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1. Introduction

The development of the ports of Ukraine requires the 
construction of deepwater berthing facilities for servicing 
modern large-tonnage vessels. The existing construction 
solutions for deepwater berths are labor-intensive and 
material-intensive if they require, for example, complex 
tonguing and grooving [1, 2] or using transverse rows of 
sheet piles [3]. Therefore, it is necessary to develop and im-
plement innovative design solutions in hydraulic engineer-
ing. Nowadays, the most rapidly constructed structures are 
sheet pile walls [4], so the creation of new design solutions 
with sheet piles is important. One of the proposed solutions 
is a sheet pile wall with counterforts [5], which has received 
a patent for the invention itself [6] and a utility patent 
for the construction method [7]. Counterforts contribute 
to a significant reduction of lateral earth pressure on the 
front wall and a rational distribution of material in the 
construction. However, the use of a new design in practice 
necessitates the development of a method for calculating 
the lateral earth pressure, taking into account the relief 
effect of the counterforts. It is also necessary to conduct 
research on the stress-strain state of the system “a sheet 
pile wall with counterforts plus the soil environment”. The 

solution of the task is an important link in the study of the 
new type of construction, which will allow introducing it 
into engineering practice.

2. Literature review and and problem statement

The main load on retaining walls is produced by lat-
eral earth pressure. To study the joint effect of the soil 
backfill and the construction, numerical calculation mod-
els [8] are developed and approaches for optimal design 
are sought [9]. In order to reduce earth pressure on the 
retaining wall, various relief devices are offered, such as 
horizontal shelves located on the backfill side [10, 11] or a 
relief platform [12].

Counterforts are also one of the types of relief elements 
in the structure. Calculation methods for defining the relief 
influence of counterforts are based on theoretical, laboratory 
and field studies. Moreover, a method has been proposed for 
calculating the screening effect of counterforts, which pro-
vides for correcting the active earth pressure using empirical 
dependence obtained on the basis of tests [13]:

( ) ( )σ = γ + λ −1 ,az q k   (1)

23. Jodejko-Pietruczuk A., Nowakowski T., Werbińska-Wojciechowska S. Block inspection policy model with imperfect inspections for 

multi-unit systems // RT&A. 2013. Vol. 8, Issue 3 (30). P. 75–86.

24. Prognozirovanie rabotosposobnosti listoprokatnyh valkov / Belodedenko S. V., Goryanoy V. M., Buh I., Yatsuba A. V. // Problemy 

prochnosti. 2014. Issue 5. P. 89–95.

25. Datsyshyn O. P., Panasyuk V. V. Methods for the Evaluation of the Contact Durability of Elements of the Tribojoints (A Survey) // 

Materials Science. 2017. Vol. 52, Issue 4. P. 447–459. doi: 10.1007/s11003-017-9977-x 

A METHOD 
DEVELOPED TO 

CALCULATE 
LATERAL EARTH 

PRESSURE ON 
A SHEET PILE 

WALL WITH 
COUNTERFORTS

A .  S l o b o d y a n i k
PhD, Assistant 

Department of sea and river ports, waterways 
and their technical maintenance 

Odessa National Maritime University 
Mechnikova str., 34, Odessa, Ukraine, 65029

E-mail: annaslobodyanik27@gmail.com

Розроблено метод розрахунку бокового тиску грун-
ту на шпунтову стінку з контрфорсами різної фор- 
ми – прямокутної, трапецеїдальної з розширен-
ням донизу, трапецеїдальної з розширенням дого-
ри. Проведено математичне моделювання системи 
«шпунтова стінка з контрфорсами – грунтове сере-
довище». Досліджено епюри бічного тиску грунту на 
шпунтові стінки з контрфорсами. Отримано кількісна 
оцінка розвантажуючої дії контрфорсів різної форми

Ключові слова: метод розрахунку, шпунтова стін-
ка, контрфорси, боковий тиск грунту, розвантажу-
вальний вплив

Разработан метод расчета бокового давления грун-
та на шпунтовую стенку с контрфорсами различной 
формы – прямоугольной, трапецеидальной с расши-
рением книзу, трапецеидальной с расширением квер-
ху. Проведено математическое моделирование систе-
мы «шпунтовая стенка с контрфорсами – грунтовая 
среда». Исследованы эпюры бокового давления грун-
та на шпунтовую стенку с контрфорсами. Получена 
количественная оценка разгружающего действия кон-
трфорсов различной формы 

Ключевые слова: метод расчета, шпунтовая стен-
ка, контрфорсы, боковое давление грунта, разгружа-
ющее влияние

UDC 627.335.2
DOI: 10.15587/1729-4061.2018.121707



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 1/7 ( 91 ) 2018

12

where k is the coefficient of decrease in the intensity of the 
active earth pressure:

 = − −  
1 0.74 ,

b z
k m

c H
  (2)

where H is the height of the counterfort, m; b is the counter-
fort width, m; c is the distance between the counterforts, m; 
m is the empirical coefficient, which is determined depend-

ing on the ratio ,
d
c

 where d is the thickness of the counter- 
 
fort, m; and z is the point penetration relative to the backfill 
surface, m.

The resulting theoretical solution [14] involves calcu-
lating the pressure on the “separating” slip plane formed in 
the backfill at the wall displacements and the estimation of 
the distribution of the horizontal component of the initial 
pressure between the front wall and the counterforts. The 
calculation is based on assuming the formation of shifts in 
the soil along the planes, coinciding with the faces of the 
counterforts. In order to determine the earth pressure, the 
following dependence was obtained:

where σa  is the active earth pressure on the “separating” 
plane, kPa; ξ is the coefficient of lateral earth pressure in the 
absence of transverse expansions; A and t are the geometric 
parameters of the horizontal section of the prism that moves 
along with the structure, m; E is the modulus of the soil de-
formation, MPa; υkр is the shear angle corresponding to the 
limiting value of the deflection angle δ=φ, deg.

The method that assumes a non-linear distribution of the 
earth pressure on the retaining wall with vertical [15] and 
inclined [16] counterforts is applicable for calculating the 
relief effect of reinforced concrete counterforts.

The effect of counterforts on the lateral earth pressure 
was investigated in laboratory experiments [17]. A calcu-
lated dependence was proposed, the drawback of which 
is the assumption of the presence of active earth pressure 
along the entire perimeter of the cell. In [18], on the basis 
of laboratory experiments, a case was considered when the 
length of the counterfort covered the entire collapse prism, 
partially entering the fixed part of the soil backfill. Also, the 
same author examined the earth pressures on the retaining 
walls with counterforts depending on the movements [19]. 
However, such constructions do not always find practical 
application.

In full-scale conditions, the relief effect of counterforts 
was studied in the port of Hakata (Japan) on a corner-type 
embankment with counterforts [20]. It is known from the 
report that the pressure on the front wall and the side faces 
of the counterforts was distributed according to a linear law. 
At the same time, the concentration of pressure at the ends 
of the counterforts was recorded due to the inclination of the 
wall towards the backfill.

RD 31.31.27–81 “Guidelines for the design of marine 
berthing facilities” [21] recommends a degree of 20÷30 % 
of the relief influence of counterforts. This approach is not 
entirely accurate due to the fact that it was developed for one 
type of configuration of counterforts used in the construc-
tion of mooring structures such as a corner wall.

The existing methods for calculating the relief effect of 
counterforts, which were developed earlier, are very approx-
imate when calculating a new design, since they were devel-
oped for reinforced concrete corner walls. Nevertheless, when 
calculating lateral earth pressure on an innovative sheet pile 
wall with counterforts, it seems possible to extend the scope 
of V. S. Zelensky’s method. Such an approach seems to be fully 
justified if the diagram of lateral earth pressure is considered 
in parts in terms of height, with determining the degree of 
influence of the counterforts on the front wall for each part.

3. The aim and objectives of the study

The aim of this work is to develop a method for calcu-
lating the relief effect of counterforts and to research the 
stress-strain state of the system “a sheet pile wall plus the 
soil environment”. The results are likely to help introduce a 
new constructive solution into the practice of designing and 
constructing hydraulic structures and to facilitate improv-
ing the quality of future projects and the reliability of the 
constructed facilities in the process of their operation.

To achieve the aim, the tasks are the following:
– to improve the method for calculating the lateral 

earth pressure, taking into account the relief effect of 
the counterforts in the sheet pile wall for various forms 
of counterforts;

– to carry out numerical modeling of the system “the soil 
environment plus a sheet pile wall with counterforts”;

– to assess the stress-strain state of the system “the soil 
environment plus a sheet pile wall with counterforts”.

4. Materials and methods for studying the distribution 
of lateral earth pressure on a sheet pile wall with 

counterforts

The scope of V. S. Zelensky’s method was extended for 
the case of calculating earth pressure on sheet pile walls with 
different configuration of counterforts (with downward ex-
pansion and with upward expansion). This did not take into 
account the phenomenon of “hanging” soil over the counter-
forts of variable height. In the rear part of the wall, the soil 
was considered as inhomogeneous.

Earlier, in [22], only the section with a counterfort was 
considered. In the present work, in the design scheme, two 
characteristic sections are identified throughout the entire 
height of the face wall. The first section is the construction 
with a counterfort, located within the prism of collapse, and 
the second section is without a counterfort. The boundaries 
of the upper section are 0≤z≤d, and the boundaries of the 
lower section are d≤z≤Н, where d is the height of the coun-
terfort, and H is the height of the wall. In this case, b1,2 are 
the widths of the counterfort at the top and the bottom, 
respectively; θ is the angle between the plane of collapse and 
the horizontal plane, which is equal to 45+0.5 φ; α is the 
angle of inclination of the rear face of the counterfort to the 
horizontal plane.

4. 1. The distribution of lateral earth pressure on a sheet 
pile wall with a counterfort with downward expansion

In solving this problem, the equilibrium condition is 
considered for the elementary volume 12341’2’3’4’ with the 
width S, separated within the upper section (Fig. 1).

( ) ( )
22

exp 2 exp[ ] , (3)a a a
kp kp

tg At tg
At t

E c b E c b

  ξ φ ξ φ
σ = σ −σ + −σ  υ − υ −   
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Fig. 1. A diagram for calculating the earth pressure on the 
wall with a downward expanded counterfort

By designing the normal and tangential forces acting 
along the faces of the elementary volume, together with the 
volume force dG on the horizontal plane, the following equa-
tion is obtained:

θ θσ ⋅ ⋅ + τ ⋅ θ⋅ ⋅ − σ ⋅ ⋅ θ⋅ =
θ θ

cos sin 0.
sin sinс

dz dz
dz S S S   (4)

Taking into account the equality θ θτ = σ φtg ,  expres-
sion (4) is transformed into the following equation:

θ
θ

σ = σ
θ − φ
tg

,
tg tgс   (5)

where φ is the angle of internal friction of the soil, deg; S is 
the step of the counterforts, m.

By designing the vertical and tangential forces acting 
along the faces of the elementary volume, together with the 
volume force dG on the vertical plane, the following expres-
sion is developed:

( )

θ

θ

δ

−τ ⋅ ⋅ − τ ⋅ ⋅ ⋅ θ −
θ

−
−σ ⋅ ⋅ ⋅ θ + ⋅ ⋅ −

θ θ
−

− σ ⋅ ⋅ + σ ⋅ ⋅ −
θ θ

−τ ⋅ ⋅ ⋅ ⋅ α + =

sin
sin

cos
sin tg

tg tg

2 ctg 0.
k

c

z z

dz
dz S S

dz H z
S dG S

H z dz
d S S

dz z b   (6)

Taking into account that 

τ = σ δtg ,с с c  
−

= γ
θ

,
tg

H z
dG dz  δτ = σ ξ δtg ,

k z k

equation (6) takes the following form:

( ) ( ) ( )( )σ − = γ − − ψ σ − σ ψ + ψ1 3 2 ,z c zd H z dz H z z   (7)

where 

( )θ φ θ +
ψ = δ θ +

θ − φ1

tg tg 1
tg tg ;

tg tgc

g ξ δ θ
ψ = −2

2 tg tg
1;kb

S

ξ δ θ
ψ =

α3

2 tg tg
;

tg
k

S
 

δc is the angle of friction of the soil against the wall, deg; δk is 
the angle of friction of the soil against the counterfort, deg; γ 
is the specific gravity of the soil, kN/m3; and ξ is the coeffi-
cient of lateral rest pressure equal to ξ = − φ1 sin .

The equation of the moments of forces relative to face 22’ 
is as follows:

( )δ

− −
−τ ⋅ ⋅ ⋅ + ⋅ ⋅ −

θ θ
− −

− σ ⋅ ⋅ ⋅ −
θ θ

 − ⋅ α +
−τ ⋅ ⋅ ⋅ ⋅ α + ⋅ − = θ 

tg 2tg

tg 2tg

ctg
2 ctg 0.

tg 2k

c

z

H z H z
dz S dG S

H z H z
d S

H z z b
dz z b   (8)

Relevant transformations produce the following equa-
tion:

where 

ξ δ θ
ψ =4

2 tg tg
;kb

S
 ξ δ θ
ψ =

α

2

5 2

2 tg tg
;

tg
k

S
 

ξ δ θ
ψ =

α

2

6

4 tg tg
;

tg
kb

S  
ξ δ θ

ψ =
2 2

7

2 tg tgkb
S

 
and

ψ = δ θ8 2tg tg .c

As a result of equating the right-hand sides of equations 
(7) and (9), a relationship is established between vertical 
stresses and horizontal pressure, characterized by the coeffi-
cient of lateral earth pressure:

σ = σ λ1,с z   (10)

where 

( )( )
( )( )

ψ − ψ − ψ − + ψ + ψ + ψ
λ =

ψ − ψ −

2
2 3 4 5 6 7

1
8 1

2
.

z H z z z

H z
  (11)

Taking into account expression (10), equation (7) takes 
the form

( )
η + η + η

σ + σ − γ =
−

2
' 1 2 3

2 0.z z

z z

H z
,  (12)

where 

 

( )

( )
2

5 6 7
8 3 42 2 , (9)

z

c z

d H z

z z
dz H z z

H z

σ − =

  ψ + ψ + ψ
= γ − − ψ σ − σ ψ + ψ −  −  
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ψ ψ − ψ ψ + ψ ψ
η =

ψ − ψ
1 3 3 8 1 5

1
8 1

2
;

( )ψ ψ − ψ ψ + ψ ψ + ψ ψ − ψ ψ
η =

ψ − ψ
1 4 2 8 1 6 3 8 1 3

2
8 1

2 2H

and

( )ψ ψ + ψ ψ − ψ ψ
η =

ψ − ψ
1 7 2 8 1 4

3
8 1

2
.

H

When solving the resulting equation, the integration 
constant is based on the initial conditions z=0, σz=q, where 
q is the load on the surface of the fill soil:

 =   1 exp ,u w
C qH

H
  (13)

where = η + η1 22 ,u H  = η + η + η2
1 2 3.w H H

Taking into account the value of the integration constant 
С1, the solution of equation (12) takes the form

( )

( )

−

−

 σ = − −η − ×  −
 
 γ

× + 
  − −η −    −

∫

1

1
0

1

exp

d .
exp

u

z

z

u

w
H z z

H z

C z
w

H z z
H z

  (14)

Then the expression for determining the horizontal earth 
pressure in the first section of the wall, taking into account 
(11), can be represented in the following form:

( )

( )( )
( )( )

( )

−

−

 σ = − −η − ×  −
ψ − ψ − ψ − + ψ + ψ + ψ

× ×
ψ − ψ −

 
 γ

× + 
  − −η −    −

∫

1

2
2 3 4 5 6 7

8 1

1
0

1

exp

2

d .
exp

uІ
c

z

u

w
H z z

H z

z H z z z

H z

C z
w

H z z
H z

 (15)

Next, the equilibrium condition of the elementary volume 
56785’6’7’8’, identified within the second section (d≤z≤H), 
is considered. By designing the vertical and tangential forc-
es acting along the faces of the elementary volume on the 
horizontal plane in the second section, expression (5) is also 
obtained.

Designing the vertical and tangential forces on the verti-
cal plane produces the equation

θ

θ

−τ ⋅ ⋅ − τ ⋅ ⋅ ⋅ θ −
θ

−
−σ ⋅ ⋅ ⋅ θ + ⋅ ⋅ −

θ θ
−

− σ ⋅ ⋅ + σ ⋅ ⋅ =
θ θ

sin
sin

cos
sin tg

0.
tg tg

c

z z

dz
dz S S

dz H z
S dG S

H z dz
d S S   (16)

Performing similar transformations transforms equation 
16 into the following:

( ) ( )( )σ − = γ − − ψ σ + σ9 ,z c zd H z dz H z   (17)

where 

( )θ δ θ − δ φ + θ φ +
ψ =

θ − φ9

tg tg tg tg tg tg tg 1
.

tg tg
с с  

Forming the equation of the moments of forces relative to 
face 66’ produces the following equation:

− − −
−τ ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ −

θ θ θ
− −

− σ ⋅ ⋅ ⋅ =
θ θ

2

0.
2

c

z

H z H z H z
dz S dG S

tg tg tg

H z H z
d S

tg tg
  (18)

The transformation of this equation produces the fol-
lowing:

( ) ( )( )σ − = γ − − ψ σ8 .z cd H z dz H z   (19)

As a result of equating the right-hand sides of equations 
(17) and (19), a relationship is established between the verti-
cal stresses and the horizontal pressure (10), where

λ =
ψ − ψ1

9 8

1
.   (20)

Taking into account expression (10), equation (17) takes 
the form

η
σ + σ − γ =

−
' 4 0,z z H z

  (21)

where 

ψ
η = −

ψ − ψ
9

4
9 8

1.

The integration constant is determined from the con-
dition of equality of vertical stresses on the boundary of 
the sections σz=q, z1=d, where q is the vertical pressure at 
depth d:

( )
( ) ( )η η

σ γ
= −

− −∫4 42
0

d .
d

z d
C z

H d H d
  (22)

Then the general solution of equation (21) takes the form

( )
( )

η
η

 γ
σ = − + 

− 
∫4

42 d .
H

z
d

H z C z
H z

  (23)

Taking into account that the expression for the lateral 
earth pressure coefficient within the second section has 
the form of (20), the intensity of the horizontal earth 
pressure in the second section of the wall can be written 
as follows:

( )
( )

η
η

 γ
σ = − + ψ − ψ − 

∫4

42
9 8

1
d .

H
II
c

d

H z C z
H z

  (24) 

The obtained solutions have been numerically imple-
mented on the basis of the developed algorithms with the use 
of the computer-aided calculation program MathCad.
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4. 2. The distribution of lateral earth pressure on a 
sheet pile wall with a counterfort with upward expansion

The equilibrium condition for the elementary volume 
12341’2’3’4’ is considered for the case when the wall width 
decreases downwards (Fig. 2). The boundaries of the upper 
section are 0≤z≤d, and the boundaries of the lower section 
are d≤z≤Н.

Fig. 2. A diagram for calculating the earth pressure on the 
wall with an upward expanded counterfort

By designing the normal and tangential forces acting 
along the faces of the elementary volume, together with the 
volume force dG, on the horizontal plane, equations (4) and 
(5) are obtained.

The designing of the normal and tangential forces 
acting along the faces of the elementary volume, together 
with the volume force dG, on the vertical plane produces 
the equation

( )

θ

θ

δ

−τ ⋅ ⋅ − τ ⋅ ⋅ ⋅ θ −
θ

−
−σ ⋅ ⋅ ⋅ θ + ⋅ − σ ⋅ ⋅ +

θ θ

+σ ⋅ ⋅ − τ ⋅ ⋅ ⋅ − ⋅ α =
θ

sin
sin

cos
sin

2 0.
k

c

z

z

dz
dz S S

dz H z
S dG S d S

tg

dz
S dz b z ctg

tg
 (25)

By performing similar transformations, the following 
equation is obtained:

( )
( ) ( )( )

σ − =

= γ − − ψ σ − σ ψ − ψ1 2 3 .

z

c z

d H z

dz H z z   (26)

Relative to face 22’, the equation of moments acquires 
the form

( )δ

− −
−τ ⋅ ⋅ ⋅ + ⋅ ⋅ −

θ θ
− −

− σ ⋅ ⋅ ⋅ −
θ θ

 − − ⋅ α
−τ ⋅ ⋅ ⋅ − ⋅ α ⋅ − = θ 

2

2

2 0.
2k

c

z

H z H z
dz S dG S

tg tg

H z H z
d S

tg tg

H z b z ctg
dz b z ctg

tg
  (27)

Taking into account the transformations, equation (27) 
becomes the following:

As a result of equating the right-hand sides of expres-
sions (26) and (28), equation (10) is obtained, where

( )( )
( )( )

ψ + ψ − ψ − + ψ − ψ + ψ
λ =

ψ − ψ −

2
2 3 4 5 6 7

1
8 1

2
,

z H z z z

H z
  (29)

 

the coefficients ψ1, ψ2…ψ8 are given above.
Taking into account expression (10), equation (26) takes 

the form

( )
η − η + η

σ + σ − γ =
−

2
' 1 2 3

2 0,z z

z z

H z
  (30)

where 

ψ ψ − ψ ψ + ψ ψ
η =

ψ − ψ
1 3 3 8 1 5

1
8 1

2
;  

( )ψ ψ − ψ ψ + ψ ψ + ψ ψ − ψ ψ
η =

ψ − ψ
1 4 2 8 1 6 3 8 1 3

2
8 1

2 2H

and

( )ψ ψ + ψ ψ − ψ ψ
η =

ψ − ψ
1 7 2 8 1 4

3
8 1

2
.

H

When solving the resulting equation, the integration 
constant is determined starting from the initial conditions 
that z=0 and σz=q:

 =   1 exp ,u w
C qH

H
  (31)

where 

= η − η1 22 ,u H  = η − η + η2
1 2 3.w H H

The form of the general solution (14) does not change. 
Expression (16) changes with regard to (30):

( )

( )( )
( )( )

( )

−

−

 σ = − −η − ×  −
ψ + ψ − ψ − + ψ − ψ + ψ

× ×
ψ − ψ −

 
 γ

× + 
  − −η −    −

∫

1

2
2 3 4 5 6 7

8 1

1
0

1

exp

2

d .
exp

uІ
c

z

u

w
H z z

H z

z H z z z

H z

C z
w

H z z
H z

 (32)

 

( )

( )
2

5 6 7
8 4 32 2 . (28)

z

c z

d H z

z z
dz H z

H z

σ − =

  ψ − ψ + ψ
= γ − − ψ σ − σ ψ − ψ −  −  
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The structure and nature of the calculated dependences 
for the lower wall section remain unchanged for the configu-
ration of counterforts under consideration.

The obtained solutions have been numerically imple-
mented on the basis of the developed algorithms with the 
use of the computer-aided calculation program MathCad. 
Besides, an algorithm has been developed for solving special 
cases of a wall without a counterfort and with a rectangular 
shape counterfort.

5. Results of studying the stress-strain state of the 
system “a sheet pile wall with counterforts plus the soil 

environment”

To assess the stress-strain state of the system “a sheet 
pile wall with counterforts plus the soil environment”, math-
ematical modeling is performed on the basis of the developed 
calculation method.

The constant initial data are the following: the wall 
height H=25 m; the step of the ribs S=3.0 m; the height of 
the stiffeners d=17.0 m; specific earth gravity γ=11 kN/m3;  
the angle of internal friction of the soil φ=30°; and the 
uniformly distributed load on the surface q=40 kPa. The 
dependence of the lateral pressure on the shape of the coun-
terfort has been studied, and also the friction of the soil 
against the wall has been taken into account. Three forms 
of counterforts have been considered: rectangular (width 
b1=b2=3.0 m), downward expansion (width at the top (bot-
tom) b1(b2)=1.8(4.2) m), and upward expansion (width at 
the top (bottom) b1(b2)=4.2(1.8) m).

On the diagrams (Fig. 3), the graphical dependences 
reflect the distribution of earth pressure along the height of 
the sheet pile wall with counterforts.

Table 1 is used to quantify the relief effect of the coun-
terforts. It gives the values of the resultant forces of active 
earth pressure, depending on the angle of friction of the soil 
against the wall, obtained in calculating for the sheet pile 
wall with counterforts and without them.

The calculations show that the relief effect is 25.8 % 
(for δc=0 and δk=0). The dependence of the lateral earth 
pressure on the angle value of the soil friction against 
the wall has also been investigated (taking into account 

the wall roughness). The results of the tests show that 
counterforts reduce the lateral earth pressure on the front 
wall due to the forces of the soil friction along the lateral 
surface of the counterforts. The earth pressure on the front 
wall without counterforts and with them without taking 
into account the roughness (δc=0 and δk=0) is the same. 
Taking into account the roughness of the front wall and the 
counterforts reduces the side pressure of the soil to 2.5 % 
(δc=0.5φ and δk=0.5φ). Allowance for friction forces only 
along the lateral faces of the counterforts (δc=0 and δk=φ) 
reduces the pressure to 15.6 % (with a downward expanded 
counterfort).

Table 1

Values of the resultant forces of lateral earth pressure

No. Counterfort shape

The resultant force of earth pressure, 
depending on the angle of the soil 

friction against the wall, kN

δc=0 
δk=0

δc=0.5φ 
δk=0.5φ

δc=0.7φ 
δk=0.7φ

δc=0 
δk=φ

1
without  

counterforts
1,479 1,281 1,211 1,109

2
with rectangular 

shape counterforts
1,097 1,092 1,196.5 961

3
counterforts with 

downward expansion
1,097 1,071 1,173 926

4
counterforts with 
upward expansion

1,097 1,096 1,200 969

6. Discussion of the results of studying the 
stress-strain state of the system “a sheet 
pile wall with counterforts plus the soil 

environment”

The developed method for calculating the lat-
eral earth pressure on the front wall allows using 
three types of counterforts and regulating their 
parameters (height, width, and step). Moreover, 
the developed method makes it possible to study 
the dependence of earth pressure on friction on 
the face wall and on the lateral surfaces of the 
counterforts. The results of the calculations show 
that taking into account the roughness of the 
wall makes it possible, with sufficient accuracy 
for engineering practice, to estimate the values of 
the resultant lateral earth pressure.

To verify the reliability of the calculated 
dependences, a comparison has been made with 
the experimental tests described earlier in [23]. 
A quantitative comparison of the results is given 
in Table 2.

The analysis of the comparison between the calcula-
tions and the tests shows a discrepancy in the quantitative 
ratio up to 13.3 %, which is acceptable in engineering 
practice.

In the future, it is necessary to research the effect of 
changing the counterfort parameters (step, width, and 
height) on the lateral earth pressure to obtain the greatest 

 

 а                                        b                                        c  
Fig. 3. Diagrams of earth pressure on the sheet pile wall with counterforts: 

a – rectangular; b – with downward expansion; and c – with upward 
expansion. 1 – at δс=δk=0; 2 – at δс=δk=0.5; and 3 – at δс=0, δk=φ
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relief effect at optimal dimensions, and also to study their 
effect on the stiffness of the structure as a whole.

Table 2

Comparison of the experimental and calculated data

Indicators

The resultant force of earth pressure on the wall 
(Еа, kN), depending on the counterfort shape

Rectangu-
lar

Trapezoidal 
with downward 

expansion

Trapezoidal with 
upward expan-

sion

According to 
the calculated 
dependences

1,928 1,872 1,779

According to 
the experiment

1,974 1,960 2,052

The introduction of the developed calculation method 
into engineering practice will allow designing hydraulic 
engineering structures such as a sheet pile wall with various 
shapes of counterforts. This will enable the construction of 
new deepwater hydraulic structures with an increased bear-
ing capacity.

These studies are an additional development and a con-
tinuation of the research on the patented construction of a 
retaining sheet pile wall with counterforts.

7. Conclusion

1. The proposed method of calculation for determining 
the earth pressure on the front wall, taking into account the 
relief effect of the counterforts, can be used in the design of 
new types of deepwater piers – sheet pile walls with coun-
terforts. Moreover, the counterfort shape can be rectangular, 
trapezoidal with downward expansion, and trapezoidal with 
upward expansion.

2. The conducted tests show that the use of counterforts 
in a sheet pile wall with the considered parameters reduces 
the pressure of the filling soil to 26 % due to the friction 
forces along the lateral surfaces of the counterforts.

3. By changing the step and the width and by choosing the 
shape of the counterforts, it is possible to change the amount 
of the relief effect on the front wall. Moreover, if the step is re-
duced or the width of the counterfort is increased, it is possible 
to achieve a greater relief effect or an effect required by the 
project. In this case, the step and the width of the counterfort 
are assigned to be divisible by the width of the sheet pile.
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Розроблено підхід до обґрунту-
вання технічних рішень для тон-
костінних машинобудівних кон-
струкцій. Задача розглядається 
у просторі узагальнених параме-
трів, які об’єднують проектні й 
технологічні чинники та умови екс-
плуатації. У сформованому пара-
метричному просторі будується 
апроксимована поверхня відгуку. 
На додаток вводяться критеріаль-
ні та обмежувальні залежності. 
Після цього проводиться пошук 
оптимуму функції якості дослі-
джуваної конструкції

Ключові слова: тонкостінна 
машинобудівна конструкція, напру-
жено-деформований стан, поверх-
ня відгуку, інноваційний виріб

Разработан подход к обоснова-
нию технических решений для тон-
костенных машиностроительных 
конструкций. Задача рассматрива-
ется в пространстве обобщенных 
параметров, которые объединяют 
проектные и технологические фак-
торы и условия эксплуатации. В 
сформированном параметрическом 
пространстве строится аппрокси-
мированная поверхность отклика. 
В дополнение вводятся критериаль-
ные и ограничительные зависимо-
сти. После этого проводится поиск 
оптимума функции качества иссле-
дуемой конструкции

Ключевые слова: тонкостенная 
машиностроительная конструк-
ция, напряженно-деформирован-
ное состояние, поверхность откли-
ка, инновационный продукт
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