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ABSTRACT

Geosynthetics, or manmade materials used in soils engineering, have
successfully been used as base reinforcement of pavements for over 40 years.
Use of geosynthetics can result in cost savings by allowing the aggregate base
layer to be reduced in thickness and/or the service life of the pavement to be
extended. Design methods for this type of reinforcement have typically been
developed by individual manufacturers for specific products. These methods are
not widely used by state transportation agencies because 1) they are proprietary,
2) they are empirically based, and 3) they lack compatibility with the current
national trend towards mechanistic-empirical pavement design procedures. This
project was initiated to develop testing methods to determine one of the critical
material properties needed for mechanistic-empirical base-reinforced pavement
design, namely, the resilient interface shear stiffness. This property describes
the interaction, in particular the shear stiffness, between the geosynthetic and the
surrounding aggregate. This new test protocol closely mimics vehicular load
patterns, resulting in design parameters pertinent to the use of the geosynthetics
to reinforce the base course. A study was conducted to evaluate the repeatability
of these tests and to develop a standardized test method. Specific parameters
under investigation include load pulse and rest period duration, embedment
length of the geosynthetic, and differences in results using different soils and
types of geosynthetics.

Some parameters seemed to have little effect on values of resilient interface
shear stiffness, while others vastly impacted the results. Load pulse and rest
period durations did not affect output results significantly. Maintaining a constant
confinement or shear stress during the test duration produced higher
repeatability and correlated well to the adapted resilient modulus equation.
Three-aperture length tests on polyester geogrid also correlated well with this
equation, however repeatability was moderately low. Polypropylene geogrid and
a woven geotextile confined in Ottawa sand displayed low correlation to this
equation. During testing, very small displacements occur, and therefore, every
effort should be made to ensure that these measurements are accurate and not
skewed by electrical noise and interference.
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INTRODUCTION

Design of geosynthetic reinforcement for roadways currently requires the
use of factors and design charts, which have been developed by empirical
methods. The design parameters have been developed by Individual highway
departments and engineers through construction of test tracks or test sections of
roadways to test out the behavior of geosynthetic reinforcement for certain
projects. Consequently, these design methods are regionally developed, and
applicable only to the specific areas and soil conditions they were developed for.
In other words, a geosynthetic reinforcement design that worked at one site may
not work as well on another site. Developing a purely empirical design method
usually requires considerable trial and error, or construction of test tracks. Both
methods require substantial funding to develop, and only lead to an
understanding of how the reinforcement behaves in specific conditions.

Highway design is currently moving away from solely empirical design
towards a more mechanistic-empirical (M-E) approach. This method allows for
more standardized methods to be applied to a variety of conditions, since it will
be based on mechanisms that work within the pavement system. The National
Cooperative Highway Research Program (NCHRP) has been developing a
Mechanistic-Empirical Pavement Design Guide (ME-PDG), which is designed to
create nationalized M-E design methods.

As of yet, the ME-PDG does not incorporate geosynthetics for base

reinforcement. In order to include geosynthetics in the M-E design process, a
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greater understanding of the soil-geosynthetic interaction is required. Progress is
currently being made to develop mechanistic response models for geosynthetics
as reinforcement, such as finite element analyses. Perkins, et al. (2004) began
developing these type of models, which include parameters that describe the
geosynthetic-soil interaction mechanisms. A good mechanical model of the
interaction between the soil and the geosynthetic can aid in optimization of the
design. However, as in any type of design, the model’s accuracy and the user’s
understanding of the input parameters can greatly affect the output. Without an
understanding of these parameters, the results of the analysis are difficult to
interpret. The inputs then become random values that may or may not reflect
reality, and garbage in will yield garbage out. Any model is only as good as the
parameters and the values that are involved.

For the most part, the interaction between a geosynthetic and soil has
been determined by use of monotonic pullout testing. While this method
represents the behavior of geosynthetics used in retaining walls, slopes, and
other static structures under the limit state, it does not directly portray the
behavior of geosynthetics used for base reinforcement in highways. Perkins, et
al. (2004) proposed using cyclic pullout tests to model a parameter termed the
resilient interface shear stiffness, or G;. This parameter is related to the Mg, the
resilient modulus of unbound aggregates (NCHRP, 2004) as it is also dependent
on confinement and shear stress. With respect to traffic, a cyclic loading

sequence also better represents load conditions experienced by a pavement
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system, and therefore would be more directly applicable to geosynthetics used in
roadway applications than simple monotonic testing.

This study focused on development of a test protocol to determine soil-
geosynthetic interaction. A literature review was conducted to determine the
types of testing methods and equipment that has been used to analyze the effect
of geosynthetics in soil. A pullout box was then used to test samples of
geosynthetics confined by soils. The testing regimen was designed, and then
developed to assess different aspects of the materials and the test protocol itself.
Finally, the data from the testing regimen was analyzed, and compiled for this
thesis.

The main objectives for testing were to: refine the test protocol with
respect to load pulse and rest period duration, evaluate the effects of sample
length, different geosynthetics and confining aggregates on test results, evaluate
repeatability between test replicates, and compare measured results to
calculated results using an equation with regression constants. The testing
regimen consisted of: modified test protocols, tests using two different confining
soils, and timing testing. The modified test protocol aimed to single out aspects of
the test protocol, such as confining stress and shear stress in order to analyze
these components. Tests conducted using two different confining soils sought to
analyze the affect of confining soils on test results. Finally, the timing testing
aimed to isolate the rest period and load period aspects of the load pulse

frequency utilized to deliver the cyclic load to the geosynthetic.
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LITERATURE REVIEW

This project focused mainly on geosynthetic behavior under cyclic traffic
loadings. In order to better understand the behavior of geosynthetics in soil,
traditional monotonic testing was reviewed, with an emphasis on interaction
parameters derived from these tests. Several different methods have been
employed in attempts to determine the interaction between soils and
geosynthetics. Large-scale triaxial tests, direct shear, and pullout tests comprise
the most common methods. Each method has its own advantages and

disadvantages, discussed below.

Methods for Determining Geosynthetic-Soil Interaction

Triaxial Testing

Eiksund et al. (2004) conducted large-scale resilient modulus tests on
reinforced base course aggregate. Samples for these tests were 300 mm in
diameter and 600 mm in height, with the geosynthetic placed at mid-height. Four
materials were used, consisting of a polypropylene geogrid, a woven
polypropylene film, a PVC coated woven polyester grid, and composite polyester
grid and non-woven polypropylene. Results from these tests did not display a
significant difference in resilient modulus between geosynthetic-reinforced and
unreinforced aggregates. Permanent deformation results were relatively variable,
and may have been influenced by small variations in properties between

samples. The study also concluded that reinforcement has a lesser effect when
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confinements are relatively high. The study showed that the reinforcement
restrained lateral strain above and below the geosynthetic by a distance of 150
mm.

The triaxial test has the potential to be most representative of field
conditions (Lee and Manjunath, 2000), with the ability to vary confinement and
load initiated at the top of the soil specimen. The resilient modulus test for
unbound aggregates is already standardized, and cyclic triaxial testing of
reinforced aggregate closely resembles the established test procedure. This type
of testing describes the interaction between a column of soil and geosynthetic
reinforcement, and yields a resilient stiffness of the soil column. Problems
inherent with this method arise with partial apertures for geogrids puncturing the
rubber membrane, creation of a circular sample, and an issue of dealing with the

partial apertures in calculations.

Direct Shear Testing

Direct shear testing of the soil/ geosynthetic interface has received more
attention than the triaxial test method. Traditional, relatively small-scale direct
shear devices were unable to accommodate geosynthetic testing (Ingold, 1982),
requiring a larger scale device. For direct shear tests involving a geosynthetic in
between soil, sagging from the confinement load placed on top of the specimen
is likely, and would yield inaccurate test results. Therefore, most direct shear
tests are conducted using a geosynthetic sample secured to a rigid block or

spacer (Lee and Manjunath, 2000) in order to avoid complications caused by
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sagging geosynthetics. Figure 1 shows the general arrangement of a large scale
direct shear test. Since these tests are conducted with a rigid block on one side
of the geosynthetics, the test can only measure frictional resistance of the top of
the sample. In reality, and in pullout testing, both sides of the geosynthetic resist
movement, along with bearing resistance of transverse ribs in geogrids. Strength
properties from direct shear testing yield lower results than that of pullout testing

due to neglecting this bearing resistance (Nejad and Small, 2005).

STATIONARY HALF

o=, SIDE CLAMP

} MOVING HALF

[
A e T A A S A

Ll
PP A A P i A AT T//////!"/—//////
ENTER GUIE
YIRGIN TEFL.ON
SLIDING PAD

Figure 1. Large-scale direct shear test apparatus cross section (Lee and
Manjunath, 2000).

Pullout Testing

For many years, pullout testing has been used to analyze the interaction
between soils and geosynthetics. This method allows the geosynthetic sample to
be confined completely by soil, unlike most direct shear testing that has been
conducted. Jewell et al. (1984) presented three main geosynthetic/ soil

interaction mechanisms that occur:
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1. Frictional resistance from shear between the soil and planar surfaces

of the geosynthetic along the direction of movement,

2. Passive Bearing resistance from geosynthetics with material normal to

the direction of movement (i.e., geogrids), and

3. Soil-on-soil shear resistance within apertures/ openings
Pullout testing allows these three interaction mechanisms to develop, and may
expedite their development by applying loading directly to the geosynthetic rather
than the soil. The inclusion of mechanisms 2 and 3 results in much greater
values of strength properties from pullout testing than large scale direct shear
testing of the soil/ geosynthetic interface.

The majority of pullout tests performed have been in a monotonic fashion.
These types of tests represent a load in a single direction, such as frictional
reinforcement for retaining walls. A testing standard, ASTM D6706 (2004), has
been developed to standardize this method of testing. Cyclic pullout testing has
received some attention, but mainly for analysis of seismic loading in retaining
walls. Limited cyclic pullout testing has been conducted to determine the

behavior of geosynthetics used in roadway applications.

Pullout Testing Apparatus

Pullout Box
Most pullout testing mentioned herein utilized relatively large scale

equipment for testing. Outer dimensions of these pullout boxes ranged from
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approximately 0.6 x 0.4 x 0.4 m (Ochiai et al., 1996) to 1 x 1 x 1 m (Palmeira and
Milligan, 1989). The geosynthetic sample and clamping device extend through a
slit from the front, and non-extensible wires attached to the embedded
geosynthetic exit through a slit in the back to some type of displacement
measuring device. The geosynthetic is confined by soil above and below, with
additional confinement provided through an expandable bladder and reaction
frame. A typical layout of a pullout box is displayed as Figure 2, with components
identified as: (1) frame; (2) steel plate; (3) air bag; (4) electric engine; (5) reducer;

(6) load cell; and (7) electric jack.

(2)

1
|
]
i
]
i i

T
=
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i
g
H

1700

4590

Figure 2. Typical pullout test apparatus (Moraci and Recalcati, 2006)
Cuelho and Perkins (2005) modified a large-scale pullout box to enable
use of smaller geosynthetic samples and less confining soil. The soil volume was

reduced to 90 cm wide, 60 cm long by 30 cm high. Use of a smaller geosynthetic
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sample should allow the entire sample to be engaged during cyclic loading,
without developing large strains that occur during monotonic testing, to ensure
that the sample exhibits elastic behavior. Large strains and plastic behavior of
the geosynthetic would lead to failure of the specimen, and difficulty in
repeatability. A reduction in soil volume also reduces test preparation time.
Figure 3 shows a cross-section of the modified pullout box used by Cuelho and

Perkins (2005).

Confinement
//”_ Pressure Hose
Confineme nt
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Frame
Displacern: nt 7\ /— Steel Feaction Sheet
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\ # = i?' Preumatic Bladder
Z1 =]
11|:| ) ——E f o g ﬂ_:
] 7
20 crr % ”
%
Z Vil 1IN
s o Y Load Trnsfer
J- Sleswe
0 S5 Crr )
Reinforced Wood Box g:;;;&.;lﬂ'ﬂ e
Confining Seil Cinder Block
Filler

Figure 3. Cross-sectional view of modified pullout box (Cuelho and Perkins,
2005).

Loading Device

The majority of pullout tests conducted have been in monotonic fashion.

Since these types of tests require a steady rate of displacement in only one
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direction, a screw- driven or electric jack type of loading device seems to be the
most common (Alagiyawanna et al., 2001; Cuelho, 1998; Moraci and Recalcati,
2006; Yasuda et al., 1992.) A pneumatic type of load applicator was used by
Cuelho and Perkins (2005), and some studies incorporated a servo-hydraulic
loading apparatus, which is able to provide better control for cyclic and/ or
monotonic loading (Raju and Fannin, 1998,Aloabadi et al., 1997.).

For cyclic pullout testing, the type of loading device utilized should be able
to produce a steady load pulse during both loading and unloading. Screw-drive
and electric jack type systems may be able to apply a steady load at slow
frequencies, but could be uneven at higher frequencies. Pneumatic load devices
should be able to apply a more rapid load cycle, but could also be prone to a
more erratic application, depending on the internal components. A servo-
hydraulic cylinder provides the most consistent cyclic load application among the

types of load devices encountered (Raju and Fannin, 1998).

Clamping Device

Various clamping devices have been used to connect the geosynthetic
specimen to the actuator. Three example types are listed below.

1. Geosynthetic extends from inside the box and clamp is mounted

directly to the geosynthetic (Raju and Fannin; 1998, Lopes and Ladeira;

1996; and Voottipruex et al, 2000).
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2. Clamp mounted inside the box and attached directly to the

geosynthetic (Alfaro et al, 1995; Farrag et al.;1993, Moraci and Recalcati,

2006; Moraci et al., 2004).

3. Geosynthetic is glued to sheet metal plates which extend from inside

the pullout device to the loading device (Cuelho 1998; Cuelho and Perkins

2004; Min 1995; and Wilson-Fahmy 1994).

Clamp style 1 creates a simple connection between the load actuator and
the geosynthetic sample. With this method, the geosynthetic extends beyond the
soil confinement. Due to the extensibility of geosynthetics, the load applied to the
embedded sampile is likely less than that applied to the sample at the clamp in-
air. This method seems more suitable for monotonic testing, as the possibility of
engaging the entire embedded sample is more likely, as the sample is loaded at
a constant rate in a single direction. For cyclic testing, however, it could be
difficult to engage the embedded sample completely as the sample loads and
unloads, dependent on the magnitude and rapidity of the load application.

The second clamp style has two distinct advantages, in that it assures a
constant embedment length for the duration of the test, and yields direct
measurement of the front of the sample as measured at the clamp (Moraci and
Recalcati, 2006). Due to the clamp also being confined by soil, preliminary tests
must be conducted for calibration, so that the frictional resistance of the clamp is
not included in determination of the soil/ geosynthetic interaction properties. This

type of device has been used only for monotonic testing. For cyclic testing,
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calibration of the internal clamping device may prove more difficult, as well as
disturbing the confining soil greatly.

The third method was employed for this study, continuing from Cuelho and
Perkins (2004). By bonding the geosynthetic between two thin metal plates, the
specimen can be aligned so that the entire exposed geosynthetic is embedded in
the confining soil at the beginning of the test. The metal plates should be rigid
enough to transfer loading energy directly to the geosynthetic. Also, with the
entire geosynthetic initially confined by soil, measurements at the leading edge of
the metal plates can be used to determine the loss of geosynthetic area due to

amassed unrecoverable pullout.

Cyclic Pullout Testing

Test protocols for most of the studies evaluating the pullout of
geosynthetics under cyclic loading have mostly reflected that of monotonic
testing. The main difference encountered is that the cyclic loading then results in
a change from a displacement-controlled test to a load-controlled test. The
geosynthetic is then loaded in increasing stress increments until failure occurs,

while maintaining a single constant confinement pressure.

Load Pulse Duration

Raju and Fannin (1998) applied loads at 0.1 and 0.01 Hz. These load
pulses are much slower than those measured from traffic loads. The slow rates

used appear to be due to equipment limitations, and mainly for primary
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investigation of cyclic pullout behavior. Ten cycles of loading were applied at a
constant level, then loading was increased, and ten more cycles of loading
applied to the sample, continuing until the geosynthetic sample ruptured. A
sinusoidal wave function was used to control the load pulse, with no rest in
between load applications. The cyclic loading process used is depicted in Figure
4. They concluded that pullout resistance under cyclic loading may be
independent of frequency. However, their data was limited to two relatively slow
load frequencies. Ashmawy and Bourdeau (1996) stated that load frequency
should affect the stress-strain response of geosynthetics in soil, due to a viscous,

time-dependent behavior inherent in these materials.

L
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Figure 4. Loading schematic for cyclic loading (Raju and Fannin, 1998).
Yasuda et al. (1992) also conducted pullout tests on geogrids with
different confining soils to compare to seismic action. The load frequency utilized

in the study was not mentioned. Similar to Raju and Fannin (1998), loads were
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applied at twenty cycles per amplitude. Load amplitude was then increased until
the geogrid pulled out or was torn.

The test method developed by Cuelho and Perkins (2005) attempted to
incorporate a load pulse similar to that used in the resilient modulus test, a
haversine shape. The pulse shape was determined by Barksdale (1971) and
later confirmed by the Virginia Smart Roads project (Al Qadi et al., 2004) to be
representative of induced stresses in a road subgrade subjected to traffic
loading. The haversine equation is:

y(t) = sin? ( %+7r*§) (1)

where t is time, and d is the duration of the pulse (Al-Qadi et al., 2004).

The load pulse is depicted graphically in Figure 5. There is a load pulse duration,

consisting of an increase in load with a haversine shape, increasing from Pcontact
to Peycic and then reducing back to Pcontact, at which point a rest period begins
while Pcontact IS Mmaintained. For the base/ subbase, a load pulse duration of 0.1
seconds was specified, and a load pulse duration of 0.2 seconds for subgrade
materials. A rest period was added to each load pulse to equal a complete cycle
time of 1 second, i.e. 0.1 second load, 0.9 second rest. For granular materials
with no plasticity, the rest period may be reduced to 0.4 seconds to reduce

testing time (NCHRP, 2004).
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Figure 5. Definition of load pulse (NCHRP, 2004).

Due to complications with the original pneumatic loading apparatus, a 0.2
second load pulse akin to the resilient modulus test was not attained by Cuelho
and Perkins (2005). Load pulses were then developed that most closely reflected
a haversine-type shape. For the most part, a load pulse duration of 1.3 seconds

was applied.

Rest Period Duration

The majority of cyclic pullout tests conducted in the literature utilized
sinusoidal load pulses. These pulses did not incorporate a rest period as
discussed above. The only testing encountered that included a rest period was
conducted by Cuelho and Perkins (2005). A rest period of 0.5 seconds was

generally used for testing. This rest period was deemed acceptable on the basis
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that they used a relatively large, poorly graded aggregate (*/4 inch washed rock).
This aggregate was compacted dry, so therefore additional rest time was not

necessary to allow soil pore water pressures to stabilize.

Geosynthetic-Soil Interaction Properties

Monotonic Pullout Interaction

ASTM D6706 (2004) establishes use of pullout resistance for monotonic
testing. The standard uses two equations for this parameter, one for
geosynthetics without apertures (geotextiles, geomembranes, reinforcing strips),
and one for geosynthetics with gridlike structures (geogrids and similar). The
need for two equations results from variations among gridlike geosynthetics with
regard to the amount and orientation of ribs in the sample affecting its pullout
behavior.

For geotextiles and geomebranes, pullout resistance is calculated as:

F
Pp=-L
N % (2)
4
For geogrids, etc:
F Xn
_ P 8
E==y ©

where:
P: = pullout resistance, kN/m,
Fo = pullout force, kN,

W, = width of geosynthetics, m,
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ng = number of ribs per unit width of geogrid in the direction of the pullout force,
and
Ng = number of ribs of geogrid test specimen in the direction of the pullout force
An interaction shear modulus (G) has also been used to quantify the soil
geosynthetic interaction by Cuelho (1998). This parameter is derived from the

slope of the shear stress versus shear displacement, and calculated as follows:

AT

G =
A(A)) (4)

At = change in shear stress, and

A(Ay) is the change in shear displacement.

Cyclic Pullout Interaction

Results from both displacement controlled tests in monotonic fashion, and
load controlled tests in cyclic fashion from Raju and Fannin (1998) are shown in
Figure 6. It should be noted that the displacements were measured at the clamp
outside of the pullout box, so that the geosynthetic was partially buried within the
box, and partially extended outside of the box. From this data, it was concluded
that the maximum pullout resistance during cyclic loading was approximately

20% less than that in monotonic loading.
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Figure 6. Cyclic Load-Control (LC) and Displacement Control (DC) results. (Raju
and Fannin, 1998).

From Figure 6, a resilient stiffness can be calculated by using the slope of
the loading and unloading curves. The pullout resistance in kN/m was converted
to a stress, dividing by the specimen width of 0.5 m. This then results in resilient
stiffnesses of 2.50 E+6 kPa/m, 8.00 E+6 kPa/m, and 10.0 E+6 kPa/m for
confinements of 4, 10, and 17 kPa, respectively. Comparison was also made
between the displacement at the clamp (Figure 7), and displacement of the
embedded sample. The results showed a lag in displacement of the embedded
sample, and then a generally linear relationship as the sample was engaged in
the soil. During this lagging period, the behavior being described could be more
the behavior of the geosynthetic outside the box, and less the actual behavior of

the embedded geosynthetic.



19

80

1 LC tests =0.01Hz |
4 O e20c10
604 (1 ocepcio
® Gacio|

50
| W eaco *

404 o
30 -
20 1

10

D -i ¥ ‘\'TTI—V_I_l_Y_!_!_T—Yﬁ_T_rT_T" I"[‘I_I_V_‘W_l_l_V_V-'i
0 10 20 30 40 50 60 70 80

Displacement of clamped end, d, (mm)

Displacement of embedded end, d, (mm)

Figure 7. Comparison of displacement at the clamped end and embedded end of
two geogrids (Raju and Fannin, 1998).

Yasuda et al. (1992) compared the maximum pullout force under cyclic
loading to the maximum pullout force from monotonic tests in order to assess the
difference in strength properties between the two conditions. Test results were
expressed as ratios, with the maximum dynamic pullout force, Tdf,h divided by
the maximum pullout force in monotonic testing, Tsf versus the initial pulling load,
Ti divided by Tsf. Typical results for these tests are shown in Figure 8. Contrary
to Raju and Fannin’s (1998) findings, the maximum pullout force in cyclic loading
appears greater than that of the maximum pullout force in monotonic loading.
The more dense sample (SR-2) appears to have a lower maximum dynamic
pullout force as compared to the sample at a relative density of 30%, SS-2. This
may have been due to soil particles in the less dense sample rearranging and
developing more inter-particle friction, while the more dense sample’s soll

particles were less likely to move, and failure developed more plastically.
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Figure 8. Typical test results under cyclic loading (Yasuda et al., 1992).

A resilient interface shear modulus, G;, was calculated by Cuelho and
Perkins (2005). This parameter is related to Mg, the resilient modulus for
unbound aggregates, and is calculated by dividing the cyclic shear stress at the
soil-geosynthetic interface by the relative resilient displacement of the
geosynthetic in the last 10 cycles of load application for each load step. Figure 9

depicts the calculation inputs for G; graphically.
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Figure 9. lllustrated calculation of G; (Cuelho and Perkins, 2005).
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At low shear loads, results for Gj were very large, mostly due to the very
small magnitude of the sample displacements. Due to these small
displacements, any error in measurement could greatly affect the results. Figure
10 shows results of G;versus shear stress by each confinement level. These

results are approximately one order of magnitude less than those calculated

above using Raju and Fannin’s (1998) data.
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Figure 10. Interface shear modulus vs. interface shear stress for various
confinements (Cuelho and Perkins, 2005).

Cuelho and Perkins (2005) also adapted the resilient modulus equation,

shown below, in order to further investigate the soil-geosynthetic interaction.

k, ks
0 T,
P, P,
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In this equation, p; is the atmospheric pressure (101.3 kPa), 0 is the bulk stress

(01 + 203), Tot is the octahedral shear stress (\/54)(01 ~0,), and ki, ko, and ks

are dimensionless regression constants corresponding to material properties,
where k; and k2= 0 and ks< 0. The equation used for G;is very similar, except

that o;, the normal stress on the soil-geosynthetic interface replaces the bulk
stress, and 7;, the interface shear stress, replaces the octahedral shear stress.

The initial p,term becomes P,, atmospheric pressure divided by a unit length of 1
meter, or 101.3 kPa/m to ensure consistent units throughout the equation

(Cuelho and Perkins, 2005). This results in:

kz k%
O-i Ti
Gi:kl-Pa(P] .(P +1J (6)

Test results were then used to optimize ky, ko and ks for each test by

using a statistical regression. A comparison of the calculated and measured
values of G;for one test on one geosynthetic is shown in Figure 11. Cuelho and
Perkins stated that the adapted equation for G; showed good promise to be

useful for determining the soil-geosynthetic interface interaction property.
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Figure 11. Predicted vs. Measured G; (Cuelho and Perkins, 2005).
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EQUIPMENT

Pullout Box Apparatus

The pullout box is a large steel box with walls of reinforced steel, designed
originally for full-size pullout testing of geosynthetics. Currently, the interior of the
box is filled with bricks on the bottom and a wooden box in the back to reduce the
interior dimensions. Figure 12 shows a side view of the pullout box, and Figure

13 shows the pullout box in plan view.
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Figure 12. Cross-sectional side view of pullout box.
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A pneumatic bladder is placed between the top metal sheet and the soil to
provide confinement to the soil and a reaction frame consisting of rectangular
steel tubing with leveling screws atop the box. A slit on the front of the box at
mid-height allows insertion of the sample, and at the mid-height rear of the box is
another slit to accommodate lead wires attached to the geosynthetic, and used to

measure displacement.

T TeanicEe A Hole for Pressure Inlet Hose

— Hydraulic Cylinder | Sheet !
/ - | /4 27 i _z?
|
SN B / !
‘ -
e | -
, ‘/W TN ] 7
Loadcell —/ ;
| | f."
Top Metal Sheet | Steel Tubes— LVDT's —/

Figure 13. Plan view of pullout box.

The angle brace at the front of the pullout box can accommodate several
different loading devices. For the testing conducted in this thesis, a servo-
hydraulic cylinder (MTS 244.21S), shown in Figure 14, was used. This cylinder
was capable of applying loads accurately at a more rapid pace (at a rate of 34 in/
sec and maximum 40,000 psi) than the previous systems, which consisted of
either a screw-type jack or a pneumatic cylinder. A Hydraulic Power Unit (HPU)

provides hydraulic pressure needed to operate the cylinder.
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Figure 14. Servo-hydraulic load inder.

Instrumentation

Data collection was coordinated through a dedicated Personal Computer
(PC) loaded with software to control the servo-hydraulic cylinder. A controller
coordinated and conditioned signals from various sensors incorporated into the
test. These sensors are: Linear Variable Displacement Transducers (LVDTs) that
measure displacements of the geosynthetic, an Electro Pneumatic Regulator
(EPR) which controls the air pressure to the pneumatic bladder, load from the
load cell attached to the hydraulic ram, and displacement measured from the
servo-hydraulic cylinder’s position sensor. During load-control tests conducted for
this research, the controller monitored signals from the 10,000 pound capacity
load cell and adjusted the signal to the servo-hydraulic cylinder. This load cell
has an accuracy to within 10 pounds, and is relatively stout for the loads applied

in normal testing, however, stiffer geosynthetic-soil interactions may require
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greater loads to develop stresses along the sample. Applied loads are also
generally greater than the sensitivity of the load cell. Stainless steel lead wires
attached to the geosynthetic were run to the LVDTs in the rear of the box. Small
diameter brass tubes housed the lead wires from the sample to the rear of the
box to maintain a straight line between the LVDT and the geosynthetic, while
allowing the wires to move freely. Without these tubes, the lead wires would be
distorted by the stresses in the confining soil. The LVDTs were attached to
magnetic bases (Figure 15) to allow for ease of adjustment, by simply moving the
base toward or away from the pullout box in order to set the LVDT within testing

ranges.

|gure 15. LVDTs with magnetlc bes and cart.
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The LVDT signals were run through conditioning boxes prior to reaching
the controller, and calibrated for a small range of displacement. This results in
each LVDT having a sensitivity to 0.001 mm, in order to measure the very small
displacements that develop at the rear of the sample during testing. Both the

LVDTs and EPR have power distributed via circuits in an electrical box (Figure

16).

e ———

Figure 16. LVDT Conditioners and Electrical Box.
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Soils and Soil Preparation

To compact the soil, a 10”x10” pneumatic plate compactor was used. The
soils were compacted in a dry state to reduce the influence of fluctuating
moisture content. Both soils used in testing were tested for density in a smaller
box using the plate compactor, and in a loose state. Aggregate 1, an Ottawa
Sand, had a loose density of 100 pcf and dry compacted density of 110 pcf, with
a gradation as shown in Figure 17. Aggregate 2, a coarser sand denoted as golf
chips aggregate, had a loose density of 103 pcf and a dry compacted density of
118 pcf. The gradation for this soil is shown in Figure 18. Since the soils were
compacted in a dry state for testing, maximum density testing (which requires
moistening of the sample) was not performed. Finally, to facilitate easier
extraction of the soil with less risk of damage to the embedded geosynthetic, an
industrial vacuum with a HEPA filter attachment was used. The HEPA filter helps

reduce the amount of fine particles released into the air as the soil is evacuated.

TYPICAL VALUES
{% RETAINED ON SIEVE)

16 30 40 50 100 Fan

U. 5. A SIEVE ANALYSIS

Figure 17. Aggregate 1 gradation.
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Aggregate 1 was composed mainly of rounded silica particles. The Ottawa
sand was obtained from Ottawa, lllinois, and designated as ASTM Graded
Ottawa Sand. This aggregate is readily available as testing sand for tests such
as sand cone density, so a test protocol utilizing the Ottawa sand may increase
uniformity between testing facilities. The coefficient of uniformity (Cu), a measure
of the uniformity of a soil gradation, was 1.9 for the Ottawa sand, indicating a
uniform gradation. The friction angle for this soil was 30 degrees.

Aggregate 2 was composed of angular crushed gravels. The “golf chips”
aggregate (Aggregate 2) is so named as it is a byproduct from production of golf
sand for golf courses. Golf chips were obtained from Knife River Corporation in
Bozeman, MT.This aggregate had a Cu of 6.7, indicating a nonuniform gradation.
A larger particle size was hoped to provide more frictional resistance at the soil-
geosynthetic interface, and the presence of some fines in the gradation was
hoped to result in a more dense confining soil than the Ottawa sand. Direct shear
testing of this soil produced a friction angle of approximately 52 degrees. This
value seems fairly high, but it was likely a product of the larger particles
becoming wedged in the apparatus, which would restrict movement of the shear

box and result in a greater value.
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Figure 18. Aggregate 2 gradation.

Geosynthetic Materials and Sample Preparation

Three geosynthetics were utilized in this study, two biaxial geogrids and

one woven geotextile. Properties of these materials are shown below in Table 1.

Table 1. Geosynthetic material properties.

N Aperture Size Tensile Strength (kN/m)
Product Type Composition (mm) 2% Strain | 5% Strain| Ultimate
Secugrid 30 30| Vibration-welded Polypropylene
Q1 Biaxial Geogrid (PP) 32x32 12 24 30
Secugrid 30 30| Vibration-welded
Q6 Biaxial Geogrid Polyester (PET) 32x32 13.5 24 30
Mirafi HP 570 | Woven Geotextile Po'ng’;’f’ lene 0.6 14 35 70

Samples were cut from the rolls in the cross-machine direction (XMD) with
the reasoning that in a roadbed, this would be the direction experiencing the

majority of the load applied by traffic. Geogrid samples were cut to widths of 13
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apertures (approximately 480-490 mm) and approximately 350 mm in length.
Geotextiles were cut to 500 mm in width, and approximately 400 mm in length.
The samples were then glued to sheets of 20 gauge steel, in a manner so that
either 2 or 3 apertures of the geogrid (80 or 120 mm), or 80 mm for the geotextile
extended beyond the long edge of the sheet. Stainless steel lead wires were then
attached to the geosynthetic through small holes hand-drilled into the sample.
These wires were then turned back on themselves and secured with conduit to

ensure a rigid, stable connection. A typical sample layout is shown in Figure 19.
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Figure 19. Typical sample layout.

Two LVDTs, &7 and 3, are attached to the sheet metal to measure the
displacement at the very front of the sample. Of the remaining six LVDTs (d; to
d), five are attached to the back of the sample. Displacement of the rear of the

sample should indicate full engagement of the geosynthetic. The remaining
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LVDT , 8, is attached to the middle of the sample just rearward of the sheet
metal. This allows measurement of the strain between the sheet metal and the
very front of the geosynthetic, as well as between the very front of the
geosynthetic and the back of the sample. These values can then be compared to
determine engagement of the sample in the confining soil and stress

development during testing between the front and rear of the sample.
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GENERAL PROCEDURE

Test Protocol

This project continued the study conducted by Cuelho and Perkins (2005)
which modified the monotonic pullout standard by utilizing aspects from the
resilient modulus of unbound aggregates test, in an effort to produce a test
applicable to geosynthetics in roadbeds subject to repeated traffic loadings. The
loading schedule consists of a series of sequence groups (SG) and confinements
(6). The geosynthetic specimen undergoes a conditioning step, and then is

subjected to six loading sequences shown in Figure 20, based on a theoretical

failure line.
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Figure 20. Cyclic pullout loading sequence (Cuelho and Perkins, 2005).

Each sequence group line is a certain percentage of an assumed ultimate

failure line, SG-6, according to the percentages shown in Table 2. The line SG-6
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is determined by an assumed interaction friction angle between the geosynthetic
and the confining soil. Similar to a friction angle in unreinforced soil, an
interaction friction angle is an estimate of the ability of the geosynthetic-
aggregate interface to resist movement during shearing. Theoretically, each point
on the failure line should be the combination of applied load and confinement that
will produce gross pullout. Determination of this angle is mostly empirical, with an
increase in estimated friction angle indicating an anticipation of greater pullout

resistance between the aggregate and the geosynthetic.

Table 2. Sequence group loads (Cuelho and Perkins, 2005)

Percentage of
Load Level Estimated
Failure Load
Seating

Load 2.8
SG-1 9.7
SG-2 16.7
SG-3 30.6
SG-4 44 .4
SG-5 72.2
SG-6 100

Five levels of confinement are used, (61 to 65) equal to 15.5, 31.0, 51.7,
77.6, and 103.4 kPa. After cycling the geosynthetic through an initial load step, or
conditioning step, the test begins at the point defined as (SG-1, c1). At this step,
the load is cycled from the value at that confinement along the seating load line
to the value on the SG-1 line. After the application of 1000 cycles, the

confinement is increased to o,, and the loads are cycled between the seating
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load and SG-1 line corresponding to that confinement, and so forth. Once the
os loading is completed for SG-1, confinement is then reduced back to ¢1. The
loading process then begins again using values from the SG-2 line for the
maximum cyclic load, followed by SG-3, 4, 5, and 6.

For each test, stresses were calculated for each load step according to the
sequence group and confinement based on the estimated interface friction angle,
sample length, and sample width. These stresses are then converted to force
inputs for the testing apparatus. These force inputs are simply the applied shear
stresses multiplied by the area of the geosynthetic sample. This is due to the fact
that the load cylinder is designed to apply force, and does not calculate stress
internally. Unless otherwise specified under individual test descriptions, a 0.2
second load pulse followed by a 0.5 second rest period for each load application
was used for each cycle, with a total of 1000 load cycles per load step applied.

One polyester and one polypropylene geogrid, along with a woven
polypropylene geotextile were used for testing, along with two confining
aggregates. The first aggregate used was a graded Ottawa sand. A second,
more angular aggregate designated as ‘Golf Chips’ was used. Sample length and
width, interface friction angle, and attachment to the load cell were also varied
within the testing regimen, with the specifics for each test series shown in Table

3.
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Table 3. Test parameters and designations

5 '_I'est _ Aggregate sycr?;(:tic lgt?éiﬁ)%e Apertures/ | Width At:gcl_f:)rggnt
esignation Type Angle Length (mm) Cell
(degrees)
A-1-A-6 1 PP 41 3 N SP
B-1, B-2 1 PP 41 2 N SP
B-3 1 PP 41 2 R SP
B-4 1 PP 41 2 N D
C-1-C-3 1 PE 38 2 N D
D-1, D-2 1 GT 41 80 mm N D
D-3-D-5 1 GT 43 80 mm N D
E-1, E-2 2 PP 50 2 N D
E-3, E-6 2 PP 53 2 N D
Confinement 2 PP N/A 2 N D
Shear 2 PP N/A 2 N D
Intermediate 2 PP 53 2 N D
Timing 1 1 PP 41 3 N D
Timing 2 2 PP 53 2 N D
Rest 1 1 PP 41 3 N D
Rest 2 2 PP 53 2 N D
Aggregate: ;_: 82;%12 2nd
Geosynineic PEZoNesergeonrs
Type: GT= Woven geotextile
w, - Jorma, {66202 mm
Attachment SP = Steel Plates (Load Transfer Plates)

to Load Cell:

D= Direct
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Data Analysis

Preliminary results were obtained by using the maximum and minimum
(max/min) points for each cycle from the data acquisition system. However, it
was found that these values were somewhat erratic at lower confinement and
shear stresses. This was likely due to a source or sources of vibration and/or
electronic interference during testing. It was observed during testing that the
operation of the hydraulic system would propagate some vibration in the pullout
box, which was likely transferred to the lead wires and the LVDTs. When
measuring small displacements during rapid loadings, outside interference such
as this vibration has the potential to greatly affect the data, as seen in Figure 21.
In order to interpret the data, plots were made of applied shear stress versus
displacement using timed data collected at 200 Hz. In other words, data was

recorded once every 1/200 second.
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Figure 21. Timed data and Gi hand calculation at lower loads.
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The timed data plots were then used to obtain an approximate slope
between cyclic shear stress and displacement, which defines G;. For load steps
with low confinements and low applied shear stresses, an exact slope was
difficult to determine, as noise and variability greatly affected the interpretation of
the data. Figure 21 shows an example of these plots and a rough estimate of the
slope from one cycle. As applied shear stress increased, the data began to

reflect the expected loading and unloading curves, as shown in Figure 22.
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Figure 22. Timed data with higher applied shear stress.

Some variation was likely due to error from user interpretation by using the
graphical method to determine G, However, this was more accurate than simply
relying on the max/min values recorded by the data acquisition system. The
max/min values did not reflect the behavior displayed by the 200 Hz timed data.

During lower sequence groups and confinements, the data was much more
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susceptible to error from interference/disturbance, which is where the most
erratic results occurred. At these lower levels, values for G; obtained by hand
were approximately between 5 to 45 times greater than those obtained from the
max/min calculations. At higher sequence groups and confinements, the
graphical values for G;were closer (approximately 0.8 to 2.2 times greater) to
those calculated using the recorded max/min values.

For each test, regression analyses were performed using the lab data to
obtain k-values from the equation developed by Cuelho and Perkins (2005)
presented earlier as Equation 6. These k-values were input into the equation for
each load step to obtain a calculated value for G.. R-squared (R?) statistics were
then applied to determine how well the equation predicted the measured values
for each test. The R? statistic describes how well the predicted values reflect
trends in the actual values measured from the lab data. An R? value close to 1
indicates a good relationship between the calculated and measured values, while
values close to zero indicate very little relationship between the two. This statistic

is calculated as follows:

o | 200D |

- (n—=Ds,s, (7)

Where, in this case, x, is the measured value of G;, for a particular load step, y,

is the calculated value of G, for a particular load step, x is the mean of the

measured G;for the test, y is the mean of the calculated G;for the test, n is the
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number of values for the test, and s, and s, are the standard deviations for the

measured and calculated G;, respectively. The R? values only characterize the
relationship between actual test data and theoretical values within a particular
test.
To measure repeatability between test replicates, a Coefficient of Variation

(Cv) was calculated for each k-value. This statistic is a measure of variation
relative to the mean of a sample set, calculated as follows:

Cv=100%x )

X

Where sy is the standard deviation and x is the mean of the specific k-value. Cv
is expressed as a percentage, with a lower value indicating a higher amount of
repeatability, or less variation between test replicates. A higher value indicates a

lesser amount of repeatability, due to greater variation between replicates.
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MODIFIED PROTOCOL TESTING

In order to evaluate the original test protocol itself, several modified tests
were designed and executed. These tests consisted of restructuring the protocol
in order to observe the influences of individual components. Single variables
were identified, and then the tests were conducted with the goal of allowing only
the specified variable to influence the geosynthetic’s behavior. Whereas the
majority of testing dealt with the materials in the test, several tests focused on the
components of the protocol itself, such as confinement, and shear stress, and

load pulse and rest period duration.

Confinement Testing

In order to observe the geosynthetic-aggregate interaction behavior due to
change in confinement, uniform maximum and minimum cyclic shear stresses
were applied to a polyester geogrid in confining aggregate 2. One test utilized an
applied shear stress of 16 kPa akin to the load step SG2-C3, while the second
test utilized a greater applied shear stress of 35 kPa, akin to the load step SG4-
C3. Confining stress was then decreased from 159 kPa to 15.5 kPa in varying
increments, with 250 applications of shear stress for each confinement step. By
utilizing a consistent cyclic shear stress within each test, the influence of
confining stress on G; could be observed.

Figure 23 depicts the results from two tests where confinement was

decreased while applied cyclic shear stresses were held constant. As expected,
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G decreased as confining stress decreased. This is due to the stiffening effect of
granular soil with increasing confinement. Higher applied shear stress yielded
consistently lower values of G; as a result of greater mobilized displacements of
the geosynthetic. Based on these results, tests utilizing the original protocol
should result in increasing G; as confinements increase. With confinement as the

only variable, this was the case.
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Figure 23. Confinement testing results.

Shear Testing

This series of tests involved maintaining a constant confinement while
increasing the applied shear stress on a polyester geogrid confined by aggregate
2. Since the original protocol changed confinement stress and cyclic shear stress
with each step, a possibility existed that the considerable decrease in

confinement between sequence groups could have some effect on test results.
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Therefore, the original protocol was rearranged by confinement as opposed to
sequence group; i.e. instead of SG-1, C-1 followed by SG-1 C-2, the order would
be C-1 SG-1, then C-1 SG-2.

Test results for two replicate tests are shown in Figure 24. The number in
parentheses indicates the replicate number, 1 or 2. Except for the initial point for
15.5 kPa Confinement SG 1-3, the results displayed a decrease in G; as shear
stress increased. The shear stresses applied were derived from sequence
groups 1 through 3 of the original protocol, with the first three confinements
(15.5, 31.1, and 51.7 kPa). This makes it difficult to compare the results between
confinements, as the applied shear stresses were different. However, results
between each replicate were relatively consistent. G;increases with increasing
confinement, with the exception of the first point of the 15.5 kPa confinement test

1.
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Figure 24. Shear testing results.
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By focusing on the individual parameters of shear stress and confinement,
it was shown that the geosynthetics behaved as expected. With increased shear
stress, G;decreased. Logically, as greater shear stresses are applied, greater
displacements would occur within the geosynthetic sample, which would result in
a decrease in G Also, as confinement increases G; should theoretically increase,
due to less displacement occurring over the sample length. The overall results
suggest that shear stress may have a greater effect on G;than confinement,
since G;was observed to change more rapidly with changes in shear stress.
Values of ki, kg, and ks were determined for each test using Equation 6. The
results and the R-squared values (R?) between the calculated and measured G
are shown in Table 4.

Table 4. K-values for shear and confinement testing.

Test K, Kk, K; R2
Confinement (16 kPa) | 4.21E+07] 0.707 -25.6 0.95
Confinement (35 kPa) | 4.82E+07] 0.754 -23.6 0.96

Shear (1) 4.72E+07| 0.622 -28.8 0.95
Shear (2) 4.95E+07| 0.632 -24.7 0.98
Cv (%) 6.9 9.3 8.6

The R? statistics help to show how accurately the equation presented
earlier for G;predicted the actual values measured during testing. Both the
confinement and shear tests showed a high level of correlation between the test
results and the predicted behavior, with R? values greater than 0.95. K-values
were also consistent between tests, with coefficients of variation (Cv) of 7%, 9%,
and 9% for k1, k2, and k3, respectively between the four test replicates. Figure

25 displays a comparison between the calculated and measured values of G; for
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the confinement testing, with a 1:1 line drawn for comparison. The same
comparison is made in Figure 26 for the shear testing. As also shown by the R?

values, the test results correlate well with the calculated results.
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Figure 25. Calculated vs. Measured Gi for confinement testing.

From these results, it can be concluded that these types of tests where
one parameter (shear stress or confinement) is held constant, while the other is
varied show a high amount of repeatability and correlation to the adapted
resilient modulus equation. Further testing of this type with other geosynthetics
and confining aggregates should be conducted to determine if results are

consistent with other geosynthetics and confining aggregates.
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Intermediate Testing

Preliminary analysis of the overall test data seemed to suggest that G;
might increase with increased shear stress and confinement during early
sequence groups, then reach a peak strength, at which point it would decrease
with increased shear stress and confinement. In order to investigate the
existence of this behavior in between sequence groups, an intermediate testing
protocol was proposed that would use the same materials as the confinement
and shear tests, a polyester geogrid confined by aggregate 2. The objective for
this analysis was to investigate the geosynthetic-soil interaction at intermediate

loads, and to compare the behavior with these loads to that of the earlier
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protocol. However, later analysis suggested that this behavior was likely due to
the amount of noise in the data, and not reflective of a true material behavior.

This protocol consisted of combinations of shear stresses that lie in
between the established protocol sequence groups. Two intermediate groups
were added, labeled SG1.5 and SG2.5, and Sequence Groups 4, 5, and 6 were
abandoned for these tests. SG 1.5 consisted of applied maximum shear stresses
that were halfway between sequence groups 1 and 2. Likewise, applied shear
stresses for SG2.5 were halfway between sequence groups 2 and 3.

Measured values of G;from these tests are shown in Figure 27.
Regression analysis for the k-values yielded 8.20 E+05, 0.502, and -16.2 for k1,
ko, and ks, respectively. These results and behaviors are similar to other series of
tests conducted using the original protocol for this study. As shear stress
increases, G;decreases, and as confinement increases, G;increases. Again,
shear stress seems to have a greater influence on G;than confinement. From
this data, no apparent odd behaviors exist between sequence groups that would
require further analysis. Therefore, use of the intermediate sequence groups 1.5
and 2.5 is not necessary and is not recommended for future testing. Utilizing the
same sequence groups from the original protocol will give a broader range of
loadings, which would be helpful in understanding the interaction behavior of the
geosynthetic in the confining soil.

The R? value for this testing was 0.65, indicating that there is some

relation between the equation for G;and the measured results, though it is not a
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significantly strong one. Since the loads used in this series of test were relatively
low, noise in the displacement data had a greater impact on the overall results.
The calculated values (Calc) are also shown in Figure 27 and grouped by
confinement. These results show a parabolic curve with a shallower slope at
lower maximum shear stress than that of the measured values. The predicted
behavior from Equation 6 reflects the general trend of the measured behavior,

but is lacking in accuracy for predicting actual values.
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Figure 27. Intermediate testing protocol results.

A comparison of the measured and calculated values from this test is
shown in Figure 28. The line extending from the origin represents a 1:1 ratio
between the measured and calculated values. The most significant difference
between measured and calculated values can be observed at SG-1, C-1, as

shown as the point at approximately (8.30 E+07, 5.20 E+07). After this initial
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point, the data is less variable. Omitting values for this point increases the R?
value to 0.70. With later testing, SG1-C1 presents itself as more of an outlying
data point, and R? values were then calculated with this point omitted. The
variation that is inherent in this particular load step is due to the low applied

stress and very low displacements.
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Figure 28. Calculated vs. measured Gi for intermediate test protocol.
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AGGREGATE 1: OTTAWA SAND

Aggregate 1 utilized in this testing was an Ottawa Sand. It was hoped that
this sand would minimize the variability of results due to the confining aggregate,
mainly due to the small particle size and cohesionless characteristics of the sand.
Ottawa Sand was selected due to its universal availability, and use for other
types of soil property testing. The main drawback to this aggregate was that silica
particles have low frictional characteristics, with a friction angle of approximately

30 degrees. All three geosynthetics were tested in this soil.

Three Aperture Geogrid (PET) (A-Series)

For this series, the PP geogrid was used, with three aperture lengths
extending from the sheet metal into the confining soil. These tests were
conducted to compare results with those of later tests that utilize a two aperture
length sample. An estimated 41 degree interface friction angle was used after
conducting a basic monotonic test utilizing the confining aggregate and geogrid.
Six replicate tests were conducted for comparison. Steel load transfer plates
were attached to the sheet metal and then attached to the load cell. Bungee
cords supported the plates on the sides and middle. During the conditioning
cycle, the cords were adjusted by tightening and loosening so that the plates did
not move out of plane as load was applied.

Figure 29 depicts a representative graph for this series of tests. The

results are grouped by confining stress, C-1 to C-5. Results for G; exhibit a
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general decrease with increased shear stress. It is expected that G; would

decrease as shear stress increases for a particular confinement stress, due in

part to the occurrence of greater displacement of the geosynthetic relative to the

soil. As confinement increases, G, should also increase, due to restricting the

movement of the geosynthetic within the soil. However, with this test protocol,

shear stress is increased simultaneously with confinement. It would appear that

the influence of shear stress on G;is greater than that of confinement.
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Figure 29. Representative graph for A-series tests.

Using Equation 6, values of k1, ko, and ks were determined for each test.

As seen in Table 5, the results are relatively variable between replicates, with a

coefficient of variation of 192% for k4, and approximately 45% for k, and ks.

These coefficients of variation (Cv) were calculated between test replicates, and

indicate moderate to low repeatability of replicate tests. By treating test A-1 as an
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outliner, due to the notable difference in k-values, and omitting these results

yields Cv values of 39%, 26%, and 10% for k1, ko, and ks respectively.

Table 5. K-values for A-series tests

Test k4 ko ks R2
A-1 4.36E+07| 1.741 -38.9 0.94
A-2 2.19E+06| 0.943 -18.6 0.85
A-3 1.28E+06| 0.651 -15.9 0.91
A-4 1.41E+06| 0.582 -14.3 0.85
A-5 1.50E+06| 1.095 -17.1 0.89
A-6 3.05E+06| 0.791 -17.9 0.81

For sequence group 1 during test A-1, the data acquisition system did not
collect data. This was found to be due to operator error through an improper
configuration of the protocol. This may have affected the overall analysis of the
results, due to the protocol being reconfigured between sequence groups one
and two. Once this protocol was repaired, the test was continued. After test A-1
was finished, the data acquisition system inputs were reexamined to ensure that
the error was corrected, so that data would be collected during sequence group
1.

This test series also displayed a lower level of repeatability as compared
to the confinement and shear testing presented earlier. This suggests that
reworking the test protocol so that only one parameter, either shear stress or
confinement, is altered within a sequence group may result in a more accurate
test method. However, since the shear and confinement testing was limited to a

few load levels, further testing should be conducted that more closely reflects the
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complete test protocol in order to further investigate the feasibility and
effectiveness of altering the protocol as such.

R? values for each test were relatively high for this series, indicating a
good correlation of the calculated values to the measured values. Figure 30
depicts the relationship between calculated and measured results for all of the A-
series tests. The line indicates a 1:1 ratio between calculated and measured
values, which would indicate an exact dependent relationship between the two
values. As displayed by this graph and an R? values of 0.81 to 0.95, there exists

a significant relationship between calculated behavior and measured behavior.
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Figure 30. Calculated vs. measured Gi for A-series tests.
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Two Aperture Geogrid (PET) (B-Series)

The B-Series of testing consisted of PP geogrid samples two apertures in
length. B-1 and B-2, the first two tests, were conducted using an assumed
interface friction angle of 41 degrees, and the steel load transfer plates as in the
A-Series of testing. Test B-3 consisted of a reduced width sample, cut down to
246 mm to analyze the effects of a smaller sample. Test B-4 returned to a 486
mm sample width, but utilized a single hole drilled through the sheet metal to
accommodate the load cell connections, avoiding use of the steel load transfer
plates as an adapter.

Table 6. K-Values for B-Series tests

Test k1 kz k3 R2
B-1 1.17E+06] 0.344 -8.3 0.69
B-2 7.49E+05] 0.702 -7.1 0.67
B-3 8.52E+05] 0.552 -4.5 0.37
B-4 9.35E+05] 0.362 -9.2 0.56

Tests B-1 and B-2 displayed varied results, despite being exact replicates of one
another. Figure 31 displays the variability in these repeated tests. B-1 was
plotted using black lines and closed point markers, while B-2 was shown as gray
lines with open point markers. In general, G;for test B-2 was less than B-1. This
difference may have been due to variability inherent in this type of testing, or
vibration or electrical interference that had an effect on the sensor signals. The
R? values were similar for these two tests, indicating a moderate relation between
the equation used to predict G; and actual measured values. As mentioned

previously, values for SG1-C1 were omitted, as the variability inherent in
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interpretation of the data for these points had a profound effect on the rest of the
data. Omission of this point results in a more accurate portrayal of the test
results. In general, G;decreased as shear stress increased. As confinement
increased, Gjalso increased, as expected. This corresponds with the previous

observations for other tests. The main issue with these tests is the variability in

results.
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Figure 31. Results from tests B-1 and B-2.

Values of G;for test B-3, the sole test conducted using a reduced-width
sample, were erratic in behavior, as shown in Figure 32. Since the geosynthetic
sample area was reduced significantly, loads applied by the equipment were less
than previous tests. The load output was less consistent than the previous tests,
as the equipment struggled to apply the lower loads. These results indicate that

the shorter width can skew test results, as well as be problematic for the test
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equipment. Since the width increases the sample area, a greater force is
necessary to achieve the specified shear stresses in a sample with wider width.
The test equipment is better suited to apply greater loads (>0.1 kN) with more
accuracy than the lesser loads (<0.1 kN). From these results, a wider sample
width should be used in order to insure a more accurate load application. Values

of Gjwere also similar to those of the other tests.
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Figure 32. Results from test B-3.

During Test B-4, it was observed that the hydraulic cylinder was able to
apply a direct horizontal load to the load transfer sheets without using the steel
load transfer plates. Bungee cords were necessary to center the load cell and
prevent sagging of the load transfer sleeves, due to their self-weight. These
cords were adjusted during the conditioning step to ensure a uniform application

of load to the geosynthetic, and to avoid affecting test results.
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Test B-4’s results are displayed as Figure 33. From these results, it does
not appear that removal of the steel load transfer plates had any adverse effects
on test results. Values for G; obtained from this test display similar behavior to
previous tests, in that as shear and/or confinement increased, G; decreased
slightly. Results were also generally similar in magnitude to the earlier tests
overall. Since the omission of the steel load transfer plates did not reveal any
significantly adverse effects on test results, it was determined that the direct
connection method would be used for the remainder of testing. By eliminating the

need for the steel load transfer plates, setup time for testing was significantly

reduced.
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Figure 33. Results from test B-4.
Strain was calculated for the two-aperture (B-series) tests, and compared
to that of the three aperture (A-series) tests. Analysis of this strain behavior and

development during the two tests was conducted to gain a better understanding
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of the geosynthetic’s behavior under cyclic loading. The strains were calculated
along the center width of the geosynthetic sample. Figure 34 displays the sensor
configuration for calculation of these strains. Two sections of length were used,
between 0 (dg and &7) and 3 mm () at the front of the sample, then from the
front (8g and ;) to the back (83) of the sample. It was observed that the very front
of the sample from 0 to 3 mm experienced significantly greater strain than the

overall sample.

Sheet Metal Plates

Figure 34. Sensor layout for strain calculations.
The three-aperture (A-series) tests experienced greater strains, especially
at the very front of the sample. Figure 35 displays the strain at the very front of

the sample for both types of test, with respect to number of cycles of loading
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applied. In the three-aperture sample, strain starts off higher (5%), and then

decreases with repeated loadings.
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Figure 35. Strain near the front of sample.

Strain between the front and rear of the sample with respect to cycles is
displayed in Figure 36. Again, the three aperture tests experienced more strain
than the two-aperture tests. Unlike the very front of the sample, however, the
overall sample experienced increasing strain after a rapid decrease within the
first 30 cycles of the test. In general, strain between the front and rear of the
sample was very low, indicating that the displacement at the front was relatively
similar to that of the rear.

In both cases, the strain in the two-aperture tests is more consistent
throughout the load step, and considerably less than those of the three-aperture
tests. This suggests that the two-aperture tests could produce more consistent

and accurate results based on the assumptions made in the analysis, as the
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behavior near the front of the sample should be more similar to that of the back
of the sample. The three aperture tests’ decrease in the near-front strain,
combined with the increase in overall strain suggest that the longer sample

length’s behavior changes with the addition of more cycles.
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Figure 36. Strain of the entire sample.

At the beginning of cycling, the majority of the strain develops close to the
front of the sample. As cycling progresses, the strain begins to distribute more
rearward. This would result in a decrease over time in the near-front strain, and
an increase over time in the overall strain. Since calculations of G;account for the
average overall behavior of the geosynthetic, a two aperture test should be more
accurate than that of a test using a three aperture length sample, due to less
variability in strain development. During testing, however, the three aperture
length tests produced more consistent results than the two aperture tests, with

respect to k-values between replicates, and R? values within each test, as shown
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in Table 7. This is likely a product of better accuracy in load application from the
greater force required, and load effects averaged out through a greater surface
area. Further testing should incorporate more two and three aperture tests in
order to compare behaviors, as well as clarify the advantages or disadvantages

of the differing sample lengths.

Table 7. K-values for A-series and B-series.

Test Kk, ks, ks R2

A-1 4.36E+07| 1.741 -38.9 0.94
A-2 2.19E+06| 0.761 -21.8 0.85
A-3 1.28E+06| 0.651 -15.9 0.91
A4 1.41E+06| 0.582 -14.3 0.85
A-5 1.50E+06| 1.095 -17.1 0.89
A-6 3.05E+06| 0.791 -17.9 0.81
B-1 1.17E+06| 0.344 -8.3 0.69
B-2 7.49E+05| 0.702 -7.1 0.67
B-3 8.52E+05| 0.552 -4.5 0.37
B-4 9.35E+05| 0.362 -9.2 0.56

Two Aperture Length Geogrid (PP) C- Series

In this series, the PET geogrid with two apertures length was tested while
confined by aggregate 1. The steel load transfer plates were not used, and a
single hole drilled through the sheet metal which contained the specimen was
used to attach to the load cell. The assumed interface friction angle was reduced
to 38 degrees in hopes of avoiding gross pullout of the specimen prior to
application of Sequence Group 5 loads.

This series of tests resulted in similar behavior to the tests run on the PET

geogrid. In general, G;decreased with increasing shear, and increased with
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increasing confinement. Values for G; were similar to those obtained from the
other series of tests. Test C-2, confinement 5 had a significant increase in G; at
the last point. The sample may have developed some additional frictional
resistance at this end point if the confining aggregate became bound up in the slit

at the front of the box that the sample is inserted through.

Table 8. K-values for C-series tests.

Test K4 Ko ks R2
C-1 8.09E+05] 0.343 -6.7 0.10
C-2 7.62E+05] 0.339 -3.3 0.21
C-3 6.23E+05] 0.314 -0.9 0.20

A high level of variation between measured and calculated G; exists for
this test series, as evidenced by the very low R? values. For this series of tests,
the adapted resilient modulus equation for cyclic pullout does not seem to
accurately portray the material’s behavior. Values for ki and kz are relatively
similar for these tests, while ks. values seem to display more variation. Test C-1
displayed a lesser relationship between calculated and measured results, while
tests C-2 and C-3 had considerably low, yet similar R? values. However, if the
last point in confinement 5 for test C-2 is omitted as an outlier, the R? value for
that test becomes 0.34. From these results, it appears that this polyester geogrid

confined in Ottawa sand is not readily predictable using Equation 6.
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Figure 37. Results from tests C-1 and C-2.

A comparison of the calculated and measured values of G;is shown in
Figure 38. These results show that the calculated values have a lesser range
(0.8 — 6 E+07 kPa/m) than the measured values (0.1 — 8.2 E+07 kPa/m).
However, if the values for SG1-C1 and SG 4-C5 (1.40 E+08 and 8.1 E+07,
respectively) are treated as outliers and omitted, the ranges for calculated and
measured values are relatively similar. The outlying nature of the measured
value at SG1-C1 is consistent with the other tests performed in this study. The
cluster of data points with low measured G;in the lower left hand corner are
representative of points from higher sequence groups and confinements, mainly
SG4-C4 and SG4-C5.

This geosynthetic exhibited lower values of G; at lower shear stresses and
confinements for the most part, as compared to the PP geogrid. This material

also displayed more erratic behavior, as G; occasionally decreased for a given
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shear stress with increased confinement, or increased with increased shear

stress at a given confinement.
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Figure 38. Calculated vs. measured Gi for C-series tests.
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Geotextile (D- Series)

The D-Series of testing utilized the woven geotextile. Each sample used
similar dimensions as the previous geogrid testing so that the same loading
protocols could be utilized. After executing the first two tests, D-1 and D-2, it
seemed that the estimated interface friction angle might be low. As the tests
approached sequence group 5 loadings, it appeared that the displacements were
still relatively low. The estimated interface friction angle was then increased to 43
degrees,in an effort to mobilize greater displacements during the later sequence

groups.
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Regression analyses performed on tests D-1 and D-3 yielded negative
values for kp, and positive values for ks, as shown in Table 9. These two tests
displayed the greatest deviation from the general trend of the other regression
analyses. In general, k; values from earlier tests were positive, ranging from 0.3
to 1.5. Values for ks were generally negative with a value close to -10. This does
not appear to be a behavior inherent in this geotextile, as tests D-2. D-4. and D-5
resulted in k-values similar to those of earlier tests. A high amount of variation
was existent in this testing series in comparison to Equation 6, as evidenced by

the low R? values.

Table 9. K-values for D-series tests.

Test k4 Kk, k3 R2
D-1 2.63E+05 | -0.232 1.2 0.10
D-2 2.47E+06 | 0.938 -11.6 0.47
D-3 3.72E+05 | -0.504 0.3 0.56
D-4 2.27E+06 | 0.850 -11.3 0.10
D-5 2.47E406 | 0.685 -12.1 0.11

Cv (%) 73 192 102

The results for tests D-1 and D-3 are displayed in Figure 39. The slight
increase in G;during early sequence groups likely helped to contribute to the
seemingly odd k-values. Since Equation 6 consistently depicts a decreasing
slope with increasing shear stress, the increasing behavior at points for these
tests may have produced the unexpected results. Also, G;appeared to vary less
for the D-series tests with increased shear than the previous tests on geogrid,

which may have had an influence on the k-value results. Overall repeatability
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was low, with Cv between 73 and 192 percent. The negative results for tests D-1
and D-3 greatly affected the Cv of 192 for k. Tests D-2. D-4, and D-5 were

relatively similar, with Cv of 5, 16, and 4% for ki, ko, and ks, respectively.
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Figure 39. Results from tests D-1 and D-3.

Results obtained from tests D-2 and D-4 are displayed in Figure 40. These
tests yielded similar parameters to each other during regression analyses. The
values for G; also seemed to vary less for these tests than those of D-1 and D-3.
In comparison to the earlier tests that used geogrids, the tests using geotextile
yielded less-varying results, and higher values for G; at greater shear stresses.
The geogrid may be better able to distribute loads through the entire sample, due

to a more uniform or stiff structure.
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Figure 40. Results from tests D-2 and D-4.

Stress-strain behavior was also investigated for this series of tests, in
order to further analyze the behavior of the geotextile under cyclic pullout loads.
A typical graph for the D-series tests, obtained from test D-1, is shown in Figure
41. At lower confinements, strain increases noticeably with a slight increase in
maximum shear stress. As confinement increases, greater shear stress is
needed to mobilize strain in the geotextile. These strains are low, indicating a stiff
response of the geotextile. For this test series, strain ranged from approximately

0.01 to 0.07 percent, with similar behavior as shown in Figure 41.
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Figure 41. Representative stress-strain relationship for D-series tests.

Figure 42 displays a comparison of calculated versus measured values for
the D-series testing, which had low R? values, indicating very little correlation
between the calculated and measured values. This graph also shows that the
measured values generally displayed a much narrower range, (approximately
3.00 E+07 to 6.00 E+07 kPa/m), than the calculated values (0.50 E+07 to 8.10
E+07 kPa/m). For these results, the equation for G; both over-predicts and under-
estimates the test values. The greatest outlying points were from test D-3.
marked by the asterisks in Figure 42. A narrower range of measured results
suggests that the actual behavior of the geotextile is less variable than the
calculations predict. This may indicate that confinement and shear stress have a
lesser effect on the interaction between a geotextile and confining aggregate

than that of other geosynthetics. However, confinement stress seemed to have a
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greater effect, as G;, generally decreased with increasing confinement more

consistently than G; was affected by changes in shear stress.
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Figure 42. Calculated vs. measured Gi for D-series tests.
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AGGREGATE 2 ‘GOLF CHIPS’ (E-SERIES)

After the tests executed utilizing the Ottawa sand (Aggregate 1), a more
angular, slightly larger aggregate was sought to continue testing. ‘Golf chips,” a
relatively uniformly graded coarse sand manufactured as a byproduct of golf
sand, was selected for the second aggregate. Since this aggregate’s particles
consist mainly of coarse sand with some fines, it was hoped that the interface
between the geosynthetics and the confining soil would be relatively uniform. A
well graded soil would have the possibility of rendering a non-homogenous
interface with the geosynthetic. This aggregate also consisted of more angular
faces, as opposed to the roundness of the Ottawa sand particles. Tests utilizing
this aggregate were conducted with PET geogrid samples, two apertures in
length.

Initially, an interface friction angle of 50 degrees was utilized. Tests E-1
and E-2 were conducted consecutively, with no resetting of the sample and/ or
LVDTs between tests. The goal of these consecutive tests was to analyze the
effect of repeated sequence groups and confinements in order to determine if
they impact the test results. For tests E-3 through E-6, the applied loadings were
adjusted to reflect an interface friction angle of 53 degrees, thereby increasing
the loads within each sequence group.

Tests E-4 and E-5 yielded similar results with the regression analysis for
the k-values. These values, along with the values for the rest of the E-series

tests, are shown in Table 10. Test E-2 was noticeably different from the other
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tests that were conducted in this series. E-1 and E-2 were executed seamlessly,
and therefore, conducting tests consecutively without realigning the sample and
recompacting the confining soil may induce greater error in test results. It
appears that after cycling through the test protocol, the arrangement of the soil
and geosynthetic are such that repeatability decreases significantly. Excavating
the geosynthetic and realigning it, along with recompacting the confining soil
helps to increase repeatability of the test results. The R? values, aside from E-5,
showed only a moderate correlation between the calculated and measured
values.

Table 10. K-values for E-series tests

Test k1 k2 k3 R2
E-1 2.47E+06| 0.280 -16.7 0.52
E-2 1.08E+07| 1.584 -34.8 0.58
E-3 2.90E+06| 0.612 -9.6 0.65
E-4 1.98E+06| 0.775 -8.8 0.67
E-5 1.86E+06| 0.764 -8.3 0.90
E-6 1.80E+06| 0.712 -10.9 0.62

Values of G;, for tests E-4 and E-5 are noticeably different in value, but
display similar trends as seen in Figure 43. For the most part, as shear stress
increased, G;decreased. Also, as confinement increased, G; generally
decreased. The early sequence groups show a slight fluctuation of results,
somewhat similar to many of the other tests conducted during this study. This
could be due to inherent variations that are part of the nature of the testing, and/
or differences in interpretation of data affected by interference. In both tests,

between SG-1, C-1 and SG1, C-2 displayed an unexpected increase in G;. It is
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possible that the influence of confinement was greater than that of shear stress

at this point for this aggregate, since shear stresses at those load steps are

relatively small.
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Figure 43. Results from tests E-4 and E-5.

From the plot of E-1 and E-2, shown in Figure 44, values of G;for test E-2
are noticeably lower than those for E-1. The discrepancy in k-value regression is
likely a result of these lower test values from E-2. Results from test E-1 range
from 2 to 30 times greater than those of E-2, outside of the first point for
Confinement 1. At this point, load step SG-1, C-1, G;for E-1is actually 8 percent

less than that of E-2.



74

6.0E+07
-=-E-1C-1
5.0E+07 —<-E1C-2
—E-1C-3
__4.0E+07 | o< E1C4
E —+E-1C-5
€ 3.0E+07 - - E-2 C-1
: -o-E-2C-2
2.0E+07 & —~-E-2C-3
*E-2C-4
1.0E+07 - E-2C-5
0.0E+00 : — ‘ "
0 20 40 60 80 100 120

Applied Shear Stress (kPa)

Figure 44. Results from tests E-1 and E-2.



75

TIMING TESTING

Load Pulse Analysis

Little is currently known about the influence of the load pulse duration on
cyclic geosynthetic pullout testing. Therefore, tests were conducted to analyze
this possible influence, with respect to G. This series of tests consisted of shear
levels applied to the PP geogrid equivalent to Sequence Group 3, Confinement 3
(2.0 to 21.5 kPa shear stress at 51.7 kPa confinement stress). The geogrid was
confined in aggregate 2, the golf chips. Load pulse was varied from 0.1 seconds
to 0.9 seconds, in 0.1 second increments. A rest period of 0.5 seconds was
added to reduce the potential effects due to the rest period. G; was calculated for
each load pulse duration and compared to one another.

Results for both load pulse and rest period are displayed in Figure 45.
Values for Gjvaried little between durations, as well as between load pulse and
rest period tests. The variations in G; portrayed in these results are likely due to
human error (less than 5% for these results) in the manual interpretation of the
slope between displacement and shear stress. This test had an R? value of 0.94,
indicating a high correlation between the predicted and measured behaviors.

From this testing, a load pulse duration of 0.2 seconds is recommended
for future testing. Since the load pulse duration did not have a significant affect

on G;, load pulses between 0.1 and 0.9 seconds would be acceptable. However,
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as the cyclic pullout test protocol has been developed based on the resilient

modulus test, a 0.2 second load pulse would further align the two test methods.
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Figure 45. Load and rest period timing test results.

Rest Period Analysis

Tests were also conducted in order to assess the influence of the rest
period portion of the load application cycle. Load pulse duration was held
constant at 0.2 seconds, and rest period duration was varied from 0.2s to 0.8s in
0.1s increments, and then back from 0.8s to 0.2s. Shear stress was applied from
2 kPa to a maximum of 25 kPa for each cycle, with confinement held constant at
51.7 kPa, the same loading schedule used for the load pulse testing. The PP

geogrid confined by aggregate 2 was utilized for this series of testing.
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As shown previously in Figure 45, results for the different rest period
durations are relatively similar. Coefficient of variation between these tests is at
3%, which indicates that there is not a considerable amount of difference
between each duration. This test had an R? value of 0.99, indicating a very
strong relationship between the predicted and actual values. The initial
conclusions were reaffirmed that the load pulse and rest period duration did not
have a significant effect on G; values obtained during testing. From these results,
a rest period of 0.5 seconds is recommended for tests conducted with dry sand
as a confining aggregate. This will also align the cyclic pullout protocol with the
resilient modulus, as the resilient modulus test allows for a rest period of 0.4

seconds when a free-draining sand is utilized.
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CONCLUSIONS AND RECOMMENDATIONS

In general, test results with respect to G values possess a similar range of
values, and for the most part reflect similar behaviors. At low shear stress and
confinement levels, G; can vary greatly. This is due to the profound impact that
noise in displacement measurements can have, along with interpretation of these
measurements. At lower loads and confinements, a small amount of interference
or vibration can result in difficult interpretation of the data. Displacements at
these lower sequence groups and confinements are very small, approximately
from 5 x 10° mm to 1 x 10 mm. Interpretation errors of the displacement due to
this affected data affect G; up to an order of magnitude. Beyond these points,
however, G; had a general maximum around 8*10” kPa/m. As shear stress
increased, Gjgenerally decreased, as expected. Likewise. as confinement
increased, Gjgenerally increased, which was also an expected behavior. It
appears that G; may be affected more greatly by change in applied shear stress.

Displacements at the back of the geosynthetic sample were quite small,
along the order of thousandths of a millimeter. This extremely small displacement
then requires instrumentation that can detect these movements, but can do so
with minimal influence from outside disturbance and interference. As shown in
this study, the instrumentation used has the ability to capture these small
displacements. The instrumentation may have been affected by vibration or
electrical interference, as evidenced by erratic displacement data. Due to the

nature of this testing, with a large hydraulic cylinder applying shear stress to a
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geosynthetic embedded in soil, interference at low loads and displacements may
be inherent.

For further study, further reduction of interference should be investigated.
For instance, the instrumentation might be designed to incorporate some type of
additional dampening, in order to reduce transfer of vibrations from the pullout
box to the LVDTs. In the case that the interference appears to be due to
electrical interference, filters or additional shielding may need to be added to
reduce these effects.

Until the interference source(s) are further reduced so that less erratic
data can be collected, data interpretation should be executed by manual analysis
of the timed data. Shear stress should be plotted versus displacement, and a
slope between the later cycles determined. A line should then be drawn
representing this slope, and values for shear stress and displacement interpreted
in order to calculate G;. Visual inspection and manual calculation should be
continued until it is determined that the data acquisition system produces
max/min data that is representative of the actual behavior. Once the max/ min
data reflects the maximum and minimum points from the timed data, the data
analysis simplifies, and will expedite the testing process.

Omitting the steel load transfer plates for attaching the sheet metal load
transfer sheets to the load cell did not seem to have any adverse effects on G..

Therefore, future testing may utilize a direct connection between the load cell and
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the sheet metal load transfer sheets containing the geosynthetic sample. A single
hole in the center width will allow for this type of connection.

Three aperture length tests seemed to have more consistent results for
Gi., as well as correlating well to the equation presented by Cuelho and Perkins
(2005). However, strain development in the three aperture tests resulted in
higher strains, and increasing strain from the front to the back of the sample as
more cycles of load were applied. From the strain analysis, two aperture length
tests should yield a more accurate representation of the interaction between the
soil and geosynthetic. For this reason, a two aperture sample length is desired. A
sample width of 486-500 mm should be maintained so that the applied loads are
greater in magnitude. The narrow width sample resulted in loads of smaller
magnitude that seemed difficult for the servo-hydraulic actuator to produce
consistently in a rapid fashion.

The geotextile yielded the most noticeable difference in results. The upper
range of G;was around 6.0*10” kPa/m, similar to the other tests. As shear stress
increased, G;decreased, but not as greatly as observed in the other tests or as
calculated using the adapted resilient modulus equation. After the first two
sequence groups, G; flattened out around 3.5*10” kPa/m. This behavior seems to
indicate that the geotextile used stabilized after loading progressions, resulting in
a more consistent interaction with the confining soil.

The polypropylene geogrid displayed a low correlation to the Cuelho and

Perkins equation, and a lack of repeatability with respect to values of ks.
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Additional testing could be conducted using different confining aggregates in
order to determine if this behavior is a characteristic of the geosynthetic confined
by aggregate 1, or more a characteristic of this geosynthetic, independent of the
type of confining aggregate.

Consideration should be given to either removing Sequence Group 1,
Confinement 1 (SG-1, C-1) from the protocol. The majority of variation in test
data seemed to be produced by the lowest shear stresses, which occur at SG-1,
C-1, as evidenced by outlying data points when measured and calculated G; are
compared. Several tests, such as the intermediate test, B and E series tests, etc.
yielded low R? values (0.3-0.6) when all load steps were considered. However,
when SG1-C1 was omitted, the R? values increased to approximately 0.65 to 0.8.
The C and D series reflected low R? values of approximately 0.1, and omitting
SG1-C1 had very little effect on the overall relationship of the measured data to
the calculated data. Since the higher sequence groups generally produce greater
displacement of the geosynthetic sample, the effect of interference on the
measurements decreases. Also, as in the reduced width testing, the lower loads
are more difficult for the actuator to produce consistently. Complete removal of
SG-1 would also decrease the total test duration by approximately 1.25 hours.

Load pulse and rest period durations between 0.2 seconds and 0.8
seconds do not seem to have a significant effect on test results, with the granular

aggregates used in this study. The test protocol should then incorporate a 0.2
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second load pulse and 0.4 second rest period for granular confining aggregates,
in order to further resemble the resilient modulus test.

Consideration should also be given to reworking the test protocol so that
either confinement or shear stress remains constant between load steps. The
shear and confinement testing displayed the best potential for repeatability with
respect to k-values, and R? values for individual tests were high, In order to
investigate the potential of modifying the protocol to reflect these types of tests,
the shear and confinement tests should be expanded to reflect a complete test,
as the tests conducted in this study were abbreviated versions of the current test
protocol. Additional tests should be conducted with other geosynthetics and

confining aggregates in order to determine the viability of the reworked protocol.
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APPENDIX A
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Figure 47. Test A-2 Gi.
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Figure 48. Test A-3 Gi
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Figure 49. Test A-4 Gi.
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Figure 51. Test A-6 Gi.

Maximum Shear Stress (kPa)



91

1.4E+08 = BiC]
—--B-1C-2
1.2E+08 - ——B-1C-3
W —>-B-1C-4
1.0E+08 \ —4+-B-1C-5
£ 8.0E+07
©
[a
£ \
— 6.0E+07
° \\&
4.0E+07

2.0E+07 ‘%?W‘\

0.0E+00 T T \

0 10 20 30 40 50 60 70
Maximum Shear Stress (kPa)
Figure 52. Test B-1 Gi.
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Figure 53. Test B-2 Gi.
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Figure 54. Test B-3 Gi.
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Figure 55. Test B-4 Gi.
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Figure 56. Test C-1 Gi.
1.6E+08 - C-2C-1
-e—C-2C-2
1.4E+08 - T ——C-2C-3
> C-2C-4
1.2E+08 ——C-2C-5
—~ 1.0E+08 -
£
8 A
= 8.0E+07
O 6.0E407 -
2.0E+07 \
OOE+00 T ¥ T T
0 10 20 30 40 50 60
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Figure 65. Test E-3 Gi.
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Figure 68. Test E-6 Gi.




