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Design Chart Development for Sustainable Sheet Pile    
Retaining Structures

ABSTRACT
Practical design tools for sheet pile wall applications are now necessary due to the growing need for affordable 
and sustainable retaining systems. For cantilever sheet pile walls under homogenous sand, homogeneous clay, 
and layered soil conditions, this study creates generalized non-dimensional equations and design charts. The 
suggested charts make it possible to quickly estimate the maximum bending moment and embedment depth, which 
eliminates the need for repeated analytical computations during early design. PLAXIS 3D finite element analysis 
and Rankine theory analysis were used to validate the analytical predictions, which showed good agreement and 
confirmed the dependability of the suggested method. Additionally, embodied carbon emissions were used to 
evaluate the environmental performance of standard steel sheet pile walls, recycled steel sheet pile walls, and 
reinforced concrete retaining walls. According to the findings, recycled steel sheet pile walls provide the best 
structural performance at the lowest carbon emissions. The created design charts encourage sustainable alternatives 
for earth-retaining structures and offer engineers a straightforward and effective design tool.

KEYWORDS : Cantilever Sheet Pile Wall, Design Charts, Buckingham π Theorem, PLAXIS 3D, Sustainability.

INTRODUCTION

The need for safe, affordable, and environmentally 
friendly retaining systems for excavations, 

basements, tunnels, waterfront buildings, and transit 
projects has grown due to the quick development of 
urban infrastructure. Because of its great strength, 
ease of installation, flexibility to adapt to various soil 
conditions, and possibility for reuse, steel sheet pile 
walls are utilized extensively. Because the immersed 
portion of the wall creates passive resistance, cantilever 
sheet pile walls are especially well suited for shallow 
to medium excavations. The preliminary design 
procedure is time-consuming since conventional 
analytical approaches require repeated calculations 
for different soil qualities and groundwater conditions, 
even if they offer dependable solutions for calculating 
embedment depth and maximum bending moment.
Finite element analysis demands specialist software 
and a substantial amount of computational work, 
despite providing accurate prediction of soil-structure 

interaction. As a result, quick preliminary design is 
made possible by straightforward and dependable 
design tools. Furthermore, the significance of 
sustainable keeping systems with reduced embodied 
carbon emissions has been brought to light by growing 
environmental concerns. For cantilever sheet pile 
walls under homogenous sand, homogeneous clay, and 
layered soil conditions, this study creates generalized 
non-dimensional equations and useful design charts. 
PLAXIS 3D is used to validate the suggested analytical 
models, and embodied carbon assessment is used to 
analyze the sustainability of sheet pile walls made of 
reinforced concrete, conventional steel, and recycled 
steel. For the initial design of cantilever sheet pile 
retaining structures, the created design charts offer an 
effective and environmentally friendly method.

LITERATURE REVIEW 
Sheet pile retaining wall design has advanced 
considerably through a combination of analytical, 
numerical, and reliability-based investigations. 
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limited, so their design typically relies on iterative 
analytical procedures. To address this gap, three 
representative soil profiles were adopted to capture the 
range of conditions commonly encountered in practice: 
(a) homogeneous sand, characterized by constant unit 
weight and angle of internal friction; (b) homogeneous 
clay, characterized by constant unit weight and 
undrained shear strength; and (c) a non-homogeneous, 
layered profile with sand above the dredge line and clay 
below it. Each profile was analysed with and without a 
groundwater table to capture the effect of hydrostatic 
pressure on wall behaviour.

Fig. 1 Schematic cross-sections of the cantilever sheet pile 
wall embedded in (a) homogeneous sand

Fig.2 Schematic cross-sections of the cantilever sheet pile 
wall embedded in (b) homogeneous clay

Coulomb [1] and Rankine [2] first established the 
classical lateral earth pressure concepts that still underlie 
most retaining-structure analysis today. Terzaghi [3] 
brought soil mechanics principles into foundation 
engineering practice, and this was followed by Rowe 
[4] and Brinch Hansen [5], who worked out analytical 
procedures specifically for sheet pile wall design. Broms 
[6] later contributed further insight into how embedded 
retaining systems respond to lateral loading. Much 
of this design knowledge has since been formalized 
through manuals and codes, including NAVFAC [8], 
the U.S. Army Corps of Engineers [9], Eurocode 7 [25], 
and BS 8002 [27], along with established texts by Peck 
et al. [7], Bowles [11], Day [18], and Das [20], which 
together cover earth-pressure theory, embedment-
depth calculation, and structural design of retaining 
systems across a range of soil conditions. Growth in 
computational geotechnics has since made it possible to 
model soil–structure interaction more accurately using 
finite element methods: Bilgin [22] applied numerical 
modelling to cantilever sheet pile wall behaviour, and 
Rajeev et al. [26] examined their seismic response 
through finite element analysis. Uncertainty in soil 
properties and loading has also been addressed through 
reliability-based frameworks, notably those of Ghazavi 
and Eslami [21] and of Ayyub and Ebeling [24]. Zakaria 
and Basha [28] more recently reviewed design methods 
for cantilever sheet pile walls in cohesionless soils and 
pointed to a continuing need for simplified procedures 
suited to everyday engineering practice. Despite this 
considerable body of analytical and numerical work, 
comparatively little effort has been directed toward 
generalized non-dimensional design charts spanning 
homogeneous sand, homogeneous clay, and layered 
soil conditions together, and the embodied-carbon 
performance of retaining systems has likewise received 
limited attention. This study addresses that gap by 
developing generalized non-dimensional equations 
and practical design charts for cantilever sheet pile 
walls, validating them against PLAXIS 3D results, 
and incorporating an embodied carbon assessment to 
support more sustainable retaining wall design.

METHODOLOGY
Design charts for anchored sheet pile walls are widely 
available in standard geotechnical references, but 
equivalent charts for cantilever sheet pile walls are 
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Fig.3 Schematic cross-sections of the cantilever sheet pile 
wall embedded in (c) layered soil

Rankine’s earth-pressure theory, combined with the 
principle of limit equilibrium, forms the basis of the 
analytical formulation used here. For each soil profile, 
the active and passive lateral earth-pressure distributions 
were worked out along the wall depth and integrated to 
obtain the resultant forces together with their points of 
application. 

Equilibrium of horizontal forces and of moments taken 
about the wall base was then applied to derive closed-
form expressions for the required embedment depth (D) 
and the maximum bending moment (Mmax) acting on 
the wall. This framework provides the basis for the non-
dimensionalization of the governing relationships that 
follows. The governing physical variables were reduced 
to a smaller set of independent dimensionless groups 
using the Buckingham π theorem, which allows the 
analytical results to be generalized across different soil 
and geometric conditions. For a phenomenon described 
by n governing variables involving m fundamental 
dimensions, it can be represented by Nπ independent 
dimensionless groups, Eq. (1):

Nπ = n-m					     (1)

For the homogeneous sand case, as illustrated in Fig. 1 
the governing variables (D, Hr, Hw, γ, γ’, φ) reduce, after 
non-dimensionalization, to the normalized embedment 
depth (D* = D/Hr), the groundwater ratio (H’ = Hw/Hr), 
and the unit weight ratio (η = γ’/γ), as summarized

Several candidate functional forms linking these 
dimensionless groups were tested against the analytical 
results, and the coefficients giving the best fit were 
adopted, yielding the generalized design equations 
below. For homogeneous sand, the normalized 
embedment depth and normalized bending moment 
(M* = M/γHr³) are given by Eq. (2) and (3):

	(2)

			   (3)

Where, Hr=Retained height from the dredge level, 
Hw = Height of the water level from the dredge line, 
D/Hr = Normalized embedment depth =D*, Hw/Hr = 
Groundwater level ratio =H’,  γ’/γ= Unit weight ratio = 
η, Ka / Kp = Ratio of earth coefficients = μ, M/(γHr

3 ) = 
Normalized maximum bending moment =M*

For homogeneous clay conditions shown in Fig. 2, the 
relevant dimensionless groups reduce to the unit weight 
ratio (η) and a cohesion-based stability parameter (λ 
= γHr/2c). The corresponding design equations for 
normalized embedment depth and normalized maximum 
bending moment are given by Eq. (4) and (5):

				    (4)

Mmax/γHr
3 = 0.007λ2.4 / (1 + 0.75λ + 0.15λ²)	 (5)

Where, γ’/γ = Unit weight ratio=η, (γHr)/2c= Stability 
parameter for cohesive soils =λ

For the layered soil profile, as illustrated in Fig. 3 the 
additional cohesion parameter (Nc = c/γHr) and active 
earth-pressure coefficient (ka) also enter the governing 
relationships. Eqs. (6) and (7) give the resulting 
normalized embedment depth and bending moment 
expressions for cases with a groundwater table, while 
Eqs. (8) and (9) give the equivalent expressions for dry 
conditions.

		 (6)

		  (7)
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			   (8)

		  (9)
Corresponding equations without a groundwater table 
follow the same functional form with the H’ term 
omitted, and separate coefficient sets were calibrated 
for each condition. The full set of non-dimensional 
equations for all three soil profiles, with and without 
groundwater, was used to generate the generalized 
design charts presented in the results.
The accuracy of the proposed methodology is then 
checked by comparing the analytical and numerical 
results through a percentage-error analysis. Alongside 
this, a sustainability assessment compares the embodied 
carbon emissions of reinforced concrete retaining 
walls, conventional steel sheet pile walls, and recycled 
steel sheet pile walls. Drawing on the analytical, 
numerical, and environmental findings together, the 
study closes with generalized conclusions and practical 
recommendations for economical, sustainable cantilever 
sheet pile wall design. 
The total embodied carbon emissions are calculated as

			   (10)
where
EC = Total embodied carbon emissions (kg CO₂ e)
Qi = Quantity of the construction material
EFi = Embodied carbon emission factor of the material 
(kg CO₂ e/unit)
n = Number of construction materials considered
Specifications
The soil properties used in this study were taken from 
standard geotechnical references and are representative 
of typical sand and clay deposits relevant to cantilever 
sheet pile wall design. The key geotechnical parameters 
considered are unit weight (γ), saturated unit weight 
(γsat), submerged unit weight (γ’), cohesion (c), angle 

of internal friction (ϕ), Young’s modulus (E), Poisson’s 
ratio (ν), and the active earth pressure coefficient (Ka ). 
In addition, the retained height (Hr ), groundwater level 
(Hw ), embedment depth (D), normalized embedment 
depth (D*=D/Hr ), maximum bending moment (M), 
normalized bending moment (M* = M/γHr

3), active 
earth pressure coefficient (ka), normalized cohesion 
parameter (C/γHr ), and non-dimensional cohesion 
parameter (Nc=γHr/2C)were all fed into the analytical 
formulation and the Buckingham π theorem to derive 
the generalized non-dimensional equations and design 
charts. Together, these parameters control the active 
and passive earth pressures, embedment depth, bending 
moment, and overall stability of cantilever sheet 
pile walls. The same soil properties and parameters 
were used in both the analytical calculations and the 
PLAXIS 3D numerical models, which adopted the 
Mohr–Coulomb constitutive model to give a realistic 
representation of soil behaviour and a dependable basis 
for the generalized design equations and charts that 
follow.

PROPOSED FRAMEWORK
Figs. 1–3 illustrate the overall framework followed 
in this study. Work begins with a literature review 
used to pin down the research gap and objectives, 
followed by analytical investigations of homogeneous 
sand, homogeneous clay, and layered soil under both 
dry and groundwater conditions, applying Rankine 
and Coulomb earth-pressure theories. A parametric 
study then examines how the governing geotechnical 
parameters affect embedment depth, sheet pile length, 
and maximum bending moment for cantilever sheet pile 
walls.

The Buckingham π theorem is then used to derive 
generalized non-dimensional equations and matching 
design charts for the normalized embedment depth 
and normalized maximum bending moment. This 
methodology is checked against PLAXIS 3D finite 
element results, with the analytical and numerical 
outputs compared through a percentage-error analysis. 
The study concludes with a sustainability assessment 
comparing reinforced concrete, conventional steel, and 
recycled steel sheet pile walls, from which practical 
recommendations for sustainable cantilever sheet pile 
wall design are drawn.
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Fig. 4 Proposed framework flow chart

RESULTS AND DISCUSSION
Validation of Analytical Predictions using PLAXIS 
3D

Validation of the proposed non-dimensional equations 
and design charts was carried out using three-dimensional 
finite element analysis in PLAXIS 3D, with numerical 
simulations run for selected cases of homogeneous sand, 
homogeneous clay, and layered soil, using the same 
soil parameters, sheet pile properties, and groundwater 
conditions as the analytical study. Soil behaviour was 
represented using the Mohr–Coulomb model, and the 
sheet pile wall itself was modelled with plate elements 
assigned appropriate structural properties.

Table 1 summarizes the comparison between the 
numerical and analytical values of embedment depth 
and maximum bending moment, along with the 
percentage error used to gauge the accuracy of the 
developed relationships. Analytical and numerical 
solutions agreed well overall, with errors averaging 

roughly 5–14% across the cases examined, which 
supports the reliability of the proposed design charts for 
cantilever sheet pile walls across the soil and water-table 
conditions considered. On this basis, the generalized 
design charts presented in the following subsections can 
be applied with reasonable confidence.

Fig. 5 Comparison of Design Charts and PLAXIS   3D 
Results for D vs ϕ

Fig. 6 Comparison of Design Charts and PLAXIS 3D 
Results for M vs ϕ

Fig. 7 Comparison of Design Charts and PLAXIS 3D 
Results for D vs Cohesion
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Fig. 8 Comparison of Design Charts and PLAXIS 3D 
Results for M vs Cohesion

Fig. 9 Comparison of Design Chart and PLAXIS 3D 
Results for c/(γHr )vs. D under Groundwater Conditions

Fig. 10 Comparison of Design Chart and PLAXIS 3D 
Results for c/(γHr )vs. D*under Dry Conditions

Fig. 11 Comparison of Design Charts and PLAXIS 3D 
Results for c/(γHr )  vs M under Groundwater Conditions

Fig. 12 Comparison of Design Charts and PLAXIS 3D 
Results for c/(γHr )  vs M under Groundwater Conditions

Table 1. Comparison of design-chart predictions with 
PLAXIS 3D simulations

Case Comparison Average 
Error (%)

Error Range 
(%)

Homogeneous 
sand

Embedment 
depth (D) vs φ

8.68 7.25 – 10.59

Homogeneous 
sand

Bending 
moment (M) 

vs φ

6.11 5.12 – 7.52

Homogeneous 
clay

Bending 
moment (M) 
vs cohesion

7.22 5.86 – 9.11

Homogeneous 
clay

Embedment 
depth (D) vs 

cohesion

9.34 6.30 – 13.04

Layered soil 
(with water 

table)

D vs c/γHr 10.40 2.51 – 27.62

Layered soil 
(without water 

table)

D vs c/γHr 9.04 8.06 – 9.98

Layered soil 
(with water 

table)

M vs c/γHr 8.47 5.80 – 10.18

Layered soil 
(without water 

table)

M vs c/γHr 9.91 7.13 – 13.95

The proposed non-dimensional design charts are 
validated in Figures 5–12, which set the analytical 
predictions against PLAXIS 3D results for three 
representative cases: homogeneous sand (Figs. 5–6), 
homogeneous clay (Figs. 7–8), and layered soil, sand 
over clay, examined both with (Figs. 9–10) and without 
(Figs. 11–12) a groundwater table. Table 1 shows 
the average prediction error falling between 6.11% 
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and 10.40%, with most cases below 10%, indicating 
close agreement between the analytical and PLAXIS 
3D solutions. This confirms that the proposed non-
dimensional equations and design charts can reliably 
estimate embedment depth and maximum bending 
moment for cantilever sheet pile walls across the soil 
and groundwater conditions studied.

Design Charts for Cantilever Sheet Pile Walls

Using the Buckingham π theorem, generalized non-
dimensional equations were derived for cantilever 
sheet pile walls in homogeneous sand, converting the 
analytical results into dimensionless relationships for 
the normalized embedment depth (D/H) and normalized 
maximum bending moment (Mmax/γHr

These non-dimensional equations were then used 
to build practical design charts for homogeneous 
sand, allowing the normalized embedment depth and 
normalized maximum bending moment to be estimated 
quickly without repeating the analytical calculations 
each time.

Fig. 13 Variation of normalized embedment depth, D* 
with active earth pressure coefficient, ka

Figure 13 presents the design chart relating normalized 
embedment depth (D/Hr) to the active earth pressure 
coefficient (Ka) under varying groundwater conditions, 
based on the proposed relationship given in Eq. (2). As 
Ka increases from 0.2 to 0.8, D/Hr rises by roughly 50%, 
and a higher groundwater level pushes the required 
embedment depth up further, by around 20–25%. 
This chart therefore serves as a quick design tool for 
cantilever sheet pile walls across different groundwater 
conditions.

Fig. 14 Variation of normalized bending moment, M* with 
angle of internal friction angle, φ

Figure 14 presents the design chart relating the 
normalized bending moment (M*) to the angle of internal 
friction (ϕ), developed using the non-dimensional 
relationship given in Eq. (3). As ϕ increases from 5° 
to 50°, the normalized bending moment decreases 
by approximately 60–70%, while increasing the 
groundwater ratio (Hw/Hr )from 0 to 1.0 further reduces 
M* by around 55–65%. This makes the chart a fast 
and dependable means of estimating the normalized 
bending moment of cantilever sheet pile walls under 
varying groundwater conditions.

Fig. 15 Variation of the normalized bending moment, M* 

with the soil strength parameter, Nc = (γHr)/2c

Figure 15 presents the variation of normalized bending 
moment (M* = M/γHr

3) with the non-dimensional 
cohesion parameter (Nc = γHr/2C) for homogeneous 
clay under dry conditions, based on the proposed 
relationship given in Eq. (4). The chart shows that 
M* increases with increasing Nc, indicating reduced 
cohesion influence and higher bending demand. For 
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example, M* increases from approximately 0.008 at Nc 
= 1.5 to 0.016 at Nc = 2.5. The developed design chart 
provides a simple approach for estimating bending 
moments in cantilever sheet pile walls.

Fig. 16 Variation of the normalized depth ratio D* with 
the normalized soil parameter (γHr)/2c

Figure 16 presents the variation of normalized 
embedment depth (D* = D/Hr )with the non-dimensional 
cohesion parameter (Nc = γHr/2C)for homogeneous clay 
under dry conditions, based on Eq. (5). The results show 
that D*increases with Nc, rising from approximately 
0.50 at Nc = 1.5 to 1.30 at Nc =2.6, reflecting the 
greater embedment needed as the influence of cohesion 
diminishes. The proposed chart offers a dependable 
way of estimating embedment depth for cantilever sheet 
pile walls.

Fig. 17 Variation of the normalized cohesion parameter 
with the normalized depth ratio D* in the absence of 
water table

Figure 17 presents the variation of normalized 
embedment depth (D* = D/Hr) with the normalized 
cohesion parameter (C/γHr) for non-homogeneous 
soil under different groundwater levels, based on 
the relationship given in Eq. (6). The results show 

that D* decreases with increasing cohesion, whereas 
higher groundwater levels increase the embedment 
requirement. At C/γHr = 1.0, D* increases from 0.22 to 
0.35 as Hw /Hrrises from 0.2 to 1.0. This design chart offers 
an efficient means of estimating embedment depth for 
cantilever sheet pile walls under varying groundwater 
conditions.

Fig. 18 Variation of the normalized cohesion parameter c/
(γHr) with the non-dimensional moment parameter, M* 
in the absence of water table

Figure18 presents the variation of normalized bending 
moment (M* = M/γHr

3 )with the normalized cohesion 
parameter(C/γHr) for non-homogeneous soil at different 
friction angles without groundwater, following the 
relationship in Eq. (7). The results indicate that M* 

decreases with increasing cohesion and friction angle 
due to enhanced soil strength and reduced lateral earth 
pressure. At C/γHr = 1.0, M* decreases from 0.17 to 0.11 
as ϕ rises from 15° to 45°. The chart therefore gives 
a dependable tool for estimating bending moments in 
cantilever sheet pile walls under dry conditions.

Fig. 19 Variation of the normalized cohesion parameter c/
(γHr)with the normalized depth ratio D* in the presence 
of water table
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Figure 19 presents the variation of normalized 
embedment depth (D* = D/Hr)with the normalized 
cohesion parameter (C/γHr ) for non-homogeneous soil 
at different friction angles with groundwater present, 
following the relationship in Eq. (8). The results show 
that D* decreases with increasing cohesion and friction 
angle due to enhanced soil resistance. At C/γHr = 1.0, 
D* reduces from 0.35 to 0.29 as ϕ increases from 15° to 
45°. The proposed chart provides a reliable approach 
for estimating embedment depth of cantilever sheet pile 
walls.

Fig. 20 Variation of the normalized cohesion parameter c/
(γHr) with the non-dimensional moment parameter M* in 
the presence of water table

Figure 20 presents the variation of normalized bending 
moment (M* = M/γHr

3)with the normalized cohesion 
parameter (C/γHr) for non-homogeneous soil at different 
friction angles with groundwater present, following 
the relationship in Eq. (9). The results show that M* 
decreases with increasing cohesion and friction angle 
due to reduced lateral earth pressure. At C/γHr = 1.0, M* 
reduces from 0.038 to 0.029 as ϕincreases from 15° to 
45°. The proposed chart provides a reliable approach 
for estimating bending moments of cantilever sheet pile 
walls.

Figure 21 sets out the CO₂ emissions of the three 
retaining wall systems for a 1 m wall length. The RCC 
retaining wall generates the most emissions (3765 kg 
CO₂-e), the conventional steel sheet pile wall comes 
next (2736 kg CO₂-e), and the recycled steel sheet pile 
wall produces the least (864 kg CO₂-e). Switching to 
recycled steel therefore cuts CO₂ emissions by around 
68% relative to conventional steel and by 77% relative 
to the RCC wall, underlining its stronger environmental 
performance.

Fig. 21 Comparison of CO₂ Emissions of Different 
Retaining Wall Systems

CONCLUSIONS
The design charts for homogeneous sand showed that 
the normalized embedment depth increased from 0.82 
to 1.48 with an increase in Ka from 0.2 to 0.8, while 
the normalized bending moment fell by 25–30% as 
the friction angle increased. Both parameters rose 
under groundwater conditions because of hydrostatic 
pressure effects. For homogeneous clay, the parameter 
Nc=γHr/2c significantly influenced wall behaviour, with 
an increase in Nc rising from 0.25 to 2.5 pushed the 
normalized embedment depth up from 0.02 to 1.28 and 
the bending moment from 0.0002 to 0.016. The layered 
soil design charts successfully captured the effects of soil 
stratification and groundwater conditions. Increasing 
c/γHr brought down both the normalized embedment 
depth and bending moment, while the presence of 
groundwater increased the wall’s response. PLAXIS 
3D simulations validated the proposed analytical 
equations, with errors ranging from 7.1% to 14.0% 
and averaging around 10%, supporting the reliability 
of the methodology developed. The sustainability 
assessment further showed that recycled steel sheet 
piles cut embodied carbon emissions by 68% relative 
to conventional steel sheet piles and by 77% relative 
to RCC retaining walls, pointing to their potential as a 
more sustainable retaining option.
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