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SCIENTIFIC EVIDENCE FOR WALLS FASTENING TECHNOLOGIES 
OF WORKING TRENCH BY THE SPECIAL METHOD «SLURRY WALL» 
FOR SHALLOW SUBWAYS’ STATIONS 

Purpose. It’s necessary to carry out justification of fastening technology and the choice of the optimal variant, 
creating dependency diagrams of moving for idealized cases by means of automated methods of calculations.  
Methodology. To achieve this goal, the finite element solid models, which reflect the design of the working trench 
for the shallow subways’ stations, with four ways to fix the “slurry wall”, as well as a calculation and analysis of the 
stress-strain state of structures and fixtures calculated using the complex with using the finite element method 
(FEM) is built in the software package SCAD. Findings. The analysis of the stress-strain state and movements of 
various fundamental systems of soil nailing and comparing the results by displaying the calculations results of main 
and equivalent stresses, using the built-in postprocessors in software package SCAD. Namely, were identified ex-
treme tensions arising in the wall and strut rail. It is built the tables and the resulting graph of behavior of the struc-
tural fastening condition; the parameters change of the surrounding array on the base of the research. It is possible to 
analyze and compare the operation of different constructions of slopes fastening of working trench by means of their 
help. Originality. In solving this problem have been analyzed and studied the behavior of the structure fastening the 
«slurry wall», and its stress-strain state, the location and the fastening areas that need further elaboration, study and 
introduction of measures to strengthen the construction of fences and auxiliary fixing elements, presented with metal 
strut rail. Practical value. In the era of highly advanced building technologies in the construction of underground 
facilities with using the special method of “slurry wall” the question arises about the quick selection of optimal pa-
rameters, elements and methods of securing its walls from excessive strain and avoidance of displacement to the 
calculation of possible combinations of permanent loads from soil in the construction of the working trench. 

Key words: “slurry wall”; strut rail fastening; stress-strain state 
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Introduction 

Owing to the dynamic growth of the population 
in the cities and a tendency of the perspective trans-
port infrastructure solution with using of under-
ground space, there is a task in the solution of a num-
ber of questions, belonging to area of underground 
construction. The building of the underground facili-
ties, which is being built by the open method, re-
quires a detailed design and protection from exces-
sive strain of fastening construction, and daily surface 
around the working trench. The progressive method 
of fixing of the working trench slopes is the special 
method of a construction “slurry wall”. 

This method of the construction of working 
trench has several disadvantages, namely: the 
emergence of excessive deformations and dis-
placements in the system of wall-array local occur-
rence of extreme stress [2]. 

The question is to strengthen the design on the 
finite element model, which is a prototype of the 
working trench of the shallow subway’s station us-
ing the additional fastening by means of strut rail. 

Purpose 

Numerical justify fixing technology and selec-
tion of optimal variant, creating graphs comparing 
of fastening for idealized cases and finding meth-
ods to prevent undue strain and stress in the wall. 

Methodology 

It is build the finite element models that reflect 
the working trench for the shallow subway’s sta-
tion, with four ways of fastening “slurry wall” for 
achieve this task, and also the calculation and 
analysis of the stress-strain state structures and fas-
tening elements by means of FEM complex calcu-
lation is conducted. 

Findings 

The analysis of the stress-strain state and move-
ment of various fundamental soil nailing system and 
comparing of the given results. It is built the tables 
and resulting graphs behavior and state of construc-
tion fasteners, change its settings and parameters 
surrounding the array on the basis of researches. 

Originality and practical value 

In solving task in hand was analyzed and inves-
tigated the behavior of fixing construction and its 

stress-strain state, found the space and plots of fix-
ing construction which require further elaboration, 
investigation and resolution measures to strengthen 
the construction and consolidation items. 

During the construction of underground facili-
ties with using a special method “slurry wall” the 
question that has to be answered is in a fast selec-
tion of optimal parameters, elements and ways to 
consolidate its walls from excessive strain, stabi-
lize the soil mass around working trench, minimiz-
ing the value of its deformation and prevent land-
slides with the expectation gravity load in the con-
struction of working trench. 

Developments of finite element model for calcu-
lation the dimensional mountings of “slurry wall”. 

For calculation the stress-strain state of the fix-
ing construction of the working trench by means of 
strut rail is used finite-element model which is a 
section of working trench of length 7 m. The 
square size of the finite element is taken 0.5 m. 

As it is considered the part of the construction, 
which has the extensive sizes, it is necessary to 
impose the relocation ban of the appropriate sides: 
the relocation prohibition along the global axes X, 
Y, Z, for a basis, and in X, Y directions, on ex-
treme edges, that lying in the YoZ and XoZ planes 
accordingly [4]. 

For strut rail fixing two options are selected: 
1. Alternative mounting by means of help of 

one row strut rail, as shown in Fig. 1, and in the 
form of a pipe with a diameter of 1 000 mm and 
thick wall of 10 mm; 

2. Option fixing with two rows of strut rail, as it 
is shown in Fig. 1b, in the form of pipes with a di-
ameter of 1 000 mm and a wall thickness of 10 mm; 

Strut rail in the submitted models are repre-
sented as finite element of square section. For 
faithful calculation results by means of VC SCAD, 
it is given elastic modulus, principal moment of 
inertia section area of pipe and composite unit 
weight in accordance with section [8, 13]. 

It is developed models and calculation of a ho-
mogeneous soil mass for a more detailed analysis and 
idealized stress-strain state of fixing construction [6, 
7]. It allowed reflecting the real action of one given 
type of the soil on construction of a barrier. 

The calculation was conducted with using para-
meters that numerically reflect the properties of the 
material and ground mounting sections and values 
through their elastic modules, the proportion of mate-
rials and Poisson’s ratio for each type of rigidity [3, 5]. 
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a 

 
b 

 
Fig. 1. The finite element model with additional  

fastening “slurry wall” by means of:  
a – one row of strut rail; b – two rows of strut rail 

a 

b 

 
Fig. 2. The rigidities scheme of the finite element 

model during fixing the walls attaching  
of the working trenches:  

a – by means of the one row of strut rails;  
b – by means of the two rows of strut rails 

The soils surrounding the array presented in a 
variety of similar species, such as sandy, loam, 
clay and sand. 

The diagram (Fig. 2, a, b) shows the placement 
of designated models of rigidity, which correspond 
to the actual placement of fixing construction in 
the working trench with one and two rows of strut 
rails, respectively. 

These numerical characteristics of the soil and 
the materials fastening elements are summarized in 
the Table 1. 

Table 1  

Numerical parameters of the material models 

Name of the 
element 

Elasticity 
modulus Е, 

MPa 

Relative 
density γ, 

kN/m3 

Poisson’s 
ratio µ 

Soils 

Sandy loam 15 20.00 0.3 

Loam 25 20.00 0.3 

Clay 30 20.00 0.3 

Sand 75 20.00 0.3 

Fastenings 

Ferroconcrete 32.5·103 24.50 0.2 

Strut rails 210·103 77.00 0.3 

For further calculation of construction for 
strength, that carried on concrete that is used to 
crack the maximum normal stresses arising in the 
“slurry wall” along the global Z-axis [10, 14]. 

The obtaining of normal stresses allows consid-
ering multi-axial stress in elements of model and 
more precisely to clarify behavior of construction 
in case of interaction it with the environmental ar-
ray executions and caused by its loadings [6]. 

It is the initial data for calculating finite-
element models of attachment. 

The calculation for working trench, slopes con-
solidation of which are presented in the form of 
“slurry wall” attached to one and two tiers of strut 
rails. Each of these models is the section of work-
ing trench length of 7 m [11]. 

For comparing four finite-element models of a 
special method of working trench slopes fixing by 
means of “slurry wall” without any additional fix-
ing with the help of strut rails are constructed. The 
rigidness is appropriated to these models, the simi-
larly provided in Table 1, except strut rail fixing. 
This model allows to compare system behavior of 
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fixing-array and to define points the application of 
points of additional coupling in the form of strut 
rails. The following number 0-1, 0-2, 0-3, and 0-4 
for environmental arrays in the form of sandy 
loam, loam, clay and sand respectively is assigned 
to these models. 

It is analyses the stress-strain state of working 
trench mounting with the help of “slurry wall” 
without additional fasteners. 

The software package SCAD Office 11.5 was 
used to calculate the construction of stress-strain 
state. The scheme of the distribution of normal 
stresses along the Z-axis, available in wall and it is 
visible section of their maximum values, and these 
values are extreme at 10 m from the top “slurry 
wall” are given on Fig. 3. Data retrieved of tensile 
stresses in concrete allow picking up reinforcement 
for the given construction. 

10
  м

 
Fig. 3. The scheme of the voltages in the “slurry wall” 

without the additional fastening. 

By means of results it is revealed the trouble 
spots which need the additional fixing and gains 
for introduction into service. The maximum ex-
panding and compression stresses which arose in 
construction when using the environmental array in 
the form of sandy loam, loam, clay and sand are 
defined. These data allow calculating fixing con-
struction reinforcements. 

In the analysis of horizontal relocation it was 
revealed that the maximum relocation of “slurry 
wall”, are watched at the level of top of a retaining 
wall. All these data are provided in table 2. 

Table 2  

Stress and displacement models without additional 
fastening 

Tension NZ, 
kN/cm2 No. 

model Soil 
+ – 

Displace-
ment, cm 

0-1 Loam 
sandy 0.61 0.41 24.10 

0-2 Clay 
loam 0.54 0.38 16.00 

0-3 Clay 0.53 0.38 14.42 

0-4 Sand 0.31 0.26 6.75 

During the study the calculation of the finite-
element models mount slopes of the working trench 
with using a special method “slurry wall” without 
any additional mounting was conducted. The result-
ing diagrams clearly reflect the processes in the sur-
rounding array and the “slurry wall” [10, 14]. 

Considering the data provided in Table 2 it is 
possible to draw a conclusion that “slurry wall” has 
the considerable margin of safety, but this system 
doesn’t satisfy a boundary condition of horizontal 
relocation of the wall top in case of model with 
loam makes the maximum value of  24,10 cm. So 
it is necessary to enter additional systems of fixing 
in the form of executions of the same kind at the 
level of 1, 5 m from wall top. It will allow com-
pensating relocation, arisen in system without ad-
ditional fixing [10]. 

It is analysis of the stress-strain state of working 
trench mounting with “slurry wall” with additional 
support in the form of the one row of strut rails. 

In models that have been developed and calcu-
lated using the finite element method with the in-
troduction of a number of strut rail clearly dis-
played behavior change “slurry wall”. These 
changes consist in reducing the horizontal move-
ment of the wall with the array of local and extra 
stress at the site of attachment to the strut rail fence 
[12, 15]. 

The diagram (Fig. 4) shows movement isofield 
of fastening systems along the X-axis of the global 
maximum values of displacement and stress: for 
walls – at the bottom of the working trench and 
third of the height of the wall from the bottom of 
the working trench, respectively; and contiguity 
strut rail at the “slurry wall”. The results are sum-
marized in Table 3. 
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Fig. 4. The scheme of movements along the global  

X-axis 

According to the attained results it is shown 
that the design has significant reserves of strength 
for the first group of limiting states. However, it 
does not satisfy the condition of horizontal dis-
placement (second boundary condition) in different 
types of soils. 

The largest equivalent stress and horizontal dis-
placement observed in the variant with the sur-
rounding array, which is presented in a sandy loam 
and smallest values of these parameters are ob-
served in the array, in the form of sand. 

Table 3  

The stresses and displacement in models with  
additional fixing with one row of strut rails 

Tension NZ, 
kN/cm2 No. 

model Soil 
+ – 

Displace-
ment, cm 

1-1 Loam 
sandy 0.56 0.39 24.03 

1-2 Clay 
loam 0.49 0.36 16.53 

1-3 Clay 0.47 0.35 15.06 

1-4 Sand 0.26 0.24 7.22 

By means of results it is revealed trouble spots 
which need additionally fixing and gains for intro-
duction into service. The maximum expanding and 
compression stresses which arose in construction 

when using an environmental array in the form of 
sandy loam, loam, clay and sand are defined. 
These data allow calculating the fixing construc-
tion of reinforcements. 

It can be concluded that the introduction of ad-
ditional spacer model led to reduction of stress in 
concrete construction “slurry wall” and reduce the 
horizontal displacement at the top of the working 
trench. However, at the bottom of the pit horizontal 
displacement values increased significantly as a 
result of “slurry wall” “rotation” around the strut 
rail. In this case it is advisable to introduce an ad-
ditional row of strut rail vertically, to reduce the 
expression of this phenomenon. 

It is analysis of the stress-strain state of work-
ing trench mounting with “slurry wall” with addi-
tional support in the form of two rows of strut rails. 

In the above models for analysis and compari-
son have been introduced additional second tier of 
strut rails. This event allowed significantly reduces 
the horizontal displacement system mounting and 
reduce its domestic efforts [14, 16]. The results of 
models calculation with the help of finite element 
method are shown in Table 4. 

Table 4  

Stress and displacement models with additional  
fastening with two rows of strut rails 

Tension NZ, 
kN/cm2 No. 

model Soil 
+ – 

Displace-
ment, cm 

2-1 Loam 
sandy 0.24 0.54 20.90 

2-2 Clay 
loam 0.27 0.41 13.26 

2-3 Clay 0.27 0.38 11.60 

2-4 Sand 0.19 0.23 5.66 

These results show that the introduction of the 
additional second row of strut rails allowed reduc-
ing the horizontal displacements up to 25% com-
pared to the variants of working trench mounting 
slopes with using the optional mounting as one row 
of strut rail. However, there were local extreme 
tensions at the site of attachment of the second 
strut rail row. Following to this, efforts for 
strengthening the places of strut rail attaching point 
enter the additional reinforcement. 
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Conclusions 

By results of these conducted researches the 
analysis of change of the intense deformed status 
of construction of slopes fixing is made. The solu-
tion of these tasks was shown that it didn’t lead to 
introduction of one vertical row of strut rails to 
significant improvement of indexes and led to the 
origin of additional tension and extreme relocation 
at the level of excavation bottom. It shows that 
with big depths of working trenches it is necessary 
to enter additional vertical rows of strut rails in the 
course of carrying out the soil development for 
shallow subways’ stations and other underground 
engineering constructions [1].  

According to the movements it is built the de-
pendency diagrams of elastic modulus and hori-
zontal displacements wall-soil system for each case 
of working trench fixing. The diagrams are built 
for extreme values of displacements at the excava-
tion bottom (except option without additional fas-
teners) and shown in Fig. 5. The data of relocation 
for a graphics of fixing option of the working 
trench without strut rails are used for the level of 
working trench top [16]. 

This diagram shows efficiency of additional fix-
ing introduction of two vertical rows of strut rails 
and the changing of deformations value with change 
of elastic modulus of an environmental array. 

The graphs of functions are represented as 
power function and performance with reliability 
approximation equal to about 1, which is confirm-
ing the existence of power dependence of the elas-
ticity modulus and movement in the system [9]. 

According to the given results of calculations it 
is possible to make the following conclusions. 

The method of introducing of the additional 
rows of strut rails in the fastening construction has 
been achieved the reduction of the horizontal dis-
placement at the excavation bottom. And to reduce 
the value of the main stress concrete construction 
“slurry wall”, which is allowing arguing about the 
effectiveness of using this method in any geologi-
cal conditions, presented by soils with unstable 
grounds [7]. 

 
 
 
 
 

 
Fig. 5. The dependence graph of the horizontal displacements of the array from the elasticity modulus 
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НАУЧНОЕ ОБОСНОВАНИЕ ТЕХНОЛОГИЙ КРЕПЛЕНИЯ СТЕН 
КОТЛОВАНОВ СПЕЦИАЛЬНЫМ СПОСОБОМ «СТЕНА В ГРУНТЕ» 
ДЛЯ СТАНЦИЙ МЕТРОПОЛИТЕНОВ МЕЛКОГО ЗАЛОЖЕНИЯ 

Цель. В работе проведено обоснование применения технологий крепления и выбор оптимального вари-
анта, создания графиков зависимостей перемещения для идеализированных случаев при помощи автомати-
зированных методов расчетов. Методика. Для достижения поставленной цели в программном комплексе 
SCAD построены конечно-элементные объемные модели, которые отображают конструкцию котлована для 
станций метрополитенов мелкого заложения, с четырьмя способами закрепления «стены в грунте». Также 
произведен расчет и анализ напряжённо-деформированного состояния конструкций и элементов крепления 
с помощью расчетного комплекса с использованием метода конечных элементов (МКЭ). Результаты. При 
помощи отображения результатов расчетов главных и эквивалентных напряжений, используя встроенные 
постпроцессоры в программном комплексе SCAD, проведен анализ напряженно-деформированного состоя-
ния и перемещений различных принципиальных систем крепление-грунт и сравнение полученных результа-
тов. А именно, были определены экстремальные напряжения, возникшие в стене и расстрелах. На основе 
исследований построены таблицы и результирующие графики поведения состояния конструкции крепления, 
изменения параметров окружающего массива. С их помощью можно анализировать и сравнивать работу 
разных конструкций укрепления откосов котлованов. Научная новизна. При решении данной задачи было 
проанализировано и исследовано поведение конструкции крепления «стены в грунте» и ее напряженно-
деформированного состояния. Определены места и участки конструкций крепления, которые нуждаются  
в дальнейшей детальной разработке, изучении и введении мероприятий для укрепления конструкции  
ограждения и вспомогательных элементов закрепления, представленых металлическими расстрелами. 
Практическая значимость. В эпоху высокопрогрессивных технологий строительства при сооружении под-
земных объектов с использованием специального способа «стена в грунте» возникает вопрос быстрого под-
бора оптимальных параметров элементов и способов укрепления её стен от чрезмерных деформаций. Также 
стабилизации грунтового массива вокруг котлована, минимизировав значения его деформации и избегания 
сдвигов с расчетом возможных комбинаций постоянных нагрузок от грунтов при сооружении котлована. 

Ключевые слова: «стена в грунте»; расстрельное крепление; напряженно-деформированное состояние 
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НАУКОВЕ ОБГРУНТУВАННЯ ТЕХНОЛОГІЙ КРІПЛЕННЯ СТІН 
КОТЛОВАНІВ СПЕЦІАЛЬНИМ СПОСОБОМ «СТІНА В ГРУНТІ» 
ДЛЯ СТАНЦІЙ МЕТРОПОЛІТЕНУ МІЛКОГО ЗАКЛАДЕННЯ 

Мета. В роботі проведено обґрунтування застосування технологій кріплення та вибір оптимального ва-
ріанту, створення графіків підбору кріплення для ідеалізованих випадків за допомогою сучасних автомати-
зованих методів розрахунку. Методика. Для досягнення поставленої задачі в програмному комплексі SCAD 
побудовано скінченно-елементні об’ємні моделі, які відображають конструкцію котловану для станції мет-
рополітену мілкого закладення, з двома різними способами закріплення «стіни в ґрунті». Також проведено 
розрахунок та аналіз напружено-деформованого стану конструкцій та елементів кріплення за допомогою 
розрахункового комплексу з використанням методу скінченних елементів (МСЕ). Результати. За допомо-
гою відображення результатів розрахунків головних та еквівалентних напружень, використовуючи вбудова-
ні постпроцесори в програмному комплексі SCAD, проведено аналіз напружено-деформованого стану та 
переміщень різних принципових систем кріплення-ґрунт і порівняння отриманих результатів. А саме, було 
визначено екстремальні напруження, які виникли в стіні та розстрілах. На основі досліджень побудовані 
таблиці та результуючі графіки поведінки та стану конструкції кріплення, зміни його параметрів та параме-
трів оточуючого масиву. За їх допомогою можна аналізувати та порівнювати роботу різних конструкцій за-
кріплення відкосів котлованів. Наукова новизна. При вирішенні даної задачі було проаналізовано та дослі-
джено поведінку конструкції кріплення «стіни в ґрунті» та її напружено-деформованого стану. Виявлені 
місця та ділянки конструкцій кріплення, які потребують подальшої детальної розробки, дослідження та ви-
рішення заходів із укріплення конструкції огородження та додаткових елементів закріплення, які представ-
лені металевими розстрілами. Практична значимість. В епоху високорозвинених технологій будівництва 
при спорудженні підземних об’єктів із використанням спеціального способу «стіна в ґрунті» постає питання 
швидкого підбору оптимальних параметрів елементів та способів для закріплення його стін від надмірних 
деформацій. Також стабілізації ґрунтового масиву навколо котловану, мінімізувавши значення його дефор-
мацій та запобіганню зсувів, з розрахунком можливих комбінацій постійного навантаження від ґрунтів при 
спорудженні котловану станції. 

Ключові слова: «стіна в ґрунті»; розстрільне кріплення; напружено-деформований стан 
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