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Abstract: The interaction between geosynthetics and soil is vital for the stability and the bearing capacity of geosynthetic-
reinforced soil structures. This contact behavior between geosynthetics and granular soils has been extensively studied in the
literature while there is scarcity of it related to geosynthetics and cohesive soils particularly with softening responses. This paper
presents a strain-softening model of geobelt—clay interaction based on direct shear test results under two compaction degrees.
A theoretical model for evaluating the pullout behavior of a geobelt is proposed by employing the strain-softening model verified
by direct shear tests and a hyperbolic model capturing the stress-strain curves of a geobelt calibrated by uniaxial tensile tests.
The proposed model is numerically solved and validated by pullout tests. A kind of sensor-enabled geobelt (SEGB) was adopted
in all the aforementioned tests. Both test and numerical results show an overall softening trend in terms of front pull-out force
versus displacement. Generally, the model proposed can give reasonably good agreement between calculations and test data
during the whole pull-out range. Also, the strain distributions measured by SEGBs demonstrate the working process during the
pullout tests, which makes SEGBs a potentially new choice for the strain measurements of in-soil geobelts.

Key words: strain-softening model, geobelt—clay interaction, pullout test, sensor-enabled geobelts, numerical solution.

Résumé : L’'interaction entre les géosynthétiques et le sol est vitale pour la stabilité et la capacité portante des structures de sol
renforcé de géosynthétiques. Ce comportement de contact entre les géosynthétiques et les sols granulaires a fait I’objet d’études
approfondies dans la littérature, alors qu’il y a absence d’études liées aux géosynthétiques et sols cohésifs, en particulier aux
réponses d’adoucissement. Cet article présente un modéle d’adoucissement de la déformation de I'interaction « geobelt »-argile
(ou geobelt est une bandelette géotextile) basé sur les résultats d’essais de cisaillement direct sous deux degrés de compactage.
Un modele théorique d’évaluation du comportement a I'arrachement de la bandelette géotextile est proposé en utilisant le
modele d’adoucissement de la contrainte vérifié par des essais de cisaillement direct et un modele hyperbolique capturant les
courbes contrainte-déformation de la bandelette géotextile calibrées par des essais de traction uniaxiale. Le modéle proposé est
résolu numériquement et validé par des essais d’arrachement. Une sorte de bandelette géotextile a capteurs (« SEGB ») a été
adoptée dans tous les essais susmentionnés. Les résultats des essais et les résultats numériques montrent une tendance générale
a la baisse de la force d’arrachement avant en fonction du déplacement. En général, le modele proposé peut donner une assez
bonne concordance entre les calculs et les données d’essai pour ’ensemble de la plage d’arrachement. De plus, les distributions
de déformation mesurées par SEGB démontrent le processus de travail pendant les essais d’arrachement, ce qui fait de SEGB un
choix potentiellement nouveau pour les mesures de déformation des bandelettes géotextiles dans le sol. [Traduit par la Rédaction]

Mots-clés : modele d’adoucissement de la déformation, interaction « geobelt » (bandelette géotextile)-argile, essai d’arrachement,
bandelettes géotextiles équipées de capteurs, solution numérique.

has been a consistent concern of the geotechnical engineering
community.

Direct shear tests and pullout tests are both effective to inves-
tigate the diverse kinds of interaction between geosynthetics and
soil. Many researchers have performed experimental investiga-
tions on the interactions between different soils and various geo-
synthetics. Racana et al. (2003) conducted pullout tests of geobelts
(or geotextile strips) in sand to verify the independently devel-
oped numerical model. Abdelouhab et al. (2010) established phys-
ical and analytical modelling for the pullout behavior of two types

Introduction

In recent years, geosynthetics have been extensively employed in
geotechnical engineering practice to reinforce soils and improve the
overall performance of foundations (Chen and Abu-Farsakh 2016;
Shahin et al. 2017; Yu and Bathurst 2017a), embankments (Rowe
and Liu 2015; Chawla and Shahu 2016; Yu et al. 2016a; Yu and
Bathurst 2017b; H.B. Liu et al. 2017a; KW. Liu et al. 2017, 2018; Shen
etal. 2018), and walls (Xie and Leshchinsky 2015; Liu 2016; Yu et al.
2016b; Yu and Bathurst 2017c; H.B. Liu et al. 2017b; Zhang et al.

2018). The stability and the bearing capacity of the geosynthetic-
reinforced soil structures (GRSS) are mainly enhanced and im-
proved by the competent interactions between the geosynthetics
and surrounding soils. Thus, the study of the geosynthetic—soil
interaction is very important from stability considerations and

of geobelts. Choudhary and Krishna (2016) carried out direct shear
tests and pullout tests to investigate the interactions of three
different cohesionless soils and three different geosynthetics —
nonwoven geotextile, woven geotextile, and geogrid. Bathurst
and Ezzein (2017) carried out pullout tests on geogrids with a
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transparent granular soil to investigate the load transfer between
the transverse members and the granular soils. Mousavi (2017)
conducted direct shear tests and pullout tests to evaluate the in-
fluences of soil contamination on the shear strength behavior at
the interfaces with various geosynthetics including geotextile,
geomembrane, and geogrid. Wang et al. (2017) developed a large
direct shear test apparatus equipped with visualization and data
acquisition system. The study investigated the interaction of
geogrid and coarse-grained soil with the new apparatus and the
influence of transverse ribs of geogrids on the interface was eval-
uated.

In the literature, extensive research has been focused on
geosynthetic-reinforced granular soils while the number of stud-
ies on the geosynthetic-reinforced cohesive soils is relatively lim-
ited. In practice, granular soils are not always available on site
where the use of cohesive soils can give significant savings (e.g.,
Zornberg and Mitchell 1994; Mitchell and Zornberg 1995). There
is a gradual increase in research interest in the behavior of
geosyntheticreinforced cohesive slopes-retaining walls—subgrades of
railways in both laboratory and filed scales (e.g., Portelinha et al.
2013; Chawla and Shahu 2016; Abd and Utili 2017). Many studies
have demonstrated that the interfacial behaviors vary with the
types of both geosynthetics and surrounding soils through exper-
iments (Infante et al. 2016). Rousé et al. (2014) reported that two
different interfacial responses (hardening and softening) were ob-
served in the interaction of two different textured planar inclu-
sions embedded in sand. Mosallanezhad et al. (2016) presented the
hardening behavior at the geogrid-sand interface during pullout
tests. Wang et al. (2016) found that soils at interfaces all showed
hardening for geobelts (geogrids without transverse ribs) al-
though softening was also observed for other geogrids under the
same stress condition. Many researchers have reported the inter-
facial shear stresses showing hardening response with shear dis-
placements (e.g., Gurung and Iwao 1999; Punetha et al. 2017;
Sadat Taghavi and Mosallanezhad 2017). The shear stress soften-
ing was mostly observed in the interaction between geosynthetics
and clayey soils (e.g., Chai and Saito 2016). Only a few researchers
have attempted to establish analytical models considering softening
interfacial responses. For instance, Tano et al. (2017) developed a
numerical modelling technique capturing strain-softening at in-
terfaces and established a two-dimensional finite-difference
model on a reinforced geosynthetic system over a cavity. There-
fore, further research on the interaction between geosynthetics
and clay, particularly with softening responses, is in high de-
manded.

Some researchers have established different strain-softening
models. Seo et al. (2004) presented constitutive models for two
strain-softening interfaces with a smooth peak and a sharp peak.
In these two constitutive models, the strain-softening responses
at the interfaces were separated as pre-peak stage and post-peak
stage. The constitutive models were both piecewise functions. The
pre-peak stage in the strain-softening response was simulated
with a hyperbolic model or a linear model, while the post-peak
stage was approximated as nonlinear hyperbolic relation de-
scribed by Esterhuizen et al. (2001). The same method was also
employed by Anubhav and Basudhar (2010). The aforementioned
models combining piecewise functions involve many parameters.
Therefore, developing an efficient constitutive model with rela-
tively less parameters is another objective of this paper.

In this paper, a theoretical model for evaluating the pullout
behavior of the geobelt is established by employing two models.
One is the aforementioned strain-softening model, and the other
one is a hyperbolic model capturing the stress—strain relation of
geobelts. The load transfer equation is deduced and numerically
solved. The specimens used in direct shear tests and pullout tests
are sensor-enabled geobelts (SEGBs). The tensoresistivity perfor-
mance of SEGBs enables the strains of geobelts to be measured
based on piezoresistive effect, which could be utilized as a poten-
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Fig. 1. Particle-size distribution of clay tested.
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tially new method for the strain measurement of in-soil geobelts.
The numerical results from theoretical models are compared with
pullout test results, including the measurements of SEGBs. Based
on the theoretical model validated, the influence of compaction
degree on pullout behavior is discussed and the measurement
function of SEGBs is evaluated.

Laboratory tests of geobelt-soil interaction

Backfill material

The soil used in tests is classified as low liquid limit clay (CL)
according to the Unified Soil Classification System (ASTM 2011)
with the particle-size distribution shown in Fig. 1. The uniformity
coefficient (C,) and the coefficient of curvature (C.) were 17.50 and
2.06, respectively. The liquid limit w; was 26.0% and the plasticity
index I, was 8.7. The maximum dry density and the optimum
water content were 1.85 g/cm?® and 13.5%, respectively. Direct
shear test carried out on an intact sample of clay (natural water
content of 8.6%) showed values of apparent cohesion and fric-
tional angle equal to 136.9 kPa and 33.7°, respectively. In direct
shear tests and pullout tests, the clay was compacted by layers
with two compaction degrees of 90% and 96%, respectively. Each
layer of compaction was 50 mm thick.

Geobelt

The geobelt used in this paper was a SEGB derived from an
original material nominated sensor-enabled geosynthetic (SEG),
developed by Hatami et al. (2009). The conception of preliminary
product and basic features at the laboratory presented by Hatami
et al. (2009) were followed to improve the manufacturing process
of SEGB and to evaluate pilot tests — reported by Cui et al. (2018a)
and Li et al. (2018) — on mechanical and electrical properties. As a
polymer composite made from high-density polyethylene (HDPE),
the industry-fabricated SEGB samples are molded as thin plates
with the thickness 0of 1.8 mm. The thin plate-shaped samples could
be cut into individual specimens (geobelts or geogrids) with re-
quired dimensions. The widths of specimens in tensile load tests
and pullout tests are 1.5 and 40 mm, respectively.

By mixing the masterbatch of carbon black with HDPE, the
SEGB exhibited conductivity and tensoresistivity, which enabled
the strain of SEGB to be acquired by measuring the changes of
electrical resistance. Tensoresistivity test results (Cui et al. 2018a,
2018b, 2019) suggested the strain determination method as fol-
lows:
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Fig. 2. Diagram of SEGB specimen sealed with HPP (reproduced
from Cui et al. 2018a). [Color online.]
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where R, is measured value of electrical resistance after deforma-
tion; R, is initial value of electrical resistance; and the coefficients
« and B are constants only related to the materials. According to
Cui et al. (2018b), values of « = 0.01599 and B = 0.1853 are updated
in this study, and the values of « and B are related to a specific
SEGB (industry-fabricated and with carbon black-HDPE equal to
45%).

Due to the electrical resistance measurement involved, the
SEGB is required to be insulated from water or corrosion in the
surroundings. Cui et al. (2018a) chose hot pyrocondensation pipes
(HPP) as the insulate coating of SEGB (as shown in Fig. 2). Hot melt
adhesives were applied on the inner surface of the HPP to enhance
the connection between the SEGB and HPP. Due to the hot melt
adhesives and the rhombic texture of the SEGB, the cohesion
between SEGB and HPP is much greater than the interfacial shear
stress between HPP and soil. Considering no slippage between
SEGB and HPP before the rupture of SEGB, the measured strains
from SEGB could reasonably represent the strain of HPP. The em-
ployment of HPP increased the cross-sectional dimensions by
1 mm both in width and thickness. In this paper, all the SEGBs
refer to the SEGB specimens covered with the HPP. The specifica-
tions of SEGB used in this paper are tabulated in Table 1.

Geobelt-soil interface shear strength tests

The upper shear box and the lower shear box had the same size
with the dimension of 500 mm x 500 mm x 200 mm, but only the
upper shear box was fixed in the horizontal direction, as shown in
Fig. 3. The lower shear box could horizontally move with low
friction on stainless wheels, which were lining up along two
tracks. The maximum displacement of the lower shear box was
200 mm, which was controlled by stoppers on the tracks. An
electrical motor horizontally pushed the lower shear box with a
constant displacement rate of 1.0 mm/min. The gap between
the lower and upper shear boxes was adjusted to 4.0 mm, slightly
larger than the thickness of the testing specimen. The vertical
load was applied by a hydraulic jack. The displacements of the
lower shear box were measured by linear variable differential

3
Table 1. Dimensions of SEGB used in tests.
Dimensions (including HPP)
Effective
Test length (mm) Width (mm) Thickness (mm)
Uniaxial tensile test 100 16 2.7
Pullout test 600 41 2.7

transducer (LVDT). The horizontal push force and vertical force
were recorded by force sensors.

The testing procedures followed the ASTM (2017) D5321 stan-
dard. In direct shear tests, the SEGB + HPP was tested as a plate
with large enough size that could exceed the shearing area. The
exceeding part of SEGB + HPP was tightly wrapped around a wood
block. The wood block was anchored to the front of the lower
shear box before filling the clay in the upper shear box as was
done by Xiao et al. (2015). The SEGB + HPP did not slide during the
direct shear tests. The normal pressures in shear box tests were
30, 50, and 100 kPa. The test cases were tabulated in Table 2.

Geobelt tensile load tests

To obtain the stress—strain curves of SEGBs, uniaxial tensile
tests were performed on a universal testing machine. The testing
procedures followed ASTM (2007) standard D6637-01. The SEGB
specimens were 100 mm long, 16 mm wide, and 2.7 mm thick.

Figure 4 shows the full tensile stress-strain curves of SEGB spec-
imens loaded with strain rate of 1%/min, 5%/min, and 10%/min. The
tensile stress of the specimen increased rapidly in the early stage
until a peak value and then the stress maintained at the peak
value until rupture.

Geobelt pullout tests

A schematic diagram for the large pullout apparatus developed
by authors is shown as Fig. 5. The apparatus consisted of four
parts: test chamber, horizontal pulling system, vertical loading
system, and force sensor system. The SEGB specimen was embed-
ded in compacted clay in the 800 mm long x 400 mm wide x
550 mm high test chamber. The front end of the SEGB specimen
extended through a gap in the front wall of the test chamber and
was fixed on a clamp. To prevent the soil particles from running
through the gap, a restraint was closely placed to the inner side of
the front wall. The inner sides of the sidewalls were greased and
then covered with thin sheets of polyethylene films to reduce the
friction due to the soil particles. The system for applying the
pulling load to the SEGB involved a screw powered by an electric
servomotor. The servomotor ensured that the clamp moved at a
constant displacement rate set as 1.0 mm/min. The SEGB was
clamped between two rubber sheets that were held between two
steel plates by five high-strength bolts. It was assumed that con-
nection system worked well because no rupture of SEGB was ob-
served on the plates. The vertical loading system comprised a
hydraulic jack attached to a reaction frame on one end and two
I-beams on the other end. The two I-beams with a length of
600 mm were deployed abreast on a bearing plate to apply a
normal pressure as uniform as possible. The bearing plate was a
10 mm thick steel plate to cover the test chamber. The force sensor
system comprised two force sensors. One of the sensors moni-
tored the tension induced by the screw in the horizontal pulling
system; the other one was attached to the vertical loading system
to monitor the pressure from hydraulic jacks.

The pullout test procedures followed ASTM (2013) standard
D6706-01. The SEGB specimens were made with dimensions:
width of 41 mm and length of 600 mm. By attaching wires, the
electrical resistance between two adjacent attached nodes could
be measured. The wires were mixed with hot melt adhesives and
wrapped by HPP as shown in Fig. 6. There were 11 measuring
points uniformly distributed along the specimen with a spacing of
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Fig. 3. Large-scale direct shear test device. [Color online.]
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Table 2. Cases of direct shear test.

Normal Degree of
Case pressure, o, (kPa) compaction (%)
1 30 90
2 50 90
3 100 90
4 30 96
5 50 96
6 100 96

60 mm. Note that the electrical resistance values must be mea-
sured between adjacent measuring points. The normal pressures
in pullout tests were 30, 50, and 100 kPa. Pullout tests and direct
shear tests were carried out with clay at the same compaction
degree. Test cases are summarized in Table 3.

Simplified strain-softening model of geobelt-clay
interaction

Basic concept of model

Direct shear test results indicated that the shear response of
geobelt—clay interface followed a strain-softening model as shown
in Fig. 7. In the strain-softening model, the shear stress acting
along the interface increases nonlinearly with the increasing of
displacement until the peak in pre-peak stage and decreases until
approaching a residual value in post-peak stage. When the dis-
placement reaches the value u,, the interfacial shear stress
achieves the maximum value, 7. The shear stress then decreases
with increasing displacement.

The strain-softening behavior between the interfacial shear
stress and relative shear displacement could be described by the
following equation (Zhang and Zhang 2012):

2) -=uptay

T+
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Fig. 4. Tensile stress-strain curves for SEGB specimens. [Color online.|
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where 7 is the interfacial shear stress; u is the interface relative
shear displacement; p, q, and r are the parameters related to soil
and geobelt.

Determination of values of parameters in strain-softening
model

When the shear displacement reaches the value of u_, the in-
terfacial shear stress achieves the maximum value, 7,,.

The derivative of eq. 2 is written as

3 97 =l t2qup + r) — 2rulp + qu)]
du (o + ru’

The value of u,, can be estimated by following the assumption
that the derivative of eq. 2 equals to zero:
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Fig. 5. Schematic diagram of pullout test apparatus: 1, reaction frame; 2, pressure sensor; 3, hydraulic jack; 4, I-beam; 5, bearing plate; 6, vertical
loading system; 7, test chamber; 8, restraint; 9, soil; 10, conductive adhesive tapes; 11, SEGB; 12, clamp; 13, high-strength bolts; 14, rubber sheet;
15, tensor sensor; 16, driving screw; 17, electric servomotor; 18, horizontal pulling system.
1 & DX
Ry
4 oy
18
£ /
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' ////////////////////////////////////////////////////////////////
800 mm
i . 2400 mm
Fig. 6. Cross-section illustration of SEGB sealed with HPP (reproduced from Cui et al. 2018a).
HPP Wire
Hot melt adhesives SEGB
Table 3. Cases of pullout test. Fig. 7. Assumed relationship between shear stress and shear
Normal Degree of displacement.
Case pressure, o, (kPa) compaction (%) .
1 30 90
2 50 90 m p 1
3 100 90 4(r-q)
4 30 96
5 50 96
6 100 96 [
(4) g—;-:O:>um:rfzq
P
The slope of the tangent line at the original point is the initial r2q
shear modulus of geobelt-clay interface (E), which could be ob-
tained by the following equation: 0 Um u
_dr| 1
G BT, T U £2§1:p(p++r3?) g Pem

By substituting eq. 4 into eq. 2, the value of 7,, could be obtained
in the following form:

1
4r — q)

6) T =) =

When the shear displacement reaches a very large value (u,),
the interfacial shear stress remains at a residue value (7). The
value of 7, can be calculated using the following equation:

where S, is defined as the ratio of the residual shear stress to the
maximum shear stress at the interfaces. The value of B, could be
obtained by back-analysis of direct shear test results.

From eqs. 6 and 7, the value of the parameter r could be ex-
pressed as

1-V1-p61

T N,
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Fig. 8. Shear stress—shear displacement curves: (a) compaction
degree of 90%; (b) compaction degree of 96%. [Color online.]
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By substituting eq. 8 into eq. 6, the value of the parameter q
could be expressed as

2-B—2V1-B1
q=

©) 43 T,

Combining egs. 4, 8, and 9, the value of parameter p could be
obtained as

BI‘_1+V1_Bl‘um

2B, Tm

(10) p= (1’ - Zq)um =

Note that only the value of r resulting in the positive initial shear
modulus of the geobelt—clay interface (E) is provided. The maxi-
mum value of shear stress or the shear strength (r,,) could be
obtained by Mohr-Coulomb’s friction law

(11) Tm = G + Oy taneg,

Can. Geotech. J. Vol. 00, 0000

Fig. 9. Shear stress-normal pressure curves: (@) compaction degree
of 90%; (b) compaction degree of 96%. [Color online.]
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where c,, is the peak apparent cohesion of interfacial friction; o,
is the vertical pressure; and ¢, is the peak angle of interfacial
friction.

Shear response of geobelt-clay interfaces

Based on the shear stress—shear displacement curves obtained
from direct shear tests, the strain-softening models could be es-
tablished for compaction degrees of 90% and 96%, respectively, as
shown in Figs. 8a and 9a. The parameters of the strain-softening
model were obtained and tabulated in Table 4.

Figures 8b and 9b show the variation of the shear strength and
the residual stress with normal pressures, respectively. It is ob-
served that for both the compaction degrees, ¢,, was larger than
the residual angle of interfacial friction (¢,). The comparison be-
tween Figs. 8 and 9 indicates that a higher compaction degree of
soil would result in higher interfacial shear stress, including the
peak shear stress and the residual shear stress under the same
shear displacement. Additionally, c,, increased with the increas-
ing compaction degree. However, ¢, and ¢, had limited incre-
ment.
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Table 4. Parameters of softening models for geobelt-clay interaction.
B:
Compaction Apparent Angle of interfacial
degree (%) cohesion, c,, (kPa) friction, ¢, (°) o, = 30 kPa o, =50 kPa o, =100 kPa
90 10.1 58.8 0.20 0.15 0.50
96 18.4 59.2 0.40 0.45 0.64
Fig. 10. Back-calculation of a and b for hyperbolic model. [Color Fig. 11. Hyperbolic model parameters a and b versus strain rate.
online.] [Color online.|
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Pullout behavior analysis of geobelt employing
strain-softening model

The pullout test is one of the most effective tests to analyze the
interaction between geosynthetics and surrounding soil. The pull-
out behavior of geobelts is closely related to the tensile property
of the geobelts and the geobelt—clay interaction. Therefore, the
pullout behavior analysis of the geobelts requires the modeling of
geobelt-clay interaction, as well as the modeling of tensile prop-
erty of geobelts.

Hyperbolic model of uniaxial tensile stress-strain curves of
SEGB

In this paper, the stress-strain curve of an SEGB specimen is
described using a hyperbolic relationship, which is given by the
following equation proposed by Ezzein et al. (2015):

(12) T(a,é):F(Zé): —

Tolé)

+ m(é)e

where T is the tensile stress of the specimen; ¢ is the strain of the
specimen; ¢ is the strain rate or the loading speed; F is the tensile
force; A is the cross-sectional area of geobelt; ], is the strain-rate-
dependent initial axial stiffness of geobelt; and 7 is an empirical
strain-rate-dependent scaling factor.

As a hyperbolic function, eq. 12 could be transformed to the
following linear form:

(13) y=a+ bx

where y =1/T(e, ¢), a = n(¢), b =1[J,(¢), and x = 1fe.

This transformation is convenient to find expressions for J,(¢)
and 7(¢) by back-analysis to measured stress-strain curves. Figure 10
shows the back-calculated values of a and b by converting the

coordinate axes. By linear fitting of the transformed test results,
the parameters a and b under the loading speed of 1%/min,
5%/min, and 10%/min could be obtained. Equation 13 gives J,(1) =
1.63 MPa and n(1) = 0.015 MPa™%; J,(5) = 2.12 MPa and 7(5) =
0.012 MPa-1; J,(10) = 2.64 MPa and 7(10) = 0.01 MPa~'. Ezzein et al.
(2015) investigated plenty of test results and suggested the param-
eters a and b had exponential relations with strain rate, as the
following equations:

(14) a = &) = a; + a,exp(—a,é)

(15) b= ]0(%) = b, + b, exp(—b,é)

Figure 11 shows the hyperbolic parameters a and b determined
by exponential functions of strain rate. By exponentially fitting
the measured results at the strain rate of 1.0%/min, 5.0%/min, and
10.0%/min, the parameters in eq. 14 and eq. 15 could be obtained:
a,=0.008, a, = 0.008, a, = 0.14; b, = 0.296, b, = 0.367, b, = 0.148.

Load transfer equation in pullout behavior analysis of geobelt

In this paper, a theoretical model for evaluating the pullout
behavior of the geobelt was established by employing two models:
(i) the strain-softening model established on direct shear tests and
(i) the hyperbolic model capturing the stress-strain relation of
geobelt. The load transfer equation was deduced and numerically
solved.

Figure 12 shows a small differential geobelt element of length dx.
Mechanical equilibrium of the element gives

(16) dF(x) = —2wr(x)[1 + e(x)] dx

where Fis the tensile force of the element and w is the width of the
geobelt.
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Fig. 12. Free-body diagram of SEGB specimen element in pullout tests.
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Additionally, the strain of the geobelt can be expressed as

du(x)
17 ==
@) ey = -5
The interfacial shear stress 7, the tensile force F, the displacement
u, and the strain ¢ of the geobelt are functions of x. Combined with
egs. 2, 12, 16, and 17, load transfer equations can be obtained:

(18) Pulx)  2bwu)lp + qu(x)]|'1 . M][l _adu(x ]2 -0

x> A p+ ruE)? L dx b dx

The boundary conditions of load transfer equations are

u(x) = u(0) atx =0
(19) Fx) =0 or dz—ix)=0 atx =1

where 1(0) is the front displacement from pullout test results; and
1is the length of specimen.
Equation 18 can be nondimensionalized and simplified to

aux)  2wbPUX)p + qu,UX)] { 1

Up dU(X)]
ax? A p + ru UX)P

(20) 1 dx
_ ““_mM&]z _
"{1 bl ax | °

where U = ? and X = %

The boundary conditions in nondimensionalized form become

UX)=U@0) atX=0
1) FX)=0 or %X&:O atX =1

With the boundary conditions eq. 21, the load transfer equation
eq. 20 becomes a second order differential equation of boundary
value problem. Finite difference method could be used for numer-
ical solutions through the following steps:

1. Discretizing the geobelt into n elements with the proportion
of each element, h = 1/n, the displacement at node i (1 <i <n)
could be expressed as follows:

Uy — 2U; + U _ 2wb2Uilp + quy,Uj)

h* A+ ru, Uy

(22)
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« (l _ Uy Uiy — Ui—1)< _ auy, Uiy — Ui—l)z -0
1 2h bl 2h
2. To solve the displacement at node i =n, a fictitious nodei=n+1
next to the end of the geobelt (at the node i = n) was assumed.
The displacements at these nodes can easily be derived with
the boundary condition as follows:

U, = U(0)

@) U, -U, )2h=0

3. From the known displacements along the geobelt length, the
strain (g;) at node i could be calculated as follows:

u U_, — U
@) o=

4. The interfacial shear stress (7;) and the tensile force (F;) at node
i could be calculated by eqs. 2 and 12.

Results and comparison

Validation of numerical results

Figures 13a and 13b present the comparisons of tested front
pullout force-displacement curves and numerical ones with com-
paction degrees of 90% and 96%, respectively, which both show an
overall softening trend. In the pre-peak stage, numerical results
showed excellent agreement with test results. In the post-peak
stage, the observed trend of softening was well captured by calcu-
lations while the magnitude of front force was slightly overesti-
mated. Further, both tested and numerical results indicate that
with increasing of the normal pressure and compaction degree,
the front displacement required to mobilize the peak value of
pullout force decreased. The slight overestimation during the
post-peak stage could result from full stress—strain curves pre-
dicted by the hyperbolic model. As Fig. 4 shows, although most of
the test results are captured, the fitted hyperbolic model overes-
timates the tensile stress after the yielding of the material. It
would result in higher tensile force in calculations, especially for
the post-peak stage. On the contrary, the rheological property of
the geobelt could also contribute to the differences of pullout
forces in post-peak stage. The specimens in pullout tests were
loaded with a constant rate of 1 mm/min. The rheological property
of the geobelt would increasingly influence the pullout process. In
general, reasonably good agreement between numerical and
tested results during the whole pull-out test range including ones
after the pull-out test peak load could demonstrate the validity of
the pullout behavior model involving the strain-softening model
of geobelt-clay interaction and the hyperbolic model of full
stress—strain curve of the geobelt.

Strain distribution of geobelt in pullout process

By investigating different moments in the pullout process, the
evolution of the strain distribution alongside the geobelt could be
reflected. Given that the strain of the geobelt is closely related to
the tensile force, several front pullout forces in the pullout pro-
cess are selected. Taking advantage of the tensoresistivity of SEGB,
the strain of the geobelt could be calculated according to eq. 1 by
measuring the changes of electrical resistance in pullout tests,
which therefore could be utilized as a convenient method to val-
idate the numerical results of the strain distribution. Taking the
case of the compaction degree of 96% as an example, Fig. 14 shows
the tested and numerical strain distributions with different nor-
mal pressures and front pullout force levels (50%, 75%, and 100% of
Fy m), where F,, . is defined as the maximum value of front pullout
force.
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Fig. 13. Front pullout force-displacement curves in pullout tests:
(a) compaction degree: 90%; (b) compaction degree: 96%. [Color online.]
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For three scenarios of normal pressures applied, the numerical
and tested results share the same trend that the deformation of
the geobelt started from the front end, and then progressively
delivered towards the tail end. However, the tested results were
generally higher than the numerical results at the front end, es-
pecially in the cases of 100% and 75% F, . There may be two
reasons for the underestimation of the front-end strain in numer-
ical results. One is the underestimation on strain in the hyper-
bolic model, especially in high level of tensile stress, as mentioned
previously. The other one could be attributed to the boundary
condition from testing apparatus. Although the clamping system
in the horizontal pulling system could guarantee no rupture of
the specimens in the clamp, the front end of the specimen was
exposed to the air when the specimen was pulled out from the test
chamber due to the absence of a metal sleeve from the testing
apparatus. The unconfined surroundings could result in larger
measured strains at the front end of the specimen, and the spec-
imen was prone to rupture in the gap between the test chamber
and the clamp.

It also can be found that there is a slight difference between
tested and the numerical results for parts of the geobelt closing to
the tail end. This may be induced by the sensitivity of the mea-

Fig. 14. Strain distribution of SEGB: (a) o, = 30 kPa; (b) o, = 50 kPa;
(c) o, =100 kPa. [Color online.]
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surements that can refer to two aspects. One is related to the
tensoresistivity of SEGB itself. As the tensoresistivity of SEGB is
derived from the piezoresistive effect, it is possible that the defor-
mation is so subtle that the electrical resistance is unchanged.
This influence involves many factors such as the length of mea-
suring zones and temperature. The other one is the insufficient
sensitivity of measuring instruments.
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Fig. 15. Numerical results (F, = 100% F, ,,,) with different normal
pressures and compaction degrees: (a) displacement distribution;
(b) shear stress distribution. [Color online.]
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Comparisons and analysis of numerical results of
interfacial behavior

The calculated distributions of displacement and shear stress
along SEGB are compared for different cases (normal pressures
and compaction degrees) at 100% of F, ., in Figs. 15a and 15b,
respectively.

The numerical results in Fig. 15a show that the displacement of
the geobelt decreased sharply in the area close to the front end
(the first 20% section of the SEGB), then decreased slowly in the
rest area. Also, the displacements at the front end of the geobelts
for the lower compaction degree were generally larger than the
counterpart at the same normal pressure and the same trend can
be found for the smaller normal pressure at the same compaction
degree.

With the strain-softening response at the interfaces, the inter-
facial shear stress shows different distributions in Fig. 15b. The
interfacial shear stress obviously increased with the increasing
normal pressure, but slightly increased with the increasing com-
paction degree. This verifies that the normal pressure has larger
influence on the geobelt-clay interaction than the compaction
degree. Additionally, the normal pressure also has great effect on
the position of the maximum shear stress. With the higher nor-
mal pressure applied in pullout test, the location corresponding

Can. Geotech. J. Vol. 00, 0000

to the maximum value of interfacial shear stress was closer to the
front end.

Discussion

The geosynthetic-soil interface interaction has been studied
with the assumption of many theoretical models, such as bilinear
model (Madhav et al. 1998), hyperbolic model (Gurung 2001), and
rigid - perfectly plastic model (Zornberg et al. 2017). All these
models were established based on direct shear tests, and then
were directly incorporated in the pullout test analyses. Similarly,
itis assumed in this study that the geobelt axial displacement (u in
eq.17)is the same as the interface relative shear displacement (u in
eq. 1). Based on this assumption, the strain-softening model could
be incorporated in the deduction of load transfer equation. How-
ever, during the process of pulling out geobelts from the confin-
ing soil, shear stress 7(x) along the geobelt-soil interface was
mobilized by the pullout force on the geobelt, which might lead to
movements of the soil particles near the interfaces. Further at-
tempts are still needed to take the movement of soil particles at
interfaces into consideration in both theoretical analysis and test
measurement.

According to ASTM (2013) standard D6706-01, a metal sleeve at
the aperture located in the front face of the pullout box is de-
signed to transfer the force into the soil and reduce the stress on
the aperture of the pullout box. Once the stress was concentrated
on the aperture of the pullout box, the soil particles would run out
through the aperture on the door, causing the loss of soil. It seems
that the absence of metal sleeves resulted in unconfined speci-
men, particularly at the front part of geosynthetics and may ac-
cordingly cause a larger measurement of the strains at those
locations. Attempts made to minimize the impact of the clamp
system without a sleeve included (i) the unconfined length of
geobelts controlled within 10 mm before the commencement of
pullout tests through moving the clamp as close as possible to the
front face of the pullout box and (ii) no slippage guaranteed be-
tween the clamp and the geobelts through employing rubber
sheets and high strength bolts-screws. Further studies on this
issue may be worthwhile, as neither Wang et al. (2016) nor Wang
etal. (2019) incorporated the metal sleeve into the testing apparatus.

Conclusions

A theoretical model for evaluating the pullout behavior of geo-
belts was proposed by incorporating the strain-softening model
verified by direct shear tests and a hyperbolic model capturing the
stress—strain curves of geobelts. The proposed model was numer-
ically solved and validated by a series of pullout tests. The pullout
tests were performed with the same compaction degrees (90% and
96%) as tested in direct shear tests. A kind of sensor-enabled geo-
belt (SEGB) was employed in all the tests mentioned above. The
tensoresistivity performance of SEGBs, which enabled strains to
be measured based on piezoresistive effect, was also utilized as a
new method for deformations measurement in pullout tests to
compare with the numerical results. The comparisons between
the numerical results and tested results lead to the following
conclusions:

1. The numerical results reasonably matched measured data in
pullout tests in terms of front pullout force-displacement
curves and strain distributions. Although the proposed model
slightly overestimated the pullout forces in the post-peak
stage, the theoretical model gave an effective description of
the strain-softening behavior of the geobelts during the pull-
out tests. Also, the strain-softening model of geobelt-clay in-
terfaces based on direct shear test results was effective.

2. The increase of compaction degree in pullout tests resulted in
smaller front displacement, mobilizing the peak value of the
front pullout force, yet having less effect on the interfacial
shear stress than the normal pressure. Higher normal pres-
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sure led to the occurrence of the maximum shear stress at a
closer position to the front end of SEGB.

3. SEGB proved to be an effective method for the strain measure-
ments of in-soil geosynthetics. On one hand, the strain distri-
butions measured by SEGBs validated the effectiveness of the
proposed pullout behavior analysis model, including the strain-
softening model and the hyperbolic model. On the other
hand, SEGBs demonstrated the working process during the
pullout tests. With the measured results from SEGBs, it be-
came evident that the deformation of the geobelt in pullout
tests started from the front end and progressively delivered
towards the tail end.
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List of symbols

cross-sectional area of geobelt

coefficient in hyperbolic model (= 1(¢))

coefficient in hyperbolic model (= 1/J,(¢))

coefficient of curvature of clay

uniformity coefficient of clay

peak apparent cohesion of interfacial friction

initial shear modulus of geobelt—clay interface
tensile force

maximum value of front pullout force

length of each discretized element

node number of discretized elements

plasticity index of clay

strain-rate-dependent initial axial stiffness of geobelt
length of geobelt

number of discretized elements of geobelt
parameter of strain softening model

parameter of strain softening model

initial value of electrical resistance

measured value of electrical resistance after deformation
parameter of strain softening model

tensile stress of geobelt

nondimensionalized displacement

interface relative shear displacement

relative displacement regarding maximum value of interfacial
shear stress

infinity of relative displacement

front displacement from pullout results

w width of geobelt

liquid limit of clay

nondimensionalized position of geobelt

position along geobelt

tensoresistivity coefficient

tensoresistivity coefficient

ratio of residual shear stress to maximum shear stress at
geobelt—clay interfaces

strain of geobelt

strain rate of geobelt

strain-rate-dependent scaling factor in geobelt model
interfacial shear stress

maximum value of geobelt—clay interfacial shear stress
residue shear stress

vertical-normal pressure

residual angle of interfacial friction

peak angle of interfacial friction
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