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Abstract: Centrifugal tests provide an efficacious experimental process to predict the behavior of
deep excavations, and numerical models are indispensable for demonstrating the test results and
analyzing the engineering demand parameters. Uncertainty in material properties can cause simu-
lations to differ from tests; therefore, updating the model becomes inevitable. This study presents a
response-surface-based model updating technique for the nonlinear three-dimensional simulation
of the centrifugal testing model of strutted deep excavation in sand. An overview of the fundamen-
tals of the response-surface model is provided, including selecting uncertain parameters as input
factors, creating a design order for training the model, building a second-order polynomial surface,
and updating the input factors through targeted centrifugal results. The bending strains of dia-
phragm wall panels at multiple points along the depth are used to form the multiobjective function.
Response-surface model predictions were well-matched with actual numerical responses, with less
than a 0.5% difference. Parametric analyses could be conducted utilizing this updated strutted deep
excavation model.

Keywords: numerical analysis; centrifugal test; response-surface method; strutted excavation;
model updating

1. Introduction

To preserve the environment, and to maintain a balance between accretive popula-
tions and rapid urbanization, the construction of utility skyscrapers and underground
structures has recently become a demanding sector. Deep excavation is an essential step
for constructing these kinds of facilities. Deep excavation can extend to distances exceed-
ing three kilometers [1]. Strutted or braced excavations are effective methods to ensure
enough safety because soil movement and wall deformation characteristics are mainly
influenced by unsupported wall span lengths [2]. The displacement and ground settle-
ment characteristics of this complex soil-structure interaction system can only be pre-
dicted through empirical and semiempirical methods. So, numerical tools have been in-
troduced to deep strutted excavation analysis. By integrating complex nonlinear soil mod-
els, numerical tools were used in deep excavation to investigate the passive soil response
[3], strut prestressing effect [4], clay layer depth effect on earth pressure, struts, and walls
[5], the lateral effective stress effect during the excavation construction process [6], the
consolidation effect [7], the excavation geometry effect against basal heave on three-di-
mensional ground movements [8], the time-dependent behavior of excavation [9], the
penetration depth effect of diaphragm wall [10], and the behavior of braced excavation in
the sand [11]. These numerical analyses were performed either on the basis of data from
case studies or previous studies. Numerical model development and validation, espe-
cially the numerical modeling of centrifugal tests, require highly specialized skills. Very
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few numerical analyses were performed to predict centrifugal results for the static behav-
ior of deep excavation. Excavation effects on piles [12] and basement excavation effects on
an existing tunnel [13] are numerically investigated using centrifugal test data.

Realistic excavation modeling with reliable soil stiffness is still a concerning matter
because soil materials usually used in centrifugal modeling differ from field soils [14]. The
accuracy of the numerical modeling predominantly depends on the soil character; uncer-
tain soil can generate significant errors in the test results. To minimize error in numerical
modeling, the updating of soil parameters with back analysis is usually applied. Back
analysis to update the soil parameters for deep excavation is conducted using several ap-
proaches, including the Gauss-Newtonian [15], quasi-Newtonian [16], genetic-algo-
rithm[17,18], differential-evolution [19], self-learning simulation [20], probabilistic maxi-
mal-likelihood formulation [21] methods, and Bayesian updating [22]. Most of these anal-
yses use a single response and single objective function. Qi and Zhou showed that multi-
ple-point responses can update soil parameters more precisely [23]. Using the Pareto mul-
tiobjective optimization technique, Huang et al. updated nine soil parameters in the mod-
ified Cam—Clay model [24]. Multiparameter updating using multiple-point responses is a
highly complex process, and this analysis is still beyond reach. Back analysis for multipa-
rameter updating using multiple-point responses can be achieved simply through the re-
sponse-surface method, as there are available software tools for the construction of a re-
sponse-surface model. The response-surface method has been used as a tool for structural
numerical model updating [25] in some aspects, but it has not been used in deep excava-
tion.

In this paper, an approach is established for smooth multiple-parameter updating
using multiple-point responses with the response-surface method. Seven bending strain
responses along the depth of a wall from the centrifugal test of strutted deep excavation
are used for model updating. A framework is proposed to adopt unknown soil parameters
in the numerical modeling of centrifugal tests. A numerical model can be established
within an optimal amount of time and with optimal cost using this proposed framework.

2. Centrifugal Test

A centrifugal test was carried out for the seismic analysis of strutted excavation at
Korea Construction Engineering Development (KOCED) centrifugal facilities. The centrif-
ugal equipment had first been spun to 40 g before seismic loads were input to obtain static
analysis data. KOCED had a 5 m radius and 240 g-tons beam centrifugal facilities at the
Korea Advanced Institute of Science and Technology (KAIST) [26].

The excavation construction process could be simulated with remote operation
through an onboard four-degree-of-freedom flight robot. The KOCED centrifuge at
KAIST is shown in Figure 1a. Though the centrifuge had a maximal capacity of 100 g cen-
trifugal acceleration, this experiment was conducted under 40 g. A rectangular equivalent
shear beam (ESB) container facilitated the model. The model of strutted excavation is
shown in Figure 1b. The installed centrifugal data acquisition system (DAQ) can record
strain gauges, voltage, accelerometers, and LVDT readings through 192 channels. Strain
gauge data were used for updating the numerical model.
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(a) (b)

Figure 1. Centrifugal test: (a) KOCED centrifuge at KAIST; (b) centrifugal strutted-excavation
model.

2.1. Test Model

A reduced-scale centrifugal model was established where static and dynamic tests
were performed to produce the design guideline for the temporary retaining wall. The
dimensions of the backfill materials and other structural components are shown in Figure
2. In the centrifugal model, two aluminum alloy (6061) wall panels were used to simulate
the diaphragm wall. The geometry of the two wall panels was the same. Each wall panel’s
width, height, and thickness were 625, 625, and 15.4 mm, respectively. An aluminum alloy
plate (6061) with a thickness of 15 mm was rigidly connected to the bottom of the walls,
providing a fixed-tip condition.

Wall Panels
X
ESB container 85
%,
.&e
X
3P &
S () &
154 k. <
N
T 2846
Backfill 9 Packﬁll
(Silica sand) : & (Silica sand) .
5 [Unit: mm]
k Sl
) 1200 i

Figure 2. Geometry of strutted excavation.

A total of three-row struts were installed along the depth of the wall. The top strut
row was located 110 mm below the top of the wall. Bottom strut rows were located at a
110 mm distance from the bottom aluminum plate. The middle strut row was at an equiv-
alent 200 mm distance from the top and bottom strut rows. Each row had five struts at a
105 mm center-to-center distance. The edge struts of each layer were located at a 102.5
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mm distance from the wall edge. A total of 15 aluminum alloy (6061) pipes of 1 mm thick-
ness and 10 mm diameter were used to simulate 15 struts. Each strut length was 240 mm,
equivalent to the excavation width. The backfill material was hammer-crushed silica sand.
The whole model was placed in an equivalent shear beam (ESB) container.

2.2. Test Result

Bending strain values of the wall panel along the depth were obtained from the strain
gauges during the centrifugal test. Figure 3 shows the result from the centrifugal test,
where the left graphic shows the location of the strain gauges. The bending strains are
presented in the right graphic with the mean values of the filtered data from the centrifu-
gal test. These data were taken when the centrifugal acceleration was equivalent to 40
times Earth’s gravity.
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Figure 3. Centrifugal test result.

3. Numerical Model
3.1. Soil and Structure

A 3D numerical model of the centrifugal model was produced using Abaqus soft-
ware [27]. The physical geometry of the structural elements was similar to that of the cen-
trifugal model. The three-dimensional model mesh is shown in Figure 4, where all the
dimensions are presented in millimeter (mm) units. Baseplate, walls, and soil were con-
sidered to be 3D solid elements. Beam elements were considered for the struts. The meshes
of the baseplate, walls, and soil were solid hexahedral elements (C3D8R), while the struts
were line elements (B31).
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Figure 4. Three-dimensional mesh of the numerical model.

The reduced integration method was used for both types of elements. The mesh had
49,464 nodes and 40,719 elements. Surface-to-surface interaction with finite sliding was
established between soil and wall. A similar interaction was also considered for the soil
and baseplate. The frictional angle between the soil surface and the wall was regarded as
two-thirds of the soil frictional angle. Walls and baseplate were tied where the rotational
degree of freedom was also tied. Hinge connections were given between the struts and
the wall nodes. The extrapolation of the hinge joints was constrained. As the centrifugal
acceleration was equivalent to 40 times Earth’s gravity (g) in the centrifugal test, a gravity
load equivalent to 40 times that of Earth was adopted vertically. Initial vertical stresses for
the backfill materials were adopted in the model. The initial vertical stresses were calcu-
lated from o,,, = pNgh,,, where p is the soil density, N is the centrifugal acceleration
[28], and h,, is the height of the soil.

The lateral displacement of all nodes on the surfaces of the four side’s boundaries
was constrained in the lateral direction along the normal axis to replace the ESB container
as a boundary. Nodes on the bottom surface of the baseplate were constrained in the lat-
eral and vertical directions. Usually, in the 1 g test of a soil sample, the displacement of
the box is kept constant for a particular depth to keep the strain similarity between the
model and the prototype [29]. However, this test was performed in 40 g condition, so
displacement was restricted along the entire depth. The geostatic and static steps were
combined for the static analysis of the model.

3.2. Materials

Aluminum alloy (6061) material is perfectly elastic. The available aluminum alloy
(6061) with a modulus of elasticity of 68.9 GPa and mass density of 2.7 gm/cm? [30] was
considered for its properties. The Poisson ratio of the aluminum alloy was assumed to be
0.33. This experiment was conducted using dry silica sand. Mohr—Coulomb plasticity was
considered for modeling the nonlinear behavior of silica sand in numerical analysis. A
significant range of the parameters of silica sand for the Mohr—Coulomb model was as-
sumed first; then, a response-surface model was created to update these parameters. Very
small cohesion yield stress was adopted in the soil model to prevent premature yielding.
Absolute plastic strain for sand was considered to be 0. The Poisson ratio of the silica sand



Appl. Sci. 2022, 12, 10665

6 of 16

is usually considered to be 0.3. The lower and upper ranges of the density of the silica
sand were from 1300 to 1800 kg/m3. The range of the peak frictional angle of the silica
sand was from 36.8" to 45.2°, and the critical frictional angle was considered to be 36.6°
[31]. The corresponding dilation angle was calculated with Equation (1) [32]:

¢ = perie + W D

Effective stress affects the nonlinear elasticity of soil, and the modulus of elasticity
increases over depth [33]. The elasticity of silica sand is calculated from Janbu’s equation
[34].

o3’
Es = KF, (P_) 2)
a

where 03" denotes the minor effective principal stress, K denotes the stiffness modulus
number, P, is atmospheric pressure, and n is the stiffness modulus exponent. It was rea-
sonable to take the stiffness modulus exponent value as 0.5 [35]. The range of the stiffness
modulus number for sand was assumed to be from 100 to 1000. The Earth pressure coef-
ficient in at-rest conditions is calculated from Jacky’s equation [36]:

Ky =1-—sing¢’ 3)

Assuming that Poisson’s ratio, absolute plastic strain, cohesion yield stress, and the
critical frictional angle were comprehensively identical for silica sand, the density, peak
frictional angle, and elasticity parameters were updated in this study.

4. Soil Parameter Updating

Soil properties for numerical modeling usually come from the experimental test.
Where experimental properties are unavailable, the proposed response-surface-based
model updating framework can be an effective solution. The proposed framework is
briefly expressed in Figure 5. First, the numerical modeling of the test is conducted. Some
properties that usually do not change for particular types of soils were assumed on the
basis of previous studies.

/Numerical modeling\

v

Comparatively - . _| Parameter and range
identical Material properties selection
Assume/ Previous Design of
strudy Experiments (DOE)
» Numerical analysis |«
Response surface
model
Numerical model
updating
]
Convergence?
End

Figure 5. Flowchart of model updating with the response-surface method.
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A design order was created for the selected parameters for updating. Numerical anal-
ysis was carried out according to the design order. The response-surface model was cre-
ated by using the design order and corresponding numerical responses. The fitness of the
response-surface model was checked with particular criteria. The centrifugal results were
set as targets to achieve the corresponding updated soil properties. Lastly, the updated
soil properties were adopted in the numerical model.

4.1. Response-Surface Method

The response-surface method (RSM) is an approach with many mathematical pro-
cesses that dig into the relationship between input factors and output responses. RSM is
advantageous not only for cost-efficient and time-saving processes of numerical model
updating through optimization [37], but also for the modeling, analysis, and construction
of technical models [38]. The relationship between the responses and the independent in-
put variables can be described as follows.

S=f(titats ) +2 (4)

where S is the optimal response that is a function of multiple input variables, ¢ is the input
variables, and z is the residual or offsets. The main theme for the response-surface method
was developed as a second-order polynomial equation that obtains the optimal response
using a series of designed experiments [39]; to solve the curvature system in updating a
numerical model, a higher-order polynomial equation should be considered [25]. Second-
order polynomial equations are used in this analysis to construct the response surface.
Equation (5) shows the second-order polynomial equation to obtain the optimal response
in terms of strain (S).

S=1u+ an=1 Uptm + 2?,1:1 ummtrzn +Zz1=1 251<n Umn tntn + 2 ®)

where P is the number of input variables, u, is the constant coefficient, u,, is the first-
order coefficient, u,,,, is the pure second-order coefficient, u,,, is the intersectional sec-
ond-order coefficient, and t,, and t,, are the values of input variables. To update multi-
ple variables, the central composite design (CCD) determines how many experiments are
conducted [40]. The number of runs for the experiment is determined with Equation (6).

N=2P+2p+n, (6)

where 27 is the cubical points number, 2p is the axial points number, n, is the number
of central points, and p represents the number of input variables. The gap between an
axial point and the center point is alpha (). For the p number of input variables in the
fully circumscribed central composite design method, a is calculated with Equation (7)
[41].

a= [2]* %

The three-factor orientation of axial and cubical points in a fully circumscribed cen-
tral composite design is shown in Figure 6. CCD provides six axial points, eight cubical
points, and two central points for three input factors.
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Figure 6. Central Composite Design: (a) Cubical point; (b) axial point.

4.2. Response-Surface Model

A response-surface model was produced utilizing the Minitab software tool [42] for
three input variables, and seven (51-57) responses were considered to be targets. Soil den-
sity (y), the frictional angle of the soil (¢'), and the stiffness modulus number (K) were
considered to be factors or input variables. Ranges of the factors for the cubic, axial, and
center points are presented in Table 1.

Table 1. Ranges of the sample values of the input variables.

Cubic Axial

Factor Range 5 ; Central
Min. Max. Min. Max.

Coded -1 +1 -a +a 0

Y Actual 1396.9 1703.1 1300 1800 1550
, Coded -1 +1 -a +a 0

¢ Actual 38.428 43.572 36.6 45.2 40.9
K Coded -1 +1 -a +a 0

Actual 274.43 825.57 100 1000 550

Fully circumscribed CCD provides 16 design orders fory, ¢', and K, considering two
central points and five levels of studies for each factor. The design orders and correspond-
ing responses are shown in Table 2.

Table 2. Design of experiments and corresponding numerical responses.

Run Input Factors Numerical Responses (Bending Strain x 107°)
Order Y ¢’ K S1 S2 S3 S4 S5 S6 s7
1 1550.00 4520  550.00 19.91 23.56 -0.36 31.33 66.31 51.50 -77.01
2 1550.00  36.80  550.00 18.45 22.36 -0.33 29.55 63.03 49.50 ~74.32
3 1550.00  41.00 100.00 27.69 30.08 -1.24 43.91 89.28 66.26 -91.90
4 1800.00  41.00  550.00 20.44 23.13 -2.05 31.60 67.98 52.18 -86.90
5 1550.00  41.00  550.00 19.16 22.94 -0.35 30.40 64.59 50.44 ~75.64
6 1300.00  41.00  550.00 13.70 20.14 0.76 30.24 62.18 49.44 -64.25
7 1550.00  41.00  1000.00 14.35 18.46 -0.05 22.32 49.55 40.49 —64.46
8 139691 3843  274.43 19.35 24.49 0.04 36.96 75.13 57.74 ~76.20
9 1703.09 4357  274.43 25.54 27.81 -1.89 39.09 81.50 60.85 -93.46
10 1703.09  38.43  274.43 24.29 26.90 -1.92 38.49 80.23 60.15 -92.27
11 1396.91 4357  274.43 19.82 2491 0.03 37.75 76.54 58.63 ~77.08
12 1703.09  38.43  825.57 17.10 20.41 -0.78 24.63 54.73 43.80 -73.16
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13
14
15
16

1396.91
1550.00
1396.91
1703.09

38.43
41.00
43.57
43.57

825.57 13.23 18.44 0.49 24.38 52.40 42.67 -61.51
550.00 19.16 22.94 -0.35 30.40 64.59 50.44 -75.64
825.57 13.91 19.16 0.51 25.67 54.74 44.20 -63.21
825.57 18.22 21.26 -0.89 25.78 56.97 45.10 -75.54

The bending strain as a response to the corresponding factors was adopted in the
response-surface model. The relationship between the responses (51-57) and factors (y,
¢', K) was developed from Equation (5) as below:

S=u+ Z?n:l Uptm + Z?n:l Unmtm + Z?nzl Yon<n Umn tmtn + 2 8)
So, the second-order polynomial equation became Equation (9).

S= uy+uy +u¢’ +uzsK + u11y2 + uzz<{b’2 + u33K2 + Uy * P+ U3y =

9
K+ uy¢p' xK ©)

This equation was integrated for the analysis of the response-surface model. The co-
efficient of the developed equation is listed in Table 3. For each response (S1-57), these
coefficient values were taken from the response-surface model in Minitab software.

Table 3. Values for coefficients.

Coefficient Values for Each Target Equation

Coefficient——c) S2 s3 S4 S5 S6 S7
U 19182 22941 03531 30405 64609 50454 75643
w 3655 1744 13645 06661 2949 13645 1144
u 0724 0595  -00144 08238 1545 09437 -1.2922
Uus 5920 5365 06143  -10.66 19527 1269 1352
Uy 2193 1324 02795 0494 0425 0325  0.08
Upy 0083  -0003 00165 0015 0017 0015 -0.007
Uss 1757 1309  -02820 2691 4762 2888  -2.525
Uiy 0409 0207  -0.0293 -0.113 -0.077 -0.145 -0.328
Ups 0832  -0412 04084  -0.839 -1.837 -0.864  2.823
Ui 0.028  -0.076  -0.0404 0349 0639 0411 -0.674

This model is trained by the actual response to obtain the best fit and the targeted
response. An efficient process for determining the model fitness is analysis of variance
(ANOVA) [43]. The p-value in ANOVA is the chance of incorrectly rejecting the null hy-
pothesis. A lower p-value increases the significance. If the p-value is less than 0.05, then
the lack of fit can be taken to be insignificant, and a p-value greater than 0.1 renders the
lack of fit significant [44]. Table 4 depicts that y, ¢', K, and y *y were significant model
terms for all seven responses.

Table 4. ANOVA of the response-surface model.

S DF p-Value
ource s1 S2 S3 s& S5  S6  S7

Model 9 0000 0000 0000 0.000 0000 0.000 0.0000

Linear 3 0000 0000 0000 0.000 0000 0.000 0.0000
y 1 0.000 0000 0000 0.000 0000 0.000 0.0000
Y 1 0038 0013 0501 0000 0000 0.000 0.0000
K 1 0000 0000 0000 0.000 0000 0.000 0.0000

Square 3 0004 0003 0000 0.000 0000 0.000 0.0000

vy 1 0007 0009 0000 0003 0136 0055 0.6440

b * 1 0886 0993 0700 0885 0948 0919 0.9680
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K * K 1 0.019 0.009 0.000 0.000  0.000 0.000 0.0000

Intersection 3 0.511 0.662 0.000 0.001  0.002 0.003 0.0000

y * ¢ 1 0.505 0.588 0.516 0.322 0.775 0.349 0.1060

y *K 1 0.200 0.298 0.000 0.000 0.000 0.001 0.0000

¢’ * K 1 0.963 0.840 0.378 0.015 0.048 0.028 0.0080

In ANOVA, the goodness of fit (R?) should not be less than 95% [45]. Table 5 shows
that the goodness of fit (R?) was greater than 95% for all the responses and closely re-
sembled the adjusted goodness of fit (Adj.R?). The S-value represents the interval be-
tween the fitted values and the data values in the units of the output responses.

Table 5. Response-surface method model summary.

Response R? Adjusted R?
(Strain) S-Value (%) " o
S1 0.6124 99.15 97.80
S2 0.383038 98.70 99.41
S3 0.0450893 99.89 99.74
54 0.110612 99.99 99.97
S5 0.273217 99.98 99.94
S6 0.151073 99.98 99.96
57 0.182903 99.99 99.97

Percent

Frequency

Residual plots also examine the fitness of the model. Figure 7 depicts the residual
plots for all seven responses. It expresses the outline of the response data in the design
order. Normal probability plots provide an expression of the normal distribution of the
residuals. Supposing that the normal probability plot forms a straight line, the model
could be termed to be adequate [46]. The normal probability plots for all seven responses
formed straight lines, so the model was adequate. The residual versus fit plot expresses
how the model achieves its target. Each response was uncorrelated from the other, and
the observation order indicates that.
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Figure 7. Residual plots: (a) S1 response; (b) S2 response; (c) S3 responses; (d) S4 response; (e) S5
response; (f) S6 response; (g) S7 response.

4.3. Updated Properties

For achieving the updated values of y, ¢', and K, the responses (S1~57) target values
were assigned in the model. The centrifugal test values were set to be the target values for
the responses. The response-surface model provides the updated values of the input fac-
tors. Figure 8 shows the updated values for the targeted response. The current level in the
figure indicates the best states of the soil properties for which minimal differences with
the centrifugal test were achieved. High and low indicate the ranges of the input
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parameters. The target values was the bending strain results from the centrifugal test. The
term y indicates the predicted bending strain responses from the response-surface model
for the updated soil properties.
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(a) (b)
Figure 8. Updated properties: (a) Responses S4 ~ S7 desirability (b) Responses S1~54 desirability.

The updated values of y, ¢’, and K from the response-surface model were 1446.46
kg/m?, 36.67°, and 409.09, respectively. The updated soil parameters were compared with
those of previous studies to check whether they were significant for silica sand or not. The
soil density and frictional angle values were very close to the results of one of previous
tests [47]. The obtained stiffness modulus number value is quite reasonable for fine sand
according to Janbu’s plots [48]. A comparison is shown in Table 6.

Table 6. Comparison of updated soil parameters with the previous study.

Parameter Updated Previous Study Remark
Density (Kg/m?) 1446.46 1450 Joetal. [47]
Frictional angle () 40.89 41 Jo et al..[47]
Stiffness modulus number  409.09 350-450 Hoffman[48] (fine sand)

5. Numerical Model Update and Validation

Bending strain and corresponding bending moments are the key parameters for the
design of any structure. The bending strain response for particular elements is easier to
obtain from a centrifugal test. The numerical model is updated with the bending strain of
the wall from the centrifugal test along the depth. The updated soil parameters from the
response-surface model are adopted in the numerical model for updating. Figure 9 shows
the updated numerical model results. The bending strain of the wall became negative
where struts were connected with the wall. The walls were tied with the baseplates that
provided fixed tip conditions, so the negative bending strain occurred at the bottom of the
wall. The soil in the top layers had the lowest elasticity, and minimal strain occurred in
the topsoil layer. However, wall bending strain values at seven particular points were
obtained from this updated numerical model for comparison with the centrifugal test.
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Figure 9. Response (bending strain) of the updated numerical model.
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A comparison of the magnitude of the bending strain from the updated numerical
model and centrifugal test data is shown in Figure 10. The strain gauges were set at a total
of seven locations in the centrifuge; corresponding point responses were taken from the
numerical model. In the first segment, the location of those particular points is shown. In
the third segment, the differences in the magnitude for the seven points in the centrifuge

and numerical model are shown. This showed a good agreement among them with an
overall 5.57 (x 107¢) difference in magnitude.
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Figure 10. Updated numerical model and test result comparison.

The predicted responses were checked through the corresponding actual responses
from the numerical model. Figure 11 shows the linear relationship among them. The re-

sponse-surface model predictions were quite close to the actual numerical responses, with
a difference of less than 0.5%.
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Figure 11. Predicted value vs. updated actual numerical response (FEM) plot.

6. Conclusions

An updated framework of response-surface-based multiobjective model updating
for the numerical model of strutted deep excavation in the sand was presented. This pro-
posed framework allows for the adoption of unknown soil parameters in numerical anal-
ysis. The process is briefly summarized as follows.

e  Comparatively identical properties for particular types of soil were assumed. Suita-
ble ranges for key parameters were selected. The design of experiments (DOE) was
created. The structural responses were chosen. Numerical responses were obtained
for each DOE. The response-surface (RS) model was created using those responses
and DOE. Centrifugal responses were adopted in the RS model as a target, and up-
dated soil parameters were obtained. The numerical model was updated by adopting
the obtained parameters.

e  The fitness and significance of the RS model were checked with the coefficient of
determination (R?) and probability values for the obtained results (p-value).

A small-scale centrifugal model of strutted deep excavation was numerically de-
signed and updated to investigate this framework. The multiple bending strain values
from the strain gauges of the centrifugal test were used as multiple objects to update the
soil’s three key parameters (density, elasticity, and internal friction). Updated parameters
were significant compared to those in previous studies. The key findings of this investi-
gation are summarized below.

1. Predictions from the RS model showed good consistency with the numerical model
responses; the difference between these two was less than 0.5%.

2. The bending strain response of the small-scale numerical model and DOE of the cen-
tral composite design could establish a well-fitted RS model. This analysis achieved
the coefficient of determination (R?) by more than 95%.

3. Minimal differences between the test results and the numerical model were achieved.

4. The ranges of the responses could be visualized for the particular ranges of soil prop-
erties.

The updated numerical model showed reasonable agreement with the centrifugal
test and it can be used for parametric analysis.
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