
ABSTRACT 

LEE, JUNGMOK. Analysis and Design of Temporary Slopes and Excavation Support 

Systems in Unsaturated Piedmont Residual Soils. (Under the direction of Dr. Roy H. Borden 

and Dr. Mohammed A. Gabr). 

The design of a temporary slope and excavation retaining wall system often is carried out 

using drained strength parameters and effective stress analyses. Although this approach 

produces generally safe designs, some steep cuts and natural slopes in the residual soil 

profiles often are observed as stable. This observation indicates that the shear strength of 

unsaturated residual soil is actually greater than that measured from triaxial tests of saturated 

specimens. The difference in strength and stiffness values can be attributed to the matric 

suction observed in unsaturated fine-grained soils.  

An extensive site investigation, including laboratory tests, in situ tests, and instrumentation 

monitoring of the behavior of temporary slopes and a cantilever sheet pile wall, was 

conducted for this study. Also full-scale field tests were conducted to investigate the effects 

of matric suction on the behavior of unsaturated Piedmont residual soil. Slopes with 0.25:1, 

0.5:1, and 1:1 inclines and a cantilever sheet pile wall, which was embedded to a depth of 

10.7 m from the original ground surface with a width of 20 m, were excavated to a depth of 

6.7 m at a test site in Greensboro, North Carolina, where measurements of matric suction 

values with depth were obtained. 

Numerical analyses were conducted using PLAXIS 2D and PLAXIS FLOW codes to account 

for the unsaturated condition of the cantilever sheet pile and to estimate an earth pressure 

diagram appropriate for design. The numerical analysis results led to a suction profile over 

time based on the measured suction data, which were then input into a deformation analysis 



  

 

program to account for suction profile changes. After the 6.7 m excavation stage, the suction 

profile showed that the suction values were close to those under saturated conditions over 

depths from 0 m to 5 m. When this suction profile was input into the deformation analysis, 

the deformation of the soil behind the sheet pile wall and the deflection of the sheet pile 

matched well with the measured data. Bending moments of the sheet pile wall, as predicted 

by numerical analysis, were validated using the measured bending moments to predict the 

pressure on the sheet pile wall. The observed deformation of the soil and the sheet pile wall 

during excavation confirmed the matric suction profile changes that indicated a reduction in 

suction values, which then led to large shear deformations and reduced modulus values. By 

incorporating the suction profile changes into the analysis, the design of temporary retaining 

systems can be improved because the design can now better consider rainfall accumulation. 

Work in this thesis also presents the results of stability analyses of the 0.25:1, 0.5:1 and 1:1 

slopes. The stability analyses were conducted using SLOPE/W and SEEP/W codes to 

account for the unsaturated condition of the temporary slopes. Numerical analyses produced 

factors of safety in excess of 1.5 for even the steepest slope of 0.25:1. The cut slopes were 

monitored over a period of two months after excavation in stages down to 6.7 m. During the 

second month, large ponds of water were maintained on the top of the slopes to monitor the 

effects of surface-water infiltration. The observed stability of the slopes confirmed the 

analysis results that incorporated matric suction and the resulting unsaturated soil strength, 

suggesting that more economical temporary cut slopes can be designed than is currently the 

practice. 



  

 

Finally, a simplified method was developed for estimating the required depth of penetration 

of a cantilever wall in unsaturated soils. A design chart using an average suction value for the 

profile has been developed to estimate embedded depth of cantilever sheet pile wall for 

desired factor of safety. The concept of a Suction Stability Number (SSN), which is defined 

as ψ/(γH), where the suction, ψ , is taken as the average matric suction over the length of the 

sheeting, γ is the average total unit weight and H is the depth of excavation, was introduced 

to account for the stabilizing influence of matric suction, in a similar manner to cohesion in 

the conventional stability number.   Comparing predicted results from the proposed method  

with those from FEM analyses of the field test wall, the simplified design method is seen to 

under-predict the required embedded depth of sheet pile wall for a FS=1.5 by approximately 

23 percent. It is therefore suggested that a factor of 1.25 be applied to results obtained from 

the design chart. 
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CHAPTER I   

INTRODUCTION 
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1.1. GENERAL 

Soil structures usually are built on a partially saturated ground surface. Saturated soil 

mechanics was developed by Terzaghi and Peck in 1967 based on the effective single stress 

concept. However, problems for many geotechnical engineers involve the unsaturated soil 

above the ground water table, and the classic effective stress concept is insufficient to explain 

the behavior of unsaturated soils. For example, matric suction force, which is generated in 

partially saturated soil, must be taken into account when considering soil behavior that 

includes shear strength, volume change, and seepage. Figure 1.1 shows subdivided portions 

of saturated and unsaturated soil. The unsaturated soil consists of water, air, and solid soil 

particles. The pressure difference between the air and water drive capillary tension forces and 

affect the soil’s behavior, especially for soil that contains fines content. For example, silty 

and clayey soils relate closely to unsaturated soil behavior because their water contents 

paired with fines content easily generate capillary force, which is related to matric suction. 

The contribution of suction to the behavior of unsaturated soil depends on the degree of 

saturation. Piedmont residual soil contains fines content (silty clay), which means that 

unsaturated soil mechanics should be taken into account to explain the behavior of residual 

soil for the appropriate design and analysis of temporary slope and excavation support 

systems.   
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Fig.1.1  Categorization of soil above the water table based on variation in degree of 

saturation (Fredlund et al., 1996) 

 

1.2 PROBLEM STATEMENT 

The design of temporary slope and excavation support systems conventionally is carried out 

using drained strength parameters and effective stress analyses. This approach has produced 

consistently safe designs. However, some steep cuts and natural slopes in residual soil 

profiles have been observed as stable even though they are not actually safe according to 

effective stress analysis results. Contractors often excavate and leave standing slopes that are 

steeper than the allowed angle of slope that had been designed using a conventional effective 

stress approach. Thus, it can be assumed that the shear strength of the residual soil is actually 

greater than that predicted by the sampling, testing, and interpretation procedures. This same 
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misunderstanding also may be the case for a temporary retaining structure designed using the 

same effective stress parameters. The use of strength parameters that are too low make the 

lateral earth pressure in the design higher than the force that actually acts on the system, 

thereby leading to overly conservative designs. 

 

For these reasons, fundamental aspects that are missing from current design approaches need 

to be addressed. One such factor is the suction force in partly saturated soil. The inclusion of 

a level of suction and its impact on the shear strength and deformation parameters is needed 

for a better understanding of the behavior of unsaturated residual soils. Therefore, the main 

goal of this research is the development of a rational design procedure and analysis 

methodology for unsaturated Piedmont residual soils. 

 

1.3 STUDY OBJECTIVES 

Full-scale field tests and extensive laboratory and in situ tests were conducted for this study 

to investigate the effects of matric suction on the behavior of unsaturated Piedmont residual 

soils. Specifically, the study examines the inclusion of matric suction in the design of 

temporary slope and retaining wall systems. The main objective is to provide a better 

understanding of the behavior of unsaturated residual soils that are subjected to surface-water 

infiltration based on unsaturated soil mechanics for the appropriate design of temporary slope 

and excavation support systems.  
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The objectives of this research are to: 

 

1. Characterize unsaturated Piedmont residual soil profiles and integrate all the test data 

and monitoring instrumentation. 

2. Perform deformation analyses with consideration of the unsaturated condition for 

temporary retaining wall systems in order to determine lateral earth pressure diagram 

required for design. 

3. Investigate the appropriate incline (angle) of unsaturated temporary slopes and the 

duration period of construction based on the results of stability and infiltration 

analyses. 

4. Evaluate shear strength and deformation behavior to account for the variation in soil 

suction due to rainfall infiltration. 

 

1.4 THESIS ORGANIZATION 

This thesis has six chapters. The first chapter discusses the problems associated with the 

design of temporary slopes and retaining walls in unsaturated Piedmont residual soils and 

explains the objectives of this research. Chapters 2 and 3 investigate the performance of 

cantilever sheet pile walls in unsaturated residual soil. Chapter 2 describes the results of 

extensive laboratory tests and an in situ investigation, including suction profiles that are 

needed to characterize the site conditions. The behavior of the cantilever sheet pile wall and 

the soil behind the sheet pile wall was monitored for a better understanding of the behavior of 

unsaturated Piedmont residual soil. In Chapter 3, based on the site conditions and measured 
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data from Chapter 2, discussion of the deformation analysis is provided. This analysis, which 

includes suction profile changes due to rainfall infiltration over time, was performed to 

estimate the pressure on the sheet pile wall in order to determine lateral earth pressure 

diagrams required for the design of temporary excavation support systems. Chapter 4 

provides discussion of the slope stability analyses that were conducted for the 0.25:1, 0.5:1, 

and 1:1 slopes cut to a depth of 6.7 m and that incorporated suction profiles and surface 

infiltration data to calculate anticipated changes in the factor of safety (FS) over time. 

Inclinometer-measured lateral displacements are shown to explain the observed stable slopes 

and to confirm the results of the analyses that incorporate the effects of matric suction on the 

unsaturated soil strength. The results suggest that more economical temporary cut slopes 

could be designed than is currently the practice. Finally, Chapter 6 presents a thesis summary 

and conclusions that include ideas for future research. The appendices provide the instrument 

measurement data and details of the numerical analyses. 
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CHAPTER II    

PERFORMANCE OF CANTILEVER SHEET PILE WALL IN UNSATURATED 

RESIDUAL SOIL: SITE CONDITIONS AND MEASURED PERFORMANCE 

Jungmok Lee, Roy H. Borden, and Mohammed A. Gabr 
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2.1 ABSTRACT 

Piedmont residual soils were formed by the weathering of igneous and metamorphic rock. 

Due to variable weathering conditions, it is difficult to define the characteristics of the soil 

and therefore it is challenging to estimate the engineering behavior of the soil. This thesis 

presents the results of an extensive site investigation in Greensboro, NC, which is a region of 

predominantly Piedmont residual soil. The investigation includes laboratory tests, in situ 

tests, and instrumentation monitoring of the behavior of a cantilever sheet pile wall 

embedded to a depth of 10.7 m from the original ground surface with a width of 20 m. In 

addition, the soil behind the sheet pile wall was monitored during a three-stage excavation 

process at depths of 4.6 m, 6.1 m, and 6.7 m. The field site consists mainly of A-4 (ML) soil 

with embedded A-7-5 (MH) soil layers. Measured Standard Penetration Test (SPT) N-values 

(standard penetration resistance values) consistently range from 5 to 14 to a depth of 15 m. 

The in situ modulus profiles, determined using a pressuremeter, were developed and 

compared using correlations with the SPT N-values, cone penetration test (CPT) results, and 

results of unsaturated triaxial tests. The soil located 0.6 m behind the sheet pile wall was 

found to move laterally 170 mm, as indicated by an inclinometer device, whereas the sheet 

pile wall itself, which was up to 1 m above the ground surface, moved laterally 215 mm. 

These lateral movements occurred after the 6.7 m excavation. Additionally, strain gauges 

were used to monitor the bending moments of the sheet pile wall, and pressure cells were 

used to measure the changes in the lateral earth pressure during the excavation stages. The 

matric suction profile was monitored constantly, starting from the initial condition 
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throughout the three stages of excavation. The results of this extensive investigation and 

monitoring provide a better understanding of unsaturated Piedmont residual soil. 

 

2.2 INTRODUCTION 

Piedmont residual soils are part of a geologic formation that underlies a region along the 

eastern portion of North America, extending from southwest Pennsylvania into Alabama, as 

shown in Figure 2.1. These residual soils were formed from the weathering of igneous and 

metamorphic rock. Variable weathering, temperatures, drainage conditions, and topography 

have changed the parent rock into residual soil, which varies in type from clayey topsoil to 

sandy silts and silty sand (Martin, 1977). Due to various and irregular weathering conditions, 

it is difficult to characterize residual soil (Wang and Borden 1996, Mayne and Brown 2003). 

Nonetheless, typically residual soil can be characterized by examining mineral segregation 

and structural defects in the parent rock, which results in nonhomogenous and anisotropic 

engineering properties (Sowers and Richardson, 1983). Typically, the portion of the residual 

soil that is closest to the ground surface consists of fine-grained clay, which is a red-tan color 

due to complete weathering processes (Mayne and Brown, 2003). 

Due to the complicated engineering characteristics of Piedmont residual soils, several 

researchers have investigated their engineering properties. Sowers and Richardson (1983) 

investigated the geologic formation of residual soils and identified the classifications of the 

soils while also studying their compressibility and settlement behavior. Martin (1977) found 

a correlation between the SPT N-values and modulus values obtained from pressuremeter 

tests (PMTs). Wang and Borden (1996) studied and summarized the characteristic properties 
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and deformation characteristics of residual soils based on extensive laboratory and in situ test 

results in an attempt to understand the engineering behavior of these types of soil. Mayne and 

Brown (2003) summarized the engineering soil property profiles obtained from various in 

situ and laboratory tests for Piedmont residual soils. However, they did not consider matric 

suction profiles when analyzing the engineering properties.  

This thesis presents the results of extensive in situ and laboratory tests that were conducted to 

characterize the test site conditions as well as to summarize the measurements obtained as 

part of full-scale field testing that included a cantilever retaining system with three stages of 

excavation during construction: 4.6 m, 6.1 m, and 6.7 m depths. The measured displacements 

of the soil behind the sheet pile wall and movement of the sheet pile were the measured 

behaviors of the residual soil during the three excavation stages. Hydraulic properties, 

including soil water characteristic curves (SWCCs) and initial matric suction profiles of the 

site, were examined to understand the effects of matric suction on the behavior of unsaturated 

Piedmont residual soil. 

 

2.3 SITE DESCRIPTION 

The test site for this study is located in the Piedmont physiographic region within Guilford 

County in North Carolina (NC). This site was part of North Carolina Department of 

Transportation (NCDOT) project U-2412B in Greensboro, NC. The test cantilever sheet pile 

wall was embedded 10.7 m from the original ground surface with a width of 20 m, as shown 

in Figure 2.2. The excavation proceeded in three stages where the cumulative excavation at 

each stage was 4.6 m, 6.1 m  and 6.7 m, respectively. Extensive sampling and in situ testing 
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1.2 m in front of the sheet pile wall at borehole 1 (BH1), 1.5 m at borehole 2 (BH2), and 4 m 

at borehole 3 (BH3) behind the sheet pile wall were completed at the site prior to starting 

excavation, as shown in Figure 2.3 (a). During the PMTs, samples were recovered at BH1. 

SPTs were conducted at BH2 where inclinometer casing was installed after sampling. 

Inclinometer casing also was installed at BH3 after sampling. Additionally, two inclinometer 

cases were installed at distances of 0.6 m and 2.7 m from the sheet pile wall. In order to 

characterize the test site soils, laboratory tests were conducted that included natural water 

content, dry density, specific gravity, Atterberg limits, and grain size distribution as the 

parameters. The soil types from the Greensboro field site are divided into two groups, A-4 

(ML) and A-7-5 (MH), both of which fall into the silty-clay category based on American 

Association of State Highway and Transportation Officials (AASHTO) classification. The 

areas adjacent to the sheet pile wall consisted mainly of the A-4 (ML) soil type and an 

embedded layer of A-7-5 type of soil could be observed based on characteristic lab test 

results, as shown in Figure 2.3 (b). The water table was not observed until a depth of 15 m 

was reached.  
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Fig. 2.1 Location of Piedmont Province (Wang and Borden, 1997) 

 

 

Fig. 2.2 Photograph of test site after 6.7 m depth excavation 
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Fig. 2.3 (a) Locations of instruments at test site: plan view   
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Fig. 2.3 (b) Locations of instruments at test site: cross-section  

 

 

2.3.1 Soil profile 

Figure 2.4 summarizes the SPT N-values and results of the soil characterization obtained 

from the lab tests. The SPTs were conducted at BH2, and the N-values range from 5 to 14. At 

the depth of 3 m, the N-values are fairly constant as 12 to 14, which is a similar range of the 

SPT N-values found by Wang and Borden (1996). The layers at BH2 consist of A-4 soil, 

except for depths from 7 m to 9 m, which are characterized by the A-7-5 soil. The fines 

contents and plasticity index (PI) values at BH3 are approximately 15 percent and 50 percent 
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higher than the soil properties above the depth of 6 m measured at BH1 and BH2, 

respectively, because the A-7-5 layers were observed at the upper parts of BH3. The 

percentage of fines is higher than 50 percent for the whole soil profile until the depth of 15 m 

is reached, which indicates the most advanced weathering process of Piedmont residual soil 

(Wang and Borden, 1996). The over-consolidation ratios (OCRs) could be determined from 

saturated oedometer tests conducted by the NCDOT. To a depth of 3 m, the OCR value is 

shown to be 3.5, which may have resulted from particle cementation or desiccation 

processes. After sampling, the initial matric suction data were measured at the bottom of each 

Shelby tube using tensiometers (T5 and T5x, Decagon Devices, Inc.). The initial matric 

suction profile from each borehole is summarized in Figure 2.5. Below a depth of 9 m, the 

values of the matric suction profiles are similar for the three locations. Due to the different 

soil types, the soil suction profiles for BH3 show higher matric suction levels in the A-7-5 

layer than in the A-4 layers at BH1 and BH2. 
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Fig. 2.4 (a) Soil characteristic profiles located at 1.2 m in front of sheet pile wall (BH1) 
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Fig. 2.4 (b) Soil characteristic profiles located at 1.2 m behind sheet pile wall (BH2) 
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Fig. 2.4 (c) Soil characteristic profiles located at 4 m behind sheet pile wall (BH3) 
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      (a) BH3                         (b) BH2                            (c) BH1 

 

Fig. 2.5 Initial matric suction profiles for three borehole locations 
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2.3.2 Soil water characteristic curves 

Wang (2014) performed pressure plate and tensiometer tests to develop SWCCs. In order to 

determine field SWCCs in this study, the drying curve for each soil layer was shifted to 

match the associated field-measured suction data. Figure 2.6 shows one example of a field 

SWCC for a depth of 4.5 m with a 21 percent shift of the a value to match the field-measured 

suction data. Table 2.1 summarizes the Van Genuchten SWCC parameters for the soils. 

 

Fig. 2.6 Field SWCC at a depth of 4.5 m in BH2 

 

Table 2.1 Van Genuchten SWCC Parameters for Sheet pile wall area 

Sample  

Location 

Depth 

(m) 
Soil type s  r  

a 

(1/kPa) 
n m 

BH2 

4.5 A-4  0.435 0.038 0.034 1.771 0.435 

10.4 A-4 0.509 0.038 0.050 1.589 0.371 

13.5 A-4 0.490 0.038 0.065 1.511 0.338 

BH3 
1.6 A-7-5  0.533 0.17 0.078 1.328 0.247 

13.5 A-4 0.456 0.038 0.057 1.678 0.404 
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2.3.3 Deformation characteristics 

The in situ testing for this study included soil sampling, SPTs, CPTs, and PMTs to evaluate 

the deformation characteristics of the residual soil. To understand the behavior of the sheet 

pile wall and the soil behind the sheet pile wall during each stage of excavation, the soil 

deformation parameters have been estimated using in situ test results. The modulus values 

obtained from the unsaturated soil triaxial tests can account for the matric suction. These 

triaxial tests were conducted by a research colleague, Tang, who studied the deformation 

parameters used in in situ tests to monitor the effects of matric suction on deformation 

values. These unsaturated triaxial tests were performed on undisturbed specimens. 

Figure 2.7 presents the pressuremeter modulus ( PMTE ) profiles in terms of depth. These 

field-measured stiffness values reflect the variation of the soil and matric suction force 

because the tests were performed in situ. The PMTE  values were determined from the linear 

portion of the pressure-injected volume curve. The PMT measurements were taken 1.2 m in 

front of the sheet pile wall. With regard to the soil classification, areas near the sheet pile 

wall consist mainly of A-4 soil. As shown in Figure 2.7, the PMTE  values range between 8 

MPa to 18 MPa at a depth of 10 m.  

The correlations between the different in situ test results can be applied for residual soils to 

estimate the modulus values obtained from limited test data. For example, several researchers 

have proposed empirical correlations between the soil modulus values and measured SPT N-

values. Martin (1987) proposed  a regression line equation, Equation  (2.1), which describes 

the correlation between PMTE  and SPT N-values. Wang and Borden (1996) validated that 
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their data fall above the Martin regression line. In this paper, one of the regression equations 

that is representative of residual soil has been used to estimate the PMTE  based on measured 

SPT N-values ( _PMT NE ). The Martin regression line equation is:  

0.6513

_ 21.56( )PMT NE N                                                                                               (2.1) 

As shown in Figure 2. 7, below a depth of 4 m, there is good agreement between PMTE

and _PMT NE , but above 4 m, the PMTE values are 50 percent to 150 percent higher than the

_PMT NE . 

Mayne and Frost (1988) proposed an approximate relationship between the modulus 

values obtained from a dilatometer ( DE ) and the SPT-N60 values for Piedmont residual soils. 

They compared data obtained from the field site to develop the empirical Equation (2.2). 

   0.82

_ 6022 ( )D N aE P N                                                                                                (2.2) 

where aP  represents the reference stress, equal to one atmosphere (≈100 kPa), and N60 

represents the SPT N-resistance corrected to 60 percent energy efficiency.  

Also, Mayne (2002) suggested an empirical relationship, expressed in Equation (2.3), 

between CPT data and DE values for Piedmont residual soil.  

_ 5D CPT tE q                                                                                                                (2.3) 

where tq  represents the tip resistance, as obtained from the CPT measurements.  
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Based on the CPT data, continuous modulus values can be estimated to obtain accurate 

deformation values for each layer. Figure 2.7 presents a comparison between the _D CPTE  and  

PMTE values. The PMTE values match well with the _D CPTE  values for the entire soil profile, 

whereas for depths between 2 m and 3 m, the 
_D CPTE values are two to three times higher 

than the PMTE  values. Overall, the PMTE values show good agreement with the empirical 

correlations derived using SPT N-values and CPT data. 

 

Fig. 2.7 Comparison among modulus values obtained from PMT, SPT and CPT                   

for residual soils 
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E50, which is the secant modulus value at 50 percent of the peak of the unsaturated triaxial 

stress-strain curve, has been compared to the EPMT, in this study. Samples used for the 

unsaturated triaxial tests were representative of the in situ conditions with regard to depth and 

stress, including net confining pressure and matric suction. As shown in Figure 2.8, the 

values are scattered around the 1:1 line. However, due to the uncertainty associated with 

sample disturbance, which includes the variation in the degree of weathering of the residual 

soils, the stress-strain curves do not clearly show the effects of the matric suction force. 

 

 

Fig. 2.8 Comparison between measured EPMT and E50 values 
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2.4 RESULTS OF MEASUREMENTS 

Three stages of excavations – 4.6 m, 6.1 m, and 6.7 m– were conducted over time as shown 

in Figure 2.9. After each excavation step, the deformations of the sheet pile wall and the soil 

behind the sheet pile wall were measured over the course of one month using LiDAR scans 

and inclinometer devices, respectively. Strain gauges were welded to the sheet pile wall to 

monitor the bending moments of the sheet pile wall during excavation. Lateral earth pressure 

levels of the soil at 0.3 m behind the sheet pile wall were monitored using pressure cells 

during the excavation process. After the first stage of excavation (4.6 m), five rows of 51-mm 

circles were marked on the sheet pile wall for a LiDAR scan survey in order to monitor the 

deformation of the sheet pile wall. Wooden stakes were placed behind the sheet pile wall 

area, with spacing of 1.5 m x 3 m, to monitor the vertical displacement of the ground surface 

using the LiDAR scan. In order to examine the changes in matric suction and water content 

over time, Fredlund thermal conductivity sensors (FTC-100, GCTS) as well as moisture 

content sensors (10HS, Decagon Devices) were installed behind the sheet pile wall. 
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Fig. 2.9 Excavation depths over time 

 

2.4.1 Inclinometer data 

Inclinometer systems (that include a probe, control cable, and reading box) can be used to 
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inclinometer casing has grooves that guide the probe and control its orientation as it measures 
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have been caused by imperfect casing installation. The displacement, or movement, was 

calculated by comparing the initial profile results to the subsequent survey results.    

 

As shown in Figure 2.3 (a) and (b), four inclinometer casings were installed in the ground 

behind and at the center of the sheet pile wall. Figure 2.10 shows the measured inclinometer 

data obtained from the casings installed in the ground behind the sheet pile wall at distances 

of 0.6 m, 1.5 m, 2.7 m, and 4 m from the wall. Figure 2.11 presents the lateral displacements 

at 0.3 m below the ground surface behind the sheet pile wall as obtained from the 

inclinometer-measured data.
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                4 m from sheet pile wall      2.7 m from sheet pile wall     1.5 m from sheet pile wall      0.6 m from sheet pile wall 

 

Fig. 2.10 Measured displacements obtained from inclinometers behind sheet pile wall
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Fig. 2.11 Lateral displacements at 0.3 m below ground surface behind sheet pile wall 

 

The displacement data obtained from the inclinometers show the deformation of the soil 

throughout the excavation steps. The closer the inclinometer casings are to the sheet pile 

wall, the more the displacements at the top of the ground surface increase, as shown in 

Figures 2. 10 and 11. After the 6.1 m excavation step, 35 mm lateral displacement took place 

at 1.2 m from the sheet pile wall, but the ground surface moved 170 mm laterally after the 

6.7 m excavation. One assumption is that shear deformation occurred, and the collapsed soil 

body was pushed toward the sheet pile wall, resulting in large displacement due to rainfall 

that infiltrated the gap between the sheet pile wall and the soil. The infiltration of water could 

cause the matric suction and subsequently the shear strength of the soil to decrease and 

potentially reach the failure state. Figure 2.12 (a) shows the separation between the sheet pile 
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after the 6.7 m stage of excavation. The cracks at the sheet pile wall took place gradually. A 

clear failure crack was observed 1 m from the sheet pile wall, but crack lines also were found 

at 1.5 m and 2.1 m from the sheet pile wall. 

 

(a)                                               (b) 

Fig. 2.12 (a) Observed gap between sheet pile wall and soil after 6.1 m stage of excavation 

and (b) observed failure crack after 6.7 m stage of excavation 

 

2.4.2 LiDAR scan data 

LiDAR scan surveys were performed by the NCDOT in order to monitor the behavior of the 

sheet pile and the ground surface behind the sheet pile wall. LiDAR is a remote sensing 

technology that measures geology by illuminating a target with a laser and analyzing the 

reflected light. The LiDAR scan data are based on a scan resolution of 6 mm (position) and 4 

mm (distance). Based on the white circles marked on the sheet pile wall after the first stage 

of excavation (Fig. 2.13) and the wooden stakes in the ground behind the sheet pile wall, 
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lateral and vertical displacements were measured by comparing the initial survey data and the 

subsequent survey scan data. Wooden stakes were installed using spacing of 1.5 m x 3 m  

White circles spaced 152 mm apart were marked on the sheet pile wall in five rows after the 

first stage (4.7 m) of the excavation, as shown in Figure 2.13. Prior to the excavation, 50.8 

mm white circles were marked on the sheet pile wall approximately 1 m from the original 

ground surface as initial points. Based on these initial points, the lateral displacement of the 

sheet pile wall above 1 m from the ground surface could be monitored. However, the five 

rows of circles marked on the sheet pile wall after the first stage of excavation could not be 

considered initial points, so the movement of the sheet pile obtained from the LiDAR scan 

reflects the cumulative lateral displacement, as shown in Figure 2.14. The approximate 

location of the initial line, which connects the point marked on the sheet pile wall from 1 m 

above the original ground surface prior to excavation and the point marked on the sheet pile 

wall at 4.6 m below the original ground surface after the first stage of excavation, was added 

in order to evaluate the displacement of sheet pile wall. Based on this approximate initial line 

and the LiDAR scan data, the movement of the sheet pile wall between each stage of 

excavation could be estimated.  
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Fig. 2.13 Sheet pile wall with rows of 51 mm white circles for LiDAR scanning 

The deformations of the sheet pile wall were affected directly by lateral pressure. The upper 

part of the sheet pile wall deformed linearly after the excavation, which means that the earth 

pressure on the upper portion of the sheet pile wall was close to zero. If any earth pressure 

occurred on the sheet pile wall, a bending curve was evident where the pressure was applied. 

The linear shape of the deformation indicates that suction force reduced the lateral earth 

pressure on the active earth pressure zone. After 6.7 m of excavation, the deformation of the 

sheet pile wall suddenly increased. Two possible explanations for this phenomenon are: 1) 

when the 0.6 m excavation took place, the active earth pressure increased; and/or 2) rain 

infiltration occurred between the sheet pile wall and the soil, which caused the soil strength 

to decrease and a large shear deformation to take place, thereby causing the collapsed soil to 

push the sheet pile wall forward. When checking the displacement of the sheet pile wall at 

approximately 1 m above the ground surface at the center of the sheet pile, as shown in 

Figure 2.15, it was clear that the 215 mm lateral displacement occurred after the 6.7 m depth 
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excavation. The lateral displacement was over two times larger than the lateral displacement 

after the 6.1 m excavation. This result indicates that large shear deformation occurred after 

the 6.7 m excavation. 

 

Fig. 2.14 Cumulative movement of sheet pile wall at center of wall 
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Fig. 2.15 Lateral displacements of sheet pile wall at 1 m above original ground surface 

 

Vertical displacements of the ground surface were observed behind the sheet pile wall. As 

shown in Figure 2.16, maximum vertical displacement of 100 mm occurred at the ground 
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were caused by shear deformation. Figure 2.12 (b) also shows evidence of the collapsed soil 
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Fig. 2.16 Vertical displacements behind sheet pile wall 
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Fig. 2.17  Locations of strain gauges on sheet pile wall 

 

 

Fig. 2.18 Installation of strain gauges with iron angle 

A row B row 
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Strains were measured using the vibrating wire principle, as follows. A length of steel wire is 

tensioned between two mounting blocks that are welded to the steel. Strain changes at the 

surface will cause two mounting blocks to move relative to one another, thus altering the 

tension in the steel wire. The tension in the wire is measured by plucking the wire and 

measuring its resonant frequency of vibration using an electromagnetic coil positioned next 

to the wire. (Instruction Manual of Vibrating Wire Strain Gauge, Geokon). 

Based on the strain level changes measured in the field, the bending moments could be 

calculated using Equations (2.4) and (2.5). 

axial wE                                                                                                                      (2.4) 

where E is the Young’s modulus of the wire (210,000 MPa), and w is the calibrated wire 

strain change during excavation. 

axialM S                                                                                                                     (2.5) 

where S is the section modulus value of the sheet pile wall, and axial  is calculated using the 

measured strain change. 

Figure 2.19 presents the results for the bending moments as a function of excavation depth. 

The maximum values of the bending moments of the sheet pile wall increased and occurred 

at lower parts of the sheet pile wall as the depth of the excavation increased. Based on the 

bending moments, the lateral earth pressure could be estimated using a differential equation, 

Equation (2.6). 
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Pressure on sheet pile wall = 
2

2

d M

dz
                                                                                    (2.6)                     

where M is the bending moment, and z is the depth of the sheet pile. 

 

However, the data points alone are not sufficient to estimate a lateral earth diagrams which 

are required for the design of temporary excavation systems. A pressure diagram can be 

estimated using numerical modeling by comparing the bending moments obtained from 

simulations and from strain gauge measurements. A pressure diagram can be computed when 

both components agree with each other. For this study, data could be collected from the two 

rows (A and B rows) of strain gauges. 
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           4.6 m excavation                                     6.1 m excavation                                             6.7 m excavation 

 

Fig. 2.19  Bending moments obtained from measured strain changes of sheet pile wall
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2.4.4 Vibrating wire push-in pressure cell data  

Vibrating wire push-in pressure cells (itmsoil Co.) were installed 0.3 m from the sheet pile 

wall at depths of 3 m, 4.5 m, 6 m, and 7.8 m to monitor the changes in earth pressure in the 

soil throughout the excavation process. A piezometer was used to measure the pore water 

pressure, and the effective stress then could be derived subsequently. The measured values 

were adjusted using calibration factors for the temperature. Figure 2.20 shows the pressure 

cell measurements and presents the changes in horizontal stress throughout the excavation 

steps. The stress release then could be estimated based on the pressure change. During the 

three stages of excavation, decreases in the lateral stress were observed. The pressure cell at a 

depth of 6 m indicated relatively large initial lateral earth pressure because of the existence of 

the embedded A-7-5 layer. 

 

Fig. 2.20 Measurement results of lateral stress change using pressure cells 
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2.4.5 Moisture contents and matric suction data  

Five FTC-100 sensors (FTC-100, GCTS Co.) were installed to monitor the matric suction 

changes at depths of 0.1 m, 1.8 m, 3 m, 4.1 m, and 6.1 m behind the sheet pile wall. These 

sensors were used to measure the soil temperature directly and the matric suction of a soil 

mass indirectly based on the thermal conductivity of a specially designed ceramic block. Six 

soil moisture sensors (10HS, Decagon Co.) also were placed at depths of 0.6 m, 0.8 m, 1.2 m, 

1.5 m, 1.6 m, and 3.7 m to monitor the changes in volumetric water content. The suction and 

moisture profile changes over time are shown Figures 2.21 (a) and (b). The initial matric 

suction profile and moisture content profile, measured from samples recovered before 

excavation, are included in Figure 2.21 (a). At the end of the field tests, samples were 

recovered from behind the sheet pile wall to check the final matric suction and moisture 

content from two locations, 1.8 m and 4 m from the sheet pile wall. As shown in Figure 2.21 

(a), the matric suction above a depth of 6 m gradually decreased over time. The FTC sensors 

captured the suction change, which was close to 0 over the depths of 0 m to 5 m at the end of 

the field tests due to the rainfall infiltration through the cracks and gaps between the sheet 

pile wall and soil. This trend was confirmed from the final sample results. The matric suction 

profile shows a gradual decrease over time. From the results of the final sample, it was 

verified that the water content increased over time. Both of these results indicate that rain 

infiltration occurred and that the ground behind the sheet pile wall was wet during field 

testing. 
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(a) 

 

 

(b) 

Fig. 2.21 (a) Suction profile and (b) moisture content profile near sheet pile wall                

(Wang, 2014) 
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2.5 SUMMARY AND CONCLUSIONS 

Extensive lab tests and an in situ investigation have been conducted to define the engineering 

soil characteristics and to develop matric suction profiles at a test site in a Piedmont residual 

soil region. The behavior of the cantilever sheet pile wall and the soil behind the sheet pile 

wall during three stage of excavation at depths of 4.6 m, 6.1 m, and 6.7 m was monitored 

using inclinometers, LiDAR scans, strain gauges, and pressure cells. The integration of all 

the test data and the monitored responses of the sheet pile wall and soil during excavation 

provides a better understanding of the behavior of unsaturated Piedmont residual soil. From 

this study, the following conclusions have been drawn. 

1. The test site consisted mainly of A-4 (ML) soil with embedded layers of A-7-5 (MH) 

soil. The SPT N-values ranged from 5 to 14 consistently until a depth of 15 m. The 

A-4 soils had a liquid limit (LL) of 35 percent and a PI value of 7 percent with a fines 

content of 58 percent. The A-7-5 soils showed a LL of 58 percent, a PI value of 21 

percent, and a fines content of 88 percent.  

2. The upper 15 m of the soil profile exhibited matric suction levels ranging from 20 

kPa to 100 kPa. The top of the profile had higher values of matric suction that 

gradually decreased throughout the profile. The matric suction of the nearby ground 

surface was the maximum matric suction due to desiccation. 

3. The pressuremeter modulus values ranged from 10 MPa to 18 MPa over the depth of 

15 m. Correlations between the SPT N-values and EPMT provide good agreement 

overall.  
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4. The soil behavior at 0.6 m, 1.5 m, 2.7 m, and 4 m behind the sheet pile wall during 

the excavation stages was monitored using inclinometer devices. A maximum 

displacement of 170 mm took place at the location closest to the sheet pile wall and 

after the 6.7 m depth of excavation. The observed lateral displacement indicated a 

large change after the 6.7 m excavation due to the collapsed soil body that moved 

towards the sheet pile wall. 

5.  LiDAR scanning was used to monitor the movement of the sheet pile wall and 

vertical displacement of the ground surface behind the sheet pile wall. After the 6.7 m 

excavation, the sheet pile wall at 1 m above the ground surface moved laterally 215 

mm, and the ground surface at 0.6 m from the sheet pile wall settled at 100 mm.  

6. Strain gauges welded to the sheet pile wall recorded the bending moment changes 

during excavation. As the excavation depth increased, the location of the maximum 

bending moment occurred at lower parts of the sheet pile wall. The maximum value 

of 215 kN-m/m was observed after the 6.7 m excavation.     

7. A decrease in the lateral stress from 140 kPa to 27 kPa was observed after the 6.7 m 

excavation at a depth of 3 m. The behavior of the soil and sheet pile wall could be 

estimated using the amount of stress release during excavation. Especially in 

excavation cases, the change in lateral stress is one of the crucial factors that can 

cause displacement of the sheet pile wall.   

8. The changes in matric suction and water content were measured over time. The 

results indicate that the matric suction decreased from 90 kPa to 20 kPa and the 

moisture content increased from 15 percent to 35 percent at the depth of 2 m. Above 

the depth of 3 m, the matric suction decreased and the moisture content increased 
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close to the saturated condition due to rainfall infiltration. In particular, the FTC 

sensors located in the A-4 soil behind the sheet pile wall captured the fact that the 

suction profile in the A-4 soil area (BH2) decreased dramatically, such that it was 

close to 0 m over depths of 0 m to 5 m after the 6.7 m excavation due to the rainfall 

infiltration through the cracks and gaps between the sheet pile wall and the soil. 
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CHAPTER III    

PERFORMANCE OF CANTILEVER SHEET PILE WALL IN UNSATURATED 

RESIDUAL SOIL: MODELING EXCAVATION INDUCED DISPLACEMENT WITH 

RAINFALL INFILTRATION 

Jungmok Lee, Roy H. Borden, and Mohammed A. Gabr 
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3.1 ABSTRACT 

A temporary retaining wall typically is designed using drained strength parameters and 

effective stress analyses to determine the lateral earth pressure diagram, which is required for 

design purposes. Even though this approach produces generally safe designs, the shear 

strength of the unsaturated residual soil is actually higher than the shear strength measured 

from triaxial tests of saturated specimens. The difference in strength can be attributed to the 

matric suction in the unsaturated fine-grained soils, which leads to different lateral earth 

pressure levels in the design. Work in this paper presents the results of deformation analyses 

that include suction profile changes due to rainfall over time and a comparison between the 

results of numerical analyses and measured instrument data to estimate the pressure on a 

cantilever sheet pile wall. The cantilever sheet pile wall used in this study was embedded to a 

depth of 10.7 m and was installed and excavated to a depth of 6.7 m at a test site in 

Greensboro, NC where measurements of matric suction values with depth were obtained. The 

analyses were conducted using PLAXIS 2D and PLAXIS FLOW that could account for the 

unsaturated condition. The numerical analyses produced suction profiles over time based on 

measured suction data that were then input into a deformation analysis program to account 

for suction profile changes. After the 6.7 m excavation stage, the suction profile showed that 

the suction values were close to those in a saturated condition over depths from 0 m to 5 m. 

When this suction profile was input into the deformation analysis program, the deformation 

of the soil behind the sheet pile wall and the deflection of the sheet pile closely matched the 

measured data. The bending moments of the sheet pile wall, as predicted by numerical 

analyses, were validated by the measured bending moments to determine a lateral earth 
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pressure diagram on the sheet pile wall for the design of a temporary excavation support 

system. The observed deformation of the soil and the sheet pile wall during excavation 

confirmed the results, which incorporated the matric suction profile changes. These results 

indicated a reduction in suction values, which then caused large shear deformation and 

reduced the modulus values. By incorporating the suction profile changes due to rainfall, the 

design of temporary retaining systems will become more appropriate than is currently the 

case. 

 

3.2 INTRODUCTION 

Lateral earth pressure diagrams are required for the design of temporary excavation support 

systems. Temporary retaining structures traditionally have been designed using drained 

strength parameters and effective stress analyses, which generally produce safe designs. 

However, the use of low strength parameters will lead to an over-prediction of the lateral 

earth pressure in contrast to parameters that actually act upon the system. Without employing 

an instrumentation system, it is difficult to estimate the magnitudes of the lateral loads 

applied to the retaining wall system. Unsaturated residual soils, which consist of fine-grained 

contents, require consideration in the matric suction profile in order to estimate the correct 

unsaturated shear strength. This unsaturated shear strength is related to the lateral pressure on 

the temporary retaining structure because the shear strength of the residual soil is actually 

higher than that predicted by conventional sampling, testing, and interpretation procedures. 

For this reason, the inclusion of matric suction and its impact on the lateral pressure on a 

retaining wall is needed for a better understanding of temporary retaining structures systems 
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constructed in unsaturated residual soil. However, few studies have been carried out that 

address the actual lateral pressure that acts on a temporary retaining structure and account for 

unsaturated soil conditions. Some researchers have incorporated unsaturated shear strength 

into Rankine’s earth pressure theory to estimate lateral earth pressure (Purahl et al., 1983, 

Vanapalli and Oh, 2012, and Lu and Likos, 2004) and have suggested theoretical approaches, 

but test results or measured data were not shown in these papers to verify their resulting 

equations.  

Researchers at the University of North Carolina at Charlotte (UNC Charlotte) performed 

field and lab tests in order to estimate the lateral earth pressure on a sheet pile wall at two 

sites in Statesville and Monroe, NC (Anderson et al., 2008). The sites consist of Piedmont 

residual soils. Based on their field measurements, the researchers found that the retained soils 

exerted little or no pressure on the structure during the excavation. By varying the shear 

strength parameters, they were able to predict reasonable measured response cohesion values: 

φ’ = 28° and c’ = 12 kPa. Anderson et al. (2008) suggested that the apparent cohesion value 

of 12 kPa could be used to estimate the behavior of Piedmont residual soil. Although these 

authors suggested the use of this shear strength parameter, they showed no detailed analysis 

regarding the relationship between matric suction and apparent cohesion. 

This paper presents a case study that documents the performance of a temporary cantilever 

sheet pile wall in an unsaturated residual soil profile. At a test site in Greensboro, NC, a 

cantilever sheet pile wall was embedded down to 10.7 m from the original ground surface. 

Then, the soil in front of the retaining wall was excavated to a depth of 6.7 m. Numerical 

analyses of the sheet pile wall that incorporated the suction profile were carried out based on 
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measured suction data. The parameters that were assigned were determined based on an 

extensive site investigation that included laboratory tests, in situ tests, and instrumentation 

monitoring of the behavior of the cantilever sheet pile wall and the soil behind the sheet pile 

wall. The results of the numerical analyses were validated based on measured data and, 

subsequently, the pressure on the sheet pile wall could be estimated. 

 

3.3 BACK GROUND 

3.3.1 Deformation analysis for unsaturated soil 

In this study, iorder to determine the lateral pressure on the sheet pile wall, deformation 

analysis, which accounts for matric suction, was conducted to estimate the deflections that 

reflect the actual pressure on the sheet pile wall. The deformation analysis of unsaturated soil 

should consider the contribution of matric suction to both the shear and volumetric 

deformation. That is, the effects of matric suction on the soil could increase both the shear 

strength and stiffness of the soil. Researchers have investigated and suggested various 

frameworks to explain the behavior of unsaturated soil while taking into account matric 

suction. Three approaches (Nuth and Laloui, 2007) are: Bishop’s single effective stress 

approach, the independent state variable approach, and generalized stress frameworks that 

employ the critical state concept.  

Bishop (1960) proposed a framework that extends Terzaghi’s principle of effective stress for 

saturated soils using the   parameter to account for the contribution of matric suction to 

stress as a substitute for positive pore water pressure. This approach can be applied 
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conveniently to well validated existing constitutive models. However, Jennings and Burland 

(1962) indicated a limitation of the single effective stress approach, arguing that it cannot 

account for the collapse phenomenon that occurs upon wetting. As a result, they suggested 

that the effective stress concept cannot always be valid for soil that exhibits collapse 

behavior.                                                                   

In the independent state variable approach, Fredlund and Morgenstern (1977) suggested the 

independent application of suction and stress in the context of the deformation of unsaturated 

soil. The unsaturated soil’s shear strength was developed in the form of an extended Mohr-

Coulomb envelope, and the matric suction played the same role as cohesion. For volumetric 

deformation, Fredlund and Morgenstern (1977) suggested two deformation moduli for the 

stress and matric suction terms, respectively. Nonetheless, this independent state variable 

approach also has limitations, including the linear shear strength envelope (Escario and Saez, 

1986 and Fredlund et al., 1987) and the fact that the modeling of the swell and collapse 

behavior is only useful along monotonic paths (Nuth and Laloui, 2007). 

Recently, several constitutive frameworks have been suggested and developed based on the 

critical state concept using the single effective stress and independent state variable 

approaches. After the work by Alonso et al. (1990), several constitutive models have been 

developed to explain the behavior of unsaturated soil and to address the limitations of 

previous frameworks (Sheng, 2011 and Toll, 1990). However, these new frameworks 

incorporate additional parameters that are often highly variable or difficult to determine 

experimentally (Lu et al., 2010). 
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In this paper, Bishop’s effective stress concept is used in conjunction with existing hardening 

soil models. The collapse behavior of Piedmont residual soils found using double odometer 

tests on undisturbed samples was measured to be less than 1 percent collapse or no collapse 

at all. Based on these results, the Bishop effective stress concept can be applied to the 

existing hardening soil model in PLAXIS to investigate the behavior of unsaturated residual 

soil during excavation using a cantilever sheet pile wall.  

3.3.2 Infiltration analysis  

Researchers have suggested empirical relationships between permeability and SWCCs to 

account for the effects of matric suction on permeability. Van Genuchten (1980) and 

Fredlund et al. (1994) proposed the most commonly used of these empirical equations. Van 

Gunuchten (1980) proposed a closed-form equation to describe the hydraulic conductivity of 

unsaturated soil as a function of matric suction and proposed a correlation between the 

SWCC and permeability. To this end, he used fitting parameters, a and n, which could be 

adopted from his SWCC equation, to estimate the permeability of unsaturated soils, as shown 

in Equation (3.1). 
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Where rk  = relative coefficient of permeability (= ( ) / sk k ),                                                                                 

sk  = saturated hydraulic conductivity, 

 = matric suction (= ), and 

a  and n are fitting parameters. 

 ( )a wu u
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The Van Genuchten approach (1980) is built into PLAXIS FLOW and is used in this study to 

estimate rainfall infiltration. 

 

3.4 NUMERICAL MODELING  

3.4.1 Bishop’s effective stress concept  

The numerical modeling of the deformation of a sheet pile wall requires comprehensive 

analysis. Reasonable strength parameters and modulus values should be used for shear and 

volumetric deformation analyses, respectively. The shear strength parameters that account for 

matric suction affect both active and passive earth pressure. That is, the comprehensive 

deformation of the soil generates both active and passive earth pressure on the sheet pile 

wall. Then, the net pressure diagram on the sheet pile wall that is generated during 

excavation causes movement of the sheet pile wall. The PLAXIS computer program, which 

implements finite element method (FEM) analysis, has an ‘advanced mode’ that is intended 

to account for unsaturated soil behavior and was used for the numerical modeling. Inclusion 

of a matric suction term to determine the stress state was introduced by Bishop in 1960. He 

proposed the effective stress concept for unsaturated soil using the  parameter, which 

accounts for the contribution of matric suction to the stress state by extending Terzahghi’s 

principle of effective stress for saturated soils, as expressed in Equation (3.2): 

 


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                                                                                               (3.2) 

where, = net normal stress,  = matric suction, and  = a parameter that is 

a function of soil type and the degree of saturation. 

 

Several researchers (Khalili and Khabbaz, 1998, Fredlund et al., 1996, and Lu et al., 2010) 

have studied the effects of matric suction on the stress state. Lu et al. (2010) introduced a 

closed-form equation in which the  parameter is substituted for the effective degree of 

saturation ( eS ) based on Van Genuchten’s SWCC model (1980). Lu et al. (2010) also 

validated their closed-form equation based on published data. Van Genuchten also proposed 

a closed-form SWCC model with two fitting parameters, as shown in Equation (3.3). 

 

                                                                      (3.3) 

where   

 = normalized degree of saturation, or effective degree of saturation,  

 = degree of saturation at residual saturation condition,  

 = volumetric water content,  

 = saturated volumetric water content, and  

 = residual volumetric water content.  

 

The Van Gunuchten SWCC model (1980) directly estimates the effective degree of 

saturation, , which is incorporated into Equation (3.2) that shows the substituted  

parameter. In this case, the  term works to explain the contribution of matric suction to the 
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stress state in a manner similar to the  parameter in Bishop’s effective stress concept 

(1960). The resulting equation is shown as Equation (3.4), as derived by Lu et al. (2010).  

                                      (3.4) 

 

3.4.2 Hardening soil model  

The hardening soil model is used to account for the stress-dependent stiffness of the soil The 

soils below the excavation level undergo unloading, and the modulus value should be 

recalculated as the confining stress state changes. The hardening soil model also accounts for 

the matric suction changes that affect the modulus based on Bishop’s effective stress concept 

(1960). The contribution of matric suction to the stress, as shown in Equation (3.4), is 

considered to be part of the effective confining pressure. Upon wetting, the decrease in 

matric suction, treated as part of the effective stress, leads to a decrease in the modulus value 

based on the hardening soil equation, Equation (3.5).        
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where 50E  is the confining stress-dependent stiffness modulus value for primary loading, 

which corresponds to the secant modulus at 50 percent of the peak strength in the stress-

strain curve; 50

refE  is the reference stiffness modulus value that corresponds to the reference 

pressure refP ( 2100 /refP kN m  by default setting), whereby the actual stiffness depends on 
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the minor principal stress, 3' , which is the effective stress and accounts for the matric 

suction; and m represents the amount of stress dependency. 

The horizontal effective stress is calculated from the vertical effective stress multiplied by 

the at-rest coefficient of lateral earth pressure. For the in situ condition, 3'  is calculated 

using Equations (3.6) and (3.7) to account for the matric suction term. 

1 1' ( ) ( )a e a wu S u u                                                                                                    (3.6) 

3 1 1' ' [( ) ( )]o o a e a wK K u S u u                                                                             (3.7) 

 where 1  can be calculated using the moist unit weight obtained from laboratory tests.                            

 

3.4.3 Estimation of  oK  

The estimation of in situ horizontal stress is important for determining the stress-strain 

performance of soil, especially in the case of an excavation process. In situ testing, including 

PMTs and pressure cell testing, can be used to estimate the at-rest lateral earth pressure 

coefficient ( oK ) by accounting for the matric suction profile that is based on the measured 

total lateral earth pressure. _oK   was determined by considering matric suction as pore water 

pressure. The matric suction term ( )e a wS u u  substitutes for ou , as shown in Equation (3.8).  
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Figure 3.1 presents 
_oK   values based on the interpretation of in situ tests results, which 

account for the matric suction profile. The total at-rest lateral earth pressure was calculated 

using the point of maximum curvature in the pressure curve, as obtained from PMTs (Briaud, 

1992). The probe used in the PMT was inflated in small increments in the borehole and 

pushed back to the original at-rest condition. The thickness of the blade of the pressure cell 

affected the in situ lateral earth pressure (Sully, 1991). The total lateral earth pressure 

obtained from the PMTs and pressure cells shows that the total lateral earth pressure obtained 

from the PMTs is approximately 60 percent to 70 percent less than that obtained from the 

pressure cells. The reduction in total lateral earth pressure can be explained by the thickness 

of the device blade. These _oK   profiles that are closest to the at-rest condition were used in 

the analysis because of the effect of the blade thickness.  
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Fig. 3.1 _oK   profile based on PMT and pressure cell data 

 

3.4.4 Unsaturated shear strength  

The failure criterion in the hardening soil model thus is satisfied, and therefore, perfectly 

plastic yielding occurred, as described by the Mohr-Coulomb model. When the Bishop’s 

single effective stress concept is applied to the Mohr-Coulomb shear strength equation, the 

shear strength model may be written in the same format as the strength model proposed by 

Vanapalli et al. (1996), as shown in Equation (3.9).  
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  ' ( ) tan ' ( ) tan 'n a a w ec u u u S                                                                           (3.9) 

A research colleague, Wang, conducted laboratory and field tests to determine the SWCCs of 

Piedmont residual soil. Based on his analysis results, the fitting parameters may be assessed 

for the two soil types (Wang, 2014). 

Tests on undisturbed saturated specimens were conducted by the NCDOT to determine the 

effective shear strength parameters. A research colleague, Tang, conducted unsaturated 

triaxial tests at constant matric suction with different confining pressures to determine the 

effective friction angle. Based on synthesis of these lab test data, the effective friction angles 

were found to be 30 and 27 degrees for the A-4 and A-7-5 soils, respectively. The effective 

cohesion is zero for the A-4 soil and 10 kPa for the A-7-5 soil. It is assumed that the friction 

angle is independent of the suction force.  

3.4.5 Amount of stress dependency, m  

The hardening soil model, which describes the relationship between stiffness and confining 

pressure, was used in this analysis. The power m, which indicates the amount of stress 

dependency, can be determined from saturated consolidated undrained tests conducted by the 

NCDOT. Figure 3.2 shows the E50 as a function of the stress level in the double log scale 

plots. The slope of the regression line indicates that the amount of stress dependency, m, is 

approximately 0.8.   
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In order to determine the confining-stress-dependent stiffness modulus (E50), the appropriate 

reference stiffness modulus,
50

refE , can be backcalculated from the in situ test results, which 

provide the elastic modulus value and account for the matric suction profile. 

 

Fig. 3.2 m-values determined from saturated triaxial tests 

3.4.6 
50

refE  determined for each layer  

From the unsaturated triaxial tests results, the E50 values could be determined from the stress-

strain curves and then compared with the measured EPMT values at the same depth and in situ 

condition. As shown in Figure 3.3, based on regression analysis with 11 points (with 1 point 

excluded), it can be assumed that 50 0.76 PMTE E  .  
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From this assumption, the 
50

refE  value can be backcalculated for use as a parameter in 

PLAXIS analysis using Equation (3.10). 

50

3

0.76
'cos ' '

'cos '

ref PMT

m

ref

E
E

c

c P

 



 
  
 

 

                                                                                     (3.10) 

The 3'  term in Equation (3.10) accounts for the matric suction value. 

 

Fig. 3.3  Comparison between EPMT and E50 
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(Duncan et al., 1980 and Schanz and Vermeer, 1998) or 5.6 to 12.7 (average value of 8.6) for 

clayey soils (Reul and Gebreselassie, 2006). However, in order to determine the appropriate 

ratio, an optimization process must be conducted based on a comparison of the measured 

data and the results obtained from numerical modeling.  

For this study, the measured displacements obtained from the inclinometer tests at 0.6 m, 1.5 

m, 2.7 m, and 4 m from the sheet pile wall, the sheet pile wall displacements, and the change 

in total lateral earth pressure after the first stage of excavation (4.6 m) all were compared in 

order to estimate the ratio, because the small strain level of deformation took place after the 

4.6 m excavation. The optimization process was employed to find the least amount of error 

between the measured data and the results of the numerical modeling. Several ratios, 

50/ref ref

urF E E ,  were applied to determine the appropriate urE  values. To combine the 

errors from the different measurements, the error term was normalized with respect to the 

maximum value from each error, as shown in Equation (3.11). In this case, the errors ranged 

from 0 to 1.0, and the same weight was applied.  

 

 
2

_ _
2 1( )

_

n

x I x FEM

iError
Max error

 


 
 

 
 
 
 


                                                                           (3.11)                           

where _x I  are the measured data obtained from the inclinometers, LiDAR scans, and 

pressure cells after the 4.6 m excavation, and _x FEM  is the result obtained from numerical 

modeling.  
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As shown in Figure 3.4, the results indicate that a ratio of 6.0 is appropriate for the soil in 

question. This value falls within the range between sand and clay material. The ratio of 6.0 

was applied to the soil profile to estimate the unloading/reloading modulus value. 

 

 

Fig. 3.4  Results of optimization analysis 
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suction value, because the soil cannot pull the sheet pile wall during the excavation process. 

The SWCC parameters for sandy soil were applied to the interface properties in order to 

diminish the effect of the suction force at the interface. The level at which plastic slippage 

occurs is controlled directly by the strength properties and the reduction factor (Rinter) of the 

relevant material set. Thus, the material set for the interface should be applied directly. The 

reduction factor of 0.67 was used to decrease the strength at the interface in order to simulate 

the real soil-structure interaction at the interface that is weaker and more flexible than the 

surrounding soil. The average modulus value of the soil was applied to the interface to 

simulate the relative displacement perpendicular to the sheet pile wall. 

3.4.9 Rainfall infiltration analysis  

Daily data describing the precipitation and evaporation rate from April 10, 2013 to February 

20, 2014 were applied in seepage analysis to predict the suction profile. The net precipitation 

data should be considered as a function of the precipitation, evaporation, and runoff factor, as 

shown in Equation (3.15). 

I P E aP                                                                                                                     (3.15) 

where I is the net precipitation, P is precipitation, E is evaporation, and a  is the runoff 

coefficient. 

The evaporation rates were estimated using the mass-transfer approach (Dalton-type 

equation) based on recorded weather information (e.g., wind speed, surface temperature, and 

relative humidity). Brutaert (1982) suggested Equation (3.16) to estimate the evaporation rate 

from a free water surface (Dignman, 2015). 
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31.26 10 ( )a s aE v e e                                                                                                   (3.16) 

where av  is the wind speed, se  is the saturation vapor pressure, and ae  is the vapor pressure.

se  and ae  are calculated based on the temperature and relative humidity data that correspond 

to the average daily information. The recorded environmental data and calculated daily 

evaporate rate are summarized in Table 3.1. 

Table 3.1 Evaporation Rates Obtained from Recorded Environment Information 

Year Month Days av  

(m/s) 

Ts 

(Celsius) 

Wa 

(%) 
se  

(kPa) 

ae  

(kPa) 

E 

(mm/day) 

 

2013 April 30 2.5 15.2 60 1.73 1.04 2.18  

2013 May 31 2.4 18.3 69 2.11 1.45 1.98  

2013 June 30 2.2 22.9 76 2.80 2.13 1.86  

2013 July 31 1.8 24.3 79 3.05 2.41 1.45  

2013 August 31 1.6 22.8 78 2.78 2.17 1.23  

2013 September 30 1.5 20.0 74 2.34 1.73 1.15  

2013 October 31 1.7 15.7 73 1.79 1.30 1.03  

2013 November 30 2.1 8.0 59 1.07 0.63 1.17  

2013 December 31 2.2 7.2 65 1.02 0.66 0.99  

2014 January 31 2.2 1.1 54 0.66 0.36 0.84  

2014 February 28 2.4 5.7 57 0.92 0.52 1.19  

             *Ts is the temperature and Wa is the relative humidity. 

The initial matric suction profile was determined using tensiometers around April 10, 2013. 

The FTC sensors were installed and used to measure the first data points on June 27, 2013. 

The FTC sensors were located in the A-4 soil area (BH2) where cracks were observed. The 

final matric suction profile was measured on February 20, 2014. Using the measured initial 

and final suction profiles in the A-7-5 soils (BH3), the net precipitation data could be 

estimated using the runoff coefficient as a calibration factor to account for the incline, 

geometry, and condition of the ground surface. The daily evaporation rate also was calibrated 

by matching the measured data and numerical analysis results. Based on the calibration 
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process, the parameter a could be determined, and subsequently, the net precipitation data 

could be calculated. Figure 3.5 shows the net precipitation daily data with the runoff 

coefficient of 0.2. 

 

Fig. 3.5  Net precipitation data 

 

These suction profiles (June 27, 2013) were used to determine the suction profiles of the A-4 
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data could be used to estimate the matric suction profile in the A-4 soil where cracking and a 

gap between the soil and the sheet pile wall were observed.  

 

Fig. 3.6 Initial suction profile for A-4 area (BH2) 

The changes in the matric suction profile in front of the sheet pile wall were taken into 

account in the analysis because the reduction of matric suction caused a decrease in the 
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of each location were assigned manually to the deformation analysis as a decoupled analysis. 

The suction changes caused a decrease in the modulus values and an increase in the 

mobilized shear deformation over time. 

 

Fig. 3.7 Flow chart for analysis process 

3.4.10 Model of subsurface profile 

Based on the results obtained from the subsurface exploration and laboratory testing 

program, an idealized profile was developed with 15 discrete layers to a depth of 15 m. 

Figure 3.8 shows the geometry of the sheet pile used in the analyses, and Table 3.2 presents 

the associated soil properties. The extent of the lateral boundary has been specified as three 

times to the depth of excavation (6.7 m) for each side from the sheet pile wall, and the 

vertical boundary is two times to the depth of excavation (6.7 m). The layers were defined 

according to the variations in soil properties and the measured initial matric suction values. 

Each layer was assigned its own SWCC, which was selected based on the soil properties, 
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including dry density, percentage of fines, and the PI. The water table was not observed in 

the upper 15 m of the profile. 

 

Fig. 3.8 Geometry of numerical analysis 

 

Table 3.2 Material Properties for Sheet pile wall area 

Layer 
Soil 

type 

Layer 

thickness sat  dry  Fines PI E50
ref 'c  '  

(m) 3( / )kN m  
3( / )kN m  %  ( )MPa  ( )kPa  (deg.)  

1 A-4  1 17 11 61 7 13 0 30 

2 A-4  1 17 11 61 7 10 0 30 

3 A -4 1 18 13 61 8 15 0 30 

4 A-4 1 18 13 61 7 13 0 30 

5 A-4 1 18 13 64 6 10 0 30 

6 A-4  2 18 13 64 7 14 0 30 

7 A-4  1.5 19 14 64 7 7 0 30 

8 A-4 1.5 19 14 57 8 19 19 30 

9 A-7-5 1 18 13 72 19 8 10 27 

10 A-7-5 1 18 13 72 19 7 10 27 

11 A-7-5 1 20 16 75 19 10 10 27 

12 A-7-5 1 20 16 77 14 10 10 27 

13 A-7-5 1 19 14 60 11 7 10 27 

14 A-7-5 5 18 13 64 33 9 10 27 

15 A-4 10 20 16 57 6 6 19 30 
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3.5 RESULTS AND DISCUSSION  

3.5.1 Initial matric suction 

Based on an optimization process using measured data after the 4.6 m excavation stage, the 

unloading/reloading modulus ratio of 6.0 was determined and applied to the subsequent 

excavation steps (6.1 m and 6.7 m excavations) without considering the suction profile 

change. The soil displacements measured by the inclinometers behind the sheet pile wall 

matched well with the results of the numerical analysis until the depth of 6.1 m of excavation 

was reached. However, as shown in Figure 3.9, the lateral displacements of the soil, 

especially 0.6 m and 1.5 m behind the sheet pile wall, are dramatically different between the 

measured data and the results of analysis after 6.7 m of excavation. The deflections of the 

sheet pile also did not match each other, as shown in Figure 3.10. The deflections of the sheet 

pile wall determined from the numerical analysis are underestimated compared to the 

measured data, especially after the 6.7 m excavation. Using the initial matric suction profile 

(no change in matric suction), the shear strength of the soil due to matric suction was great 

enough not to develop shear deformation, according to the numerical analysis results. After 

the 6.7 m excavation, however, relatively large cracks appeared behind the sheet pile wall 

where the A-4 soil areas were located. These cracks are evidence of large shear deformation. 

In this case, the numerical analysis was unable to capture the large shear deformation of the 

soil behind the sheet pile wall, because the shear strength of the soil as modeled was high 

enough to resist shear deformation.  

As shown in Figure 3.11, the maximum bending moments in the sheet pile wall after the 4.6 

m excavation and after the 6.1 m excavation, respectively, are seen to be larger than those 
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predicted by the numerical analysis, with the locations of the maximum bending moments 

moving downward as the excavation depth increases. In short, the bending moments were 

underestimated in the results of the numerical analysis compared to the measured data after 

the 6.7 m excavation.  
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                                   4 m                                       2.7 m                                               1.5 m                                       0.6 m  

Fig. 3.9 Comparisons between measured inclinometer data and numerical analysis results after 6.7 m excavation                       

without suction profile change 
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Fig. 3.10 Comparison between measured deflections of sheet pile wall and numerical 

analysis results with initial suction profile 
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                        4.6 m excavation                                              6.1 m excavation                                         6.7 m excavation 

Fig. 3.11 Comparisons between measured bending moments and numerical analysis results with initial suction profile 
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3.5.2 Rainfall infiltration results 

The suction profiles were developed using the numerical analysis results and the measured 

data. The suction profiles for the A-7-5 soil area were developed using the runoff coefficient 

of 0.2, which matched well with the measured suction profiles at the end of the field work 

(February 20, 2014), as shown in Figure 3.12. The suction profile for A-7-5 (BH3) then 

could be estimated over time, as shown Figure 3.12 (b), after one month of each stage of 

excavation. 

For the A-4 soil (BH2) where cracks were observed, FTC sensors were installed to monitor 

the suction profile change over time (Fig. 3.13 (a)). The reduction factors that were 

calculated from the changes in suction value obtained from the FTC sensors (Fig. 3.13 (b)) 

on June 27, 2014 were applied to the seepage analysis to develop a suction profile (Fig. 3.6). 

The calculated reduction factors were applied to the suction profile, which determined the 

suction profile over time (Fig. 3.13 (c)). Especially after the third stage of excavation, the 

matric suction dramatically decreased over depths of 0 m to 5 m. The reduction in the matric 

suction profiles in the A-4 soils was caused by the rainfall infiltration through the cracks and 

gaps between the soil and sheet pile wall. The FTC sensors captured the suction change, 

which was close to 0 over depths of 0 m to 5 m after the third stage of excavation. The loss of 

matric suction led to a decrease in the modulus value and subsequently allowed the 

development of large shear deformation in the A-4 soil.  

 Suction profile changes in front of the sheet pile wall also were taken into account over time. 

The suction in front of the sheet pile also affected the deformation of the sheet pile wall. As 

shown in Figure 3.14, over time the suction value changes that were due to rainfall were 
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estimated using seepage analysis based on the net precipitation, which used the same runoff 

coefficient of 0.2. However, when compared with the measured data, the measured suction 

values are relatively lower than the predicted values at the end stage of the excavation. This 

outcome can be explained by the local water retention in front of the sheet pile wall and the 

fact that suction measurements were taken at the ground surface, which is a sensitive location 

for suction measurements. 
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(a) a = 0                                                     (b) a=0.2                                                         (c) a = 0.3 

 

Fig. 3.12 Matric suction profiles using different runoff coefficients as used for calibration of the net precipitation equation           

for the A-7-5 soils (BH3) 
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Fig. 3.13 Developed suction profiles for A-4 soil (BH2)
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Fig. 3.14 Suction profiles in front of sheet pile wall (BH1) during excavation stages 
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Figure 3.15 shows the lateral displacement of the soil behind the sheet pile wall after the 6.7 

m excavation. The lateral displacements at 0.6 m and 1.5 m from the sheet pile wall matched 

well with the measured data and results of numerical modeling. The reduction in the suction 

profile of the A-4 soil after the 6.7 m excavation caused large shear deformation in the A-4 

soil and a decrease in the modulus values. The shear deformation in the A-4 soil, due to the 

reduced suction, has been validated by numerical analysis.   

As shown in Figure 3.16, the deflections of the sheet pile wall also match well with the 

measured data from the LiDAR scans after the 6.7 m excavation. That is, the soil, which 

experienced large shear deformation, pushed the sheet pile wall and developed relatively 

large lateral displacements and subsequent bending moments of the sheet pile wall. Figure 

3.17 shows the bending moments of the sheet pile wall determined from numerical analysis 

and strain gauges. After the 6.7 m excavation, the bending moments increased dramatically 

compared with the bending moments after the 6.1 m excavation. That is, the pressure on the 

sheet pile wall increased during this time period due to the shear deformation of the soil. 

Overall, the results of the numerical analysis, which accounts for the matric suction profile 

changes over time, match well with the measured data.
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                                  4 m                                        2.7 m                                        1.5 m                                            0.6 m  

 

Fig. 3.15 Comparisons between measured inclinometer data and numerical analysis results after 6.7 m excavation with suction 

profile change 
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Fig. 3.16 Comparison of measured deflections of sheet pile wall and numerical analysis 

results with infiltration
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                            4.6 m excavation                                         6.1 m excavation                                      6.7 m excavation 

 

Fig. 3.17 Comparisons between measured bending moments and numerical analysis results with suction profile changes
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3.5.4 Estimating the net pressure diagram for sheet pile wall from PLAXIS analysis  

As shown in Figures 3.15, 3.16, and 3.17, the measured lateral displacements of the soil 

behind the sheet pile wall, the deflections of the sheet pile wall, and the bending moment 

diagram that compares the results of the numerical analysis and those obtained via the strain 

gauges match each other well. From these results, the numerical analysis results could be 

validated based on the measured data and used to estimate a net soil-pressure diagram acting 

on the sheet pile wall for design purposes. 

Net pressure diagrams for the sheet pile wall were generated based on the total pressure on 

the retained soil side and the excavated side. As shown in Figure 3.18, no pressure was 

exerted on the upper parts of the sheet pile after the 4.6 m and 6.1 m depths of excavation 

due to the matric suction force that reduced the lateral pressure on the sheet pile wall. 

However, after excavation to the depth of 6.7 m, pressure was generated on the sheet pile 

wall due to the time-related reduction of suction upon wetting, which caused increased shear 

deformation and resulted in the soil pushing against the sheet pile wall. 

As shown in Figure 3.17, the maximum bending moments in the sheet pile wall increased 

and occurred below the excavated ground surface, as the depth of the excavation increased. 

Based on the bending moments, the lateral earth pressure could be estimated using the 

differential equation of the deflection curve, as shown in Equation (3.17). 

Pressure on sheet pile wall = 
2

2

d M

dz
                                                                               (3.17)                                      

where M is the bending moment, and z is the depth along the sheet pile wall. 
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In this study, it was found that the pressure diagram can be estimated using numerical 

modeling by comparing the bending moments obtained from the simulations and those from 

strain gauges mounted on the piles in the field. However, the number of data points obtained 

from the strain gauges were not sufficient to generate a smooth regression line in order to 

estimate the pressure diagram from back analysis.  

Once the bending moments and deflections of the sheet pile wall obtained from results of the 

numerical analysis agree with those measured in the field, the bending moments from the 

numerical analysis were used to estimate the pressure on the sheet pile wall.  
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          4.6 m excavation                                  6.1 m excavation                                6.7 m excavation 

Fig. 3.18 PLAXIS-predicted total lateral pressure on sheet pile wall 

-2

0

2

4

6

8

10

12

-200 -100 0 100 200

D
e

p
th

 (
m

)

Pressure (kN/m2)

-200 -100 0 100 200

Pressure (kN/m2)

-200 -100 0 100 200

Pressure (kN/m2)

4.6 m 6.1 m 6.7 m 



  

89 

3.5.5 Comparison between results of PLAXIS and Lu and Likos approach (2004) to 

predict pressure diagram on sheet pile wall  

The pressure diagrams generated from PLAXIS and based on measurement data are 

compared to the pressure diagrams generated from the Lu and Likos (2004) approach, as 

shown in Figure 3.19 (a) and (b), respectively. Lu and Likos (2004) proposed the active and 

passive pressure equations accounting for matric suction based on Bishop effective stress 

concept with Rankine’s theory as shown in Equations (3.18) and (3.19). 

Active earth pressure: ( ) 2 ' ( )(1 )h a v a a a a w au u K c K u u K                       (3.18) 

Passive earth pressure: ( ) 2 ' ( )( 1)h a v a p p a w pu u K c K u u K                     (3.19) 

Where,
1 sin '

1 sin '
aK









, 

1 sin '

1 sin '
pK









, and eS   

However, as the PLAXIS analyses reported thus far have incorporated wall friction, the Lu 

and Likos equations are used with the Coulomb Ka and Kp, with = 2/3   (thus, Ka = 0.279 

and Kp = 5.75). For comparison purposes, the following analyses compare two different 

conditions: the first assumes that the initial suction profile remains constant during the 

excavation process; and the second incorporates the time-dependent changes in suction due 

to surface-water infiltration previously described.  Figure 3.19 (a) compares the net pressure 

diagrams developed utilizing the initial suction profile from the results of the PLAXIS 

analysis to that from the Lu and Likos approach, after excavation to a depth of 9 m, where 

the FS is approximately equal to 1.  
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(a)                                                                    (b) 

Fig. 3.19 (a) Excavation to 9 m to produce FS 1 with initial suction profile and                 

(b) excavation to 7.6 m depth to produce FS 1 with suction profile at the end of field test 

with considering wall friction 
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The results from PLAXIS show that the depth of embedded sheet pile, expressed as (D)/ 

Height of excavation (H), is 26 percent smaller than the D/H obtained from the Lu and Likos 

approach.  This means that excavation to a depth of 9 m requires the embedded depth of the 

sheet pile wall to be 1.7 m for a FS of 1 based on PLAXIS analysis, while only 1.3 m is 

needed for a FS of 1 based on the Lu and Likos approach. Both pressure diagrams show that 

the pressure on the sheet pile wall at a depth of 6 m is close to 0, due to the high matric 

suction force that decreases the active pressure on the sheet pile wall. Conventional sheet pile 

wall analysis often calculates the D required for a FS=1 and then increases this value by 20-

40% to provide the desired margin of safety. 

Table 3.3 Summary of D/H with considering wall friction 

H (m) Method D/H D (m) Difference (%) 

9 
(Fig. 3.19 (a)) 

PLAXIS 0.19 1.7 
26 

Lu & Likos 0.14 1.3 

7.6 
(Fig. 3.19 (b)) 

PLAXIS 0.41 3.1 
17 

Lu & Likos 0.34 2.6 

 

When the detailed infiltration and evaporation analysis over time is performed, as previously 

described, the suction profile as a function of depth changes for each stage of excavation.  

Figure 3.19 (b) was developed using the estimated suction profiles existing at the respective 

times associated with each depth of excavation at the field test site. This figure shows the 

pressure diagrams predicted to exist after 7.6 m excavation for the sheet pile wall with a total 

length of 10.7 m. In actuality, the excavation in the field was not made to this depth, as the 

calculated FS would have approached 1, and a likely failure condition. The active pressure on 

the sheet pile wall at a depth of 5 m from the ground surface was generated due to the loss of 
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matric suction that was due to rainfall infiltration. The results of these analyses show that the 

PLAXIS-calculated required D/H for a FS=1 is 17 percent smaller than the D/H obtained 

from the Lu and Likos approach. 

As the Lu and Likos approach proposed to develop the net pressure diagram based on 

Rankine theory, which assumes that the wall friction is zero, a comparison between this 

method and the PLAXIS results incorporating wall friction is presented.  Figure 3.20 (a) and 

(b) show the pressure diagrams without wall friction in the Lu and Likos analysis. As shown 

in Table 3.2 without considering wall friction, the resistance in the passive zone decreases 

significantly and the required embedded length of the sheet pile wall increases by 95 percent 

and 61 percent, respectively, for the 9 m and 7.6 m excavation analyses presented in Figures 

3.20 (a) and (b). These results indicate that, should one choose to use the simplified Lu and 

Likos approach without considering wall friction, the design of the sheet pile wall will be 

considerably more conservative than the actual field-measured performance would suggest is 

necessary. 
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(a)                                                                          (b) 

Fig. 3.20 (a) Excavation to 9 m to produce FS 1 with initial suction profile and                   

(b) excavation to 7.6 m to produce FS 1 with suction profile at the end of field test without 

considering wall friction 
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Table 3.4 Summary of D/H without considering wall friction 

 

 

3.5.6 Influence of suction profile change on design  

Recalling Figures 3.12 and 3.13, the suction in the near-surface soils is seen to decrease over 

time with surface water infiltration, eventually approaching a value of zero.  One can also see 

in these figures that there is a rather sharp transition from the low suction values to the initial 

suction value, at the advance of the wetting front. In the PLAXIS analyses, these variations 

over time were explicitly incorporated.  Should one choose to use the Lu and Likos 

calculated lateral earth pressures and a conventional sheet pile design approach to determine 

the required depth of embedment, a way of incorporating infiltration-induced reductions in 

the suction stress is needed.  

In order to approximate the observed reductions in suction, a simplified approach is explored 

where the initial suction profile is modified by setting all suction values above a certain depth 

equal to zero. This depth of infiltration, Di , represents the depth to which the matric suction is 

zero,  and is applied to the retained soil side. As the depth of the saturated zone increases, the 

required embedded depth of the sheet pile wall to produce a FS=1 increases, as shown in 

Figure 3.21.  

However, if one compares the results presented in these analyses with those presented in 

Figure 3.20 (b), a difference in the required D/H for a FS=1 is seen. The prior analyses 

H (m) Method D/H D (m) Difference (%) 

9 
(Fig. 3.20 (a)) 

PLAXIS 0.19 1.7 
95 

Lu & Likos 0.37 3.3 

7.6 
(Fig. 3.20 (b)) 

PLAXIS 0.41 3.1 
61 

Lu & Likos 0.66 5.0 
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suggested that D/H needed to be 0.41 to produce a FS=1, while the current analyses suggest 

0.36.  The reason for this difference is that in the prior analyses infiltration on the excavated 

soil surface was also taken into account, while in the current analyses the initial suction value 

of 65 kPa at the depth of 7.6m was maintained.  This suggests that design decisions must also 

be made regarding appropriate suction losses to incorporate on the excavated soil side, not 

just the retained soil side.   

 

Fig. 3.21  D/H required for a FS=1 as a function of infiltration depths (Di) for excavation to a 

depth of 7.6 m. 
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3.6 SUMMARY AND CONCLUSIONS  

The deformation analysis of a temporary cantilever sheet pile wall, cut to a depth of 6.7 m 

and incorporating matric suction profiles over time, was performed in this study for 

unsaturated residual soil profiles in order to estimate the lateral pressure on the sheet pile 

wall. A hardening soil model was used to model the deformation analysis during excavation 

in order to incorporate the changes in confining stress and the effects of the suction profile on 

the deformation of the soil. Based on the measured matric suction profiles, the suction 

profiles over time due to precipitation could be estimated and applied to the deformation 

analysis to account for the suction change. The results of the analysis, including the suction 

profiles over time, show that the deformations of the soil and the sheet pile wall match well 

with the measured data, especially after the 6.7 m excavation. Based on the validated 

deformation and bending moment data for the sheet pile wall, a lateral pressure diagram for 

the sheet pile wall, which is required for the design of temporary excavation support systems, 

can be estimated. From this study, the following conclusions are advanced. 

1. Based on the optimization process for the unloading/reloading modulus ratio

50/ref ref

urE E , the ratio can be determined as 6.0. 

2. Compared to the E50 from unsaturated triaxial tests and the modulus values from 

PMTs based on regression analysis, it can be assumed that 50 0.76 PMTE E  . 

3. The at-rest lateral earth pressure coefficients (Ko_ψ) over the depth can be determined 

by considering the matric suction profile and the total lateral pressure obtained from 

the PMT. The range of the Ko_ψ is from 0.4 to 2.1. 
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4. It was possible to develop a suction profile based on measured data and net 

precipitation in conjunction with deformation analysis of the soil behind and in front 

of the sheet pile wall. The suction profile in the A-4 soil area (BH2) decreased 

dramatically to zero over depths of 0 m to 5 m after the 6.7 m excavation because 

rainfall infiltrated the cracks and gaps between the sheet pile wall and soil. 

5. The measured lateral displacement of the soil at 0.4 m from the sheet pile wall was 

observed to be 170 mm, and the lateral deformation of the cantilever sheet pile wall at 

the top increased to 200 mm after the 6.7 m excavation step. The numerical analysis 

results account for the suction decrease in the A-4 soil and capture the soil deflections 

and the sheet pile wall deflections. This outcome indicates that the loss of matric 

suction over the depth of 5 m caused large shear deformation and reduced the 

modulus value, which subsequently generated large displacements. The deflections 

and bending moments of the sheet pile wall matched well with the numerical 

modeling and measured data. 

6. After verifying the deformation of the soil and sheet pile wall in terms of the 

measured data, a net pressure diagram was estimated based on the surrounding soil. 

The bending moments in the sheet pile wall also were further validated by comparing 

them to the measured bending moments determined by the strain gauges. The net 

pressure accounted for the matric suction profile of the sheet pile wall and can be 

used in the design of temporary excavation support systems.  

7. The results of PLAXIS analyses show that the D/H required to reach a FS of 1 is on 

the order of 26 and 17 percent smaller than the D/H obtained from the Lu and Likos 

approach, for excavation depth of 9 m with initial suction profile and 7.6 m with 
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suction profile at the end of field test, respectively, when wall friction is incorporated 

in calculating Ka and Kp. If one uses the Lu and Likos approach without incorporating 

wall friction, the resulting depth of embedment will be on the order of 95 and 61 

percent for excavation depth of 9 m with initial suction profile and 7.6 m with suction 

profile at the end of field test, respectively, greater than that determined from 

numerical analysis and confirmed by the field test wall. 

8. Analyses show that the suction profile on the excavated side of the sheet pile is 

important to the design of a temporary retained wall system, and appropriate 

reductions in suction due to anticipated surface water infiltration is required. 
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CHAPTER IV   

 STABILITY ANALYSIS OF TEMPORARY SLOPES IN UNSATURATED 

RESIDUAL SOILS  

Jungmok Lee, Roy H. Borden, and Mohammed A. Gabr 
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4.1 ABSTRACT 

The design of a temporary slope is often performed using drained strength parameters and 

effective stress analyses. Although this approach produces generally safe designs, some steep 

cuts and natural slopes in residual soil profiles are often observed as stable.  This observation 

indicates that the shear strength of the unsaturated residual soil is actually higher than that 

measured from triaxial tests on saturated specimens.  The difference in strength can be 

attributed to the matric suction observed in the unsaturated fine grained soils.  Work in this 

paper presents the results of stability analyses on 0.25:1, 0.5:1 and 1:1 slopes cut to a depth 

of 6.7 m.  These slopes were excavated at a test site in Greensboro, NC, where measurements 

of matric suction values with depth were obtained.  The analyses were conducted using the 

SLOPE/W and SEEP/W codes and accounted for the unsaturated condition.  The numerical 

analyses produced factors of safety in excess of 1.5 for even the steepest slope of 0.25:1 

assuming no surface water infiltration.  The cut slopes were observed over a period of two 

months after excavation was implemented in stages down to 6.7 m.  During the second 

month, large ponds of water were maintained on the top of the slopes to monitor the 

influence of surface-water infiltration.  Observed stable slopes confirmed the analyses results 

incorporating matric suction effect on the unsaturated soil strength, suggesting that more 

economical temporary cut slopes could be designed than is currently practice. 
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4.2 INTRODUCTION 

The design of a temporary slope is often performed using drained strength parameters and 

effective stress analyses which generally produces safe designs. However, some steep cuts 

and natural slopes, in residual soil profiles, are observed as stable even if they are not deemed 

safe by effective stress analyses.  It can be concluded that the shear strength of the residual 

soil is actually higher than that being predicted by conventional sampling, testing, and 

interpretation procedures. For this reason, the inclusion of matric suction and its impact on 

shear strength is needed for a better understanding of unsaturated slope stability in residual 

soils. Unsaturated slope stability analyses have been conducted to study the loss of matric 

suction due to rain-infiltration, which can eventually result in slope failure (Le et al. 2015, 

Zhang et al. 2014,Daminano et al. 2012, Oh and Vanapalli 2010, Haut et al. 2006, Blatz et al. 

2004). Other researchers have incorporated the use of in situ devices to monitor changes in 

matric suction, which in turn allowed evaluation of this influence on slope stability (Kassim 

et al. 2012, Rahardjo et al. 2005, Gasmo, et al. 2000, Lim et al. 1996, Ng and Shi 1998). 

Among approaches reported in the literature, the initial matric suction profile has been 

determined using tensiometers from the ground surface to depths less than 3.5 m (Damiano et 

al. 2012,  Blatz et al. 2004, Gasmo et al. 2000).  Alternatively, several researchers have 

modeled the initial matric suction to follow the hydrostatic condition from the water table (Le 

et al. 2015, Zhang et al. 2014, Ng and Shi 1998). 

This paper presents a case study documenting the performance of cut slopes in an unsaturated 

residual soil profiles. At a test site in Greensboro, NC, 0.25:1, 0.5:1 and 1:1 slopes were cut 

to a depth of 6.7 m. Numerical analyses of these slopes incorporated measured initial matric 



  

104 

suction profiles to a depth of 15 m and the unsaturated shear strength predicted from 

laboratory-measured soil water characteristic curves (SWCCs). Surface-water infiltration 

effect on the stability of the slopes was also investigated. 

 

4.3 BACKGROUND 

4.3.1 Unsaturated shear strength 

The effects of matric suction on soil strength can be determined mathematically as an 

increase in the cohesion parameter, which will in turn increase the computed factor of safety 

(FS) of a slope. Two approaches have been used in the past to incorporate unsaturated soil 

strength: the single effective stress approach (Bishop, 1960) and the independent state 

variable approach (Fredlund and Morgenstern, 1997).  

In the single effective stress approach, Bishop (13) proposed a shear strength equation for 

unsaturated soil by extending Terzaghi’s principle of effective stress for saturated soils, as 

shown in Equation (4.1). 

   ' a a wu u u                                                                                                      (4.1) 

Where, 

au  = pore-air pressure,  

wu  = pore-water pressure, 

( )n au   = net normal stress, 
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( )a wu u  = matric suction, and 

  = a parameter that depends on soil type and degree of saturation  

This single effective stress is incorporated in the Mohr-Coulomb shear strength equation, 

Equation (4.2). 

 ' ( ) tan ' ( ) ( ) tan 'n a a wc u u u                                                                             (4.2) 

or rewritten as Equation (4.3). 

 ' ( ) ( ) tan 'n a a wc u u u                                                                                          (4.3) 

where 

  = shear strength of unsaturated soil, 

c’ = effective cohesion, and 

'  = effective angle of frictional resistance. 

In this approach,  is the parameter that explains the matric suction ( )a wu u  and the level of 

its contribution to effective stress. Bishop et al. (1960) addressed the relationship between the 

degree of saturation and the parameter  , which has a value of 1.0 for saturated soils and a 

value of 0 for dry soils. Research over the past thirty years has demonstrated that capturing 

the dependency of the effective stress parameter  on the degree of saturation, or suction, is 

an extremely challenging task (Lu and Likos, 2004).  

In the independent state variables approach, Fredlund and Morgenstern (1977) suggested an 

unsaturated soil shear-strength data reduction approach in the form of an extended Mohr-
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Coulomb envelope as a basis for the interpretation of test data (Rahardjo et al. 1995, Ho and 

Fredlund 1982). Other researchers have adopted this approach to analyze slope stability in 

unsaturated soil (Sweeney and Robertson 1982, Coutinho et al. 2000, Krahn et al. 1989). The 

proposed unsaturated shear strength equation using the independent state variables approach 

is expressed as Equation (4.4). 

' ( ) tan ( ) tan 'b

a w n ac u u u                                                                              (4.4) 

where, 
b is the angle indicating the rate of increase in shear strength relative to matric 

suction. 

This method is convenient for expressing the shear strength of soils with matric suction, as it 

can be readily applied to conventional stability analysis. However, several researchers have 

noted the existence of a nonlinear relationship between the shear strength and matric suction 

(Escario and Saez, 1986). Fredlund et al. (1987) also pointed out that a nonlinear relationship 

between shear strength and suction is more realistic and provides a better approximation than 

the linear relationship.   

The experimental tests that are needed to determine these model parameters are time-

consuming and therefore costly. For this reason, empirical methods have been proposed to 

estimate the shear strength of unsaturated soil using SWCCs and saturated shear strength 

parameters (Vanapalli et al. 1999, Fredlund et al. 1996, Garven and Vanapalli 2006, Khalili 

and Khabbaz 1998). The use of a nonlinear shear strength model for unsaturated soil has 

been proven to provide a representative simulation of field conditions (Zhang et al., 2014).  
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The Van Gunuchten SWCC model (Van Gunuchten, 1980) and the Vanapalli et al. 

unsaturated shear strength model (Vanapalli et al., 1996) have been used to obtain the 

relationships among matric suction, effective degree of saturation, and shear strength, as 

shown in Equations 4.5, 4.6, and 4.7.   

Van Genuchten (1980) proposed a closed-form SWCC model with three fitting parameters: 

1

1 (1 ( )

m

w r r
e n

s r r

S S
S

S a

 

  

  
      

   
                                                                        (4.5) 

Where, 

eS  = normalized degree of saturation or effective degree of saturation,  

rS  = degree of saturation at residual saturation condition,  

w
  = volumetric water content,  

s
  = saturated volumetric water content,   

r
  = residual volumetric water content,  

  = matric suction (= ( )a wu u ), and 

a, n, and m are fitting parameters. 

 

The SWCC model directly estimates the normalized degree of saturation, eS , which is 

incorporated into the Vanapalli et al. unsaturated shear strength model (1996), as shown in 

Equation (4.6). In this case, the normalized degree of saturation is used to estimate the 
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contribution of the matric suction to the unsaturated shear strength. The eS  term works in a 

manner similar to the   parameter in Bishop’s effective stress concept (Bishop 1960, Bishop 

et al 1960) to explain the contribution of matric suction to the stress state. 

The Vanapalli et al. (1996) proposed empirical equation for predicting the shear strength of 

unsaturated soils based on the SWCC without lab unsaturated strength tests is expressed as 

Equation (4.6). 

 ' ( ) tan ' ( ) ( ) tan 'n a a w ec u u u S                                                                           (4.6) 

Van Genuchten’s SWCC model is substituted into Equation (4.6), and the resulting equation 

models the nonlinear behavior of unsaturated shear strength as a function of matric suction, 

as shown in Equation (4.7). 

 
1

' ( ) tan ' ( ) tan '
(1 ( )

m

n a a w n
c u u u

a
   



  
       

   

                                                (4.7) 

Zhang et al. (2014) conducted slope stability analyses using several empirical equations for 

the unsaturated shear strength based on the SWCC. These analyses were performed assuming 

an initial matric suction profile, generated based on the hydrostatic equilibrium from the 

original water table.  

In the work presented herein, the Vanapalli et al. (1996) model (Eq. 4.7) is utilized in 

SLOPE/W with measured initial matric suction profiles.  
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4.3.2 Infiltration 

Researchers have suggested empirical relationships between permeability and the SWCC. 

Van Genuchten (1980) and Fredlund et al. (1994) have proposed the most commonly used of 

these empirical equations.  

Van Gunuchten (1980) proposed a closed-form equation to describe the hydraulic 

conductivity of unsaturated soil as a function of matric suction and proposed a correlation 

between the SWCC and permeability. To this end, he used fitting parameters, a and n, which 

can be adopted from his SWCC equation, to estimate k, as shown in Equation (4.8). 

 
2

( 1)

/2

1 ( ) [1 ( ) ]
( )

[1 ( ) ]

n n m

r n m

a a
k

a

 




  



,      ( 1 1/m n  )                                                       (4.8)                                             

where rk = relative coefficient of permeability (= ( ) / sk k ), and                                                                                 

sk = saturated hydraulic conductivity. 

The Van Genuchten  (1980) approach is one of the three models built into SEEP/W and is 

used herein to estimate surface water infiltration in this study.  

 

4.4 FIELD AND LABORATORY TESTING 

4.4.1 Field testing 

The test site is located in the Piedmont physiographic region in Guilford County and is part 

of project U-2412B in Greensboro, NC. The testing configuration includes 6.7 m deep and 92 
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m long temporary cut slopes at inclines of 0.25:1, 0.5:1, and 1:1, as shown in Figure 4.1 (a) 

and 4.1(b). Excavation proceeded in three stages to depths of 4.6 m, 6.1 m, and 6.7 m. Before 

and after each excavation stage, lateral displacements of each slope were monitored using 

inclinometers installed 1 m and 3 m back from the slope crest. In order to evaluate the effects 

of surface water infiltration, ponds were constructed at the top of all three slopes and 

periodically filled with water for one month, maintaining approximately a 150 mm water 

level. After filling the ponds with water, the ponds were covered with plastic sheeting to 

minimize evaporation of water. 

After sampling, the initial matric suction data were measured at the bottom of each Shelby 

tube using tensiometers (T5 and T5x, Decagon Devices, Inc.), as shown in Figure 4.1 (c). 
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                                                                    (a) 

 

 

                                   (b)                                                                      (c) 

 

 

                                    (d)                                                                     (e) 

Fig. 4.1 (a) Site plan, (b) site photo, (c) tensiometer measurements, (d) infiltration ponds, and 

(e) covers    

30 m 30 m 30 m 
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4.4.2 Laboratory testing 

In order to characterize the test site soils, a program of laboratory tests was conducted that 

included natural water content, dry density, specific gravity, Atterberg limits, and grain size 

distribution as the parameters. The soil types from the Greensboro field site are divided into 

two specific groups, both of which fall into the silty-clay category based on AASHTO: A-4 

(ML) and A-7-5 (MH). The 1:1 slope area contained some A-2-6 and A-4 soils (ML), and the 

0.25:1 and 0.5:1 slope areas mainly consisted of the A-7-5 (MH) soil type. Table 1 presents  

representative soil classification properties for the two major soil types. 

Table 4.1 Characteristic Properties of A-4 and A-7-5 Soils  

 A-4 (ML) soil A-7-5 (MH) soil 

Gs 2.75 2.74 

LL 35 58 

PI 7 21 

Fines content (%) 58 88 

Note: Gs is specific gravity, LL is liquid limit, and PI is plasticity index. 

Wang (2014) performed pressure plate and tensiometer tests to develop SWCCs; one 

example is shown in Figure 4.2. In order to determine the field SWCCs, the drying curve for 

each soil layer was shifted to match the associated field-measured suction data. Figure 4.2 

shows the field SWCCs for a depth of 3 m in the 0.25:1 slope with an 8 percent shift of the a 

value to match the field-measured suction data. 
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.  

Fig. 4.2 Field SWCCs at a depth of 3 m in 0.25:1 slope  

 

4.4.3 Unsaturated and saturated shear strength testing  

Tests on undisturbed saturated specimens were conducted by the NCDOT to determine the 

effective shear strength parameters. A research colleague, Tang, conducted unsaturated 

triaxial tests at constant matric suction with different confining pressures to determine the 

effective friction angle. Based on synthesis of these lab tests data, the effective friction angles 

were found to be 30 and 27 degrees for the A-4 and A-7-5 soils, respectively. The effective 

cohesion is zero for the A-4 soil and 10 kPa for the A-7-5 soil. 
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The unsaturated shear strength data were analyzed and the total cohesion values as a function 

of matric suction are plotted in Figure 4.3. Total cohesion is the sum of the effective cohesion 

and the cohesion from the matric suction contribution. The curves define the total cohesion 

predicted from the Vanapalli et al. shear strength model (1996) for each sample using its 

respective SWCC and effective shear strength parameters. From these results, it can be seen 

that the Vanapalli et al. model (1996) produced a conservative estimate of shear strength 

values for the Greensboro residual soils  

4.4.4 Saturated permeability tests  

Saturated permeability ( sk ) values were determined from constant head lab tests on the A-7-

5 soil and from falling head  lab tests on the A-4 soils to be 3.15   10-5 cm/s and 5.9   10-5 

cm/s for the A-7-5 and A-4 soils, respectively. The saturated permeability of the A-2-6 soil in 

the 1:1 slope was estimated using back-calculation based on measured field infiltration rates 

and was found to be 310-5 cm/s. 
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Fig. 4.3 Total cohesion as function of matric suction for A-7-5 and Vanapalli et al. model 

(1996) 

 

4.5 NUMERICAL ANALYSIS  

Slope stability analyses were conducted using SEEP/W and SLOPW/W platforms (GEO-

SLOPE International, Ltd.). The initial matric suction distribution within the modeled soil 

profiles and any subsequent variation induced by infiltration were simulated by SEEP/W. 

Then, using the generated pore water pressure contours and calculated unsaturated shear 
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strength values, SLOPE/W was used to estimate the FS of the slope according to Bishop’s 

Method of Slices. 

4.5.1 Model of subsurface profile  

Based on the results from the subsurface exploration and laboratory testing program, an 

idealized profile was developed, with 12 discrete layers to a depth of 15.2 m. Figure 4.4 

shows the geometry of the 0.25:1 slope used in the analyses, and Table 2 presents the 

associated soil properties. The layers were defined according to the variations in soil 

properties and the measured initial values of the matric suction. Each layer was assigned its 

own SWCC, which was selected based on the soil properties, including dry density, 

percentage of fines, and the PI. The water table was not observed in the upper 15.2 m of the 

profile and was estimated to be 16.2 m below the ground surface.   

 

Fig. 4.4 Model geometry and soil layers for 0.25:1 slope  
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Table 4.2 Material Properties for 0.25:1 Slope  

Layer Soil type 
Layer 

thickness sat  dry  Fines PI ( )a wu u  'c  '  

  (m) (kN/m3) (kN/m3) %  ( )kPa  ( )kPa  (deg.)  

1 A-7-5 (1) 0.6 17.5 11.9 86 22 42 10 27 

2 A-7-5 (1) 0.6 17.5 11.9 86 22 56 10 27 

3 A-7-5 (2) 1.2 17.1 11.3 86 22 70 10 27 

4 A-7-5 (2) 0.6 17.1 11.3 86 22 64 10 27 

5 A-7-5 (2) 0.6 17.1 11.3 86 22 60 10 27 

6 A-7-5 (2) 0.6 15.8 9.9 84 23 44 10 27 

7 A-7-5 (2) 0.6 15.8 9.9 84 23 40 10 27 

8 A-7-5(2) 0.6 17.6 11 84 17 34 10 27 

9 A-7-5(2) 3 17.6 11 84 17 24 10 27 

10 A-4 (1) 2.4 20.3 15.7 59 11 24 0 30 

11 A-4 (1) 1.2 20.3 15.7 59 11 22 0 30 

12 A-4 (1) 3 21.1 17.1 42 5 10 0 30 

 

 

4.5.2 Initial matric suction profile  

In order to model the effect of the surface water infiltration at the top of the cut slopes, a 30-

day transient analysis was performed to obtain an equilibrium suction profile based on the 

measured initial matric suction profile. This equilibrium suction profile is a function of soil 

permeability, input suction values, and time. As shown in Figure 4.5, the suction profile prior 

to the start of the surface water infiltration matches reasonably well with that obtained from 

the extensive field-measured values. 
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4.5.3 Infiltration analysis  

The cut slopes were observed over a period of two months after excavation to a depth of 6.7 

m. During the second month, 152 mm of water was added to the ponds constructed at the top 

of the slopes and used to monitor the effects of surface-water infiltration. Infiltration analyses 

were performed using the Van Gunuchten model, with the SWCC parameters shown in Table 

4.3, in SEEP/W to estimate permeability as a function of matric suction.  

The SEEP/W-generated pore water pressure contours were then used as inputs to SLOPE/W 

in order to conduct the stability analysis. As infiltration, and therefore wetting, occurred, the 

degree of saturation increased, resulting in an increase in the soil weight, which also must be 

considered.  

The procedure described above for the 0.25:1 slope also was applied for the 0.5:1 and 1:1 

slopes. 

 

Table 4.3 Van Genuchten SWCC Parameters for Slopes area    

SLOPE 

angle 

Depth 

(m) 
Soil type s  r  

a 

(1/kPa) 
n m 

0.25 : 1 

0-1.2 A-7-5 (1) 0.615 0.17 0.098 1.359 0.263 

1.2-8.5 A-7-5 (2) 0.594 0.17 0.022 1.725 0.42 

8.5-15.2 A-4 (1) 0.509 0.038 0.050 1.589 0.37 

0.5 :  1 

0-1.8 A-7-5 (3) 0.541 0.17 0.165 1.29 0.224 

1.8-4.3 A-7-5(4) 0.611 0.17 0.051 1.706 0.413 

4.3-8.5 A-7-5 (3) 0.541 0.17 0.165 1.29 0.224 

8.5-15.2 A-4 (2) 0.456 0.038 0.057 1.678 0.404 

1  :  1 

0-3 A-2-6  0.384 0.11 0.752 1.186 0.157 

3-9.1 A-7-5 (5) 0.442 0.17 0.030 1.622 0.383 

9.1-15.2 A-4 (2) 0.456 0.038 0.057 1.678 0.404 
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(a)                                                           (b)                                                               (c) 

Fig. 4.5 Initial matric suction profiles after 30 days from SEEP/W without infiltration for (a) 0.25:1 slope, (b) 0.5:1 slope, and (c) 

1:1 slope   
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4.5.4 Results and discussion  

Table 4.4 summarizes the FS for each of the different initial matric suction profile 

assumptions. As shown, when using the effective shear strength (effective friction angle of 

27° and effective cohesion of 10 kPa) but without including matric suction, the FS of the 

0.25:1 slope is 0.80, which implies failure would have taken place. However, this steep slope 

remained stable over the three-month project duration. 

Table 4.4 Factors of Safety for Different Initial Matric Suction Profile Conditions  

Initial matric suction profile 
FS 

0.25:1 slope 0.5:1 slope 1:1 slope 

Measured 1.55 1.75 1.91 

Hydrostatic equilibrium 

from water table 
2.01 2.26 2.87 

No matric suction 0.80 1.02 0.86 

 

The FS for the 1:1 slope without matric suction is 0.86, which is lower than the FS of the 

0.5:1 slope without matric suction, because the upper part of the 1:1 slope consists of A-2-7 

material that has a friction angle of 36 degrees but zero effective cohesion. In this case, the 

calculated failure surface was close to the slope face; however, in the field, no shallow failure 

was observed.  

When the initial matric suction profile was generated linearly based on the pore water 

pressure at the bottom of the deepest soil layer, as shown in Figure 4.6, the FS was computed 

to be over 2.0 for all slopes due to the significantly over-estimated matric suction values. It is 

interesting that the tensiometer-measured suction increase (at the zero day, or equilibrium 

condition) from depths of approximately 9 m to 1.5 m is essentially parallel to the hydrostatic 
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line, but clearly relatively little increase in suction occurred between 15 m and 9 m. These 

analysis results and the data generated from this site demonstrate the need for more depth-

specific estimations of suction values, either measured or predicted from empirical models, in 

order to obtain an accurate assessment of stability. Evaporation and surface-water infiltration 

will certainly affect the near-surface suction values, as evidenced in the initial suction profile.  

Results of the numerical analyses, which incorporate field-measured matric suction values, 

show FS values in excess of 1.5 for even the steepest slope of 0.25:1. As the steep slope was 

observed to be stable throughout the project duration of three months, the calculated results 

seem reasonable, despite the fact that even these results are likely to be considered 

conservative, as the model-calculated shear strengths values are less than those measured 

from laboratory tests, as shown in Figure 4.3.  

A simple analysis of the measured and predicted strength values over the range of suction 

values from 25 kPa to 80 kPa that is appropriate for the test slopes suggests that the shear 

strength values are conservative and underestimated on the order of 1 percent to 30 percent at 

25 kPa and 20 percent to 85 percent at 80 kPa; thus, an approximate underestimation of 30 

percent to 50 percent might be expected.   

Field measurements, including those from inclinometers located 1 m back from the slope 

crest at the center of each 30 m long section, indicate that the lateral displacements of the 

slopes were less than 10 mm, as shown in Figure 4. 7. Although currently no correlation has 

been found between the FS and observed slope displacement, the small measured 

displacements appear consistent with the calculated FS values in excess of 1.5 (or perhaps 

1.3   1.5 = 1.95, if the underestimation of the model-predicted strength is taken into 

account). 
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Fig. 4.6 Pore water pressure change over time along section A-A’ in Figure 4.8 (a) 
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Fig. 4.7 Lateral displacement at 1 m from each slope crest from inclinometer tests 
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(a) and 4.8 (b) present the predicted pore water pressure levels after one month and two 

months of infiltration, respectively. Figure 4.6 shows the changes in pore water pressure 

values from the initial matric suction profile at the cross section A-A’ after 10, 20, 30 and 50 

days of continuous infiltration. The data used to generate the pore pressure contours were 

then carried over to the stability analysis (from SEEP/W to SLOPE/W) to investigate 

infiltration-induced changes in the FS over time. 

Figure 4.9 presents the results of the stability analyses that were performed to represent 

different times over a three-month period for the 0.25:1, 0.5:1 and 1:1 slopes, although the 

field infiltration period lasted only one month. After 30 days, the FS for the 0.25:1 slope was 

found to be close to 1.25. After 57 days of continuous infiltration (a worst-case scenario), the 

FS reduced to 1.0 for the 0.25:1 slope. Based on the results of similar analyses, an allowable 

construction period for a temporary slope could be estimated. However, the analysis results 

reported in this paper would produce a very conservative construction period, because they 

represent a condition in which a constant 150 mm water level was maintained at the top of 

the slopes. More site specific analyses could be performed with periods of infiltration 

followed by periods of evaporation to produce an appropriate design. 

 

Again, looking to the inclinometer data presented in Figure 4.7, the profiles obtained after the 

30-day infiltration period show very little additional lateral displacement. The magnitude of 

these seepage-induced changes suggests that one month of infiltration could not induce 

significant shear deformations within the slopes.     
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(a) 

 

 

(b) 

 

Fig. 4.8 Pore water pressure profiles at (a) 30 days and (b) 57 days after adding water to 

ponds for 0.25:1 slope (100 kPa = 2000 psf) 

A 
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Fig. 4.9 Effects of infiltration on slope stability for 0.25:1 and 0.5:1 slopes 
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displacements.  Ponds of water on the top of the slopes were maintained in the field for 30 

days and surface-water infiltration analyses were performed to calculate anticipated changes 

in FS over time.  The FS was found to decrease during surface-water infiltration, and after 30 

days, the FS for the 0.25:1 slope was found to be close to 1.25. Inclinometer measured lateral 

displacements do not directly confirm or validate the factors of safety calculated, but they do 

imply a F.S = 1.25 (as a minimum) is reasonable to explain the observed field displacements 

of less than 12.7 mm, even after the infiltration period of 30 days.  From this study, the 

following conclusion can be advanced:  

1. Compared to assuming no matic suction, the inclusion of a matric suction profile that 

decreased from approximately 80 kPa near the ground surface to 25 kPa at the base of 

a 6.7 m cut in an A-7-5 soil profile caused the calculated FS of 0.25:1 and 0.5:1 

slopes to increase from 0.8 to 1.55 and 1.02 to 1.75, respectively. 

2. The effect of continuous surface-water infiltration was shown to decrease both the 

matric suction and the resulting FS, with the 0.25:1 slope FS decreasing from 1.55 to 

1.25 after 30 days and to 1.0 after 57 days, while the 0.5:1 slope FS decreased from 

1.75 to 1.55 and 1.42 after 30 and 57 days of infiltration, respectively.   

3. Predicted shear strength using the Vanapalli et al. model , which incorporates the 

SWCC via Van Genuchten’s model , was shown to under predict the laboratory 

measured unsaturated shear strength by an average of 30 to 50 percent over the range 

of matric suction from 25 kPa to 80 kPa applicable to the suction values found in the 

in situ slopes. The FS would increase by 30 to 50 percent by taking into account the 

under estimation of the model-predicted strength. 
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4. Measured inclinometer data 1 m behind the crest of each slope showed lateral 

displacements less than 0.5 inches, even after one month of surface-water infiltration. 

After one month, the FS was calculated to be1.25, and could have been 30 to 50% 

greater, which appears reasonable given the small displacements. 

5. The initial matric suction profile generated linearly from the water table produced 

computed values of FS that were over 2 for all slopes, due to the significantly over-

estimated matric suction values. In order to appropriately conduct slope stability 

analysis, more depth-specific estimation of the suction profile is needed. 
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CHAPTER V   

DEVELOPMENT OF A SIMPLIFIED DESIGN METHOD FOR CANTILEVER 

SHEET PILE WALLS IN UNSATURATED SOILS 
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5.1 FACTOR OF SAFETY ANALYSIS OF GREENSBORO FIELD TEST WALL 

In order to explore the reduction in FS with increasing depths of excavation, analyses were 

conducted for the cantilever sheet pile wall system instrumented and studied at the 

Greensboro field test site. The safety calculation method used is an option available in 

PLAXIS to compute the global safety factor using the phi/c reduction approach, in which the 

strength parameters, tan ' and c ‘, of the soil are successively reduced at the same ratio until 

failure of the structure occurs, or instability prevents numerical convergence.  For the 

application of this approach in unsaturated soil conditions, the suction-strength term is also 

decreased by the same ratio, as the term contains the tan '  value, as shown in Equation (5.1).  

' ( ) tan ' ( ) tan '
.

' ( ) tan ' ( ) tan '

n a a w e

failure n a failure a w e failure

c u u u S
F S

c u u u S

  

  

   


   
                                                (5.1) 

 

Based on the measured initial suction profile for April 10th, as shown in Figure 3.6, and the 

suction profile changes predicted due to rainfall infiltration, FS values were calculated as a 

function of excavation depth. The conditions for which these analyses were performed, 

including the time after initiation of excavation, and the resulting values of FS are tabulated 

in Table 5.1 and plotted in Figure 5.1.  The FS is seen to decrease nonlinearly with 

excavation depth.  

The solid circles displayed in Tale 5.1 represent the first case, in which the initial suction 

profile is maintained constant over time.  Excavation stage 1 in Table 5.1 indicates a FS of 

5.25 after 3 m of excavation, for a total length of 10.7 m sheet pile wall (D/H=2.57). 

Excavation stage 4 shows a FS of 1.93 after 6.7 m of excavation, which represents same 
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height of excavation as the field condition.  After 9 m of excavation (D/H = 0.19), defined as 

excavation stage 9, the FS is 1.13. The rate of decrease in FS is seen to change abruptly after 

the 7 m excavation depth because the 80 kPa suction layer in front of the sheet pile wall was 

excavated, and below the 7 m depth the suction value is approximately 40 kPa.  It can be 

observed that the change in suction values on the excavated side, as well as the depth of the 

excavation, significantly influences the FS.  

The second case, which is represented by the open triangles and solid squares, explores the 

influence of surface water infiltration (the net of precipitation minus evaporation) and 

modifications to the matric suction profile on resulting values of FS. The open triangles 

describe the condition just after excavation to a given depth and take into account the suction 

profile changes just prior to excavation based on the infiltration analyses. The solid squares 

represent the resulting FS after the noted additional infiltration period is completed. 

Excavation stage 4 in Table 5.1 shows FS of 1.73 for the open triangle case, which represents 

6.7 m excavation (D/H=0.6) with the suction profile corresponding to that existing at the 

moment after the excavation. The solid square represents a FS of 1.28 with the suction 

profile which was developed after three additional months of infiltration, which was the same 

condition experienced at the field test site previously described. During the three month 

simulation, the FS was calculated to have decreased from 1.73 to 1.28 due to the loss of 

suction caused by rainfall infiltration.  The FS is generally seen to decrease after a period of 

infiltration, except for the one-month period after the 6.1 m excavation depth (Excavation 

stage 3), because during that period the amount of rainfall was relatively small and 
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evaporation was dominant, which caused essentially no change in the matric suction profile 

and therefore the resulting FS. 

The final part of the infiltration simulation is represented by the open squares. In Stages 5 

and 6, excavation proceeds to 7 m (D/H =0.53) and 7.6 m (D/H =0.41), respectively, while 

the suction profile from the end of Stage 4 is maintained unchanged. These analyses were 

performed to find the excavation depth at which the FS approached 1, while still maintaining 

convergence (a FS=1.05 was obtained) for D/H= 0.41.     

Comparing the FS values obtained using the initial suction profile with those analyses 

incorporating infiltration, it is clear that the FS decrease more rapidly with depth of 

excavation. This result is due to the infiltration-induced loss of suction and resultant decrease 

in shear strength of soil surrounding the sheet pile wall.  
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Table 5.1 Summary of FS analysis for field test 

Excavation 

stage 

Depth, 

H (m) 
D/H Symbol Analysis 

Time* 

(months) 
F.S Period of infiltration 

1 3 2.57 ● 1 0 5.25 None 

2 4.6 1.33 

● 1 0 3.21 None 

∆ 2 4 3.02 4 months 

 3 6 2.91 

2 additional months  of 

infiltration @ 4.6 m  

depth 

3 6.1 0.75 

● 1 0 2.23 None 

∆ 2 6 2.03 6 months 

 3 7 2.00 

1 additional months  of 

infiltration @ 6.1 m  

depth 

4 6.7 0.60 

● 1 0 1.93 None 

∆ 2 7 1.73 7 months 

 3 10 1.28 

3 additional months  of 

infiltration @ 6.7 m  

depth 

5 7 0.53 

● 1 0 1.65 None 

□ 2 10 1.20 

No additional months  of 

infiltration after  6.7 m 

depth 

6 7.6 0.41 □ 1 10 1.05 

No additional months  of 

infiltration after  6.7 m 

depth 

7 8.5 0.26 ● 1 0 1.29 None 

8 8.8 0.22 ● 1 0 1.21 None 

9 9 0.19 ● 1 0 1.13 None 

*Time after establishment of initial suction profile. 
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Fig. 5.1 FS over stages of excavation 
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From the results of the deformation analyses incorporating the infiltration modified suction 

profile (the open and solid squares in Figure 5.1), the maximum lateral displacement of the 

sheet pile wall as a function of excavation depth and the FS as a function of D/H were 

plotted, as shown in Figures 5.2 (a) and (b), respectively.  

The lateral displacement of the sheet pile wall is predicted to gradually increase with 

excavation to a depth of 6 m, after which the rate of movement increased dramatically, 

resulting in a displacement of 900 mm at an excavation depth of 7.6 m. As described 

previously, after the 6.7 m excavation depth the suction profile was not changed, as the 

excavation was assumed to rapidly proceed to the final depth of 7.6 m (D/H= 0.41), where 

the FS was calculated to be 1.05, as shown in Figure 5.2 (b).  
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                                                                            (a) 

 

(b) 

Fig. 5.2 (a) Maximum lateral displacement of sheet pile vs. excavation depth and (b) FS 

corresponding to each stage of excavation with infiltration analysis 
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5. 2 DEVELOPMENT OF DESIGN CHART FOR DETERMINING REQUIRED 

EMBEDMENT OF CANTILEVER SHEET PILE WALL  

In order to develop a design approach for incorporating matric suction to cantilever sheet pile 

wall design in unsaturated soils, the idea of using an average matric suction value over the 

length of the proposed sheeting was explored. Suction values of 0 kPa, 30 kPa, and 50 kPa 

were assigned for each analysis for sheet piles having lengths of 4.6 m and 10.7 m (the length 

of the field-test piles). The analyses conducted for the two length sheet piles and three 

average matric suction profiles produced decreasing FS values with increasing excavation 

depth (or decreasing D/H values).    

The concept of a Suction Stability Number (SSN) was introduced to account for the 

stabilizing influence of matric suction, in a similar manner to cohesion in the conventional 

stability number.  Therefore, the SSN is defined as ψ/(γH), where the suction, ψ , is taken as 

the average matric suction over the length of the sheeting, γ is the average total unit weight 

and H is the depth of excavation.  As would be expected, different suction conditions and 

D/H values produce different FS values. The results of stability analyses show that as D/H 

decreases, the FS of the sheet pile wall decreases linearly as a function of the SSN, as can be 

seen in Figure 5.3.  Based on the simplified average suction profile assumption, the design 

chart for cantilever sheet pile wall has been developed. 

Using the observed linear relationships, and using linear regression on the data set for each 

average suction value, values of D/H can be predicted corresponding to FS of 1.5, 1.7, and 2, 

and the SSN can be estimated for each condition, as shown in Table 5.2. As would be 

expected, the data in Table 5.2 show increasing values of D/H for any desired FS as the 
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average matric suction decreases from 50 kPa to 30 kPa to 0 kPa.  These results clearly show 

that design in unsaturated soils will be more economical if the matric suction is included. 

Table 5.2 Summarized case conditions for FS of 1.5, 1.7, and 2 

   FS =1.5 FS =1.7 FS =2 

Symbol L ψ H D/H ψ/(γH) H D/H ψ/(γH) H D/H ψ/(γH) 

▪ 10.7 50 7.28 0.47 0.46 6.57 0.63 0.51 5.81 0.84 0.57 

∆ 4.6 50 4.31 0.07 0.77 3.94 0.17 0.85 3.49 0.32 0.95 

● 10.7 30 6.67 0.60 0.30 6.09 0.76 0.33 5.38 0.99 0.37 

◊ 4.6 30 3.76 0.22 0.53 3.44 0.34 0.58 3.04 0.51 0.66 

* 10.7 0 5.03 1.13 0.00 4.59 1.33 0.00 4.06 1.64 0.00 

+ 4.6 0 2.19 1.10 0.00 2.00 1.30 0.00 1.77 1.60 0.00 

 

Utilizing the tabulated data presented in Table 5.2 and second order polynomial regression, 

contours for required D/H as a function of the SSN for values of FS equal to 1.5, 1.7 and 2.0 

were developed and plotted on Figure 5.3. This design chart can be used to predict the 

required embedded sheet pile wall length for a desired FS in the case of known excavation 

height (H) and average suction value for the soil surrounding the sheet pile wall. For using 

this chart, the height of excavation, average total unit weight of soil, and average suction 

value surrounding the sheet pile wall are needed to be known to estimate the SSN. Using the 

calculated SSN and the desired FS, the required the depth ratio (D/H) can be predicted. The 

required length of embedded sheet pile wall (D) can be determined by simply multiplying the 

intended excavation depth (H) by D/H.  
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Fig. 5.3 Design chart for cantilever sheet pile wall including matric suction 
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Using Figure 5.1 to find the depth of excavation (H) that would result in a FS=1.5 (for the 

10.7 m long sheet pile) under the initial field suction condition (shown by the solid circles) a 

value of 7.5 m is obtained.  To evaluate the ability of the proposed design method to predict 

the required depth of embedment for a FS=1.5, Figure 5.3 is used with the appropriate 

calculated SSN.  For this case, an average suction value of 60 kPa over the sheet pile length 

is obtained using the data plotted in Figure 3.6 from April 10th, with the assumption that the 

suction above a depth of 2 m is constant.  The average total unit weight is determined to be 

approximately 16 kN/m3, using the data in Figure 2.4(b), and the resulting SSN is computed 

to be 0.5 (60 kPa/[16 kN/m3 X 7.5m]).  From Figure 5.3, the value of D/H corresponding to a 

SSN of 0.5 and a FS=1.5 is seen to be 0.33.  From the predicted D/H of 0.33, the embedded 

depth of sheet pile wall (D) of 2.5 m can be determined to meet FS of 1.5 requirements. 

However, the D value from the FEM analysis of the field test at this FS was 3.2 m (10.7 m – 

7.5 m). Thus, for this case, the simplified design method is seen to under-predict D by 22 

percent.   

A similar manner, the sequential infiltration and excavation case was investigated. From 

Figure 5.1, and using the infiltration case (solid squares), the FEM analyses predict that a 

FS=1.5 existed at an excavation depth of approximately 6.5 m. Thus, to obtain a FS of 1.5 in 

this condition, a depth of embedment of 4.2 m was required.  In order to produce a predicted 

embedment depth from the proposed design procedure for the excavation height of 6.5 m, an 

average matric suction value is needed. Using the FEM calculated matric suction profile for 

the excavation depth of 6.1 m shown in Figure 3.13 (c), a calculated average matric suction 

value of 40 kPa was determined. The reason for selecting the suction profile corresponding to 
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the 6.1 m excavation depth, rather than that for the 6.7 m depth, was that the former occurred 

a point in time closer to that at which the excavation to 6.5m was made.  Using the values for 

H and average suction, a SSN of 0.38 is calculated. For this SSN and a FS=1.5, a D/H value 

of 0.5 is obtained from the design chart.  As a result, a D of 3.25 m is suggested to be needed 

for a FS=1.5. This value is seen to be 23 percent shorter than that resulting from the FEM 

analyses and very close to the 22 percent underprediction observed for the non-infiltration 

case.  Accordingly, at the present time, it appears prudent to suggest that for a FS=1.5 the 

embedment depths predicted from the proposed method (Figure 5.3) be increased by 22 to 23 

percent or approximately a factor of 1.25.  

Because this simplified design approach using a calculated SSN and Figure 5.3 is presumed 

to be used in lieu of numerical analyses (detailed infiltration and FEM analyses), a 

correspondingly simple approach for producing a reduced average matric suction value 

accounting for the effects of infiltration was considered. On the basis of the measured field-

suction values presented in Figure 3.12, which shows the advance of the wetting front 

producing some depth of very low matric suction values, the simplified approach proposed 

herein assumes that the initial suction profile is modified by setting all suction values above a 

chosen depth equal to zero. This depth of infiltration, Di, represents the depth where the 

matric suction is assumed to be zero on retained side.  As an example, let us consider a Di of 

5 m, which was the observed field condition due to rainfall infiltration through the gap 

between the sheet pile wall and soil, and cracks, at an excavation depth of 6.7 m.  For this 

depth and calculated average suction value of 16 kPa, the SSN is computed to be 0.15.  From 
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this value, for a FS=1.5, D/H is determined to be 0.85, thus producing a required embedded 

depth of 5.7 m. 

From Figure 5.1, the infiltration analysis for excavation to a depth of 6.7 m (solid square), 

with a depth of embedment of 4 m, corresponded to a FS= 1.28. Therefore, the current 

analysis predicting a required depth of embedment of 5.7 m to produce a FS=1.5 appears 

reasonable. Nevertheless, it is still recommended that this value be multiplied by a factor of 

1.25, if a FS=1.5 is desired. 

The maximum lateral displacement  and maximum induced bending moments  for 4.6 m and 

10.7 m length sheet pile walls have been predicted as a function of excavation depth with 

average suction values of 50 kPa, 30 kPa and zero suction, and are shown in Figures 5.4 (a) 

and (b) and Figures 5.4 (a) and (b), respectively. As the excavation depth increases, the 

maximum displacement of the sheet pile wall is seen to increase. The maximum lateral 

displacement takes place when the suction value is equal to 0 for both lengths of sheet pile, 

as shows in Figures 5.4 (a) and (b). The maximum bending moment is seen to increase as a 

function of excavation depth for the 10.7 m length sheet pile. However, for the 4.6 m length 

sheet pile, the maximum bending moment deceases after 2.5 m of excavation, as shown in 

Figure 5.5 (b). This is due to a significant reduction in passive resistance on the excavated 

side and occurs along with a reduction in the curvature of sheet pile wall. 
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(a) 

(b) 

Fig. 5.4 (a) Maximum lateral displacement of 10.7 m length of sheet pile wall and (b) 4.6 m 
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0

50

100

150

200

250

0 1 2 3 4 5 6 7 8 9 10

M
ax

. l
at

er
al

 d
is

p
la

ce
m

e
n

t 
(m

m
)

Excavation depth (m)

L = 10.7 m & ψ =50 kPa

L = 10.7 m & ψ =30 kPa

L = 10.7 m & ψ =0 kPa

0

50

100

150

200

250

0 1 2 3 4 5 6 7 8 9 10

M
ax

. l
at

e
ra

l d
is

p
la

ce
m

e
n

t 
(m

m
)

Excavation depth (m)

L = 4.6 m & ψ =50 kPa

L =4.6 m & ψ =30 kPa

L = 4.6 m & ψ =0 kPa



  

147 

 

(a) 

 

(b) 

Fig. 5.5  (a) Maximum bending moment of 10.7 m length of sheet pile wall and (b) 4.6 m 

length of sheet pile wall 
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5.3 SUMMARY AND CONCLUSIONS 

A design chart using an average matric suction value for the profile has been developed to 

estimate the required embedded depth of a cantilever sheet pile wall for a desired FS using a 

Suction Stability Number, SSN, to account for the stabilizing influence of matric suction.  

The SSN is defined as ψ/(γH), where the suction, ψ , is taken as the average matric suction 

over the length of the sheeting, γ is the average total unit weight and H is the depth of 

excavation. Comparing predicted results from the proposed design chart with FEM analyses 

of the Greensboro field test.  From this study, the following conclusions are advanced:   

1. The FS of a cantilever wall in unsaturated soil decreases nonlinearly with excavation 

depth. This behavior was observed for both the initial suction profile and one that was 

developed using an infiltration analysis based on net precipitation data, including both 

measured precipitation and predicted evaporation. Due to the loss of suction during 

rainfall infiltration, the FS is seen to decrease faster with excavation depth for the 

infiltration case than for the constant initial suction profile. 

2. The developed design chart, incorporating the average suction profile thru the SSN, 

can be used to estimate the required embedded depth of sheet pile wall for a desired 

FS. However, the predicted depths for two cases were found to be approximately 23 

percent shorter than predicted from the FEM analyses of the field tests. Accordingly, 

at this time, it is considered prudent to apply a factor of 1.25 to the embedment depth 

obtained from the design chart to produce the desired FS.  

3. The maximum lateral displacements and maximum bending moments of the sheet 

pile wall increase with decreasing values of suction. For the shorter, 4.6 m length, 
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sheet pile wall, the maximum bending moment decreased after the 2.5 m excavation 

depth due to the reduction in passive resistance on the excavated side.   
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CHAPTER VI   

SUMMARY, CONCLUSIONS, RECOMMENDATIONS FOR FUTURE RESEARCH 
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6.1 SUMMARY AND CONCLUSIONS 

The main objective of this research is to investigate a more economical design for temporary 

slopes and retaining structures in unsaturated Piedmont residual soils, because the inclusion 

of a level of suction can increase the shear strength and stiffness of unsaturated soils. Based 

on extensive laboratory tests and an in situ investigation, the site conditions in Greensboro, 

NC, where measurements of matric suction values with depth were obtained, have been 

characterized. From the validated results of numerical analyses, based on measured data, a 

lateral earth pressure diagram on a sheet pile wall could be estimated, which is appropriate 

for the design of retaining walls for temporary excavations. The results of the slope stability 

analyses on 0.25:1, 0.5:1, and 1:1 slopes cut to a depth of 6.7 m, incorporating measured 

initial matric suction profiles and surface-infiltration, suggest that more economical 

temporary cut slopes can be designed than is currently the practice. 

6.1.1 Performance of cantilever sheet pile wall in unsaturated residual soil: Site 

conditions and measured performance 

 The test site consists mainly of A-4 (ML) soil with embedded layers of A-7-5 (MH) 

soil. The SPT N-values range from 5 to 14 consistently until a depth of 15 m. The A-

4 soils have a LL of 35 percent and a PI of 7 with a fines content of 58 percent. The 

A-7-5 soils show a LL of 58 percent, a PI of 21 percent, and a fines content of 88 

percent.  

 The upper 15 m of the soil profile includes matric suction that ranges from 20 kPa to 

100 kPa. The top of the profile has higher matric suction values that gradually 
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decrease throughout the profile. The matric suction of the nearby ground surface is 

the maximum matric suction due to desiccation. 

 Pressuremeter modulus values range from 10 MPa to 18 MPa at depths over the depth 

of 15 m. The correlations between the SPT N-values and EPMT provide good 

agreement overall.  

 The soil behavior at 0.6 m, 1.5 m, 2.7 m, and 4 m behind the sheet pile wall during 

the excavation stages was monitored using inclinometer devices. A maximum 

displacement of 170 mm took place at the location closest to the sheet pile wall and 

after the 6.7 m depth of excavation. The observed lateral displacement indicates a 

significant change after the 6.7 m excavation due to the collapsed soil body which 

moved towards the sheet pile wall. 

  Based on the LiDAR scan data, movement of the sheet pile wall and vertical 

displacement of the ground surface behind sheet pile wall were monitored. After the 

6.7 m excavation, the sheet pile wall moved laterally 215 mm at 1 m above the 

ground surface and the ground surface settled 100 mm at 0.6 m from the sheet pile 

wall.  

 Strain gauges welded to the sheet pile wall were used to measure the bending moment 

changes during excavation. As the excavation depth increased (became deeper), the 

location of the maximum bending moment occurred at lower parts of the sheet pile 

wall. The maximum value of 215 kN-m/m was observed after the 6.7 m excavation.     

 A decrease in the lateral stress in the soil was observed from 140 kPa to 27 kPa after 

the 6.7 m excavation at a depth of 3 m. The behavior of the soil and sheet pile wall 

could be estimated using the amount of stress release during the excavation process. 
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Especially in excavation cases, the lateral stress change is one of the crucial factors 

that cause displacements of the sheet pile wall.   

 The matric suction and water content changes were measured over time. The results 

indicate that the matric suction decreased from 90 kPa to 20 kPa and the moisture 

content increased from 15 percent to 35 percent at the depth of 2 m. Above the depth 

of 3 m, the matric suction decreased and the moisture content increased close to the 

saturated condition due to rainfall infiltration. In particular, the FTC sensors located 

in the A-4 soil behind the sheet pile wall were able to capture the fact that the suction 

profile in the A-4 soil area (BH2) decreased dramatically to 0 over the depths of 0 m 

to 5 m after the 6.7 m excavation. This decrease in the suction profile was due to the 

rainfall infiltration through the cracks and gaps between the sheet pile wall and the 

soil. 

 

6.1.2 Performance of cantilever sheet pile wall in unsaturated residual soil: Modeling 

excavation-induced displacement with surface-water infiltration 

 Compared to the E50 values obtained from unsaturated triaxial tests and the modulus 

values obtained from PMTs based on regression analysis, it can be assumed that 

50 0.76 PMTE E  . 

 The at-rest lateral earth pressure coefficients (Ko_ψ) over depth can be determined by 

accounting for the matric suction profile in the total lateral pressure obtained from the 

PMT. The range of the Ko_ψ is from 0.4 to 2.1. 
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 It is possible to develop a suction profile based on measured data and net precipitation 

in conjunction with the deformation analysis results determined from behind and in 

front of the sheet pile wall. The suction profile in the A-4 soil area (BH2) decreased 

dramatically to 0 over the depths of 0 to 5 m after the 6.7 m excavation due to the 

rainfall infiltration through the cracks and gaps between the sheet pile wall and the 

soil. 

 The measured lateral displacement of the soil at 0.4 m from the sheet pile wall was 

observed to be 170 mm, and lateral deformation of the cantilever sheet pile wall at the 

top increased to 200 mm after the 6.7 m excavation step. The numerical analysis 

considers the suction decrease in the A-4 soil and captures the soil deflection and the 

sheet pile wall deflection. That is, the loss of matric suction over the depth of 5 m  

causes large shear deformation and reduces the modulus value, which subsequently 

generates large displacements. The deflection and bending moment data obtained for 

the sheet pile wall matched well with the numerical modeling and measured data. 

 After verifying the deformations of the soil and sheet pile wall according to the 

measured data, net pressure diagrams were estimated from the surrounding soil. The 

bending moments in the sheet pile wall also were validated by comparison to the 

measured bending moments determined from the strain gauges. The measured data 

and results of the numerical analysis match each other well after the 6.7 m 

excavation. The net pressure diagram on the sheet pile wall over the excavation stages 

could be determined from the numerical analysis to be used for the design of 

temporary retaining wall systems in unsaturated residual soil.  
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 The results of PLAXIS analyses show that the D/H required to reach a FS of 1 is on 

the order of 26 and 17 percent smaller than the D/H obtained from the Lu and Likos 

approach, for excavation depth of 9 m with initial suction profile and 7.6 m with 

suction profile at the end of field test, respectively, when wall friction is incorporated 

in calculating Ka and Kp. If one uses the Lu and Likos approach without 

incorporating wall friction, the resulting depth of embedment will be on the order of 

95 and 61 percent for excavation depth of 9 m with initial suction profile and 7.6 m 

with suction profile at the end of field test, respectively, greater than that determined 

from numerical analysis and confirmed by the field test wall. 

 Analyses show that the suction profile on the excavated side of the sheet pile is 

important to the design of a temporary retained wall system, and appropriate 

reductions in suction due to anticipated surface water infiltration is required. 

 

6.1.3 Stability analysis of temporary slopes in unsaturated residual soils 

 Compared to assuming no matic suction, the inclusion of a matric suction profile that 

decreased from approximately 80 kPa near the ground surface to 25 kPa at the base of 

a 6.7 m cut in an A-7-5 soil profile caused the calculated FS of 0.25:1 and 0.5:1 

slopes to increase from 0.8 to 1.55 and 1.02 to 1.75, respectively. 

 The effect of continuous surface-water infiltration was shown to decrease both the 

matric suction and the resulting FS, with the 0.25:1 slope FS decreasing from 1.55 to 

1.25 after 30 days and to 1.0 after 57 days, while the 0.5:1 slope FS decreased from 

1.75 to 1.55 and 1.42 after 30 and 57 days of infiltration, respectively.   
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 Predicted shear strength using the Vanapalli et al. model , which incorporates the 

SWCC via Van Genuchten’s model , was shown to under predict the laboratory 

measured unsaturated shear strength by an average of 30 to 50 percent over the range 

of matric suction from 25 kPa to 80 kPa applicable to the suction values found in the 

in situ slopes. The FS would increase by 30 to 50 percent by taking into account the 

under estimation of the model-predicted strength. 

 Measured inclinometer data 1 m behind the crest of each slope showed lateral 

displacements less than 12.7 mm, even after one month of surface-water infiltration. 

After one month, the FS was calculated to be1.25, and could have been 30 to 50% 

greater, which appears reasonable given the small displacements. 

 The initial matric suction profile generated linearly from the water table produced 

computed values of FS that were over 2 for all slopes, due to the significantly over-

estimated matric suction values. In order to appropriately conduct slope stability 

analysis, more depth-specific estimation of the suction profile is needed. 

6.1.4 Development of a simplified design method for cantilever sheet pile walls in 

unsaturated soils  

 The FS of a cantilever wall in unsaturated soil decreases nonlinearly with excavation 

depth. This behavior was observed for both the initial suction profile and one that was 

developed using an infiltration analysis based on net precipitation data, including both 

measured precipitation and predicted evaporation. Due to the loss of suction during 

rainfall infiltration, the FS is seen to decrease faster with excavation depth for the 

infiltration case than for the constant initial suction profile. 
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 The developed design chart, incorporating the average suction profile thru the SSN, 

can be used to estimate the required embedded depth of sheet pile wall for a desired 

FS. However, the predicted depths for two cases were found to be approximately 23 

percent shorter than predicted from the FEM analyses of the field tests. Accordingly, 

at this time, it is considered prudent to apply a factor of 1.25 to the embedment depth 

obtained from the design chart to produce the desired FS.  

 The maximum lateral displacements and maximum bending moments of the sheet 

pile wall increase with decreasing values of suction. For the shorter, 4.6 m length, 

sheet pile wall, the maximum bending moment decreased after the 2.5 m excavation 

depth due to the reduction in passive resistance on the excavated side.   

 

6.2 RECOMMENDATIONS FOR FUTURE RESEARCH 

1. The wetting SWCC should be used in infiltration analysis for the appropriate design 

of temporary slopes and excavation retaining systems in unsaturated soil. Because the 

drying curve is the upper bound of the suction at a given volumetric water content, 

the wetting curve can be the lower bound of the SWCC.  

2. The performance of coupling seepage with deformation analyses have to be studied 

for robust modeling. 

3.  The procedure used to determine the earth pressure on retaining walls used in the 

matric suction profile can be extended for the appropriate design of the soil nail wall 

in unsaturated soil profiles by investigating the total length of soil nails that are 

required to provide a given level of support. 
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4. The development of a design suction profile accounting for environmental conditions, 

soil properties, and geometry. 

5. The horizontal infiltration analysis through gap between sheet pile wall and soil 

should be studied to estimate suction change during rainfall. 
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APPENDICES 
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APPENDIX A. INSTRUMENT MEASUREMENT DATA IN SHEET PILE WALL AREA 

1. Inclinometer data 

0.6 m from sheet pile  Lateral displacement (mm) Lateral displacement  (mm) Lateral displacement (mm) 

 Initial   After 4.6 m excavation   After 6.1 m excavation  After 6.7 m excavation  

Depth (m) 6/27/2013 9/4/2013 9/23/2013 10/8/2013 10/24/2013 11/7/2013 11/20/2013 1/9/2014 1/23/2014 2/18/2014 

0.3 0 17.6 22.1 23.8 32.4 34.8 36.3 128.4 154.2 166.3 

0.8 0 16.3 20.2 21.4 29.6 31.7 33.1 115.6 139.7 150.5 

1.3 0 15.1 18.4 19.4 27.2 29.1 30.4 104.0 125.9 135.3 

1.8 0 14.0 17.0 17.7 25.2 26.9 28.0 92.9 112.6 120.8 

2.3 0 12.7 15.3 15.8 23.1 24.5 25.4 81.4 99.0 105.9 

2.8 0 10.8 13.2 13.6 20.8 22.0 22.9 70.0 85.3 91.0 

3.3 0 9.1 11.4 11.7 19.0 20.1 20.9 56.3 69.1 73.6 

3.8 0 7.5 9.8 10.0 17.2 18.1 18.8 43.7 54.5 58.2 

4.3 0 6.1 8.2 8.4 15.6 16.4 17.0 36.5 45.7 48.9 

4.8 0 4.7 6.4 6.5 13.4 14.2 14.7 34.9 44.3 47.5 

5.3 0 3.6 4.9 5.0 11.4 12.2 12.6 30.3 39.4 42.8 

5.8 0 3.0 3.9 3.9 10.0 10.7 11.1 24.5 31.8 34.4 

6.3 0 2.4 3.0 3.0 7.8 8.4 8.7 18.5 23.1 25.1 

6.8 0 1.9 2.4 2.4 5.6 6.2 6.4 13.8 16.3 17.6 

7.3 0 1.6 1.9 1.9 4.3 4.8 5.0 10.8 12.3 13.0 

7.8 0 1.4 1.7 1.7 3.6 4.1 4.3 9.4 10.6 11.2 

8.3 0 1.3 1.6 1.5 3.0 3.5 3.7 7.4 8.2 8.6 

8.8 0 1.2 1.4 1.4 2.7 3.1 3.3 5.8 6.4 6.7 

9.3 0 1.2 1.4 1.3 2.4 2.9 3.0 4.8 5.1 5.4 

9.8 0 1.1 1.2 1.2 2.2 2.6 2.7 3.8 4.0 4.2 

10.3 0 1.0 1.1 1.1 2.0 2.4 2.5 3.4 3.5 3.6 

10.8 0 0.9 1.0 1.0 1.8 2.2 2.3 3.0 3.0 3.0 

11.3 0 0.6 0.8 0.7 1.6 1.9 2.0 2.8 2.8 3.0 

11.8 0 0.5 0.6 0.6 1.4 1.7 1.8 2.6 2.6 2.7 

12.3 0 0.4 0.4 0.4 1.1 1.3 1.4 2.1 2.2 2.2 

12.8 0 0.3 0.4 0.3 0.9 1.1 1.2 1.7 1.8 1.8 

13.3 0 0.2 0.2 0.2 0.7 0.8 0.9 1.3 1.4 1.4 

13.8 0 0.2 0.2 0.2 0.5 0.5 0.6 0.9 0.9 0.9 

14.3 0 0.1 0.1 0.1 0.2 0.3 0.3 0.4 0.4 0.4 

14.8 0 0 0 0 0 0 0 0 0 0 
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1.5 m from sheet pile Lateral displacement (mm) Lateral displacement  (mm) Lateral displacement (mm) 
 Initial   After 4.6 m excavation   After 6.1 m excavation  After 6.7 m excavation  

Depth 
(m) 

6/27/2013 9/4/2013 9/23/2013 10/8/2013 10/24/2013 11/7/2013 11/20/2013 1/9/2014 1/23/2014 2/18/2014 

0.53 0 14.55 17.91 18.65 25.48 26.79 27.72 109.29 135.66 146.76 

1.03 0 14.07 17.08 17.77 24.69 25.92 26.77 96.17 119.57 129.94 

1.53 0 13.04 15.84 16.45 23.46 24.66 25.55 82.49 103.51 112.79 

2.03 0 11.6 14.09 14.64 21.61 22.84 23.67 68.76 88.06 95.91 

2.53 0 10.1 12.23 12.67 19.24 20.35 21.01 55.7 72.91 79.37 

3.03 0 8.6 10.5 10.86 16.93 17.84 18.34 44.96 59.77 64.86 

3.53 0 7.18 8.96 9.27 15 15.8 16.2 36.87 49 52.82 

4.03 0 5.94 7.58 7.83 13.45 14.14 14.46 30.58 40.47 43.62 

4.53 0 4.85 6.29 6.47 12.03 12.59 12.88 25.47 33.4 36.21 

5.03 0 3.91 5.1 5.21 10.53 11 11.23 20.95 26.48 28.98 

5.53 0 3.12 4.07 4.14 8.9 9.28 9.46 16.94 20.2 22.38 

6.03 0 2.45 3.22 3.31 7.3 7.65 7.8 14.76 16.81 18.73 

6.53 0 1.98 2.57 2.65 5.84 6.13 6.23 12.27 13.7 15.1 

7.03 0 1.58 2 2.02 4.51 4.75 4.82 9.78 10.83 11.8 

7.53 0 1.29 1.59 1.56 3.53 3.74 3.8 7.73 8.63 9.28 

8.03 0 1.09 1.34 1.32 2.88 3.07 3.11 6.28 6.95 7.41 

8.53 0 0.93 1.14 1.13 2.4 2.58 2.62 5.16 5.63 5.99 

9.03 0 0.81 0.99 0.98 2.02 2.18 2.21 4.04 4.34 4.61 

9.53 0 0.76 0.93 0.9 1.8 1.97 1.97 3.32 3.52 3.77 

10.03 0 0.66 0.86 0.85 1.64 1.78 1.78 2.68 2.78 2.94 

10.53 0 0.54 0.69 0.65 1.37 1.48 1.49 2.14 2.18 2.26 

11.03 0 0.52 0.62 0.61 1.27 1.41 1.4 1.96 1.98 2.08 

11.53 0 0.43 0.51 0.49 1.08 1.21 1.21 1.74 1.76 1.86 

12.03 0 0.29 0.35 0.32 0.82 0.91 0.92 1.37 1.38 1.48 

12.53 0 0.2 0.24 0.22 0.61 0.69 0.68 1.06 1.07 1.15 

13.03 0 0.18 0.17 0.15 0.45 0.51 0.52 0.77 0.81 0.86 

13.53 0 0.09 0.07 0.05 0.19 0.26 0.25 0.39 0.43 0.44 

14.03 0 0 0 0 0 0 0 0 0 0 
 



  

162 

2.7 m from sheet pile Lateral displacement (mm) Lateral displacement  (mm) Lateral displacement (mm) 

 Initial   After 4.6 m excavation   After 6.1 m excavation  After 6.7 m excavation  

Depth (m) 
6/27/201

3 
9/4/2013 9/23/2013 10/8/2013 10/24/2013 11/7/2013 11/20/2013 1/9/2014 1/23/2014 2/18/2014 

0.38 0 10.06 11.32 11.35 16.56 17.52 17.93 30.59 36.66 44.66 

0.88 0 9.24 10.69 10.71 15.49 16.27 16.6 25.46 30.88 38.25 

1.38 0 8.65 10.08 10.13 14.54 15.33 15.63 23.33 28.37 35.46 

1.88 0 8.11 9.54 9.62 13.99 14.79 15.08 22.73 27.57 33.9 

2.38 0 7.27 8.58 8.67 12.78 13.59 13.89 20.68 24.55 29.67 

2.88 0 6.21 7.43 7.48 11.59 12.39 12.66 19.09 21.9 25.95 

3.38 0 5.44 6.59 6.62 10.72 11.48 11.73 18.2 20.37 23.63 

3.88 0 4.61 5.58 5.57 9.38 10.09 10.32 16.36 18.16 20.72 

4.38 0 3.92 4.75 4.72 8.17 8.82 9.01 14.41 15.81 17.89 

4.88 0 3.27 3.92 3.86 7.06 7.67 7.82 12.78 13.83 15.51 

5.38 0 2.78 3.3 3.25 6.12 6.67 6.8 11.41 12.3 13.72 

5.88 0 2.33 2.76 2.68 5.22 5.72 5.83 10.09 10.87 12.03 

6.38 0 2 2.33 2.25 4.43 4.89 4.98 8.71 9.37 10.29 

6.88 0 1.71 1.95 1.86 3.67 4.1 4.17 7.41 7.99 8.72 

7.38 0 1.46 1.63 1.54 3.08 3.48 3.52 6.33 6.83 7.42 

7.88 0 1.28 1.4 1.31 2.57 2.99 2.99 5.33 5.74 6.23 

8.38 0 1.06 1.14 1.09 2.17 2.53 2.55 4.45 4.81 5.18 

8.88 0 0.94 1 0.95 1.88 2.22 2.23 3.75 4.03 4.34 

9.38 0 0.87 0.91 0.85 1.65 2 2 3.21 3.41 3.73 

9.88 0 0.78 0.81 0.76 1.47 1.8 1.8 2.8 2.93 3.22 

10.38 0 0.69 0.72 0.68 1.35 1.61 1.63 2.47 2.62 2.82 

10.88 0 0.57 0.6 0.56 1.18 1.4 1.42 2.16 2.3 2.48 

11.38 0 0.47 0.49 0.48 1 1.21 1.24 1.89 2 2.19 

11.88 0 0.4 0.41 0.41 0.88 1.07 1.08 1.65 1.76 1.93 

12.38 0 0.36 0.33 0.35 0.72 0.91 0.93 1.41 1.49 1.65 

12.88 0 0.26 0.26 0.27 0.63 0.73 0.78 1.16 1.24 1.33 

13.38 0 0.19 0.18 0.21 0.51 0.52 0.58 0.87 0.94 0.96 

13.88 0 0.09 0.09 0.11 0.33 0.29 0.34 0.52 0.58 0.58 

14.38 0 0.04 0.04 0.05 0.14 0.14 0.15 0.21 0.22 0.24 

14.88 0 0 0 0 0 0 0 0 0 0 
 



  

163 

4 m from sheet pile Lateral displacement (mm) Lateral displacement  (mm) Lateral displacement (mm) 

 Initial   After 4.6 m excavation   After 6.1 m excavation  After 6.7 m excavation  

Depth (m) 6/27/2013 9/4/2013 9/23/2013 10/8/2013 10/24/2013 11/7/2013 11/20/2013 1/9/2014 1/23/2014 2/18/2014 

0.24 0 5.02 5.8 5.78 9.43 10.2 10.52 18.83 20.2 22.43 

0.74 0 5.32 6.34 6.38 9.92 10.49 10.64 17.73 19.29 20.58 

1.24 0 5.57 6.75 6.8 10.28 10.82 10.9 16.84 18.15 19.25 

1.74 0 5.54 6.72 6.8 10.3 10.87 10.98 16.32 17.42 18.49 

2.24 0 5.18 6.3 6.39 9.78 10.37 10.48 15.47 16.44 17.52 

2.74 0 4.81 5.85 5.96 9.21 9.76 9.87 14.36 15.14 16.07 

3.24 0 4.36 5.33 5.42 8.53 9.05 9.17 13.32 13.96 14.74 

3.74 0 3.87 4.73 4.81 7.74 8.23 8.34 12.16 12.69 13.34 

4.24 0 3.34 4.09 4.15 6.88 7.34 7.44 11.02 11.51 12.07 

4.74 0 2.89 3.54 3.58 6.07 6.51 6.59 9.93 10.42 10.91 

5.24 0 2.44 2.98 3.02 5.22 5.61 5.67 8.75 9.24 9.64 

5.74 0 2.09 2.54 2.58 4.52 4.86 4.91 7.76 8.24 8.61 

6.24 0 1.83 2.26 2.27 4.07 4.39 4.43 7.12 7.61 7.95 

6.74 0 1.58 1.95 1.95 3.54 3.84 3.87 6.3 6.75 7.04 

7.24 0 1.36 1.67 1.66 3.06 3.35 3.36 5.51 5.93 6.14 

7.74 0 1.16 1.43 1.41 2.62 2.91 2.91 4.8 5.16 5.3 

8.24 0 0.98 1.21 1.17 2.22 2.48 2.49 4.08 4.41 4.49 

8.74 0 0.86 1.02 1.01 1.93 2.11 2.14 3.45 3.75 3.86 

9.24 0 0.74 0.87 0.85 1.63 1.83 1.86 2.96 3.22 3.29 

9.74 0 0.64 0.75 0.73 1.41 1.59 1.64 2.53 2.78 2.81 

10.24 0 0.56 0.66 0.64 1.22 1.37 1.39 2.14 2.37 2.37 

10.74 0 0.48 0.56 0.56 1.05 1.19 1.2 1.84 2.03 2.04 

11.24 0 0.4 0.47 0.47 0.89 1.02 1.02 1.57 1.72 1.74 

11.74 0 0.32 0.37 0.38 0.73 0.83 0.83 1.28 1.4 1.44 

12.24 0 0.26 0.3 0.3 0.61 0.7 0.72 1.1 1.18 1.19 

12.74 0 0.2 0.24 0.24 0.49 0.56 0.57 0.89 0.95 0.95 

13.24 0 0.15 0.17 0.18 0.36 0.41 0.42 0.66 0.69 0.7 

13.74 0 0.09 0.1 0.1 0.23 0.25 0.25 0.41 0.42 0.42 

14.24 0 0.02 0.03 0.06 0.12 0.12 0.14 0.21 0.23 0.22 

14.74 0 0 0 0 0 0 0 0 0 0 
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2. Strain gauge data 

1) A row gauges (right side) 

*∆μɛ : Micro-strain = strain x 106 

  4.6 m ex. 6.1 m ex. 6.7 m ex. 

  10/8/13 9/9/13 9/23/13 10/24/13 11/7/13 11/20/14 1/13/14 1/24/14 2/18/14 

Depth 
(m) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

3 36 18 31 70 42 70 68 101 72 

4.9 51 45 52 57 34 57 70 22 76 

6.1 48 39 39 71 51 71 122 127 128 

7.3 141 200 160 -427 -501 -427 -491 -472 -459 

8.2 7 16 112 -6 -293 -6 -720 -706 -685 

9.8 22 -6 11 130 66 130 43 109 102 

* Young's modulus of the wire (210,000 Mpa) 

  4.6 m ex. 6.1 m ex. 6.7 m ex. 

  10/8/13 9/9/13 9/23/13 10/24/13 11/7/13 11/20/14 1/13/14 1/24/14 2/18/14 

Depth (m) M  M M M  M  M  M  M  M  

3 47 23 40 91 55 91 89 131 94 

4.9 67 59 67 74 44 74 91 29 99 

6.1 62 51 50 92 67 92 159 165 166 

7.3 183 260 208 -555 -652 -555 -638 -613 -596 

8.2 9 20 146 -8 -381 -8 -935 -918 -891 

9.8 29 -8 14 169 86 169 55 141 133 

The section modulus value is 1,300cm3/m and unit of M (bending moment) is kN-,m/m 

 

 

 
4.6 m ex. 6.1 m ex. 6.7 m ex. 

10/8/13 9/9/13 9/23/13 10/24/13 11/7/213 11/20/14 1/13/14 1/24/14 2/18/14 

Depth 
(m) 

∆μɛ ∆μɛ ∆μɛ ∆μɛ ∆μɛ ∆μɛ ∆μɛ ∆μɛ ∆μɛ 

3 171 84 146 333 202 333 325 480 344 

4.9 245 215 246 270 160 270 333 107 361 

6.1 226 187 185 337 244 337 582 605 609 

7.3 670 953 761 -2034 -2388 -2034 -2338 -2246 -2184 

8.2 33 75 535 -31 -1395 -31 -3426 -3364 -3263 

9.8 105 -29 53 618 316 618 203 518 486 
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2) B row gauges (left side) 

  4.6 m ex. 6.1 m ex. 6.7 m ex. 

  10/8/13 9/9/13 9/23/13 10/24/13 11/7/13 11/20/14 1/13/14 1/24/14 2/18/14 

Depth 
(m) 

∆μɛ ∆μɛ ∆μɛ ∆μɛ ∆μɛ ∆μɛ ∆μɛ ∆μɛ ∆μɛ 

3 80 3 61 84 78 182 170 297 192 

4.9 355 294 346 301 369 374 566 673 606 

6.1 189 146 146 274 261 334 653 620 713 

7.3 61 66 65 266 249 279 654 738 800 

8.2 -110 -115 -115 29 19 39 476 551 609 

9.8 -34 -35 -35 -19 -30 -19 124 146 195 

*∆μɛ : Micro-strain = strain x 106 

  4.6 m ex. 6.1 m ex. 6.7 m ex. 

  10/8/13 9/9/13 9/23/13 10/24/13 11/7/13 11/20/14 1/13/14 1/24/14 2/18/14 

Depth 
(m) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

σaxial 
(MPa) 

3 17 1 13 18 16 38 36 62 40 

4.9 75 62 73 63 78 78 119 141 127 

6.1 40 31 31 58 55 70 137 130 150 

7.3 13 14 14 56 52 59 137 155 168 

8.2 -23 -24 -24 6 4 8 100 116 128 

9.8 -7 -7 -7 -4 -6 -4 26 31 41 

* Young's modulus of the wire (210,000 Mpa) 

  4.6 m ex. 6.1 m ex. 6.7 m ex. 

  10/8/13 9/9/13 9/23/13 10/24/13 11/7/13 11/20/14 1/13/14 1/24/14 2/18/14 

Depth 
(m) 

M M M M M M M M M 

3 22 1 17 23 21 50 46 81 52 

4.9 97 80 94 82 101 102 154 184 165 

6.1 52 40 40 75 71 91 178 169 195 

7.3 17 18 18 73 68 76 179 201 218 

8.2 -30 -32 -31 8 5 11 130 150 166 

9.8 -9 -10 -10 -5 -8 -5 34 40 53 

The section modulus value is 1,300cm3/m and unit of M (bending moment) is kN-,m/m 
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3. Pressure cell data 

Excavation depth 
Location depth Total lateral pressure  

(m) (kPa) 

0 m 
(before excavation) 

3.0 140 

4.6 146 

6.1 211 

7.6 155 

4.6 m 
(after 1 day) 

3.0 58 

4.6 79 

6.1 178 

7.6 131 

4.6 m 
(after 1 month) 

3.0 59 

4.6 79 

6.1 175 

7.6 126 

6.1 m 
(after 1 day) 

3.0 40 

4.6 32 

6.1 91 

7.6 107 

6.1 m 
(after 2 weeks) 

3.0 41 

4.6 32 

6.1 94 

7.6 107 

6.1 m 
(after 1 month) 

3.0 42 

4.6 37 

6.1 97 

7.6 111 

6.7 m 
(after 1 month) 

3.0 27 

4.6 22 

6.1 64 

7.6 77 

6.7 m 
(after 2 months) 

3.0 26 

4.6 19 

6.1 40 

7.6 91 
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4. RiDAR scan data 

 

 

 
Scan the field site using LiDAR scanner 
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Location of white circle marks on sheet pile wall 
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(1) Beam 1 

  offset (m) 

Elevation 
(m) 

7/3/13 7/31/13 8/22/13 9/9/13 10/1/13 10/28/13 11/12/13 1/21/14 2/20/14 

268.97  26.900  26.892  26.873  26.830  26.836  26.772  26.776  26.569  26.556  

268.13            26.792  26.796  26.617  26.597  

267.99            26.781  26.799  26.619  26.604  

267.80            26.805  26.806  26.633  26.614  

267.66            26.811  26.806  26.638  26.620  

267.50            26.815  26.817  26.649  26.631  

267.37            26.818  26.817  26.655  26.640  

267.21            26.825  26.827  26.663  26.646  

267.06            26.832  26.830  26.668  26.655  

266.88            26.832  26.830  26.677  26.667  

266.72            26.838  26.840  26.684  26.672  

266.57            26.841  26.840  26.694  26.681  

266.43            26.845  26.848  26.704  26.692  

266.26            26.851  26.856  26.713  26.698  

266.12            26.855  26.856  26.726  26.708  

265.97            26.862  26.864  26.730  26.716  

265.81            26.867  26.867  26.738  26.726  

265.67            26.874  26.869  26.743  26.734  

265.53            26.875  26.874  26.754  26.741  

265.38            26.882  26.879  26.760  26.751  

265.23            26.888  26.887  26.772  26.758  

265.07            26.894  26.892  26.781  26.768  

264.94            26.894  26.897  26.789  26.775  

264.76            26.906  26.900  26.797  26.785  

264.61            26.910  26.910  26.807  26.792  

264.46            26.911  26.914  26.815  26.804  

264.31            26.918  26.917  26.823  26.810  

264.14            26.924  26.920  26.832  26.821  

264.00            26.928  26.930  26.840  26.830  

263.84            26.934  26.931  26.849  26.840  

263.70              26.935  26.858  26.847  

263.56              26.937  26.871  26.856  

263.39              26.949  26.880  26.867  

263.23              26.955  26.887  26.876  

263.07              26.960  26.897  26.886  

262.91              26.964  26.904  26.896  

262.77              26.965  26.913  26.903  

262.62              26.974  26.923  26.913  

262.46              26.979  26.929  26.924  

262.32              26.983  26.938  26.929  

262.16              26.992  26.947  26.939  

262.00                26.956  26.948  

261.87                26.965  26.954  

261.70                26.976  26.967  

261.56                26.982  26.976  

261.42                26.991  26.984  
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(2) Beam 3 

  offset (m) 

Elevation 
(m) 

7/3/13 7/31/13 8/22/13 9/9/13 10/1/13 10/28/13 11/12/13 1/21/14 2/20/14 

268.99  26.939  26.931  26.921  26.878  26.882  26.833  26.836  26.720  26.700  

268.11            26.839  26.839  26.736  26.716  

267.96            26.839  26.836  26.740  26.723  

267.80            26.837  26.833  26.738  26.722  

267.66            26.839  26.837  26.741  26.726  

267.49            26.839  26.839  26.745  26.727  

267.36            26.839  26.837  26.746  26.731  

267.19            26.843  26.836  26.750  26.732  

267.04            26.839  26.839  26.754  26.736  

266.86            26.837  26.841  26.756  26.737  

266.73            26.839  26.837  26.760  26.741  

266.57            26.839  26.837  26.760  26.745  

266.42            26.839  26.837  26.764  26.744  

266.27            26.837  26.840  26.763  26.745  

266.11            26.839  26.836  26.765  26.749  

265.98            26.839  26.839  26.765  26.752  

265.82            26.843  26.840  26.769  26.754  

265.65            26.842  26.840  26.769  26.758  

265.52            26.839  26.844  26.773  26.762  

265.37            26.839  26.840  26.774  26.763  

265.22            26.839  26.842  26.779  26.764  

265.07            26.837  26.836  26.779  26.768  

264.91            26.839  26.844  26.783  26.768  

264.76            26.839  26.840  26.783  26.774  

264.62            26.839  26.840  26.784  26.774  

264.47            26.839  26.841  26.788  26.777  

264.30            26.843  26.841  26.789  26.777  

264.15            26.839  26.841  26.793  26.777  

263.99            26.842  26.838  26.795  26.782  

263.83            26.839  26.840  26.794  26.782  

263.66              26.840  26.799  26.787  

263.51              26.840  26.802  26.786  

263.36              26.833  26.799  26.791  

263.19              26.833  26.804  26.791  

263.06              26.835  26.804  26.791  

262.90              26.836  26.805  26.796  

262.74              26.832  26.808  26.797  

262.59              26.832  26.808  26.796  

262.44              26.827  26.807  26.800  

262.28              26.832  26.811  26.800  

262.14              26.832  26.808  26.800  

261.97                26.811  26.800  

261.82                26.808  26.804  

261.65                26.809  26.805  

261.48                26.808  26.800  

261.34                26.805  26.800  
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(3) Beam 5 (Center of sheet pile wall) 

  offset (m) 

Elevation 
(m) 

7/3/13 7/31/13 8/22/13 9/9/13 10/1/13 10/28/13 11/12/13 1/21/14 2/20/14 

269.06  26.914  26.904  26.896  26.864  26.874  26.838  26.837  26.719  26.698  

267.98            26.847  26.848  26.748  26.728  

267.83            26.852  26.849  26.754  26.736  

267.67            26.851  26.854  26.754  26.739  

267.52            26.855  26.854  26.759  26.745  

267.37            26.859  26.854  26.765  26.745  

267.18            26.860  26.856  26.767  26.746  

267.05            26.857  26.862  26.770  26.753  

266.90            26.862  26.864  26.775  26.757  

266.73            26.862  26.865  26.778  26.765  

266.60            26.865  26.866  26.779  26.766  

266.44            26.865  26.870  26.787  26.771  

266.28            26.865  26.872  26.791  26.774  

266.14            26.871  26.872  26.793  26.777  

265.99            26.874  26.876  26.797  26.781  

265.83            26.874  26.876  26.801  26.785  

265.68            26.877  26.879  26.806  26.790  

265.54            26.879  26.879  26.806  26.794  

265.37            26.880  26.885  26.811  26.798  

265.23            26.880  26.886  26.815  26.799  

265.08            26.886  26.889  26.820  26.806  

264.90            26.887  26.891  26.826  26.811  

264.76            26.892  26.894  26.831  26.814  

264.60            26.890  26.892  26.831  26.818  

264.47            26.890  26.894  26.838  26.821  

264.29            26.893  26.898  26.840  26.825  

264.15            26.895  26.900  26.842  26.833  

263.98            26.895  26.900  26.846  26.835  

263.83            26.899  26.901  26.853  26.839  

263.69            26.902  26.904  26.854  26.843  

263.53              26.901  26.857  26.846  

263.39              26.902  26.863  26.849  

263.24              26.902  26.866  26.856  

263.08              26.905  26.869  26.857  

262.91              26.909  26.872  26.863  

262.76              26.909  26.876  26.866  

262.62              26.910  26.878  26.871  

262.45              26.914  26.883  26.874  

262.32              26.913  26.886  26.875  

262.14              26.918  26.889  26.881  

261.98              26.917  26.897  26.885  

261.83                26.899  26.891  

261.67                26.900  26.891  

261.54                26.907  26.899  

261.36                26.907  26.898  

261.22                26.911  26.904  
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(4) Beam 7 

  offset (m) 

Elevation 
(m) 

7/3/13 7/31/13 8/22/13 9/9/13 10/1/13 10/28/13 11/12/13 1/21/14 2/20/14 

268.97  26.907  26.895  26.888  26.853  26.862  26.833  26.836  26.745  26.725  

268.01            26.841  26.845  26.763  26.746  

267.86            26.844  26.845  26.767  26.746  

267.70            26.844  26.848  26.771  26.753  

267.55            26.847  26.848  26.771  26.754  

267.40            26.851  26.850  26.775  26.760  

267.25            26.849  26.848  26.778  26.760  

267.08            26.851  26.851  26.778  26.762  

266.96            26.851  26.851  26.781  26.762  

266.79            26.848  26.851  26.785  26.769  

266.62            26.855  26.854  26.788  26.775  

266.47            26.854  26.854  26.788  26.774  

266.33            26.857  26.857  26.792  26.774  

266.17            26.855  26.854  26.795  26.779  

266.01            26.855  26.854  26.800  26.783  

265.88            26.859  26.859  26.799  26.786  

265.69            26.859  26.859  26.803  26.788  

265.54            26.864  26.862  26.804  26.791  

265.40            26.861  26.862  26.808  26.795  

265.25            26.866  26.866  26.811  26.800  

265.10            26.866  26.864  26.814  26.802  

264.95            26.871  26.868  26.818  26.804  

264.80            26.869  26.866  26.820  26.807  

264.65            26.869  26.869  26.820  26.808  

264.48            26.871  26.868  26.824  26.814  

264.34            26.871  26.868  26.825  26.814  

264.19            26.872  26.868  26.827  26.815  

264.03            26.872  26.871  26.831  26.821  

263.87            26.869  26.871  26.830  26.821  

263.74            26.875  26.872  26.834  26.824  

263.58              26.874  26.837  26.827  

263.44              26.876  26.841  26.831  

263.28              26.873  26.843  26.833  

263.12              26.877  26.845  26.836  

262.97              26.876  26.847  26.837  

262.82              26.876  26.852  26.841  

262.66              26.876  26.852  26.846  

262.51              26.866  26.858  26.849  

262.35              26.880  26.858  26.851  

262.18              26.885  26.863  26.853  

262.02              26.883  26.866  26.857  

261.86                26.870  26.859  

261.70                26.870  26.862  

261.56                26.874  26.864  

261.39                26.876  26.868  

261.23                26.878  26.871  
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(5) Beam 9 

  offset (m) 

Elevation 
(m) 

7/3/13 7/31/13 8/22/13 9/9/13 10/1/13 10/28/13 11/12/13 1/21/14 2/20/14 

268.88  26.903  26.893  26.875  26.834  26.842  26.820  26.824  26.675  26.667  

267.87            26.825  26.822  26.695  26.685  

267.72            26.823  26.824  26.704  26.685  

267.57            26.831  26.830  26.709  26.694  

267.42            26.831  26.831  26.716  26.697  

267.25            26.835  26.834  26.717  26.707  

267.11            26.840  26.836  26.722  26.710  

266.96            26.838  26.838  26.727  26.713  

266.78            26.838  26.838  26.733  26.719  

266.66            26.841  26.842  26.736  26.725  

266.50            26.845  26.842  26.739  26.731  

266.35            26.849  26.845  26.743  26.731  

266.20            26.845  26.851  26.752  26.740  

266.06            26.852  26.849  26.759  26.746  

265.88            26.858  26.857  26.761  26.749  

265.74            26.858  26.860  26.768  26.752  

265.58            26.861  26.857  26.774  26.761  

265.42            26.866  26.864  26.778  26.764  

265.27            26.866  26.866  26.783  26.771  

265.13            26.870  26.869  26.787  26.774  

264.97            26.871  26.869  26.796  26.783  

264.83            26.871  26.872  26.796  26.783  

264.67            26.870  26.872  26.803  26.792  

264.52            26.877  26.878  26.806  26.798  

264.36            26.880  26.880  26.813  26.801  

264.21            26.883  26.879  26.813  26.807  

264.07            26.883  26.882  26.823  26.807  

263.93            26.886  26.882  26.829  26.816  

263.76            26.891  26.890  26.835  26.819  

263.60            26.890  26.894  26.837  26.825  

263.44              26.891  26.841  26.828  

263.29              26.892  26.845  26.835  

263.16              26.894  26.847  26.841  

263.00              26.891  26.854  26.844  

262.85              26.894  26.855  26.847  

262.70              26.894  26.862  26.853  

262.55              26.901  26.861  26.856  

262.39              26.901  26.869  26.856  

262.22              26.902  26.873  26.865  

262.06              26.903  26.876  26.868  

261.91              26.903  26.879  26.871  

261.75                26.881  26.871  

261.61                26.889  26.877  

261.42                26.888  26.883  

261.27                26.898  26.886  

261.13                26.898  26.889  
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(6) Vertical displacement of the ground surface behind the sheet pile wall (stakes) 

 

Location of stakes behind of sheet pile wall 

-10

-8

-6

-4

-2

0

2

4

6

8

10

-202468

D
is

ta
n

ce
 (

m
)

Distance (m)

Sheet pile wall SPT (inclinometer casing)

Inclinometer casing CPT

PMT FTC

Moisture sensor Strain gauge

Pressure cell Stakes for LiDAR scan

ROW 1 

ROW 2 

ROW 3 

ROW 4 

ROW 5 

(Retained side) 



  

175 

 after 4.6 m excavation after 6.1 m excavation after 6.7 m excavation 

  

10/1/2013 10/28/2013 11/12/2013 1/21/2014 2/20/2014 
GR_EL. 

(m) 
OFFSET 

(m) 
GR_EL. 

OFFSET 
(m) 

GR_EL. 
(m) 

OFFSET 
(m) 

GR_EL. 
(m) 

OFFSET 
(m) 

GR_EL. 
(m) 

OFFSET 
(m) 

Row 1 

268.22 3.69 
GR_EL. 

(m) 
3.68 268.22 3.68 268.22 101.03 268.21 101.03 

268.22 2.19 268.22 2.19 268.22 2.16 268.19 96.05 268.20 96.03 

268.25 0.69 268.25 0.68 268.25 0.68 268.03 90.68 267.99 90.55 

                      

Row 2 

268.23 3.72 268.24 3.70 268.23 3.71 268.23 3.71 268.23 3.70 

268.25 2.28 268.24 2.27 268.24 2.27 268.22 2.23 268.21 2.21 

268.26 0.69 268.26 0.69 268.25 0.70 268.19 0.60 268.16 0.59 

                      

Row 3 

268.65 3.98 268.64 3.98 268.65 3.98 268.64 102.03 268.63 101.98 

268.26 2.52 268.26 2.52 268.26 2.52 268.25 97.19 268.24 97.11 

268.32 0.69 268.33 0.67 268.33 0.67 268.31 90.61 268.31 90.73 

*Row 3 is located in center of sheet pile wall           

Row 4 

268.19 3.71 268.19 3.71 268.19 3.70 268.13 101.15 268.18 101.11 

268.12 2.32 268.12 2.32 268.13 2.31 268.11 96.51 268.10 96.52 

268.17 0.67 268.17 0.67 268.16 0.68 268.12 90.84 268.11 90.83 

                      

Row 5 

268.11 3.65 268.11 3.64 268.11 3.64 268.09 100.94 268.09 100.94 

268.10 2.23 268.10 2.22 268.10 2.20 268.10 96.20 268.09 96.18 

268.17 0.70 268.17 0.69 268.16 0.69 267.94 90.94 267.93 90.91 

 

- For estimating vertical displacement of ground surface behind sheet pile wall, measured data of row 3 cannot be used 

because the white marks were located at top of inclinometer casings, which did not move.
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APPENDIX B. DETAILS OF NUMERICAL ANLAYSIS 

1. Soil properties in the sheet pile area 

            SWCC  
Layer 

# 

Depth  E Σv σ'v 
Ko 

σ'h ua-uw (ua-uw)*Se c * cot(pi) E50 ref Eurref a N m 
Se (ψ) SWCC Soil type 

(m) (Mpa) (kPa) (kPa) (kPa) (kPa) (kPa) kPa (Mpa) (Mpa) (1/kPa)   (=1-1/n) 

1 0.6 12 7 44 2.1 92 95 37 0 13 77 0.034 1.771 0.435 0.385 ST28 A-5 

2 
1.2 12 15 51 2.1 107 95 37 0 11 68 0.034 1.771 0.435 0.385 ST28 A-5 

1.8 12 22 58 2.1 123 95 37 0 10 61 0.034 1.771 0.435 0.385 ST28 A-5 

3 
2.4 13 29 66 1.2 79 95 37 0 16 94 0.034 1.771 0.435 0.385 ST28 A-5 

3.0 13 36 73 1.2 88 95 37 0 14 87 0.034 1.771 0.435 0.385 ST28 A-5 

4 3.7 13 46 81 1.2 97 85 35 0 13 80 0.034 1.771 0.435 0.415 ST28 A-5 

5 
4.3 9 56 89 1 89 76 34 0 10 59 0.034 1.771 0.435 0.447 ST28 A-5 

4.9 9 65 99 1 99 76 34 0 9 54 0.034 1.771 0.435 0.447 ST28 A-5 

6 

5.5 13 75 107 0.8 85 64.5 32 0 15 89 0.034 1.771 0.435 0.495 ST28 A-5 

6.1 13 84 116 0.8 93 64.5 32 0 14 83 0.034 1.771 0.435 0.495 ST28 A-5 

6.7 13 94 126 0.8 101 64.5 32 0 13 78 0.034 1.771 0.435 0.495 ST28 A-5 

7 
7.3 6 103 126 0.7 88 35.5 22 0 7 40 0.05 1.589 0.371 0.629 ST32 A-5 

7.9 6 115 138 0.7 96 35.5 22 0 6 37 0.05 1.589 0.371 0.629 ST32 A-5 

8 

8.5 7 124 133 0.42 56 9.6 9 33 10 50 0.05 1.589 0.371 0.905 ST32 A-5 

9.1 7 135 144 0.42 60 9.6 9 33 20 60 0.05 1.589 0.371 0.905 ST32 A-5 

9.8 7 146 155 0.42 65 9.6 9 33 19 57 0.05 1.589 0.371 0.905 ST32 A-5 

9 0.6 12 10 86 2.1 181 184 76 20 8 24 0.078 1.328 0.247 0.414 ST70 A-7-5 

10 
1.2 12 20 96 2.1 201 184 76 20 7 22 0.078 1.328 0.247 0.414 ST70 A-7-5 

1.8 12 29 106 2.1 222 184 76 20 7 21 0.078 1.328 0.247 0.414 ST70 A-7-5 

11 
2.4 13 41 113 1.2 136 170 72 20 11 32 0.078 1.328 0.247 0.425 ST70 A-7-5 

3.0 13 52 125 1.2 150 170 72 20 10 30 0.078 1.328 0.247 0.425 ST70 A-7-5 

12 3.7 13 64 126 1.2 151 136 62 20 10 29 0.078 1.328 0.247 0.456 ST70 A-7-5 

13 
4.3 9 75 123 1 123 93 48 20 8 23 0.078 1.328 0.247 0.513 ST70 A-7-5 

4.9 9 86 134 1 134 93 48 20 7 22 0.078 1.328 0.247 0.513 ST70 A-7-5 

14 

8.5 7 127 147 0.42 62 28 20 20 10 57 0.078 1.328 0.247 0.718 ST70 A-7-5 

9.1 7 139 159 0.42 67 28 20 20 9 54 0.078 1.328 0.247 0.718 ST70 A-7-5 

9.8 7 151 171 0.42 72 28 20 20 9 52 0.078 1.328 0.247 0.718 ST70 A-7-5 

15 

10.4 5 163 179 0.33 59 22.5 16 33 7 40 0.065 1.511 0.338 0.708 ST34 A-5 

11.0 5 175 191 0.33 63 22.5 16 33 6 39 0.065 1.511 0.338 0.708 ST34 A-5 

11.6 5 187 202 0.33 67 22.5 16 33 6 38 0.065 1.511 0.338 0.708 ST34 A-5 

12.2 5 198 214 0.33 71 22.5 16 33 6 37 0.065 1.511 0.338 0.708 ST34 A-5 
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2. Sheet pile properties 

The PZC-13 steel piles were installed for cantilever sheet pile wall 

(1) Dimensions and properties of PZC-13 

 

 

(2) Properties of sheet pile wall in numerical modeling 

Parameter Symbol Value Unit 

Material model 

Normal stiffness 

Flexural rigidity 

Weight 

Poisson’s ratio 

Model 

EA 

EI 

w 

ν 

Linear elastic 

2.7 x 106 

4.1 x 104 

0.57 

0.15 

- 

kN/m 

kN- m2/m 

kN/m/m 

- 

*Sheet pile wall is simulated using material properties of Plate type. 
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3. Interface properties in PLAXIS 

It is assumed that the interface, which is the boundary of the sheet pile wall and soil, does not 

have suction. To diminish the effect of suction force in the interface SWCC parameter of 

sand were applied to the interface properties 

 

 

 

 

 

 

 

 

 

 

SWCC parameter: 

a= 0.22 

n=5.274 

m=0.81 

Sr =0 
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4. Collapse behavior 

The results of double oedometer test (Jennings and Knight, 1957) on undisturbed residual 

samples have been shown, which two specimens of soils. One specimen is in unsoaked 

condition (natural water content) and the other is soaked specimen and applied same steps of 

vertical pressure. The difference between the strain of two tests during the increasing vertical 

stress represents the collapse strain.     
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APPENDIX C. INCLINOMETER DATA IN SLOPE AREA 

1. 0.5 : 1 SLOPE (0.9 m from crest) 

  δx (mm) δx (mm) δx (mm) δx (mm) 

 Initial   After 4.6 m ex.  After 6.1 m ex.  After 6.7 m ex. 150 mm level of pond  

Depth 
(m) 

6/27/13 9/4/13 9/23/13 10/8/13 10/25/13 11/8/13 11/22/13 1/13/14 1/24/14 2/10/14 2/19/14 3/4/14 3/10/14 

0 0 1.88 3.94 3.79 4.61 4.97 5.35 8.76 7.86 9.69 10.98 9.68 10.73 

0.5 0 2.14 3.9 3.52 4.49 4.64 4.7 7.98 8 8.96 9.83 9.05 10.29 

1 0 2.27 3.91 3.43 4.49 4.61 4.63 7.83 7.83 8.7 9.51 8.81 10.05 

1.5 0 2.09 3.65 3.15 4.25 4.38 4.37 7.63 7.65 8.51 9.28 8.56 9.83 

2 0 1.83 3.34 2.83 4.01 4.18 4.16 7.32 7.35 8.21 8.96 8.26 9.52 

2.5 0 1.6 3.08 2.61 3.9 4.12 4.09 7.07 7.08 7.92 8.64 7.96 9.21 

3 0 1.46 2.9 2.49 3.92 4.17 4.13 6.95 6.94 7.75 8.45 7.8 9.02 

3.5 0 1.28 2.63 2.25 3.8 4.1 4.06 6.84 6.84 7.64 8.32 7.72 8.89 

4 0 1.19 2.38 2.06 3.71 3.96 3.95 6.63 6.68 7.46 8.11 7.57 8.67 

4.5 0 1.05 2.07 1.84 3.55 3.76 3.78 6.27 6.31 7.05 7.62 7.2 8.23 

5 0 0.96 1.78 1.68 3.38 3.55 3.62 5.94 6 6.76 7.17 6.88 7.8 

5.5 0 0.89 1.54 1.47 3.22 3.37 3.48 5.68 5.76 6.53 6.72 6.7 7.37 

6 0 0.83 1.24 1.23 3.04 3.16 3.32 5.49 5.56 6.32 6.43 6.54 7.11 

6.5 0 0.81 1.01 1.07 2.91 2.98 3.17 5.25 5.34 6.09 6.18 6.4 6.85 

7 0 0.84 0.86 0.96 2.8 2.81 3.04 5 5.08 5.8 5.92 6.26 6.54 

7.5 0 0.85 0.73 0.86 2.66 2.64 2.9 4.7 4.81 5.49 5.6 6 6.18 

8 0 0.8 0.59 0.72 2.46 2.43 2.7 4.36 4.48 5.12 5.23 5.65 5.77 

8.5 0 0.75 0.54 0.64 2.25 2.22 2.49 3.94 4.09 4.68 4.75 5.15 5.29 

9 0 0.7 0.53 0.6 2.05 2.03 2.27 3.53 3.67 4.21 4.26 4.61 4.76 

9.5 0 0.6 0.49 0.58 1.78 1.81 1.99 3.03 3.12 3.55 3.61 3.87 4.09 

10 0 0.56 0.51 0.57 1.6 1.67 1.81 2.68 2.75 3.15 3.2 3.39 3.62 

10.5 0 0.5 0.46 0.5 1.38 1.44 1.57 2.26 2.32 2.64 2.7 2.83 3.07 

11 0 0.47 0.47 0.51 1.28 1.34 1.46 2.04 2.1 2.38 2.44 2.55 2.78 

11.5 0 0.47 0.53 0.55 1.25 1.33 1.44 1.94 1.99 2.19 2.28 2.35 2.62 

12 0 0.44 0.52 0.52 1.14 1.2 1.3 1.71 1.76 1.91 2.02 2.05 2.35 

12.5 0 0.43 0.53 0.53 1.06 1.11 1.22 1.53 1.59 1.69 1.8 1.8 2.1 

13 0 0.36 0.43 0.45 0.88 0.89 0.98 1.21 1.26 1.35 1.45 1.46 1.67 

13.5 0 0.33 0.41 0.4 0.76 0.78 0.86 1.02 1.05 1.13 1.2 1.21 1.4 

14 0 0.26 0.31 0.3 0.58 0.61 0.68 0.77 0.79 0.85 0.88 0.9 1.05 

14.5 0 0.17 0.2 0.19 0.39 0.42 0.48 0.51 0.51 0.57 0.58 0.59 0.71 

15 0 0.13 0.18 0.18 0.29 0.34 0.39 0.39 0.38 0.38 0.38 0.38 0.47 

15.5 0 0 0 0 0 0 0 0 0 0 0 0 0 
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2. 0.5 : 1 SLOPE (2 m from crest) 

  δx (mm) δx (mm) δx (mm) δx (mm) 

 Initial   After 4.6 m ex.  After 6.1 m ex.  After 6.7 m ex. 150 mm level of pond  

Depth 
(m) 

6/28/13 9/6/13 9/24/13 10/8/13 10/25/13 11/8/13 11/22/13 1/13/14 1/24/14 2/10/14 2/19/14 3/4/14 3/10/14 

0 0 0.77 1.01 1.01 1.48 1.4 1.4 3.44 3.65 3.98 3.87 4.43 4.57 

0.5 0 0.85 1.06 1.08 1.44 1.35 1.39 3.6 3.63 4.13 4.01 4.58 4.75 

1 0 0.92 1.18 1.23 1.68 1.62 1.64 3.78 3.81 4.3 4.18 4.77 4.93 

1.5 0 0.85 1.09 1.14 1.66 1.6 1.63 3.83 3.85 4.34 4.24 4.84 4.98 

2 0 0.81 1.03 1.08 1.67 1.62 1.67 3.82 3.83 4.31 4.2 4.8 4.93 

2.5 0 0.73 0.93 1.01 1.64 1.58 1.63 3.76 3.8 4.24 4.14 4.76 4.86 

3 0 0.69 0.89 0.96 1.68 1.64 1.67 3.78 3.82 4.24 4.16 4.79 4.9 

3.5 0 0.66 0.87 0.93 1.73 1.71 1.74 3.76 3.82 4.23 4.15 4.78 4.89 

4 0 0.63 0.83 0.9 1.77 1.76 1.8 3.74 3.81 4.21 4.14 4.76 4.87 

4.5 0 0.59 0.79 0.85 1.79 1.79 1.83 3.69 3.78 4.15 4.09 4.71 4.82 

5 0 0.57 0.75 0.81 1.79 1.82 1.86 3.65 3.72 4.09 4.05 4.66 4.77 

5.5 0 0.56 0.72 0.78 1.81 1.85 1.89 3.61 3.68 4.04 4.01 4.61 4.72 

6 0 0.56 0.71 0.77 1.81 1.85 1.9 3.54 3.61 3.96 3.95 4.52 4.64 

6.5 0 0.57 0.7 0.77 1.82 1.87 1.92 3.5 3.57 3.91 3.91 4.47 4.56 

7 0 0.56 0.68 0.75 1.79 1.87 1.92 3.43 3.5 3.83 3.83 4.39 4.47 

7.5 0 0.52 0.62 0.69 1.7 1.77 1.8 3.22 3.29 3.62 3.61 4.16 4.22 

8 0 0.45 0.52 0.59 1.52 1.59 1.6 2.89 2.91 3.23 3.21 3.73 3.78 

8.5 0 0.35 0.41 0.46 1.26 1.3 1.3 2.39 2.39 2.69 2.67 3.14 3.17 

9 0 0.24 0.29 0.33 1.02 1.02 1.03 1.94 1.93 2.19 2.18 2.59 2.62 

9.5 0 0.18 0.23 0.27 0.84 0.83 0.84 1.6 1.59 1.81 1.8 2.19 2.19 

10 0 0.17 0.22 0.26 0.7 0.75 0.78 1.47 1.47 1.58 1.58 1.89 1.9 

10.5 0 0.11 0.16 0.19 0.54 0.68 0.64 1.24 1.25 1.34 1.29 1.59 1.58 

11 0 0.1 0.14 0.15 0.44 0.57 0.52 1.04 1.05 1.1 1.08 1.33 1.32 

11.5 0 0.08 0.12 0.1 0.35 0.47 0.44 0.88 0.88 0.92 0.89 1.11 1.1 

12 0 0.05 0.08 0.06 0.28 0.38 0.35 0.73 0.7 0.76 0.71 0.91 0.89 

12.5 0 0.02 0.05 0.03 0.2 0.28 0.26 0.56 0.53 0.59 0.53 0.71 0.67 

13 0 -0.01 0.03 0.02 0.14 0.19 0.18 0.4 0.37 0.44 0.37 0.54 0.48 

13.5 0 -0.03 0 0.01 0.07 0.09 0.08 0.24 0.21 0.27 0.21 0.35 0.28 

14 0 0.02 0.02 0.02 0.03 0.05 0.05 0.15 0.11 0.16 0.15 0.2 0.13 

14.5 0 0 0 0 0 0 0 0 0 0 0 0 0 

 



  

185 

3. 0.25 : 1 SLOPE (0.9 m from crest) 

  δx (mm) δx (mm) δx (mm) δx (mm) 

 Initial   After 4.6 m ex.  After 6.1 m ex.  After 6.7 m ex. 150 mm level of pond  

Depth 
(m) 

06/28/13 09/06/13 09/24/13 10/08/13 10/25/13 11/08/13 11/22/13 01/13/14 01/24/14 02/10/14 02/19/14 03/04/14 03/10/14 

0.24 0 0.45 2.1 2.14 3.78 3.48 4.33 5.38 6.17 5.91 6.59 6.81 6.82 

0.74 0 0.87 2.04 2.24 3.68 3.5 4.12 5.66 6.29 6.08 6.69 6.83 6.85 

1.24 0 1.13 2 2.24 3.66 3.45 3.98 5.67 6.28 6.02 6.6 6.69 6.76 

1.74 0 1.3 1.95 2.13 3.65 3.45 3.95 5.72 6.33 6.03 6.56 6.66 6.76 

2.24 0 1.41 2.05 2.22 3.84 3.66 4.14 5.9 6.47 6.19 6.69 6.81 6.93 

2.74 0 1.47 2.11 2.32 4.09 3.97 4.44 6.21 6.76 6.48 6.95 7.04 7.17 

3.24 0 1.47 2.08 2.28 4.19 4.12 4.55 6.31 6.82 6.57 7.02 7.12 7.24 

3.74 0 1.44 2.02 2.22 4.25 4.25 4.69 6.49 6.98 6.78 7.17 7.29 7.4 

4.24 0 1.39 1.9 2.11 4.28 4.31 4.74 6.61 7.08 6.91 7.27 7.4 7.51 

4.74 0 1.34 1.84 2.03 4.32 4.38 4.78 6.66 7.11 6.96 7.29 7.44 7.55 

5.24 0 1.28 1.76 1.93 4.25 4.34 4.73 6.66 7.12 6.97 7.3 7.46 7.56 

5.74 0 1.24 1.68 1.83 4.19 4.26 4.68 6.6 7.09 6.92 7.24 7.41 7.53 

6.24 0 1.23 1.65 1.79 4.09 4.19 4.6 6.45 6.93 6.76 7.07 7.26 7.37 

6.74 0 1.21 1.61 1.74 3.97 4.09 4.47 6.24 6.71 6.57 6.86 7.06 7.17 

7.24 0 1.17 1.54 1.65 3.78 3.89 4.26 5.89 6.38 6.21 6.52 6.69 6.83 

7.74 0 1.05 1.38 1.47 3.42 3.51 3.86 5.28 5.73 5.56 5.86 6.03 6.18 

8.24 0 0.88 1.17 1.25 2.94 3 3.32 4.52 4.91 4.75 5.02 5.18 5.32 

8.74 0 0.73 0.97 1.04 2.49 2.53 2.81 3.79 4.16 3.95 4.21 4.37 4.52 

9.24 0 0.59 0.8 0.85 2.06 2.08 2.33 3.09 3.43 3.22 3.45 3.59 3.72 

9.74 0 0.46 0.64 0.67 1.65 1.67 1.87 2.45 2.74 2.58 2.76 2.86 2.94 

10.24 0 0.36 0.52 0.51 1.33 1.36 1.5 1.94 2.16 2.08 2.23 2.3 2.32 

10.74 0 0.28 0.42 0.4 1.07 1.11 1.22 1.56 1.73 1.67 1.78 1.86 1.86 

11.24 0 0.22 0.34 0.31 0.85 0.89 0.99 1.22 1.38 1.29 1.39 1.45 1.46 

11.74 0 0.17 0.28 0.24 0.69 0.72 0.81 0.96 1.1 1.03 1.09 1.17 1.15 

12.24 0 0.14 0.22 0.19 0.55 0.57 0.64 0.72 0.85 0.72 0.85 0.9 0.87 

12.74 0 0.11 0.16 0.16 0.45 0.45 0.52 0.51 0.71 0.47 0.67 0.68 0.66 

13.24 0 0.09 0.14 0.14 0.36 0.36 0.42 0.36 0.58 0.3 0.5 0.5 0.5 

13.74 0 0.03 0.04 0.05 0.16 0.18 0.21 0.15 0.31 0.09 0.23 0.23 0.23 

14.24 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

 



  

186 

4. 0.25 : 1 SLOPE (2 m from crest) 

  δx (mm) δx (mm) δx (mm) δx (mm) 

 Initial   After 4.6 m ex.  After 6.1 m ex.  After 6.7 m ex. 150 mm level of pond  

Depth 
(m) 

6/28/13 9/6/13 9/24/13 10/8/13 10/25/13 11/8/13 11/22/13 1/13/14 1/24/14 2/10/14 2/19/14 3/4/14 3/10/14 

0.3 0 0.15 1.07 1.56 2.41 2.88 2.38 3.27 3.89 3.77 4.07 3.44 4.48 

0.8 0 0.62 1.25 1.6 2.68 3.03 2.69 4.01 4.61 4.75 4.65 4.67 5.11 

1.3 0 0.81 1.31 1.6 2.8 3.16 2.86 4.57 5.08 5.23 4.96 5.18 5.5 

1.8 0 0.94 1.37 1.63 2.89 3.29 3 4.88 5.34 5.48 5.13 5.34 5.71 

2.3 0 1.1 1.43 1.68 3.05 3.45 3.15 4.95 5.43 5.54 5.19 5.38 5.79 

2.8 0 1.17 1.47 1.71 3.18 3.57 3.29 4.92 5.47 5.59 5.25 5.46 5.88 

3.3 0 1.17 1.47 1.69 3.23 3.62 3.39 4.96 5.45 5.54 5.25 5.44 5.88 

3.8 0 1.19 1.47 1.68 3.27 3.66 3.43 5.01 5.45 5.53 5.24 5.43 5.85 

4.3 0 1.2 1.48 1.68 3.32 3.67 3.45 5.06 5.48 5.54 5.27 5.48 5.89 

4.8 0 1.21 1.5 1.69 3.35 3.69 3.46 5.09 5.55 5.6 5.36 5.56 5.98 

5.3 0 1.22 1.49 1.66 3.37 3.7 3.5 5.13 5.6 5.66 5.45 5.63 6.05 

5.8 0 1.22 1.48 1.64 3.32 3.63 3.45 5.12 5.58 5.65 5.44 5.64 6.05 

6.3 0 1.21 1.45 1.6 3.23 3.54 3.4 4.99 5.43 5.49 5.3 5.47 5.92 

6.8 0 1.17 1.42 1.54 3.12 3.42 3.3 4.78 5.2 5.25 5.07 5.23 5.67 

7.3 0 1.1 1.34 1.45 2.95 3.23 3.11 4.46 4.85 4.9 4.71 4.87 5.29 

7.8 0 0.97 1.19 1.29 2.65 2.9 2.78 3.98 4.35 4.4 4.19 4.36 4.75 

8.3 0 0.82 1.02 1.09 2.27 2.48 2.36 3.38 3.71 3.74 3.54 3.69 4.04 

8.8 0 0.66 0.82 0.88 1.91 2.09 1.97 2.79 3.1 3.08 2.9 3.03 3.36 

9.3 0 0.57 0.69 0.74 1.63 1.78 1.68 2.35 2.65 2.58 2.43 2.5 2.84 

9.8 0 0.47 0.57 0.58 1.35 1.47 1.38 1.94 2.2 2.18 1.98 2.03 2.34 

10.3 0 0.39 0.48 0.48 1.13 1.22 1.13 1.59 1.83 1.81 1.61 1.64 1.93 

10.8 0 0.32 0.43 0.41 0.97 1.04 0.96 1.34 1.57 1.52 1.34 1.38 1.65 

11.3 0 0.26 0.35 0.33 0.8 0.84 0.78 1.1 1.3 1.3 1.09 1.13 1.36 

11.8 0 0.18 0.28 0.22 0.63 0.63 0.57 0.84 1.06 1.11 0.88 0.86 1.04 

12.3 0 0.15 0.25 0.2 0.54 0.51 0.47 0.67 0.89 0.89 0.71 0.68 0.87 

12.8 0 0.13 0.25 0.19 0.44 0.46 0.42 0.53 0.73 0.68 0.58 0.5 0.72 

13.3 0 0.08 0.18 0.11 0.29 0.29 0.25 0.35 0.5 0.51 0.4 0.32 0.48 

13.8 0 0.11 0.13 0.06 0.18 0.15 0.1 0.2 0.3 0.38 0.25 0.17 0.27 

14.3 0 0.1 0.09 0.08 0.13 0.09 0.06 0.13 0.16 0.22 0.16 0.13 0.18 

14.8 0 0 0 0 0 0 0 0 0 0 0 0 0 
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5. 1 : 1 SLOPE (0.9 m from crest) 

  δx (mm) δx (mm) δx (mm) δx (mm) 
 Initial   After 4.6 m ex.  After 6.1 m ex.  After 6.7 m ex. 150 mm level of pond  

Depth 
(m) 

6/28/13 9/9/13 9/25/13 10/9/13 10/24/13 11/8/13 11/22/13 1/13/14 1/24/14 2/10/14 2/19/14 3/4/14 3/10/14 

0.12 0 1.31 1.04 2.28 3.04 3.38 2.73 2.6 3.1 1.68 2.71 3.33 2.79 

0.62 0 1.44 1.35 2.57 3.57 3.89 3.54 3.98 4.69 3.78 4.08 4.55 4.37 

1.12 0 1.51 1.32 2.47 3.55 3.87 3.65 4.64 5.29 4.45 4.69 5.01 5.06 

1.62 0 1.71 1.38 2.39 3.49 3.8 3.57 5.12 5.64 4.81 5.17 5.42 5.55 

2.12 0 1.88 1.5 2.37 3.49 3.75 3.48 5.28 5.78 4.95 5.39 5.65 5.79 

2.62 0 1.9 1.58 2.32 3.5 3.75 3.45 5.29 5.78 5.04 5.4 5.72 5.89 

3.12 0 1.97 1.68 2.39 3.7 3.97 3.69 5.58 6.06 5.39 5.73 6.09 6.27 

3.62 0 2.15 1.9 2.58 4.03 4.34 4.09 6.04 6.51 5.88 6.21 6.58 6.79 

4.12 0 2.43 2.2 2.85 4.4 4.72 4.47 6.43 6.87 6.27 6.6 6.98 7.2 

4.62 0 2.56 2.36 2.97 4.57 4.89 4.62 6.54 6.94 6.37 6.7 7.08 7.3 

5.12 0 2.3 2.11 2.69 4.29 4.6 4.33 6.13 6.49 5.94 6.26 6.61 6.85 

5.62 0 1.81 1.64 2.15 3.72 4.01 3.76 5.33 5.66 5.17 5.44 5.72 6 

6.12 0 1.56 1.41 1.88 3.41 3.68 3.44 4.79 5.06 4.62 4.83 5.1 5.35 

6.62 0 1.56 1.42 1.85 3.38 3.66 3.43 4.71 4.96 4.54 4.8 5 5.26 

7.12 0 1.56 1.46 1.85 3.45 3.75 3.54 4.96 5.22 4.85 5.12 5.37 5.63 

7.62 0 1.51 1.43 1.78 3.33 3.61 3.42 4.77 5.01 4.67 4.9 5.19 5.43 

8.12 0 1.41 1.33 1.64 3.07 3.33 3.16 4.35 4.56 4.25 4.47 4.73 4.93 

8.62 0 1.22 1.15 1.42 2.69 2.9 2.74 3.75 3.92 3.63 3.84 4.05 4.23 

9.12 0 0.99 0.95 1.17 2.27 2.46 2.31 3.17 3.29 3.09 3.21 3.41 3.54 

9.62 0 0.81 0.77 0.96 1.94 2.1 1.95 2.69 2.78 2.61 2.71 2.87 3 

10.12 0 0.72 0.67 0.84 1.69 1.83 1.68 2.32 2.4 2.24 2.32 2.47 2.57 

10.62 0 0.58 0.55 0.68 1.36 1.46 1.32 1.82 1.89 1.76 1.81 1.93 2.02 

11.12 0 0.46 0.46 0.54 1.1 1.19 1.06 1.48 1.53 1.43 1.46 1.55 1.63 

11.62 0 0.32 0.34 0.38 0.82 0.91 0.78 1.15 1.17 1.11 1.12 1.18 1.27 

12.12 0 0.18 0.24 0.22 0.57 0.63 0.54 0.83 0.85 0.88 0.83 0.84 0.95 

12.62 0 0.18 0.21 0.19 0.47 0.52 0.44 0.65 0.68 0.71 0.69 0.67 0.77 

13.12 0 0.12 0.15 0.11 0.34 0.38 0.31 0.49 0.51 0.52 0.53 0.53 0.58 

13.62 0 0.07 0.09 0.06 0.2 0.23 0.18 0.3 0.35 0.31 0.32 0.36 0.37 

14.12 0 0.06 0.06 0.04 0.12 0.11 0.09 0.17 0.19 0.15 0.18 0.19 0.2 

14.62 0 0 0 0 0 0 0 0 0 0 0 0 0 
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6. 1 : 1 SLOPE (2 m from crest) 

  δx (mm) δx (mm) δx (mm) δx (mm) 

 Initial   After 4.6 m ex.  After 6.1 m ex.  After 6.7 m ex. 150 mm level of pond  

Depth 
(m) 

6/28/13 9/9/13 9/25/13 10/9/13 10/24/13 11/8/13 11/22/13 1/13/14 1/24/14 2/10/14 2/19/14 3/4/14 3/10/14 

-0.25 0 -1.92 -1.51 -2.08 -1.63 -1.72 -1.52 -0.4 -1.06 -1.01 -0.38 -1.17 -1.15 

0.25 0 -0.71 -0.31 -0.62 -0.3 -0.18 -0.35 0.88 0.82 1.24 1.09 1.18 0.99 

0.75 0 -0.27 0.18 -0.12 0.21 0.37 0.18 1.4 1.31 1.98 1.74 1.95 1.8 

1.25 0 0.05 0.51 0.22 0.62 0.81 0.62 1.87 1.76 2.41 2.13 2.44 2.3 

1.75 0 0.16 0.6 0.3 0.73 0.89 0.72 2.14 2.04 2.65 2.41 2.73 2.63 

2.25 0 0.29 0.73 0.42 0.95 1.12 0.96 2.49 2.41 3.04 2.82 3.18 3.08 

2.75 0 0.46 0.9 0.59 1.17 1.37 1.22 2.59 2.49 3.11 2.88 3.25 3.14 

3.25 0 0.56 0.99 0.67 1.3 1.53 1.4 2.68 2.58 3.13 2.89 3.26 3.14 

3.75 0 0.62 1.06 0.75 1.44 1.65 1.52 2.69 2.56 3.08 2.84 3.15 3.02 

4.25 0 0.71 1.14 0.84 1.59 1.81 1.68 2.82 2.68 3.21 2.96 3.28 3.17 

4.75 0 0.76 1.19 0.89 1.68 1.92 1.79 2.95 2.8 3.32 3.07 3.42 3.31 

5.25 0 0.83 1.25 0.95 1.81 2.07 1.94 3.11 2.97 3.47 3.25 3.6 3.5 

5.75 0 0.82 1.24 0.93 1.79 2.08 1.94 3.11 2.98 3.51 3.25 3.59 3.49 

6.25 0 0.74 1.15 0.84 1.71 2 1.86 3 2.87 3.38 3.12 3.47 3.37 

6.75 0 0.71 1.12 0.8 1.69 1.97 1.84 2.94 2.8 3.28 3.04 3.39 3.29 

7.25 0 0.69 1.08 0.76 1.63 1.91 1.78 2.82 2.67 3.14 2.9 3.24 3.15 

7.75 0 0.6 0.98 0.67 1.49 1.74 1.62 2.57 2.4 2.86 2.62 2.94 2.85 

8.25 0 0.53 0.88 0.58 1.35 1.56 1.45 2.29 2.13 2.54 2.31 2.62 2.52 

8.75 0 0.47 0.8 0.53 1.24 1.42 1.32 2.07 1.92 2.29 2.08 2.36 2.26 

9.25 0 0.39 0.7 0.44 1.06 1.21 1.12 1.77 1.6 1.96 1.75 2.01 1.91 

9.75 0 0.32 0.61 0.34 0.9 1.02 0.94 1.5 1.34 1.65 1.47 1.69 1.59 

10.25 0 0.31 0.57 0.31 0.82 0.9 0.84 1.33 1.18 1.47 1.29 1.5 1.4 

10.75 0 0.3 0.51 0.27 0.72 0.78 0.72 1.16 1.02 1.26 1.11 1.28 1.19 

11.25 0 0.3 0.49 0.26 0.66 0.7 0.67 1.02 0.91 1.09 1.01 1.1 1.04 

11.75 0 0.23 0.4 0.2 0.55 0.57 0.58 0.85 0.76 0.9 0.85 0.9 0.88 

12.25 0 0.2 0.32 0.16 0.46 0.46 0.48 0.7 0.6 0.72 0.69 0.72 0.69 

12.75 0 0.18 0.26 0.15 0.39 0.39 0.42 0.56 0.5 0.56 0.57 0.58 0.56 

13.25 0 0.09 0.16 0.07 0.23 0.23 0.24 0.34 0.28 0.35 0.34 0.35 0.33 

13.75 0 0.08 0.09 0.06 0.15 0.13 0.14 0.18 0.16 0.18 0.18 0.18 0.18 

14.25 0 0 0 0 0 0 0 0 0 0 0 0 0 
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APPENDIX D. INPUT PARAMETERS IN SLOPE STABILITY ANALYSIS 

1. 0.5 : 1 SLOPE  

 

Material properties (0.5 : 1 SLOPE) 

Laye

r 
Soil type 

Layer 

thickness sat  dry  Fines PI 
( )a wu u

 
'c  '  

  (m) (kN/m3) (kN/m3) %  ( )kPa  ( )kPa  (deg.) 

1 A-7-5 (3) 1.8 17 11.8 85 14 84 10 27 

2 A-7-5 (4) 1.2 16.3 10.1 90 21 72 10 27 

3 A-7-5 (4) 1.2 16.3 10.1 90 21 64 10 27 

4 A-7-5 (4) 1.2 16.2 9.9 82 16 56 10 27 

5 A-7-5 (3) 1.2 16.7 10.5 - - 45 10 27 

6 A-7-5 (3) 1.8 17.6 12.3 89 15 34 10 27 

7 A-4 (2) 6.7 21.4 17.8 60 8 12 0 30 
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2. 1 : 1 SLOPE 

 

Material properties (1 : 1 SLOPE) 

Laye

r 
Soil type 

Layer 

thickness sat  dry  Fines PI 
( )a wu u

 
'c  '  

  (m) (kN/m3) (kN/m3) %  ( )kPa  ( )kPa  (deg.) 

1 A-2-6  1.8 21.1 17.9 32 12 76 0 36 

2 A-2-6 1.2 20.7 16.5 81 10 48 0 36 

3 A-7-5 (5) 1.5 20.7 16.5 81 10 38 10 27 

4 A-7-5 (5) 4.6 20.0 16.2 80 13 28 10 27 

5 A-4 (2) 6.1 20.4 17.1 65 5 12 0 30 

 

 


