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Article info Abstract
Received: The construction of a 9-meter deep basement on clay soil with a soft
Dec 17, 2023 consistency necessitates the use of a sheet pile for soil retention. Selected due
Revised: to the soft soil conditions and a high groundwater level at the site, the sheet
Mar 13, 2024 pile effectively addresses these challenges. The design calculations for the
Accepted: sheet pile, based on the Terzaghi concept, incorporated both active and
Mar 20, 2024 passive earth pressures determined using the Rankine method. Analysis
Published: revealed a lateral force of 19,624 t/m? at a depth of 9 meters. The resulting
Mar 31, 2024 design specifies a 10-meter embedded concrete pile without anchors,
requiring a total sheet pile length of 19 meters. The chosen sheet pile type is
Keywords: W-600 A-1000. Alternatively, with anchors, the design calls for a 4-meter
Flat concrete depth using type W-325A-1000 concrete sheet pile, with one anchor installed
Sheetpile, anchor, at a depth of 3 meters. The anchor's tensile strength is 5.46 tonnes, resisting
consolidation, soft a force of 113.817 Tm with a diameter of 5 cm. Modelling analysis showed
soil that unanchored sheet piles have a safety factor of 0.770 and exhibit lateral

deformation of 0.00803 meters. Conversely, the addition of anchors
enhances the safety factor to 1.146 and increases lateral deformation to
0.0195 meters, indicating that anchors significantly improve safety and
reduce deformation.

1. Introduction

The construction of a basement is carried out by excavating soil. During the excavation process, a soil
retaining structure is necessary to keep the soil stable even when excavated. The soil retaining structure
for excavation can be an anchored sheet pile, an unanchored sheet pile, or a secant pile. The choice of
type will be based on the soil type, load, and stability of the retaining wall.

The soil conditions for the basement construction, based on borehole data within 40 meters, indicate
that the dominant soil type at the depth of construction is clay. The consistency of the clay at a depth of
9 meters, corresponding to the planned depth, is soft. This soft clay contains a high water content. During
the excavation process, the high groundwater level is so forceful that it requires anticipation of soil
shrinkage. The construction of the retaining wall must consider the soil conditions to ensure a stable
design.

Deep excavations relieve stress, which results in excessive lateral soil movements. They will cause
additional bending moments and deflections [15]. A soil retaining wall is a structure designed and built
to withstand lateral (horizontal) soil pressures when there is a change in soil elevation that exceeds the
at-rest angle in the soil. A type of retaining wall that can be used in high groundwater conditions and
whose installation is not hindered by water presence is the sheet pile. The fact that when sheet pile are
pressed, there is no negative affect on the encompassing building [11]. As they are embedded in soil,
sheet piles are structural tools meant to resist horizontal stresses and serve as retaining system as well
[14].
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A sheet pile wall is a relatively thin vertical wall that serves not only to retain soil but also to prevent
water from entering the excavation pit. If the soil depth is shallow, a cantilever sheet pile may be
sufficient. For deeper excavations, an anchored sheet pile can be used. Anchored sheet pile walls, or
sheet piles installed with the help of anchors placed at the top, offer the advantage of enhanced soil
resistance anchored into the ground. The anchored sheet pile wall is quite economical for greater depths
and high surcharge load taken with lesser wall movement, besides very simple and rapid
implementataion [12]. The number of anchors adjusts according to the height of the soil being retained;
for heights greater than 11 meters, at least two anchors are required.

The trial-and-error process were done with trial configuration is controlled against different stability
criteria of the sheet pile design [13]. The design, once calculated, must then be modeled using software
to determine the overall structural safety factor. The purpose of the soil retaining design in this study is
to compare the sheet pile designs before and after the installation of anchors. The comparison analyzes
changes in the safety factor and the reduction in lateral deformation, thereby ensuring that the use of
sheet piles as retaining walls in basement construction with soft soil and high groundwater conditions is
safer.

2. Methodology

Lateral Earth Pressure

The Rankine theory states that the lateral stress occurring on a soil retaining wall involves no adhesion
or friction between the wall and the soil (friction is so minimal it is disregarded). Lateral pressure is
limited to vertical walls at 90°. The resultant force is parallel to the surface of the backfill. Figure 1,
Equation 1 is used to calculate the active earth pressure.

Passive earth pressure occurs when the pressure acting causes the wall to move toward the retained soil.
Figure 2 and Equation 2 are used to calculate the stress due to passive earth pressure.
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Figure 1. Active Earth Pressure 6’ha = 6’v x Ka — 2¢” V(Ka) ...(1)
Where:
e oc’ha: active lateral pressure
e o’v: effective soil pressure
e ¢’:soil cohesion
e ¢’:soil friction angle
o Ka: coefficient of active earth pressure, Ka = tan? (45 - ¢'/2)
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Figure 2. Passive Earth Pressure 6’hp = 6’v x Kp + 2¢” V(Kp) ...(2)
Where:
e ¢ hp: passive lateral pressure
o’v: effective soil pressure
c’: soil cohesion
©’: soil friction angle
Kp: coefficient of passive earth pressure, Kp = tan? (45 + ¢'/2)

Sheet pile design, the steps involved in the sheet pile design are as follows:

1. Calculate the magnitudes of active and passive stresses according to the planned depth.

2. Determine the depth and length of the sheet pile needed by calculating the total moment caused by
active and passive stresses.

3. The concrete sheet pile profile will be adjusted according to the profile that will be applied in the
appendix using Equations 3 and 4. The value of x is the same as the determination in point 2, with
the condition d being changed to x.

dxM total/dx ...(3) W=M total/c _ij in...(4)
4. Calculate the force (T’) resisted by the anchor by first calculating the required force in a balanced
condition using Equations 5 and 6. ZP_active —(ZP_passive + T)=0...(5)T’=T x S ...(6)
Where:
o T’: force resisted by the anchor
o T: force required in a balanced condition
o S: distance of the anchor (m)

After determining T°, search for ¢_anchor.

1. If the value h < H/3, then it is considered that the anchor board height = H, and it includes the type
of anchor block that extends near the surface of the soil, such that the passive and active soil pressures
acting on the anchor block are as high as H.

2. The location of the anchor must be in a stable soil zone. The anchor block is located below the line
drawn from the bottom end of the sheet pile, making an angle ¢ relative to the horizontal.

The methodology employed in this research consists of several detailed steps, designed to
comprehensively assess and analyze the structural and safety aspects of sheet pile installations in a
basement excavation of 9 meters depth, according to soil data from borehole BH1:

1. Analysis of Horizontal Stress: This step involves examining the magnitude of horizontal stresses
acting within the basement excavation at a depth of 9 meters, utilizing soil data gathered from
borehole BH1. This analysis helps in understanding the dynamic interactions between soil pressures
and the retaining structures.
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Figure 3. Soil Conditions and Diagram Showing Distribution of Lateral Stress at 9 m Depth
Kal = tan? (45 - (23°)/2) = 0.438; Ka2 = tan* (45 - (5°)/2) = 0.839; Kp = tan* (45 + (57)/2) = 1.191

2. Calculation of Unreinforced Sheet Pile Requirements: Here, the focus is on determining the
necessary specifications and dimensions of sheet piles that do not incorporate any reinforcements.
This includes evaluating the appropriate types and sizes of sheet piles needed to withstand the
calculated soil pressures without additional support structures.

3. Calculation of Reinforced Sheet Pile Depth: This involves assessing the requirements for sheet
piles that include reinforcements, such as anchors. The calculations aim to determine the optimal
depth and type of anchors needed to enhance the stability and strength of the sheet pile against lateral
earth pressures.

4. Safety and Lateral Deformation Analysis: In this crucial phase, the safety factors and the extent
of lateral deformation for each type of sheet pile (reinforced and unreinforced) are analyzed. This
includes an in-depth review of how these parameters change with the introduction of reinforcements
like anchors. The outcomes of this analysis are critical in understanding the structural integrity and
effectiveness of the proposed soil retaining solutions under various stress conditions.

Each step of this methodology not only aims to assess the current capabilities of the sheet piling systems
but also seeks to optimize the design and installation processes to enhance safety and reduce potential
deformations in the context of the specific soil conditions found at the excavation site. This
comprehensive approach ensures that all aspects of the construction are meticulously planned and
executed, leading to more reliable and effective earth-retaining solutions.

3. Results

The analysis of soil stresses for an excavation reaching 9 meters in depth involves calculating both active
and passive earth pressures, as illustrated in Figure 6. This calculation is based on the values of the
coefficients of active (Ka) and passive (Kp) earth pressure, determined for each soil layer from borehole
data (BH1). The loads considered in these calculations include a highway load of ¢ = 10 kN/m? and the
inherent weight of the soil itself.

Design of Unanchored Sheet Pile

By using the calculations illustrated in Figure 6, Table 1, and Table 2, the design for unanchored sheet
piles begins by calculating the required depth (D). Once the depth of the sheet pile is determined, the
next step is to select the appropriate sheet pile profile. The total moments are equated as follows:

Table 1. Calculation Results for Active Force and Active Moment

Point  (Pa) t/m? Distance (m) Active Moment (tm)
1 -0.921 ((2/3x1.6) + 1.4 + 6 + Do) -7.797 - 0.921 Do

2 0.537 ((1/3x 1.4)+ 6 + Do) 3.472 + 0.537 Do

3 24.756 2 49.512

4 3.709 Do + 0.629 Do? (0.333 Do) 1.235 Do? + 0.209 Do?
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Table 2. Calculation Results for Passive Force and Passive Moment

Point (Pp) t/m? Distance (m)  Passive Moment (tm)
1

2

3 2.834 Do 0.333 Do 0.787 Do?

4 0.894 Do*+ 1.417Do  (0.333 Do) 0.298 Do?* + 0.472 Do?

*MA =0

XM _active — XM _passive =0

XM Total = (0.209 Do* + 1.235 Do? — 0.384Do + 49.512) — (0.298 Do?* + 1.259 Do?)
=-0.089D0’ - 0.024Do* — 0.384 Do +49.512

In Points 1 and 2, the soil belongs to layer 1, while Soil 3 and Soil 4 are categorized under layer 2.

The selected depth D is approximately 7.963 meters, rounded to 8 meters, satisfying the required
conditions. Following Hardiyatmo (2015), the penetration depth of the sheet pile is multiplied by a safety
factor (1.2 - 1.4), thus D = 1.3 x 8 = 10.4 meters, approximately 10 meters. Therefore, the total required
length of the sheet pile becomes 19 meters (9 + 10 meters). To determine the sheet pile profile, the
moment equation yields D = 1.107:

XM Total =-0.089(1.107)* — 0.024(1.107)> — 0.384(1.107) + 49.512 = 47.85 ton.m
The next step involves selecting the appropriate sheet pile profile using the formula:
W =47.85/2310 = 0.0207 m* = 2070 cm?

Based on JIS A 5354, for a sheet pile length of 19 meters, a concrete sheet pile of type W-600A-1000
is necessary, with a section modulus of 25330 cm?. The comparison between the calculated and required
section modulus is as follows:

W =25530cm®*>2070cm? ............. OK.

This meticulous approach ensures that the design of the unanchored sheet pile is robust, capable of
withstanding the calculated pressures, and adheres to safety standards.

Anchored Sheet Pile Design

The design of anchored sheet piles focuses on the strategic placement of anchors to enhance the stability
and strength of the sheet pile structure, particularly beneficial in soft clay soils prone to high moisture
and cohesion. For this project, the anchors are positioned at a depth of 3.5 meters, given the
characteristics of the clay soil at the site, which aids in increasing the anchor's hold and effectiveness.
This placement is crucial because the excavation depth for the sheet pile is 9 meters, and for excavations
over 6 meters deep, the installation of at least one anchor is recommended to reinforce the structure.

Anchor Calculation Details:
e Depth (h) of anchor installation: 3.5 meters
¢ Due to the square shape of the planned anchor, the ultimate pullout resistance (Pu) is calculated
with the formula:
o (H/h)CRS=4.7+2.9x10—-3<7(H/h)CRS=4.7+2.9x10-3<7
o =4.7029<7=4.7029<7 (acceptable)

Calculation of Ultimate Pullout Resistance (Pu):

e The formula used to determine PuPu simplifies the relationship between height and pullout
resistance. It is expressed as:
(Hh)/(HR)CRS(PucxBh)/(7.425+1.575%(hB))

Journal of Earth and Marine Technology (JEMT) / ISSN 2723-8105 | 162



=0.41+0.59x(Hh)/(Hh)CRS(cPuxBh)/(7.425+1.575x(Bh))(hH)/(hH)CRS
=0.41+0.59%(hH)/(hH)CRS
This equation integrates factors like the height ratio (HhhH), the critical height ratio (HhCRShHCRS
), the pullout force (PuPu), cohesion (cc), and dimensions (BAB#h) to compute the pullout capacity
(PuPu) of the anchor.
Simplifying further: 0.367/[((Pu/13)x1)/(9)]=0.6270.367/[((Pu/13)x1)/(9)]=0.627
Resulting in: 0.367=(Pu/13)/9%0.6270.367=(Pu/13)/9%x0.627
Thus, 3.303=Pu/13%0.6273.303=Pu/13x0.627
Pu=109.224 kNPu=109.224 kN=10.92 tons=10.92 tons

Anchor Load Distribution and Safety Factor Calculation:

Load factor Pall=Pu/SF Pall=Pu/SF
Pall=10.92/2Pall=10.92/2=5.46 tons=5460 kg=5.46 tons=5460 kg

Determining the Depth of the Anchored Sheet Pile:

The total moments are calculated and balanced:

o XMA=0XMA=0

o XMactive-XMpassive=0EXMactive—EMpassive=0

o XMTotal=(0.209D3+1.235D2-0.384D+49.512)—(1.381D3+1.731D2)XMTotal

=(0.209D3+1.235D2-0.384D+49.512)—~(1.381D3+1.731D2)

o Resulting in =—1.172D3-0.469D2-0.384D+49.512=—1.172D3-0.469D2-0.384D+49.512

The chosen depth DD is approximately 3.324 meters, rounded to 3 meters. According to safety factor
guidelines (1.2 - 1.4), D=1.2, D=1.3%x3 = 3.9meters = 4meters, D=1.2, D=1.3x3 = 3.9 meters = 4
meters. Consequently, the required length of the sheet pile that penetrates into the ground is 13
meters.

Anchor Diameter Calculation and Installation Specifications:

With the moment calculated previously and the anchor set at 3.5 meters depth, the active and passive
pressures are computed, resulting in a balanced force equation:

o ZXPactive=49.272x3.5=172.452XPactive=49.272x3.5=172.452

o XPpassive=(55.832+T)x3.5=195.412+3.5TXPpassive=(55.832+T1)x3.5=195.412+3.5T
Solving for TT gives 32.519¢/m232.519¢/m2.
The anchor diameter (¢¢) is then calculated based on the tensile strength:

o ¢=((113.817x1000)/(1/4w*x5460))=5.153 cm~5 cm¢@=((113.817x1000)/(1/47x5460))

=5.153 cm=5 cm

The anchor block is installed 3.5 meters below the surface, in a stable soil zone that does not
experience slippage, with an assumed lateral earth pressure coefficient (K0=0.4K0=0.4) and an angle
of 40°, leading to a length calculation of L=10.131m=10mL=10.131m=10m.

1M
=7
“W |
il |

)

i
i s
M ++

4 Q Total dsplacements (Utot)
+ Extreme Lot 803,71°30 7 =

Figure 4. Modeling of Unanchored Sheet Pile
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Step Info

Step 1910f 151 Extrapolation factor 0,500
Plagtic STEP Relatve stffress 0,000
Multiphers
Incremental multiplers Tota mutplers
Prescribed dsplacements Mdisp: 0,000  TMdsp: 1,000
Load system A MoadA: 0,000 T-Moada: 1,000
Load system B MoadB: 0,000 T-Moads: 1,000
Soil weight Mweight: 0,000 TMweight: 1,000
Acceleration Maccel: 0,000 T-Maceel: 0,000
Strength reduction factor Msf: 0,000 @ E-Msf: 1,196
[ Tme Increment: 0,000  End time: 0,000
g 4 s %E Dynamic time Increment: 0,000 End time: 0,000
M S = =+

Figure 5. Modeling of Anchored Sheet Pile

This comprehensive anchored sheet pile design ensures structural integrity and stability by meticulously
calculating and optimizing each component, from anchor placement to load distribution, tailored
specifically to the soil conditions and project requirements.

Modeling Analysis

In the modeling analysis, a comparative study is conducted on the safety factors and lateral deformations
between unanchored sheet piles and those with anchors. This analysis helps to understand the structural
behavior and the effectiveness of anchoring in sheet pile designs under various conditions.

The table 3 showcases a direct comparison highlighting the shorter length required for sheet piles when
anchors are used. Anchored sheet piles, with a length of 13 meters and anchors extending 10 meters,
show a higher safety factor of 1.146 compared to the unanchored sheet piles, which have a safety factor
of 1 and a length of 19 meters. This difference in safety factors indicates that anchored sheet piles are
more effective in resisting lateral movements and soil pressures, resulting in a significant reduction in
lateral deformation from 0.00803 meters to just 0.00195 meters.

Referencing Figure 1 and Figure 2, the calculations for active and passive earth pressures (¢ ha and
c’hp) are fundamental in understanding how soil pressures interact with structural elements. The
equations provided, 6’ha = 6’v x Ka — 2¢’ V(Ka) and ¢’hp = 6’v x Kp + 2¢” V(Kp), are critical for
designing effective retaining structures [1]. The influence of earth pressure coefficients (Ka and Kp) on
these forces is derived from the Rankine theory, well-established in geotechnical engineering [7]. Figure
3 presents a soil condition and stress distribution diagram at a depth of 9 meters, showing varying
coefficients of active earth pressure (Kal and Ka2) and a passive earth pressure (Kp) coefficient. These
values, calculated from the tangent squared of specific angles, are instrumental in understanding the
lateral stress behaviors depending on soil depth and consistency [3].

Table 1 and Table 2 provide the calculated results for active and passive forces and moments,
respectively. These tables encapsulate the numeric evaluations needed to assess the feasibility and
stability of the sheet pile designs, offering a detailed breakdown of forces and moments anticipated in
response to calculated pressures [9], [10].

The analytical models presented in Figure 4 and Figure 5 demonstrate the differences in structural
behavior between unanchored and anchored sheet piles. These models are pivotal in visualizing the
theoretical data and understanding the practical implications of the calculated active and passive
pressures on the sheet piles [6]. Table 3 rounds out the discussion by comparing the length requirements
for unanchored versus anchored sheet piles. This comparison is crucial for practical applications,
showing how the introduction of anchors can significantly reduce the length of sheet piles needed while
enhancing the safety factor and reducing lateral deformation [12], [16]. The impact of anchors on safety
and deformation has been extensively studied and supports the findings that anchored systems provide
superior stability and performance [8].
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Table 3. Comparison of Sheet Pile Length Requirements

Length of Length of Anchor Safety Lateral
Sheet Pile (m) Anchor (m) Diameter (cm) Factor (SF) Deformation (m)

No. Description

Unanchored
I Sheet Pile 19 - . 1 0.00803
1z?illl:;hored Sheet 13 10 5 | 146 0.00105

In summary, this discussion brings together theoretical calculations and practical modeling to provide a
holistic view of how sheet piles interact with soil pressures. By analyzing both the active and passive
pressures alongside actual modeling data, it is possible to optimize the design of sheet piles for specific
site conditions, ensuring both stability and efficiency in construction projects. Citations from various
studies support the discussed concepts and provide a robust framework for understanding the complex
dynamics at play in sheet pile installations [2], [4], [5].

This analysis emphasizes the importance of anchors in enhancing the stability and safety of sheet pile
structures, especially in conditions where lateral earth pressures are significant. By comparing these two
approaches, it is evident that the use of anchors not only reduces the material requirement by shortening
the pile length but also improves the overall performance and safety of the retaining structure.

4. Conclusion
After a comprehensive analysis of the collected data and modeled scenarios, we have identified several
key findings regarding the behavior and performance of sheet piles under different conditions:

a. Lateral Earth Pressure at Depth:

e At a depth of 9 meters within the excavation site, the lateral earth pressure is approximately
19,624 t/m?.

e This substantial pressure highlights the significant lateral forces impacting the retaining
structures, necessitating robust design considerations for stability.

b. Depth and Length Requirements for Sheet Piles:

e Calculations of lateral earth pressure indicate that unanchored sheet piles need a penetration
depth of 10 meters, resulting in a total sheet pile length of 19 meters.

¢ In contrast, anchored sheet piles require only a 4-meter penetration depth, with a total length
of 13 meters.

e The reduction in required length with the use of anchors underscores their effectiveness in
providing additional stability and resistance against lateral pressures.

c. Modeling and Safety Factor Analysis:

e Modeling results using Plaxis software provide insights into the structural integrity of both
anchored and unanchored sheet piles.

e Unanchored sheet piles achieved a safety factor (SF) of 1, with a lateral deformation of 0.00803
meters.

e Anchored sheet piles showed an improved safety factor of 1.146 and significantly reduced
lateral deformation of 0.00195 meters.

o This demonstrates that anchored sheet piles experience much less deformation than unanchored
ones, highlighting the benefits of anchoring systems in enhancing overall safety and
performance.

These conclusions emphasize the critical importance of careful design and implementation of sheet
piles, particularly in scenarios with substantial lateral earth pressures. The use of anchors has been
shown to significantly improve the stability and reduce the deformation of sheet piles, making it a
recommended practice for enhancing the safety and durability of earth-retaining structures in deep
excavations. This analysis not only enhances our understanding of the mechanical behaviors involved
but also informs best practices for future construction projects requiring similar geotechnical solutions.
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