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the soil varied between 0.5 for smooth surfaces up to 1.08 for the rough ones. Results of

the study are summarized in Table 2.3

Table 2.3 Hammoud et al. (2006) test results on different clays.

TEST o Qe mm S0 e Gl e
BOI 0322 17.8 0.6 - 6.075 43 47 -

BSI4 0349 192 0.5 108 0.106 6.1 60 142
BSI3 0.295 16.4 0.8 0.92 0.106 6.1 50 142
BSI2 0.283 15.8 0.4 0.89 0.104 59 92 1.37
BSI1  0.157 §9 03 0.50 0.051 29 75 0.67
BCI2Z 0345 12.0 0.5 1.07 0.110 6.6 55 1.47
BCI1 0311 205 04 0.97 0.095 54 90 1.27
KOI 0351 193 20 - 0.250 14.0 100 -

KSI4 0.368 20.2 20 1.05 0228 12.8 100 091
KSI3 0341 188 238 097 0227 12.8 100 091
KSI2 0.330 183 20 094 0216 122 95 0.87

KSI1 0.230 129 07 0.65 0158 20 65 0.64
KCI2 0336 18.6 2.4 096 0235 132 60 0.94
XKIO  0.505 26.8 39 - 0.427 231 78 -

XKSI4 0.510 270 3.6 1.01 0394 215 56 0.93
XKSI3 0422 229 1.3 085 0378 20.7 150 0.90
XKSI2 0374 20.5 1.1 076 0279 156 120 0.67
XKSI1  0.266 15.0 0.34 056 0.178 10.1 80 0.44
XKCI2 0474 254 4.0 094 0334 185 87 0.78
XKCI1 0407 221 1.9 0831 0264 148 50 0.62

KCI1 0334 18.5

-2
()

095 0221 124 50 088
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2. Interface behavior between clays and geomembranes.

The possibility of using geomembranes in landfills and in reinforced earth walls
has generated wide interest in studying the interface shear strength parameters that
characterize the interface behavior between soils and geomembranes (Koerner et al.
1986; Ellithy et al.2000; Abu-Farsakh et al. 2007; Sharma et al. 2007; and Khoury et al.
2010).

Koerner et al. (1986), conducted consolidated drained direct shear tests with a

shear rate of 0.06mm/min to study the interface strength between different low
permeability soils and common liner materials (5 types of geo-membranes PVC, CPE,
EPDM, HDPE, and embossed or textured HDPE). Their results (table 2.4) indicated that
the adhesion between the different geomembrane materials and the soil is less than the
cohesion of the soil unless the geo-membrane is very soft (PVC) or heavily textured
(embossed HDPE), whereby the shear plane was observed to be within the actual soil. It
was also found that the friction angles at the interface are relatively high for the applied

normal pressures used.
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Table 2.4 Koerner et al. (1986) test results on the interface shear strength between
different cohesive soils and geomembranes.

Soif No. ! Soil No. 2 Koif Na. 3 Sl Mo, 4 Soil No. 5

ML-CL CL-ML. CL SPCH CH-SP
Description ¢ E(%e) b Eof%) ¢ Eof%) ¢ Eal%) ¢ Ecf%) & Ed%) ¢ Ed%) & Eo%) ¢ Ef%) ¢ Euft)
Soil-tg-soil 90 100 38 100 120 (00 34 (00 20 100 30 100 25 100 24 100 28 100 22 100

ca Ecf%) & Eof%) ca Ef%) 8 Eul%) eu Ef%) 8 Ed%) o Ed%) & Es(%) ca Ef%) & Egf%)

Creomembrane-to-sail

PYC 85 94 30 100 37 31 23 6% 40 M W% 52 TO 2B 24 W0 120 43 17 77
CPE B0 89 40 100 3Z 27 M 71 (30 45 17 57 &0 R 2 % 00 X 1% 86
EPDM 50 55 33 87 50 42 B 47T B0 40 3 M TS5 M 20 83 90 32 12 82
HDPE 50 88 26 68 20 17 23 & M40 0 15 50 30 12 21 88 140 50 15 68
Embossed HDFE 90 100 35 92 110 92 29 85 180 90 27 9 150 &0 26 100 160 57 25 1

Note: ¢ and ¢ ane in units of KNfm®, § and & are in degrees.

Ellithy et al. (2000) studied the effect of the compaction moisture content on the

geomembrane xlay interface shear strength using a direct shear test. In order to simulate
different construction effects, they conducted both consolidated undrained (CU) and
unconsolidated undrained tests (UU). The soil was compacted dry of optimum, wet of
optimum and saturated. Soil was compacted into two layers in the shear box, and in the
case where soil was tested against geomembrane, the geosynthetics were placed in the
lower half of the shear box and clay was compacted in the upper half of the shear box.
The soil was sheared against two types of geomembranes which were comprised of
smooth and textured High Density Polyethylene (HDPE) by applying four normal
stresses (25, 100, 250, and 500KPa).

Undrained shearing conditions were enforced by shearing the specimen with a
fast rate so as not to allow the dissipation of pore water pressure during shear. The rate
of shearing used to maintain undrained ~ conditions was 2mm/min. The results of the

shear strength properties of the Kaolinite clay under the UU and CU condition as shown
16



in table 2.5, indicate that the shear strength decreases as the water content increases
from the dry of optimum (28%), to the wet of optimum (32%), to saturated (34%) in
both UU and CU tests.

Table 2.6 presents the interface shear strength parameters between the kaolinite
clay and the smooth and textured HDPE under UU and CU conditions. The following
parameters are presented:

x Interface Shear strength ( Wiefined as: &+g tan(U) where ;

- a =shear strength intercept or adhesion (kPa)
- U= friction angle of the interface U
- § =applied normal stress (kPa)

x Overall efficiency of the interface (E) defined as: Wf interface/ lof the clay.

x  Adhesion efficiency (E,) defined as: a of the interface / ¢ of the clay.

x  Friction efficiency (E,) defined as: tanU of the interface / tan s of clay.
Based on the results the following conclusions can be established:

X For both textured and smooth HDPE, the interface shear strength decreases

as the water content increases from the dry of optimum (28%), to the wet of
optimum (32%), to saturated (34%).

X Using UU tests, the overall efficiency of the textured HDPE was around 1

for saturated and wet of optimum conditions under a normal stress of

250KPa, indicating that the failure plane was passing through the soil.
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X

In CU tests and under the same conditions as UU tests, an increase in the
interface shear strength and the overall efficiency were observed compared
to the associated UU test results.

For the case where the soil was compacted dry of optimum, the efficiency of
the interface was less than one.

The shear strength of the clay and smooth HDPE interface in CU tests was
higher than that of the UU tests for the wet of optimum and saturated cases,
although the overall efficiency was lower. This was attributed to the effect of
suction that can develop at the bottom of wet clay sliding over a smooth
surface.

Under all tested conditions, the friction efficiency (E ) of the textured HDPE
was higher than that of the smooth HDPE where the values ranged from 0.55

to 0.67 for smooth HDPE versus 0.73 to 1.21 for textured HDPE.

Table 2.5 Ellithy et al. (2000) test results on the strength properties of the Kaolinite

clay.

Test <, @®° T

No Conditions (kP3) (KPa)

as-compacted {dry of optimum)/ unconsolidated/ undrained 287 | 321 | 1855

as-compacted (wet of optimum)/ unconsolidated/ undrained 14.4 63 | 420

3 saturated/ unconsolidated/ undrained 185 19 26.8

4 | as-compacted (dry of optimum)/ consolidated/ undrained 137 | 174 | 1120

5 | as-compacted (wet of optimum)/ consolidated/ undrained 04 125 | 656

6 | saturated/ consolidated/ undrained 3.1 12.1 66.7
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Table 2.6 Ellithy et al. (2000) test results on the strength properties of the Kaolinite clay
/ Geosynthetics Interfaces under UU and CU conditions.

Test Materials Conditions o, (kI'a) [ & | 1{kPz)
No {EJ (Ep | (E)
10 | Keolin/ Smooth  [as-compacted (dry of optinmim)/ 34 19 85
HDPE uncensolidated’ undmined (8.2 |i0.55) (0.4%)
il as-compacted {wet of optimum) 14.8 4.8 | 358
uneonsolidated’ undrained {103 [(0.76)] (0.85)
12 saturated’ unconsotidated undrained 10.7 22| 203
I {0.58) [(0.16) (0.76)
13 as-compacied {dry of aptimum)/ 15 139 769
consolidated’ undrained (045 o079 (06m
14 as-compacted (wet of optimom)/’ 11.9 83| 454
consolidated’ undrained (1.47) _[(0.64)] {0.74)
15 saturated’ consolidated! undrained & 8.2 420 -
(0.46) (0,67 (0.63)
1% (Kaolin/f as-compacted {dry of optimum)/ 17.4 245 1313 )
Textured HDPE  |[uncensolidated! yndrained 61 N3y (071 |
0 as-compacted {wet of optimum])/ |
i unconsolidated! undrained 2L6 37| 466
| (1.5 oenf (am
| saturated unconsolidated! undrained 29 32| 239
(0.54) (170} (0.00)
12 as=compacted (dry of optimum)! 273 1471 919
consolidated’ undrained (0.8 lrosd] (0.an l
23 as-compacizd (wet of optimum) 20.% 135 EO%
EDMDIidBIEdJ'LmﬂI’SinEd {2_491 ["l .05} [ |_2]]
24 saturated! consalidated! undrained 5.3 1451 705
(044 (1210 (1.06)
100
- UU Tes! (a) =
g 80 g-v-CUTestmu%w %
= £ a,=250 kPa a
%5 60 E' / %mwmh J———S §
I r /2]
a E f v reoeermr st 100 kPa 5
E 40 . TR mmw““ﬁﬂ oo E
o ' 25 kPa w
é e T T SIS Laad she st e st ey
i i i Normal Stress (kPa)
L I I I B B

0 2 4 6 8 10 12 14
Shear Displacement {mm)

Figure 2.1: Ellithy et al. (2000) test results on the Kaolinite /Textured HDPE,
compacted wet of optimum a) Shear Stress-Shear Displacement and b) Mohr-Coulomb
Envelope
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Ling et al. (2001) conducted a series of soil-soil and soil geomembrane (both

smooth and textured) Polyvinyl Chloride (PVC) geomembranes interface tests, by
applying three normal stresses (10, 25 and 50 kPa) using a modified direct shear test
with soils of different plasticity indices. The soil samples were sheared with a rate of
0.117mm/min to simulate consolidated undrained conditions the following results were

observed:

X The largest cohesion was observed in the soil-soil tests followed by the soil-
textured PVC interface, followed by the soil-smooth geomembrane interface.

x The friction angle between the soil and the geomembrane was larger than the
soil friction angle. This could be due to the spacing between the two boxes
or Yenetration” L Q G H @M\ partidR€into the geomembrane.

X The shear strength of the soil was the largest followed by the interface
strength between the textured geomembrane and the soil followed by the

interface resistance of the smooth geomembrane and the soil.

Abu-Farsakh et al. (2007) conducted interface direct shear tests to investigate the

interface shear resistance between GCLs (woven geotextiles and geogrids) and four soil
types (one sand and three clays). They varied the soil dry density and its moisture
content. Interface characteristics such as the interface adhesion were measured. They
conducted unconsolidated undrained (UU) direct shear tests, where no consolidation
was allowed prior to shearing with a relatively fast shear rate of 0.85mm/min. The
applied normal stresses on the clay sample were (25, 50 and 75kPa). The following
results were reported:

20



X Interface efficiencies ¢; = tan (U,)/ tan (s ) were greater than 0.7 in all cases,
indicating good bonding between clay and geogrids.

X The slope of the interface shear failure envelope decreased with increasing
moisture content. This was attributed to a possible decrease in soil suction
accompanied with the increase in moisture content and development of
excess pore water pressure in saturated clays (reducing the effective stresses
and the shear resistance).

x Compacting soil dry of optimum enhances reinforcement efficiency.

X The reduction in the shear strength of the soil-geosynthetics interface was
found to be larger than that of the soil-soil interface, implying that interface
efficiency would decrease with the increase of the moisture content (or

decrease of dry densities).

The Mohr-Columb failure envelopes for soil-soil and for soil-Geosynthetics
interfaces are shown in figure 2.2 and the corresponding values of the soil cohesion and
its internal friction angle, interface adhesion and the soil interface friction angle with

different interfaces are shown in table 2.7.
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Figure2.2 Abu Farsakh et al. (2007) Shear stress versus normal stress curves for soil-
soil (a)/ Soil- Geosynthetics (b). (Soils were compacted at their maximum dry unit

weight and optimum moi

sture content).
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Table 2.7Abu Farsakh et al. (2007) Interface test results of different geotextiles

Soil data GT BX-6100 Miragrid 8XT BasXgrid 11
¢ ¢ ¢y § Ca d ¢ § ¢ §
Soils (kPa) (degrees) (kPa) (degrees) (kPa) (degrees) (kPa) (degrees) (kPa) (degrees)
Sand 0.0 41.5 0.0 334 0.0 40.1 0.0 40.1 0.0 399
Clay 6 13.2 25.6 10.7 217 91 189 10.1 4.1 92 18.0
Clay 25 16.7 211 8.1 yAN) 89 214 103 258 12.7 307
Clay 49 14.8 238 13 28 14.0 133 139 185 84 230

Note: GT=geotextile; c,=adhesion between geosynthetics and soils (kPa); and d=interface frictional angle between geosynthetics and soils (degrees).

The authors recommend that the interface shear parameters of soils at 95%
maximum dry density and at a moisture content that is 2% above optimum should be
used in soil geosynthetics reinforcement design. This study is limited to the short term
behavior of geosynthetics Zeinforcement since it covers the unconsolidated undrained

conditions.

Recently, Miller et al. (2006) and Khoury et al. (2010) modified a commercial

direct shear apparatus to allow for suction-controlled testing to measure the interface
resistance between unsaturated soil and stainless steel and geotextile interfaces. After
consolidation, drained shearing was initiated under constant suction and constant
normal at displacement rates equals to 0.005mm/min, while keeping both pore air and

pore water pressure constant and recording volume change.
The shear strength expressed in terms of these two stress states is given by:

X VALY +(§ -us)tans §+(ua-Uyw) tan s ° for soil shear strength

X VAL Y +(§-u,) tan U y+(ua-uy,) tan UP for interface shear strength

23



Where:

-cy /c y is the effective cohesion / adhesion intercept

- @ is the total normal stress

-U, IS the pore air pressure on the soil/ interface failure plane

-Uaw IS the pore water pressure on the soil/ interface failure plane

-s Y, Uys the effective angle of internal friction/interface friction
angle with respect to the net normal stress (g -U,)

-s® (0 s the angle of internal friction/interface friction angle with

respect to the matric suction (g -u,)
Their results indicate that:

X The peak shear strength of the soil-geotextile interface increases non-
linearly with the soil suction, resulting in an increase in the soil adhesion
(figure 2.3).

x The interface friction angle (U y=32° ) was smaller than the soil internal
friction angle (s y=36° ) of comparable soil however this was not true
for the adhesion and cohesion at zero suction (figure 2.4).

x A small decrease of water content was detected during shearing of both
the soil and soil-geotextile interface due to the disruption of the menisci
between soil particles causing the increase in pore pressure (decrease in

suction). This resulted in water draining out of the sample.
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Figure 2.3Khoury et al. (2010) failure envelope for the soil geotextile interface at different
suction values.

300 £ Soil_Gaotexdila (uz-uw =100 kPa)

4 Soil {uru,, =100 kPa)

Soil: d"=36% c =48 kPa

Geo: §=32"c=234kPa
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Figure 2.4 Khoury et al. (2010) failure envelope for the soil and geotextile interface at 100
kPa suction (us-uy = 100kPa)
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C. Interface Behavior UsingPullout Tests

Pullout tests have been adopted in research efforts exploring interface strength
characteristics in order to develop a better understanding of the interface behavior
between clays and solid/fiber interfaces. A pullout test is considered simple and
appropriate for measuring the interaction between the 3%einforcement” and the soil
matrix (Tang et al. 2009). Most of pullout tests that are reported in the literature were
conducted on backfill soils with different types of geotextiles, geogrids, and
geosynthetics. The results obtained are generally compared to associated results from
direct shear tests (Alfaro et al. 1995; Teixeira et al. 2006; Lopes et al. 2010; Hsieh et al
2011; Artidteang et al. 2013). The conducted tests indicated that the pullout resistance
depends on the fiber diameter, elastic modulus of the fiber, and the applied normal
stress. The pullout resistance increases with increasing normal stress, while the

interaction coefficient generally decreases.

1. Comparison between Direct shear and pullout tests.

For certain types of reinforcement, the pullout resistance is composed of two
components: the frictional resistance due to longitudinal members and a bearing
resistance on the transverse members. The direct shear resistance is also composed of
two components: a soil to reinforcement shear resistance along the plane of the
reinforcement and a soil to soil resistance at grid openings (Alfaro et al. 1995).

Alfaro et al. (1995) conducted both pullout and direct shear tests in order to

simulate both interaction mechanisms. A backfill soil composed of well graded gravel
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was compacted in a box, while the reinforcement was bolted on clamping plates for the
direct shear test. For the pullout test, the clamping plates were placed inside the
compacted soil and were extended behind the sleeve plate. The frictional interface
properties obtained from pullout tests were higher than those from equivalent direct
shear tests. This was attributed to the additional bearing resistance of the longitudinal

members.

Lopes et al. (2010) conducted both pullout and direct shear tests to compare the
friction parameters between soil and geosynthetics. The soil, a residual of granite, was
tested against geotextile composed of non-woven polypropylene. The values of
interface coefficients obtained from pullout and direct shear tests were obtained and
compared. The interface coefficient and the ratio of the shear stress/ vertical stress at the
maximum pullout force were lower than that obtained from the direct shear test. This
was believed to be related to the deformation of the geosynthetics in the pullout tests,
which is not considered in the direct shear tests. The interface properties in pullout,
where the geosynthetics have a full plane of contact, cannot be obtained based on values
obtained from the direct shear test.

Hsieh et al. (2011) studied the difference in the interface shear resistance

behavior between uniform-graded granular soils and different types of geosynthetics. A
series of direct shear tests and pullout tests were conducted by applying three normal
stresses (49.05, 98.10, 147.15 kPa). The results indicate that the failure mechanism of
direct shear test and pullout test are different. The pullout resistance is less than that of

the direct shear resistance; this is due to the deformations along the geosynthetics
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causing the reorientation of the soil particles into a reduced shear strength mode at the
soil geosynthetics interfaces.

Bergado and Chai (1994) defined the interaction coefficient from the pullout test

as:

__ Eoaxxuass Where
"eDA jcOQ’

X

P (uliout) utt. 1S the ultimate measured pullout resistance from a pullout test;

x W is the width of the reinforcement;

X

L is the embedment length of the reinforcement

x

Vis the applied normal stress.

Artidang et al. (2012) investigated the tensile and the geotextile interface

strength of a new type of geotextile called limited life geotextile (LLGS) made from
natural Kenaf fiber. A series of direct shear tests were carried out to investigate the
interface parameters between sand backfill material and Kenaf woven LLGs under three
confining pressures (20, 40, and 60kPa). Another series of pullout tests were performed
using confining pressures of 20, 40 and 60kPa representing the possible range of applied
pressures in the field. It was found that the peak friction angle for sand was 35.63° with
a corresponding cohesion of 11.33kPa while those of the interface with Kenaf LLGs
were 27.66° and 9.26 kPa, repsectively. The interaction coefficient obtained from the
direct shear test was 0.812. The pullout interaction coefficient for the Kenaf LLGs as

defined by Bergado and Chai (1994), is 1.11, 1.07 and 0.88 for the applied normal loads
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of 20, 40, and 60 kPa respectively, indicating that the interface coefficient decreases
with increasing normal stress.

In conclusion it was found that the results obtained from the direct shear tests
and the pullout tests are different and both tests should be conducted to derive
interaction parameters. This may be attributed to the different loading paths and
interaction mechanism. The mobilized shear strain in the direct shear test has greater
uniformity along the soil-geogrids interface compared to that of the pullout tests,
whereas the mobilized strain in the pullout test is a combination of the shear strain along

the interface and the reinforcement elongation.

2. Single fiber pullout tests in cohesive soils.

Proper understanding of the interfacial interactions between the reinforcement
and the soil matrix is needed to predict the internal stability mechanism that is
associated with soil/fiber interaction. For applications involving the use of randomly
distributed fibers as Thew ~earth reinforcement materials, the single fiber pullout test
seems to be an appropriate and simple test for modeling the interface mechanism.

Tang et al. (2009) tested the factors affecting the interface strength of a clayey
soil reinforced with a polypropylene fiber using a single fiber pullout test. The specimen
preparation technique and test setup are presented in figures 2.5 and 2.6, respectively,
while the test results are presented in figure 2.7 and 2.8.The interfacial peak strength
(IPS) and interfacial residual strength (IRS) were calculated according to the following

equations:
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x 3

an

IPS= and IRS=

(7]

Where Nnmaxis the maximum load prior to the interface shear failure, d is the fiber
diameter, | is the fiber embedded length and N is the residual load applied on the fiber.
The fiber diameter was 0.048mm and the fiber embedded length was 5mm. Pullout
displacement was measured by displacement transducers with a range of 50mm, where
the free length of the fiber was constant in all tests 1,=50mm. The velocity of the
loading disk was controlled at Lmm/min. All the tests were performed under undrained
conditions, where they investigated the effect of soil water content and dry density on
mechanical properties of fiber-soil interface and pullout response. Based on the test

results, the following observations can be made

X The fiber surface roughness, fiber shape, and pull-out velocity were found to
influence the interface strength of the fiber/composite.

X Both, the peak shear strength and residual shear strength of the interface
decrease with an increase in the water content (figure 2.7). This was attributed to
the effect of matrix suction that could be developed due to the capillary water
between soil particles and the fiber surface, giving rise to an increase of effective
stress on fiber/soil interface. The soil matrix suction is expected to increase with
decreasing water content.

X The peak and the residual shear strength of the fiber/soil interface increase with
increasing dry density (figure 2.8). This was due to the fact that higher dry

densities are accompanied by lower void ratios and smaller pore diameter,
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leading to an increase in the effective interfacial area between the soil and the

fiber.
f// 7
A é v/ v/ é piston [/
. T
fiber s0il
soil

Figure 2.5 Tang et al. (2009) specimen preparing process.

crossbeam
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_:I
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T el T
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T~ traverse stage

/

/

————————control box

control panel

Figure 2.6 Tang et al. (2009) single fiber pullout test apparatus.
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Figure 2.7 Tang et al. (2009) results showing the decrease in the peak shear strength of the
fiber/soil interface with the increase in the water content.
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Figure 2.8 Tang et al. (2009) results showing the increase in the peak shear strength of
the fiber/soil interface with the increase in the dry density.

Jamie et al. (2013) conducted unconsolidated undrained pullout tests on a single

sisal fiber embedded in a natural clay with varied initial conditions (water content and

dry density). A special soil box (figure 2.9) and pullout apparatus (figure 2.10) were
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designed to conduct the pullout tests. The soil was compacted in a special soil box
designed for this single fiber pullout test, where a fiber is inserted between two layers of
compacted clay. A normal load is applied and the fiber pullout is conducted using a
tensile pullout system where the rate of shearing is controlled using a graduated oil can.
Results (figure 2.11) indicate that the failure is based on slippage of the fiber when the
applied normal pressure is below 125KPa, and that the interface strength decreases with
the increase in the water content. The results also indicate that the shear strength of the

fiber /clay interface can be reasonably well described used a Mohr-Coulomb criterion.

Compactec
Soil in the
mold

Fiber across the sample

Figure2.9 Jamie et al. (2013), compacted soil in the mold including a single
fiber
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Figure 2.11 Jamie et al. (2013) results showing the decrease in the interface shear
strength with increase in the degree of saturation (water content).
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3. Pullout tests between cohesive soils and geotextiles

Pullout tests and direct shear tests are typically used in order to obtain the
interface parameters between soils and reinforcement. The obtained parameters present
actual and more reliable interface properties for designing reinforced soil-structures.
However, many factors affect the interface behavior including the applied stress,

moisture content and pullout rate.

Clancy and Naughton (2011) conducted pullout tests between marginal soils and
both drainage reinforcement geosynthetics and geogrids. They investigated the effect of
applied stress, pullout rate and moisture content of soil using an innovative pullout
apparatus which facilitates pore pressure dissipation. The pullout mold is formed of a
PVC pipe with top and bottom seals formed of seal caps and O rings. The bottom disc
of the pipe was displaced using a pneumatic ram allowing the generation of excess pore
pressure in the sealed soil contained in the pipe. The geosynthetics placed longitudinally
and elongated out through the top cap. Pore water pressure was measured using pore
water transducers placed in the soil around the geosynthetics which is attached through
a clamp to a load cell that will record the pullout force. The pipe is placed in the triaxial
apparatus where pullout is achieved by lowering the platen of the triaxial. The used

apparatus is shown in figure 2.12.
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Figure 2.12. Clancy and Naughton (2011) Pullout Test Apparatus.

Clancy and Naughton (2011) ran two testing programs; the first one tested the
peak pullout resistance of two geosynthetics, one with drainage capabilities and the
other without. Different moisture contents, applied normal stresses and pullout rates
(0.2mm/min, 2mm/min and 10mm/min) were investigated. In this first testing program
soils were not allowed to consolidate prior to pullout and no dissipation of pore water
pressure was permitted. In the second testing program they investigated the behavior of
geocomposites with drainage capability where soils were allowed to consolidate and
dissipation of pore water pressure was permitted. Water draining out of the sample was
collected through drainage channels.
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In testing program 1 the soil density was not varied and a wide range of water
contents were investigated to allow the development of excess pore water pressures and
monitor their dissipation. It was found that a significant decrease in pullout resistance
was indicated at higher water contents. The pullout resistance decreases as the water
content increases, irrespective of the confining stress. This was attributed to the water
lubrication at the level of interface. The effect of the confining stress showed a decrease
in pullout resistance with increasing confining stress, where higher confining stresses
could generate higher pore water pressures, thus reducing the interaction between soil

and geosynthetics.

The influence of the rate of pullout on the pullout resistance indicates that for the
same confining stresses tests conducted at fast rate resulted in a significant increase in
pullout resistance. This increase was attributed to the development of suction forces,
particularly at lower moisture contents. Results are shown in figure 2.13, where the
label shows the applied normal stress (kPa), pullout rate (S: slow, R: rapid and F: fast),

and finally the tested water content (%).
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Figure 2.13 Clancy and Naughton (2011) Relationship between confining stress, pullout
rate and moisture content with the peak pullout resistance.

The second testing program investigates the improvement in pullout resistance
provided by using geocomposite with drainage capability, where the peak pullout
resistance increases with an increase in the confining stresses. The comparison between
tests conducted at the same water content, confining stresses, and pullout rates between
test program 1 where no consolidation was allowed and test program 2 where
consolidation was permitted on the same type of geocomposite showed an increase in
the peak pullout resistance and no dissipation of pore water pressure where no

consolidation or drainage was permitted, due to the development of suction forces.

Geocomposites with drainage capability resulted in higher peak pullout resistance than
the conventional geocomposites for all cases of drainage (zero, partial and full) in
marginal soils, where it is efficient at higher applied stresses due to rapid dissipation of

excess pore water pressures through its drainage elements.
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Recently Hatami and Ismaili (2015) conducted a series of small scale direct

shear and pullout tests to investigate the effect of matric suction and the compaction
water content of different un-saturated marginal soils on the interface behavior of
reinforced soil slopes and embankments. A series of suction controlled tests on soil-
geotextile interfaces were investigated. The same direct shear test equipment was used
to conduct both interface and pullout tests where few modifications were added to allow
pulling the geotextile as shown in figure 2.14 where a geotextile inserted between two
layers of clay compacted in the mold and attached to a clamp, the two halves were

bolted and the entire cell was moved relative to the clamped geotextile.

Hand tamper

Styrofoam

Figure 2.14 Hatami and Ismaili (2015) Pullout Set-Up.

Three different marginal soils classified as SC, CL-ML and CL according to the
USCS, were tested and a woven polypropylene geotextile was used. Soils were mixed

with water to reach a target water content. Three different water contents were
39



investigated: 2% wet of optimum, optimum and 2% dry of optimum. Soils were
compacted in the direct shear mold to reach the target dry unit weight. In pullout tests
different boundary conditions and rates were studied (i.e. 0.065 mm/min and 1 mm/min
shearing rates). Three normal stresses varied between 10 and 50kPa representing the top
cover of reinforced soils where pullout failure is more likely to occur are applied. Load

application and data collection is shown in figure 2.15.

LCD and keys to Horizontal load cell
control shear rate and LVDT

Computer to
record data

Dead weight to apply overburden
pressure on specimen

Figure 2.15 Hatami and Ismaili (2015) Load application and data collection.

For interface direct shear tests soils placed in the upper half sheared against the
geotextile fixed to an aluminum block and placed in the lower half, after application of
the normal stress the lower half is pushed until a maximum allowed displacement of
10mm is reached. Pullout tests results were presented as Mohr-Coulomb failure

envelopes shown in figure 2.16 where matric suction values are shown for each test.
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Results indicates that the interface shear strength increase with the increase of suction

and increase of applied normal stress for all types of tested soils and different boundary
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Figure 2.16 Hatami and Ismaili (2015) Mohr Coulomb Failure Envelopes from

small scale pullout tests.

Results shown in figure 2.16 indicate that the friction angle and adhesion values

for SC soil and geotextile at wet of optimum water contents are 56% and 49% smaller
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than those of dry of optimum, and for (CL-ML) soils the difference is 40% and 31%
between wet and dry of optimum and those for CL soil 40% and 31%, respectively.
Results from direct shear tests indicated that the interface shear strength was
consistently higher with large values of matric suction (lower water contents). It is
concluded that for both direct shear and pullout tests soil adhesion is influenced by
matric suction.

The comparison between the obtained interface parameters from pullout and
direct shear test are shown in table 2. 8. It is shown that the interface friction angle
obtained from pullout tests is more significantly affected by suction and compaction
water content than those obtained from direct shear tests, this was attributed to the fact
that in pullout tests the geotextile is stretched resulting in additional penetration of soil

particles in the geotextile layer.

Test information Pullout tests Interface shear tests
Soil type GWC Suction Front Tpa (kPa) ] <, (kPa) & (% , (kPa)
{(kPa) boundary
condition Overburden pressure (kPa)
10 20 =1
OUM-NCMA {5C) OMC=2%: 10.6% &0 Styrofoarn 19.0 264 380 245 157 289 3.1
Rubber 192 248 384 253 148
Rigid 17.7 19.2 336 226 12.4
OMC: 12.6% 36 Styrofoarn 160 193 271 153 135 271 35
Rubber 17.0 218 30.7 183 144
Rigid 12.8 17.1 246 16.0 10.6
OMC+2%: 14.6% 18 Styrofoarn 105 147 194 11.8 93 255 27
Rubber 116 145 19.7 11.1 10.0
Rigid 9.5 122 21.5 169 6.3
Mineo silt {(CL-ML) OMC—=2%: 10.7% 41.6 Rigid 70 10.0 232 220 23 302 8.0
OMC: 12.7% 216 Rigid 4.0 8.9 17.7 18.0 1.9 303 0.2
OMC+2%95: 14.7% 116 Rigid 4.7 69 16.0 159 1.& 3035 216
Chickasha clay (CL) | OMC-2%: 16% 1070 Sty rofoam 36.5 76.3 238 302 36.7 210 348
OMC: 18% 540 Sty rofoam 46.8 539 652 238 435 2000 270
OMC+2%5: 200 279 Styrofoarn 40.6 475 347 18.1 389 18.0 212

Table 2.8 Hatami and Ismaili (2015) Interface parameters obtained from direct shear
and pullout tests.

Furthermore, a set of moisture reduction factors (MRF) was calculated which

account for the reduction in the interface shear strength at water contents wet of
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optimum. It is concluded that this reduction is significant and needs to be accounted for
in design. For the optimum+2% the MRF varies between 54 and 75% for SC soils and
varies between 66% and 76% for (CL-ML) and 64% for CL soils. This reduction was
directly attributed to the loss of matric suction (reduction in soil adhesion) at higher

water contents.

D. Summary

Based on the above literature review it is clearly shown that for both direct shear
and pullout tests the interface shear strength or the peak pullout resistance increase with
the increase of the applied normal stress. Moreover, shearing the sample at a fast rate in
direct shear test or using a fast pullout rate in pullout tests leads to an increase in the
interface strength due to the probable generation of negative pore water pressures in the
soil near/at the interface. Furthermore the increase of moisture content leads to a
decrease in the shear strength for both direct shear and pullout test due to possible
decrease in soil suction accompanied with the increase in moisture content and
development of excess pore water pressures.
In general it is recommended that both direct shear and pullout test should be conducted
to obtain interface parameters between soils and reinforcement materials in order to
develop a better understanding of the interface behavior under different applied
conditions. Moreover, the obtained interface parameters will indicate pragmatic and
actual values to be used in models predicting the shear strength of reinforced soil

composites in different field conditions.
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CHAPTER II

EXPERIMENTAL PROGRAM
AND
SAMPLE PREPERATION

A. Introduction

Based on the background review and discussion presented in Chapter Il of this
thesis, it is clear that the mechanism that governs the interface behavior between natural
fibers and clayey soils is not fully understood and/or definitively and clearly formulated.
Such an understanding is required for providing input to models that aim at predicting
the shear strength of clays reinforced with randomly distributed natural fibers. It is a
prerequisite to developing better design methodologies and predictions for geotechnical
systems that involve fiber-reinforced clays in general and clays that are reinforced with

natural fibers in particular.

In this chapter, the materials used in the testing program are described in detail,
including the natural clay and natural hemp fibers used in all tests. The characterization
tests conducted on the clay soil include Atterberg limits, grain size distribution, specific
gravity and hydrometer analyses. Tensile strength tests were conducted on the hemp
fibers to determine their strength and stiffness properties with the fabric oriented in both
the longitudinal and transverse directions. In addition, surface roughness measurements

were conducted on hemp fiber surfaces.
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An experimental testing program that is based on interface direct shear tests and
single fiber pullout tests was designed and executed to define and determine the strength
characteristics of the hemp-clay interface under various conditions of stress, preparation
and testing. The single fiber pullout tests were conducted using a modified laboratory
apparatus that was custom fabricated for this purpose. The parameters that were varied
in the experimental program in addition to the type of test were (1) the compaction
water content of the clay, (2) the applied normal stress, and (3) the rate of shearing /

pullout.

In what follows, a detailed description of the sample preparation for each type of
test is presented. The process includes mixing of the clay specimens, compaction of the
clay into the test-specific mold (direct shear mold or the adapted 1-D consolidation
mold), and incorporation of the hemp interface (direct shear) or hemp fiber (pullout). A
detailed description of the testing protocols that were adopted in both tests is also

presented in this chapter.

B. Test Materials
The experimental tests were conducted on two materials: natural clay and

natural hemp fibers. In what follows is a presentation of the properties of each.

1. Natural clay
The clay was brought to the laboratory in a wet state from a local construction

site in Kfarselwan, Lebanon. In order to determine its classification, both sieve analyses
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and hydrometer tests were conducted to establish its grain size distribution. Standard

procedures proposed by the American Society for Testing Materials (ASTM) were

implemented. Tests were replicated to ascertain results. The grain size distribution

curves are shown in Figure 3.1. Index properties of the clay were determined in the

laboratory using Atterberg limit tests and specific gravity tests (table 3.1). The soil thus

tested classi | L H Vinbryanic clay of low plasticity " (CL) in the unified soil

classification system (USCS).

PARTICLE SIZE DISTRIBUTION

Fine Gravel

Sand

Coarse

Medium

Fine

Fines

Finer by weight (%)
.
o
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Figure 3.1 Grain size distribution curves of the used Clay.

Standard Proctor compaction tests (figure 3.2) were conducted to determine the

full compaction characteristic curve and the maximum dry density and optimum

moisture content. These which were found to be 16.8KN/m? and 19% respectively as

shown in figure 3.2.
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Figure 3.2 Standard Proctor compaction curve.

Table 3.1 Material properties of the used Clay.

Batch #

Clay Property 1 2 3
Liquid Limit,LL (%) 35 33 34
Plastic Limit,PL (%) 22 19 20

Plasticity Index, PI (%) 13 14 14
Specific gravity, Gs 2.64 2.64 2.64
Sand (%) 46 46 46

Silt (%) 37 35 32

Clay (%) 17 19 2

% Fines 54 54 54
Classification (USCS) CL CL CL
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2. Natural Hemp Fiber

Hemp fibers that are used in this study were imported from the Hemp-Traders-
LA- USA as long fibers in the form of bast fiber bundle. Figure 3.3 shows a picture of
hemp fibers as imported. Fibers were then treated in order to eliminate their organic
impurities by soaking them in a sodium hydroxide solution (NaOH) at 6% by weight for
48 hours. After treatment, they were washed with clear water and left to air dry.

Hemp fibers, in general, have a rectangular cross section with a wide variability
in dimensions. After a statistical sampling composed of measuring the thickness and the
width of 250 single fibers, it was found that the average thickness is equal to 0.15mm
and the average width is 0.65mm, with a standard deviation of 0.42mm, and a range of
2.4mm.

The mechanical properties of the hemp fibers were determined from tensile
strength tests that were conducted on 20 individual fibers. The averaged ultimate tensile
strength (UTS) was found to be equal to 276MPa with a standard deviation of 66MPa
and a range varying from 181 to 415 MPa and the average modulus of elasticity was
equal to 21.7 GPA with a standard deviation of 3.87 GPa, and a range varying from 16.1

to 29.8 GPa. The properties of hemp are summarized in table 3.2.
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Figure.3.3.Hemp Fibers Used in this study

Table3.2. Mechanical Properties of Hemp

Hemp Fiber Property

Specific gravity , Gt

Width (mm)

In addition, fiber roughness was measured using a highly sensitive profilometer.

Roughness was measured along the fiber surface in the longitudinal section, for both dry
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and wet conditions. Multiple measurements were considered along the fiber surface,
average roughness for the fiber was found to be equal to 2.101 Bn for the case of dry
fiber where the values ranges between 1.381 Fn and 2.891 Pn, while for the wet fiber
the roughness was found to be equal to 1.806 Fn and the values ranges between

1.307 P and 2.485 n. Average roughness values are summarized in table 3.3.

Table3.3. Hemp Fiber Surface Roughness ( Fn)

Dry Longitudinal Section 2.101

Wet Longitudinal Section 1.806

In direct shear tests the interface between clay and Hemp was along the length of
the fiber. For pullout tests where a fiber was inserted between two layers of compacted

clay the interface surface is along the longitudinal section.

C. Experimental Testing Program

The aim of this study is to experimentally investigate the interface shearing
resistance between Hemp fibers and clay. The interface shear strength was measured
using a series of direct shear tests and single fiber pull-out tests where different

parameters were varied.
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1. Varied Parameters
The testing program investigated different parameters that were varied in the

experiments under different testing conditions. The parameters included:

x The Compaction Water Content (degree of saturation)
X The Applied Normal Stress (20kPa,100kPa, and 200kPa)

X Rate of Shearing/pullout (Rapid/Undrained versus Slow/Drained)

a. Testing Conditions

i.  Consolidated drained (CD) and unconsolidated undrained (UU) tests
were conducted on the clay and Hemp-clay interfaces in order to
simulate long and short term loading conditions, respectively.

ii. Clay samples were compacted at different water contents (14%, 18%,
and 20%) to simulate conditions at optimum (w=18%), and dry (w14%)

and wet of optimum (w=20%).

b. Type of Tests

Identical tests (same parameters) were conducted using both direct shear and
pullout testing to investigate the effect of the type of loading on the interface properties

at the contact of the two materials.

A series of 36 direct shear tests were performed on a compacted natural clay that
was prepared by kneading using the miniature Harvard compactor. The tests were

conducted under drained (Table 3.4(a)) and undrained (Table 3.4(b)) conditions,
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respectively. The tests included clay/clay and clay/hemp interface tests conducted at

different water contents and normal stresses as indicated in the associated tables.

Table 3.4 Direct Shear Soil Testing Program (a) Drained Tests, (b) Undrained Tests.

(a) Direct Shear Test/ Consolidated Drained (b)  Direct Shear Test/ Unconsolidated UnDrained
Water Content L I1E Water Content PP
Test # aier tonten Pressurec  SoikSoi/Soit-Fiber Test# aterf-onte Pressure 6 Soil-Soll/ Soil-Fiber
Tested (%) Tested (%)
(kPa) (kPa)
1 20 S-S 19 20 S-S
2 100 S-S 20 100 S-S
3 200 S-S 21 200 S-S
4 20 20 S-F 22 20 20 S-F
5 100 S-F 23 100 S-F
6 200 S-F 24 200 S-F
7 20 S-S 25 20 S-S
8 100 S-S 26 100 S-S
9 200 S-S 27 200 S-S
10 18 20 S-F 28 18 20 S-F
11 100 S-F 29 100 S-F
12 200 S-F 30 200 S-F
13 20 S-S 31 20 S-S
100 S-S 32 100 S-S
5 - 313 -
15 14 200 S-S 33 14 200 S-S
16 20 S-F 34 20 S-F
17 100 S-F 35 100 S-F
18 200 S-F 36 200 S-F

The objective of the direct shear tests was to characterize the parameters of the
clay/Hemp interface in both drained and undrained conditions. The three applied normal
stresses allow for the determination of the Mohr Coulomb envelopes and the associated
shear strength parameters (soil cohesion and friction angle of clay tests, and the soil

adhesion and interface friction angle of the soil-hemp tests).
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In the second series of tests (table 3.5), a total of 18 consolidated drained and
unconsolidated undrained single fiber pullout tests were conducted using the same soil
and test parameters of the direct shear tests. A modified pullout apparatus was designed
and implemented to pull out a fiber horizontally from the clay using a pulley that is
loaded with a container that is filled with water using a sensitive burette. A single fiber
was inserted between two layers of compacted clay and then pulled out at different
confining conditions and loading rates. Sample preparation and testing procedures are

discussed in the following section.

The objective of this series of tests was to characterize the interface parameters
of clay with the hemp fiber in both drained and undrained conditions where the fiber
was pulled out horizontally from the compacted clay. The three applied confining
pressures allowed for the evaluation of the Mohr Coulomb envelopes and for
comparison with the direct shear test results. The measured peak pullout stress
representing the ratio of the measured pullout force to the contact area represents the

major output parameter from this series of tests.
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Table 3.5 Pullout Soil Testing Program (Drained and Undrained Tests).

Pullout Test
W Confining
ater © Dramed/
Test # Content Pressure © Undrained
Tested (%) (kPa) rame
1 20 CD
2 100 CD
3 200 CD
4 20 20 uu
5 100 Uy
6 200 uu
7 20 CD
8 100 CD
o 200 CD
10 18 20 uu
11 100 uu
12 200 uu
13 20 CD
14 100 CD
15 200 CD
6 14 e 50 T
17 100 uu
18 200 uUu

D. Sample preparation and Testing
The sample preparation procedure of the compacted clay and the associated
hemp fiber/interface for direct shear and pullout tests are presented and described in this

section.

1. Preparation ofthe Compacted Clay

The natural clay was oven dried and then crushed and sieved through a number
10 sieve. The dry clay r was stored in trays in the oven until sample preparation. Prior to
sample preparation, the clay was removed from the oven and subjected to ambient
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temperature for 30 minutes. A key step in preparing the clay samples involves mixing

thedryclay 3SRZGHU™ ZLWK ZDWHU WR DFKLHlhdat€dH GHVLUH
by the experimental program for each test (tables 3.4 and 3.5). Water was sprayed and

mixed manually to ensure a homogenous wet mixture. The mixture was then sealed and

left for 30 min to ensure water content homogenization.

The mixed soil was then placed in a split mold in batches of equal thickness. For
each batch, the clay was compacted using the Harvard apparatus which consists of a
cylindrical rod which can apply a controlled tamping pressure by means of an air-
pressurized system (figure3.4). The target dry unit weight of the raw clay specimens
compacted by the Harvard apparatus was assessed under different combinations of
number of layers, number of tamps per layer, and tamping pressure. The objective was
to determine the correct combination of the number of layers, the number of tamps for
each layer and the tamping pressure required to reach the target unit weight which was
set in this study to be equal to 90-95% of the standard proctor dry unit weight as

recommended by common construction specifications.

For the direct shear tests, the specimens were compacted in a split mold with a
height of 21cm and an internal diameter of 7.15cm. The required kneading effort
consisted of 5 layers with each layer being compacted by 25 tamps at a tamping rod
pressure of 10 psi pressure each. For the pullout test, a custom-made split mold
consisting of a galvanized steel pipe was used to prepare the compacted samples.
Cylindrical specimens with a height of 20cm and an internal diameter of 8.25 cm were

targeted. The required kneading effort for the pullout test specimens consisted of 6
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layers with each layer being compacted with 25 tamps at 10 psi pressure each. The

kneading effort was kept constant for all in the direct shear and the pullout tests.

Figure 3.4 Laboratory compaction tools the Harvard miniature apparatus.

Following the compaction process, the specimen is extracted from the split
mold, trimmed to the required height, and assembled in the testing apparatus. The soil
cuttings are then used to measure the moisture content of the specimen. The sample
dimensions and weight are measured. The advantage of using a split mold is to ensure
that the compacted clay specimen could be removed from the mold with minimal
disturbance. Additional measures were taken to further eliminate the disturbance of the
sample. For example, the internal surfaces of the mold were covered with plastic tape
and then coated with a thin layer of lubricant in order to reduce the friction between the

compacted clay and the inner surfaces of the mold and facilitate sample separation from
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the mold. The major steps that were followed during the process of sample preparation

are presented in figure 3.5.

Figure 3.5 Procedures of compacted clay sample preperation.
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2. Direct Shear Testing
In the direct shear tests, the parameters that were varied are the normal stress
(20, 100, and 200 KPa), the clay water content (14%, 18%, 20%), the state of
consolidation (consolidated, unconsolidated), and the shear displacement rate (slow,

fast).

a. Sample Preparation Prior to Placement in the Direct Shear Box

Direct shear tests were conducted according to ASTM (D3080) using a circular
shear box composed of two halves of equal thicknesses. The direct shear mold is of an
internaldi DPHWHU R " DQG D WRWDO KHLJKW RI
and transfer shear stress from the insert were placed at the top and bottom boundaries of
the sample. Two couples of screws were used to (1) fix the shear box during the
application of normal stress and (2) create a space (gap) between the top and bottom

halves of the shear box prior to shearing (figure 3.6).

/
/
| ﬂ Upper

Half

Lower Half

Figure 3.6 Direct shear box
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It should be noted that the diameter of the sample after compaction in the split
mode is generally 7.15 cm, while the diameter of the shear box is 6.35cm. As a result,
the diameter of the specimen had to be reduced through a process of trimming. The
step-by-step procedure that covers the process of extruding the compacted clay from the
split mold up to the trimming of the specimen to the final state is illustrated in Figure
3.7. The inner sides of the mold were coated with a thin layer of lubricant to facilitate

the trimming process and reduce sample disturbance.

Use the split mold to cut a A sample of the Use the mold upper
sample of the compacted clay compacted half
clay to trim the sample

N

=
Gently trim the sample Use the mold to smooth Sample ready to be
to the required diameter top and bottom surfaces tested

Figure 3.7 Step by step procedure to trim a sample from the compacted clay .
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b. Consolidated Drained (CD) Direct Shear Testing

i. Control Tests

In the control tests that are aimed at measuring the response of the clay, the clay
sample was placed in the specimen ring assembly and was sandwiched with two porous
stones that were covered with filter paper. The normal stress was then applied by
loading the top plate through a ball bearing adapter. The applied normal stress is
controlled by Software that regulates the force applied to the top of the plate with the
help of a vertical load cell. The system is equipped with a horizontal load cell that
measures the horizontal force applied to the sample during the shearing stage as

indicated in figure 3.8. The horizontal and the vertical load axes are adjusted from the

software from the Tools menu.

Figure 3.8.Setting the clay sample in the Direct Shear machine.

In the consolidated drained tests, the direct shear box is filled with water after

the placement of the specimen ring assembly. The test consists of three stages: the
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seating stage, the consolidation stage, and the shearing stage. Each stage is
characterized by a series of commands that appear on top of the screen and guide the
user throughout the test. Three tabs, which represent each stage, become active after
specimen and test data files are created. A specific tab representing a specific stage
become active only after the previous stage is completed. The following steps describe

the detailed procedure followed in performing consolidated drained tests (CD).

The first step was to create a specimen and test data file. After the adjustment of
the specimen ring assembly to the required centered position, all the sensors and load
WUDQVGXFHU UHDGLQJY ZHUH VHW WR JHUR SEKLV VWHS
Up” PHQX DQG B&BORVOBDG&GLQJ WR D GLDORJXH ER[ VHH I
highlightingthe UHTXLUHG VHQVRdStD @GZEQBRYLRIIWKH VHOHFW
DSSHDUV ,Q WKLV VIKRZE&0Z IEXOWRZR/EBV SUHVVHG VR W
reading indicates the average readings that are almost zeros. This process should be
repeated for the four sensors, i.e. horizontal load cell, vertical load cell, the vertical and
horizontal load cells DCDT and DCDT?2 respectively. Figure 3.9 shows a step by step

procedure for setting the sensors reading to zero.
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[#] Station 1 - DigiShear B Sensor List o
Setup | File Tools Help Sensor  Database
TestNet... I( Cald. Fac.. |
Sensors Horizontal Load Cel TAJD Convetter 1 S
—— Vertical Load Cell 102 A/D Converter 2 bbs 99763 2221518
Actuators... 0COT 103 A/D Converter 4 nch 39763 1476747
DCOT2 104 A/D Converter 3 nch 39763 5730725
Reading Schedules...
i les... s
PR I Test Horizontal Load Cell @
Preferences...
Backup Readng 072 bs
! = Vot 2000178 -l
Add Bemove Edt Zeto V) 0000181
o | conee |

Figure 3.9.Setting sensors readings to zero.

7KH VHFRQG VWHS L Q FiROntruNdndXeRrdiosdinigQJ WKH 3
Specimen Datd. A specimen data dialogue box appears which the user fills to insert
the properties of the tested sample including the samples average height, its average
diameter, the sample number and project number. The file may then be saved in a

selected folder as shown in figure 3.10.
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¥ specimen Data @
File| Tooks Help
Project Number [Progect]
Spf(lmen oata"' Borng / Explorabon Numbet |Bomgl
Tet ek Sang e S
) Specimen Number [Speciment
Cyclic Data..
Penetration / Depth ||0 0 feet
Avetage Diameter Ad [25 nch
Avetage Heght W nch
Comments
Save Cancel
Save As
Savein: [ ), sol shearing drained ~| & ®&er B
Name ’ Date modified T
Ji14 % 10/10/2014 9:57 AM  Fi
4 18% 10/13/2014 4:52PM  Fi
i 20% soil 9/8/2014 2:55 PM Fi
Ju JUNK 8/27/20141:10PM  Fi
] Test3-14%-100KPa-Soil-Drained 10/23/2014 2:56 PM St
| [ ] »
File name: ' Save
Save as type: |Shear Data Fie ("sdf) ~| Cancel |

Figures 3.10 Saving a specimen file data.

7KH WKLUG VWHS HI®VPWMR X HROMOBY D& HELPG RUGHU WF
select the applied load as shown in figure 3.11. In this step, the parameters of the
consolidation stage and shearing stage are determined including the loading schedule

during the stage of consolidation and the displacement rate, displacement limit and load
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limit during the shearing stage. However, those parameters could be changed at a later

stage.

I T
Flle] Tools Help B Test Data )
Defaults
Specimen Data... ~ Consobdshon
Losdng Schedde  [200kPA+ SEATING LOAD ]
Test Data...
Readng Schedule ICcn:':bchm L]
Cyclic Data... & MartonSesng Lost  Messse Suet Prosmee
~ Shea -
Readng Schedude  [Shex =]

Duplacement Rate Io o000 nchs/marete
Duzplacement Lt Io P nches
Load Lert Iacm 0 bs

@ Constart Vertcal Load
€ Constart Specmen Hesght
 Contant Normal Stifress of - [10000  bs/nch

Save | Cancel ]

Figure 3.11.Saving a test data file.

In the test data dialogue box, in the consolidation section the tested load is
chosen where it has been saved before in the loading schedule section. The applied load
and the duration of its application are selected from this dialogue box. A seating load of
a minimum value of 5kPa for a minimum period of 5 min was then applied to ensure
that the vertical load is applied properly to the sample. To apply a seating load, the Tab
SPDLQWDLQ D VHDWLQJ ORDG” VKRXOG EH VHOHFWHG LC

dialogue box. The seating load stage is initiated after pressing the start button. A seating
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load in progress dialogue is shown in figure 3.12. In this example, a load of 5kPa was

applied for a period of 5 min.

B station 1 - Digishear =& =]
Setup File Tools Help
Consolidation 1 Shear
] Loading Schedule '200kPA+ SEATING LOAD'
GE@TAC Pressure ‘ Termination | Minimum ‘ Maximum‘ Delay |
100.0 Manual 5.0 1440.0 1.0
4177.09 Manual 1440.0 1440.0 1.0
DCDT
0.0540
Position
-0.4573
Please Wait 2]
Speed Seating in progress. Please wait
0.00000
inch/min.

Vertical Stress psf Elapsed Time

Position

1.9041 Current Strain % Reading Due:

inch

Start ‘ Done ‘
C:\Userstuser\Desktop\HempResearchiconsolidated drained\soil

Figures.3.12. Initiating the seating load stage.

The other part of the Test Data dialogue box includes tabs related to the shearing
section. In the shearing section, the displacement rate has to be input. Any value can be
input at this stage since it can be changed later. In addition, a displacement limit of 2.5
LQFKHY DQG D ORDG OLPLW RI OE ZHUH DVVLJQHG DQ

selected (figure 3.11). On the screen, the consolidation tab is then highlighted and the
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values of the seating load and the applied load shown in psi units. However those

assigned values should represent an equivalent value of stress in kPa.

After the completion of the seating load stage, the consolidation stage was
initiated under the predetermined loads (mainly 20kPa, 100kPa and 200kPa). During
consolidation the specimen was left to consolidate for a period of 24 hours under the
applied load. The Truepath Software allows for the display of the deformation versus
ORJ WLPH FXUYH LQ WKH 3YLHZ JUDSK™ EXWWRQ :KHQ W
means that there is no more deformation taking place in the sample and the

consolidation is over as shown in figure 3.13.

@Vlew Graphs E =] @
Cursor Behavior  Plot Appearance
Sample Deformation versus Elapsed Time
0.058 T

0.0604
- ™
g HY
=0.0628 N
o \\“\
© ™
£ Bt
é 0.0652
a |

Rpet S
0.0676 &
0.07 L
0.1 1.0 10.0 100.0 1000.0
Time (minute)

Cursor Coordinates Select Graph

X [Beceer | [fooie |Log Time -

Y - |0.0033 0.0067 Slope 00

Figure.3.13 Deformation versus log time curve
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The shearing stage can be activated after the completion of the consolidation
stage which is dictated by (1) completion of the predetermined duration of load
DSSOLFDWLRQ RU PDQXDO FHVVDWLRQ RI WKH FRQVR

button.

In the consolidated drained tests, shearing proceeded at a shearing rate that was
selected in this project as that corresponding to the value of 50ts, as recommended by
ASTM to ensure full dissipation of pore water pressures. The log time method was used
to determine tso which represents 50% consolidation. This value can be found
graphically from the deformation-log time curve by observing the time that corresponds
to 50% of the primary consolidation which is equal to the average deformation between

0% and 100%.

The corresponding rate of shearing Ry or the displacement rate in inch/min is
equal to the ratio of the estimated relative lateral displacement at failure dr (inch) over
the total estimated elapsed time to failure t; (min), where d; was assumed to be equal to
0.2 inches and t;=50.tso. After the calculation of the corresponding rate of shearing, the
relative value is inserted at the space provided next to the displacement rate as shown on

the screen of figure 3.14, in addition to the displacement limit and the load limit.

Before pressing the start box, the alignment screws (black couple) are removed
and the gap screws (yellow couple) are used to separate the shear box halves
approximately the diameter of the maximum sized particle in the test specimen or 0.025
in. [0.64 mm] as a minimum default value for fine grained materials. The shearing stage

was then initiated. A warning message is generally displayed on the screen to remind
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the user to remove the alignment screws. The shearing stage is initiated with the
predetermined displacement rate and was considered completed after reaching either the
displacement limit or the load limit. The Software displays the shear force (Ibs.) versus

VKHDU GLVSODFHPHQW LQFKHV FXUYH LQ WKH 3YLHZ Jl

shown in figure 3.15.

@ Staticn1 - DigiShear L
Setup File Tools Help

Consolidation 1 Shear

GEWTAC
1. Enter displacement rate.

2. Enter displacement and load limits. Shearing will stop
DCDT when either limit is reached.

-0.0001 i 3. Rate and limits can be changed during test by

pausing shear.

4. Remove alignment pins. Open the gap between the
shear box halves to approximately 0.025 inch.

5. Click 'Start’ to initiate shearing.

6. Click "View Plots' to view shear plots.

Speed

0.00000
inch/min.

Displ t Rat 0.0001 inch/min.
isplacement Rate inch/min. Elapsed Time

Displacement Limit [T inch
Position n
Load Limit 1000.0 Ibs Cycling ’
1.6532 A

inch
Start ‘ View Plots | Done l

C:\Users\user\Desktop\HempResearch\consolidated drained\soil

&) ElIEIRRENE] Slwossnm |

Figure 3.14. Inserting the corresponding values of shearing.
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Figure 3.15.Shear force versus shear displacement curve.

When shearing is completed, the normal force is removed from the specimen
and the loading apparatus is disassembled. The shear box halves are separated in a
sliding motion parallel to the failure plane to prevent damaging the sample. The sheared
sample was removed in order to determine its water content and dry density. Figure 3.16

VKRZVY D VDPSOH DIWHU EHLQJ VKHDUHG VKRZLQJ WKH 3

clay sample.
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Figure 3.16 Horizontal failure plane of a sheared sample.

Thesaved ILOH ZDV LPSRUWHG WR DQ DVVRFLDWHG 3GLU
import tab and then the calculate tab. An excel file was then saved and data acquired by
the horizontal LVDT, vertical LVDT, horizontal load cell, and vertical load cell
recorded during ERWK FRQVROLGDWLRQ DQG VKHDULQJ VWDJHYV
VKHDU VWUHVVY GDWD DUH FDOFXODWHG DQG VDYHG LQ
processed data needs to be corrected since the area decreases during shearing due to

horizontal displacement.

For a circular direct shear box, the corrected area is calculated according to the

following equation:

F

A=r? (20 -sin20), where (1)

x (=cos™('x/2r) in radians

X ris the radius in cm
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The applied horizontal stress and vertical stress should be corrected by
dividing the applied horizontal and vertical loads recorded by the load cells, by the
corrected area. Corrected values were considered in all the results and data analyses

presented in this thesis.

ii._Interface Tests

In the interface tests or the Clay/Hemp tests in which the interface resistance
between the clay and the Hemp is targeted, the clay was prepared in the same way as for
the control tests and trimmed to the required height which is almost half that of the
sample tested in the clay/clay tests. The specimen was placed in the upper half of the
shear box. The hemp fiber interface was then prepared by gluing a number of fibers to a
prefabricated steel plate to be fixed within the lower part of the direct shear box as
shown in figure 3.17. The two halves are fixed together using the gap screws and the
reaction arm is used to fix the upper half of the shear box as shown in figure 3.17. The
same procedures are followed to set the sample in the direct shear machine as before. A
filter paper and a top porous stone were added to the upper surface of the sample in

addition to the top cover and ball bearing adapter. The shear box was filled with water

after the fixation of the specimen ring assembly.
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Figure.3.17. Clay in the upper half sheared to Hemp fixed in the lower half of the shear
box.

Figs.3.18 Clay/Hemp interface tests in the direct shear machine.

For the consolidated drained test, the sample was left to consolidate prior to
shearing and then sheared according to the calculated rate. The same steps in
consolidation and shearing were followed as in the control tests. Clay fixed in the upper

half box was sheared against Hemp in the lower half of the shear box leading to a shear
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force versus displacement curve. When shearing is over the sheared sample was

removed in order to determine its water content and dry density. It should be noted that

indirect VKHDU LQWHUIDFH WHVWYVY WKH DUHD GRHVQTW QH
change in the contact area between the clay and the fiber during shearing as illustrated

in figure 3.109.

Steel plate

-

)

Figure 3.19.Contact area between clay and fiber in interface tests.

¢. Unconsolidated Undrained (UU) Direct Shear Testing

i. Control Tests
The main difference between the consolidated drained and the unconsolidated

undrained tests are the quick application of the normal stress and the fast shearing rate
adopted. In addition, the direct shear box is not filled with water throughout the phases
of the unconsolidated undrained tests. In the unconsolidated undrained direct shear tests
the samples are not allowed to consolidate prior to shearing. After setting all sensors to
zero and after creating a specimen data file and test data file, the seating stage starts. In
order to ensure that the normal loading system is aligned and centered, a seating load of

5kPa was applied under which the specimen should not undergo significant

compression. When the seating stage was over, the direct shear machine automatically
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PRYHG WR WKH FRQVROLGDWLRQ VWDJH 6LQFH QR FRQ\
should be pressed to immediately move to the shearing stage.
After removing the alignment screws and creating a gap between the two boxes,
the sample is sheared at a fast enough rate to minimize dissipation of pore pressures
during shear. A displacement rate of 0.05inch/min and a shearing limit of 0.25 inch
were adopted to ensure an undrained shearing (the total period of shearing was 5 min).
A shear force versus shear displacement curve was thus obtained, and the sheared

sample is removed in order to determine its water content and dry density.

ii. Interface Tests

In the interface tests, the clay and hemp were fixed as in the case of the
consolidated drained tests. The hemp fibers used were assured to be dry prior to
shearing to ensure undrained conditions. The samples were not allowed to consolidate
prior to shearing and they were sheared under the same fast rate used in the clay
specimens. A shear force versus shear displacement curve was obtained and the sheared

sample was removed in order to determine its water content and dry density. As with the

case of the drained interface tests, no area corrections are required in the data analysis.

3. Pullout Testing
In the pullout tests, a single fiber that is placed between two layers of compacted
clay was pulled out at different confining conditions and loading rates. Three normal

stresses (20, 100, and 200 KPa) were applied on clay of different water contents (14%,
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18%, and 20%). Consolidated drained and unconsolidated undrained conditions were

investigated where shearing took place at different displacement rates.

a. Sample Preparation and Test Apparatus

A modified pullout mechanism was designed and implemented to pull out a fiber
horizontally from the clay. The apparatus is based on the equipment and mold/ring used
in conducting a 1-dimensional consolidation test (odometer). The custom-fabricated
setup and ring are shown in figure 3.20. The mold/ring was modified to allow for the
insertion of a single fiber between two layers of compacted clay. This was accomplished
by drilling a 3-mm circular hole in the wall of the ring to facilitate the insertion of the
fiber as indicated in figure 3.21. The ring has an inner diameter of 7.5cm and a height of

1.5cm. The hole is located exactly 1-cm above the bottom of the ring.

The specimen preparation is initiated by placing a 1-cm thick compacted clay
specimen within the test ring. The fiber is then inserted horizontally within the
fabricated hole and allowed to rest on the top of the 1-cm thick clay specimen, with a
total horizontal embedment of 3.5cm within the clay specimen. A second compacted
clay specimen with a thickness of 0.5cm is then placed on top of the bottom clay layer
and fiber to produce a clay specimen with a total thickness of 1.5 cm with a single fiber
that is sandwiched between the two specimens. This method of sample preparation was
adopted to ensure that: (1) the fiber would be pulled out horizontally without any loss of
horizontality, and (2) the clay specimen would remain below the water level needed to

inundate the specimen during drained tests.
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It should be noted that an additional prefabricated ring with a 7.5cm internal
diameter and a 0.5cm thickness was fabricated to allow for preparing a compacted clay

specimen with an associated thickness of 0.5cm.

Figures.3.20. Setup used in pullout test, (a) 1-Dimensional consolidation apparatus, (b)
The used mold.

Figure 3.21 Test ring fabricated for fiber pullout tests.

The step-by-step procedure that was adopted in the process of preparing the
pullout tests clay specimens is presented in figure 3.22. The pictures clearly depict how
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the fiber is inserted into the mold and laid out on top of the lower clay specimen in

preparation for placing the upper part of the clay specimen.

Trim the sample to the The bottom compacted clay Insert the clay in the mold
required diameter and height layer with 1 cm thickness
using the ring

Insert The fiber with an The top compacted clay layer Cover the fiber with the top
embedment length =3.75cm with 0.5 cm thickness compacted layer

Figure 3.22 Step by step procedure for preparing the sample in the pullout mold.

Several mechanisms that would allow for pulling out the fiber from the soil were
investigated. The first set of trials indicated that the main challenge in designing the

pullout mechanism involved improvising a system that would allow for pulling out the
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fiber without risking the chance that rupturing the fiber prior to reaching the load
necessary to fail the fiber in pullout as would be desired. The solution that was
implemented involved the utilization of a junction tool that would act as a connection
between the hemp fiber that is protruding out from the sample and a rod that can support
high tensile loads without rupturing. In addition, to ensure that the pullout mechanism is
horizontal and stable, the junction was cased with a steel jacket and the pullout rod was
centered as shown in figures 3.23 and 3.24. One end of the fiber was covered with tape
and fixed to the junction tool with screws. Tape was used to maximize the thickness,
protect the fiber end from splitting, and ensure bonding between the fiber and the
junction. Furthermore, the fiber was chosen with a highest width to ensure that the fiber

ZRQTW UXSWXUH EHIRUH IDLOXUH RFFXUV 7KH ZLGWK R

(1.8mm and 2.4mm).

Hemp fiber

4

Figure 3.23 Used Figure 3.24 Hemp attached from one side and rod from other
junction tool. side.

The pullout mechanism was achieved using a pulley system which allows for the
transfer of vertical loads (applied through a container that is filled with water) to

horizontal forces that would eventually allow for pulling out the fiber from the clay. The
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application of the load was controlled using a sensitive burette by controlling the rate at
which water flow is allowed to the container. As mentioned previously, the pullout tests
involved both consolidated drained and unconsolidated undrained tests. Each water
content was tested under three applied loads (20kPa, 100kPa and 200kPa). The
application of the normal stress was accomplished using the lever arm of the 1-D
consolidation device. The weights associated with the application of the different
normal stresses could be calculated according to the following equation and are shown

in table 3.6

. _a0as4d/;
9n="7 540,

==

()

Where,

X V4 is the required normal stress in kPa
X m is the needed weight in Kg
x O is the lever coefficient (equals to 10)

X A is the area of the sample in the mold = § *d%/4 in cm?

Table 3.6 Weights, equivalent to the applied stresses.

Applied g, (kPa) 20 100 200

Equivalent Weight (Kg) 0.885 4.42 8.835
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b. Consolidated Drained Pullout Tests

After setting up the mold/ring in the 1-Dimensional consolidation device, water
was added to the mold. The opening in the ring through which the fiber is placed was
closed with a rubber stopper to prevent water losses during the test. Another inlet was
also constructed in the side of the ring below the fiber at the level of the lower porous
stone to act as a controlled drainage boundary. A drainage tube was attached to this inlet

to act as a drainage boundary to and from the bottom of the specimen (figure 3.25).

Figures.3.25 Consolidated Drained test. (a) Mold filled with water, (b) Applied
load.

The samples were allowed to consolidate under the applied normal stress. The
vertical settlement was recorded versus time using an LVDT that was attached to the top

of the sample (figure 3.25 (a)). A sample consolidation curve is shown in figure 3.26.
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Figure 3.26 Vertical displacements (mm) versus log time (min) curve.

Samples were generally left for 24 hours to consolidate. After full consolidation
was achieved, the fiber was pulled out horizontally using the pulley system shown in
figure 3.27 Water was added gradually to the loading container using a sensitive burette
with a capacity of 100 ml at a slow rate. The loading sequence that was adopted
involved the application of variable load increments. At the beginning of the test where
the fiber/clay interface is expected to exhibit a linear response, relatively large load
increments were adopted. Each increment was applied for a period of 30 minutes to
ensure that the pullout was being conducted at a rate that would ensure full drainage
(dissipation of excess pore water pressure) at the interface between the fiber and the
soil. As the test progressed, relatively lower load increments were adopted as the
applied loads approached the ultimate pullout resistance. The final decision regarding
the applied load increments and the associated time period required to conduct the test

was made following a trial and error procedure.
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During the addition of water, special care was exercised to ensure that the
distance between the water container and the base was enough to keep the container
KDQJLQJ IUHHO\ DQG YHUWLFDOO\ WKURXJKRXW WKH WEFE
was used to act as a connection between the rod that was wrapped around the pulley and

the hanging water container.

Figure 3.27 Pullout setup in Drained tests.

For all tests, the failure of the fiber was observed to occur by sudden slippage
where the fiber pulls out under the weight of water. After pulling out the fiber the total
weight of the water container was recorded. The fiber dimension after testing was

measured. A comparison between the original and final width of the fiber indicated that
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the fiber width generally increases (where values ranges between 10 to 20% of its initial

width) due to the normal stress applied on the fiber.

The ultimate pullout stress was calculated as the ratio between the force needed
to pull out the fiber and the contact area with the compacted clay. The fiber has a
rectangular cross section and is laid between two layers of clay as presented in figure
3.28. As aresult four contact surfaces (two longitudinal and two transversal) exist

between the clay and the fiber as shown in figure 3.29.

= ‘!
o= -

Figure 3.28 A sketch diagram showing Figure 3.29 A sketch diagram showing
fiber cross section. fiber inserted between two layers of clay

The longitudinal contact surface area is equal to the product of the embedment
length ( Hand the average width ( 9, whereas the transversal contact surface area is
equal to the product of the thickness (t) and the average width (a). The contact area A is
the sum of transversal and longitudinal areas, and the total contact area is equal to two
times Ac. The pullout force (Fpq) is equal to the product of the mass of water and

gravitational acceleration.
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The stress WkPa) needed to pullout the fiber is calculated according to the following

equation
U
Wetoa @
Where,

X Fpo=w*g in (N) ,where w is the weight of water (kg) and g is the gravity
(N/kg.m)
X Ac=[( H3+(t* 3] in (m), where
- i the embedment length equals t03.75¢cm
- =is the average width of the fiber measured after testing (mm)
-t is the average fiber thickness, was found after a statistical

distribution to be equal to 0.15mm.

After testing, the sample is removed in order to measure its water content and

dry density as shown in figure 3.30.

Figure.3.30 Drained sample after fiber pullout
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¢. Unconsolidated-Undrained Pullout Tests

In the unconsolidated undrained tests, the samples were not allowed to
consolidate under the applied normal stress prior to pulling the fiber. The weights
corresponding to the different normal stresses were applied in the same manner as for
the consolidated tests; however, water was not added to the mold and no consolidation

was allowed. The applied normal stresses were calculated according to equation (2).

Following the application of the normal stress, the fiber was pulled out at a fast
rate to ensure more-or-less undrained conditions at the interface between the single fiber
and surrounding soil. The application of the pullout load was conducted using a
continuous flow of water from a large water bottle with a tap that would allow for
initiating and stopping water flow to the container. A drainage tube was attached to the
tap and water flow was regulated such that the water container would be fully filled
within a maximum time limit of 10minutes. The setup for undrained conditions is

shown in figure 3.31

The initial water level in the supply water bottle was maintained constant for all
tests to guarantee a constant pressure head. For all undrained tests, the failure of the
fiber was observed to occur by sudden slippage where the fiber pulls out under the
weight of water. After pulling out the fiber, the total weight of the water container was

recorded and the fiber dimension after testing was measured.
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Figure.3.31 Pullout setup in undrained conditions.

The pullout stresses were calculated according to equation (3). After testing the
sample was removed in order to calculate its water content and dry density. Figure 3.32

shows an undrained sample after pulling out the fiber.

Figure.3.32Un-Drained sample after fiber pullout.
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E. Summary

Clay properties were presented in this chapter including its grain size
distribution, its classification and index properties. An overview of hemp characteristics
and properties was also presented. This was followed by a detailed representation of the
experimental testing program and a description of the sample preparation procedure and
associated testing protocols. Finally, a thorough description of each type of test and its

case-specific experimental challenges and data processing methodologies was included.
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CHAPTER IV

TEST RESULTS
AND
DATA ANALYSIS

A. Introduction

In this chapter, the results of the experimental program are presented and
analyzed with the objective of investigating the interface response between clay and
hemp fibers using direct shear and single fiber pullout tests. A total of 36 direct shear
tests which included clay/clay and clay/hemp tests were conducted in addition to 18
singe fiber pullout tests. The parameters that were varied in the two testing protocols

were presented in Tables 3.4 a), 3.4 b) and 3.5 in the previous chapter.

This chapter is subdivided into four main sections. In the first and second sections,
the results of the direct shear and pullout tests are presented, respectively. In the third
section, a one-to-one comparison between the ultimate interface shear resistance resulting
from identical direct shear and pullout interface tests was conducted to shed light on the
effect of the test method on the ultimate interface strength characteristics and overall
response. In the final section, interface coefficients and indicative values of interface
efficiencies are derived from the results of the test program and compared with other values

reported in the literature for different fibers and clay combinations.

In all the analyses that are conducted in this chapter, the parameters that are

expected to influence the interface response are highlighted with special emphasis on the
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effects of the compaction water content and associated degree of saturation, initial dry

density, applied normal stress, and drainage conditions and shearing rates.

B. Direct Shear Test Results
In the analysis of the direct shear test results, a set of symbols were consistently
used throughout the chapter to designate the set of important parameters. In the adopted
terminology, V; is the total applied normal stress (kPa), Vi the shear stress (kPa), w is
the compaction water content (%), c and a are the total soil cohesion and the total
interface adhesion, respectivelyands DQG / DUH WKH WRWDO VRLO LQWH
WRWDO LQWHUIDFH |U liskddkd 18 Qe Metib@dHpardnedets loPH > 1 @

differentiate between total and effective values.

The results of the tests were analyzed within three main contexts. First, the shear
stress versus horizontal displacement response for both clay/clay and clay/hemp cases
was analyzed with particular emphasis on the effects of drained and undrained loading
and the compaction water contents adopted. Second, the maximum shear stresses that
were measured in the different tests were used to determine the Mohr Coulomb failure
envelopes for the clay and the clay/hemp interface. The shear strength parameters for
the clay and the interface were then compared and contrasted for the different test

conditions adopted.

1. Shear Stress versus Horizontal Displacem&asponse
The variation of the shear stress (kPa) with horizontal displacement (mm) is
exhibited in Fig. 4.1 for the 36 direct shear tests that were conducted in this study.

Results pertaining to clay/clay and clay/hemp tests for any given compaction water
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content are presented on the same figure for comparison. Results pertaining to the slow
shearing conditions (drained tests) are presented in Fig. 4.1(a) while results pertaining to

the fast shearing rates (undrained tests) are presented in Fig. 4.1(b).

a. General Response

Results pertaining to the drained tests on Fig. 4.1(a) indicate that for both
clay/clay and clay/hemp tests, the shear stress versus horizontal displacement response
are sensitive to the applied effective normal stress. This is expected for drained loading
conditions where higher shear stresses are expected to be mobilized in the clay and at
the interface for higher levels of confinement. No peaks were exhibited in the stress-
displacement response despite the fact that the curves were observed to level out at the
maximum applied horizontal displacement of 6mm to 7mm. This observation is valid

irrespective of the effective normal stress and the compaction water content used.

On the other hand, results from clay/hemp interface tests indicate clear peaks in
the shear stress at relatively small magnitudes of horizontal displacement. The post peak
response of the interface was governed by softening, particularly for tests conducted at
relatively large effective normal stresses ( 1Q =100kPa and 200kPa) irrespective of the
water content. The peak interface shear stresses were mobilized at horizontal

displacements in the range of 0.5mm to 1.5mm.

It should be noted that for all the drained direct shear tests, the peak interface
stress is found to be smaller than the maximum associated clay/clay shear stress,
indicating an interface efficiency that is smaller than 1.0, irrespective of the applied

normal stress.
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Figure 4.1 Variation of the shear stress with the horizontal displacement for (a) Drained
and (b) Un-Drained Clay/Clay and Clay /Hemp tests under different water contents.

91



For the tests conducted using a fast shearing rate, the test specimens were not
DOORZHG WR FRQVROLGDWH SULRU WR VKHDULQJ WR PR
clay and the clay/hemp interface. The tests were aimed at mimicking more or less
undrained conditions despite the fact that the specimens are free to drain in any
direction during the test. Interestingly, results of the tests on Figure 4.1(b) indicate a
relatively high and unexpected sensitivity of the load response to the applied total
normal stress, despite the fact that the tests were designed to be unconsolidated and
undrained. The sensitivity of the shear stress versus horizontal displacement response to
the total normal stress diminishes as the compaction water content increases since the
degree of saturation increases with increasing compaction water content, rendering the
specimens less sensitive to the applied normal stress in a UU setting. This sensitivity of
the response to the total normal stress is amplified by the fact that the clay includes
more than 45% sand in its composition. For relatively unsaturated compacted clays, this

percentage of sand will contribute to increasing the total stress friction angle of the clay.

With regards to the shape of the stress-displacement response, results of the fast
clay/clay tests indicate that there are no peaks in the shear stress except for tests
FR Q G X F y&20k¥Pa @t Al viater contents. At this low level of confinement, clear
peaks in the measured shear stress are observed at horizontal displacements ranging
from1.5mm for specimens compacted dry of optimum at w=14% and 3.5mm for
specimens compacted wet of optimum at w=20%. The brittle, softening response that is

exhibited in the unconsolidated undrained tests that were conducted at 20 kPa could be
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attributed to dilation of the unsaturated clay against the relatively low applied normal

stress during shearing.

In the quick clay/hemp interface tests, the overall observed load response was
found to be very similar to the response observed in the associated drained interface
W HV WV, drR bll Wa@r@orttents. This observation is interesting since it indicates
that the causes that led to differences in the response of the clay/clay specimens for
different test conditions (drained versus undrained) did not have a similar impact on the
response of the interface. This observation points to possible partial drainage that may
have occurred at the interface in the quick tests. This issue will be investigated further in

the following section.

b. Comparison Between Drained and Undrained Behavior

To allow for direct comparison between the results of the undrained and drained
tests, the variation of the shear stress with the horizontal displacement for both testing
conditions was compared in Fig. 4.2(a) (clay/clay) and 4.2(b) (clay/hemp), respectively.
For clay/clay tests, the maximum observed shear stress for any given water content and
applied normal stress is found to be larger for undrained tests compared to drained tests.
Moreover, the difference between the drained and undrained responses seems to
increase as the compaction water content decreases (from 20% to 18% to 14%) and as
the applied normal stress decreases (from 200 kPa to 100 kPa to 20 kPa). To quantify
the difference between drained and undrained loading conditions, a factor Qs defined
as the ratio of the undrained maximum shear stress to the drained maximum shear stress
at a given water content and normal stress. A quick analysis of the calculated Cfactors
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The differences in the observed response could be attributed to several factors.
In the drained tests, the fact that the clay specimens are allowed to consolidate (increase
in dry unit weight) is expected to have a positive impact on the response during drained
shear. On the other hand, the uninhibited drainage and the slow shearing in drained tests
do not allow for any buildup of negative pore pressures that could increase the effective
stress and enhance the load response. This is expected to have a negative impact on the
maximum stress carried by the clay during drained shear. For undrained tests on
clay/clay specimens, clays are not given enough time to consolidate under the applied
normal stress. As a result, the dry unit weights after the application of the normal stress
and prior to shearing are expected be smaller than their consolidated counterparts.
However, during shearing under quick rates, the relatively high matric suction values
coupled with the likelihood of generating negative pore water pressures during shear are
expected to result in a more effective response compared to drained tests. The positive
HITHFWV RI 3 XQGUDLQHG" ™ VK br®pbm@ent fartddesHvBIHIGW HG WR E
relatively unsaturated clays (w=14%) and relatively low normal stress levels (20 kPa).
Similar observations were reported in Miller et al. (2006) and Khoury et al. (2010).

For the clay/hemp interface tests, the difference in the response between drained
and undrained tests is minimal irrespective of the applied normal stress and the
compaction water content (see Fig. 4.2(b)). A thorough analysis of the shear stress
versus horizontal displacement relationships in Fig. 4.2(b) indicates that for the cases
involving water contents of 18% and 20%, WKH FXUYHV FRU WHNYaBARQGLQJ W
response ~ H [ K Ldighthy iDproved interface resistance. However, for cases where the

soil was compacted dry of optimum at w=14%, the drained response is consistently

95



larger than the undrained response, despite the fact that the undrained clay/clay strength

was much larger than the drained strength for this compaction water content.

7KH VPDOO GLIIHUHQFH EHWZHHQlod Kdors&d DLQHG

the interface tests could be attributed to possible drainage that might have occurred at
the contact between the clay and the hemp surface at the micro level. Such drainage
may be inevitable within an interface direct shear setup whereby the clay is sheared on a
hemp surface that was prepared by gluing individual hemp fibers to a steel plate.
Moreover, the hemp fibers themselves could act like a drainage conduit that could
facilitate drainage of water from the thin clay surface that is in contact with the fibers.
Drainage at interfaces between soils and solid interfaces was discussed by Miller et al.
(2006), who detected a decrease of water content in the clay during interface shearing
due to the disruption of the menisci between soil particles causing a decrease in matric

suction which resulted in water draining out of the sample.

It could be argued that even if the drainage at the interface is minimal, it could
be enough to reduce the positive effects of matric suction and negative pore pressures
on the interface strength in fast tests. Any partial drainage at the interface could prohibit
the interface material (hemp in this case) from mobilizing the full undrained shear
strength of the clay that is in contact with it. The fact that the interface resistance for the
cases of w=18% and 20% was still found to be slightly higher in the undrained tests
reflects that partial drainage (rather than full drainage) may have dominated the

interface response in the fast tests.
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For the interface tests that were conducted with a water content of 14%, the
interface strength in the drained tests was found to be larger than the interface strength
measured in the tests sheared at a fast rate without allowing consolidation. These results
are surprising given the fact that the clay/clay tests for w=14% indicated a much higher
strength for the clay tested at a fast shear rate. These results can be explained by the
following hypothesis. It could be argued that the clay that was compacted dry of
optimum at w = 14% is expected to have a relatively high permeability and a relatively
low dry unit weight. In fact, the coefficient of consolidation as obtained from the
consolidation phase of the direct shear tests was determined to be 1.5 times larger for
the clays compacted at 14% (compared to the clays compacted at 18% and 20%). This
relatively higher permeability would amplify the partial drainage that exists at the
interface in the fast tests, allowing the interface strength in the fast tests to approach that

RI WKH GUDLQHG WHVWY DQG SURKLELWLQJ WKH KHPS

strength of the clay that is in contact with it.

The fact that the interface strength in the undrained tests was lower than the
drained tests could further be explained by the relatively small initial dry density (14.8
KN/m?®) for the w=14% samples. For the consolidated drained tests, increases in the
initial dry density will result from allowing consolidation under the applied normal
stresses, whereas in the unconsolidated undrained tests, the dry density is expected to
remain relatively small even with the application of the normal stress. This could
explain the superior drained response for w = 14%. For the tests conducted at the

compaction water contents that are close to optimum (18% and 20%), the initial dry
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densities of the clay specimens are relatively large (values ranges between 16.5 KN/m?®
and 17 KN/m3) and the permeability is relatively low. As a result, allowing
consolidation during the application of normal stress is not expected to have a
significant impact on the interface response. In addition, the degree of partial drainage

at the interface is expected to be smaller than the case involving w = 14%.

c. Effect of Water Content

To further investigate the effect of the water content on the clay/clay and
clay/hemp responses, the stress-displacement curves for the clay/clay and clay/hemp
tests were plotted on the same figure for comparison (Fig. 4.3). Each plot in Fig. 4.3

represents a constant value of applied normal stress.

JRU FRQVROLGDWHG GUDLQHG FO D ¥2600M, thatteHV WYV WK
is no difference in response for w=14%, 18% and 20%. For the smaller normal stresses
(20 kPa and 100 kPa), the response for tests pertaining to w=14% show divergence from
the other water contents. This divergence is clearly visible for the lowest normal stress
of 1 =20kPa, where the maximum shear stress for w=14% was found to be the
smallest followed by w=18% followed by w=20%. The more-or-less identical drained
response of the w=14%, 18% and 20% specimens at the highest normal stress of
\\=200kPa indicate that allowing the specimens to consolidate during the application of
the normal stress, coupled with the slow drained shearing mechanism, may have
allowed the response of the different specimens to converge despite the differences in
the initial structure and dry density. As \, decreases to 100kPa and 20kPa, the ability of

\4 to normalize the behavior becomes less especially for w=14% which has initially a
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low dry density (high void ratio) and a flocculated structure. The case of \,=20kPa
exhibits the scenario with the largest differences in clay/clay response at different water

contents.

For the clay/hemp interface tests, it was observed that specimens that were
compacted at w=14% consistently yielded the highest drained interface response.
Relatively higher drained interface resistances were observed in the w=14% specimens
despite the relatively lower initial clay dry densities. The reduction in the interface
resistance with increases in compaction water content could be attributed to the
lubricating effect of water which could negatively affect the efficiency of the interface
at higher water contents. These results are supported by the results presented in Attom
et al. (2007) who observed that the interface resistance decreases when the water
content of the soil increases due to the effect of water lubrication, resulting in a

reduction of the load transfer between clay particles and fibers at the level of interface.

For the clay/clay tests that were conducted at a fast shearing rate without
allowing consolidation under the applied normal stresses, results pertaining to the case
of w=14%, resulted in consistently higher stresses compared to clays compacted at
w=18% and 20%, irrespective of the applied normal stress. For w=18% and 20%,
similar stress-displacement responses were observed. The superior stress-displacement
response witnessed for the w=14% specimens could be attributed to the generation of

negative pore pressure and the effect of matric suction in the unsaturated specimens.

For clay/hemp tests, UHVXOWYV IURP *XQGUDLQHG LQWHUIDFH

compacted at w=14% consistently gave smaller interface strengths than clays
99



compacted at other water contents, irrespective of the applied normal stress. These
results could be explained by the fact that clays compacted at w=14% exhibit relatively
high permeability values (compared to w=18% and w=20%). As a result, the interface
resistance may not be benefitting from the negative pore pressure generation or matric
suction effects. High permeability will enhance the phenomenon of partial drainage that
may be occurring at the interface leading to lower interface efficiencies for undrained

tests.
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Figure.4. 3Variation of the shear stress with the horizontal displacement for (a) Drained
and (b) Un-Drained Clay/Clay and Clay /Hemp tests under different normal stresses.
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2. Maximum Shear Stresses and Associated M@woulombFailure Envelopes

The ultimate shear stresses observed for all direct shear tests (clay/clay and
clay/hemp) that were conducted in this study are presented in Figure 4.4 as a function of
the compaction water content for both drained and undrained loading conditions. The

following major findings can be deduced from Figure 4.4:

X The ultimate clay/clay shear stresses observed in the quick tests are higher than
their drained counterparts. This is attributed to the effect of matric suction and/or
negative pore water pressure.

X The ultimate clay/clay shear stresses for the consolidated drained tests are not
sensitive to the compaction water content. On the other hand, the ultimate shear
stresses observed in the quick tests decreased significantly as the compaction
water content increased from 14% to 18% and 20%.

X The maximum shear stresses that were measured in the clay/hemp interface tests
do not seem to be significantly affected by the type of test (drained versus
undrained). This indicates that possible partial drainage could have occurred at
the interface between the clay and the fiber-coated interface even under quick
loading conditions.

X Finally, the maximum interface shear stresses show minimal sensitivity to the
compaction water content and the rate of shearing. The maximum interface
stresses generally decrease with water content for the drained tests and increase
with water content for the undrained tests. For the drained tests, the slightly

reduced interface resistance at higher water content could be attributed to
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reduced interface resistance at lower water contents could be related to the lower

initial dry density of the clay coupled with a relatively higher permeability

which would enhance partial drainage at the interface and reduce the positive

impact of matric suction and negative pore pressure on the interface resistance.
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The maximum shear stresses presented in Fig. 4.4 were used to construct Mohr-
Coulomb failure envelopes for the clay/clay and clay/hemp specimens using regression.
The resulting shear strength parameters which include the cohesion intercept (c for
clay/clay and a for hemp/clay) and the friction angle ( /for clay/clay and Gor
hemp/clay) were determined form the resulting envelops. To allow for a one-to-one
comparison between the clay/clay and clay/hemp envelops, the resulting Mohr-
Coulomb failure envelops for the clay and the clay/hemp interface were plotted on Fig.
4.5 for cases involving different compaction water contents and test conditions. The
same Mohr-Coulomb envelops were re-drawn on Fig. 4.6 to isolate the effect of the test
conditions on the test results. The associated shear strength parameters are presented in

table 4.1 and Table 4.2, for the clay/clay and clay/hemp tests, respectively.

A general graphical investigation of the shear strength envelops indicate that the
envelopes of the interface tests were always lower than the envelopes of the clay/clay
tests, indicating that the efficiency of the hemp fibers is less than unity, irrespective of
the test conditions. The difference between the clay/clay and clay/hemp envelopes was
more pronounced for the undrained cases, where the shear strength envelopes of the
clay exhibited cohesive intercepts that were relatively large (38.6 kPa to 54.5 kPa). For
the clay/clay case, a comparison between the drained and undrained envelops (Fig. 4.6)
indicates that the undrained envelopes are predominately higher than their drained
counterparts with the difference increasing as the compaction water content decreases.
On the other hand, interface envelopes for drained and undrained tests were found to be

very close to each other.
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The shear strength parameters for the clay tests are summarized in Table 4.1.
The results indicate similar drained shear strength parameters cCand /CXor the tests
conducted with a water content of 18% and 20%, with a cCbf about 14 kPa and /<bf 27
degrees. These results may be considered to be realistic for low plasticity clay
specimens that are compacted close to optimum. The relatively high drained friction
angle could be attributed to the presence of more than 45% sand in the clay matrix. For
clays that were compacted dry of optimum at a lower water content of 14%, a slightly

lower ¢ @alue of 5.4 kPa and a slightly higher /<0f 29.4 degrees were obtained.

In the undrained tests and as expected, the total stress cohesive intercept ¢ was
relatively large (38.6 kPa to 54.5 kPa) compared to the drained tests. In addition, the
total stress friction angles /for the w=18% ( /= 24.4 degrees) and w=20% ( /= 20.5
degrees) cases were found to be slightly smaller than their drained counterparts. The
difference between the total stress friction angles ( /= 24.4 versus 20.5 degrees) is
related to the degree of saturation of the clay which is expected to be larger in the w =
20% tests. For the case involving a water content of 14%, the total stress Mohr-
Coulomb envelope was very steep with a recorded friction angle of about 35 degrees.
This excessively high friction angle could be attributed to the relatively low degree of
saturation and the associated effect of matric suction coupled with the presence of a
significant proportion of sand in the clay matrix. It is worth noting that for the cases
involving w=18% and w=20%, /Cwas found to be greater than / and cQwas found to
be less than c. The opposite is true for the case involving =for w of 14% where cand /

were found to be greater than cband &
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Table 4.1 Soil Cohesion and Internal Friction Angles for Clay/Clay tests (a) Drained,
(b) Un-Drained

Clay/Clay Drained Un-Drained
Water ! !
Content| @ éa 5004 ckPa)! s ()
|
(%) : :
20% 14.4 | 272 415 | 205
| |
18% | 135 : 271 | 386 : 24.4
T T
14% 54 | 29.4 545 | 35

The interface shear strength parameters for the clay/hemp tests are summarized
in Table 4.2. Results of the drained tests indicate that the drained adhesion intercept a 6
is relatively small and ranges from 0 to 4.5 kPa. The drained interface friction angle ®
varies in a relatively narrow range of 21.2 to 23.7 degrees, with the smaller values of ®
being associated with the higher water contents possibly due to the lubricating effect of
water. For the unconsolidated quick interface tests, slightly higher adhesion values
were obtained for the cases where the clay was compacted near optimum (w=18% and
w=20%) with a total stress adhesion a of about 9 kPa. This adhesion was associated
with total stress interface friction angles Gof 20.4gcand & which are only slightly
smaller than the associated range of ®&21.2 and 22.5 degrees). For the case involving
w=14%, the adhesion intercept a was zero and the associated interface friction angle

was equal to 20.5¢ As mentioned previously, the possible partial drainage at the
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interface between the clay and the hemp interface in the undrained tests could explain
the relatively similar interface shear strength envelopes of the drained and undrained

tests.

Table 4.2 Soil Adhesion and Interface Friction Angles for Clay/Hemp tests (a) Drained,
(b) Un-Drained

CIay/Hem;u Drained Un-Drained
Water : :
Content|| aQ o 1it &) 3| calikPa) i @)

(%) i i

20% 2.2 : 21.2 9.9 : 20.4
| |

18% 0 | 225 81 | 21
| [

14% 45 | 237 | 03 | 205
| |

Interface parameters in literature varied according to the type of interface where
soil adhesion in consolidated drained tests with different geomembranes varied between
(2kPa to 18 kPa) and interface friction angle varied between (15¢to 40g). Un-drained
interface parameters varied between =3.4kPato —=21.6kPa and /varied between 2.2¢

to 40.1a

Our values belong to the interval of interface parameters found in literature taking into
consideration that we are introducing a new natural material to the geotextiles and

geomembrane family.
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C. Pullout Test Results

As described in the previous chapter a custom fabricated apparatus was used to
conduct horizontal pullout tests on single hemp fiber that was sandwiched between two
layers of clay. The pullout force was calculated according to equation (2) and used to
estimate the maximum pullout shear stress as indicated in equation (3). Slow and quick
shearing conditions were adopted for clays compacted at water contents of 14%, 18%
and 20% and subjected to three normal stresses (20kPa, 100kPa and 200kPa). The effect
of water content, applied normal stress and the rate of shearing on the maximum pullout

stress of single fibers was investigated and analyzed in the following paragraphs.

1. Effect of water content and test type on ultimate pullout stress

The ultimate pullout stresses that were measured in the slow and quick fiber
pullout tests are presented in Figure 4.7(a) and 4.7(b), respectively. In tests where the
fiber was pulled out slowly (drained conditions), the ultimate pullout stress was found to
increase with the applied effective normal stress but was insensitive to the initial
compaction water content of the clay. For tests where the fiber was pulled out at a fast
rate, the magnitude of the measured ultimate pullout stress was larger than the
corresponding drained condition. These results indicate that, unlike the case of the
interface direct shear tests where partial drainage could have occurred at the interface,
fast pullout tests may have exhibited more-or-OHVV 3XQGUDLQHG™ EHKDYLRU
between the hemp fiber and the compacted clay. This hypothesis is reinforced by the

observed relationship between the measured pullout stresses and the compaction water
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as exhibited in Figure 4.7(b). Results on Figure 4.7(b) indicate that the maximum
pullout stress is highly dependent on the compaction water content particularly for the
case of w=14%. A significant reduction in the ultimate pullout stress is clearly indicated
in Figure 4.7b as the water content is increased from 14% to 18% and 20%. In fact, a
comparison between the results of the fast fiber pullout tests (Fig. 4.7(b)) and the fast
direct shear clay tests (Fig. 4.4(b)) show remarkable consistency with regards to the
variation of the maximum shear stresses and ultimate pullout stresses with the
compaction water content. This observation further validates the hypothesis of a true

SXQGUDLQHG” EHKDYLRU LQ WKH VLQJOH ILEHU SXOORX\
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Figure.4.7 Maximum Pullout Stress versus Water Content at different applied normal
stress for (a) consolidated drained tests, and (b) unconsolidated quick tests.

2. Mohr Coulomb Failure Envelope$or Pullout

Mohr Coulomb failure envelopes were established from the measured maximum

pullout stresses and plotted on Figure 4.8(a) and 4.8(b) for slow and quick loading
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conditions, respectively. The interface shear strength parameters (aand Gresulting

from the pullout tests are summarized in table 4.3.

Results for the slow pullout tests where the clay at the interface is expected to be
drained, the interface envelops for the three water contents are almost identical, with
effective adhesion values aCdanging from 1kPa and 7kPa, and effective interface
friction angles Gthat range between 23.7cand 25.6¢ Fr fast rate pullout tests, the total
stress adhesion a was relatively large (35 kPa to 44 kPa) compared to the drained
pullout tests. In addition, the total stress interface friction angles Gor the w=18% ( G=
24 degrees) and w=20% ( G= 20 degrees) cases were found to be slightly smaller or
equal to their drained counterparts. For the case involving water content of 14%, the
total stress pullout envelop was very steep with a recorded interface friction angle of
about 34 degrees. Moreover, the associated a = 44.4 kPa could also be considered to be
relatively high. The excessively high interface friction angle and adhesion could only
be put into context when compared to the equally high friction angle and cohesion
witnessed in the undrained clay/clay direct shear tests. It could be argued that the hemp
fibers in the fiber pullout tests were efficient at mobilizing a significant portion of the
undrained shear strength of the surrounding clay. Similar results were reported in Tang
et al. (2009) and Jamie et al. (2013) who conducted undrained pullout tests on a single
fiber. It should be noted that the interface pullout strength parameters are in line with

values reported in Hatami and Esmaili (2015).
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Figure.4.8 Mohr Coulomb failure envelops for (a) Slow rate pullout tests, (b) Fast rate

pullout test.

Table 4.3 Soil Adhesion and Pullout Friction Angles for slow rate pullout tests and

quick rate pullout test.

Pullout Slow Rate Quick Rate
Water ! :
Content [ aQ 0 i t @ 0 gl cakPa) | @)
(%) i i
20% 1 : 25.6 35.2 : 20
[ |
18% 71§ 237 29 | 24
| |
14% 228 | 245 | 444 | 34
| |
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D. Comparison between Direct Shear Results and Pullout Results
In this section, a one-to-one comparison is made between the results of the direct
shear tests and those of the single fiber pullout tests to shed light on any major

differences in the measured interface resistance from the two tests.

For that purpose, the maximum interface shear stresses that were measured in
the direct shear tests were plotted with the ultimate single fiber pullout stresses on
Figure 4.9 for both drained and undrained loading conditions. Plotted on the same
figures are the maximum shear stresses that were measured in the associated clay/clay
direct shear tests. The clay/clay stresses were added to the plots to act as a reference,
since the clay/clay strength is estimated to represent the upper bound of any interface

shear or pullout resistance.

Results on Figure 4.9 indicate that for slow drained tests, the pullout and direct
shear stresses at failure are relatively close to each other, with identical values observed
for the case with a water content of 14%. For w = 18% and 20%, the maximum
interface pullout stresses were slightly and consistently larger than their direct shear
counterparts. On the other hand, results from unconsolidated fast tests indicate a
superior interface response in the single fiber pullout tests, with maximum pullout
stresses that are significantly larger than the direct shear stresses. In fact, the maximum
pullout stresses in fast tests approached the undrained maximum clay/clay stress for all

water contents used.
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Figure.4.9 .Comparison between Results of Direct Shear and Single Fiber Pullout Tests
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To further understand the mechanisms governing the interface strength for
pullout and direct shear tests conducted under different consolidation states and
VKHDULQJ UDWIAY ZD \& WG OtReH6F Bid/Mmaximum undrained
interface shear stress to the maximum drained interface shear strength. This ratio was
calculated for direct shear tests and single fiber pullout tests and compared on Figures

4.10(a) (direct shear) and 4.10(b) (pullout).

6 6 7
S . - W=14% ---&--- w=14%
% | (a) Direct Shear - W=18% g i 0\ (b) Pullout e w=18%
ax ——-A--- W=20% 0;: \\ ---A--- W=20%
g 3 % 3 \\ \\\
s < S .
= [ A ' N T !
I u---- ::-‘*-:;! ______ 3 \h“"'«--:::_-_- -
<1 I — =1} ”
T @) < (b)
0 - - - - 0 : : - -
0 50 100 150 200 250 0 50 100 150 200 250
Applied Normal Stress(kPa) Applied Normal Stress(kPa)

Figure.4.10. Ratio of the Maximum Undrained Shear Stress to Drained Shear Stress for
(@) Interface Direct Shear Tests and (b) Single Fiber Pullout Tests

For the interface direct shear tests, results indicate that A is slightly affected by
the compaction water content of the clay. As w increased from 14% to 20%, the range
of A increased from 0.6 to 0.8 (w=14%) to 1.1 to 1.9 (w = 20%). If all the interface

direct shear tests are considered, the average value of A could be determined to be close
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to 1.0, indicating that the clay in the fast direct shear interface tests may not be really

undrained due to partial drainage at the interface. For the pullout tests, A Z D V
FRQVLVWHQWO\ IRXQG WR EH JUHW R HRUWKHD\QVN V FRIQWGK i
Vo N3D GHFUHDVLQJ WR W RVq IRNWHVWHN FRQGWEW
ODUJH Y DIRXH § XFOI OIRXXHW DNVE VRV WKHIMLEWLILFDQWO\ ODU.
SXOORXW VWUHVVHVY WKDW ZHUH PHDVXUHG LQ WKH IDV

ILEHUV ZHUH HIILFLHQW DW PRELOL]LQJ WKH XQGUDLQH

The interface shear strength parameters that were determined from direct shear
and pullout tests are compared in table 4.4 and table 4.5 for drained and undrained
loading conditions, respectively. Results indicate that &values from pullout tests are
slightly but consistently larger (by 1 to 3 degrees) than @&for direct shear tests. The
ranges of the effective adhesion (0 to 4.5 kPa for direct shear tests and 1.0 to 7.1 kPa for
pullout) were found to be small and similar for the two test types. Similar observations
were reported in Alfaro et al. (1995) where frictional interface properties from pullout
tests were found to be higher than those determined from direct shear tests for geogrids
that were pulled out from a dense granular backfill material.

For the unconsolidated fast tests, the total stress interface parameters shown in
table 4.5 indicate that both aand Gire much larger in pullout (average a= 36 kPaand G
= 26 degrees) compared to direct shear (average a= 6 kPa and G= 20.6 degrees). As
mentioned in previous sections of this chapter, results indicate that for fast rates of

ORDGLQJ WKH UHVSRQVH RI WKH LQWHUIDFH GXULQJ SX
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undrained allowing the interface strength to be directly correlated to the high undrained

strengths that were measured in the fast clay/clay tests.

Table 4.4 Soil Adhesion and Interface Friction Angles for Drained Clay/Hemp Tests
and Slow Rate Pullout Tests

Drained/Slow Ratg Direct Shear Pullout

Water Content (%) aQ o “[Et &) Jqad o ‘1 t®R VO
14% 45 | 237 2.28 | 245
18% 0 225 | 71 i 237
20% 2.2 | 212 1 1 256

Table 4.5 Soil Adhesion and Interface Friction Angles for Un-Drained Clay/Hemp Tests
and Quick Rate Pullout Tests

Un-Drained/Quick Rafe Direc'f Shear Pulllout
Water Content (%) | a(kPa) : &) akPa) @ @)
14% 03 | 205 44.4 | 34
18% 81 : 21 29 . 24
20% 99 | 204 362 1 20

The results presented in the above section agree with findings reported in
Hatami and Esmaili (2015) who conducted small scale interface direct shear and pullout
tests on marginal soils with geomembranes. The parameters obtained from the tests on
Chicasha Clay (CL) with different water contents and by controlled suction
measurement indicate that the pullout shear strength parameters for dry of optimum =
=56.7kPa and /=30.2g for optimum = N 3D D Q G dnd for wet of optimum =

=38.9kPa and /=18.1. While the results obtained from direct shear for the dry of
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optimum N3D DQgioroptimum = N3D D Q Gand for wet of

optimum N3D DQG / 7KH GHFUHDVH LQ VWUHQJWK D
was directly attributed to the reduction in the interface adhesion at lower suction values

in pullout and direct shear tests.

E. Interface Coefficients and Overall Efficiency of Direct Shear and Pullout
Interface coefficients including Ci. and C;,_ where Cj represents the ratio of the
soil adhesion to the soil cohesion and C;,_ equal to the ratio of the tan (interface friction
angle) over the tan (soil internal friction angle) are calculated for drained/ slow rate and
un-drained/ quick rate for direct shear and pullout tests respectively at different water

contents.

Those parameters are the key indices for modeling the shear strength of fiber
reinforced soils and they vary according to the soil type and nature of reinforcement. In
DGGLWLRQ WKH RYHUDQDOHWRFWHBAIFUBWLR RI WKH LQWH
the clay shear strength is calculated for drained/ slow rate and un-drained/ quick rate for

both direct shear tests and pullout tests.

1. Interface Coefficients ¢z and G_

The interface coefficients were determined for the different cases analyzed in
this study based on the direct shear and pullout tests. Since the interface resistance that
was measured in the interface direct shear tests for unconsolidated fast tests was found

to be non-representative of true undrained behavior, the interface coefficients from the
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direct shear tests were restricted to consolidated drained conditions. For the drained
conditions, C;_ was calculated and plotted on Figure 4.11 for direct shear and single

fiber pullout tests.
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Figure.4.11 Interface Coefficient C; | for Drained/Slow Rate Direct Shear and Pullout
Tests.

Results on Figure 4.11 indicate that for the direct shear tests, an average
interface coefficient C; E ZDV REWDLQHG ZLWK PLQLPXP VHQVLW|
FRPSDFWLRQ ZDWHU FRQWI—CQR\MW)R/\IHW\MH%\MD@’HO}NHUEWU%
ZLWK D UDQJH RI W R 7TKH LQWHUIDFH FRHIILFLHQ)
LQFUHDVLQJ Z3)/ev théveFyRnaN\ran@@ &Y adhesion and cohesive
intercepts that were obtained in the drained direct shear and pullout tests, the cohesive
interface coefficient C; . cannot be determined with any degree of confidence in the
drained tests. In fact, it will not play any significant role in characterizing the drained

interface behavior.
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For the tests that were conducted under fast shearing/pullout conditions without
allowing consolidation, the resulting interface coefficients were calculated and plotted
on figure 4.12. As mentioned previously, Cic and C;_ were only determined for the
undrained pullout results since fast direct shear tests did not portray a true undrained

behavior.
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Figure.4.12 Interface Coefficients Cjcand C;_for Fast Rate Pullout Tests .

Results of the quick fiber pullout tests indicate average interface coefficients of
CiysEO.97andCi,C 8 ZLWK PLQLPDO YDULDWLRQ ZLWK WKH FRF
These values reflect a relatively high efficiency of the hemp fibers in mobilizing the
undrained strength of the surrounding clay indicating high interface efficiency during

fast shearing.
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2. Overall Efficiency D

As a final indication of the For the direct shear tests, Dis calculated as the ratio
of Wi (Clay/Hemp) / M¥% (Clay/Clay), while Dfor the pullout test was calculated as
Wix (Pullout)/ M\ (Clay/Clay) where Wix (Clay/Clay) is obtained from direct shear

tests are shown in figure 4.13 .
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Figure 4.13 Overall Efficiency G of (a) Drained/Slow and (b) Undrained/Quick Direct
Shear and Pullout Tests.

Results on Figure 4.13(a) indicate that the overall interface efficiency factor
Dfor drained loading conditions was sensitive to the value of the compaction water
content and the applied normal stress. For the small water content of 14%, the average
alpha value was equal to about 0.7 with minimum variability at different normal
stresses. For the case of the higher normal stresses of 100 kPa and 200 kPa, this average

alpha value increases slightly with water content (alpha = 0.72 for w = 20%) for the
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drained pullout tests and decreases slightly with water content (alpha = 0.60 for w =
20%) for the drained direct shear tests. For the lower normal stress of 20%, alpha
reduced significantly with water content particularly for the pullout test, reaching values
close to 0.4 and 0.3 for the direct shear and pullout tests, respectively.

The alpha values that were calculated from the pullout undrained tests in Figure
4.13(b), an interface efficiency of about U § ZDV GHWHUPLQHG LUUHVSHFYV
compaction water content and applied normal stresses. The corresponding alpha values
for the undrained direct shear tests were much lower and ranged from 0.1 to 0.35 at a
water content of 14% and from 0.3 to 0.65 at the largest water content of 20%. It should
be noted that the alpha values that were determined for the undrained direct shear tests
may not be realistic nor representative of true undrained efficiencies, given the partial
drainage that is hypothesized to exist at the interface. The trend of increasing alpha
values with water content supports the hypothesis of interfacial partial drainage, since
partial drainage is expected to become less significant for clays that are compacted wet
of optimum (w=20%) where the permeability is expected to be relatively low. On the
other hand, partial drainage is expected to be significant the case of w=14% and \}

=20kPa, resulting in the lowest overall coefficient (G §

F. Summary
Results of 36 direct shear tests conducted on Clay/Clay and Clay/Hemp,
prepared by compaction with different water contents, and tested under both

consolidated drained and unconsolidated undrained conditions by applying different
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normal stresses were investigated. In addition 18 pullout tests where a fiber was inserted
between two layers of compacted clay with different initial water contents and tested by
pulling the fiber with both slow and quick rates with three applied normal stresses were

inspected. Results obtained from both tests are analyzed and compared.

Results indicate that for drained conditions, the interface shear strength
parameters could be determined from either direct shear tests or from single fiber
pullout tests, with the drained interface friction angles being slightly larger (by 1 to 3
degrees) in the pullout tests. On the other hand, the true undrained interface response
could only be reliably determined from results of pullout tests due to inevitable partial
drainage that is expected to occur at the interface between the clay and the hemp-surface
in the direct shear tests. The drained interface resistance between the hemp and the clay
used in this study can be characterized by an interface friction angle of about 22 to 24
degrees and a small/negligible associated effective cohesion intercept. The undrained
interface friction angle and cohesion are sensitive to the compaction water content. As a
result, they can best be determined using interface coefficients of Ci,SEO.97 and Ci. 8

0.8 with minimal variation with the compaction water contents.

- Peak shear stress of Clay/Clay and Clay /Hemp of direct shear test increase
with the increase of applied normal stress for all tests irrespective of water
content.

- Clay/Clay shear stress is greater than Clay/Hemp shear stress for all tests

irrespective of water content.
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The un-drained Clay/Clay shear strength is greater than drained Clay/Clay

shear strength for all tests irrespective of water content.

For w=14% the undrained shear stress of Clay/Clay is the highest among all

tests.

For w=18% and w=20% the results of interface are consistent with

Clay/Clay shear stress however, for w=14% drained shear stress of

Clay/Hemp is greater than un-drained interface shear stress.

For drained Clay/Hemp tests, clays compacted at w=14% gave higher

strength compared to clays compacted at w=18% and w=20%.

Interface friction angle /Cecrease with the increase of water content.

For w=18% and w=20% =®Kpaand /=20.5¢where QLY JUHDWHU WKDQ
1d¢o2eand Qs less than =

For slow rate pullout tests, ultimate pullout shear strength is not sensitive to

water content and increases with the increase of applied confinement.

For fast rate pullout tests, ultimate pullout shear stress decrease with the

increase of water content.

For all tests fast rate pullout shear stress is greater than slow rate pullout

shear stress.

For slow rate pullouttests QUDQJHYV EHWZHHQ NQdgd QG N3D
between (23.7cand 25.6¢).

For fast rate pullout tests =is much larger than Cfor all tests.
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A of pullout tests is higher than A of direct shear tests irrespective of water
content.

Mohr-Coulomb failure envelopes of drained direct shear interface tests are
close to Mohr-Coulomb failure envelopes of slow rate pullout tests.
Mohr-Coulomb failure envelopes of un-drained direct shear interface tests
are below Mohr-Coulomb failure envelopes of fast rate pullout tests, where
the difference increase with the decrease of water content.

IQR1T SXOORXW W H YV WitdilBcUskeaKtésts KoHal) widfeK dor@ent's
and(= / RI SXOORXW DUH RIHDWHBWNKRBDU LQWHU
For drained interface direct shear tests C;,_ =0.78 and for slow rate pullout
tests C;_ ranges between (0.8 and 0.93).

For fast rate pullout tests interface coefficients Cj_=0.97 and C;~0.8.
Overall efficiency of fast rate pullout tests D8 D Q G-dr&trigd dirgrt
shear test Dincrease with the increase of water content.

The least obtained overall efficiency was observed for un-drained direct

shear tests at w=14% and \,=20kPa.
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CHAPTER V

CONCLUSION, RECOMMENDATION
AND
FURTHER RESEARCH

A. Introduction

This thesis presented the results of a conducted laboratory experimental program
of 36 direct shear tests and 18 pullout tests conducted on compacted natural clay and
natural hemp fibers. Direct shear tests were performed on clay/clay and clay/hemp,
where in interface tests clays were sheared against hemp fixed in the lower part of the
direct shear box. Pullout tests were performed using a custom fabricated apparatus by
modifying the one-dimensional consolidation set-up, where a fiber was inserted
between two layers of compacted clay and pulled using a pulley under the weight of

water.

As expected the interface response was affected by the compaction water
content or degree of saturation where three water contents were investigated (14%,18%
and 20%), the rate of shearing/pullout (undrained versus drained), and the applied
normal stress (20 kPa, 100 kPa, and 200 kPa). Results obtained from direct shear tests
and pullout tests were discussed and compared.

This chapter includes the main concluding remarks and observations resulting
from the conducted direct shear and pullout tests on compacted clay and natural hemp

fibers. Recommendations and further research are also discussed.
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B. Conclusians

Based on the results of 36 direct shear tests conducted on clay/clay and
clay/hemp, in addition to 18 pullout tests the following conclusions can be drawn with
regards to the reliability of the testing used procedure, the effect of water content,
degree of saturation, dry density, permeability, generation of excess pore pressure,

applied normal stress and rate of shearing:

1. As expected in all direct shear tests the maximum clay shear stress is higher
than the peak interface stress with an interface efficiency smaller than 1.0

irrespective of the tested water content and the applied normal stress.

2. In general for drained clay/clay and drained clay/hemp tests the peak shear
stress increase with the increase of effective normal stress for all tests
irrespective of water content. A strain hardening behavior was observed for
clay/clay tests where curves were observed to level out at the maximum applied
horizontal displacement of 6mm to 7mm irrespective of the compaction water
content and applied normal stress. Interface tests exhibited strain softening
behavior during post peak shearing with clear peaks at \£=200kPa and
\Lx=100kPa where the peak shear stress was mobilized at a horizontal

displacement ranging from 0.5mm-~1.5mm.

2. An unexpected sensitivity of the undrained shear stress of clay/clay was
observed to the total applied normal stress despite the fact that the tests were
designed to be unconsolidated and undrained. This sensitivity of the shear stress

versus horizontal displacement response to the total normal stress is reduced at
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higher water contents (higher degree of saturation) where the performance is less
sensitive to the applied normal stress exhibiting more unconsolidated undrained
response. This sensitivity was attributed to the fact that the soil is not fully
saturated especially at lower water contents and due to the presence of 45% sand
in the soil matrix. For relatively unsaturated compacted clays, this percentage of
sand will contribute to increasing the total stress clay friction angle. A strain
hardening behavior was observed for the fast clay/clay tests for tests conducted
at ¥=100 and 200kPa however clear peaks were observed at \f=20kPa at
displacements ranges from1.5mm for tests compacted at w=14% and 3.5mm for
tests compacted at w=20%. This brittle response at \4=20kPa was attributed to
dilation of the unsaturated clay against the relatively low applied normal stress
during shearing. Undrained interface shear stress exhibited a strain hardening
behavior that was more pronounced for \4 =100 and 200kPa. In general the
undrained interface response was similar to the drained interface response for all
tested water contents and applied normal stress, which points to a possible

drainage at the level of interface in fast shearing conducted tests.

3. The undrained shear stress of clay/clay is greater than the drained clay/clay
shear stress for all tests irrespective of water content, where the difference
between the drained and the undrained response increase as the water content
decrease (from 20% to 18% to 14%) and as the applied normal stress decreases
(from 200 kPa to 100 kPa to 20 kPa). This was attributed to the high matric

suction values coupled with the generation of negative pore water pressures
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resulting in the increase of stresses during quick shearing, this was explicit at
highly un-saturated clays (w=14%) and low applied normal stress at Y=20kPa
where generation of negative pore pressure is expected. Moreover, the difference
between the undrained clay/clay shear stress and the counterpart drained
clay/clay shear stress increase as % decreases where A, defined as the ratio of
the undrained maximum shear stress to the drained maximum shear stress at a
given water content and normal stress was equal to =1 for w= 20% and \4

=200kPa, while OLQFUHDVHV XS WR ,=26kRAh. Z DQG 1

4. For the undrained interface shear stress, a minimal difference between drained
and undrained behavior was observed irrespective of the applied normal stress
and the compaction water content. More specifically for tests conducted at
w=18% and w=20% the undrained response was slightly higher than the drained
UHVSRQVH IRU FDVHWY3DQDERmMPY, Wqile the opposite was
true for tests conducted at w=14% for all applied normal stresses where the
drained response was consistently higher than the undrained response. This
slight difference highlights the potential of possible drainage at the level of
interface where such drainage may be inevitable within an interface direct shear
setup whereby the clay is sheared on a hemp surface in addition hemp fibers
themselves could act like a drainage conduit that could facilitate drainage of
water from the thin clay surface that is in contact with the fibers. This partial
drainage prohibited the hemp from mobilizing the undrained interface behavior

of the contact clay.
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5. The drained interface shear stress of tests conducted at w=14% were
consistently higher than the undrained interface shear stress for all applied
normal stresses. It could be argued that the clay that was compacted dry of
optimum at w = 14% is expected to have a relatively high permeability and a
relatively low dry unit weight. This relative high permeability contributes in
amplifying the partial drainage that exists at the interface in the fast tests,
approaching the drained interface shear stress and preventing the hemp interface
I[URP PRELOL]LQJ WKH 3 XQGUDLQHG™ VWUHQJWK RI W
Furthermore, the drained response is benefitting from consolidation, allowing
the increase of dry densities while in the undrained tests no consolidation is
allowed prior to shearing maintaining relatively low dry densities. For the other
water contents (18% and 20%) the initial dry densities are relatively large and
the permeability is relatively low, where consolidation is not expected to have an

impact on the drained interface response.

6. No difference in response was observed for drained clay /clay shear stress at

w=14%, 18% and 20% at high confinement 1,=200kPa. This was attributed to

the effect of consolidation during the application of high normal stress, coupled

with the slow drained shearing mechanism, permitting the response of the

different specimens to converge despite the differences in the initial structure

anddr\ GHQVLW\ $V WKH DSSOLHG,=Q0RHBRdDd20kP/ UHVV Gt
the ability of \,to normalize the behavior becomes less especially for w=14%

which has initially a low dry density (high void ratio) and a flocculated structure.
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The case of \{=20kPa exhibits the scenario with the largest differences in
clay/clay response at different water contents where the maximum shear stress
for w=14% was found to be the smallest followed by w=18% followed by

w=20%.

7. Highest response was observed for drained interface tests compacted at
w=14%, where a smaller drained interface response was regarded for w=18%
and w=20%, this was attributed to the detrimental effect of higher water content
on drained interface strength due to lubricating effect of water resulting in the
reduction of the load transfer between clay particles and fibers at the level of

interface.

8. 7KH 3 XQGUDLQHG” FOD\ VKHDU VWUHVYVY SHUWDLQH
higher strength compared to clays compacted at w=18% and 20%, irrespective
of the applied normal stress. This was attributed to the generation of negative
pore pressure and the effect of matric suction in the unsaturated specimens. For

w=18% and 20%, similar stress-displacement responses were observed.

9.38QGUDLQHG ™ &earHBiress; foRzlays\eotnpacted at w=14% have the
lowest undrained interface strength while clays compacted at w=18% and
w=20% have similar behavior. Clays compacted at w=14%, are not benefitting
from the negative pore pressure or matric suction effect due to possible drainage

at the interface due to high permeability.

132



10. Envelopes of the interface clay/hemp tests were always lower than the
envelopes of the clay/clay tests, indicating that the efficiency of the hemp fibers
is less than unity, irrespective of the test conditions. The difference between the
clay/clay and clay/hemp envelopes was more pronounced for the undrained
cases, where the shear strength envelopes of the clay exhibited cohesive

intercepts that were relatively large (38.6 kPa to 54.5 kPa).

11.Decrease in water content resulted in the increase of the difference between
clay drained envelopes and undrained clay envelopes where it was observed that
the undrained envelopes are predominately higher than their drained
counterparts. Moreover, interface envelopes for drained and undrained tests

were found to be very close to each other.

12.Similar drained shear strength parameters cCand /Cor the tests conducted
with a water content of 18% and 20%, with a cCbf about 14 kPa and /<bf 27
degrees. These results may be considered to be realistic for low plasticity clay
specimens that are compacted close to optimum. The relatively high drained
friction angle could be attributed to the presence of more than 45% sand in the
clay matrix. For clays that were compacted dry of optimum at a lower water
content of 14%, a slightly lower ¢ ©@alue of 5.4 kPa and a slightly higher /Cof

29.4 degrees were obtained.

13. As expected the total cohesive intercept ¢ was relatively large (38.6 kPa to

54.5 kPa) compared to the effective values. In addition, for w=18% the total
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stress friction angles ( /= 24.4 degrees) and w=20% ( /= 20.5 degrees) were
found to be slightly smaller than their drained counterparts. The difference
between the total stress friction angles ( /= 24.4 versus 20.5 degrees) is related
to the degree of saturation of the clay which is expected to be larger in the w =
20% tests. For w=14% a steeper total friction angle is observed of about 35
degrees, this was attributed to the relatively low degree of saturation and the
associated effect of matric suction coupled with the presence of a significant
proportion of sand in the clay matrix. For cases involving w=18% and w=20%,

/Qwas found to be greater than / and cQwas found to be less than c, while for

the case involving w of 14% c and /were found to be greater than cband /&

14. Increase in water content resulted in the decrease of the drained interface
friction angle ®where it varies in a narrow range (of 21.2 to 23.7 degrees), due
to the lubrication effect of water. The drained adhesion intercept a s relatively

small and ranges from 0 to 4.5 kPa.

15. Undrained interface parameters for w=18% and w=20% are close to each
other where = ®kPa slightly higher than the effective cohesive intercept ¢ and
I=20.4cand 20.5erespectively which are slightly smaller than the effective @
(21.2 and 22.5 degrees). For the cases involving w=14% =decreases reaching ~
zero value and /=20.5cdue to the possible partial drainage at the boundary of
interface due to high permeability, this explains the relatively similar interface

shear strength envelopes of the drained and undrained tests.
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16. Increase in the applied effective normal stress resulted in the increase of the

ultimate pullout stress in tests where the fiber was pulled out slowly however it

was not sensitive to the compaction water content of the clay. Tests conducted

with fast rate fiber pullout, resulted in higher value of the ultimate pullout

compared to the corresponding ultimate pullout stress of tests conducted at slow

rate. This indicated that unlike direct shear tests where partial drainage could

have occurred at the interface fast pullout tests may have exhibited a true
3XQGUDLQHG” EHKDYLRU DW WKH LQWHUIDFH EHWZH

clay.

17.Fast rate ultimate pullout stress is highly dependent on compaction water
content particularly for the case involving w=14% compared to other water
contents. Ultimate pullout resistance decrease as water content increase from
14% to 18%, to 20% with the drop being more evident for \\/=200kPa. This
decrease in ultimate pullout strength for w=14%, 18% and 20% is related to the

high matric suction values at highly un-saturated clays.

18. Identical interface envelopes for the three water contents were observed in
cases involving slow pull out of the fiber, with effective adhesion values aQ
ranging from 1kPa and 7kPa, and effective interface friction angles ®&ranges
between 23.7gand 25.6¢ @n the other hand, for tests involving fast rates of
pullout the total stress adhesion a was relatively large (35 kPa to 44 kPa)
compared to the drained pullout tests. In addition, the total stress interface

friction angles @or the w=18% ( G= 24 degrees) and w=20% ( G= 20 degrees)
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cases were found to be slightly smaller or equal to their drained counterparts.
For cases involving w=14% the total stress pullout envelop was very steep with
relatively high interface friction angle of about 34 degrees and relatively high
associated adhesion intercept a = 44.4 kPa. These relatively high total interface
parameters are directly correlated with the relatively equally high friction angle
and cohesion witnessed in the undrained clay/clay direct shear tests for tests

involving w=14%.

19. Failure envelopes for slow drained tests, of the pullout and direct shear tests
were relatively close to each other, with identical values observed for the case
involving w= 14%. For other water contents w = 18% and 20%, the maximum
interface pullout stresses were slightly and consistently larger than their direct
shear counterparts. On the other hand, a superior interface response in the single
fiber pullout tests was observed for unconsolidated fast tests with maximum
pullout stresses that are significantly larger than the counterpart direct shear
stresses. Moreover, it was recognized that the maximum pullout stresses in fast
tests approached the undrained maximum clay/clay stress for all water contents

used.

20. The ratio of the maximum undrained interface shear stress to the maximum
GUDLQHG LQWHUIRBEH W KDDL U KWW\QUeHIEhPEAMWRAEr E \
content of the clay for the interface direct shear tests where w increased from

14% to 20%, the range of A increased from 0.6 to 0.8 (w=14%) to 1.1 to 1.9 (w

= 20%). The average value of A could be determined to be close to 1.0, when
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considering all direct shear tests indicating that the clay in the fast direct shear

interface tests may not be really undrained due to partial drainage at the

LQWHUIDFH 2Q WK Fr RapHlbutiess ZQE FRQVLVWHQWO\ IF
EH JUKDPDWHU WZLWK D UDQJH RI W RVq IRRBDNHV WYV
GHFUHDVLQJ WR WR VdRU WBDW VKHR/GIGUXKH @/ LY
ODUJH YDBRUHSXROIORXW WHVWY DUH D GLUHFW HIIHF

XOWLPDWHNVNYKXHYOYRXWVKDW ZHUH PHDVXUHG LQ WKH

LQGLFDWLQJ D KLJK HIILFLHQF\ RI WKH KHPS ILEHUV

VWUHQJWK RI WKH FOD\

21. 7TKH HITHFWLYH L QW Hvdlisrebultéd frénpllRuDtefds@rd O H
slightly but consistently larger (by 1 to 3 degrees) than &for direct shear tests.
The ranges of the effective adhesion (0 to 4.5 kPa for direct shear tests and 1.0 to
7.1 kPa for pullout) were found to be small and similar for the two test types.
Furthermore, the total interface parameters indicates that both aand @Gre much
larger in pullout (average a = 36 kPa and G- 26 degrees) compared to direct
shear (average a = 6 kPa and G- 20.6 degrees). These results further indicates
that for fast rates of loading, the response of the interface during pullout could
EH H[SHFWHG WR EH 3WUXO\" XQGUDLQHG DOORZLQJ
correlated to the high undrained strengths that were measured in the fast

clay/clay tests.
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22. Interface coefficient C;_ equal to the ratio of the tan (interface friction angle)

over the tan (soil internal friction angle) calculated for drained conditions

resulted in an average value CisE IRU GLUHFW VKHDU WHVWYV ZLW
VHQVLWLYLW\ WR WKH FRPSDFWLRQ ZDWHU FRQWHQ
DYHUD ZHD & ZLWK D UDQJH RI WR 7TKH LQWHFE
WKH SXOORXW WHVWYV LQFUHBDYWG ZLWK LQFUHDVLQ
23.The undrained interface coefficients C;,c , representing the ratio of the soil

adhesion to the soil cohesion, and C; _ equal to the ratio of the tan (interface

friction angle) over the tan (soil internal friction angle) were only calculated for

TXLFN SXOORXW WHVWY UHVHPEOLQJ WUXH 3XQGUDI
Cic 8 D Q 8.9& with minimal variation with the compaction water

contents. These values reflect a relatively high efficiency of the hemp fibers in

mobilizing the undrained strength of the surrounding clay indicating high

interface efficiency during fast shearing.

24.Overall interface efficiency factor D calculated as the ratio of W«

(Interface) / M\ (Clay) for drained loading conditions was sensitive to the value

of the compaction water content and the applied normal stress. For the small

water content of 14%, the average alpha value was equal to about 0.7 with

minimum variability at different normal stresses. For the case of the higher

normal stresses of 100 kPa and 200 kPa, this average alpha value increases

slightly with water content (alpha = 0.72 for w = 20%) for the drained direct

shear tests and decreases slightly with water content (alpha = 0.60 for w = 20%)
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for the drained pullout tests. For the lower normal stress of 20%, alpha reduced
significantly with water content particularly for the pullout test, reaching values

close to 0.4 and 0.3 for the direct shear and pullout tests, respectively.

25. Undrained interface efficiency for quick pullout tests resulted in a value of
about 01 § LUUHVSHFWLYH RI WKH FRPSDFWLRQ ZDWHU
stresses. The corresponding alpha values for the undrained direct shear tests
were much lower and ranged from 0.1 to 0.35 at a water content of 14% and
from 0.3 to 0.65 at the largest water content of 20%. However, undrained
interface efficiencies calculated from the corresponding direct shear tests may
not be representative of true undrained efficiencies, given the partial drainage
that is hypothesized to exist at the interface. The observed increasing trend of
alphas with the water content in the case of direct shear tests supports the
hypothesis of interfacial partial drainage, since partial drainage is expected to
become less significant for clays that are compacted wet of optimum (w=20%)
where the permeability is expected to be relatively low. On the other hand,
partial drainage is expected to be significant in the case involving w=14% and
\, =20kPa, resulting in the lowest overall coefficient (0 §
C. Recommendations
Based on the reported results in this study a general conclusion can be declared
stating the following hypothesis, tests conducted with a fast rate fiber pull out
SURQRXQFHV WUXH 3XQGUDLQHG”™ EHKDYLRU ZKHUH WKH

benefitting from the high undrained shear strength of clay/clay, and this was attributed
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to the effect of matric suction where the maximum ultimate pullout shear stress was

observed for tests involving w=14% where matric suction is expected to be highest for

highly un-saturated soils. In contrary, and for direct shear tests despite the relatively fast

VKHDU UDWH 3XQGUDLQHG"  E keKhined iRtbifazeBNéarQtiRNhGHFOD U
were close to undrained interface shear strength due to possible partial drainage at the

interface boundary and this was asserted especially for tests where clays were

compacted at w=14% and \4=20kPa, resulting in the least overall efficiency among all

tests 0 8.1 due to the fact that clays are of highest permeability and relatively low

confinement compared to other tests.

Results indicate that for drained conditions, the interface shear strength
parameters could be determined from either direct shear tests or from single fiber
pullout tests, with the drained interface friction angles being slightly larger (by 1 to 3
degrees) in the pullout tests. On the other hand, the true undrained interface response
could only be reliably determined from results of pullout tests due to inevitable partial
drainage that is expected to occur at the interface between the clay and the hemp-surface
in the direct shear tests. The drained interface resistance between the hemp and the clay
used in this study can be characterized by an interface friction angle of about 22 to 24
degrees and a small/negligible associated effective cohesion intercept. The undrained
interface friction angle and cohesion are sensitive to the compaction water content. As a
result, they can best be determined using interface coefficients of Ci,SEO.97 and Ci. 8

0.8 with minimal variation with the compaction water contents.
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Drained interface shear strength calculated from direct shear tests decrease with
the increase of water content where the drained interface shear strength for clays
compacted at the dry of optimum (w=14%) was higher than that of clays compacted at
optimum and wet of optimum (w=18% and w=20%) due to the detrimental effect of
water lubrication at higher water contents resulting in decreasing the strength by

reducing the load transfer between the fibers and clay particles.

Undrained interface shear strength increase with the decrease of water content
from 20%, to 18% to 14% where the undrained interface shear strength for clays
compacted at the dry of optimum (w=14%) was higher than that of clays compacted at
optimum and wet of optimum (w=18% and w=20%) due to the effect of matric suction

at highly unsaturated clays.

The interfacial behavior between natural compacted clay and natural hemp fibers
UHVXOWHG LQ DQ HIFHOOHQW UHVSRQVH XQGHU 3XQGUL
overall efficiency D~0.8 obtained from pullout tests that resemble WU XH 3 XQGUDLQHG”
behavior. The interface coefficients between clay and hemp for short term behavior C; ¢
~0.8 and C;_=0.97, are obtained from high quality pullout tests and they can be used as
design parameters in models estimating the shear strength of fiber reinforced soils for

cases involving the use of the tested natural soil reinforced with natural hemp fibers.

The custom fabricated pullout test used in this study resulted in good interface
parameters especiall\ LQ WKDW UHVHPEOLQJ 3 XQGUDLQHG”™ RU IDV
This indicates that this used apparatus is efficient in producing high quality results; in

addition it is simple to be elaborated, more economical set up and certainly exists in all
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geotechnical laboratories. In general pullout results could be presented as Mohr

coulomb failure envelopes at different confinements to obtain the interface parameters.

Interface parameters obtained in this study covers the effect of water content ,
rate of shearing (drained/slow rate versus un-drained/fast rate ), applied normal stress
and type of testing or interface behavior (direct shear versus pullout ). The obtained
parameters could be used to formulate a model for estimating the interface parameters
between the tested clay and randomly distributed hemp fibers under different
conditions. Both direct shear tests and pullout tests should be conducted to derive

interaction parameters.

It is highly recommended that those specific lab tests both direct shear and
pullout should be conducted to represent actual field conditions, in order to obtain
interface parameters and interface coefficients when introducing new soil reinforcement
materials. Those parameters present pragmatic peculiar indices to be inserted in models
predicting shear strength of the new reinforced soil composites. This is an advantage by
allowing engineers to obtain affordable, more accurate, and reliable interface parameters

compared to estimated values used in the design of soil reinforced structures.

Dealing with unsaturated soils necessitate the conduction of laboratory tests to
represent actual field conditions and produce reliable interface parameters since they are
generally low permeable and are coupled with the generation of negative pore pressures
due to matric suction. Therefore, using properties of fully saturated counterpart soils are
not applicable in design and leads to inaccurate predictions of the soil structure

behavior, uneconomical and unreliable factors of safety.
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D. Further Research
- Since Hemp showed a great interfacial response with clays in short term behavior it is
valuable for future research to support cultivation of cannabis legislation and highly

recommend hemp as an effective soil reinforcement material.

- Pullout test apparatus used could be improved to allow the measurement of horizontal

displacement associated with the fiber pullout.

- The same laboratory testing program is highly recommended to be repeated on
different types of natural and synthetic fibers in order to obtain different interface
parameters and interface coefficients. Moreover, this will allow the comparison of the
behavior of natural versus synthetic fibers on the interfacial shear strength under

different conditions.

- Finally, in addition to laboratory work it would be more significant if the findings and
observations resulted from this laboratory research could be verified and confirmed with

full scale field tests.
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APPENDIX .1

Maximum Shear Stresses of Clay/Clay and Cay/Hemp from
Direct Shear Tests
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Table A.1.1 Maximum shear stress of drained clay/clay and clay/hemp for different water

contents.

_ Clay/Clay Clay/Hemp
Drained = = = =
A O W A O W
20 24.67 27.82 20 8.01
w=20% 100 114.34 71.83 100 44.48
200 227.25 131.70 200 78.31
Clay/Clay Clay/Hemp
Drained
£D ) £D O
20 23.61 26.00 20 9.81
w=18% 100 114.28 71.00 100 37.53
200 227.34 130.00 200 84.52
Clay/Clay Clay/Hemp
Drained = - - -
A O (V) A O W
20 21.87 17.96 20 13.09
w=14% 100 115.39 69.77 100 48.70
200 226.42 132.89 200 92.12
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Table A.1.2 Maximum shear stress of undrained clay/clay and clay/hemp for different water

contents

_ Clay/Clay Clay/Hemp
Un-Drained
An w An w
20 24.4 49.8 20 15.1
w=20% 100 114.5 85.6 100 51.2
200 227.0 125.5 200 82.5
Clay/Clay Clay/Hemp
Un-Drained
/(n W /(n W
20 24.40 51.54 20 13.9
w=18% 100 113.36 86.67 100 49.7
200 227.55 143.34 200 83.4
Clay/Clay Clay/Hemp
Un-Drained
An w An w
20 22 66 71.69 20 7.42
w=14% 100 114.85 132.19 100 38.24
200 228.21 214.82 200 74.80
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APPENDIX .2

Maximum Shear Stresses of a Single Fiber Pullout Tests
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Table A.2.1 Maximum shear stress of slow interface pullout tests at different water contents and

applied normal stresses.

Slow Interface Pullout Test
(%) sigma 3 (kPa)
20 100 200
14 48.32
18
20 | 1025 | 4949 | 9687

Table A.2.2 Maximum shear stress of quick interface pullout tests at different water contents and

applied normal stresses.

Quick Interface Pullout Test
(%) sigma 3 (kPa)
20 100 200
14 60.12 107.71 180.78
18
20
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