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Abstract

Optimization of parameters of soil nailing is an important task in reinforcement soil problems. This paper focuses on the effect of
nail geometric parameters on soil nailed wall analysis and identifies which factors that most affect their stability and cost using
response surface methodology (RSM). RSM has been chosen to achieve an optimum combination of the soil nailing wall design.
The influence of three factors has been considered; it included nail length, its inclination, and vertical spacing between nails. After
a finite element analysis to model and perform the soil nailing simulations, a Box—Behnken design was applied, based on a set of
experiments using various combinations. For this purpose, 15 runs were conducted to analyze tested parameters and to determine
their interactions. The analysis of variance (ANOV A) and contour lines plots were investigated, and therefore, the most important
parameters affecting the safety factor and the cost were identified. From the goodness-of-fit analyses of the model and the
illustrative example, the proposed regression model provides a reasonably good estimate of the overall safety factor for soil nail
walls and their cost. The results obtained from this study showed that RSM is an efficient and effective tool to identify the optimal
combination, and it emerges that the safety factor and cost are most influenced by nail length and vertical spacing.
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Introduction horizontally into the ground. This method is passive because

it only resists when soil displacement occurs; it is also one of

Over the last decades, soil nailing still attracts the attention of
many engineers and researchers. It is a reinforcement tech-
nique that uses passive elements drilled and grouted sub-
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the techniques the most used in situ for soil retention around
the world (Singh 2020). In addition, it is a practical technique
used to stabilize the slope of vertical or nearly vertical cut,
support excavations in the soil or in soft and weathered rock,
the sidewalls of the access road for subways, the construction
of tunnel gates, the construction of highways and railways, the
abutments of bridges, etc.; finally, it is an innovative and very
cost-effective technique.

The basic procedure for installing a soil nail includes exca-
vation, drilling a hole, placing a nail in the hole, grouting the
hole, and finally performing a facing operation. The working
sequence is done from top to bottom.

In this paper, the reinforcement method of soil nailing walls
was investigated, and the reinforcement parameters were stud-
ied. The effects of different reinforcement measures on the
safety factor and cost were analyzed. Indeed, the determina-
tion of the optimal combination parameters with minimizing
the objective function is an important problem of optimiza-
tion; the goal is to achieve an optimal design that is safe,
robust, and cost-effective. Recently, computing intelligence
techniques such as artificial neural networks (ANN), genetic
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algorithms (GA), particle swarm optimization (PSO), ant col-
ony (ACO), and design of experiments (DOE) such as
Taguchi method, response surface methodology (RSM), and
factorial design have been widely applied in many geotechni-
cal optimization problems.

Sivakumar Babu and Basha (2008) introduced a target re-
liability approach for design optimization of concrete cantile-
ver retaining walls; an optimization design method of com-
posite soil nailing in loess excavation was introduced by
Chang (2009); Ahmadi-Nedushan and Varaee (2009) pro-
posed an optimization algorithm based on the particle swarm
optimization (PSO) for optimum design of reinforced concrete
Earth-retaining walls; Ghazavi and Bonab (2011) applied a
methodology to arrive at the optimal design of concrete
retaining wall using the ant colony optimization (ACQO); Deb
and Dhar (2011) proposed a finite difference-based simulation
model and an evolutionary multiobjective optimization model
to identify the optimal parameters for granular bed-stone col-
umn improved soft soil; Telis et al. (2013) presented a method
for simultaneous optimization of the design characteristics of
an Earth-retaining structure design using quality tools; Seo
et al. (2014) estimated three design variables from the optimi-
zation design procedure proposed in soil nailing study
considering constrained conditions; Zhang and Goh
(2015 ) used a regression models for estimating ultimate
and serviceability limit states of underground rock
caverns; Yuan et al. (2019) proposed a statistical charac-
terization of model which uncertainty has been exclusive-
ly focused on reliability-based design of soil nail wall; for
reinforced concrete retaining wall design, Kalemci and
Ikizler (2020) proposed an optimization algorithm called
Rao-3; the total weight of the steel and concrete, which
were used for constructing the retaining wall, were chosen
as the objective function; Kalemci et al. (2020) used Grey
wolf optimization algorithm of reinforced concrete canti-
lever retaining wall design.

In this study, response surface methodology (RSM) of de-
sign of experiment (DOE) was chosen as an optimization
method; it allows mathematically rigorous and reliable
research. A limited number of geotechnical studies have
been reported in the literature on the use of RSM technique
of optimization, from which we can cite the precursor work of
Sivakumar Babu and Singh (2009) where, to better understand
the deformation behavior of the soil nail walls, they carried out
numerical experiments and regression models for the
maximum lateral deformation and the prediction of the
safety factor. Liu et al. (2013) proposed a response surface
optimization design method for the foundation pit soil
nailing, and Algin (2016) used RSM in the multiobjective
optimization analysis to present the optimized design so-
lution of a jet grouted raft. An interesting study by Giillii
and Fedakar (2017) used RSM in the optimization of
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material stabilization in terms of their dosage rates. In
their approach, Khoshnevisan et al. (2017) used response
surface-based robust geotechnical design of supported ex-
cavation by means of a spreadsheet-based solution. Lafifi
et al. (2019), on the other hand, used a combination of
Taguchi’s design of experiment (DOE), RSM, and
desirability function to optimize geotechnical parameters
of a synthetic soil for pressuremeter test. In a recent
research, Zhan et al. (2021) applied RSM to model un-
confined compressive strength (UCS) of micaceous soils
as a function of the dosage of various additives, an exten-
sive study that has shown very interesting results. Sharma
and Ramkrishnan (2020) presented a parametric optimiza-
tion and multi-regression analysis for soil nailing using
numerical approaches. Johari et al. (2020) used stochastic
analysis using the random finite element method of sys-
tem reliability analysis of soil nail wall.

The article is divided mainly into two parts; the first is
devoted to the finite element model for representing the ge-
ometry and soil-structure aspects of a soil nailing system,
while in part two is presented the optimization approach in
which different parameters with their influence on the safety
factor are discussed.

Most of the methods for soil nail wall stability analysis are
based on the limit equilibrium method (LEM) for its simplic-
ity and the reduced number of required parameters. A numer-
ical study on the optimum layout of soil nails to stabilize the
slopes was performed by Fan and Luo (2008); Tan et al.
(2005) studied in detail the effects of 2D modeling of 3D soil
nailing problem; Rawat and Gupta (2016a) used limit
equilibrium and finite element methods in the analysis of a
nailed soil slope; Deng et al. (2017) and Quansah et al. (2018)
presented the optimum design with limit equilibrium analysis
for the stability of soil nailed slope.

While the use of the finite difference or finite element
methods has also attracted engineers in recent times, numer-
ous researches have focused on FEM techniques for soil nail
wall analysis; it is a powerful tool, which can be utilized for
soil nail wall modeling. The main advantage of FEM is pro-
viding information about deformations of the soil nail system
(Johari et al.2020).

Zhang et al. (1999) developed a three-dimensional (3D)
finite element model (FEM) for the deformation analysis of
nailed soil structures; Babu et al. (2007) analyzed a real
vertical cut supported with retaining wall and soil nailing
system, by 2D FEM program; Rawat and Gupta (2016b)
analyzed using finite element software PLAXIS 3D the
failure pattern and load-settlement plots for the various
unreinforced and reinforced slopes. With the recent ad-
vances, the validation of soil nail models can be done
using finite element software packages like Plaxis, Flac,
GEOS, and Abaqus.
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Material and methodology of analysis
Simulation model

In the present study, the finite element software Plaxis 2D was
applied to perform the soil nailing simulation; it offers a num-
ber of advantages such as flexibility and operability. The ge-
ometry of the soil nailing system is presented in Fig. 1 with the
parameters of interest.

The parameters included in the design process are the
height of the soil nail wall H (m), the slope angle of the terrain
B = 0°, the inclination of the wall a = 90°, the horizontal
spacing of the nails S, (m), the hole diameter D = 100 (mm),
and nail diameter d = 32 (mm) in terms of (axial stiffness EA,
bending stiffness EI).

In addition, the geomechanical data comprise the soil prop-
erties, such as the unit weight v (kN/m?), the angle of the
internal friction ¢ (°), the cohesion of the soil ¢ (kPa), the
dilatancy angle 1 (°), Young’s modulus E (kN/m?), and
Poisson’s ratio v (Fig. 2).

In the geometric model, fifteen (15) node triangular ele-
ments are used for generating a finite element mesh. Coarse
mesh density was considered globally for the analysis but
refined to a fine density mesh in areas surrounding each nail.
Soil nail structures are modeled as plane strain problems in
Plaxis 2D; using the elastic-plastic Mohr—Coulomb model,
long-term behavior is simulated using drained analysis
conditions.

To simulate a relatively larger area, the end boundary con-
ditions were considered to be at roller condition on the sides
(Uy = 0) and fixed at the bottom (U, = U,, = 0).

In any soil nail wall modeling, staged excavation is needed
and executed in a number of phases to simulate the construc-
tion sequences of the soil nail wall. The top-down construc-
tion sequence was simulated in the calculation stage using the
staged construction technique available in Plaxis 2D.

Fig. 1 Geometric model
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Fig. 2 Finite element model for soil nailing
Material properties

The most important input material parameters for plate ele-
ments are the flexural rigidity EI (bending stiffness) and the
axial stiffness EA. The plate structural element is rectangular
in shape with a width equal to 1 m in an out-of-plane direction.

The soil properties assumed in this analysis and the param-
eter of plate elements were used to model the nails and the
shotcrete which are essentially based on Singh and Babu
(2010).

The physical and mechanical properties of soil considered
are given in Table 1.

The nails and the facing of the soil nail wall were modeled
using a plate element. Their stiffness was derived considering
the grouted nails. Since the soil nails are circular in cross-
section and placed at designed horizontal spacing, it is neces-
sary to determine equivalent axial and bending stiffness for
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Table 1 Soil model parameters (Singh and Babu 2010)

Parameter Mohr—Coulomb model
Cohesion C (KN/m?) 10

Friction angle ¢ (deg) 27.5

Dilatancy angle v (deg) 0.0

Unit weight y (kN/m®) 19.0

Young’s modulus £ (kN/m?) 30,000

Poisson’s ratio v 0.3

Table 2  Material properties input for modeling

Parameters Name  Value Unit
Grouted nail ~ Facing
Axial stiffness EA 2.29 x 10° 42x10°  (kN/m)
Bending stiffness  EI 1.43 x 10* 14x10*  (kKN.m*m)
I I
|
|
|
~ 4
|
I
@
|
L | -
' @
Fig. 3 Three-factor Box—Behnken design
Fig. 4 Steps involved in Box— Defining problem and

Behnken design
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the correct simulation of circular soil nails as rectangular plate
elements.

For the grouted nails, equivalent modulus of elasticity £,
shall be determined accounting for the contribution of elastic
stiffness of both grouts cover as well as reinforcement bar.
From the fundamentals of the strength of materials, equivalent
modulus of elasticity of grouted soil nail (£,,) can be deter-
mined as (Babu and Singh 2009)

Eu- E, (%) +E,<%> (1)

where E, is the modulus of elasticity of grout; £, is the mod-
ulus of elasticity of nail; £, is the equivalent modulus of

elasticity of grouted soil nail; A = WTDZ, where A is the
cross-section area of grouted nail and D is the diameter of drill
hole; A, = ’Tsz, where A,, is the cross-section area of nail and
d is the diameter of the nail; A, = A—A,,, where A, is the cross-
section of grout cover; axial stiffness EA [kN/m] = £y

S (ﬁ); bending stiffness EI [kNm*/m] = £« §, (W Dz)’

4 64
where S}, is the horizontal spacing of soil nails.
In addition, equivalent plate thickness in meter is deter-

mined automatically by Plaxis 2D, do, = /12 (Q Ey).

Nail and shotcrete properties taken as plate elements are
given in Table 2, which have been calculated using the for-
mulas given in Eq. (1).

Safety factor for simulations was calculated using the
strength reduction technique, i.e., a phi-reduction technique
in Plaxis 2D, which in iterative steps reduces the soil shear
strength parameters until the soil body fails (Plaxis Reference
Manual 2002).

tan@input - Cinput

IMsf = (2)

tanDreduced Creduced
where Binpy is the input value of angle of internal friction (°),
Dreduced 18 the reduced value of angle of internal friction at
failure (°), Cinpy is the input value of cohesion (kPa), Crequced
is the reduced value of cohesion at failure (kPa). Safety factors
values are presented in Table 5.

responses /variables

Selecting design and Performing the experiments
=P planning experiments === according to Box-Behnken Design
matrix

v

Determining the
optimum value

Performing the regression
Carrying out the P analysis with the quadratic
statistical analysis model of response

¥

Validation Experiment
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Table 3 Parameters and ranges

for soil nailing analysis Parameters Units Labels Low level (—1) Mid-level (0) High level (+1)
Nail length Meter (m) L 8 10 12
Nail inclination Degree (°) i 15 20 25
Vertical spacing Meter (m) Vs 1 1.5 2

Table 4  Construction soil nailing steps

Construction phase Description

1 Excavation

2 Drilling nails

3 Installing 1st nail and grout
4 Cement grouting

5 Shotcrete

6 Repeating activities 1-5

Optimization model
Response surface methodology

Response surface methodology (RSM) was introduced by
Box and Wilson in the early 1950s; it was a collection of
statistical and mathematical techniques useful for the develop-
ment and optimization of processes (Dwornicka and
Pietraszek 2018). Various response surface methods are avail-
able; some of these are Box—Behnken design (BBD) and cen-
tral composite design.

BBD takes the midpoints of the edges of the process space
and the center point into consideration while constructing the

design (Fig. 3); each variable was coded at the levels —1, 0,
and 1, and it is composed of two parts: the central point and
the middle points of the edges (Ranade and Thiagarajan
2017). This is classified as design points called space type.
Therefore, the high value of the original variable is represent-
ed by (+1), and the low value is represented by (—1). The (0)
value represents the average of these two values (Bagaber and
Yusoff 2018). BBD is renowned as one of the most common
and efficient designs used in the RSM. Using BBD facilitates
the optimization of the effective parameters with a minimum
number of experiments, as well as enabling analysis of the
interaction between parameters (Polat and Sayan 2019).

Concepts and techniques of response surface methodology
(RSM) have been applied successfully and extensively in dif-
ferent scientific and research areas (Zangeneh et al. 2002).

In this paper, Box—Behnken design (BBD) was applied
because it is the most used and popularly RSM technique. It
is more economical as compared to other designs due to the
reduced number of experimental trials in the design.

The different steps involved in Box—Behnken design are
given in Fig. 4.

Table 5 Experimental results

according to Box—Behnken Run  Length (m) Inclination (degrees)  Vertical spacing (m)  Experimental Fs  Cost DZD/LM

design
1 10 20 1.5 1.809 5,247,425
2 10 25 2 1.764 3,548,713
3 8 20 1 1.632 4,837,940
4 10 15 1 1.793 5,697,425
5 10 20 1.5 1.809 5,247,425
6 8 15 1.5 1.739 4,477,940
7 10 25 1 1.805 5,697,425
8 12 15 1.5 1.890 6,016,901
9 8 25 1.5 1.639 4,477,940
10 10 15 2 1.720 4,947,425
11 12 20 1 1.970 6,556,910
12 12 20 2 1.923 5,656,910
13 10 20 1.5 1.809 5,247,425
14 8 20 2 1.567 4,237,940
15 12 25 1.5 1.873 6,016,910
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Table 6 Experimental and

predicted results according to Run Length  Inclination Vertical Experimental ~ Estimated  Cost Estimated cost

Box-Behnken design (m) (degrees) spacing (m)  Fs Fs DZD/LM  DZD/LM
1 10 20 1.5 1.809 1.813 5247425 5247177
2 10 25 2 1.764 1.747 3,548,713 3,898,048
3 8 20 1 1.632 1.675 4,837,940 5,020,056
4 10 15 1 1.793 1.818 5,697425 5,347,576
5 10 20 1.5 1.809 1.813 5247425 5247177
6 8 15 1.5 1.739 1.683 4,477,940 4,645,135
7 10 25 1 1.805 1.787 5,697425 5,697,076
8 12 15 1.5 1.890 1.912 6,016,901 6,199,047
9 8 25 1.5 1.639 1.626 4,477,940 4,295,280
10 10 15 2 1.720 1.746 4947425 4,947,258
11 12 20 1 1.970 1.936 6,556,910 6,723,968
12 12 20 2 1.923 1.889 5,656,910 5,474,295
13 10 20 1.5 1.809 1.813 5247425 5247177
14 8 20 2 1.567 1.609 4,237,940 4,070,383
15 12 25 1.5 1.873 1.938 6,016910 5,849,192

Parametric optimization

Several studies have been undertaken detailing the effect of
parametric variations on the stability of nail slopes such as nail
length, spacing between nails, nail inclination, and injection
pressure. Fan and Luo (2008) investigated the effect of nail
inclinations on the stability of soil nail slope by nonlinear
FEM; Zhou et al. (2011) developed a three-dimensional
(3D) finite element (FE) model to simulate the pullout behav-
ior of a soil nail in a soil nail pullout box under different
overburden and grouting pressures; Hong et al. (2017)

conducted a total of eight soil nail pullout tests in a field to
examine the influence of overburden pressure (OP) and
grouting pressure (GP) on the PPR of soil nails. Jelusic and
Zlender (2013) presented the optimization of ground nailing
using a nonlinear programming approach to predict the safety
factor using parameters such as slope angle, nail inclination,
and length of nails. In addition, Seo et al. (2014) considered
the optimization of ground nailing using three variable design
parameters: bonded length of the nail, the number of nails, and
the prestress; Sharma and Ramkrishnan (2020) undertook po-
tential parametric optimization in soil nailing by considering

Table 7 ANOVA for response

surface quadratic model (safety Source DF Adj SS Adj MS F value p-value
factor)
Model 9 0.157396 0.017488 5.59 0.036
Length (L) 1 1.45395 1.45395 46.46 0.001 < 0.05 (significant)
Inclination (/°) 1 0,000484 0,000484 0,15 0,710
Vertical spacing (Sv) 1 0,006435 0,006435 2,06 0,211
LxL 1 0,000404 0,000404 0,13 0,734
P> 1 0,000628 0,000628 0,20 0,673
Sv x Sy 1 0,002356 0,002356 0,75 0,425
LxP 1 0,001714 0,001714 0,55 0,493
L xSy 1 0,000078 0,000078 0,03 0,880
P xSy 1 0,000253 0,000253 0,08 0,788
Error 5 0,015648 0,003130
Lack-of-fit 3 0,015648 0,005216
Pure error 2 0,000000 0,000000
Total 14 0,173044
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Table 8 ANOVA for response
surface quadratic model (cost) Source DF Adj SS Adj MS F value p-value
Model 9 8,28612E+12 9,20680E+11 9,40 0,012
Length (L) 1 4,82963E+12 4,82963E+12 49,33 0,001 < 0.05 (significant)
Inclination (1°) 1 2,44546E+11 2,44546E+11 2,50 0,175
Vertical spacing (Sv) 1 2,41858E+12 2,41858E+12 24,70 0,004 < 0.05 (significant)
LxL 1 1,12868E+11 1,12868E+11 1,15 0,332
rPxpP 1 1,12870E+11 1,12870E+11 1,15 0,332
Sy x Sv 1 36803450897 36803450897 0,38 0,567
LxPp 1 20 20 0,00 1,000
L xSy 1 22500000000 22500000000 0,23 0,652
P xSy 1 4,89099E+11 4,89099E+11 5,00 0,076
Error 5 4,89552E+11 97910419372
Lack-of-fit 3 4,89552E+11 1,63184E+11
Pure error 2 0,000000 0,000000
Total 14 8,77567E+12

soil nail interaction and back analysis of the pullout strength of
nail using finite element analysis (Plaxis 2D).

Johari et al. (2020) used the model of Singh and Babu 2010
and represented the importance of the mentioned stability
modes and their effects on system reliability and system prob-
ability of failure using the random finite element method.

In view of the above, the length of the nails, the vertical
spacing between them, and the inclination of the nails were
considered as the optimization parameters for the current
study.

The process was carried out using Minitab 18 software
(Minitab 2017) for selected factors to solve the optimization
problem. The levels and ranges of factors used in this study
are presented in Table 3 according to the guidelines (Clouterre
1991).

One of the main objectives of this work was to determine
the optimum values of variables for soil nailing wall. In this
work, the desired goal in terms of stability and cost was de-
fined as “minimize” to achieve the best optimum soil nailing
parameters.

The results of the calculation of the safety factors were
obtained based on the simulations carried out using finite el-
ement analysis with Plaxis 2D.

Regarding the calculation of the cost of the project, the total
cost is considered as the sum of the cost of the various stages
of construction (Table 4).

The total cost of the project is the total cost of construction
work from top to bottom 1-6; in this case, the total cost is
calculated without considering direct and indirect costs; the
focus is on the cost optimization in terms of the installation of
soil nailing alone. It should be noted that the cost estimation
models adopted are only used for illustration purposes.

The cost of excavation (Cey) per m? is estimated at 400.00
DZD. For the 100-mm diameter drilling, the cost is 8000.00

DZD per meter of drilling (Cg,yy)- The diameter of the nail is
32 mm, and the cost of 1 m is 1500.00 DZD (C,,;). The
cement grouting is estimated at 55,000.00 DZD per meter
(Ceement)- Cement grouting is necessary after drilling and
installing nails to strengthen and protect them from rust.
Shotcrete is estimated at 60,000.00 DZD per m’ (Cahot)-
Finally, accessories like the nail head are installed to provide
protection to the tip of the frame.

COST total — Cexc + Cdﬁll + Cnail + Ccemem + Cshot

The total cost shown below (Table 5) is expressed in
Algerian Dinar (DZD).

Results and discussion

In this study, BBD was carried out with a total of 15 experi-
ments. Based on the Tagushi method, we could have used 27
experiments (L27) but thanks to Box—Benhken design the
number was reduced to 15 experiments with very satisfactory
results.

The results are analyzed so that the conditions could be
optimized to give the best outcome for all response parame-
ters. Results of calculation of safety factors and total cost are
summarized in Table 5.

Development of a regression model equation
The experimental data of independent variables and responses

were fitted in a 2nd-order polynomial equation which is given
in Eq. (3).

Y =B+ ZfilBixi + Z;I'{:lBii xzz + Zfi_fo:szxix; 3)
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Fig. 5 a Main effect plot for
safety factor. b Main effect plot a
for cost
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where Y is the predicted response (safety factor) or (cost), By,
B, Bj;, and By; are assigned to constant, linear, quadratic, and
interactive values of regression coefficients, respectively, X;
and .X; are input variables, and i and j are the index numbers.

The developed regression equation represents the quantita-
tive effect of input factors and their interactions.

Based on the experimental design given in Table 5, the
RSM proposed Egs. (4) and (5) are mathematical models to
describe the effect of investigated factors on safety factor and
cost, respectively.

Fs =1.13+0.072 L-0.0062 i
+0.139 V,—0.00262 L*~0.00052 *~0.101 V3
+0.00207 L*i + 0.0044 L*V, +0.0032 i*V,  (4)

@ Springer
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Cost = —934753-373202 L + 454581 i + 3645800 Sy
+ 43709 L*~6994 i*~399351 S7~75000 L
x Sy—139871i x Sy (5)

It was found that the safety factor Eq. (4) had an R* corre-
lation coefficient value 0f 0.90, and the cost model Eq. (5) had
an R? value of 0.94. It can be verified from the R” values that
the predictions of the model equation corresponded to the
experimental values.

According to Table 6, a good agreement between the ex-
perimental and predicted values confirms the validity of the
model.
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Fig. 6 a Normal plot for Fs. b
Normal plot for cost
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Analysis of variance

Analysis of variance (ANOVA) is a statistical technique car-
ried out to find the most significant process parameters which
will affect output parameters. The ANOVA computes the
quantities such as degrees of freedom (DF), multiple determi-
nation coefficients (R?) tests, F ratio (F), and p-value (p), as
illustrated in Tables 7 and 8, which were used to determine the
model’s significance.

If the p-value is less than 0.05, the process parameter is said
to be significant, and if the p-value is bigger than 0.05, the
process parameter is said to be insignificant.

The results of ANOVA presented in Tables 7 and 8 reveal
that the most effective parameter is the length, as depicted by
its low p-value (p < 0.05) and high F value, then followed by
vertical spacing with relatively high p-value and considerably
low F value, and finally nail inclination factor.

Normal Plot of the Standardized Effects
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The suitability of the quadratic response surface model was
justified by ANOVA. Only the length of nails parameter has a
significant influence on the safety factor (Fig. 5a). In Fig. 5b,
we can see that length and vertical spacing have a main effect
on cost.

To determine the magnitude, direction, and importance of
the effects, we can use the normal probability diagram of the
effects. On a plot in Fig. 6a, the main effect for factor A
(length) on the safety factor is statistically significant at the
0.05 level. This point has a distinct color and shape (red
square) from the points for the insignificant effects (blue cir-
cle). Whereas on plot Fig. 6b, the main effects for factors A
(length) and C (vertical spacing) on cost are statistically sig-
nificant. The normal plot of the standardized effects in Fig. 6a
and Fig. 6b proved that the most significant factor on safety
factor is length, and the most significant factors on cost are the
length and vertical spacing.
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Fig. 7 a Pareto chart (response
variable Fs). b Pareto chart
(response variable cost)
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a Pareto Chart of the Standardized Effects

( response is Response variable ;a=0,05)

Tem 257
T
Factor Name
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B Inclination

C Vertical spacing
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Standardized Effect

b Pareto Chart of the Standardized Effects
(response is cost; a=0,05)

Term 2,51
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Fig. 8 a Contour lines (Fs) vs inclination and length. b Contour lines (Fs)

vs length and vertical spacing. ¢ Contour lines (Fs) vs inclination and
vertical spacing

The Pareto chart was developed to compare the relative
magnitude of the effects of various factors on the response,
their significance and interactions. The effects are plotted in
decreasing order of the absolute value of standardized effects

a
Contour Plot of cost(DZD/LM) vs inclination(°); Lenght(m)
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e |
c
kel
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£ Sv(m) 2
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Fig. 9 a Contour lines (cost) vs inclination and length. b Contour lines
(cost) vs length and vertical spacing. ¢ Contour lines (cost) vs inclination
and vertical spacing

and draws a reference line on the chart (Dwornicka and
Pietraszek 2018).

As shown in Fig. 7a, the input effect Pareto bar A (length of
nails) is to the right of the vertical red line; therefore, this bar is
statistically significant on safety factor at a 5% significance
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Fig. 10 Optimization

level with the current model terms. Although, the other factors
C, CC, AB, BB, B, AA, BC, and AC seem insignificant. On
the other hand, in Fig.7b, A and C bars are statistically signif-

icant on the cost response variable.

Optimal Hich
w 19!

D:0,9939
Predict  Low

Composite
Desirability
D:0,9939

cost
Minimum
y =3,371E+06
d =1,0000

Fs
Minimum
y=1,5721

d=0,98782

Optimization using response contour lines

The relationship between factors and responses is well
understood when using contour lines plots. The contour
plot provides a 2D view of the surface where points
that have the same response are connected to produce
contour lines of constant responses. In Fig. 8a—c, the
contour plots show the response as a function of the
other variables: length, inclination, and vertical spacing.
The plots are very explicit regarding the influence of
the parameters on the safety factor. We can clearly see
the increase in the safety factor with the increase in
length and lessened inclination. On the other hand, the
safety factor decreases with the increase in vertical

Table 9  Results of the confirmation experiment

Input and output parameters

Experimental combination

A: length (m) 8

B: vertical spacing (m) 2m

C: inclination (°) 25°

Fs 1.535
Cost DZD/LM 4,237,940

@ Springer

Lenght inclinat Sv
120 25,0 20
[8,0] [25,0] [2,0]
8,0 15,0 1,0

spacing (Fig. 8c). Figure 9a—c plotted the second re-
sponse variable (cost) in combination with the rest of
the parameters. The cost decreases with a decreasing
length while vertical spacing is kept constant and incli-
nation has little effect (Fig. 9a). Vertical spacing (Sv)
affects the cost; the smaller Sv, the higher the cost as
more nails will be needed (Fig. 9c). We can see that
inclination has a little effect on the cost also.

Using the response optimizer to identify the combi-
nation of input variable settings that optimize two re-
sponses, Fig. 10 shows that the values of response var-
iables can be predicted and obtained from the developed
model. An optimal combination was found with a
length of 8 m, an inclination of 25°, and a vertical
spacing of 2 m to allow a safety factor of 1.5721 and
an estimated cost of 3.371 x 10° DZD/linear meter with
good desirability of 0.9939.

Once the optimal combination of the design parameters has
been obtained, the next step is to predict and verify the re-
quired improvement using the optimal combination of design
parameters (Table 9).

Good agreement between the predicted and experiment
safety factor and cost was observed.

Conclusion

The present study undertakes parametric optimization in soil
nailing by considering soil nail length, vertical spacing, and
nail inclination. The mechanical model is based on finite
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element analysis, and the optimization was carried out using
the RSM method.

The study demonstrated conclusively that the use of the
Box—Behnken design and RSM for the optimization of soil
nailing parameters is a very useful statistic method that re-
duces the number of experiments.

From ANOVA data, it was shown that the change in the
nail length has a more significant impact on the stability of the
soil nailing and cost, followed by the vertical spacing and
inclination. The safety factor increases with an increase in
length due to an increase of axial nail force, shearing force,
and bending moments to resist the loading and deformation.
The cost is influenced by the vertical spacing of nails as well
as their length.

The mutual interactions between the independent variables
are described with quadratic equations which makes it possi-
ble to predict the response under the applied conditions.
However, one should note that the response surface models
obtained are valid only in the selected ranges of the
parameters.
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