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Pospobdaeno memoo pozpaxynky 60K06020 Mucky epym-
my Ha WNYHmMosy CMiHKY 3 KoHmpopcamu piznoi gop-
MU — npamoxymuoi, mpaneuyeioanvHoi 3 pozwupen-
HaM Oonuzy, mpaneueidanvhoi 3 pozwupennsm 0020-
pu. Ilposedeno mamemamuumne Mo0ea08aAHH CUCMEMU
<«unynmosa cminka 3 Kkonmpdopcamu — pynmoge cepe-
dosuwes. Jlocaidceno enopu 0iun020 MUCKY 2pyHmy Ha
WnYHmMoe6i cminku 3 konmppopcamu. Ompumano KitoKicna
ouinka pozeanmaicyionoi 0ii xoumpopcie piznoi popmu

Kniouoei crosa: memoo po3paxynxy, wunynmoea cmim-
Ka, xoHmppopcu, 60K06Ul MUCK pyHmMY, PO3BAHMANCY-
8ANLHUIL 6NIUG

[m, ]

Paspaboman memoo pacuema 60x06020 dasnenus epym-
ma Ha WnYHmMosyro cmeHKy ¢ KoHmpgopcamu pazauunou
dopmul — npamoyezonvrol, mpaneyeudanvHoil ¢ pacuu-
penuem KHU3Y, mpaneueuoaivioil ¢ pacuuperuem Keep-
xy. IIpoeederno mamemamuueckoe mooeauposanue cucme-
Mol <WNYHMOBAsL CMEHKA ¢ KOHmpgopcamu — epynmoeas
cpedas. Hccnedosanvl snopovt 60K06020 0asaeHus epym-
ma na wnynmosyio cmenxy c koumpgopcamu. Ilonyuena
KOJIUMeCMBEeHHAA OUEHKA PA3epyncalow,e2o 0elicmeus Kom-
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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]:

o=(yz+q)A, (1-k), )




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

k= 1—(0.74é—m)i, 2)
c H

where H is the height of the counterfort, m; b is the counter-
fort width, m; ¢ is the distance between the counterforts, m;
m is the empirical coefficient, which is determined depend-
ing on the ratio . 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:
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where o, is the active earth pressure on the “separating”
plane, kPa; & is the coefficient of lateral earth pressure in the
absence of transverse expansions; A and ¢ 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; vy, is the shear angle corresponding to the
limiting value of the deflection angle 5=¢, 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.
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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<H, where d is the height of the coun-
terfort, and H is the height of the wall. In this case, by 5 are
the widths of the counterfort at the top and the bottom,
respectively; 0 is the angle between the plane of collapse and
the horizontal plane, which is equal to 45+0.5 ¢; a 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 §, separated within the upper section (Fig. 1).
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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:

)

G(‘dz~5+‘ce-cosG‘S-_d—Z—GeSsinG-_d—zzo.
sin® sin®

Taking into account the equality t,=0,tg, expres-
sion (4) is transformed into the following equation:
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where ¢ 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:

—te-dz~5—1:9~_d—2~5~sin6—

sSin
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Taking into account that
H-z
tgo

T,=0,t88, dG=y dz, t; =0ktgd,,

equation (6) takes the following form:

do,(H-z)=dz(y(H-z)-y0,-0,(y,z+V,)), 7
where
tgo(gotgd +1) 2bEtgd,tgo
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Y, =1go tgo+ 20— 120 v, S
_ 2818580 |

P Stga
3. is the angle of friction of the soil against the wall, deg; & is
the angle of friction of the soil against the counterfort, deg; y
is the specific gravity of the soil, kN/m?; and & is the coeffi-
cient of lateral rest pressure equal to &=1-sin¢.
The equation of the moments of forces relative to face 22’
is as follows:

v dzsH 2 qc.5. 522
' tgo 2tgb
_dGA.H_Z.S.H_Z_
° tgh 2tgb

H-z z-ctgo+d
tgo 2
Relevant transformations produce the following equa-
tion:

—rsk~dz~2~(z-ctga+b)-( J=0~ ®)

do,(H-2z)=
2
- dz(y(H—z)—\ysq o, (2w32+ 2y, —WD )
where
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and

Wy, =2tgd, tgh.

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:

G,=0_\,, (10)
where
)H:(\Vz_W32_2W4)(H_2)+‘|’522+‘|’62+‘|’7. A1)

(Ws—w,)(H ~2)

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

: Zrm,z+
o:10 %ﬁfﬂs—ﬁo, (12)
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When solving the resulting equation, the integration
constant is based on the initial conditions z=0, 5,=¢, where
q is the load on the surface of the fill soil:

w
C,=qH"exp| — |, 13
1=q XP( H) (13)
where u=2Hn,+n,, w=nH"+n,H+n,.
Taking into account the value of the integration constant
Cy, the solution of equation (12) takes the form

o.=(H-2)" exp(—mz— Hzﬁzjx

X C1+j Y dz |.
"(H-2)" exp(—mz— Hw )
-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:

w
X
H—z)

X(\Vz -y, z=2y, )(H -2)+y, 2 + ez +y, N
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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

—‘:L_~dz~5—re~,d—2~5-sin6—
sin®

- 9.7'0,’2 ~S~C0$6+dG-S-H_Z—
sin© tgh
do, A2 g6 o, (16)

tgo ‘ tgo

Performing similar transformations transforms equation
16 into the following:

do,(H-z)=dz(y(H-2)-y,0, +0,),

7)

where

_ tg0(tgd, tg — tgd, tgh)+ tgbtg+1
Vo= tgh—tgo '

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

H-z

—T('dZ'S' . .H_Z.H_Z_
' g0

+dG-S
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.H—z. ~H_Z—0

—do =0.
g0 2tg6
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(18)

The transformation of this equation produces the fol-
lowing:

do,(H-z)=dz(y(H-2)-y,0,). 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
1

VoV

A (20)

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

My

G.+0 —v=0,
4o,y @1
where
n4=7\u” —1.
Wy~ Yy

The integration constant is determined from the con-
dition of equality of vertical stresses on the boundary of
the sections 6,=¢q, z1=d, where ¢ is the vertical pressure at
depth d:

C,= (22)

o, (d) _T Y
(

(H_d)m 0 H_d)m

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

o,=(H-2)" [62 +I(H—Yz)’“d2}

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:

H
6! =(H-z)" ! cz+j%dz .
Vo~ Vs i (H—-z)"

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.

(23)

(24)



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<H.
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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

—1,-dz-§—1,- 42 -S-sinf-
sin
5, §.cos0+dG-S—do 2.5+
sin© gl

+02~;;—29-S—15k~dz~2~(b—z~ctgoc):0. (25)

By performing similar transformations, the following
equation is obtained:

do,(H-z)=

:dz(y(H—z)—\ypc—Gz(wz—\ygz)). (26)

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

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

do,(H-2z)=

22—yt
- dz(v(H—z)—wsoc -0, (2% -2y, —“’H"iz"’]) (28)

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

(\l’z V32— 2W4)(H - 2)+ \V522 V2TV,
(v —w,)(H -2)
the coefficients vy, ya...yg are given above.

Taking into account expression (10), equation (26) takes
the form
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When solving the resulting equation, the integration
constant is determined starting from the initial conditions
that z=0 and o,=¢:

w
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where
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The form of the general solution (14) does not change.
Expression (16) changes with regard to (30):
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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 §=3.0 m; the height of
the stiffeners d=17.0 m; specific earth gravity y=11 kN/m?;
the angle of internal friction of the soil =30°% and the
uniformly distributed load on the surface g=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=b,=3.0 m), downward expansion (width at the top (bot-
tom) b1(by)=1.8(4.2) m), and upward expansion (width at
the top (bottom) b1(b9)=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.

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 (8,=0 and 8;=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 %
(8,=0.5¢ and 8,=0.5¢). Allowance for friction forces only
along the lateral faces of the counterforts (5,=0 and §;=¢)
reduces the pressure to 15.6 % (with a downward expanded
counterfort).

Table 1
Values of the resultant forces of lateral earth pressure
The resultant force of earth pressure,
depending on the angle of the soil
No.| Counterfort shape friction against the wall, kN
8:=0 |8~0.5¢ | 5.=0.7¢ | 8.~=0
5,=0 8,=0.5¢ | 6;=0.7¢ o=
1 without 1479 | 1281 | 1211 | 1,109
counterforts
g | Withrectangular |y ho7 |y 695 | 11965 | 96
shape counterforts
g | counterforts with |y 4oz 14674 | 1173 | 926
downward expansion
g | counterforts with )y o974 696 | 1200 | 969
upward expansion

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
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Fig. 3. Diagrams of earth pressure on the sheet pile wall with counterforts:
a — rectangular; b — with downward expansion; and ¢ — with upward
expansion. 1 — at 6.~6,=0; 2 — at 6.~06,=0.5; and 3 — at 6.=0, 3,=¢

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 8,=0 and 8,=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

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



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
The resultant force of earth pressure on the wall
(Ea, kN), depending on the counterfort shape
Indi
ndicators Trapezoidal | Trapezoidal with
Rectangu- .
lar with downward | upward expan-
expansion sion
According to
the calculated 1,928 1,872 1,779
dependences
According to |y g7, 1,960 2,052
the experiment

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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Pospobaeno nioxio do o6rpynmy-
8aMHA MeXHIMHUX PiuleHb 011 MOMH-
KOCMIHHUX MAWUHOOYOIBHUX KOH-
cmpyxuii. 3adaua poszensdacmocs
Y nmpocmopi ysazanvHeHux napame-
mpie, sAKi 00’conyromv npoexmui i
MeXHON0IUHI HUHHUKU MA YMOBU eKC-
nayamauii. Y cgpopmosanomy napa-
Mempuunomy npocmopi O0yoyemovcs
anpoxcumosana noeepxmus 6i0eyxy.
Ha 0ooamox 6600amvca kpumepiais-
Hi ma 00MeNcysanvHi 3anelcHoCmi.
Iicas uvoeo nposodumvcs nowyx
onmumymy Qyuxuii axocmi 0ocai-
0icyeanoi Koncmpyxuyii

Knrwouoei cnosa: monkocminna
Mawuno0y0ieHa KOHCMPYKUis, Hanpy-
Jceno-odepopmosanuii cmamn, nogepx-
H31 6102YKyY, IHHOBAUTIHUT 6UPIO

[m, ]

Paspaboman nooxod x obocrosa-
HUI0 MEXHUMECKUX PeuleHull 0151 MOH-
KOCMEHHbIX MAWUHOCMPOUMETIbHBLX
Koncmpyxuuil. 3adava paccmampuea-
emca 8 mpocmpancmee 0000ueHHbLX
napamempos, xomopvie 00veduHsIIOMm
npoexmmuvle U MmexHosozuecKue Qar-
mopvt u ycarosus sxcnayamavuu. B
chopmuposannom napamempuneckom
npocmpancmee CmMpoumcs annpoxcu-
MUPOBAHHAS NOBEPXHOCI OMKIUKA.
B donoanenue 6600amcs xpumepuaio-
Hble U 02paHUMUMETIbHbLE 3A6UCUMO-
cmu. Ilocnie 3mozo nposodumcs nouck
onmumyma PYHKUUU Kauecmea uccie-
0yeMotll KOHCMPYKUUU

Kniouesvte cnosa: monxocmennas
MAWUHOCMPOUMENbHASL KOHCMPYK-
uusl, HanpaNceHno-oePopmuposan-
Hoe cocmosnue, n08ePXHOCMb OMKIU-
Ka, UHHOBAUUOHHBLU NPOOYKM
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1. Introduction

solutions. Therefore the machine-building companies are in-

Modern industry, transport and service sector are facing
these days ever growing demand for innovative engineering

evitably shifting their focus towards development, pre-pro-
duction and manufacturing of such products. A substantial
part of such activities is related to thin-walled machine




