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Polymer-based materials have been motivated to be an alternative support system element in the
mining/tunneling industry due to their logistic and geotechnical benefits. Thin spray-on liner (TSL), a
term to define the application of the material on the rock surface with a layer ranging from 2 mm to
10 mm in thickness, shows some promising results. TSLs are mainly composed of plastic, polymer, or
cement-based ingredients to a certain proportion. This study intends to reveal the time-dependent
response of TSL specimens, cured throughout 500 d, under four constant stress levels for stable labo-
ratory conditions. The results were correlated using two interrelated equations to predict the material’s
service life (creep-rupture envelopes). The proposed correlations offered an insight into both the
effective permanent support time and the strain amount at the liner failure. The time-dependent
deformation of TSL, whose performance is highly responsive to creep behavior, was obtained so that
the design engineers may use the findings to avoid the severe problems of material creep. Experimental
data were also used to develop a Burgers (four-element) creep model. Since the liner has a nonlinear
time-dependent behavior, creep models were built for each stress level separately. Subsequently, a
generic equation was obtained using the nonlinear parametric dependencies. There is a good agreement
between the proposed model and the experimental results. The proposed model can be used as a basis
for future numerical studies related to the support behavior of aged surface support liners.
� 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Various support and reinforcement systems are used to improve
and sustain the stability of underground excavations (Yang et al.,
2017; Shan et al., 2019; Zhang et al., 2019; Komurlu, 2020; Chen
et al., 2021). Surface support elements, also known as areal sup-
ports, can distribute the rock mass or rock block load in a larger
lining area. Sprayed materials (shotcrete and thin spray-on liner
(TSL)), wire mesh, grids and straps are considered as areal support
elements in metal mines (Thompsonet al., 2012) and coal mines
(Qiao et al., 2014). Conventional shotcrete applications in under-
ground openings have brittle behavior intrinsically and have a
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long-term curing process to arrive at the required mechanical
properties.

Sprayed areal supports can operate as an active support element
even though the deformation takes place at a scale of a few milli-
meters (Tannant, 2001). Therefore, they can interact and support
the surrounding rocks at the initial phases before the high growth
of deformation on the ground reaction curve (Guner and Ozturk,
2018). Meshes, straps and grids are passive support elements and
remain inactive until a large displacement on the ground occurs in a
way to develop a close reaction between support and ground.
Compared with the passive support systems, TSLs may manage to
behave as a pro-active support element in cases where millimeter-
scale displacements may lead to a jump in the inherent resistive
stress values of the liner (Shan et al., 2019). Even though shotcrete
can achieve a comparatively higher support resistance in the con-
ditions where squeezing problems or dynamic events of earth-
quake and blasting activities are severe, TSLs can provide superior
support over the full range of rock deformations (O’Donnell and
Tannant, 1998). Because most of the TSLs are more flexible and
have better adhesion properties than shotcrete. Overall, polymer-
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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based surface support liners have an encouraging potential in un-
derground operations with their ductile and fast-curing behaviors.

The general definition of TSL is “cement, latex, polymer-based,
reactive or non-reactive, multi-component materials applied to the
rock surface sprayed by a nozzle, in a layer of generally 6 mm or less
(3e5 mm) thickness to temporarily support the excavation”
(Hadjigeorgiou, 2003). TSLs have gained partial acceptability in
mining applications in the recent decade due to their operational
benefits (Li et al., 2016). However, the majority of the construction
and mining sectors still have some doubts about their long-term
performance. Recent studies have presented various numerical,
analytical and laboratory outputs under certain constraints to
explain the support mechanism of TSLs. It is observed that adhesion
and direct tensile strength tests have been more commonly
investigated by TSL researchers in laboratory studies (Guner and
Ozturk, 2019; Kolapo et al., 2021; Liang et al., 2021). Since tensile
strength, elongation capability and adhesive strength properties
are crucial to understanding the ability of TSL to hold the loose rock
in place, these factors should be regarded when evaluating the TSL
performance (Yilmaz et al., 2003). The time-dependent response of
TSLs is also considered to be vital by researchers in short to long-
term practical applications. According to Villaescusa (2014), the
creep behavior of TSLmay create a severe problem and is a property
that has not been investigated yet. Creep tests are also recom-
mended by Kuijpers et al. (2004) to comprehend the time-
dependent behaviors of TSLs in detail. They recommended per-
forming creep testswith the loads with 50% of TSLs tensile strength.
Polymer-based products may have a noticeable variation in their
mechanical properties depending heavily on the changes in time
and temperature. Therefore, a safe and proper design can only be
achieved by understanding the long-term behaviors of TSLs. In the
literature, early-aged (1e14 d) creep behavior of TSL has been dis-
cussed (Guner and Ozturk, 2019). Material properties, including
creep, strongly depend on the curing time (Guner and Ozturk, 2019;
Ozturk and Guner, 2017), and the dynamic loads may influence TSL
after a long-time of its application. In this sense, the time-
dependent behavior of an aged TSL may gain importance for a
complete understanding of TSL behavior.

The creep behavior of the material under ambient conditions
mainly depends on the applied stress levels and the time. The
general creep curve consists of three stages named transient (pri-
mary), steady-state (secondary), and accelerating (tertiary). In the
transient stage, the strain rate ð_εÞ decreases with time. This stage
tends to occur over a relatively short period at the beginning of the
test, and the material has a reversible viscoelastic behavior
(Sánchez-Beitia et al., 2018). The creep rate is approximately con-
stant and at the lowest level in the steady-state stage. This stage has
the most prolonged duration in the test or life of the component.
Finally, the creep rate continually increases in the accelerating stage
until the failure (Sánchez-Beitia et al., 2018).

Polymer’s creep behavior and creep failure process differ from
the other engineering materials in various aspects. At this point,
creep failure involves complex and combined interactions in
several damage mechanisms such as viscoelastic deformation,
primary and secondary bond rupture, shear yielding, crazing with
intrinsic and extrinsic flaws, culminating in crack initiation, and
growth to final fracture (Spathis and Kontou, 2012).

Various research studies have discussed the creep behaviors of
different engineering polymers. McKeen (2014) reviewed some
prominent time-dependent laboratory works on polymers and
generalized creep performance expectations on different types of
polymers. Li and Dasgupta (1993) focused on micromechanical
deformation mechanisms in polymers during the creep process. In
the study, slippage, dislocation motion, craze yielding, and shear
yielding were considered deformation mechanisms. On the other
hand, polymeric materials used in engineering applications are
generally heterogeneous and rheologically complex (Kola�rík and
Pegoretti, 2006). According to Liu et al. (2008), macromechanical
modeling is required for the practical analysis of engineering
polymers. These models consist of mathematical equations corre-
lating strain and stress values at the macrostructural level.

Materials are exposed to different loading directions during field
applications. Different methodologies of creep tests have been used
to simulate the actual material behavior. Tensile, compressive and
flexural tests are commonly used when conducting creep tests in
polymer and material engineering. The tensile failure mode is one
of the critical design factors to explain the falling or sliding wedges
(Espley-Boudreau, 1999; Moreau, 2006). Therefore, the tensile
creep test methodology for plastics was followed throughout the
laboratory studies in the current research. According to Espley-
Boudreau (1999), underground implementations showed that
applied TSLs are exposed to either constant diagonal or direct
tensile stresses depending on the adhesive strength of the TSL.
Large displacements may be observed if the surrounding rock mass
has some discontinuities, and the direct tensile failure mode should
be considered with a priority in that condition.

The primary objective of this study is to investigate the time-
dependent material behavior of the surface support liner inde-
pendently of curing time and develop Burgers rheological model
using experimental data. The creep models were developed for
different stress levels. The parameters of the creep models were
correlated using nonlinear data analysis to build up a generic
model. It is observed from the literature that any rheological
modeling of TSL material to explain its viscoelastic behavior has not
been studied. In addition, any generic mathematical model capable
of explaining nonlinearity in TSL strain and creep behaviors has not
been offered previously. The current study intends to fill these gaps
in the related research area.
2. Experimental methodology

ASTM D2990-09 (2009) testing methodologies were followed
throughout the sample preparation, test set-up and tensile/creep
test. The experiments of the current study were performed on a
cement-based TSL. Product and company names are undisclosed in
this study due to confidentiality. The tested TSL has two main in-
gredients, i.e. a stabilized resin latex in a liquid form and a powder
component that is a hydraulically curing powder based on special
cement. Components weremixed with a 2:1 liquid-powder ratio by
weight. The 7-d cured tensile strength of tested TSLwas obtained as
2.91 MPa. This value is higher than 2 MPa, which is the minimum
requirement offered by EFNARC (2008).

During the laboratory studies, all the dog-bone-shaped speci-
mens with a thickness of 4 mm were mixed simultaneously to
ensure uniformity. The thickness was determined according to the
practical TSL applications in underground openings, generally be-
tween 3 mm and 5 mm. Ambient conditions in the laboratory were
kept constant at (23 � 2) �C in the specimen preparation phase and
throughout the 500-d curing period. The ambient temperature was
maintained to be stable by the central heating system and an air
conditioner. The die cutter technique was applied for the prepa-
ration of the Type-I specimens. Specimen dimensions can be
viewed in Fig. 1.

Tensile tests were conducted under a constant displacement
rate of 6 mm/min to determine the tensile strength of the 500-
d cured TSL, and the load was measured by an S-type load cell
with a capacity of 2500 N. Nine different tensile tests revealed that
the ultimate tensile strength of the 500-d cured TSL specimens was
3.7 � 0.15 MPa. The resultant ultimate tensile strength value was



Fig. 1. Dogbone specimen dimensions (in mm).
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used to determine the dead weights to be applied in the creep tests.
Tensile test results and creep test plans are summarized in Table 1.

At least two specimens should be tested for each stress level,
according to ASTM D2990-09 (2009). While laboratory tests were
conducted, the attached deadweights were used at the bottom grip
(Fig. 2). The top and bottom grips were designed to prevent the
sliding of the test specimens. In this way, the eccentric loading of
the specimen could also be minimized. Both dial gauges and linear
variable differential transformer (LVDT) were mounted to the bot-
tom grips to measure the elongation due to the total forces applied
as load and grip weight. A range of dead weights, 80%, 60%, 40% and
20% of the ultimate tensile strength, was applied throughout the
experiment. Therefore, these weights induced four different stress
levels that are 2.96 MPa, 2.22 MPa, 1.48 MPa and 0.74 MPa,
respectively.
3. Test results

The experimental part includes tensile and creep tests con-
ducted at (23 � 2) �C ambient temperature to examine the rela-
tionship between the total strain (sum of elastic and creep
deformation) and time. The creep test results are presented in
Fig. 3. Depending on the load and failure times ranging from a few
minutes to 7 d, the curves that illustrate the total strain versus the
time behavior are given in two parts, as shown in Fig. 3. One graph
explains the strain behavior for four different stress levels up to
100 min on a linear scale, while the other shows the strain change
up to 10,000 min on a logarithmic scale.

As observed from Fig. 3, if a tensile load of 80% of the tensile
strength (2.97 MPa) is applied, the failure occurs in 2 min with
about 20% strain. On the other hand, the liner can resist for almost
9000 min when the tensile load is applied constantly with a value
that is 20% of its tensile strength (0.74 MPa). The elongation capa-
bility parameter is inversely proportional to the failure time. As
expected, rupture time shows a substantial increase with the
decreasing constant load sustained in the specimen. The following
sectionwill discuss the statistical correlations between failure time,
failure strain and acting stress values.
Table 1
Tensile test results and creep test plan.

Tensile test results Creep test plan

Test No. Ultimate tensile strength (MPa) Test No. Applied stress level (MPa)

1 3.55 1 2.96
2 3.71 2
3 3.63 3 2.22
4 3.49 4
5 3.74 5 1.48
6 3.61 6
7 3.75 7 0.74
8 3.95 8
9 3.9
Average 3.7 � 0.15
3.1. Creep failure analysis

One of the main objectives of this study is to obtain the creep
rupture envelope that predicts the load-bearing capability of ma-
terial under ambient temperature. Creep rupture envelopes are
widely used for the service life prediction of polymer-based prod-
ucts. Since a tertiary creep behavior, where rapid acceleration in
strain rate exists, is not observed in the laboratory studies, rupture
points after the secondary creep are considered in constructing the
rupture envelopes. Creep rupture envelopes are plotted based on
either stress or strain variation with time considering the critical
design parameter. At this point, if the material strain is investigated
primarily, a strain versus rupture time curve may be utilized.
Otherwise, the graph of stress versus rupture time curve may be
chosen. Time dependence of the load-bearing and elongation ca-
pacity of the liner were investigated jointly under the scope of this
study. Therefore, two creep rupture envelopes, which show a cor-
relation with rupture time, rupture strain and applied stress level
(sn in MPa), were plotted using nonlinear regression analysis and
confidence interval estimation (Fig. 4).

The rupture time ðRTÞ values on the regression line exhibit a
continuously descending trend under its reverse correlation with
the applied stress, while themaximum cumulative strainwhere the
rupture takes place, εtðt ¼ RTÞ, starts to be stabilized at the stress
value higher than 2.5 MPa. Besides, the dashed lines in the graphs
show the confidence region where the amounts of log10(RT) and
εtðt ¼ RTÞ can be estimated with a probability of 95%. The confi-
dence interval estimates on the dependent variable can be per-
formed using Eq. (1). This equation assumes that the estimated
value shows a variation regarding the standard error ðsÞ on the
dependent variable, cY0 , with the critical t value of t-distribution
table in a degree of freedom ðnÞ and an upper tail of a=2 for a
confidence region of ð1 � aÞ� 100%. In addition to the regression
lines, a response surface, which displays the simultaneous inter-
action of stress, rupture time and strain, was plotted in Fig. 5. If the
acting tensile load is known, the plotted rupture envelopes can be
used for estimating the effective permanent support time and
strain at the rupture of the liner.

cY0min; max ¼ cY0Ht�
a
2;n

�sðcY0Þ (1)
3.2. Creep behavior modeling of the liner

Time-dependent material models are widely used as approxi-
mation techniques to simulate the response of creep strain by
stress, time and temperature. In the literature, researchers have
generally classified time-dependent modeling in terms of micro-
mechanical or macromechanical approaches. Micromechanical
models mainly concentrate on the material behavior on a micro-
scale. On the other hand, macromechanical models, being used to
analyze the laboratory outcomes of the tests under simple loads,
are considered to identify thematerial properties. Thesemodels are



Fig. 2. General view of the testing apparatus.

Fig. 3. TSL creep behavior for different stress levels.
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Fig. 4. Correlation between applied stress, rupture time and strain at rupture.

Fig. 5. Rupture time, rupture strain and stress correlation using a response surface.
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also used in the mathematical models when highlighting the time-
dependent material behavior.

Elastic springs and viscous elements are commonly used to
develop a creep behavior model for a time-dependent material. If
the tertiary creep is not concerned, the Burgers rheological model
offers a practically acceptable simulation of the time-dependent
behavior for polymeric materials (Yang et al., 2006). Therefore,
this study employs the Burgers rheological model to estimate the
general material behavior under constant stress levels. The Burgers
rheological model, also called the viscoelastic or four-element
model, requires less descriptive parameters when identifying the
polymer material parameters (Xu et al., 2017).

The total creep strain is the combination of the instantaneous
elastic part of the strain ðεeÞ and the viscous time-dependent creep
strain function ðεvðtÞÞ. The material strain at a specified time can be
expressed with a hereditary integral by Lockett (1972):

εðtÞ ¼
Zt
0

jðt� sÞdsðsÞ
ds

ds (2)

where s is an arbitrary time (also known as a retardation time)
between 0 and t, jðt�sÞ is the creep compliance function of the
material, and dsðsÞ=ds is the stress rate. Since creep tests were
performed under uniaxial conditions and the tested stress levels
were kept constant, Eq. (2) can be simplified as

εðtÞ ¼ sjðtÞ (3)

Constitutive equations for the four-element Burgers model can
be derived by considering the strain response under the constant
stress of a spring, a dashpot, and a Kelvin unit connected in series.
Parameters of the Burgers model can be observed from experi-
mental total creep strain-time curves (Fig. 6).
In Burgers model, the creep compliance equation can be defined
as

jðtÞ ¼ 1
E1

þ 1
E2

�
1� exp

�
�t

E2
h2

��
þ t
h1

(4)

where E1 is the instantaneous elastic stiffness; E2 is the elastic
modulus of the Kelvin element; and h1 and h2 are the viscosities of
the Maxwell and Kelvin dashpots, respectively. Burgers model
equation can be obtained by substituting Eq. (4) into Eq. (3):

εtðtÞ ¼ εe þ εvðtÞ ¼ sn
E1

þ sn
E2

�
1� exp

�
�t

E2
h2

��
þ snt

h1
(5)

where sn is a constant normal stress level.
The nonlinear equation of Burgers model given in Eq. (5) was

solved for the stress levels of 2.96 MPa, 2.22 MPa, 1.48 MPa and
0.74 MPa, iteratively. Comparative results between the Burgers
model and experimental curves and the generated material con-
stants were presented in Fig. 7 and Table 2, respectively. Solid lines
in Fig. 7 refer to the measurement data of the replicated experi-
ments for the individual stress levels, whereas the dashed lines
represent the fitted Burger model for the related dataset. It is
revealed from the graphs that Burgers model expressed the creep
behavior of TSLs for different stress levels very well with a minor
standard error (SE) on the fit, which stands for the deviation of the
model’s line from the actual data.

Statistical correlations between themodel parameters in Table 2
were investigated by comparing the standard errors among more
than 100 nonlinear equations to determine the best-fitted lines. In
addition, the 95% confidence areas were examined to verify
whether the values in Table 2 are located between the upper and
lower bounds calculated by Eq. (1). The resultant nonlinear ex-
pressions correlating the stress levels and parameters E1, E2, h1 and
h2 are given in Fig. 8. It is understood from the graphs that the
variations in E2 values have a direct proportionwith sn whereas the
other parameters exhibit a reverse correlation with the ascending
sn levels.

Nonlinear equations given in Fig. 8 were substituted in Burgers
model (Eq. (5)) to derive a generic model with a single variable sn,
to generalize the model for different intermediate stress levels.
Time-dependent variations of the strain values for the experi-
mental and intermediate stress levels are obtained by Eq. (6), and
the resultant creep rupture envelope can be viewed in Fig. 9.



Fig. 6. Burgers model parameters from the curve features and rheological
representation.
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εtðtÞ ¼ sn
snþ2:83

sn

173:55
þ sn1�0:277sn

34:59

"
1� exp

 
� t

50:12 lnsnsn0:277
sn

50:23

!#

þ 426:58ln snsnt
32359:36

(6)

Fig. 9 shows that the creep curves for intermediate stress levels
(red dashed lines) offer a good agreement with the experimental
models (black lines). This condition points to the capability of Eq.
(6) in estimating the creep behavior for the unknown stress levels
successfully. It should be noted that the creep behavior estimations
were performed in a stress range between 0:8s (2.96MPa) and 0:2s
Fig. 7. Comparison of the experiment
(0.74 MPa). Therefore, for the stresses smaller than 0.74 MPa, the
validity of the given generic equation (Eq. (6)) should be checked
with some additional tests.

4. Discussion

The main intention of this study is to highlight and examine the
creep behavior of the 500-d cured TSL by performing tensile creep
experiments and obtaining a generic constitutive creep model. In
the experiments, the testing scenario is motivated to determine the
tensile rupturing of a TSL, which is one of the significant parameters
when describing the resistance loss of a TSL-lined excavation. Other
potential effects based on liner adhesion loss, temperature or hu-
midity variationswere not considered under the scope of this study.

The prepared TSLs were molded in the plate, and the specimens
were prepared using a die cutter. TSLs are applied on the rock
surface by spraying close distances (2e3 m) in field applications.
When the bonding characteristics of liner are to be tested in a study,
the primary concern is that molded and sprayed materials may
behave differently. It is because spraying application positively af-
fects bonding behavior relative to molding. However, the molding
and spraying processes have a similar impact on the tensile and
creep tests (Guner and Ozturk, 2016).

Laboratory studies showed that the tested aged TSL was highly
responsive to the creep. The tested TSL fails within 1 h when the
sustained stress level is equal to a value that is half of the TSL tensile
strength. Therefore, it is evident that the ultimate tensile strength
parameter is not a design parameter for the tested TSL. According to
the proposed rupture envelope (Fig. 4), the critical strength limit
al results and the Burgers model.



Table 2
Time-dependent model coefficients for Burgers model.

Stress
level

sn
ðMPaÞ

E1
ðMPaÞ

E2
ðMPaÞ

h1
ðMPa min)

log10h1
ðMPa min)

h2
ðMPa min)

log 10h2
ðMPa minÞ

0.8 sn 2.96 58.1 84.3 41.2 1.6 26.9 1.4
0.6 sn 2.22 62.4 57.2 332.4 2.5 84 1.9
0.4 sn 1.48 85.5 37.7 2407.3 3.4 288.1 2.5
0.2 sn 0.74 548.1 34.8 209,806 5.3 6321 3.8

Fig. 9. Derived creep behavior for different intermediate stress levels.
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value for long-term design projects is considered as 10% of the ul-
timate tensile strength, without considering the other forces such
as shear and compression in field applications. The given critical
limit for the application of the TSL becomes valid only if the other
surface support elements are not combined. It should also be noted
that if TSL is combined with stiffer support elements such as
shotcrete or wire mesh-shotcrete arrangement, they might prevail
the creep of the TSL.

In addition, the creep test results obtained in this study do not
imply that TSLs are not practical to be used as an underground areal
support element. Surface support materials can distribute the loads
on a larger lining area in any field application. For instance, un-
derground wedge blocks can generate minimal stresses on the
applied TSL. Let us assume that a regular tetrahedral wedge block
exists on the roof in a sliding mode where the side length is about
1 m. Here, the volume of the wedge is calculated as 0.12 m3. In this
case, this wedge can generate only 0.23 MPa tensile stress on the
supporting element (liner). According to the given rupture enve-
lope equation in Fig. 4 (RT ¼ 1640.5sn�6.101), TSL can resist this
block for more than 20 years. A detailed explanation of calculating
the acting tensile stress on TSL can be examined in Guner and
Ozturk (2018).

The main objective of the time-dependent modeling part was to
develop a generic constitutive creep model of TSL that includes the
Fig. 8. Variations of acting tensile
Burgers approach (four-element) for a specific type of TSL. The
proposed generic creep behavior model is valid between 0.74 MPa
and 2.97 MPa tensile stresses for an aged TSL. The early-age and
temporary support performance was not considered in the study
scope.
5. Conclusions

This study reveals the statistical dependencies between the
acting parameters of the Burgers model using the creep datasets
stress with E1, E2, h1 and h2.
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gathered from laboratory experiments in a controlled ambient
condition. In this sense, the liner was exposed to some tensile tests
for determining the tensile strength values of the 500-d cured
specimens. The test outcomes were used to set the constant stress
levels applied in the creep test. It was observed from the creep tests
that the liner exhibits a time-dependent deformation behavior. The
test set-ups, where the tensile stress varies from 20% to 80% of the
tensile strength value with a 20% increment, were used separately.
The resultant rupture times ranged from 2 min to 9000 min be-
tween the highest and lowest stress levels. The experimental out-
puts were used to draw the rupture envelopes that correlate
maximum strain, rupture time and applied stress. In addition, the
statistical dependencies between the Burgersmodel parameters for
different stress levels were revealed. The nonlinear parametric
correlations were used to generate a generic creep model, which
estimates the constitutive behavior of the TSL as a function of
stress, strain and time. The ultimate tensile strength parameter is
not a design parameter, and support design engineers should be
aware that aged liner has a time-dependent material behavior.
Therefore, the generic constitutive creep model generated in this
studymay be practical in deriving input parameters for a numerical
model in future studies when explaining liner’s support behavior in
a better way.
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