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Abstract

Purpose. The study aims to optimize the design and reduce soil nail length in deep excavations with a soil nail system in
fast-draining soils. Additionally, it investigates the parameters influencing slope stability in fast-draining soils.

Methods. Integrating field and lab data with soil nail properties and advanced modeling, this study investigates how fixed
nail length, inclination and spacing affect the stability of a 20 m-deep excavation in fast-draining soil.

Findings. The study findings reveal that optimal parameters, such as nail spacing and inclination angle, have been identi-
fied for reinforcing deep excavation walls, ensuring stability with minimal nail length. Notably, the stability of excavation
walls can be achieved without the need to increase the length of the soil nails. The recommended parameters are characteristic
of an 8-meter-long soil nail system, a 30-degree inclination angle, and a spacing of 1.5x1.5 meters.

Originality. This study presents a novel perspective on the structural characteristics of soil nails by determining emphasi-
zing nail spacing, inclination angle, and fixed nail length. It offers a comprehensive framework for designing soil nail walls in
fast-draining soils during deep excavations, contributing to advancements in open-cut excavation practices.

Practical implications. The study offers practical implications for designers involved in deep slope earthworks, enabling
the development of efficient and rational design solutions that ensure excavation stability and prevent displacement during
excavation while reducing costs and project duration.
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1. Introduction especially as the excavation deepens, leaving limited time
The stability of deep excavations and slope faces is criti- ~ for preventive measures [11]-[13]. o N
cal for both mining operations and structures built within A support system had to be found to maintain the stability

geological formations. Geotechnical engineers have exten- ~ Of deep excavations with steep slopes to meet the require-
sively studied various methodologies, particularly in slope ~ Ments of both mining operations and construction pro-
stability analysis, to remove complex geological obstacles.  Jects [14]. The design of deep excavations is becoming more
Thorough analysis and effective management of deep earth- ~ complicated, the requirements for their design and construc-
works are vital to prevent emergencies and maintain the  tion are being supplemented and growing, tighter limits for
load-bearing capacity of nearby structure [1]-[5]. allowable dlspla_tc_ements, a_lnd new construction m_e'fhods that

Excavations can cause disturbances within soil layers, 90 beyond traditional design methods [15]. Traditional sus-
posing challenges to excavation stability, which are similar ~ tainability-oriented design approaches are no longer enough.

to those faced by slope stability systems. Designs now require controlling displacements and limi-
Many researchers have contributed to numerous studies  ting movements [16]. It is required to change the approach
aimed at addressing the stability issues associated with soil ~ t0 designing systems for fixing deep excavation, including

and rock layers during cutting, excavation, and mining the definition of permissible limits of movement, developing
operations [6]-[9]. These studies have significantly benefit-  an optimal solution to maintain movements within accepta-
ed the mining and construction industries by developing  Ple values, and determining steps to mitigate the conse-
support systems that ensure stability in excavations and ~ duences in case of exceeding the allowable movements [17].
slope faces. Excavations pose a significant contemporary ~ Excavation failures can result in displacements caused by
challenge, as the risks escalate with increasing depth [10].  Various mechanisms that require appropriate safety factors
Ensuring the stability of excavations, especially those with ~ t0 be implemented. Besides these factors, pre-failure move-
steep vertical slopes, is crucial. The unloading of soil can ~ Ments can arise from multiple causes, which can be evaluat-

software programs [18]-[22].
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Despite the considerable research conducted on deep
excavation stability and soil nailing techniques, the process
of selecting an appropriate soil nail design system to improve
the stability of fast-drying deep excavations remains a
complex undertaking [23].

This study presents various design approaches to select an
appropriate soil nail design system that enhances the stability of
fast-drying deep excavations. The selection process involves
utilizing soil nailing techniques and the PLAXIS 2D Connect
Edition v22 software. The analysis encompasses crucial factors
such as soil properties, excavation geometry, and other perti-
nent parameters that influence excavation stability.

The primary objective is to identify the most suitable soil
nail design system capable of mitigating excessive move-
ments during deep excavation by effectively addressing failure
motions induced by stress within the support system. The
study particularly focuses on key contributing factors to
failures in this domain, including the influence of soil layer
stiffness, strength, and variations in the geometric properties
of the slope stabilization structure for deep excavations.

2. Case study, numerical model

2.1. Initial data of the project

The excavation site is situated in the city of Amman and
is adjacent to a multi-story building on its southern side. The
deep excavation faces share similar depths and geotechnical
conditions. The length of the excavation on the western and
southern sides measures 50.4 and 47.9 meters, respectively.
The study focuses on a specific side presented in the excava-
tion plan shown in Figure 1.
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Figure 1. Excavation plan

In Figure 1, the excavation site is bordered by 10 m-wide
roads to the north and east, a 20 m-wide main street to the
west, and a multi-story building to the south, situated 10 m
from the excavation area. The southern side was chosen for
study based on investigations revealing comparable
geotechnical conditions. The emphasis on the red-lined
southern aspect holds significance due to its proximity to a
vital multi-story building.

2.2. Excavation geotechnical condition

The soil at the site is layered at various depths, as deter-
mined from borehole investigations. These investigations
revealed the presence of five nearly horizontal layers. Field
and laboratory tests were conducted to characterize the
ground conditions for the project. The drilled boreholes en-
countered multiple subsurface layers. The uppermost layer,
L1, consists of sandy lean clay (CL) with brown sand and
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clay, along with lime gravel and cobbles, ranging in thick-
ness from 1.45 to 1.50 m. Immediately below L1 is layer L2,
the composition of the sedimentary formation consists pri-
marily of fat clay (CH), accompanied by brown to reddish
brown clay and sporadic occurrences of lime gravel and
cobbles with a thickness of 2.9 to 3.0 m. Layer L3, clayey
sand (SC), is brown to reddish brown and contains scattered
gravel and cobbles of limestone, with a thickness ranging
from 6.35 to 6.50 m. Layer L4, elastic silt (MH), the soil in
this area exhibits a brown to reddish-brown silt texture and
contains a mixture of gravel and cobbles of limestone, ran-
ging from 5.8 to 6.0 m in thickness.

Finally, layer L5 is gravelly fat clay with sand (CH), con-
sisting of grayish creamy clay with sand and gravel. The
geological formation in this area consists of fractured dolo-
mitic limestone, which has moderate to strong strength. It is
interspersed with layers of yellowish creamy, fractured marly
limestone that ranges from weak to moderately weak, often
containing nodules and fossils. Additionally, there are thin
layers of marl that exhibit a very weak to weak strength.

2.3. Soil nail system construction procedures

The excavation process was meticulously carried out fol-
lowing a well-defined work plan to ensure the safe and effi-
cient progress of the project. It was systematically divided
into multiple stages, allowing for careful monitoring and
control at every step. After each excavation stage, ground
nails were promptly and securely installed to provide crucial
support for the diaphragm. Subsequently, steel reinforcing
elements (nails) were meticulously incorporated to further
enhance the structural stability. The thoughtful placement of
a geogrid layer followed, serving as an additional reinforce-
ment measure. The application of sprayed concrete was car-
ried out precisely, providing enhanced fortification for the
excavated area. The entire excavation process was methodi-
cally divided into five distinct stages, each serving a specific
purpose and contributing to the overall progress. For detailed
information regarding the precise positioning of the nails
within the soil mass, please refer to Figure 2.

Adjacent Building

SANDY LEAN CLAY (CL)
FAT CLAY (CH)

CLAYEY SAND (SC)

ELASTIC SILT (MH)

sraveLy rar cuavwin s e[

Figure 2. A section of the excavation wall and the geometric
parameters of soil nails and Soil layers in sit

Initial data. Excavation with a depth of 20 m has dimen-
sions in terms of 48x50 m with vertical walls without a slope.
On Figure 2 shows the geological characteristics of soils at the
construction site. The construction of the excavation and foun-
dations, as well as the entire cycle of works on the construc-
tion of the underground part of the building, including the
stage of backfilling with soil, is scheduled for the summer
period. This condition will ensure a reduction in labor and
material costs at the stage of fixing the walls of the excavation.
Figure 1 shows the plan of the area of the construction site.
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The load from the building on the left side of the excava-
tion is calculated as a static surface load of 35 kN/m?, on the
right sides — the distances to existing buildings are signifi-
cant, so a wall with a greater load was chosen for analysis.
To stabilize the excavation walls, a method involving dowel
fastening of the soil massif (drilled nails) with a protective
coating on the wall surface (slope) was implemented.

The length of the nails was set at 8 meters, which corre-
sponds to 0.4 times the height of the excavation. The protec-
tive coating on the wall surface consists of a layer of geogrid
followed by a 50 mm thick application of concrete coating.
Various models were created with different dowel spacing
and angles of inclination. In all models, the first row of nail
was installed at a depth of 1.2 meters.

The construction process for a soil nail wall involves
several steps. Initially, an excavation is performed, typically
ranging in depth from 91.44 to 152.40 cm, with the front side
left unsecured until the installation of nails and initial clad-
ding. Specialized drilling equipment is used to drill holes for
the nails, which are then installed and grouted. Strip drains
are also placed on the excavation face. Subsequently, an
initial layer of shotcrete is applied to the unsupported cut.
This layer is composed of a blend of welded-wire mesh and
strategically positioned horizontal and vertical bars surroun-
ding the nail heads, aiming to enhance the resistance to ben-
ding. The careful arrangement of these components serves
the primary objective of reinforcing the structure against
bending forces. Upon the complete curing of the shotcrete, a
steel bearing plate is meticulously positioned over the
exposed tendon, while the nail head is securely fastened
against the bearing plate using hex nuts and washers. Select
nails may undergo proof-load testing to validate their load-
bearing capacity. This sequential procedure is replicated for
each subsequent excavation lift, allowing the downward
extension of the strip drain and the continuation of the tem-
porary shotcrete from the previous lift. As the excavation
reaches its ultimate depth, the nails are systematically in-
stalled, and subjected to rigorous testing, and a permanent
facing is erected using reinforced shotcrete [24].

Geometric characteristics of numerical models.

Model 1. A control model without the use of reinforcing
elements was performed to compare the results obtained.

Model 2. Pin spacing 1.0x1.0 m with pin inclination 20°.

Model 9. Pin spacing 3.0x3.0 m with pin inclination 30°.

For all models, the calculation was performed using the
Hardening Soil Model (HS-model) system and the results
were analyzed. For modeling, used common staged construc-
tion (CSC). The depth of excavation is shown in Figure 3.
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Figure 3. Numerical simulation model of a 20 m soil stud wall
and boundary conditions

Figure 3 shows a model of the excavation wall with soil
nails, including the geometric characteristics of the excavation
and the parameters of the soil nails, the soil layers at the excava-
tion site, the boundaries of the grid, and the fixation conditions.

3. Numerical analysis

Numerical analysis is an essential aspect of geotechnical
engineering as it enables the simulation of soil behavior
under different conditions. In the context of deep excavations
supported by a soil nail system, the HS-model incorporates
various parameters to accurately represent soil behavior and
ensure the design of safe and stable structures [25].

These parameters are crucial for finite element analysis, as
they determine the stiffness properties and other important soil
characteristics required for the simulation. One of the key
parameters in the HS-model is the effective secant modulus
(Eg), which represents the soil’s modulus of elasticity at a 50%
stress level under confining conditions. This parameter is
determined through a series of drained triaxial compression
tests conducted on soil samples indicated in Table 1.

The relationship between the mean stress (om), the verti-
cal effective stress (ov), and the stress exponent (m) — is de-
scribed by Equation 1 for normally consolidated soils and

Model 3. Pin spacing 1.0x1.0 m with pin inclination 30°. Equation 2 for over consolidated soils:
Model 4. Pin spacing 1.5x1.5m with pin inclination m
angle 20°. E_g*[%m] . 1)
Model 5. Pin spacing 1.5x1.5m with pin inclination 9 "5 (g, )’
angle 30°.
Model 6. Pin spacing 2.0x2.0 m with pin inclination 20°. et (o )"
Model 7. Pin spacing 2.0x2.0 m with pin inclination 30°. Eg=E, - -0 2
Model 8. Pin spacing 3.0x3.0 m with pin inclination 20°. %o
Table 1. Mechanical and physical properties of soil layers
Properties Shear strength . .
C lidated 0 idated U fined Vertical Horizontal Standard
. Direct shear onsolicated neonsoficatec neontine coefficient coefficient ~ penetration
Layer  \oid i undrained, triaxial undrained, triaxial compression of consoli- of consoli- test. N
No. ratio, O “Friction Friction Friction Compressive ; : "of
e angle, CONeSION, " ongle,  Cohesion, o e, COnesIion e ngth datlzon, (z:V' dauzon, S’h’ No. of
g€ ¢ kpa g% ¢ kPa g€ ¢ kpa 9t [10%ems)]  [10%(em?s)] blows
@ [ qu, kPa
L1 1.02 0.50 13 25 14 30 0 45 69 2.37 3.21 10
L2 1.25 0.55 10 21 13 36 0 34 61 0.89 1.12 3
L3 1.05 0.51 15 10 22 5 0 64 89 — — 11
L4 144 0.59 - - 22.3 36 0 39 66 5.12 6.45 5
L5 1.04 0.5 15 17 32 5 0 69 94 — — 19
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In both equations, (Eg) represents the modulus of elastici-

ref
ty of the soil, (ESO J is the effective secant modulus at a

50% stress level, (om) is the mean stress, (ov) is the vertical
effective stress, (oo) is the pre-consolidation stress, and m is
the stress exponent. The choice between Equation (1) and
Equation (2) depends on the consolidation state of the soil. In
the case of dry soil, which typically has low moisture content
and is not consolidated significantly, normally consolidated
soil behaviour is more appropriate. The stress exponent (m)
this statement originates from the outcomes of triaxial com-
pression experiments. or oedometer tests and reflects the
stress-strain behavior of the soil. It indicates how the soil’s
stiffness or modulus changes with varying stress levels. Both

ref ref
(ESO j and (E . j are parameters obtained from consoli-
oae

dation tests, representing the effective secant modulus of the
soil at different stress levels [26]. It is worth noting that if the
unloading-reloading cycle is not performed during the triaxi-
al test, some numerical analysis software may apply a multi-
res

f
.In
d

oae

f
plier of three to the value of (E; j to estimate (E

numerical analysis software, The coefficient of at-rest earth

pressure (kncj is approximated as (1-—sing’), where (¢")
o]

represents the effective angle of internal friction. This simpli-
fication aids in modeling soil behavior, particularly for nor-
mally consolidated soils. The angle of dilation (¥) is another
parameter used in numerical analysis. For undrained analysis,
(%) is typically assumed to be zero, indicating no volumetric
change during loading. For drained analysis, (%) is approxi-
mated as (¢'— 30°); considering the influence of soil dilation
on analysis. The unloading-reloading Poisson’s ratio (Vur) is
commonly set equal to 0.2 in numerical analysis, reflecting
the change in lateral strain during unloading and reloa-
ding [27] By employing these equations and input parameters,
the PLAXIS 2D Connect Edition v22 program accurately
simulates the stress-strain state of the soil during excavation.
The software employs a computational method specifically
designed for analyzing two-dimensional plane-strain and
using finite element techniques model to provide insights into
the soil’s behavior. Table 2 presents a summary of the main
input parameters for the soil layers used in the numerical
simulation of the coordinated model within the HS-model.

Table 2. Soil layers parameters for HS-model

Secant

A . Tangent Unloading/ . Coefficient Unloading/
Layer So'il unit Stg:;?; dm oedo,%etric reloading Stress (_:ohe- In_te(nal Efgifit(')\r/]e Dilatation of earth rel_oading
No. Wli;\?/ht,sy, triaxial, modulus, stiffness, expo- Sklm G frlCtLOHY angle, angl!e, pressure POI;_SO_H’S
m £ kym? e km? e km2 et m m ¢ ¢’ atrest, ke °¢ Vlfrlem’
L1 18.5 14600 14600 43800 0.8 15.0 14.0 0 0 0.501 0.2
L2 17.7 11550 11550 63525 0.5 18.0 13.0 0 0 0.501 0.2
L3 18.0 23700 23700 71100 0.5 2.50 22.0 0 0 0.515 0.2
L4 17.4 22900 22900 45800 0.6 18.0 22.3 0 0 0.515 0.2
L5 18.4 35400 35400 88500 0.5 5.50 23.5 0 0 0.515 0.2

To determine the soil nail parameters by calculation
Tskin, start, max USING Equation (3). This equation establishes a
relationship between the initial skin friction observed during
loading and various factors, including the strength and dia-
meter of the reinforcing steel, the diameter of the drill hole,
the modulus of elasticity of the soil, and the angle of internal

friction of the soil:
D
- 1- tano,
] ( DDHJ ¢
where:

Fy -D
E

Tekin, start, max — the maximum skin friction at the start of
loading;

Fy — the yield strength of the reinforcing steel;

D — the diameter of the reinforcing steel;

Ey — the modulus of elasticity of the soil;

DDH - the diameter of the drill hole;

¢ — the angle of internal friction of the soil.

Equation (3) accounts for the fact that skin friction deve-
lops primarily at the interface between the reinforcing steel
and the soil. When a load is applied, skin friction is mobi-
lized and reaches its maximum value at the beginning of the
load. The formula takes into account the influence of the
diameter of the reinforcing steel and the diameter of the hole
on the skin. The formula also includes the influence of the
modulus of elasticity of the soil on the friction of the skin.

®)

Tskin,start,max :[
g
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The yield strength (Fy) of reinforcing steel can be calcu-
lated using the following Equation (4):

, 4)

where:

F — the applied force or load;

A — the area of the steel cross section.

The yield strength is the maximum stress that steel can
withstand without permanent deformation. The formula also
takes into account the effect of soil elasticity modulus on
surface friction. The equivalent elastic modulus (E;) of
grouted nails can be determined taking into account the elas-
tic stiffness of both the grout cover and the rebar. Equa-
tion (5) for calculating (Ee) is as follows:

3 (EC'A9)+(ES"°\:)
(A +A)

E , 5)

ec —

where:

E. — the elastic modulus of the cement slurry;

Ag — cross sectional area of the cement pavement;

Es — the elastic modulus of the rebar;

A — the cross-sectional area of the grout cover;

As — cross sectional area of the rebar [24]-[26].

After determining the equivalent elastic modulus (Eeq)
using this equation, the axial hardness (Ea) and resistance
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bending (Ei) of cemented nails can be calculated using
Equations (6) and (7):

Ea= Eeq -l (6)
Ej =EBeq-!, @)
where:

A —the cross sectional area of the nail;

I — the moment of inertia of the cross-section of the nail;
Eeg — the modulus of elasticity of the cement slurry;

En — the elastic modulus of the nail;

Eeq — the equivalent elastic modulus of the poured soil nail;
A, — cross sectional area of the reinforcing bar;

A — ross sectional area of the poured ground nail;

A= (xDDH? | 4;
An = (xD?14;
A= (A= (A).
E 2
[ Axial — hardness] E5 = [ﬂJ : [m] ; 8
Sh 4
E 2
[Resistance - bending | E; = | — |- 7DDH™ : )
S 46

where:

DDH? — is the diameter of the drill hole.

Table 3 provides a comprehensive summary of the pa-
rameters and material properties associated with the nail
system in the numerical simulation of the coordinated model
within the HS-model.

Table 3. Parameters and material properties of the nail system for

HS-model

Parameters Symbol Value Unit
Material type — Elastic —
Axial hardness Ea 228.707-10°  kN/m
Resistance to bending Ei 142.9419  kNm?/m
Yield point strength Fy 415 MPa
Elastic modulus En 200 GPa
Elastic modulus of the E. 20 GPa
cement slurry (concrete)
Dl_amete_r of the D 20 mm
reinforcing steel
Drill hole diameter DDH 100 mm
Length of nail L 8 m
Declination with o o
respect to horizontal 0 207 and 30 degree

[1x1],
. . [1.5%1.5],
Spacing Sh-Sy [2x2] and m
[3x3]

Facing thickness t 200 mm

Based on the information provided, the wall of the exca-
vation is treated as a plane strain problem. The behavior is
modeled under dry conditions. The finite element mesh used
consists of 15-noded triangular elements, which are generat-
ed with an appropriate density. A fine mesh density is highly
informative, and it additionally reduces the density near the
soil nail wall (Fig .4).

The grid boundaries are located at a sufficient distance to
minimize their influence on the results of numerical simula-
tion, in accordance with the approach described in [28].
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Figure 4. The mesh for the deep excavations geometry of the soil
nail wall to simulate its behavior

3. Numerical results and discussion

In this study, numerical simulations were performed, and
the obtained results were compared and validated with the
data and findings from the previous study conducted by [29].
The comparison of the results from this study, the measure-
ment data, and the results from reference [29] was performed
at the final stage of the excavation, as depicted in Figure 5.
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Singh, V.P., & Sivakumar Babu, G.L. 2010 ¢ Current study

Figure 5. Comparison of results between the current study and [29]

The results are evident from Figure 5 demonstrate that
the results of the study presented in this article are largely
comparable with the results obtained in the study [29]. Spe-
cifically, the deflection “u” at the edge of the excavation was
found to be 30 mm in the current study and 34 mm in the
study [29]. The comparison between the results of the current
study and the findings of references [29] indicates a significant
agreement between them. It should be noted that the previous
study investigated the angle of nails at an inclination of
15 degrees and the excavation depth of 10 meters. Therefore,
in our study, we specifically conducted excavations up to a
depth of 10 meters for accurate comparison purposes. This
approach ensures the precision and reliability of our model.
Numerical models with different geometric characteristics are
analyzed based on the graphs of horizontal and vertical defor-
mations, as the main indicators in calculating the stability of
the excavation wall. The results of changes in the horizontal
and vertical displacements of the excavation wall for models
of soil nails are presented in Figures 6 and 7 respectively.

It is possible to single out the parameters of reinforce-
ment with nails, which have the greatest impact on the stabil-
ity of the deep wall of the excavation in rapidly drying soils.
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Figure 6. Horizontal displacement of the wall for various soil nail
arrangements
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Figure 7. Vertical displacement of the wall for various soil nail
arrangements

Namely: the length of the nail, the distance between the
nails, the angle of inclination of the nail and the coefficient
of friction at the soil-nail interface. In this study, the effect of
nail spacing, nail angle, and soil-nail friction coefficient on
the stability of a deep excavation wall in rapidly drying soils
was analyzed. The length of the nail remained constant and
was set to the minimum allowable for the given depth of the
excavation. To determine which of these parameters has the
greatest impact on the stability of the excavation wall, appro-
priate analyzes and calculations were carried out. The finite
element method was used to model the behavior of soil and
nails under loads caused by excavation. Based on the results
obtained, a comparative analysis of models with different
configurations of parameters for reinforcing the wall of the
excavation with nails was carried out. It was found that the
coefficient of friction at the soil-nail interface has a signifi-
cant impact on the stability of the excavation wall when
using nail reinforcement. The stability of the excavation wall
is higher at higher values of the coefficient of friction, which
ensured efficient transfer of forces from the nails to the
ground. In turn, at a lower value of the friction coefficient,
the nails do not effectively transfer the load to the ground,
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which leads to an increase in deformations and a possible
collapse of the excavation wall. The influence of this pa-
rameter on the stability of the structure is clearly seen in
Figure 6, as well as on the site soil profile shown in Figure 3.
Thus, by analyzing the properties of the soil layers, the top
layer L1 (SANDY LEAN CLAY) and the L5 layer
(GRAVEL OIL CLAY with SAND) are more stable than the
middle layers L2 (GAT CLAY) and L3 (CLAY SAND),
which are softer and more subject to deformation. The bot-
tom layer L4 (ELASTIC SLUT) is also relatively stable. The
maximum horizontal deformation is determined in the mid-
dle layers L2 (GAT CLAY) and L3 (CLAY SAND). The
maximum vertical deformation is defined in layer L2 (GAT
CLAY). What we observe in Figure 6 and 7. An important
role in strengthening the wall of the excavation in quick-
drying soils is played by the angle of inclination of the nails.
The influence of the angle of installation of the nails on the
wall of the excavation is as follows.

Stability — increasing the angle of the nails increased the
stability of the excavation wall, especially in the presence of
quick-drying soils.

The steeper angle of the nails creates more horizontal force,
which helps resist ground pressure and prevents wall movement.

Distance between nails.

A steeper angle of inclination allows for greater spacing
between nails, which can be beneficial in terms of material
savings and installation costs.

Interaction with the earth. The angle of the nails can also
affect how the nails interact with the ground. A steeper angle
of inclination can create more friction between the dowel and
the ground, which can aid soil retention. In all models con-
sidered in this study, there is an improvement in the stability
of the soil nailed wall with an increase in the angle of incli-
nation of the nails.

The influence of the distance between the nails on the
stability of the excavation wall in quick-drying soils can be
different. Reducing the distance between the nails led to an
improvement in the stability of the excavation wall. This is
due to the fact that a denser placement of nails allows better
control of soil deformations and prevents its movement.
Reducing the distance between the nails increased the re-
sistance of the soil to horizontal deformations, which will
reduce the likelihood of collapse of the excavation wall.

Wall displacement is a crucial safety factor that affects
both the support system and nearby structures. In under-
ground construction, it is common to observe horizontal wall
displacement of up to 2% of the final depth of excava-
tion [30], [31]. However, this range of horizontal displacement
is not suitable when shoring is in close proximity to a neighbor-
ing building or structure. Through their study [32] found that
the maximum lateral wall displacement, based on case histo-
ries, was approximately 0.2% of the excavation depth. Usually,
the permissible horizontal deformations of the excavation wall
are from 0.1 to 0.5% per 1 meter of the excavation width.

Thus, with an excavation width of 48 meters, the allowa-
ble horizontal deformations of the excavation wall range from
48 to 240 mm. In general, allowable vertical deformations are
usually a few percent of the excavation depth. For a deep
excavation 20 meters deep, allowable vertical deformations
can be in the range of 0.5 to 2.0% of the excavation depth.
This means that allowable vertical deformations in those
studies can be between 100 and 400 mm for this case.
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Based on the findings [33], the maximum lateral dis-
placement of soil nailed walls typically does not exceed
0.2%. The maximum lateral (horizontal) displacement of the
soil-nailed wall models investigated in this study is illustra-
ted in Figure 6. According to the conventional design proce-
dure, for a vertical soil nail wall with sandy soil behind it, the
maximum horizontal displacements at the top of the wall are
approximately 40 mm for a wall height of 20 m, which cor-
responds to a displacement ratio of 1/500 of the wall height.

For a general assessment, we compare the results obtained
from numerical simulation with the values of permissible
horizontal and vertical deformations from general practice and
design standards. However, the exact allowable strain values
need to be determined in each case based on geotechnical
design and engineering calculations. As a result of numerical
simulation, it was determined that the maximum horizontal
displacement values range from -14.69 mm (model 3) to
-15.8 mm (model 9), and the vertical displacement values from
-11.734 mm (model 4) to -12.33 mm (model 7).

The above results illustrate the effectiveness of ground
nail walls designed according to the traditional design proce-
dure, as well as the ability of ground nail walls to withstand
vertical cuts. Comparing models 3, 5, 7 and 9 with each
other, it can be seen that the horizontal displacements
changed as follows: the decrease between -14.86 (model 5)

and -14.69 (model 3) is -1.16%; the decrease between -15.17
(model 5) and -14.86 (model 7) is -2.08%; the decrease be-
tween -15.8 (model 9) and -15.17 (model 7) is -4.14%. Thus,
the values decrease by about 1.16, 2.08 and 4.14% between
each other, respectively, with increasing distance between
the nails. The results of changes in the vertical displacements
of the wall for various models are shown in Figure 7. The
maximum vertical deformation determines at the upper
boundary of layer 2 (at elevations from -1.54 to -1.63) and is
in the range from -11.734 (model 4) to -12.33 mm (model 7).

As we see in Figure 7, changing the distance between the
nails and their angle did not significantly change the indica-
tors of vertical deformations. This suggests that these factors
may not be the dominant factors influencing vertical defor-
mations in the given context. However, it is worth noting that
the change in the nature of plotting the graph of vertical and
horizontal deformations can be traced with a change in the
soil layers of the models. This suggests that the composition
and characteristics of the soil layers to the greatest extent
determine the deformation behavior of the system.

The clarity of the analysis results, the indicators of maxi-
mum horizontal and vertical displacements for models of
walls clogged with soil, with different nail spacing and angle
of inclination, as well as an indication of the soil layer of the
model, are shown in Tables 4 and 5, respectively.

Table 4. Analysis of maximum horizontal displacement for models soil-nailed walls with different nail spacing and angle of inclination

Number of models 1 2 3 4 5 6 7 8 9
. Without
Space between nails, m nails 1x1 1x1 1.5x1.5 1.5x1.5 2x2 2x2 3x3 3x3
Angle, degree - 20° 30° 20° 30° 20° 30° 20° 30°
H from top, m -1.11 -3.51 -3.48 -4.32 -3.01 -3.46 -3.53 -3.42 -3.32
Layer number L1 L2 L2 L2 L2 L2 L2 L2 L2
Maximum lateral 167  -1476  -1469  -1489  -148  -153  -1517  -1563  -15.8

(horizontal) displacement

Table 5. Analysis of maximum vertical displacement for models soil-nailed walls with different nail spacing and angle of inclination

Number of models 1 2 3 4 5 6 7 8 9
. Without
Space between nails, m nails 1x1 1x1 1.5x1.5 1.5x1.5 2x2 2x2 3x3 3x3
Angle, degree — 20° 30° 20° 30° 20° 30° 20° 30°
H from top, m 0 -1.63 -1.59 -1.42 -1.41 -1.54 -1.54 -1.57 -1.60
Layer number L1 L2 L2 L1 L1 L2 L2 L2 L2
Maximum vertical -19.7 1216 -1211  -11.74  -1173  -1233  -12.32  -1188  -11.85

displacement

The study introduces a fresh perspective on soil nail be-
havior in deep excavation operations, thereby enhancing
innovative and rational design methodologies to elevate
stability and efficiency. This holds particular significance in
regions characterized by rapid soil drainage.

By strategically adjusting nail spacing, angles, and
length, this research contributes to formulating practical and
realistic design strategies that seamlessly align with future
sustainability goals across diverse engineering projects.

This endeavor underscores the optimization of material
usage in terms of cost-effectiveness and efficient time
utilization. By elevating the level of control over stability
and deformation, the study seamlessly integrates rational
design principles with sustainable engineering practices,
exemplifying their synergy in various intricate excavation
projects in the future.
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4. Conclusions

Based on the results obtained, the following conclusions
can be drawn: stability of the soil layer: the top layer L1
(SANDY LEAN CLAY) and the bottom layer L4 (ELASTIC
SULT) show higher stability compared to the average softer
and more prone to deformation L2 layers (GAT CLAY) and
L3 (CLAY SAND).

Maximum horizontal deformation occurs in the middle
layers L2 (GAT CLAY) and L3 (CLAY SAND). These lay-
ers are more prone to horizontal displacement.

The maximum vertical deformation is observed in layer
L2 (GAT CLAY). The characteristics of this layer had a
significant impact on the stability of the structure as a whole,
showing higher horizontal and vertical deformations com-
pared to other layers.
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Changing the angle of the nails influenced the increase in
the stability of the wall of the excavation, especially in quick-
drying soil. Models with a steeper angle are more stable.

Pin spacing: the distance between the nails affects the
stability of the excavation wall in quick-drying soils. Reduc-
ing the spacing enhances stability by better controlling soil
deformations and preventing movement.

Soil-nailed wall improvement: The use of soil nails im-
proves the stability of the wall. Increasing the angle of incli-
nation of the nails strengthens the wall, and reducing the
distance between the nails enhances soil resistance to hori-
zontal deformations.

Comparison with conventional design. The results of the
numerical simulation align with the conventional design
procedure and demonstrate the efficiency of soil nail walls in
supporting vertical cuts.

Influence of soil layers: changes in the soil layers affect
the nature of vertical and horizontal deformations. The com-
position and characteristics of the soil layers play a significant
role in determining the deformation behavior of the system.
Thus, it was determined that by rationally choosing the dis-
tance between the nails and the angle of their inclination, it is
possible to achieve significant results in reducing the defor-
mation of the slope of the excavation and, in general, increas-
ing the stability of the structure. This will allow not overesti-
mate the length of the nails, which is often a problem, to en-
sure acceptable displacements and deformations when calcu-
lating the stability of the walls of deep excavations. This is of
practical importance for design and construction in confined
spaces and safety to the stability and safety of structures.
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PanioHanbHi KOHCTPYKTHBHI pilieHHS IS TTHOOKUX KOTJIOBaHIB
3 BUKOPHCTAHHAM MiAMipHOI CTiHM Ta IPYHTOBUMH HAreJIsIMH

A. Anxnyp, A.A. Scin, O. ToTbKiH

Merta. JlocnipkeHHs CIpsIMOBaHe Ha ONTHMI3aIlif0 KOHCTPYKIT Ta 3MEHIICHHS JOBXHWHH I'PYHTOBHUX HAareNliB KPIIIEHHS INTHOOKUX KOT-
JIOBaHiB, 110 PO3POOIIOIOTECS Y IPYHTAaX 3 BUCOKOIO BOAOIPOHMKHICTIO. B HOMY TaK0X JOCHIDKYIOTBCS HMapaMeTpH, 11O BIUIMBAIOTh Ha
CTIMKICTh CXMJIIB CKJIAJCHUX IPYHTAMH 3 BUCOKOIO BOJIOTIPOHHUKHICTIO.

Metoauka. B noeqHanHi moiboBUX 1 1a0OPaTOpHHUX JAHMX, AKI XapaKTEPHU3YIOTh BIACTUBOCTI IPYHTOBHX HAreiiB, a TAaKOX MOJENIO-
BaHHS 32 OMOMOTOI0 PO3PaxyHKOBOTO KOMILICKCY, JOCHTIIKEHO, SIKUM YMHOM (ikCcOBaHA JOBXKMHA HAreNiB, IXHIM HAXWJI i BiACTaHb MiX
HUMU BIUTMBAIOTH Ha CTIHKICTh KOTIOBaHY IIMOMHOI0 20 M, po3p0o0IeHOro y IPYHTI, 0 Ma€ BHCOKY BOJOIPOHHUKHICTS.

PesyabTaTn. PesynpraTt HOCTIIPKEHHS JOBOASATH, IO ONTHMAJbHI ITapaMeTpy HareliB (BIACTaHb MK HUMH Ta KyT iXHBOTO HaxXwiy),
BH3HAYEHI JUIs 3MIIHEHHS CTIHOK ITTHOOKOT0 KOTJIOBAaHY Ta 3a0€3IeUyIOTh CTIHKICTh 13 MiHIMAJIBHOIO TOBXKHUHOIO. BakimmBuM pe3ynbTaTtoMm €
Te, IO CTIMKICTh CTIHOK KOTJIOBaHY MOKe OyTH JOCATHYyTa Oe3 HeoOXIIHOCTI 30UMBIICHHS JOBXHHU IPYHTOBHX HarelniB. PexomeHmoBaHi
napaMeTpH XapaKTepU3yIOTh CUCTEMY I'PYHTOBHX HarelsiB JOBXKUHOIO 8 M, KyToM Haxmiy 30° Ta po3mimeHHsaM 1o citmi 1.5%1.5 m.

HayxoBa HoBu3Ha. Lle nociimkeHHs mpencTapise HOBUM MO HA CTPYKTYPHI XapaKTEPUCTUKH IPYHTOBUX HareliB, BU3HAYAIOUH BiJICTaHb
MK HUMH, KyT HaXiIy Ta GikcoBaHy HOBXKHHY. JlOCIi/DKEHHs MPOMOHYy€ BceOidHe 00IPYHTYBaHHS /ISl BUSHAYCHHSI TApaMeTpiB IPYHTOBHX Hare-
JIB y IPYHTaX 3 BUCOKOIO BOJOIPOHUKHICTIO ITiJl Yac pO3pOOKH IMTUOOKMX KOTJIOBAHIB, CIPUSIIOYH PO3BUTKY METOJIB BIAKPUTHUX PO3POOOK.

IpakTnyHa 3HAYAMIcTh. J[OCII/UKEHHS IPOIIOHY€ MPAKTHYHI PilIeHHS U1 NPOEKTYBAIBHHUKIB, SIKI 3afMAlOTHCS BIIKPUTUMH PO3pO0-
KaM{ Ha CXWIaX, JO3BOJIIIOUM pO3po0IATH e()eKTUBHI Ta palliOHAIBHI MPOEKTHI PIMIEHHS, 10 3a0e3NeYyIoTh CTIHKICTh KOTJIOBaHY Ta 3aIo-
6iraroTh 3CyBy HiJ 4ac po3poOKH Kap’epy, OJHOYACHO 3MEHIIYIOYH BUTPATH Ta TPUBAIICTH IPOEKTY.

Knrouosi cnosa: cnuboxkuii komnosan, napamempu Hazenie ons nionipnux cmin, PLAXIS 2D Connect Edition v22, ckinuenno-
enemenmuull ananiz, HS-wooenw
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