (Eid et al., 2009). The advantage of the 

physical simulation was that complicated soil conditions could be 

considered in the study. Centrifuge model tests can overcome this 

difficulty by simulating the deformation behaviour of field 

excavations in a small-scale model through creating similar 

conditions (i.e., stability number) (Takemura et al., 1999). Many 

tests on excavations in clay and sand have been conducted using 

centrifuge tests (Ng et al., 2013; Zhang et al., 2020).

Numerical simulation is another approach that can be used to 

predict wall deflection and ground settlement resulting from the 

excavation. In general, the finite element method was adopted 

with implementing elastoplastic constitutive models (Clough and 

Hansen, 1981; Kung et al., 2009), which was benefited from 

advances in computer hardware, software capabilities and economic 

and legal pressure (Hashash et al., 2006). However, because of 

the non-linear behaviour of clay and the limitation of obtaining 

soil parameters at small strain, the calculated surface settlement 

near the retaining wall and that observed has a significant discrepancy 

(Hsieh and Ou, 1998). 

Although many empirical or semi-empirical correlations have 

been proposed to predict the excavation behaviours for bottom-

up and top-down methods, most of them were developed based 

on small-scale excavations. Due to the development of design 

methods and construction techniques, open pits in recent decades 

have become larger and deeper. In addition, pit size has an impact 

on the excavation behaviour. Thus, an improved correlation is 

expected to estimate the ground-surface settlement and wall 

deflection of large-scale excavations. 

This paper presents the investigated results of a large-scale 

excavation of Chengdu Universal Trade Plaza (CDUTP) foundation 

pits. The primary monitored deformation characteristics include 

displacements, i.e., lateral deflection of the columns, vertical and 

horizontal movement during monitoring and ground settlement, 

forces, i.e., the internal force in the anchor cable and stress in the 

column, and pore water pressure. The correlation between excavation 

depth and corresponding monitoring indices used to describe 

excavation behaviour is evaluated based on the monitored results. 

To investigate the impact of pit size on the excavation behaviours, 

the information regarding excavation behaviours from another 

ten foundation pits in Chengdu is also included for comparison. 

This paper provides detailed knowledge of the excavation of a 

large-scale deep foundation pit, which can improve the understanding 

of the excavation behaviours of large-scale foundation pits.

2. Site Description

2.1 Bottom-Up Construction of the Rectangular Pit

Figure 1 shows the layout of the construction site as well as the 

Fig. 1. Instrumentation and Monitoring Points of the Rectangular Pit
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locations of monitoring instruments along the boundary of open 

pits. The width and length of the pit were 127 m and 213 m, 

respectively, and the total excavation area was approximately 

25,720 m2. During excavation, deformation characteristics, including 

ground settlement, column movement, compression stress in the 

columns and internal force in anchor cables, were monitored. 

Most of the monitoring points were designed along the boundaries 

of the pit (Fig. 1). Some of them were placed on the temporary 

structures used for the excavation of an adjacent pit.

Before the construction of the structures, the foundation pit 

was excavated to reach an expected depth. The excavation of the 

pit started with the construction of the concrete pile wall. For the 

central-island technique, the excavation began at the central 

portion of the pit (Tan and Wang, 2013a), leaving the soil close 

to the columns until the installation of the anchor cables is 

completed, which can advance the construction rate. Generally, 

Table 1. Table Main Construction Stages of the Foundation Pits

Stages Event
Date (mm/dd/yyyy)

Zone A Zone B

1 Construction of the diaphragm wall and concrete piles around the pit. 03/10/2012 – 04/05/2012 03/06/2012 – 04/08/2012

2 Excavation of Soil Layer #1 at the center of the pit to a depth of 4.5 m BGS. 06/02/2012 – 06/03/2012 05/25/2012 – 06/18/2012

3a Excavation of the Soil Layer #2 to a depth of 4.5 m BGS. Meanwhile, the cen-

ter part of the pit was excavated to a depth of 6.5 m BGS.

06/04/2012 – 06/21/2012 05/27/2012 – 06/20/2012

3b Installation of the first layer of anchor cables and curing of the cast slabs. 06/26/2012 – 07/27/2012 2012.06.11 – 2012.07.29

4a Excavation of the Soil Layer #3 to a depth of 6.5 m BGS. Meanwhile, the cen-

ter part of the pit was excavated to a depth of 9.5 m BGS.

08/20/2012 – 09/01/2012 08/15/2012 – 08/27/2012

4b Installation of the second layer of anchor cables and curing of the cast slabs. 09/02/2012 – 09/23/2012 08/28/2012 – 09/18/2012

5a Excavation of the Soil Layer #4 to a depth of 9.5 m BGS. Meanwhile, the cen-

ter part of the pit was excavated to a depth of 12.5 m BGS.

09/25/2012 – 09/27/2012 09/18/2012 – 09/21/2012

5b Installation of the third layer of anchor cables and curing of the cast slabs. 09/28/2012 – 10/14/2012 09/22/2012 – 10/06/2012

6a Excavation of the Soil Layer #5 to a depth of 12.5 m BGS. Meanwhile, the 

center part of the pit was excavated to a depth of 15.5 m BGS.

10/20/2012 – 10/23/2012 10/04/2012 – 10/08/2012

6b Installation of the fourth layer of anchor cables and curing of the cast slabs. 10/24/2012 – 11/04/2012 10/08/2012 – 10/29/2012

7 Excavation of the Soil Layer #6 to the final depth of 20 m BGS. 12/08/2012 – 02/27/2012 12/12/2012 – 02/27/2013

8 Construction of underground structures 03/28/2013 – 10/28/2013 03/28/2013 – 10/28/2013

Note: BGS denotes below ground surface.

Fig. 2. Typical Cross Section of the Rectangular Pit and Corresponding Soil Types (section 3-3 in Fig. 1)
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the central island technique was adopted for large-scale foundation 

pit in Chengdu due to the relatively good soil conditions, which 

was adopted during excavation for this foundation pit as well, 

see Fig. 2. From Layer #2 to Layer #5, after reaching the 

designed depth, anchor cables were installed and cured before the 

deformation was stable. Then, the excavation for the following 

stages started. The exaction was begun on March 1, 2012, and 

reached the expected depth for the entire foundation pit on 

February 27, 2013. Table 1 lists detailed construction activities 

for each region in Fig. 1. Since Zone C is close to the future 

excavation site and Zone D is close to a subway monitored 

through R1-R17, the detailed construction information was not 

recorded.

2.2 Instrumentation

In general, monitoring the deformation of soil along with the pit, 

movement of the columns, and stress and force in the column 

and anchor cables, are part of the work required for safe excavation 

of a pit. In addition, the data can be used to investigate excavation 

behaviours further. Fig. 1 displays the layout of the instrument in 

the plan. The monitored items are 1) column deflections measured 

by inclinometer (YKCX-7330) (designed as X1-X7); 2) axial 

force in the steel used in the concrete pile measured by vibrating 

wire stress meters (YKMS-2101) (designed as X1-X7); 3) stress 

in the anchor cables (4, 9 and 12 m below ground surface) measured

using dynameter (YKMS-3201IT) (designed as Y1-Y7); 4) ground 

settlement surveyed at 39 stations along the boundary of the pit 

measured using total station (designed as D1-D39); 5) subsurface 

settlements behind the wall of the pit using the total station as 

well (R1-R17); 6) vertical column movement using total station 

(S1-S12); and 7) phreatic water table levels measured by three 

standpipes (designed as W1-W3).

2.3 Site Subsurface Conditions

Before the construction, the soil properties were explored at more 

than 255 locations by a series of field tests, including standard 

penetration tests and field wave velocity tests, and laboratory 

tests (Atterberg limit tests, swelling test, permeability test and 

direct shear test). Fig. 3 shows the soil profiles and soil properties 

obtained from field and laboratory tests. Since the construction 

site was extensive, the thickness of soil layers varied in space. 

Therefore, the average thickness of soil layers was plotted.

According to borehole information, it was noticed that most 

of the excavation happened in clay. When close to the bottom of 

Fig. 3. Available Physical and Mechanical Properties of Soil: (a) Water Content, (b) Unit Weight, (c) Void Ratio, (d) Liquid Limit, (e) Plastic Limit, 
(f) Plastic Index, (g) Cohesion, (h) Liquid Index, (i) Friction Angle, (j) Young’s Modulus, (k) SPT N63.5 Value, (l) Modified SPT N120 Value, 
(m) Unconfined Compression Strength, (n) Undrained Shear Strength
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the open pit, sand and gravel were observed. At some locations, 

mudstone was even observed. Therefore, no need to monitor the 

heaving of the foundation bottom in the following construction 

stages. Based on the field and laboratory test results, the mechanical 

properties of soil in Fig. 3 were used in the design of piles and 

reinforcement structures.

3. Field Measurement

3.1 Lateral Movement along the Column

Figure 4 summarizes the available lateral movement along with 

the monitored columns. The column developed the maximum 

movement at the top of the column most of the time. Since the 

column located at X3 is at the corner of the two boundaries, the 

lateral movement was only approximately half of that observed 

in columns located at X1, X2, X4, X5, X6, and X7, which were 

close to 20 mm at the end of the excavation. The limited 

deflection at location X3 was due to boundary conditions at the 

north and west sides of the foundation pits, which has been 

explained in detail by Liu et al. (2021a). Most of the lateral 

movement was detected in Stages 5 and 6 as the excavation was 

close to the expected depth. The reason for the maximum 

movement observed at the surface is that the column with high 

strength develops less deflection in the column. Another reason 

is that the soil at the bottom of the pit was gravel and mudstone, 

which have higher strength based on Fig. 3. This can be verified 

Fig. 4. Summary of Available Lateral Column Deflection at Points: (a) X1, (b) X2, (c) X3, (d) X4, (e) X5, (f) X6, (g) X7
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based on the measured deflection close to the bottom of the 

excavation, which reduced dramatically. 

Figure 5 shows the relationship between the maximum wall 

deflection, δhm, and the excavation depth, H. The maximum wall 

deflection, δhm, was the maximum deflection along a column 

when a certain depth was reached. To better understand the 

behaviours of the rectangular pit, data from another seven pits 

with similar soil conditions in Chengdu is also included here to 

investigate the deformation characteristics. As shown in Fig. 5, 

the relationship between δhm and H for this study is mostly 

between lines of δhm = 0.02%H and δhm = 0.25%H. The trend line 

for this case falls between δhm = 0.1%H and δhm = 0.15%H. The 

measured δhm was close to the lower boundary of basement 

excavation in Tan and Wang (2013b). Although the excavation 

site was relatively large, the wall deflection was comparatively 

small, which was associated with the installation of anchor cables. In 

addition, the diameter of the concrete column effectively limited 

the wall deformation. If compared with the proposed correlation 

between δhm and H for soft soils, the measured δhm in this study 

was far below the upper boundary of Clough (1990) (δhm = 

0.5%H), Kung et al. (2007) (δhm = 0.6%H), and Peck (1969) (δhm

= 1.0%H). The measured δhm in this study was even smaller than 

the lower boundaries proposed by Clough (1990) (δhm = 0.22%H), 

and Kung et al. (2007) (δhm = 0.2%H). For the rest of the available 

cases, the relationship between δhm and H was still close to δhm = 

0.15%H, which was still relatively small and below the lower 

boundaries proposed by Clough (1990) and Kung et al. (2007). 

Small wall deflection was due to the bottom-up excavations 

showing a capacity for resisting deformation. Another reason 

was the soil with high strength at the bottom of the excavation 

can provide a high supporting force to prevent the deformation 

of the column, which can be verified by the measured stress in 

the column.

Different from the monitored lateral deflection of the other 

deep-seated excavations, which have the maximum deflection 

observed at the half depth of the wall (Tan and Wang, 2013a), the 

maximum observed deflection was always observed at the top of 

the column, which was consistent with other reported cases in 

Chengdu area (Fu et al., 2010; Yu, 2012; Gao et al., 2017). The 

limited deformation was attributed to the stiffness of the supporting 

systems (i.e., wall bending stiffness, location of anchor cable, 

etc.), which were capable of resisting lateral deflection. However, the 

effect of the supporting systems should be studied by comparing 

the maximum lateral deflection of the foundation pits with and 

without supporting structures.

3.2 Column Movement and Internal Stress

The column might move horizontally and vertically during the 

excavation of the foundation pit. Fig. 6 shows the development 

of the column displacement, which was measured at the top of 

the column. Fig. 6(a) presents the movement of the top of the 

column perpendicular to the excavation surface, whilst Fig. 6(b) 

shows the movement along the boundary of the pit. In the initial 

stages, e.g., Stages #1 and #2, there was no movement in the 

horizontal plane as soil close to the column had not been excavated. 

However, after that, the horizontal displacement developed, and the 

increase of the movement was also linear with the progress of the 

excavation, resulting from the removal of the soil close to the 

Fig. 5. Relationship between δhm and H 

Fig. 6. Typical Development of Column Behaviours with Time:  
(a) Horizontal Column Movement, (b) Lateral Displacement at 
the Top of the Column
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column. After the completion of excavation and the installation 

of anchor cables, there was no noticeable movement detected in 

the horizontal plane. The maximum movement of all monitored 

points was about 14 mm in both directions. Once the soil had 

been moved in Stage 7, an increase in the movement was 

detected. However, after a short period, no additional horizontal 

movement was detected, which was due to releasing stress had 

finished, and force from anchor cables limited the movement of 

the soil. The anchor cable close to the base of the foundation pit 

was installed in the sand and gravel, which can provide a 

relatively large resistance force to the lateral and horizontal 

movements of the columns.

Figure 7(a) presents the development of vertical movement of 

columns #32 (Y2), #50 (Y3), #67 (Y4), #87 (Y5) and #111 (Y6) 

with time. The column movement was very similar to wall 

movement, which undulated during excavation. During the 

excavation of each layer, the wall moved upward after soil removal 

due to immediate stress release. Then, the vertical column moved 

downward continuously. The substantial movement was detected in 

Stage 7 after the excavation reached the designed depth. This is 

because removing the soil at the bottom of the pit can result in a 

sudden decrease in the lateral friction force. Another reason is 

the discharging of deep artesian water in Stage 7 (Fig. 15), which 

results in immediate substantial settlements (Fig. 7(a)). Following 

the soil removal, column heaves may be expected as well. 

However, the magnitudes of wall heaves at stages 7 and 8 were 

relatively small as the bottom of excavation had been reached. 

The soil remaining at the bottom of foundation pits was mudstone 

which has a very high elastic modulus. After that, the columns 

gradually settled when the underground structures were constructed.

The column settlement overall was comparably small as the 

excavation depth almost reached the gravel or mudstone (Fig. 3).

Figure 7(b) shows the relationship between the maximum 

vertical column movement, δcu and the excavation depth, H. The 

maximum vertical column movement, δcu, is the maximum vertical 

displacement of the monitored station. Most of the δcu ranged 

between the lines of δcu = -0.05%H and δcu = -0.06%H. Although 

the vertical movement of all columns was plotted in the same 

figure, it can still be observed that the vertical movement increased 

with the development of excavation. By further analysis of the 

excavations, it was noticed that at the initial 10 m, the vertical 

column movement is relatively small, which was because the 

installation of the anchor cable increased the normal force 

between columns and soil resulting in an increase of friction. 

However, when the excavation depth increases, the decrease of 

the friction due to the removal of the soil cannot be overcome by 

Fig. 7. Typical Development of Column Movement with Time: (a) Vertical 
Column Movement, (b) Maximum Vertical Column Movement

Fig. 8. Typical Development of Column Stress with Time at: (a) East 
Side of the Pit, (b) North Side of the Pit
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the installation of anchor cable resulting in the increase of the column 

settlement. Another possible reason for the small column movement 

was due to the stress release of the soil at the basal of the excavation 

resulting in the rebounding of the soil underneath the column. The 

lifting up of the column can offset some of the vertical movement of 

the column. However, the overall settlement was relatively small 

compared with other soft clay areas (Tan and Wang, 2013b).

Figure 8 presents the development of the stresses during 

construction in columns located at Y1 − Y7, which were monitored 

by wire vibrating wire stress meters. Positive values represent 

tension stress, and negative values represent compression. The 

instrument was attached to the lower end of the columns. Unlike 

other excavations, e.g., the cylinder shaft reported by Tan and 

Wang (2013b), in which the column was in tensile states during 

most of the excavation time, the columns in this study sustained 

compression stress. The main reason is that there is no basal 

heave, and the excavation of soil decreased the surface friction 

from part of the soil. The self-weight of the column exerted a 

significant downward load on the interior steel columns, and 

compression stresses were recorded. The majority of the increase 

of compression stress was recorded in Stage 7, which corresponded 

to the period of a rapid drop of artesian water pressure. The drop 

of water level can cause the dissipation of water in the soils, 

which means effective stress increases and settlement occurs. 

Then, a downward force from soil was applied on the columns 

resulting in the increase of compression stress, as shown in Fig. 8.

The location of the maximum compression stress in the column 

during excavation is shown in Fig. 9. Although discrepancies 

existed, the location of the maximum compression stress moved 

to the bottom of the column. At the very beginning of the 

excavation, the maximum compression stress was located at the top 

of the excavation. However, with the development of the excavation, 

the self-weight of the column cannot be entirely resisted by the skin 

friction from the surrounding soils. Therefore, bearing force was 

applied at the end of the columns. Based on force equilibrium, 

compression stress was observed, and the location of the maximum 

stress propagated downward with the proceeding of excavation and 

pumping. It was also interesting to see that the location of the 

maximum compression stress was approximately at a depth of 

excavation, which further verified maximum compression stress 

resulted from the removal of the soil close to the column in the pit. 

3.3 Axial Force in the Anchor Cable

Figures 10(a), 10(b) and 10(c) show the typical development of 

Fig. 9. Variation of the Location of the Recorded Maximum Compression 
Stress with the Increase of Excavation Depth

Fig. 10. Development of Internal Force in the Anchor Cables Located 
at: (a) X2, (b) X5, (c) X7
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the measured internal force in the anchor cables at the depths of 4 m, 

9 m and 12 m BGS during the excavation. Although the internal 

force was measured at the north and west of the pit, the overall 

trend for all three columns was very similar. Based on the available 

data, the maximum internal force was observed at Stage 7 when 

the expected excavation depth was reached, which matched the 

observed lateral deflection (Fig. 4). It was also interesting to see 

that the measured maximum internal force for the columns at 

different locations was very close as excavation depth and soil 

profile at these locations were very similar.

In Stage 7, the internal force at three different depths was very 

close to each other, although differences existed, which increased 

at Stage 8. In addition, the measured maximum internal forces 

were detected at different depths, 12 m, 4 m and 9 m, for 

different columns close to X2, X5 and X7, respectively, which 

indicate potential maximum deflections at the bottom, top and 

middle of the column. These different behaviours between 

columns were mainly attributed to the different thickness of soil 

layers at different cross-sections. The soil layer with high 

compression strength and Poisson’s ratio can limit the lateral 

displacement of the soil, which can affect the deflection of the 

columns. Therefore, the corresponding internal force at the same 

location for different columns changed. The increase of internal 

force in Stage 7 was due to the excavation resulting in the 

displacement of the column moving to the inside of the pit. 

However, after the stress of soil due to soil excavation was 

released and consolidation of the soil behind the columns after 

pumping was completed, the internal force of the column 

dropped to approximately the same magnitude of the force 

before soil removal.

Figures 11(a), 11(b) and 11(c) present the relationship between 

the internal force of anchor cables and excavation depth. During 

the removal of soil, the internal force measured in the anchor 

cable changed in a range of 20 − 30 kN. However, when the 

excavation reached the desired depth, due to the installation of 

the anchor and stress release of soil, the internal force varied in a 

range of 30 − 70 kN. The variation of internal force was smaller 

when the excavation was relatively shallow, e.g., 12.5 m, than that at 

a deeper depth, e.g., 20 m. However, due to the limited deformation 

information of the anchor cables in other excavation pits, empirical 

correlations cannot be concluded for further analysis.

3.4 Ground Settlement

Figure 12 shows the typical ground settlement at the different 

surfaces of the pit. The measured ground settlements increased 

almost linearly at the south and west side of the pit (Figs. 12(a)

and 12(b)). The settlement at the north side of the pit kept at a 

constant magnitude after the excavation reached the expected 

depth (Fig. 12(c)). The measured ground settlement on average 

was 3 − 5 mm, which was mainly attributed to the small column 

deflections around the monitoring points. Following the pausing 

of the dewatering pump, an approximate 1 − 2 mm rebound of 

ground level was detected at Stage 8 at the south and west sides 

of the pit (Figs. 12(a) and 12(b)). The small ground settlement 

compared with other large excavation pits may attribute to the 

prompt installation of the anchor cables (Tan and Wang, 2013a,

2013b). 

The relationship between the maximum ground settlement, 
Fig. 11. Excavation Depth, H, vs Internal Force in the Anchor: (a) 4 m 

BGS, (b) 9 m BGS, (c) 12 m BGS
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δvm, and the excavation depth, H, is presented in Fig. 13. The 

measured δvm was the vertical displacement of the monitored 

point, which was always the lower boundary proposed by 

Hashash et al. (2008), δvm = 0.05%H. Overall, the observed δvm of 

the excavation studied here was considerably smaller than that 

proposed by Clough (1990) for excavations in clay (i.e., δvm = 

0.15%H and δvm = 0.50%H). This comparison indicated that 

the excavation, along with the reasonable reinforced structures, i.e., 

anchor cables, was capable of limiting the ground settlement than 

the regular basement pits in terms of the magnitude of settlement. 

In addition, the small settlement also benefitted from stiff soils, 

e.g., sand, gravel and sandstone, in the study area, which limited 

the heaving and settlement of the foundation base. 

The ground settlement was measured about 2 m behind the 

column used to prevent lateral slope failure. When plotting the 

normalized ground settlement, δvm/He, against the normalized 

distance behind column, d/He, in which He is the final excavation 

depth, the ground settlement in this study, as expected, was in the 

stiff clay zone as proposed by Clough (1990), Hashash et al. 

(2008) and Tan and Wang (2013a). The excavation of CDUTP 

fell within Zone I in Peck (1969) for the excavation of sand. 

Different from the observation in Shanghai, China, although the 

excavation of CDUTP had a very large size, the ground 

settlement was very small, which resulted from the reinforcement 

Fig. 12. Settlement along the Boundary of the Open Excavation: (a) Along
the Railway at the South Side of the Pit, (b) At the West Side of 
the Pit, (c) At the North Side of the Pit

Fig. 13. Relationship between Maximum Ground Settlement, δvm, and 
Excavation Depth, H

Fig. 14. Relationship between Maximum Ground Settlement, δvm, and 
Maximum Column Deflection, δhm
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during the construction and soil conditions underneath the open 

pit.

Figure 14 shows the relationship between the maximum wall 

deflection, δhm, and the corresponding maximum ground settlement,

δvm. The observed relationship was between δvm = 0.1δhm and δvm

= 0.3δhm, which were smaller than measured in Shanghai soft 

clay (Tan and Wang, 2013b). In addition, δvm/δhm was also much 

smaller than that reported by Mana and Clough (1981) and 

Moormann (2004). Again, the small lateral deflection of the 

columns limited the ground settlement, which essentially can be 

attributed to the installation of the anchor cables.

3.5 Pore Water Pressure

Since the discharging of artesian water can result in the change 

of excavation behaviour, the variation of the water level under 

the ground surface was monitored during the excavation. Fig. 15 

indicates the variation of the average artesian water level along 

with the progress of the excavation, and the error bars show the 

maximum and minimum water levels around the boundary of the 

excavation pit during observation. With the development of the 

excavation, the artesian water level drops accordingly with the 

help of the pumping. Due to the expected depth was reached in 

October 2013, the artesian water level dropped suddenly, 

resulting from the increased pumping rate in a short time. The 

water level after pumping was kept at a constant level until the 

end of the excavation. Overall, the artesian water level dropped 

gently during most of the construction time.

Rainfall can infiltrate into the soil and result in the increase of 

artesian water level considerately. During the construction stage, the 

maximum rainfall was 22 mm/day, which happened in stages 4a and 

4b. However, the effect of rainfall on the artesian water level was very 

limited, as shown in Fig. 15. Therefore, the variation of the artesian 

water level can be attributed to the pumping rate, as stated above.

4. Discussion

4.1 Empirical Relationships 

As the available correlations are mostly developed based on the 

shallow excavations, when the correlations developed by Peck 

(1969), Clough (1990) and Kung et al. (2007) were applied to deep 

foundations, the correlation does not always match the observed

information. By summarizing the deformation characteristics 

of another seven projects in Chengdu, although discrepancies 

exist, the relationship between δhm and H for other cases overall 

was close to that of CDUTP. When comparing the excavation 

behaviour of the pits in this study with that in Shanghai (Tan and 

Wang, 2013b), it was interesting to find that the development of 

maximum wall deflection with excavation depth in this study 

(Fig. 5) was very close to the lower boundary proposed by Xu 

(2007) which was developed based on the excavation of 92 

basements in Shanghai. From the comparison of the mechanical 

properties of soils, it can be concluded that the main reason for 

the small deflection for CDUTP was due to the high strength of 

the soil, indicated by the high cohesion of subsurface soil. 

According to the soil properties reported by Tan and Wang 

(2013a), the cohesion of subsurface soil was about 20 kPa. 

However, for subsurface soil in CDUTP, the cohesion was about 

40 kPa. Another reason was the installation of the anchor cables, 

which can effectively limit the movement of the wall. 

The maximum column movements observed for CDUTP 

were less than 5 mm. Compared with the observed column 

movement for Shanghai World Finance Center (SWFC) (Tan 

and Wang, 2013a), the observed maximum column movement 

ranged from 6 mm to 30 mm when an excavation depth of 18 m 

was reached. There are three reasons that result in the small 

column movement. The first one is the soil type along the pipe. 

For the excavation pit reported by Tan and Wang (2013a), the 

soil along the pile in the vertical direction was clay. However, for 

CDUTP, the soil along the pile was silt, sand and gravel, which 

can provide high side friction to the pile. Another reason is the 

type of column used to limit the soil movement around the 

excavation pit. For SWFC, H-section steel columns (460 × 460 mm) 

were used. However, for CDUTP, cylinder concrete pipes with a 

diameter of 1 m were constructed on-site, which can provide a 

large side surface. The last reason was mudstone underneath the 

bottom of the excavation pit, which limited the settlement or 

bottom heave. Therefore, a small settlement may be expected if 

the bottom of the excavation is close to bedrock. 

A small ground settlement was also measured with a magnitude 

of 2 mm on average, which was relatively small compared with 

that reported by Tan and Wang (2013a) for SWFC, 30 – 70 mm. 

Two main reasons may contribute to the large difference. The 

first reason was the excavated soil for CDUTP has a higher 

Young’s modulus, 27 − 40 MPa, compared with 10 MPa for 

SWFC, which can limit the strain under the same normal stress. 

A portion of the settlement is from the soil underneath the 

excavation, which is mudstone primarily for CDUTP. Therefore, 

the settlement for CDUTP is very small. The installation of 

anchor cable limited the lateral movement of soil as well, which 

was only 14 − 16 mm. Small lateral movement constrained the 

soil behind the concrete column, which further limits the settlement 

of soil in the vertical direction.

Fig. 15. Variation of the Artesian Water Level during the Construction
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4.2 Effect of Pit Sizes

Pit size plays a dominant role in the magnitude of wall deflections

and ground settlements. The area of the excavation pit of CDUTP is 

25,720 m2 with an aspect ratio of 1.7. It was concluded that 

larger excavation pits (plane area of 30,000 to 50,000 m2) might 

have three to five times of wall deflections and wall settlements 

compared with small-scale excavation pits (Tan and Wang, 

2013a). As wall settlement is not always reported in the previous 

publication, maximum deflection on the wall was selected as an 

index to show the effect of pit size on the foundation excavation. 

The data from another ten foundation pits in the Chengdu area 

were also included to study the impact of pit size on excavation 

behaviour. The excavation area, aspect ratio (length of pit/width 

of the pit), and excavation depth were investigated.

Figure 16(a) shows that the excavation area of most of the 

reported foundation pits in the study area were less than 5,000 m2.

For small area excavation, the maximum deflection, δhm, ranged 

from 3 mm to 45 mm. For the foundation pits with a large area, 

the maximum deflection was also in this range. It means the 

maximum deflection is not solely dependent on the excavation 

area. However, the maximum deflection increased with the 

aspect ratio (Fig. 16(b)). Although the trend line is with a small 

value of R2, it at least indicates the potential correlation between 

aspect ratio and maximum deflection. It is also interesting to 

explore the effect of excavation depth on the maximum deflection. 

Theoretically, with the increase of excavation depth, the maximum 

deflection increases as well. The maximum deflection of the 

reported 11 foundation pits overall follows this tread, although 

discrepancies exist.

When comparing the wall deflection of the same size excavation 

pits in other soft clay areas, e.g., Shanghai (Tan and Wang, 

2013a), the maximum wall deflection for the same excavation 

depth is very close. Although different soil properties were 

reported, the deflection doesn’t have a significant difference. 

However, the ground settlement of CDUTP is smaller than 

observed in SWFC in Shanghai, which is only 20% − 30% of the 

measured ground settlement. The reason for small ground 

settlement for CDUTP is attributed to the mechanical properties 

on soil, which are mostly coarse particles and mudstone at the 

base of the excavation that can limit the settlement significantly. 

Therefore, it can be concluded that the pit size can only affect the 

wall deflection. Ground settlement is still dominated by the soil 

properties in the excavation pits.

4.3 Assessment of Anchor Cables 

The lateral deformation of the columns was simulated using 

Abaqus. Soil properties and thickness in Fig. 3 were used in the 

simulation. It was shown that the maximum lateral deformation 

of the columns without installing the anchor cables was 

approximately close to 65 mm. In comparison, the maximum 

lateral deflection of the columns stabilized using anchor cables 

was about 22 mm, 34% of that without anchor cables, which 

means that the installation of the anchor cables can significantly 

reduce the lateral deflection.

It was found that a decrease of the prestressing force of 60% 

can result in a 40% increase of the lateral displacement. And an 

increase of the prestressing pressure of 60% can cause a decrease 
Fig. 16. The Effect of: (a) Pit Size, (b) Aspect Ratio, (c) Excavation Depth  

on the Maximum Deflection of the Column
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of the lateral displacement by 14%. However, it didn’t mean that 

increasing the prestressing force can continuously reduce lateral 

displacement, as when the prestress exceeds a threshold value, 

the lateral displacement will hardly be affected. Therefore, increasing 

prestressing force of anchor cables to reduce lateral displacement 

should be chosen with caution. Anchor cables with a prestress of 

300 kN were installed during excavation, and the maximum 

lateral deflection was reduced by 60%. Therefore, it means the 

design and installation of the anchor cables during this excavation 

were reasonable.

During this excavation, three to four layers of anchor cables 

were installed (Table 1). If soil nails along with anchor cables 

were used during excavation, it was possible to reduce the 

maximum lateral displacement by 30% to 50% (Chen et al., 2021). 

It was recommended that decreasing lateral spacing, increasing 

the number of anchor cables, and the anchor cable's strength can 

also reduce the lateral displacement by a certain amount (Liu et 

al., 2021b). In addition, increasing the strength and size of the 

column was another option to reduce lateral spreading and forces 

in anchor cables. However, the size and spacing of anchor cables 

and columns should be optimized based on stability analysis.

5. Conclusions

Based on the comprehensive study of the data from the excavation

of Chengdu Universal Trade Plaza (CDUTP) foundation pits and 

comparison of this study to another ten excavations in Chengdu, 

we can make the following conclusions:

1. Comparing with excavation area, the aspect ratio and 

excavation depth have a significant effect on the maximum 

deflection. However, the effect of the excavation area cannot 

be ignored.

2. The measured wall deflection ranged between δhm = 0.02%H

and δhm = 0.25%H for this large-scale pit with an area of 

25,720 m2. The trend line for this case fell between δhm = 

0.1%H and δhm = 0.15%H. The measured δhm in this study 

was even smaller than the lower boundaries proposed by 

Clough (1990) (δhm = 0.22%H), and Kung et al. (2007) (δhm

= 0.2%H).

3. The vertical column movement, δcu, undulated during 

excavation. After the expected depth was reached, the 

increase in the vertical column movement was negligible. 

The vertical column movement ranges between δcu = 0 and 

δcu = 0.06%H, which is relatively small, resulting from the 

soil conditions close to the bottom of the excavation, where 

mudstone was detected.

4. The internal force in the anchor cable varied between 20 −

30 kN during the excavation and between 30 − 70 kN when an

expected depth was reached. However, empirical correlations 

are not available to evaluate the magnitude of the internal 

force. 

5. The measured maximum ground settlement, δvm, was always 

under the line of δvm = 0.05%H, which was the lower 

boundary proposed by Hashash et al. (2008), which was 

also smaller than the lower boundary proposed by Clough 

(1990) for excavations in clay. When correlate the maximum 

wall deflection, δhm, and the corresponding maximum ground

settlement, δvm, it was observed that observed relationship 

between δvm and δhm, was between δvm = 0.1δhm and δvm = 

0.3δhm, which were smaller than measured in Shanghai 

soft clay (Tan and Wang, 2013a). In addition, δvm/δhm was 

also much smaller than that reported by Mana and Clough 

(1981) and Moormann (2004).

6. The presented result in this paper indicates that deformation

characteristics of the foundation pit, e.g., lateral wall 

deflection, vertical column movement and ground settlement, 

are dependent on supporting system, i.e., anchor cables, 

and soil condition, such as mudstone at the bottom of the 

excavation for this study, resulting in a relatively small 

movement for columns and ground surface.
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