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Chapter 1. Introduction

1.1 Objectives and Description of the Project

The purpose of this project isto conduct a pilot implementation using the new testing device and
procedures developed by the 0-4829 research project. The testing involves a modified, small
pullout device for characterization of the confined stiffness in geosynthetic reinforcements.
Finally, training will be provided for development and use of the new device by TxDOT
personnel. The project will also provide continued monitoring of 32 experimental test sections
constructed in FM2 (Bryan District) for the purposes of correlating field performance with
material characterization. The experimental component of this implementation project will be
accomplished by testing at least four different geosynthetic reinforcement products in order to
verify the draft specifications recommended by project 0-4829. The field component of this
implementation project will involve continued condition survey, moisture monitoring, FWD
testing, and weather data gathering in order to establish the threshold of the proposed parameter
in the new specification based on field performance.

A comprehensive field testing program was initiated as part of project 0-4829 to characterize the
conditions of the field pavement sections that have been constructed by TxDOT using
geosynthetics. The field testing program was in association with the construction of a new
geogrid-reinforcement pavement. This additional component was conducted in association with
reconstruction of FM2 (Bryan District). Comparative evaluation of pavement reconstructed using
eight different reinforcement schemes (three reinforcement products and unreinforced control
section, with/without lime stabilization). Four repeats were constructed for each of the eight
selected sections. Thus, the field component of this project included 32 test sections with the
following:

¢ Four geogrid-reinforced sections, reinforced using a polypropylene unitized
reinforcement, over lime-stabilized subgrade

¢ Four geogrid-reinforced sections, reinforced using a polypropylene unitized
reinforcement, over natural (non-stabilized) subgrade

o Four geogrid-reinforced sections, reinforced using a polyester knitted
reinforcement, over lime-stabilized subgrade

¢ Four geogrid-reinforced sections, reinforced using a polyester knitted
reinforcement, over natural (non-stabilized) subgrade

¢ Four geotextile-reinforced sections, reinforced using a high-strength geotextile
reinforcement, over lime-stabilized subgrade

¢ Four geotextile-reinforced sections, reinforced using a high-strength geotextile
reinforcement, over natural (non-stabilized) subgrade

¢ Four unreinforced sections over lime-stabilized subgrade (control, stabilized
section)



e Four unreinforced sections over natural (non-stabilized) subgrade (control, non-
stabilized section)

1.2 Project Tasks and Report Outline

In order to accomplish the aforementioned objectives this project is divided in seven tasks:

e Task 1. Validation of new laboratory testing procedures

e Task 2. Pilot implementation of geosynthetic-reinforced pavements in the Bryan
District

e Task 3. Monitoring test sections

e Task 4. Training and equipment construction

e Task 5. Reporting

e Task 6. Laboratory testing of geogrid products other than those used in FM2

e Task 7. Implementation and monitoring of an additional geogrid-reinforced test
section

This interim report is part of Task 5. In this section, a description of each task is provided with a
detailed explanation and reached accomplishments so far of the specific tasks in each task
section. Then the outline of this report is presented.

1.2.1 Task 1. Validation of New Laboratory Testing Procedures

The objective of this task is to validate the testing procedures established for quantification of
soil-reinforcement interaction under low strains. The property suitable to evaluate the
performance of geosynthetic-reinforced pavements was determined to be the confined stiffness
of the geogrid. The recently developed small pullout test device has been validated by a testing
program involving each combination of geosynthetic reinforcement and soil. Specific tasks
conducted so far include:

o Validation of the property identified in project 0-4829 for assessment of the
important relationships that define the performance of geosynthetic-reinforced
pavements—namely, tensile modulus under low strains and soil-geosynthetic
interface shear behavior under low strains, Ksg. The explanation of the
development of Kgg is presented in Chapter 4.

e Compilation of a database of laboratory tests to account for tensile loading
conditions representative of pavement conditions (e.g., specimen size and boundary
conditions of the pullout device such as size of the pullout box, volume of soil
utilized and normal pressure). This database was obtained with tests in the
traditional, large pullout device shown in Chapter 2.

e Testing of the geosynthetic products used in FM2. This involves validation of the
testing procedures to account for interface shear characterization under conditions
representative of pavement conditions. Focus will be on pullout testing and its use



for evaluation of the performance of response under low strains. This validation of
the testing procedures and evaluation of the response under low strains are shown
in Chapter 5.

e Evaluation of the options for soil to be recommended for TXxDOT specifications.
The options to be evaluated include (a) the use of a standardized soil, (b) the use of
subgrade soils collected in the project where base reinforcement is being
considered, or (c) both a standard and a project-specific soil. The advantages and
disadvantages of each approach will be identified and evaluated. These options are
evaluated in Chapter 5.

e The project SH 21 (0117-02-028) has not been confirmed. Consequently, a
fiberglass grid will be tested. These tests will be reported in the Final Report.

e Integration of the laboratory results with the performance assessment of the 32 field
test sections. This will provide the basis for the validation of the design
methodology and specifications to be proposed in this study. The performance
assessment of the 32 field test sections is still being analyzed. A preliminary
analysisis presented in Chapter 6.

e Additional characterization of materials of the same product line as those used in
the FM2 experimental sections are being conducted. Testing from the same
geosynthetic line may provide significant insight into the sensitivity of the confined
stiffness. Continued testing will also lead to effective training of TXDOT personnel.
The test results with these materials are shown in Chapter 5.

1.2.2 Task 2. Pilot Implementation of Geosynthetic-Reinfor ced Pavementsin the Bryan
District

The proposed, validated testing device, testing procedures, and corresponding specifications are
being implemented in a project in the Bryan District. The specifications will result from
evaluation of the performance of the 32 test sectionsin FM2, which will be used as basis for this
pilot implementation. This task also includes the interpretation of the failure mechanisms based
on the FWD test results, condition survey results, and moisture monitoring results. Testing on
fiberglass geogrid product will be conducted because the SH 21 project was not confirmed.

1.2.3 Task 3. Monitoring Test Sections

In addition, and in order to validate the experimental results against field performance, the
structural condition of pavement sections constructed by TxDOT will continue to be monitored.
Emphasis will be placed on monitoring of the recently conducted 32 geogrid-reinforced
pavement sections in FM2 (Bryan District), although additional locations will also be considered
according to TxDOT needs, particularly where pavement failures are identified. Field monitoring
includes (i) continued FWD testing to be conducted on an as-needed basis to assess the effect of
moisture seasonal variations in the pavement performance, (ii) continued field monitoring of
moisture sensor profiles that have already been installed to monitor the horizontal (under the
pavement) and vertical moisture fluctuations, (iii) continued condition surveying to document
and quantify the field performance of the sections, (iv) continued gathering and evaluation of
relevant weather data, and (v) quantification and assessment of cracks and deterioration that may



develop in the 32 monitored sections. This includes trenching at locations of identified failures,
which will be performed later. Monitoring will be conducted until August 2011 to allow
pavement deterioration due to both environmental and traffic loads.

More specifically, the field monitoring program includes

e Visual inspection to quantify the pavement performance of the test sections during
subsequent seasons

e Continued FWD testing to be conducted on an as-needed basis to assess the effect
of moisture seasonal variations in the pavement performance (for the 32 test
sections)

e Continued field monitoring of moisture sensor profiles that have already been
installed to monitor the horizontal (under the pavement) and vertical moisture
fluctuations

e Level surveying of the pavement to quantify the magnitude of swelling or shrinkage
of the pavement during various seasons

¢ Evaluation of the performance of other TXDOT projects constructed using geogrid
reinforcement, including trenching at locations with identified failures in order to
assess the failure mechanismsin the field

o Assessment of the performance data collected at the 32 test sections constructed at
FM2 to assess the effect of different reinforcement types and different subgrade
stabilization techniques

e Integration of the performance assessment of the 32 test sections with the laboratory
results obtained in the testing program for the different geosynthetic reinforcements
and soils. This will provide the basis for the validation of the design methodol ogy
and specifications to be proposed. This aso involves determination of the threshold
values of the material properties defined in the geosynthetic specifications for base
reinforcement.

The outcomes of Task 3 are presented in Chapter 6 and 7.

1.2.4 Task 4. Training and Equipment Construction

The objective of thistask isto provide training to TXDOT personnel on the use of geosynthetics
for pavement reinforcement, particularly regarding the use of the new proposed specifications.
This aso includes training for development and use of the new device by District and CST staff.
A minimum of three classes will be taught at TXDOT facilities. In addition, training will be
arranged for operation of the equipment at the University of Texas laboratories and at TXDOT
material laboratories. The location of the training will be as arranged with the Implementation
Director.

Not only the pullout equipment as developed for Research Project 0-4829 was duplicated but the
equipment is being tailored for efficient operation in TXDOT material laboratories. Accordingly,
a wide-width tensile testing device will also be implemented. It should be noted that the new



testing procedure involves replacement in a load frame of the new pullout device by one of the
clamps of a conventiona wide-width tensile test. Specific components of this task include:

e Development and construction of a wide-width clamping system tailored to suit
existing load frame in the TXDOT materials |aboratory.

e Development of an instrumentation layout and data acquisition system tailored to
suit existing capabilities in the TXDOT materials laboratory

e Pilot testing of the wide-width tensile test implemented in the TXxDOT material
laboratory.

e Development and construction of new pullout system tailored to suit the load frame
inthe TXDOT materials laboratory.

e Development of an instrumentation layout and data acquisition system tailored to
suit existing capabilities in the TXDOT materials laboratory.

e Pilot testing of the wide-width tensile test implemented in the TXDOT material
|aboratory.

Equipment was provided to TxDOT, including clamps, new pullout device, instrumentation and
sensors, and executable software programs for data acquisition. The load frame with operating
load cell and computer for installation of the data acquisition and software was also provided by
TxDOT. A duplicate of the developed small pullout test device was delivered to TxDOT.
Training material and the clamps for wide-width tensile tests will be prepared.

1.2.5 Task 5. Reporting

This task is devoted to the preparation of products and writing of the fina project reports. The
comprehensive report will contain detailed description and documentation of the information
collected in the survey, the experimental component, the new test procedure, and the field
component of this implementation project. This interim report includes all the tasks completed
by December 31, 2009. A subsequent final report with the additional field monitoring data will
be provided at the end of the project.

1.2.6 Task 6. Laboratory Testing of Geogrid Products Other than Those Used in FM 2

Characterization is being conducted of geogrid products from manufacturers different than those
selected for the FM 2 experimental sections. This additional testing program is needed, as testing
of products from different manufacturers will alow minimizing current controversy over the
possible bias in current specifications. This is because the new testing method is based on
mechanical interaction between soil and reinforcement under low strains rather than mere
physical description of the product.

The laboratory testing to be conducted as part of this task involves both characterization tests and
performance tests on geogrid products not used in the FM2 experimental sections. Emphasis will
be placed on the characterization using the modified pullout test used to characterize the
confined stiffness under low strains. Additional tests include wide with tensile tests, single rib



tensile tests, and junction strength. Selection of the products will be conducted in coordination
with TXDOT personnel. The testing program includes the following tests:

e 10 pullout tests, with five measurements of internal displacements
¢ 10 wide width tensile tests

e 10 junction tests

e 10 singlerib tensile tests

o Aperture, thickness characterization

Selection of the backfill material is being conducted in agreement with the findings from Project
0-4829. Tests are being conducted at the Geosynthetics Laboratory at UT Austin. The new
geogrid materials have been delivered to the Geosynthetics Laboratory at UT Austin. These new
geogrids are a polypropylene unitized grid and a polypropylene knitted grid. Pullout tests on the
modified, small pullout device are being conducted. Additional testing for characterization of the
unconfined properties of these new materials will be coordinate with TXDOT personnel.

1.2.7 Task 7. Implementation and Monitoring of an Additional Geogrid-Reinforced Test
Section

Field performance evaluation of sections involving geogrid products from manufacturers
different than those selected for the FM2 experimental sections is needed. Testing of products
from different manufacturers will allow minimizing current controversy over the possible biasin
current specifications. This is because the new testing method is based on mechanical interaction
between soil and reinforcement under low strains rather than mere physical description of the
project.

The scope of this field component includes evaluation of the potential construction project,
assessment of base reinforcement design, procurement of the geogrid material, establishing the
test and control sections, providing support during installation, and conducting initial post
construction monitoring program. The post-construction monitoring program is consistent in
scope with that being conducted in FM 2. Continued monitoring of FM2 was also conducted.

The section to be evaluated was defined by TXDOT personnel. The section location is at the FM
1644 near Calvert, Robertson County, Texas. Geogrid material to be used in the test section,
additional materials, and field personnel were provided by TxDOT. The geogrid is a
polypropylene knitted grid. Small pullout tests are being conducted with this grid and additional
characterization of the unconfined properties of this material will be coordinated with TxDOT
personnel.

1.2.8 Report Outline

This reported is organized as follows. first, a description and the testing matrix for the
traditional, large pullout test device are presented. Second, a description and the testing matrix
for the modified, small pullout test device are presented. Third, the model used to interpret the
pullout test data is presented. In this model the focus is on the interface shear characterization



under low strains, which are representative of pavement conditions. In order to evaluate this
interface, this model uses the parameter Ksg, which has incorporated in it the tensile modulus
under low strains and soil-geosynthetic interface shear behavior under low strains. Fourth, the
pullout test results with two types of soils are presented. Fifth, the preliminary results of the field
testing are presented. These results include FWVD testing, the condition surveys and moisture
monitoring. Sixth, a preliminary analysis performed to correlate field results with laboratory
results is presented. Finally, the conclusion presents a summary of the main points of this report
and the remaining tasks to be performed.






Chapter 2. The Conventional, Large Pullout Test Device

2.1 Description of the Testing Device

The present project involves computation of the tensile modulus under low strains and soil-
geosynthetic interface shear behavior under low strains, namely the parameter Ksgj, which will
be explained in Chapter 4. Thus the focus is on low-displacement rather than limit-displacement
behavior of geosyntheticsin the pullout test.

The large pullout test equipment consists of a steel box with internal dimensions of almost 5 ft
(length) X 2 ft (width) X 1 ft (height) (1.5 m X 0.6 m X 0.3 m). The front end of the box has an
opening of aimost 2 in. (50 mm) and two 3 in. (75 mm) long sleeves to minimize the influence of
the frontal box wall on test results. The original large pullout box was modified to adapt it to the
testing needs for this implementation project. The pullout box, load cell, hydraulic pistons, and
steel plates from the original box were retained in the modified design.

Development of the new large pullout device was guided by lessons learned from evaluation of
preliminary pullout characterization tests. Specifically, issues such as the use of appropriate
clamping system and normal pressure system were evauated in conventional tests to better
develop the pullout box. Also, emphasis was placed in design to have uniform rate of testing
throughout the test. Instrumentation in the pullout box was changed to incorporate better devices
for quantifying soil-geosynthetic interaction precisely. The motivation for this project component
was to enable straightforward, repeatable interpretation of instrumentation results, boundary
conditions, and data to determine the low displacement behavior of the soil-geosynthetic
interface. Also, conducting a large scale pullout test on geosynthetics is a labor intensive and
time consuming process. Therefore, the goal was to decrease the time required to setup the test as
compared to the original design. The five major areas where modifications were done included
the normal pressure system, rate of testing, clamping system, displacement measurement system
and data acquisition system.

2.1.1 Rate of Testing

In the original equipment, an air flow pump was used to push the two hydraulic cylinders located
on either side of the pullout box. This mechanism generated the required force to push the
geosynthetic specimen out of the box for a given test. The use of air flow pump led to pressure
drop at high pullout force magnitudes, resulting in reduction of the speed of piston movement
during the test. In the modified system, the air flow pump was replaced by an electric flow pump.
Due to inbuilt self-compensating system, this electric flow pump prevents the reduction in
pressure thereby generating a constant force through the hydraulic pistons as they moved out of
their core during the test. The new system helped in obtaining a constant rate of testing
throughout the test. To adjust the speed of hydraulic piston movement, a flow regulating valve is
connected to this electric pump system. Also, a needle valve is attached at each piston end. The
needle valve was adjusted to regulate the flow of oil volume entering the piston from the pump.
The flow valve and needle valves were adjusted to obtain the rate of testing from 0.1mm/minute
to 10 mm/minute. Finally, a three way ball valve was attached to the electric flow pump to
control the direction of piston movement during the test. The hydraulic system with all
componentsis as shown in Figure 2.1.



Figure 2.1: Hydraulic system for controlling the rate of pullout testing.

2.1.2 Normal Pressure System

The normal pressure in the origina pullout box was applied by inflating a rubber membrane
sandwiched between confining soil and steel plates placed on top of the pullout box. The system
had drawbacks as it was difficult to generate and maintain the low confining pressures required
to simulate the geosynthetic conditions under pavement realistically. Furthermore, the assembly
of this system was complicated as it required lifting the heavy steel plates manually to the top of
the specimen and tightening 36 bolts to maintain proper contact between the steel plates and the
rubber membrane. The rubber membrane repeatedly developed leaks as it punctured while
reacting against the angular soil particles. This aso led to reduction in normal pressure during
the test.

The new design for the normal pressure system consisted of a rigid assembly as opposed to
flexible assembly used in original design. The modified system consists of three wooden
plywood sheets placed on top of the confining soil. Then, six air cylinders are placed on top of
the last board as shown in Figure 2.2a. The stedl plates are mounted on top of the cylinders and
supported using all-thread rods as shown in Figure 2.2b. These plates are lifted using an
automated hoist attached to an external frame as shown in Figure 2.3. An air pressure valve is
attached to the main line, which is then connected to all the six cylinders. The air cylinders have
pistons that react against the steel plates to generate the uniform normal pressure on the entire
pullout box area. The cylinders were calibrated to compute the force generated by them for a
given air pressure.

This new system is easy to assemble and reduces the test setup time considerably. Also, the
sources of leakage were minimized as compared to the original design. Normal pressure
magnitudes ranging from 1 to 15 psi (7 to 100 kPa) can be applied at the top of the specimen by
changing the number of cylinders and their location in the given system. This normal pressure
system can also be used to conduct reduced volume test by changing the area of pullout box used
for agiven test.
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Figure 2.2: Normal pressure system (a) Air cylinders on top of compressed plywood (b) Top
plates acting as the reaction system.

Figure 2.3: Automated hoist system used to assemble the reaction frame.

2.1.3 Clamping System

The grips required to clamp the geosynthetic specimen play an important role during the test.
The original clamping system for the large pullout test equipment consisted of two plastic sheets
epoxied with the specimen as shown in Figure 2.4a. The sheets and the geosynthetic specimen
were then cured for 24 hours to allow for a bond to develop between the materials. These were
then bolted to two L-shaped angle iron platesin front of the pullout box that were attached to the
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hydraulic pistons during the test. This system had drawbacks as it delayed the test due to long
curing time. Furthermore, slippage at the grips was common at high pullout force levels,
especially when geogrids with thick junctions were used during the test.

To avoid the above problems, a roller grip mechanism was designed to clamp the geosynthetic
specimen to the pullout box as shown in Figure 2.4b. It consists of a steel cylinder with a dlit
where the specimen could be attached and bolted using screws to the main system. The grip was
supported on a trolley system independent of the pullout box to prevent additional extension of
the geosynthetic specimen. The roller grip design helps to prevent the stress concentration at a
single plane throughout the specimen by distributing it uniformly over a wider area. This
mechanism prevents the development of tensile failure in the unconfined portion of the
geosynthetic specimen during testing. The new design requires no curing time and the specimen
can be directly attached to the grips.

Figure 2.4: Clamping system (a) Original design consisting of plastic sheets (b) Modified
designwithroller grips.

2.1.4 Displacement M easurement System

The displacement occurring at low strain levels within the geosynthetic during the pullout test
was an important input parameter for computation of Ksg. The origina displacement
measurement system consisted of linear variable displacement transducer (LVDT) with a hollow
cylindrical core. The displacement was measured as the change in voltage generated due to
movement of rod inside the core. The rod was in turn attached to the geosynthetic by a thread
that was passed through a thin cylindrical pipe. This design had drawbacks as the rod was not
fixed inside the LVDT thereby causing slippage during the test. Also, the thread tended to lose
tension and developed slack if it was not properly attached to the geosynthetic thereby providing
erroneous readings at low displacement magnitudes.

In the modified design, new LVDTs (LX-PA sensors from Unimeasure) were installed,
consisting of a cable and spring assembly. The spring helped maintain a constant pull back
tension on the cable as shown in Figure 2.5a. The moving part of the sensor was attached to the
cable while the spring was fixed to the main body of the LVDT. The cable movement led to pull
on the spring, which was attached to the potentiometer in a Wheatstone bridge circuit. The
change in cable length causes changes in resistance, which was used to compute the required
displacement. The system minimizes the development of slacks as it is pre-tensioned. Also the
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pullback speed of the cable is limited by the torque that can be applied to the spring, thereby
preventing abrupt movements in connecting wire during the test.

The thread in the original design to connect the LVDT cable to the appropriate geosynthetic
point inside the pullout box was replaced by orthodontic wires (manufactured by Lancer
Corporation). These wires are 0.016 in (0.41 mm) thick and essentially inextensible for pullout
force magnitudes used in the present testing. The geosynthetic and wire connection was
improved by sliding a metal bracket at their junction and crimping the assembly in place. This
helped in preventing the slippage of the wire at the connection and minimized the errors in
measurement that could occur due to slack in the system. Finally, an LVDT support system was
installed using a steel angle piece and attached to the back of the pullout box as shown in Figure
2.5b. This helped in preventing the differential movement between the pullout box and the
LVDTsduring the test.

Figure 2.5: Displacement measurement system: (a) spring loaded LVDT (b) support system for
attaching LVDT to the pullout box.

2.1.5 Data Acquisition System

To validate the proposed model that is explained in Chapter 4, the tests were conducted using
seven LVDTs and a load cell. Five LVDTs were placed at the end of the box to monitor
displacement measurements at various locations along the length of the geosynthetic during the
test. The other two LVDTS, one on each piston, were used to monitor the rate at which test was
conducted. Also, a load cell was attached in the front of the box to measure the frontal pullout
force during the test.

To meet the present instrumentation requirements, a new data acquisition system was added to
the pullout box. The new design consisted of a National Instrument NI-USB-6211 card capable
of supplying constant input voltage of £5 Volts as shown in Figure 2.6a. The five LVDTs were
attached to this box, which was programmed to measure the required output from these
instruments. The frontal load cell has output voltage response in range of milli-volts. Therefore,
a data acquisition system consisting of a NI chassis with terminal block SCXI-1520 attached to
module SCI-1314 was used as shown in Figure 2.6b. The chassis was in turn connected to the
PCI-6221 card on the mother board of the computer using a connector block NI-1349 by a 68 pin
cable SHC-68-68-EPM. The system was programmed to supply a constant voltage of 10 Volts
and read an input from a sensor with a sensitivity range of £ 3 mV. Finaly a program was
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written in Labview software version 8.0 from National Instruments (NI) to read the input from
the sensors during testing at 1 second intervals.
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Figure 2.6: Data acquisition system (a) USB-device (b) Frontal unit with a chassis.

2.1.6 Discussion

The schematic layout of the large-scale pullout testing equipment developed as part of this study
isshown in Figure 2.7. The side view of the pullout box includes the details of the reaction frame
system with wooden boards and air cylinders used for applying normal pressure on the specimen
(Figure 2.74). Further, the roller grips and its support trolley designed to avoid stress
concentration at the geosynthetic reinforcement are shown. The top view of the pullout (Figure
2.7b) includes the two hydraulic pistons used to apply pullout force on the specimen. Also, the
five LVDTs used in the test along with the support frame to attach them to the main pullout box
areillustrated.

14



Luadu:ll________Hl_x_ \ L =
5 Ve p—— ~
et P |
gnps :
N
- B
(a)
Rollesgips  HydmulicPistons o
\ Y e Sy
Support system " | T i lI = Lydt's
foeprips ) | i . //
¥ | N4
Load cell | By \ !
(b)

Figure 2.7: Large scale pullout testing equipment: (a) Sde view; (b) Top view.

The modified pullout box system with all the accessories is shown in Figure 2.8. The reaction
frame system was found to be reliable means of applying uniform normal pressure on top of the
geosynthetic specimen. Roller grips were found to be suitable means of clamping different kinds
of geosynthetics used during the test. Further, the use of the new electric pump enabled better
control over the rate of testing, as it could be independently controlled using the flow valve
attached to it. Displacement transducers were attached to new system enabling faster data
acquisition. The above changes led to reduction in test preparation time, better control over test
procedure thereby providing repeatability among similar tests and reducing variability in test
conditions for different geosynthetics. Overall, these modifications led to better equipment
design capable of accurately characterizing low displacement soil-geosynthetic interface
properties in the pullout box to be used for analysis using the proposed analytical model.
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Figure 2.8: Large scale pullout box testing equipment

2.2 Large Pullout Testing Matrix

The experimental component of this study aimed at validating the analytical approach to analyze
the pullout test results and determine the coefficient of soil-geosynthetic interaction (Ksg))
(Chapter 4). Modifications were done to the original equipment used in the preliminary testing
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phase to develop new equipment with capability of measuring low displacement soil-
geosynthetic interaction.

The tests conducted on various geosynthetics along with test setup used for running a given
pullout test are discussed. Thisis followed by explanation of the procedure followed to interpret
results obtained from a given test to estimate the model parameters. The testing matrix
incorporated four different geosynthetics (one geotextile and three geogrids). Two geogrids G1
(Tensar BX1100) and G2 (Mirafi BasXgrid11l) were used along with a geotextile G3 (Mirafi
Hp570) and another biaxial geogrid G4 (Tensar BX1200). Finally, the rationale for their
selection and typical results for each one of them are described.

Based on the current literature, two major concerns are related to laboratory confined test
procedures. First, it is difficult to establish repeatability of test results for a soil-geosynthetic
system subjected to a given normal pressure. Second, the variability in test results reported in the
literature is high enough where to distinguish between the performances of different
geosynthetics. The present pullout testing scheme was planned to address these two issues.
Therefore, preliminary set of tests were conducted on a geosynthetic to determine the capability
of the present equipment to produce repeatable test results. Then the variability in the value of
Ksa for a given test was established. After this initial calibration, various geosynthetics were
tested to obtain the Ksg values under similar testing conditions and values obtained were
compared. To incorporate these features, the overall large pullout testing scheme was grouped
into three main series. Twenty large-scale pullout tests were conducted using four different kinds
of geosynthetics aslisted in Table 2.1. According to Palmeira (2008),

The geosynthetic reinforcements are generally modeled as linear elastic
materials to match the model predictions. When simplifying assumptions are
made, it is possible to make predictions fit reasonably well with the
measurements for the geotextiles. However, in case of geogrids, if itis
assumed as an equivalent rough planar reinforcement, predictions may deviate
from measurements, depending on its geometrical characteristics and soil

type.

Therefore while planning the pullout tests it was decided to conduct an initial series of tests using
geotextile reinforcement. In the first series, eight tests were conducted. The baseline Test 1-1 was
conducted on geotextile specimen (G3) with sand as confining soil. The data analysis procedure
adopted for interpreting results to compute model parameters (T, and J) and subsequently Ksg
value for this test are explained in Chapter 4. The next Test -2 was conducted to establish the
repeatability of test results for the same soil-geosynthetic system as used in Test I-1. The results
were analyzed to establish bounds on values of Ksg obtained from analysis of results for these
two tests. The next three tests (1-3, 1-4, and 1-5) were conducted to quantify the effect of change
in specimen dimensions (from that specified by ASTM standards) on the value of Kgg. In testes
I-3 and I-4, the length of specimen was changed whereas the width was kept same as the initial
specimen. In the Test 1-5, the width of the specimen was decreased. These tests also helped in
guantifying the effect of boundary conditions on the results. Then the effect of normal pressure
on Ksg was evaluated by conducting a test at lower (1-6) and higher normal pressure (1-7) than
used in Test I-1. Finally, the effect of specimen dimension was evaluated by running the test in
machine direction (1-8) than cross-machine direction as used in the Test I-1. The first series of
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tests helped in understanding various components that could influence Ksg value obtained from
the pullout test for a given soil-geosynthetic system.

The second series of pullout tests consisted on eight tests conducted on two geogrid products (G1
and G4) manufactured with the same material. Based on the manufacturing process it was
established that one product had dlightly better performance properties than the other geogrid.
The main objective of this phase of testing was to obtain Ksg) values for both products and check
if the predicted values reflected same performance order as expected based on their
manufacturing quality. Three tests at normal pressures of 1, 3, and 5 psi (7, 21, and 35 kPa) were
conducted on geogrid G1 (11-1, I1-2, 11-3) and geogrid G4 (11-4, 11-5, 11-6) similar to the baseline
test (I-6, 1-1 and 1-7). Then two more tests, one for each geosynthetic were conducted in the
machine direction (I1-7 and 11-8). The results obtained were used to compare the performance of
products of known properties under pullout test conditions. Furthermore, these tests helped in
verifying the applicability of the proposed model and parameter to pullout results on geogrid
reinforcements.

In the third series, four tests were conducted on a geogrid (G2) obtained from different
manufacturer. Tests I11-1, 111-2, and 111-3 were conducted at normal pressures of 1, 3, and 5 psi
(7, 21, and 35 kPa), respectively. The Test 111-4 was conducted in different direction from the
principal direction in Test 111-2. The objective of this series of testing was to compare the
performance of the geosynthetics manufactured using different material from those used in series
.

Overal, the aim of the pullout testing scheme was to establish evidence for capability of the
proposed parameter to compare performance of various geosynthetics in the laboratory setting.
The geosynthetics G1, G2, and G3 were also used in the field test sections. The performance
predicted in terms of Ksg value from pullout test results for these geosynthetics was compared
qualitatively with field measurements and is discussed in the Chapter 7.
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Table 2.1: Testing matrix for large scale pullout testing

Normal . Testing
Series Test Geosynthetic | Type Direction pressure Lenah i rate T%t. . Comments
No. characteristics
kPa (psi) m m mm/min
1 Geotextile G3 XD 21(3) 0.60 0.45 1.0 Baseline
2 Geotextile G3 XD 21 (3) 0.60 0.45 1.0 Repeatability
3 Geotextile G3 XD 21 (3) 0.90 0.45 1.0 Effect of length .
| 4 Geotextile | G3 XD 21(3) 030 | 045 10 | Effect of length eq;?ﬂgfg’:}gﬁggg‘;d
5 Geotextile G3 XD 21(3) 0.30 0.28 1.0 Effect of width model
6 Geotextile G3 XD 7() 0.60 0.45 1.0 Normal pressure
7 Geotextile G3 XD 35(5) 0.60 0.45 1.0 Normal pressure
8 Geotextile G3 MD 21 (3) 0.60 0.45 1.0 Direction
1 Geogrid Gl XD 7(1) 0.60 0.45 1.0 Normal pressure
2 Geogrid Gl XD 21 (3) 0.60 0.45 1.0 Normal pressure
3 Geogrid Gl XD 35 (5) 0.60 0.45 1.0 Normal pressure Test conducted to
4 Geogrid G4 XD 7 0.60 0.45 1.0 Normal pressure compare performance of
I 5 Geogrid G4 XD 21 (3) 0.60 0.45 1.0 Normal pressure | two geogrids from same
6 Geogrid G4 XD 35(5) 0.60 0.45 1.0 Normal pressure material.
7 Geogrid Gl MD 21 (3) 0.60 0.45 1.0 Direction
8 Geogrid G4 MD 21 (3) 0.60 0.45 1.0 Direction
1 Geogrid G2 XD 71 0.60 0.45 1.0 Normal pressure | Test conducted to predict
1 2 Geogrid G2 XD 21 (3) 0.60 0.45 1.0 Normal pressure the performance of
3 Geogrid G2 XD 35 (5) 0.60 0.45 1.0 Normal pressure geosynthetics made of
4 Geogrid G2 MD 21 (3) 0.60 0.45 1.0 Direction different material.

Note: G1 — Geogrid Tensar BX1100; G2 — Geogrid Mirafi BasX11; G3 — Geotextile Mirafi HP570; G4 — Geogrid Tensar BX1200; XD — Cross Direction;
MD — Machine Direction.
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Chapter 3. New Small Pullout Test Device

3.1 Description of the Testing Device

The small pullout test equipment has the same basic components of the large pullout equipment.
The main difference is that the volume of soil used in the small pullout test device is only 4.1%
of the volume of soil used in the large pullout test device. The biggest advantage of the small
pullout test is that it can be performed using basic equipment already commonly found in
laboratories that perform geosynthetic testing. The small pullout test requires only an adaptation
of the equipment used for wide-width tensile strength test of geosynthetics (ASTM standards
D4595 and D6337). A common load frame and the top grip used for the wide-width tensile
strength test are used for the developed small pullout test. Figure 3.1 shows the small pullout test
device of the Geosynthetics Laboratory of the UT Austin.

Asfor the traditional pullout test equipment described in Chapter 2, the same LVDTs are used in
the small pullout test for obtaining displacement readings along the confined geosynthetic
specimen during the test. The small pullout test device consists of a metallic box with
dimensions 15 cm (5.91in.) x 30 cm (11.8 in.) X 25 cm (9.8 in.) (depth x width x length). This box
is attached to an extension frame that accommodates the LVDTs and replaces the bottom grip for
awide-width tensile strength test (Figure 3.1).

Figure 3.1: Small pullout test device.
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3.2 The Small Pullout Testing Matrix

From the beginning of the TXDOT project 0-4829 through December of 2009, 63 small pullout
tests were executed. Table 3.1 summarizes the small pullout tests performed so far.

While performing the Series IV of testing several adjustments and changes were made in the
equipment and test procedure. For example, severa types of wires to be connected to the LVDTs
were used to monitor the displacements along the specimen confined in soil. The final solution
was utilizing steel wires of cobalt alloy of 0.016 in (0.41 mm) of diameter used by orthodontists.
These wires are inextensible yet easy to use. Also, the connection of the load cell with the grip
was changed for a universal joint, which was adapted to be used in this test (see Fig. 3.1).
Moreover, the procedure of how the geosynthetic specimen is attached to the grip was aso
changed after several trials.

Once the equipment and the procedures of the small pullout test were established, tests were
conducted with Monterrey #30 sand (Series V, Table 3.1) and with the same base course material
used in the reconstruction of the FM2 road (Series VI, Table 3.1). The series V and V1 of tests
aim to evauate the performance of different geosynthetics as base course reinforcement of
pavements. The use of the sand is an attempt to utilize a standard soil of easy handling for this
test.

In test series VII (Table 3.1), comparisons between the results of the small pullout test and the
traditional, large pullout test were made. The goal of this series of testing is to evaluate the effect
of the boundary on the results, i.e., the effect of the reduced dimensions of the small pullout box.
The small pullout box has only 4.1% of the volume of the traditional, large pullout test box
described in Chapter 2. Additionally, the front wall of the large pullout box has two Sleeves
(metal piecesin “L” shape) that minimize the effect of this wall on the test results. The small
pullout box does not have this device in the front wall; instead, the solution adopted is using two
layers of grease and two layers of Mylar® sheet (a stiff, thin plastic) to minimize the friction
between the soil and the front wall. In fact, the two layers of grease and Mylar® sheet are also
applied on the side walls of the small pullout box, whereas this is not the case for the large
pullout box.
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Table 3.1: Testing matrix for performed small pullout tests

Series | Goal L?t Sail Geosynthetic | Orientation Eg;‘f('g‘s;“e”t’ Comment
1 Sand GG PET CD 7() Pilot test
2 Sand GG PET MD 21 (3)
3 Sand GG PET MD 21 (3)
4 Sand GG PET MD 7(1)
5 Sand GG PET CD 21 (3)
6 Clay GG PP CD 21 (3)
Development of 7 Sand GG PET MD 7 (1)
N the qui pment 8 Sand GG PP MD 7(1)
(tests listed by 9 Sand GG PP MD 7 (1)
date of execution) |5 [ gang GG PET MD 21(3) Wires on pulleys
11 | Sand GG PP MD 71
12 Sand GG PP MD 21 (3)
13 Sand GG PP MD 35(5)
14 Sand GG PP MD 21 (3)
15 Sand GG PP MD 21 (3)
16 Sand GG PP MD 35(5) Measuring displ. fishing wires

Legend: GG —geogrid; GT — geotextile; PET — polyester; PP — polypropylene; MD — machine direction; CD — cross machine

direction.
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Table 3.1: Testing matrix for performed small pullout tests (cont.)

Series | Goal LSSt Soil Geosynthetic | Orientation Elg)gf(lgggnent, Comment
17 | Clay GG PP CD 21 (3)
18 Sand GG PP CD 7))
19 | sand GG PP CcD 21 (3) McasLring cisp acement with
20 Sand GG PET CD 21 (3)
21 | Sand GT MD 21 (3)
Development of
| theequipment 22 | Sand GT MD 35 (5)
(testslisted by 23 Sand GT MD 21 (3)
date of execution) | o4 Sand GT MD 7 (1)
25 Sand GT MD 35 (5)
26 | Sand GT MD 21 (3)
27 | Sand GT CD 21 (3)
28 Sand GT MD 21 (3)
29 | Sand GT MD 21 (3)
1 Sand GG PP MD 21 (3)
Comparison of the | 2 Sand GG PP CD 21 (3)
v fgg‘;?l‘;ﬁ e‘:f « |3 |sand GG PP CD 35 (5)
confined in sand 4 Sand GG PET MD 21 (3)
5 Sand GG PET MD 21 (3)

Legend: GG — geogrid; GT — geotextile; PET — polyester; PP — polypropylene; MD — machine direction; CD — cross machine

direction.
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Table 3.1: Testing matrix for performed small pullout tests (cont.)

Series | Goal LSSt Sail Geosynthetic | Orientation Elggf(lggnent, Comment
6 Sand GG PET CD 21 (3)
7 Sand GG PET CD 21(3) Evaluation of test repeatability
8 Sand GG PET CD 21 (3) with GG PET
9 Sand GG PET CD 21(3)
10 Sand GG PET CD 35 (5)
11 | Sand GT MD 21 (3)
Comparison of the | 12 | Sand GT MD 21 (3) Evaluation of test repeatability
vV performance of 13 Sand GT MD 21 (3) with GT
e geoymnetics 14 | sand GT MD 21(3)
Central portion of specimen
15 Sand GT MD 21 (3) folded transverse to pullout
direction
16 | Sand GT MD 35 (5)
17 | Sand GT CD 21 (3)
18 | Sand GT CD 35 (5)
19 | Sand GG PP2 MD 21 (3)
1 Gravel GG PP MD 21 (3)
Comparison of the | 2 Gravel GG PP MD 21 (3)
v (B2 fgg;?}?ﬁe‘zfcs 3 |Gravd |GGPP CD 21 (3)
confinedin gravel | 4 Gravel GG PET MD 21 (3)
5 Gravel GG PET CD 21 (3)

Legend: GG —geogrid; GT — geotextile; PET — polyester; PP — polypropylene; MD — machine direction; CD — cross machine

direction.
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Table 3.1: Testing matrix for performed small pullout tests (cont.)

. Test . . , . Confinement,
Series | Goal NC Soil Geosynthetic | Orientation kPa (psi) Comment
6 Gravel GT MD 21 (3)
Comparison of the 7 Gravel GT MD 21 (3)

V] performance of 8 Gravel GT CD 21 (3)
the geosynthetics | g Gravel GGPP2 MD 21 (3)
confinedingravel 5™ T gravel | GG PP2 MD 21 (3)

11 Gravel GGPP2 CD 21 (3)
Evaluation of 1 Sand GG PET MD 21(3) Total volume of the box
boundary effects: utilized
tests performed in | 2 Sand GT MD 21(3)

VIl the traditional, -
oapiloiie |9 s corer MP la@ o one e
device MD volume of the small pullout

4 |sad GT 21(3) box

Legend: GG — geogrid; GT — geotextile; PET — polyester; PP — polypropylene; MD — machine direction; CD — cross machine

direction.

26




Chapter 4. The KSGI Model for Analysis of Pullout Test Data under
L ow Displacements

Various theoretical and empirical procedures have been developed in order to model the soil-
geosynthetic interface mechanism during pullout. These procedures can be grouped into two
broad categories: limit equilibrium method and analytical methods. The limit equilibrium
methods neither give sufficient information on the pullout force nor displacement and strains
developed in the reinforcements prior to failure (Rowe and Mylleville, 1994). On the other hand,
analytica methods can be used to predict displacement, strains, and force generated in the
reinforcement during the deformation as well as failure (Sugimoto and Alagiyawanna 2003).

Analytical solutions to interpret and analyze data obtained by pullout test have been proposed by
Juran and Chen (1988), Yuan and Chua (1991), Abramento and Whittle (1995), Sobhi and Wu
(1996), Alobaidi et a. (1997), Madhav et a. (1998), Perkins and Cuelho (1999), Pameira
(2004), and Teixeira et a. (2007). These models vary in their assumptions with respect to the
constitutive material properties, the load transfer mechanism at the interface, and the shape of the
load-strain curve during pullout. In general, these analytical models are used to predict the load-
displacement curve of soil-geosynthetic system under confinement.

The analytical models for pullout test interpretation were developed for MSE wall design and
focus on predicting the maximum pullout force magnitudes. Because the focus of current
analytical solutions is prediction of failure conditions, the displacement profile from frontal
LVDT isthe only displacement value used to predict the response of the geosynthetic for given
load magnitude. However, the primary goal of pullout tests in the present implementation project
istheinitial stiffness of the soil geosynthetic interface and it required a model that could capture
small displacement behavior for application to reinforced pavement design.

This section describes the differential equation governing the behavior of soil-geosynthetic
interaction in the pullout test. Then, the methods proposed by current analytical models to solve
this equation are listed. Finally, the limitations of these solutions for their applicability to
reinforced pavement design are discussed.

4.1 Governing Differential Equation

A pullout test is conducted by sandwiching a geosynthetic of known length, L, and width, W,
between two soil layers inside the pullout box. Normal pressure is then applied on the top of the
soil-geosynthetic interface to represent the field conditions under which geosynthetic is expected
to perform. Finally, the geosynthetic is clamped at the loading grips and is pulled out of the box
assembly at a constant rate of displacement and the required force is measured. The pullout force
F measured during the pullout test is generally reported as a normalized value per unit width of
the specimen and has units of force per unit width (i.e., Ib/ft or kKN/m). The same convention was
used throughout this analysis.

Geosynthetics are categorized as extensible and inextensible reinforcements depending on strain
magnitude required in mobilizing the maximum tensile strength. For inextensible geosynthetics
the peak strain values range between 2%-5% whereas for extensible geosynthetics they are
greater than 10%. McGown et al. (1978) reported different load-deformation response for soil
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reinforced with these reinforcements as shown in Figure 4.1. In this study, the soil-geosynthetics
interaction behavior was analyzed in small displacements regime.

Soil and inextensible reinforcement

Soil and extensible reinforcement

Unreinforced soil

Axial load

Axial strain

Figure4.1: Axial load-strain relationship for soil reinforced with various reinforcements
(adapted from McGown et al., 1978).

4.2 Shear Stress-Confined Force Relationship

Consider a geosynthetic element of length ox, confined inside the pullout box and subjected to
force F in the pullout direction. Then the shear stress 1(x) is mobilized along its surface, such
that the force is dissipated along its length. Assuming no extensibility of reinforcement, the free

body diagram for points A and B on the either side of the element can be given as shown in
Figure 4.2.

Figure 4.2: Free body diagram for geosynthetic element of length Jdx in pullout test.

The force equilibrium can then be written in differential form as follows:

F(X)— (F(X)—dF (X)) = 2.7(x).dx (4.2
r(x) =+ 9F) 4.2)
2 dx

Let us assume that strain e(x) develops in the element of Iength dx due to the change in confined
force (dF) between two points. Then, the confined force and strain are related through confined
stiffness J;. of the geosynthetic and is given as,
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F(x)=J,.6(x) (4.3)

The strain developed in the geosynthetic element of length dx can then be related to the
displacement in the reinforcement, dw;, as.

X (4.4)
By substituting Equation 4.4 into Equation 4.3,

F(x):.]c.M

oX (4.5)

Differentiating above equation with respect to x, gives

F(N _ 9°w, (X)
X © ox? (4.6)

Substituting Equation 4.6 into Equation 4.1 gives,

=13, 2%
2V ox 47)

9w, (X) _27(x)
ox? J

c (4.8)

The above expression is a second-order differential equation governing the soil-geosynthetic
interface behavior during the pullout test. The equation relates the displacement w(x) with the
shear stress 1(x) developed at the soil-geosynthetic interface in terms of confined stiffness J; for
geosynthetic element of length ox in the pullout test.

4.3 Assumptions | nvolved

The expression derived in Section 4.2 was used to predict the behavior of the soil-geosynthetic
interface in a pullout test is a second-order differential equation. The solution to the governing
equation requires defining three relationships. The first relation defines shape of force-strain
curve for the given geosynthetic element for computing the value of confined stiffness J.. The
second relation defines the value of the relative displacement w, of the reinforcement in relation
to the soil. Finally, the distribution of shear stress t(x) for given displacement w; (x) for an
element of length dx, needs to be defined. Perkins and Cuelho (1999) developed the solution for
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the governing equation of geosynthetic element in a pullout test using assumptions related to
each of the above relationships. The three assumptions were related to:

e Geosynthetic load-strain relationship
¢ Absolute movement of soil surrounding the geosynthetic

¢ Relationship to describe shear stress-displacement response

Based on the assumptions made, the governing equation can then be solved by incorporating
appropriate boundary condition for a given pullout force measured during the test, to obtain the
distribution of displacement along the length of the geosynthetic and quantify the soil-
geosynthetic interface.

4.3.1 Geosynthetic L oad-Strain Relationship

An assumption is required for predicting the confined stiffness of the geosynthetic during the
pullout test. It has been modeled as linear (Wilson-Fahmy et al., 1994), non-linear (Perkins and
Cuelho, 1999), or equal to unconfined stiffness of the geosynthetic obtained from the wide-width
in air tensiletest (Ochiai et al. 1996, Sierra et al. 2009).

In the solution proposed in this study, the force-strain relationship for a given geosynthetic was
assumed linear and proportional to the confined stiffness of the soil-geosynthetic system. It
differs from the current models that assume a linear relation based on the stiffness of the
geosynthetic obtained from the unconfined tensile test to predict the behavior under confinement.
Due to interlocking in geogrids or impregnation of geotextiles with the surrounding soil, the
transverse ribs or fibers are mobilized, leading to additional components that help dissipate the
load throughout the length of the geosynthetic. This is not captured by the stiffness value of the
geosynthetic obtained from isolated unconfined tensile tests in uniaxia direction. This
assumption better represents the response of geosynthetics under pullout test conditions as shown
in Figure 4.3. Therefore, under confinement, geogrids mobilize the junctions of longitudinal and
transverse ribs that do not occur under unconfined loading conditions.
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Unconfined for ceresponse Confined forceresponse

>

Figure 4.3: Response of geosynthetic: (a) Unconfined force (b) Confined force (c) Longitudinal
ribs mobilized under unconfined loads (d) Both longitudinal and transverse ribs
mobilized under confined loading conditions.

The entire geosynthetic is mobilized as a response for applied force under confinement for a
given soil-geosynthetic system. Accordingly, the longitudinal ribs develop less strain for the
similar magnitude of force. Thus, value of confined stiffness of the geosynthetic is greater than
the unconfined stiffness of the geosynthetic as shown in Figure 4.4.

Force, F (x), kKN/m

Strain g(x), %

Figure 4.4: Difference between confined and unconfined stiffness of a geosynthetic.

4.3.2 Absolute M ovement of Soil Surrounding the Geosynthetic

The differential movement ow at a point along the reinforcement is sum of two components dws
and ow,. According to Sobhi and Wu (1996), “ The component dws is defined as the displacement
due to shear strain at the soil-geosynthetic reinforcement and ow, is defined as the displacement
due to tensile elongation of reinforcement.” For the present analysis dws was considered to have
zero magnitude and ow; was considered equal to the total displacement measured during the test.
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In other words, the soil is assumed stationary and all the displacement measured during the test is
assumed to occur in the geosynthetic reinforcement, which equals the displacement at the
interface. Sobhi and Wu (1996) assumed no slippage occurs at the soil-reinforcement interface
and the displacement undergone by the soil and reinforcement in a bonded manner is negligible.
The above assumption can be expressed in the mathematical form using the following equations:

OW(X) = ow, (X) + ow, (X) (4.9
ow, (x)=0 (4.10)
IW(X) =AW, (X) (4.11)

4.3.3 Shear Stress- Relative Displacement Relationship at the Interface

Juran and Chen (1988) indicate that modeling of the load transfer mechanism generated in a
pullout test requires an appropriate interaction law to relate the shear stress mobilized at any
point of the interface to the reinforcement displacement. In previous studies, the distribution of
shear stress has been assumed constant (Sobhi and Wu, 1996), linear (Abdelouhab et al., 2008),
bi-linear (Juran and Chen 1988, Madhav et al. 1999), non-linear (Perkins and Cuelho, 1999) or
hyperbolic (Gurung and Iwao, 1998) with increasing geosynthetic displacement magnitude.
Also, Sugimoto and Alagiyawanna (2003) showed that the direct evaluation of the interface
properties from the ultimate state may not be appropriate to simulate the actual geosynthetic
behavior in reinforced soil masses before failure in a pullout test. Sobhi and Wu (1996) defined a
[imit shear stress for a pullout test that was lower than the maximum shear stress and a function
of overburden pressure applied to the soil-geosynthetic interface. They showed results from
finite element analyses indicating development of uniform shear stress independent of the frontal
pullout force magnitude and length of the geosynthetic.

The analyses in this study assumes a parameter called as yield shear stress (ty), which is assumed
to be uniform over the active length of the reinforcement (explained in Section 4.2). The yield
shear stressis a key parameter for a given soil-geosynthetic system subjected to normal pressure
and is independent of the displacement at a point along the confined length of geosynthetic as
shown in Figure 4.5. It is computed based on the movement of LVDTs used in the test and has
lower magnitude than that obtained from maximum pullout conditions (Tm). In principal, the
yield shear stress is a parameter that accounts for shear, bearing, and passive mechanisms
experienced by the geosynthetic in the pullout box at small displacements.

The above assumptions can be used to solve the governing differential equation for the pullout

test of a geosynthetic. The solution can be used to obtain the displacement, strain and force at
any point x along the length of the geosynthetic. Derivation of the governing differentia
equation is discussed in this chapter.
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Shear stress, 7, kKN/m?

Displacement (mm)
Figure4.5: Shear stress distribution as a function of displacement at a given point

4.4 Displacement Distribution along Geosynthetic Length

Assuming that the shear stress is constant and equal to the yield shear stress 1y, and substituting
ow for dw;, as derived in Equation 4.11, the governing differential Equation 4.8 at any given time
t for agiven frontal pullout force, can be written as,

w09 _27,
ox* J.

(4.12)

Two model parameters are 1y and J. Previoudly, both parameters were assumed to have a unique
value for a given pullout test. Therefore, the right hand side of Equation 4.12 can be assumed
constant and be replaced by 3:

c (4.13)

where 3 is a constant. Substituting Equation 4.13 into Equation 4.12,

9*W(X)

ox>

= (4.14)

Integrating both sides, we obtain

M) =pBx+C
X ' (4.15)
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Then the strain at any confined point x can be expressed as shown in Equation 4.15 and can be
written as:

e(x) = fx+C, (4.16)

Then the force at any point x can be given by substituting the Equation 4.16 in Equation 4.13,

F(x)=J.e(x)=J..(8x+C)) (4.17)

Further integrating both sides of Equation 4.15, leadsto

W(X) = E,B.x2 +C,.x+C,
2 (4.18)

where C; and C, are constants whose values can be estimated using boundary conditions. The
expressions derived in Equations 4.16, 4.17 and 4.18 above can be used to predict the strain,
force and displacement profile a any point x within the pullout box in terms of model
parameters T, and J; provided C; and C, are known.

4.5 Boundary Conditions

The governing differential equation for the pullout test is of the second-order form and requires
values of two coefficients for complete solution. These coefficients are required to obtain the
distribution of the displacement profile for a given force along the length of the geosynthetic as
shown in Equation 4.18. The coefficient values are computed based on the boundary conditions
adopted by a given model while proposing a solution to the governing equation. The boundary
conditions involve knowing two quantities at a given instant of time. These are generally force at
pullout end and displacement at other end of the specimen. Therefore, a known force value at
one boundary and known displacement value at other boundary at any given instant of time can
be used to solve for both coefficients.

For the force boundary condition, the force at pullout end of the specimen is known at any given
time and can be used to solve for one coefficient (C; in this case). Because the analytical
solutions for pullout test were developed in previous studies to assess the collapse of MSE walls,
the focus has to be modeling of the failure conditions. Therefore, the displacement boundary
condition in these solutions was based on the mobilization of the entire length of the
geosynthetic. It was assumed that when maximum pullout force was reached in a given test, the
entire length of the geosynthetic is mobilized and displacement at the embedded end is zero. This
condition was then used to solve for second coefficient (C; in this case). The magnitudes of these
coefficients were finally used for predicting the displacement distribution for the entire
geosynthetic length at failure.



However, the applicability of pullout tests to reinforced pavement design involves understanding
of the soil-geosynthetic interface stiffness developed at low displacement magnitudes. The
solution is thus required to model the entire frontal force and displacement curve for a pullout
test with emphasis on capturing the initial displacement mobilized at the interface. In other
words, the solution requires a displacement boundary condition such that it can be solved for
increment of frontal pullout force value throughout the test and not the maximum pullout force
alone. The displacement values for a given frontal force can be obtained by integrating the strain
profile over the entire length of the geosynthetic. Consequently, solutions for second coefficient
have involved assuming a strain distribution and solving it to predict the subsequent
displacement profile for the entire geosynthetic length.

Two methods have been proposed in the literature to solve the coefficient for second boundary
condition in regards with strain distribution. The first approach involves solving the
displacement boundary by assuming constant strain distribution over the entire length of the
geosynthetic. The second approach involves assuming a linear distribution of strain and
substituting the value for the coefficient from another test like wide width tensile test or direct
shear test. This solution is then used to predict displacement profile along the length of the
geosynthetic. Thus, these models proposed in the literature utilize the force boundary condition
at the pullout end and assume one of the possibilities listed above to substitute for the second
boundary condition. The limitations of these methods to solve for displacement boundary
condition are discussed in Sections 4.5.1 and 4.5.2.

4.5.1 Constant Strain Distribution

A constant strain distribution assumes the uniform strain between two measurement points. Then
the average strain between these points is calculated based on the displacement measurements
made using LVDTs during the test. This approach was proposed by Ochial et a., (1996) and the
strain throughout the entire length of the geosynthetic was assumed as a step function.

The above assumption is illustrated in Figure 4.6. Consider a geosynthetic of confined length L
subjected to pullout force Fp, at a given timet, as shown in Figure 4.6a Then let x4, X2 and X3 be
three points on the geosynthetic such that the distance between 1 and 2 isL; and 2 and 3 is L.
Also, the displacements for given force are d;, d, and d; at these three points. Then using the
above assumption of constant strain, its value can be calculated. The resulting strain and
displacement profile predicted based on above assumption is shown in Figure 4.6b and 4.6¢c
respectively.

Based on model assumptions it can be seen that strain is a linear function whereas displacement
is a quadratic function over the length of the geosynthetic for given frontal pullout force (as
shown in Equation 4.16 and 4.18). However, the assumption of constant strain leads to linear
distribution of displacement along the length of the geosynthetic—i.e., the value for the second
coefficient is assumed zero. The equation for displacement distribution can be obtained for the
given geosynthetic under pullout conditions by integration of the strain relationship. The actual
strain profile is not a series of discrete values but a continuous function along the entire length of
the geosynthetic whose magnitude decreases from pullout end to the embedded end.
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This approach under predicts the strain magnitude at points closer to the pullout end and over
predicts the strain at point closer to the embedded end of the geosynthetic. Furthermore, based on
pullout test results conducted as part of this implementation project it was observed that the
actual displacement profile along the length of the geosynthetic is parabolic in shape rather than
linear. Therefore, the constant strain assumption leads to error in displacement prediction at low
strain magnitudes.

d
(a) FP, at any time't l l dz d3
- —& 1

L .
X1 1 Xy 2 X3 Confined
Pullout length end
forceend

(©) dy
Predicted

Figure 4.6: Predictions based on constant strain distribution: (a) Schematic of displacement
profile for given pullout force (b) actual vs. predicted strain distribution (c) actual vs.
predicted displacement.

452 Linear Strain Distribution

This assumption involves modeling the strain distribution as a continuous function over the
mobilized length of the geosynthetic. The solutions incorporating boundary condition based on
this hypothesis represent the model conditions realistically. Two approaches have been reported
in the literature to model this behavior.

The first approach involves assuming the strain distribution under confined conditions in the
reinforcement equals that under unconfined conditions. In other words, these models assume
confined stiffness equal to the unconfined stiffness of the geosynthetic. Then knowing the frontal
force, the strain magnitude is calculated as shown in Equation 4.17. Once the strain magnitude is
known, the displacement value can be calculated by integrating Equation 4.16. Sierra et al.
(2009) proposed a load transfer model to predict force-displacement relationship of the geogrid

36



under pullout conditions by subdividing it into rheological units but used |oad—elongation curves
from tensile tests on the geogrids.

The other approach involves developing the entire solution and then calibrating the second
coefficient from a test other than the pullout test. Sobhi and Wu (1996) proposed a model to
predict pullout force and displacement at a point under confined conditions but it required
another test as proposed by Ling et a. (1992) to calibrate the model. The drawback of this
approach is that the strain levels used to calibrate the parameter are different from one observed
in the pullout test. This leads to test results that are sensitive to small changes in value of the
assumed parameter. Furthermore, this approach does not utilize all the displacement data
obtained using various LVDTs across the length of the geosynthetic but uses only frontal LVDT
to match the results.

4.6 Discussion

The current analytical solutions either incorporate the limited data obtained from the pullout test
or use other tests to predict the model parameters. The assumptions made in the current models
with regard to second boundary condition lead to errors that are critical when predicting the
behavior of the soil-geosynthetic interface at regime of low displacements. However, the primary
goal of pullout tests in the present implementation project was the application to reinforced
pavement design. To avoid any unrealistic assumptions, the proposed model in this
implementation project suggests a new approach to compute the second boundary condition. The
data obtained from LVDTs at various points along the length of the geosynthetic is taken into
account to model the soil-geosynthetic behavior realistically.

4.7 Soil-Geosynthetic I nteraction M odel

The solution for governing differential equation of the pullout test involves two coefficients. The
first coefficient can be computed by using the force boundary condition at the pullout end of the
geosynthetic. The second coefficient is computed using assumption regarding strain distribution
within the geosynthetic for a given force level. The limitations of this approach were discussed in
the section 4.6. The soil-geosynthetic interaction (SGI) model is proposed as part of this
implementation project that involves a different approach in terms of displacement rather than
strain values to compute the second boundary condition for the pullout test.

Specifically, rather than assuming the strain distribution for a given geosynthetic, the incremental
distance travelled by increase in frontal pullout force through the confined geosynthetic
specimen length during the test is monitored. In other words, the length of geosynthetic
mobilized for a given frontal pullout force value is computed. This concept was proposed by
Sobhi and Wu (1996) and called active length of reinforcement where the force is zero within the
embedded geosynthetic for a given magnitude of frontal pullout force. The similar definition for
active length (L") of the geosynthetic was adopted in the present model. However, it is different
from the total length (L) of geosynthetic specimen used in the pullout test, which is a fixed
quantity and does not vary with frontal pullout force during the test. The active length increases
with increasing frontal pullout force and becomes equal to the total length only when the entire
geosynthetic is mobilized.

The SGI model uses this concept of active length to define the second boundary condition during
the pullout test. The active length of the geosynthetic for a given frontal pullout force valueisthe
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point where the force front has just been reached. Because the geosynthetic is in equilibrium, the
force and displacement at any location in the confined geosynthetic beyond this point beyond is
zero. Thus, a boundary condition can be defined at this point where the displacement magnitude
is known (zero for the given case). This boundary will move towards the embedded end of the
geosynthetic from the pullout end as the frontal pullout force increases during the test.

The boundary condition is based on evaluating the equilibrium of the mobilized geosynthetic
length for a given pullout force magnitude. Rather than monitoring the conditions at the far end
of the geosynthetic at maximum pullout force, the conditions at this moving boundary are
analyzed at every increment of frontal pullout force during the test. This additional boundary
condition in terms of known displacement magnitude is then utilized to obtain the solution for
the governing differential equation of the pullout test for a geosynthetic.

4.7.1 Proposed Solution

As described above, the active length of reinforcement L' is a boundary condition where the
displacement equals zero. Then, the frontal boundary condition where frontal pullout force Fy is
known along with displacement boundary condition at point L' can be used to solve for Equation
4.18 to obtain displacement distribution for the given geosynthetic as shown below.

Applying the boundary conditions to solve for coefficients C; and C; a a given frontal force
magnitude as derived in Equation 4.18,

At x=0, F(x=0) =Fp (Measured frontal pullout force) (4.19)
At x=-L’, w (x=-L") =0  (Moving boundary condition) (4.20)

To obtain the value of C; Equation 4.17 can be solved by using boundary conditions as shown in
Equation 4.19. Then,

¢ -Fe

Je (4.21)

Furthermore, solving Equation 4.18, using boundary conditions as shown in Equation 4.20, and
substituting C; from Equation 4.21, we get C, as follows;

F 12
c, =gt
Je 2 (4.22)
Now substituting the values of C;, C, and B in the Equation 4.18 we obtain the expression for
displacement w(x) at any confined point x for a given frontal pullout force F, in terms of 1y, J,
and L’ as,
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T T
w(x):—y.x2+i.x+E.L'——y.L'2
oo Jde Je (4.23)
Rearranging,
L+X ,
w9 = EF, -7, (L)
C

(4.24)

To obtain the strain distribution, the above equation can be differentiated with respect to x, the
strain g(X) at any point can be given as,

owx) _ 1

—[F+27,X

=" 73

(4.25)
Then the force at any point X can be given by substituting the expression above in Equation 4.17,

F(x)=J.&(xX)=F, +27,X (4.26)

Furthermore, for a given pullout force F,, the force at point L’ (i.e., at the end of the boundary) is
zero. Thus, substituting for x = -L’ in Equation 4.26, we obtain

F(X:—L):FP—Z.Ty.L:O (427)

y (4.28)

Thus, the point L’ where the force front has just been reached for a given frontal pullout force
can be calculated knowing the yield shear stress parameter. Substituting the above expression for
L’ in Equation 4.24, the displacement distribution can be obtained in terms of model parameters
Ty and Jc as,

T 2
w(x) = L .x* + Fe Fe
J J

c c ytte (429)

Thus, using the Equations 4.24, 4.25 and 4.29, strain g(x), force F(x) and the displacement w(x)

at apoint x can be calculated for a given frontal pullout force F, in terms of yield shear stress, Ty
and confined stiffness J; of the geosynthetic.

4.7.2 Parameter for Geosynthetic Reinfor ced Pavement

The boundary conditions used to solve the governing differential equation for the pullout test
was explained in Section 4.7.1. However, the focus of conducting the pullout tests was to
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guantify the soil-geosynthetic interaction at low displacement magnitudes and their subsequent
application to geosynthetic reinforced pavement design. In continue a parameter was defined
based on the solution of the pullout test equations developed above, which is considered
representative of the stiffness of the system. This parameter was used to quantify the governing
mechanism of lateral restraint for reinforced pavement design. It will also be shown that this
parameter can be used as an index for comparing performance of various geosynthetic under
confined condition.

Conventional analysis of pullout test has been limited to defining the relation between frontal
pullout force and frontal pullout displacement to capture ultimate pull out force corresponding to
the failure condition. In this approach, LVDTs are used only to monitor general movement of the
geosynthetic. Where this approach is suited to characterizing the failure conditions, it does not
provide insight into the interactions developed between soil and geosynthetic at low
displacement magnitudes. For capturing the interface behavior redistically, it is necessary to
compute force values where the displacements are being measured during the pullout test.
Therefore, the current study analyzes LVDTS' readings before the failure conditions occur. The
relationship thus developed can be used to determine the response of geosynthetic for given
displacement increment. Using the relationship, the tensile force can be estimated at the locations
of the LVDTSs. This can then be translated to quantify the soil-geosynthetic response to obtain a
measure for lateral restraint mechanism developed in the reinforced flexible pavements by using
pullout test data. Thus, equations were solved to obtain the relation between confined force and
displacement in terms of model parameters as shown below.

Replacing F, in Equation 4.29 with Equation 4.26, we get

7, , (FXW-27,%) (F(x)-27,%?
W(X) = —.X" + X+

J. J. 4r,J, (4.30)
F(x)*
W) =
4r,.J. (4.31)
F(x)? = (4.7,.3,).W(x) (4.32)

This is the governing equation for the soil-geosynthetic interaction in the pullout test at each
point on the geosynthetic. It suggests that the displacement at a point is related to square of the
force at that point through parabolic relation and the constant is given by Equation 4.32. The
force and displacement at any given point x throughout the geosynthetic can be related by model
parameters, i.e., yield shear stress t, and confined stiffness J. of the soil-geosynthetic system.
The solution proposed here is similar to one proposed by Bergado et al. (2008), which assumed
the parabolic function between displacement w(x) and distance x.

The above model parameters can be lumped into a single constant, called coefficient of soil
geosynthetic interaction (Ksg), that can be directly estimated using the pullout test and is given
as
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Ke =47,.J; (4.33)

Then Equation 4.32 can be written as

F(X)* = K, W(X) (4.34)

According to Bonaparte et al. (1987), “There are two important soil-reinforcement interaction
characteristics for design: soil reinforcement interface shear behavior and the influence of soil
confinement on tensile characteristics of the reinforcement.” Therefore, constant Ksg allows for
combing both these characteristics in a unified approach and evaluating them quantitatively. The
parameter Ksg can be used as an index for comparison of performance for various geosynthetic
in the pullout test. For a geotextile, it is typically expected that the yield shear stress would be
higher whereas the confined stiffness would be lower than that obtained for a geogrid using the
same soil and confining pressure in a given pullout test. Because the above constant is function
of both interface shear and confined stiffness of the system, it can be used to compare the
performance of both geogrids and geotextiles using the same criteria. Moreover, it can be
calibrated using the data obtained only from the pullout test thereby eliminating the need to use
other tests.

The current pavement design methodologies require a modulus as an input for design. Thus,
while designing a geosynthetic reinforced pavement, the effect of geosynthetic cannot be directly
input using Ksg value. Therefore based on above model, an equivalent confined modulus Msg
at agiven displacement w(x) was calculated as,

M Gl ~ &
Vw(x) (4.35)
F 2
M = Ke _ (X)A(X) _F(x¥)
VW) ~ W(X)

In other words, confined modulus Msg, is defined as the ratio of the confined force F(x) to the
displacement w(x) at a given point x. The units of confined modulus are that of stress (psf or
kN/m?). Further theoretical and experimental investigations may correlate the obtained Mg
value with actual pavement modulus.

(4.36)

The analysis of pullout tests to obtain coefficient of soil-geosynthetic interaction (Ksg), which
can be used to quantify the low displacement interface behavior of soil-geosynthetic system, was
described. Based on this discussion, Ksgy may present a better index for geosynthetic reinforced
pavement design addressing the lateral restraint mechanism at low displacements. On the other
hand, the coefficient of interaction (Ci) is better for defining the ultimate loading conditions,
which can be used for designing M SE walls at large displacement magnitudes.
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4.7.3 Parameter Estimation Using Pullout Tests

The SGI model involves estimating constant Ksg for a given soil-geosynthetic system under
confinement. Ksg) is a product of two parameters: confined stiffness J. of the reinforcement and
yield shear stress ty of soil-geosynthetic interface. They can be estimated based on the data
obtained by conducting a pullout test. This involves analyzing the equilibrium of the soil-
geosynthetic system for an increment in frontal pullout force (at each time step) and solving the
system of equations derived above. The steps followed to obtain the parameters are illustrated by
solving a hypothetical pullout test as described below.

Consider a geosynthetic specimen of known dimensions (e.g., 2 ft (0.6 m) confined length and
1.5 ft (0.45 m) width as per ASTM standards) placed in a standard soil in a pullout box. The
normal pressure is applied at the top of the specimen to simulate the confinement load similar to
one expected in field conditions. Furthermore, the frontal pullout force value at any given time
can be measured by means of a load cell attached to the front of the box. A number of linear
variable differential transducers (LVDTS) are attached aong the length of the specimen at known
distances from the front to the embedded end of the specimen. The test is performed by pulling
out the specimen at constant rate of displacement. The data obtained consists of the force reading
from the load cell and the displacement readings of the confined points obtained from various
LVDTs.

For analysis of the results, let us consider a point at distance x; from the front end of the
specimen on which the pullout test is performed as shown in Figure 4.7a. Then, the distribution
of the frontal pullout force with displacement at x; is given as shown in Figure 4.7b. The frontal
pullout force F,; increases with time as the test progresses till it reaches maximum pullout force
value. This curve is used for estimating coefficient of interaction C; for the given soil-
geosynthetic system. The magnitude of maximum pullout force obtained during the test is
designated as Frax.

F(p) Xi
Front of the box | O
@
F(p)
N Fmax
Fp.t
X, movesatt; ~ | W(x),

(b)

Figure 4.7: Pullout test model for hypothetical point xi: (a) Location inside the pullout box (b)
Assumed frontal force vs. displacement profile at any given timet.

Let usassume an LVDT is attached to point x; such that the displacement w(x;) with increase in
frontal pullout force Fy; a any given timet can be measured. Then, the distribution of force and
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displacement at point x; for given magnitude of frontal pullout force F, at any given timet, can
be divided into three categories as shown in Figure 4.8a. The graph can then be expressed in
mathematical form as follows:

For t<t, F(Xi:)=0 and  w(Xy) =0 (4.37)
At t=t, F(Xy)=0" and w(xy)=0" (4.38)
For t>t, F(X)>0 and w(X)>0 (4.39)

Using the above equations displacement w(x) and force F(x) can be computed for point x;. The
resulting profile for force and displacement at any timet at x; are shown in Figures 4.8a and 4.8b.

w(x) 4 i
N> e .
F(x) T Xikll ®) X
Fp,(t>ti)//v i
oty \
Fo(t<t) 8 R

©

Figure 4.8: Distribution for hypothetical point x; based on the proposed model: (a) Frontal
force Fp, (b) Displacement, w(x), (¢) Confined force F(x), at any given timet.

The step-wise procedure for parameter estimation based on the proposed model is as follows:

(a) Computeyield shear stress
Let the force front just reaches the point x; at time t; as shown in Equation 4.38 above.

Then, t=t, F(X)=0 (4.40)
As shown in Equation 4.26, the force at any confined point x; at timet, isgiven as

F(xi't) =Fp, + 2.ryxi (4.41)
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Substituting Equation 4.40 in Equation 4.41 above, yield shear stress at each point can be
computed as follows;

;o= (4.42)

If more than one LVDT is used during the test, then the value of 1, can be calculated at each
LVDT point and the average value can be used for the analysis. Because of the rigid-perfectly
plastic assumption made for the behavior of the soil-geosynthetic interaction, the values of t, are
expected to be similar at all the LVDT locations. Consequently, adopting an average t, value
between subsequent LVDTs is considered a reasonable assumption. Also, as a first
approximation t, value can be estimated knowing the maximum pullout force Fna and total
length of confined specimen, L;

F
7 =L max 4.43
V=L (4.43)
The value of 1, obtained using Equation 4.43 is generally higher than one calculated based on
Equation 4.42 as the pullout force increases even after the entire length of the geosynthetic has

been mobilized.

(b) Calculating confined force F (xi;) at a point x;
At any timet > t;, the confined force at the point x; is greater than zero. It can be calculated using
Equation 4.41 because yield shear stress t, and frontal pullout force Fy; are known;

F(X.)=Fp +27,X%

Because an LVDT is attached to the point x;, the displacement w (xi;) for a given frontal pullout
force Fp; is known. Then the results can be combined to plot the calculated confined force F (xiy)
vs. measured displacement w (x;;) as shown in Figure 4.9a.

(c) Estimating confined stiffness, J.
Because the force and displacement at point x; are known and also yield stress ty, the J. value can
be directly obtained as shown in Figure 4.9b. It can be also calculated based on Equation 4.32.

F(x,)?=(47,3)wW(X,) (4.44)
_ F(x)?
¢ 4.Ty.W(Xi’t) (4.45)
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Figure 4.9: Based on proposed model, for hypothetical point xi: (a) F (xi) vs. w (xi), (b) KSGlI,
at any given timet.

(d) Computing coefficient of soil geosynthetic interaction, Ksg and equivalent confined
modulus at a given displacement, Mg
Knowing J; and 1y, Ksg valueis calculated as follows:

Ke (%) =47,.J; (4.46)

Then for any given displacement w (x;) (generally 0.04 in (1Imm) for simplicity) Msg can be
calculated as follows:

M. (X )_F(Xi,t)_\/A"Tyi":jc_\/KfSGI
S _W(Xi,t)_ W(Xi,t) B W(XM) (4.47)

The above procedure can be repeated for any instrumented point to obtain the coefficient of soil
geosynthetic interaction from a pullout test.

(e) Check the estimated parameters
Let us assume another point x; inside the pullout box such that an LVDT is attached to it. Then
the value of w (x;) for a given Fp; is known throughout the test. As 1, and J. were estimated from
point x;, they can be used to predict the displacement profile at point x; using the Equation below.

2
T F F

A
3. J 47,3,

W(X j,t) =

c (4.48)
Then the measured and predicted value of w (x;) can be compared to check the accuracy of
estimated parameters; T, and Jc.

(f) Using regression analysis
The data obtained from the pullout test can be used in alinear regression model to estimate the

value of Ksg. The regression model can be setup by applying transformation to Equation 4.48
for al the LVDTsasfollows:

Y(X) =B X+ B, X, + B3 X, (4_49)

In the above model, Y (X) is the independent variable, X1, X,, X3 are the dependent variables and
B1.. B2, B3 are the coefficients such that,
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Y(X) =w(x,)

(4.50)
X, = X2 (4.51)
X, = Fog X, (4.52)
Xy = FP,t2 (4.53)
T
B, = J_y (4.54)
1
B=— (4.55)
J;
1
- 4,
& 47,3, (4:55)

The analytical model assumptions allow for regression analyses on data obtained during the test
until maximum pullout force is reached. The inverse of coefficient B3 then gives the value of
Ksai. Thisanalysis helps to estimate bounds and confidence intervals on estimated value of Ksg;.
Furthermore, it can be compared with the value of Ksg obtained based on analytical solution
proposed above.

4.7.4 Repeatability of the Estimated Parameter

Section 4.7.3 detailed the procedure to estimate the model parameters t, and J. based on pullout
test data. Specifically, it involved monitoring the frontal pullout force and displacement at a
confined point inside the pullout box. The above analysis can be extended to any point inside the
pullout box and the two model parameters can be obtained to compute the value of Ksg. This
section discusses the repeatability of model parameters and Ksg for a given soil-geosynthetic
system tested at given confining pressure in the pullout test. In other words, the value of Kgg is
independent of the location of LVDT where displacement measurements are made during the
pullout test.

Let us assume three instrumented points X1, Xz, and X3 on a geosynthetic confined inside the
pullout box as shown in Figure 4.10a Then, Fy;is the pullout force at any given time t and the
maximum pullout force at the end of the test is Fna. The variation of frontal pullout force with
displacement at each instrumented point is as shown in Figure 4.10b. Based on the location of
three points, the force front reaches them at different times. The point x; is the closest to the
pullout force end and thus experiences force and displacement earlier than x», followed by xs3. As
the force front reaches the points X;, X, and Xz, they begin moving at times ti, t;, and t3
respectively. After the entire length of the geosynthetic is mobilized, the peak pullout force
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magnitude Fnax IS reached and there is no further change in the frontal pullout force with increase
in the displacement of the points Xy, X2, and Xs.
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Figure 4.10: Pullout test on a geosynthetic: (a) Instrumented points at distance xi, X, and X3 (b)
Frontal pullout force vs. displacement profile for three points.

Then the data obtained from the pullout test can be analyzed based on the proposed model to
obtain the displacement and force profile at any given time t for the entire length of the
geosynthetic as shown in Figures 4.11a and 4.11b respectively.
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Att,--

v

v

Xl' Xz: X3' X
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Figure 4.11: Based on analysis of pullout test data, profiles at three points for any given timet:
(a) Displacement with length (b) Force with length.
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Then the information obtained above can be combined to plot the individua confined force vs.
displacement profile at points x1, Xo, and X3 as shown in Figure 4.12.
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<
o S >
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(©
Figure 4.12: Confined force vs. measured displacement profile at point: (a) X1 (b) X2 (C) Xs.

Furthermore, by solving the equations developed for the proposed model, the values of both
parameters t, and J; can be calculated at each of the three points X1, X2, and xs. Then the curves
can be combined to get confined force vs. displacement relationship for the soil-geosynthetic
system as shown in Figure 4.13a. Findly, as shown in Figure 4.13b, the value of soil-
geosynthetic interaction coefficient for the entire test can be obtained. This value of Ksg appears
to be unique for a given soil-geosynthetic system at a given confining pressure. Hence, it can be
used as a parameter for predicting the performance of geosynthetics under confinement at low
displacements as in the case of geosynthetic- reinforced pavements.
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Figure 4.13: Plot for given soil-geosynthetic system at known confining pressure for all LVDTs
used during a test: (a) Confined force vs. displacement (b) Ksg

4.7.5 Discussion

The interpretation of the pullout test results based on an analytical model requires an accurate
evaluation of the displacement and force distribution throughout the geosynthetic specimen at
any time during the test. Section 4.7.4 listed the features of proposed analytical model to
characterize the soil-geosynthetic interface properties at low displacements under confined
conditions. Based on the analysis of the pullout test data a unique parameter Ksg can be
calculated to quantify this behavior.

The proposed approach has advantages over available models as it uses only the pullout test data
and makes realistic assumptions in solving the governing differential equation. Further, it allows
for calculating a single value that can be used as the basis for comparing performance of two
different types of geosynthetics, i.e., geogrids and geotextiles or similar products placed under
same working conditionsin the field. This approach is suitable for reinforced pavement design as
it involves parameters that characterize the interaction under low displacements of the soil-
geosynthetic interface.
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Chapter 5. Pullout Test Results

5.1 Materials: Soilsand Geosynthetics

5.1.1 Sails

Two types of soils were used, a sand and a gravel. The sand soil is the Monterrey No.30 sand
(Figure 5.1), which was used for the initial baseline series of large pullout testing of
geosynthetics and for the small pullout tests. The reason for this selection was the commercial
availability of the soil and existing geotechnical database available to characterize the given soil.
Furthermore, the volume of soil required to run a full scale pullout test was large, therefore the
ease of handling of Monterey No. 30 sand in sample preparation and post-processing phase of
the test made it a suitable choice.

Figure 5.1: Monterey No. 30 sand bags

Monterey No. 30 sand is clean uniformly graded sand classified as SP in the unified system and
gradation curve of the soil is as shown in Figure 5.2. The particles are rounded to sub rounded
consisting predominantly of quartz with a smaller amount of feldspar and other minerals
(Zornberg, 1994).
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Figure5.2: Gradation curve of Monterey No. 30 sand (Li, 2005)
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The properties of Monterey No. 30 sand (Y ang, 2009) arelisted in Table 5.1.

Table5.1: Soil propertiesof Monterey No. 30 sand

Soil Type Monterey No. 30 sand
Dso 0.016 in (0.4 mm)
Uniformity coefficient, C, 3.0

Coefficient of gradation, Cq 11

Specific gravity, Gs 2.65

Soil classification SP

Max. dry unit weight, g, max 106 pcf (16.7 kN/m®)
Min. dry unit weight, Yq. min 94 pcf (14.76 kN/m®)
Maximum void ratio, emnax 0.76

Minimum void ratio, €nin 0.56

The shear strength of the soil is reported based on large scale triaxial tests performed by Li
(2005). The specimens had a diameter of 6 in (152 mm) and a height of 12 in (304mm). The
specimens were prepared at a relative density of 48% and 65%. The test results indicated
decrease in strain at peak deviatoric stress with increasing relative density of the soil. The
mechanical properties for Monterey No. 30 sand are reported in Table 5.2. The stress-strain
curves obtained from triaxial tests are as shown in Figure 5.3. At the relative density of 65%,
peak friction angle of sand was 35° and residual friction angle was 31°.

Table 5.2: Mechanical properties of Monterey No. 30 sand (Li, 2005)

Dr (%) 48 65

Y 98.8 pcf (15.54 kN/m®) | 101.2 pcf (15.91 kN/m®)
o' (0 316 35.2

(o 0 0

The gravel was used only in the small pullout tests. This gravel is the same base course used on
the FM2 site, which was obtained from the Fuqua contractor’s yard in Navasota, Texas. It met
the requirements of TX DOT Item 247, Flexible Base, type “A” Grade 1. The base course was
transported from the contractor’s yard to the geotechnical testing laboratory at UT Austin in two
plastic drums of 55 gallons each.

As per ASTM D 2488, the base course was classified as silty gravel with sand (GM). The
average specific gravity (Gs) of Base course was obtained as 2.68. Using a standard sieve
analysis procedure (ASTM D 422), 4.41 |b (2000 gr) of base course were used to determine the
grain size distribution as shown in Figure 5.4. Vaues for Dio, D3o, Deo, in addition to the
uniformity coefficient and the coefficient of gradation, are shown in Table 5.3.
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Figure 5.3: Results of triaxial compression test on Monterey No.30 sand: (a) deviatoric stress
and axial strain; (b) volumetric and axial strain; and (c) compression and volumetric
strain, (Yang, 2009).

Based on the grain size distribution data presented in Table 5.3 and Figure 5.4, the values of Cc
and Cu were calculated as shown in Table 5.4. As per ASTM D 2487, the base course was then
classified as silty gravel with sand (GM-ML).
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Figure 5.4: Particle size distribution curve for Base course used on FM2.

Standard proctor compaction tests (ASTM D 698) were performed on the Base Course materials.
The results obtained from tests performed using the standard proctor procedures are summarized
in Table 5.3. The curve obtained using the procedure is as shown in Figure 5.5. The optimum
water content, in addition to the corresponding maximum dry density is presented in Table 5.3.
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Figure 5.5: Sandard Proctor Compaction curve for base course used on FM2
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Table5.3: Properties of Base course used on FM2

Test Index Parameter Vaue gt?agc'jvlar d
Soil Classification GM-ML D 2488
Specific Gravity Specific Gravity, Gs 2.6 D 854
Dio, in (mm) 0.024 (0.6) D 422
D30, in (mm) 0.24 (6.0) D 422
Particle size analysis Dso, in (Mm) 0.43 (10.8) D 422
Uniformity coefficient, C, 18.0
Coefficient of gradation, C. 5.6
Standard Proctor Optimum water content, % 75 D 698
Compaction L\)/(I:??erljrrg%jry unit weight, yq 140 (22) D 698

5.1.2 Geosynthetics

The material used in the first series of pullout tests was geotextile (G3). It is a polypropylene
woven geotextile manufactured by Mirafi and branded as HP-570 (Figure 5.6a). Wide width
tensile test were conducted on the geotextile specimens similar to those conducted on both
geogrids. In accordance with ASTM D4595 (2001), an 8 in. (200mm) wide and 4 in. (100 mm)
long specimen of geotextile was prepared from the geosynthetic roll for the given test and
attached to the load frame as shown in Figure 5.6b. The geotextile was tested in machine and
cross machine direction at four different rates of testing (1%, 5%, 10%, and 20% strain rate per
minute).

The average results obtained from a series of five tests conducted at each of the four strain rates
are shown in Figure 5.7. The average tensile stiffness obtained at rate of testing of 1% for the
two directions of the geotextile is shown in Table 5.4. The test results indicated that the
geotextile was stiffer in cross-machine direction than machine direction. Furthermore, the tensile
strength of geotextile was dependent on strain rate adopted for the test. It increased with increase
in strain rate used in the test. The results of pullout tests conducted using the geotextile are
discussed in Chapter 5.
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Figure 5.6: Geosynthetic used for baseline tests (a) Geotextile (G3); (b) specimen used in wide-

Figure 5.7: Wide width tensile test results for geotextile at different strain rates (a) Machine
direction (b) Cross-Machine direction

(b)

width tensile test

Table5.4: Widewidth tensiletestsresultsfor the geotextile

Properties Units 1% strain per minute

MD XD
Stiffness at 1% strain kip/ft (kN/m) | 42.3 (618) 56.5 (825)
Stiffness at 2% strain kip/ft (kN/m) | 40.7 (595) 47.7 (697)
Stiffness at 5% strain kip/ft (kN/m) | 32.1 (469) 33.3(487)
Stiffness at 10% strain kip/ft (KN/m) | 29.2 (426) | 26.2 (383)
Stiffness at maximum load Kip/ft (kN/m) | 26.6 (389) 21.0 (307)
Strain at maximum load % 20 20

The two geogrid products used in this test series (Tensar BX-1100 (G1) and Tensar BX-1200
(G4), Figure 5.8) were obtained from Tensar Earth Technologies. Geogrid G1 was used in the
preliminary series of the testing program as described in Chapter 3. It was decided to compare its
performance with another geogrid product that had similar physical properties but was reportedly
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used for conditions that require better performance. Therefore, geogrid G4 was obtained from the
same manufacturer to evaluate the properties of both geosynthetics under pullout conditions to
validate the proposed model. These geogrids are marketed for the pavement reinforcement
purposes, with geogrid G4 being considered superior in performance to G1. Evaluation of the
Ksai value for these a product reportedly of better performance (G4) was expected to lead to a
higher value of Ksg.

Figure 5.8: Geogrids: (a) Tensar BX-1100 (G1); (b) Tensar BX 1200 (G4) (adapted from
Finnefrock, 2008)

The two geogrids have similar physical properties. Both these geogrids are integrally formed,
punched-and-drawn polypropylene (PP) grids featuring raised protrusions at each rib
intersectionsto provide a structural abutment when placed between soil layers. They have similar
physical dimensions—i.e., aperture size and rib shape. The major difference between the two
geogrids is the unconfined tensile strength, with the BX-1200 having a higher tensile strength in
both machine and cross-machine directions than BX-1100. The index values of both products as
reported by Tensar (2002) are listed in Table 5.5.

The geosynthetic G2 is a Mirafi BasX-11 geogrid as shown in Figure 5.9. The geogrid has an
aperture size of 1 in (25 mm) in both machine and cross-machine direction. The manufacturer
reported similar tensile strength in the machine and cross-machine direction for geogrid G2 (1.98
kip/ft (29 kN/m)). The manufacturing process involved in this geogrid is different from geogrids
used in test series-11 of this implementation project.

The geogrid G2 differs from geogrid G1 as it has no distinct protrusions at the junction of
longitudinal and transverse ribs. The geogrid G2 has similar properties in both principal
directions whereas G1 had stronger cross-machine direction than machine direction. However,
the unconfined tensile strength of geogrid G2 was greater than G1 in both directions.
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Figure 5.9: Geogrid G2 with machine and cross-machine direction

Table5.5: Propertiesof geogrids G1 and G4 (Tensar, 2002)

Property Test Method Units Gl G4
Rib Shape Observation N/A  Rectangular  Rectangular
Rib Thickness Cdlipers mm 0.76 1.27
Nominal Aperture Size [.D. Calipers mm 25 33
Junction Efficiency GRI-GG2-87 % 93 93
Flexura Rigidity ASTM D1388-96 Tr% 250,000 750,000
Aperture Stability Modulus | Kinney (2001) m- 0.32 0.65
at 20 cm-kg (2.0 m-N) N/deg

viimmum True i ASTM D6637-01

- MD KN/m 250 410

- XD kN/m 400 620
Tensle strength at 5%

strain

- MD KN/m 7 13

- XD KN/m 11 19
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5.2 Pullout Test Results
5.2.1 Large Pullout Testswith Sand

Series|: Large Pullout Tests to Calibrate the Model

Test I-1, aswas shown in Table 2.1, is designated as the baseline test for calibrating the proposed
analytical model. The specimen for geotextile (G3) was prepared with dimensions of 0.6m length
and 0.45m width as per the guidelines described in ASTM D6706 (2003) for conducting pullout
test. Five LVDTs were used at the horizontal spacing of aimost 4 in. (100 mm), 8 in. (200 mm),
12 in. (300 mm), 18 in. (450 mm), and 24 in. (600 mm) from the front end of the specimen as
shown in Figure 5.10. The advantage of having five LVDTs was that the displacement profile
throughout the length of the geosynthetic could be monitored. Furthermore, the readings from
three LVDTs could be used to calibrate the model parameters and the other two LVDTs could be
used to verify them. However, for the present anaysis all the five LVDTs were used for
parameter estimation.

Figure 5.10: Location of LVDTs on geosynthetic specimen for Test I-1 with dimensions of 0.6m
confined length and 0.45m width (All dimensionsin millimeters)

Monterey No. 30 sand was used as the confining soil. The normal pressure applied at the top of
the specimen was 3 psi (21 kPa). The displacement rate of testing was set to Imm/min. The
value of frontal pullout force (Fy) for displacement measured at location of five LVDTs was
obtained from the given test as shown in Figure 5.11. The maximum pullout force value for the
given test was 1 kip/ft (14.5 kN/m).

After completion of the test, the data was analyzed to obtain the two parameters yield shear
stress (ty) and confined stiffness (J:) proposed in the analytical model. The yield shear stress (ty)
could be obtained either graphically or using equations proposed by the model. For computation
of 1, graphically, data obtained from pullout test in terms of frontal pullout force and
displacement at each LVDT were plotted as a function of time from the start of the test as shown
in Figure 5.12a This plot helped to determine the magnitude of frontal pullout force when each
LVDT just started to move (Fp through Fys). That is, the magnitude of frontal pullout force
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corresponding to the active length of reinforcement was defined. Then, these values were plotted
against the location of each LVDT on the geosynthetic specimen as shown in Figure 5.12b.
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Figure5.11: Frontal pullout force vs. displacement curve for each LVDT
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The line was then fitted through these points and its slope was determined. Because shear stress
is mobilized on top and bottom of the specimen, its value was half of the value obtained from
sope of the curve. The yield shear stress (ty) for the given soil-geosynthetic system was
calculated as 219 psf (10.5 kN/m?).

Alternatively, the magnitude of frontal pullout force at which each individual LVDT starts
moving can be determined from the test data. At this frontal pullout force, the active length of
reinforcement is known and is equal to the location where the LVDT was placed before the start
of test. Thus, the value of yield shear stress can be calculated using Equation 4.43 as shown in
Table5.6.

Table5.6: Computation for yield shear stress

LVDT Location from Timeto start of | Force Yield Shear

Number front end, L' displacement | Fp Ty=Fy/2L’
mm seconds kip/ft (kN/m) | psf (kN/m?)

1 100 466 0.21 (3.0 313 (15)

2 200 562 0.38 (5.5) 271 (13)

3 300 669 0.47 (6.8) 229 (11)

4 450 820 0.63 (9.19) 209 (10)

5 600 1014 0.83(12.22) | 229(11)

The present model assumed a constant value of Ty throughout the geosynthetic specimen for the
given test. However, in the above analysis, the first LVDT had higher shear stress value and last
two LVDTs have lower values than those obtained from middle LVDTSs. Thus, it can be seen that
yield shear stress was influenced by the boundary conditions. Theoretically, the results from the
LVDT located in the very middle of the specimen, could be the best estimate for ty. However, in
reality many factors can locally affect the results of the middle LVDT. Therefore, for calculation
purposes, an average value of 1, was assumed for the entire test for a given soil-geosynthetic
system subjected to a known normal pressure. Because of edge effects are expected to affect
primarily the data collected using LVDTs 1 and 5, averages using the datafrom LVDTs 2, 3, and
4 are considered a better estimate of ty.

To compute the value of confined stiffness (J;), it was necessary to obtain the confined force and
displacement response at each LVDT. Therefore, after computing the yield shear stress 1y, the
confined force F(x) at LVDT point x;, for a given frontal pullout force F, was estimated as
shown in Equation 5.1 as,

F(x)=F,+27 X (5.)

The confined force F(x) and displacement w(x) at each of the five LVDT points is shown in
Figure 5.13. The LVDTs 2 and 3, which are in the middle of the geosynthetic specimen, were
least influenced by the boundary conditions and had similar confined force and displacement
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response. This trend was as hypothesized by in the development of the analytical model, where it
was suggested that the confined force and displacement response is unique for a given soil-
geosynthetic system.
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Figure 5.13: Confined force vs. displacement curve for baseline test

The next step in the analysis involved determining the magnitude of the confined stiffness (J;)
for the given system. It could be estimated graphically by plotting the square of the confined
force at a point vs. displacement at that point as shown in Figure 5.14. Then, the slope of this
curve directly gives the value of constant Ksg;, which can be used to back-calculate the value of
J. for a given average value of 1, using Equation 5.1 This graphical method was used in the
present analysis to estimate this parameter.

K
J. = —L (5.2
4.2'y

Alternatively, J. could be computed by using Equation 4.45 shown below for a given value of
confined force and displacement at a point.

F(x)°

. w0) (5.3)

C

The average value of confined stiffness based on the data obtained from LVDT 2 (at 0.04 in (1
mm) displacement) was estimated at 40.4 kip/ft (590 KN/m).
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Figure 5.14: Estimating Ksz graphically

Alternatively, after computing the value of two model parameters (knowing the t, and J
magnitude mathematically), the value of Ksg could be obtained using Equation 4.46. For the
given test, Ksg Was estimated at 24990 kN%m? (or 24.9(kN/m)*mm). The above value of Ksg
can aso be converted to equivalent modulus Msg a 0.04 in (1 mm) displacement using the
Equation 4.47, which was given as,

Mo (x) = | Ksat _ \/ 24990 _ s000kN / m? (5.4)
w(X;) 1/2000

Finally, the prediction of the pullout force and displacement based on estimated parameters Ty,
and J. were compared with that measured during the test at al the five locations using the
Equation 4.48.

2
T F F
Yox PPl x4 P

! j
J. J 4.2'),.\]c

W(Xj,t):

The curve showing the predicted vs. measured displacement is shown in Figure 5.15. Good
agreement was obtained between the measured and predicted values of frontal pullout force and
LVDT displacements at five LVDT locations in terms of two model parameters.

The regression analysis was conducted on the data obtained from the pullout test to directly
obtain the Ksg value as discussed in Section 4.7.3. Furthermore, the upper and lower bounds on
the estimates of Ksg were established as shown in Table 5.7. Based on these results it was
estimated that the variation in Ksg value for a given test is within 1000 (kN/m)%m for 95%
upper and lower bound interval.
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Figure 5.15: Comparison of measured and predicted data for frontal pullout force vs.
displacement for the baseline test

Table5.7: Regression analysisto obtain K sg

Ksai 24663 (kN/m)?/m
Upper 95% 25840 (kN/m)%m
Lower 95% 23991 (kN/m)?/m
Observations 619

R Square 0.995

t Sat 55.51

P-value 6.7E-242

Sandard Error 9.16E-07

The procedure detailed above was used for data analysis of tests conducted using large scale
pullout system to estimate the model parameters (t, and J). These parameters were used to
compute coefficient of soil-geosynthetic interaction (Ksg) for given system. The results for tests
listed in Table 2.1 are presented to calibrate the model and the average value of Ksg obtained in
each caseis reported.

Repeatability

To check the repeatability of tests for given soil-geosynthetic system with the pullout apparatus,
Test -2 was setup under similar conditions as Test 1-1. A new specimen of geotextile (G3) was
tested with Monterey N0.30 sand at 3 psi (21 kPa) normal pressure. The rate of testing during
both tests was maintained at 1 mm/minute. The frontal pullout force vs. displacement of first
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LVDT for both tests is shown in Figure 5.16a. The value of maximum pullout force obtained in
Test 1-2 was 0.83 kip/ft (12.1 kN/m) as compared to 1 kip/ft (14.5 kKN/m) for Test I-1.
Furthermore, the yield shear stress obtained based on analysis of Test 1-2 was 215 psf (10.3
kN/m?) as compared to 219 psf (10.5 kN/m?) for Test I-1 as shown in Figure 5.16b.

Figure 5.16: Test conducted for repeatability: (a) Frontal pullout force vs. displacement for
LVDT 1inTest -1 and Test I-2 (b) Yield shear stressfor Test I-2

Based on the magnitude of ty, confined force values at each LVDT point were calculated to
compute J.. The values of confined force vs. displacement for LVDTs 1 and 2 for both test are
shown in Figure 5.17a and 5.17b respectively. The LVDT 2 readings for both tests showed better
match specifically at low displacement magnitudes (till 1 mm) as compared to LVDT 1 due to
less effect of boundary conditions on it. Thus LVDT 2 was used in case 2 to compute the
confined stiffness J. value.
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Figure 5.17: Comparison of confined force vs. displacement profile for Tests -1 and I-2: (a)
LVDT 1 (b) LVDT 2

Using the above values of F(x) and w(x), Ksg value was calculated for Test 1-2. The comparison
of slope for the curve obtained by plotting square of confined force with displacement for LVDT
2 for both tests is shown in Figure 5.18. The value of Ksg was dlightly lower than that obtained
in Test I-1. However, the slope of the curve showed good agreement at the low displacement
magnitudes (less than 0.04 in (1mm)), which is the area of concern for current analysis. It should
be noted that Figure 5.18 shows the data recorded between 0 and 0.2 in (O and 5 mm) of
displacement. Some initial nonlinearity observed in the figure could be associated with slacks in
the geosynthetic taken by the initia loading. Because of this initial nonlinearity an offset
correction was adopted, and the Ksg value was subsequently calculated for an interval ranging
from 0to 0.04 in (0 to 1 mm) after offset correction whenever needed.
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Figure 5.18: Comparison of Kgs values obtained for Tests 1-1 and I-2 graphically

The average vaues of each parameter for both tests are reported in Table 5.8.
The results obtained from both the tests indicated less variability in the model parameters (i.e., J,
1, and Ksg) when compared to pullout test parameters (i.e., Fnax and Tmax). Also, the value of
Ksa from both tests were comparable and within the range of confidence intervals as determined
in the previous case. Note that, Ksgi, Ty, and J. can be considered small displacement parameters.
This is because Ksg and 1, are measured at small displacements values and J. is determined by
dividing Ksg by 4ty,. On the other hand, Fmnax and tmax are determined at the end of the pullout
test, i.e., after the failure, when large displacements have devel oped.

Table5.8: Repeatability of test results

Test Specimen dim. Pullout parameters Model parameters Constant
L w Fmax Tmax Je Ty Ksal M sGi,1mm
m m kN/m kKN/m®  kN/m kN/m®*  (kN/m)’m  kN/m*
-1 0.60 0.45 14.5 12.1 590 10.5 24780 4978
[-2 0.60 0.45 12.1 10.1 570 10.3 23484 4846

Effect of Specimen Length

The effect of change in specimen length was quantified by conducting tests at two different
specimen lengths of 0.9m and 0.3m from the baseline specimen length of 0.6m. The width of
specimen in al these tests was 0.45m. The LVDTs were relocated on both specimensin Test 1-3
(3 ft (0.9 m) long) and Test -4 (1 ft (0.3 m) long) as shown in Figure 5.19a and 5.19b
respectively. The tests were conducted by applying anormal pressure of 3 psi (21 kPa) on the top
of soil-geosynthetic specimen.

The frontal pullout force values corresponding to displacements for the four tests (Test I-1, I-2, |-
3, and I-4) are plotted for LVDT locations 1 and 2 as shown in Figure 5.20a and 5.21b. Based on
the results obtained from these tests it was observed that the maximum pullout force increased
with the increase in the length of the specimen for the same width.
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The results were used to compute the value of the yield shear stress for Tests -3 and 1-4 as
shown in Figure 5.21a and 5.21b respectively. In Test I-3, due to increase in the length of the test
specimen, the front of the specimen was stretched (extensibility) before the force reached its
back end, thereby causing non-uniform yield shear stress distribution in the specimen close to
maximum pullout resistance value. Thus the model assumptions were not valid in this range of
pullout force. This can be seen for LVDT 5 in Test 1-3, which moved at lower shear stress value
that the rest of the specimen. Thus, it was not used to compute t, value. Further, this aso
indicated there is limiting value of specimen length for which model assumptions are valid at a
given confining pressure.
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Figure5.19: LVDT location for Tests -3 and I-4 with specimen width of 1.5 ft (0.45 m) and
confined length: (a) 3ft (0.9 m); (b) 1ft (0.3 m) (All dimensionsin millimeters)
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Figure 5.20: Frontal pullout force vs. displacement for Tests -1, -2, I-3 and I-4 at location: (a)
LVDT 1 (b) LVDT 2
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The value of yield shear stress obtained from each test was used to calculate the confined force
values for each LVDT location as shown in Figure 5.22. The results were used to compute the
Ksar value for Tests I-3 and 1-4.The results of confined force and displacement at LVDT location
2 for the four tests are as shown in Figure 5.23.
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Figure 5.22: Confined force vs. displacement for Tests|-1, I-2, I-3 and 1-4 at point X,
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Figure 5.23: Comparison of K value obtained for Tests1-1, 1-2, I-3and -4

The values of confined stiffness J;. and constant Ksg, based on analysis of data obtained for the
tests, are shown in Table 5.9. Based on the results, it can be concluded that the change in the
length of specimen does not affect the confined stiffness of the geosynthetic significantly (I-1, I-
2, 1-3, and I-4). This is because J; is determined by dividing Ksg by 41y, and both Ksg and 1y
change in the same direction in each of Tests I-1 to 1-4. Therefore, J. value does not change
significantly. Furthermore as the specimen length decreases, the yield shear stress decreases
thereby reducing the corresponding value of Kgg).

Table5.9: Effect of specimen length on K sg,

Test Specimen dim. Pullout parameters Model parameters Constant
L w Fmax Tmax Jc Ty Ksai M sGi,1mm
m m KN/m  kN/m®*  kN/m kN/m? (KN/my¥m  kN/m?
-1 0.60 0.45 145 12.1 590 10.5 24780 4978
-2 0.60 0.45 12.1 10.1 570 10.3 23484 4846
-3 0.90 0.45 16.9 9.4 575 12.0 27600 5254
-4 0.30 0.45 7.4 12.3 585 4.0 9360 3059

Effect of Specimen Width

The effect of specimen width on model parameters was evaluated by conducting a reduced width
test on the geotextile. The Test I-5 was setup under similar conditions as Test 1-4 but with a
specimen width of 0.9 ft (0.28 m) instead of 1.5 ft (0.45 m). The new locations of LVDTSs for
specimen dimension of 0.3m length and 0.9 ft (0.28 m) width are as shown in Figure 5.24. The
specimen was confined in Monterey No. 30 sand and normal pressure of 3 psi (21 kPa) was
applied at the top of soil-geosynthetic interface. The rate of testing was Imm/minute.

72



Figure5.24: LVDT locations for Test 1-5 with confined length of 0.3m and width of 0.28m (All
dimension in millimeters)

The comparison of results obtained for frontal pullout force from LVDT 1 for Test I-4 and I-5is
shown in Figure 5.25. The maximum pullout force magnitude obtained in Test |-5 had a value of
0.6 kip/ft (8.7 kN/m), which was greater than value of 0.51 kip/ft (7.4 kN/m) obtained for Test I-
4. Thus, reducing the width of the geosynthetic specimen for similar test conditions in a pullout
box lead to its stiffer response in term of pullout resistance.
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Frontal pullout force, Fp (kN/m)
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Displacement, w(x,), mm

Figure 5.25: Comparison of frontal pullout force vs. displacement response for Tests -4 and 1-5

Similar observations were made by theoretical and experimental studies carried out by Hayashi
et a. (1996) and Ghionna et a. (2001). They showed that for geosynthetic specimens having a
width smaller than the pullout box, a three-dimensional soil dilatancy effect develops. The non-
dilating zones in the soil surrounding the narrower geosynthetic specimen (i.e., zone a in Figure
5.26a) behave as arestraint against soil dilatancy in the dilating zone (i.e., zone b). This leads to
generation of additional shear stresses at the border between the two zones thereby increasing the
effective normal stress on the soil-geosynthetic interface and, consequently, an increase of
pullout resistance. When a wider specimen is used, the soil dilatancy effect from the edges is
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reduced as shown in Figure 5.26b because the soil area that blocks the dilatancy decreases.
Therefore, it is recommended to use the geosynthetic specimen with width comparable to that of
the pullout box used for testing it.

@) | ®)

Figure 5.26: Dilation mechanisms for narrow and wide specimens in pullout test (adapted from
Ghionna et al., 2001)

The yield shear stress based on the test data was cal culated as shown in Figure 5.27. The value of
yield shear stressin this case was 319 psf (15.3 kN/m?), which was greater than 83 psf (4 kN/m?)
obtained in Test 4 and 219 psf (10.5 kN/m?) obtained in the baseline Test I-1. The results
confirm the above hypothesis of the influence of soil dilatancy leading to increase in the yield
shear stress value when the specimen width is smaller than the box dimensions.
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Figure 5.27: Yield shear stress calculation for Test 1-5

The value of 1, was used to compute the confined force at al the LVDT locations. The
comparison of Kgg value for Tests -4 and 1-5 is as shown in Figure 5.28. It can be observed that
the response of the geosynthetic is stiffer in Test I-5 when compared to that of Test I-4.
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Figure 5.28: Comparison of Kg values for Tests -4 and 1-5

The above plot was used to compute the values of J. and Ksg for Test I-5. The comparison of
test results for Tests I-4 and I-5 is shown in Table 5.10. It can be seen that reducing the width of
the specimen led to increase in the value of yield shear stress and Ksg significantly (> 250%).
However, similar to Table 5.9, because both Ksg and 1, change in the same direction, J; value
does not change significantly.

Table 5.10: Effect of specimen width on K g,

Test Specimen dim. Pullout parameters Model Constant
parameters
L W Fmax Tmax Je Ty Ksal M sGi 1mm
m m kN/m KN/m?>  kN/m  kN/m?>  (KN/m)*m kN/m?
I-4 0.30 0.45 7.4 12.3 585 4.0 9360 3059
I-5 0.30 0.25 8.7 145 550 15.0 33000 5745
% Increase -44 18 18 -6 275 250 88

Effect of Normal Pressure

Test 1-1 was established as the baseline test and conducted at normal pressure of 3 psi (21 kPa).
To evauate the effect of normal pressure same test setup and specimen dimensions as used in
Test 1-1 were adopted. The normal pressure on the top of the specimen was changed from 3 ps
(21 kPa) in Test I-1to 1 psi (7 kPa) in Test I-6 and 5 psi (35 kPa) in Test I-7. The frontal pullout
forces vs. displacement curve for each test were obtained as shown in Figure 5.29. The
maximum pullout force obtained in Test 1-6 was 0.75 kip/ft (11 kN/m) and for Test -7 was 1.5
kip/ft (22 kN/m) indicating the increase in normal pressure on the soil-geosynthetic interface led
to increase in the maximum pullout resistance of the system.

75



25 1

T ]
= ] \
%20 1 35kPa (Test1-7)
T ]
§ 15 1 N o
S 21kPa(Testl-1)
o ]
_a 10 1
T 7 kPa(Test|-6)
c
o
L 9]
0 llllllllllllll L L S S R I B B N 1
0 5 10 15 20 25

Displacement w(x,) mm

Figure 5.29: Frontal pullout force vs. displacement for Tests -1, 1-6 and -7 for LVDT 2

The yield shear stress based on the test data was calculated for both tests as shown in Figure
5.30. The value of yield shear stress for Tests I-6 and 1-7 was 94 psf (4.5 kN/m?) and 302 psf
(14.5 kN/m?) respectively. These were then used to compute J; and Ksg values. The confined
force and displacement plots for al three tests for LVDT 1 and LVDT 2 are as shown in Figure
5.31. These were used to compute the Ksg value for each test. The comparison of Ksg vaue
obtained from LVDT 2 for al the three testsis as shown in Figure 5.32.
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Figure 5.30: Yield shear stressfor (a) Test I-6 at 1 psi (7 kPa) (b) Test I-7 at 5 psi (35 kPa)
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Figure 5.32: Comparison of Kgg for Tests -1, I-6 and I-7 to quantify effect of normal pressure

The above plot for LVDT 2 was used to compute the Ksg and J.. value for Tests I-6 and I-7. The
comparison for average value of parameters based on all the LVDTs for three tests conducted at
normal pressure of 1, 3, and 5 psi (7, 21, and 35 kPa) are as shown in Table 5.11. The results
indicated that increasing the normal pressure led to increase in the stiffness response of the soil-
geosynthetic system. The higher the normal pressure applied to the specimen during the test, the
higher was the value of both 1, and J. for that test. Also, it was observed that value of 1, was less
than the value of tma calculated based on the maximum pullout force. Finally, based on the test
results it was concluded that the increase in the normal pressure led to increase in the Ksg value
of the system.
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Table5.11: Effect of normal pressure on Kgg;
Nor mal Pullout M odel

Test Specimen dim. Constant
pressure parameters parameters
L w NP Fmax Tmax Je Ty Ksal M sGi,1mm
m m kPa KN/m  kN/m?*  KkN/m  kN/m?* (kN/m)’m  kN/m?
1-6 060 045 7 11.0 9.2 500 6.0 12000 3464
I-1 060 045 21 14.5 121 590 10.5 24780 4978
I-7 060 045 35 22.0 18.3 773 14.5 44834 6696

Effect of Orientation

The geosynthetic has two principal directions: longitudinal (or machine) and transverse (or cross-
machine) direction. The testing direction of a geosynthetic in the pullout test is one in which
force is applied, similar to conducting a tensile test on it. Therefore one pullout test was run to
evaluate the interaction properties of change in orientation by pulling the specimen in the
longitudinal (or machine) direction.

The test results were used to characterize and compare the properties of geosynthetic G3 with the
baseline Test I-1. The effect of change in specimen direction was quantified by conducting a test
similar to the baseline test, but reversing the principal directions of the specimen. The specimen
was prepared for confined length of 0.6m and width of 0.45m and then subjected to a normal
pressure of 3 psi (21 kPa). The frontal pullout force values corresponding to displacements for
the five LVDT locations were obtained. The comparison for the frontal pullout force values
obtained from LVDT 2 for Test I-1 and Test 1-8 are shown in Figure 5.33a. The maximum
pullout force value obtained in Test 1-8 was 1.23 kip/ft (18 kN/m) as compared to value of 1
kip/ft (14.5 kN/m) obtained for Test I-1. Furthermore, the yield shear stress value was obtained
for this tests based on LVDT movement was 1.09 kip/ft (16 kN/m as shown in Figure 5.33b.
Finally, using the yield shear stress value, the Ksg value for the test was computed as shown in
Figure 4.38c.

The average values of parameters obtained for both tests are shown in Table 5.12. The value of

Kse was lower in Test 1-8 than in Test |-1 as the area of stronger longitudinal ribs was reduced
when specimen was tested in machine direction.

Table5.12: Effect of specimen direction on K g

Test Specimen dim. palfglrL(:tj;rs parMa;)nde?ers Constant
L W Fmax Tmax Je Ty Ksal MSGI,lmm
m m KN/m  kN/m?> KkN/m kN/m* (kN/m)¥m  kN/m?
I-1 060 045 145 121 590 105 24780 4978
-8 060 045 185 154 220 16.0 14500 3808
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Discussion

The test conducted under series-| helped to calibrate the proposed model using the new pullout
equipment. A standardized procedure was established for conducting the pullout test for
geosynthetics and the data obtained from these tests was interpreted to obtain model parameters
1y and J.. The value of soil-geosynthetic interaction coefficient (Ksg) was calculated for each
test and it was shown that the proposed constant was able to quantify the low displacement
interaction behavior of the geosynthetics.

The tests were conducted to establish the repeatability of data obtained from the equipment.
Based on the test results, it was found that the sensitivity of model parameters (i.e., J and Ksg))
to materia variability (geosynthetic and soil) was less than the sensitivity of the maximum
pullout force (i.€., Fmax-puilour) t0 material variability. The model parameters could be obtained in
consistent manner for a given soil-geosynthetic system subjected to normal pressure in the
pullout box equipment. Furthermore, bounds on value of Ksg were calculated. For values to be
in 95% interval, the upper and lower bounds were in the range of 1000 (kN/m)%m interval of
the mean value.

The tests were conducted to quantify the effect of specimen dimensions on the model
parameters. It was found that the increasing the length of the specimen from that used in the
baseline test led to extensibility of the geosynthetic when high pullout force (close to maximum
force) were mobilized during the tests. On the other hand, reducing the length of the specimen
led to significant drop in yield shear stress value as the specimen was mobilized fully at low
magnitudes of frontal pullout force. Also, the effect of specimen width on the pullout results was
evaluated. It was found that reducing the width of specimen in a comparison to the box
dimensions led to development of dilatancy at the soil-geosynthetic interface. This led to
increase in the pullout resistance of the specimen. The yield shear stress of the soil-geosynthetic
system aso increased whereas the confined stiffness of the geosynthetic did not change
significantly with change in specimen width.

Both model parameters had different response to change in specimen dimensions of length and
width. Where the yield shear stress was sensitive to change in the specimen dimension, the
confined stiffness value was found independent of these changes. However, change in either of
them led to change in the value of Ksg for the given soil-geosynthetic system. Therefore, to
provide a common basis for comparison of performance, the dimension adopted for baseline test
were used for pullout tests conducted on different geosyntheticsin later part of the study.

The effect of change in norma pressure on the response of soil-geosynthetic system was
evaluated by conducting two tests. The normal pressure was changed by +2psi (14 kPa) from that
used in the baseline test. It was found that increase in the normal pressure led to increase in the
maximum pullout resistance of the system. Both model parameters (J. and ty) aso had higher
value for higher pressure used in the test. Thus, Ksg vaue was found to be a function of normal
pressure for the soil-geosynthetic system.

The effect of orientation of specimen was evaluated by conducting the test similar to the baseline

test but reversing the principal specimen direction. It was found that the ribs perpendicular to the
pullout force direction had significant effect on the interaction properties of the geosynthetic.
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The value of model parameters for the same normal pressure was different in both tests. For
pavement application, loading conditions are multi-dimensional in nature. The tires travel
direction is paralel to the machine direction of the geosynthetic when a vehicle is driven over a
roadway. This leads to localized shear forces in the cross-machine ribs of the geosynthetic
causing mobilization of lateral restraint mechanism in the system. The cross-machine direction
response is considered critical for geosynthetic reinforced pavement application. However, tests
were done in both machine and cross-machine direction for geosynthetics tested in the study as it
was found that the combined response and interaction between junctions of geogrids would
govern the final performance of the reinforced pavement system. The results of tests conducted
on geogrids are discussed in the next section, Series Il: Large Pullout Tests for Comparison
between Two Geogrids of Same Material.

Eight tests were conducted in this series of pullout testing was as shown in Table 2.1. Each test
was setup similar to the Test I-1 in terms of specimen dimensions—2 ft (0.6 m) confined length
and 1.5 ft (0.45 m) width—LVDT locations, i.e., 4 in. (100 mm), 8 in. (200 mm), 12 in. (300
mm), 18 in. (450 mm), and 24 in. (600 mm) from the front end of the specimen, and the soil used
(Monterey No0.30 sand). Each geosynthetic was tested in the cross-machine direction at three
normal pressures of 1, 3, and 5 psi (7, 21, and 35 kPa) and in machine direction at normal
pressure of 1 psi (21 kPa). The comparison of results obtained for both geogrids at each applied
normal pressure magnitude are discussed in the next section.

Series|l: Large Pullout Tests for Comparison between Two Geogrids of Same Material

Tests 11-1, 11-2, and 11-3 were conducted on geogrid G1 and 11-4, 11-5, and 11-6 were conducted
on geogrid G4 in cross-machine direction at normal pressures of 1, 3, and 5 psi (7, 21, and 35
kPa) on the top of the specimen as was listed in Table 2.1. The frontal pullout forces vs.
displacement curve for each test are as shown in Figure 5.34. Based on the results, it was
observed that at each normal pressure level the value of maximum pullout force obtained for
geogrid G4 was greater than that for geogrid G1.

The model parameters t, and J. were calculated based on these tests. The comparison of yield
shear stress value obtained at given normal pressure for both geogrids is shown in Figure 5.35. It
was observed that the geogrid G4 had higher yield shear stress than G1 at each normal pressure.
Thisis primarily attributed to the higher thickness of ribsin G4 than G1. This led to better shear
stress development at its surface during the pullout test when compared with geogrid G1.
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The test results were used to compute the Ksg value for each test by plotting the square of
confined force value with displacement at LVDT 2. The comparison of Ksg value for each
normal pressure level for two geogrids is shown in Figure 5.36. It was observed that G4 had
higher Ksg value at each normal pressure level than G1. The difference in performance was
greatest at low confining pressure, but the differences were less significant for higher normal
pressure. For reinforced pavement, the performance under low normal stresses is the most
important, so G4 was consider better suited than G1 for pavement reinforcement.
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The values of J; were back calculated for al the tests as shown in Table 5.13. Based on the
results it was observed that an increase in normal pressure leads to increasing values of J. for
both geogrids. Furthermore, for each norma pressure, G4 showed higher J. value than G1
indicating better performance under confined conditions. This trend was similar to that observed
for unconfined tensile strength of these geogrids, where G4 had higher strength than G1 in the
cross-machine direction.

Table5.13: Effect of geogrid type on K sg

Test Abbreviation Specimen dim. Normal Pullout Model Constant
pressure parameters parameters

L w NP Fmax Tmax Je Ty Ksal M sG1,1mm

m m kPa  kN/m kN/m®> kN/m kN/m*> (KN/m)¥m  kN/m?
-1 G1-XD-7 0.60 0.45 7 5.0 4.2 188 20 1501 1225
-2 G1-XD-21 0.60 0.45 21 12.2 10.2 594 6.3 14974 3870
-3 G1-XD-35 0.60 0.45 35 155 12.9 745 115 34306 5857
-4 G4-XD-7 0.60 0.45 7 75 6.3 500 3.0 6007 2451
I1-5 G4-XD-21 0.60 0.45 21 12.7 105 796 7.0 22315 4723
11-6 G4-XD-35 0.60 0.45 35 175 16 872 12.6 43969 6630

Tests 11-7 and 11-8 were done on geogrid G1 and G4 in machine direction at normal pressure of 3
psi (21kPa) on the top of the specimen as was listed in Table 2.1. The frontal pullout forces vs.
displacement curve for each test are as shown in Figure 5.37a. Furthermore, the yield shear stress
value was computed for both geogrids as shown in Figure 5.37b. Finaly, the results obtained
were used to compute the Ksg value for each test as shown in Figure 5.37c. The values of J;
were then back calculated for al the tests and are as shown in Table 5.14.

Table5.14: Effect of geogrid testing orientation on K g

Test Abbreviation Specimen dim. Normal Pullout Model Constant
pressure parameters parameters
L W NP Frnax Tmax Je Ty Ksal MSGI,lmm
m m kPa  kN/m kN/m®> kN/m kN/m*> (KN/m)¥m  kN/m?
-7 G1-MD-21 0.60 0.45 21 115 9.6 660 7.6 20145 4488
11-8 G4-MD-21 0.60 0.45 21 14 10.0 690 8.5 23500 4850
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Based on the results, it was observed that the geogrid G4 had dlightly higher value for Ksg than
geogrid G1 in the machine direction. The contrast in performance properties of both geogrids
was not as significant as observed for tests in cross-machine direction. Because Ksg index
involves properties of the soil, geosynthetic, and soil-geosynthetic interaction, it is inferred that
the observed difference in Ksg value relates only to the physical properties of the geogrid
specimens. Accordingly, Ksg trend was compared with physical properties of both geogrids. It
was found that, similar to Ksg trends, both geogrids had similar properties in machine direction
whereas different properties in cross-machine direction. Therefore, this experiment showed that
Ksai can be considered as an index that effectively captures the effect of the geogrids on the
confined interaction between soil and geosynthetic.

Discussion

The pullout tests conducted under series-Il as explained in the section above helped to compare
the properties of geogrids with similar physical properties but dightly different tensile strengths.
The procedure established for pullout testing of geosynthetics as explained in test series-1 was
adopted. The tests helped in establishing the applicability of SGI model to predict performance
of geogrids.

The pullout test results where the unconfined properties of the geogrids were known were
analyzed based on this model. The order of performance predicted based on the Ksg value was
similar to that predicted by laboratory and field studies conducted on these geosynthetics earlier.
The behavior predicted based on these tests showed good agreement with the physical
characteristics of these products. Specifically, G4 consistently had higher coefficient value than
Gl a the three confining pressure levels and in both directions of testing. Although the
performance of geosynthetic reinforced pavements is expected to be affected by a number of
factors, the higher Ksg value of G4 indicates that G4 performs better than G1 in reinforced
pavement application. The reason is that higher Ksg value results in higher horizontal stiffness
of reinforced pavement in confined condition, which leads to higher horizontal confinement of
the base course layer. The higher horizontal confinement leads in turn to the lower lateral
deformations and the better performance of the section.

A total of four tests were conducted in this series of pullout testing as shown in Table 2.1. Each
test was setup similar to the Test I-1 in terms of specimen dimensions, i.e., 2 ft (0.6 m) confined
length and 1.5 ft (0.45 m) width; LVDT locations, i.e., 4 in. (100 mm), 8 in. (200 mm), 12 in.
(300 mm), 18 in. (450 mm), and 24 in. (600 mm) from the front end of the specimen; and the soil
used—Monterey N0.30 sand. The geosynthetic was tested in the cross-machine direction (111-1,
[11-2, and 111-3) at three confining pressures of 1, 3, and 5 psi (7, 21, and 35 kPa) and in machine
direction (I11-4) at confining pressure of 3 psi (21 kPa). The results obtained for the geogrid at
each confining pressure are discussed in the next section.

Series |l Large Pullout Tests on Geogrids of Different Materials

Tests 111-1, 111-2, and 111-3 were conducted in cross-machine direction at normal pressure of 1, 3,
and 5 ps (7, 21, and 35 kPa) on geogrid G2 as listed in Table 2.1. The frontal pullout forces vs.
displacement curve for each test are as shown in Figure 5.38a. Furthermore, the yield shear stress
value was computed at each normal pressure level for the geogrid as shown in Figure 5.38b.
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Finaly, the results obtained were used to compute the Ksg value for each test as shown in
Figure 5.38c. The values of J. back calculated for each test and are listed in Table 5.15. Based on
the test results, it is observed that an increase in normal pressure leads to increasing vaue of

these parameters.
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Test I11-4 was conducted in machine direction at normal pressure of 3 psi (21 kPa) using geogrid
G2. The test helped to quantify the effect of change in specimen direction on model parameters.
This test was conducted in similar manner as Test 111-2, but by reversing the principal directions
of the specimen. The frontal pullout force values corresponding to displacements for the five
LVDT locations were obtained. The test results were analyzed to obtain the parameters as
described in SGI model and islisted in Table 5.15.

Table5.15: Resultsfor geosynthetic G2 testing

Test Abbreviation Specimen dim. Normal Pullout Modé Constant
pressure parameters parameters
L wW NP Frmax Tmax Je Ty Ksal M sGi 1mm
m m kPa KN/m  kN/m®> KkN/m kN/m? (KN/m)¥m kN/m?
-1 G2-XD-7 060 045 7 5.1 43 159 2 1271 1127
-2 G2-XD-21 060 045 21 120 100 189 7.3 5502 2345
-3  G2-XD-35 060 045 35 155 129 279 13 14482 3805
-4  G2-MD-7 060 045 7 17 14 185 14.5 10751 3275

The comparison of results for Tests I11-2 and 111-4 are shown in Figure 5.39. The frontal pullout
force obtained from LVDT 2 for Test I11-2 and Test I11-4 is shown in Figure 5.39a. The geogrid
(G3) shows higher pullout resistance in machine direction than cross-machine direction. The
average yield shear stress value calculated based on initial displacement of five LVDTs for both
tests is shown in Figure 5.39b. The specimen has twice the yield shear stress in cross-direction
when compared with machine direction for same applied normal pressure. This was attributed to
manufacturing of the geogrid, where the longitudinal ribs are thicker when compared to
transverse ribs.

The comparison between Ksg values for both tests was conducted and is shown in Figure 5.39c.
Based on the results shown in this figure, J. values for both tests were back calculated as shown
in Table 5.15. It was observed that the specimen had similar J. values in both directions. This
was similar to the unconfined tensile strength characteristics of this geosynthetics where it had
same strength in both directions.
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Discussion

The pullout tests conducted in Series 111 as explained in the previous section helped to obtain the
confined properties for geogrid G2, which was also used in the field test sections as discussed in
the Chapter 6. The data obtained from these tests was interpreted to obtain Ksg value for each
test. This geogrid was manufactured using a different process as compared to the geogrids G1
and G4. Therefore, it had better confined properties in machine direction as compared to cross-
machine direction, which was opposite of what was observed for geosynthetics G1, G3, and G4.
Finally, the results obtained were useful in comparing the performance of this geosynthetics with
other geosynthetics tested in series| and 11.

5.2.2 Discussion of Resultsfrom Pullout Tests on Geosynthetics

The pullout tests were conducted on four geosynthetics and results were analyzed based on SGI
model developed in Chapter 4. Out of these geosynthetics, G3 was a geotextile whereas G1, G2,
and G4 were geogrids. Geogrids G1 and G4 were manufactured using polypropylene (PP)
whereas G2 was manufactured using polyethylene (PET). Three of these geosynthetics (G1, G2,
and G3) were also used in the field test sections, as explained in Chapter 6. The unconfined
tensile strength of all these geosynthetics was evaluated in machine and cross-machine
directions.

This section describes the comparison of model parameters and Ksg vaues for these four
geosynthetics. A total of eight tests, four in each direction (machine and cross-machine) are
compared, as they were conducted using the same specimen dimensions and confining soil at
normal pressure of 3 psi (21 kPa). In other words, two tests one in machine and cross machine
direction for the four geosynthetics are discussed. Also, comparison is made between the
unconfined stiffness of these geosynthetics at 5% strain with confined stiffness parameter value
calculated based on the SGI model. Finally, the applicability of the present model to reinforced
pavement design is discussed.

5.2.3 Machine Direction

The four tests in machine direction for geosynthetics G1, G2, G3, and G4 at 3 psi (21 kPa) as
listed in Table 2.1 were test numbers [1-7, 111-4, 1-8, and 11-8 respectively. The comparison was
made based on data obtained from pullout test for maximum pullout force, yield stress, and Ksg
values for these tests as shown in Figure 5.40a, 5.40b, and 5.40c respectively. The value of
confined stiffness J. was back calculated from the Ksg values for each of these tests. The value
of these parameters for four testsislisted in Table 5.16.
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Table5.16: Comparison of K sg for geosyntheticsin machine direction

Test Abbreviation Specimen dim. Normal Pullout Model Constant
pressure  parameters parameters
L W NP Fmax Tmax Je Ty Ksal M sGi 1mm
m m kPa KN/m  kN/m? KkN/m kN/m?* (kN/m)’m  kN/m?
-7 G1-MD-21 0.60 0.45 21 115 9.6 660 7.6 20145 4488
-4 G2-MD-21 0.60 0.45 21 17 14 185 145 10751 3275
1-8 G3-MD-21 0.60 0.45 21 185 154 220 16.0 14500 3808
11-8 G4-MD-21 0.60 0.45 21 14 10.0 690 8.5 23500 4850

Based on the results it was concluded that the geosynthetic G3 had the maximum pullout
resistance (see Fnax in Table 5.10) followed by geosynthetic G2, G4 and then G1 in decreasing
order. However, the focus of the present implementation project is to characterize the interaction
behavior under low displacement of soil-geosynthetic systems. Therefore, Ksg values of these
geosynthetics were compared and it was found that G4 had highest value of all the geosynthetics
followed by G1, G3, and then G2. The difference in Ksg values for these geosynthetics can be
explained by examining the model parameter (ty, and J;) values for these geosynthetics. It was
observed that products G1 and G4 (geosynthetics with same material) had higher confined
stiffness J. and lower yield shear stress T, when compared to G2 and G3 (geosynthetics from
another manufacturer) for similar testing conditions. The geotextile G3 showed the highest value
of yield shear stress when compared to other three geosynthetics (geogrids). Therefore, G3
would be product of choiceif only the shear stress of the system was of concern asisthe case for
tensioned membrane effect in unpaved roads, which is mobilized at high displacement
magnitudes. The flexible (paved) pavements require that the geosynthetic be mobilized under
low displacements, as lateral restraint is the governing mechanism. Thus, not only shear stress
but also confined stiffness of the geosynthetics is important. Therefore, geosynthetic G4 (which
had the highest value of Ksg) was considered the best suited geosynthetic, among those tested in
this study, for this application.

In summary, the proposed model allowed the dissimilar properties of these geosynthetics to be
combined into a single framework and used for comparing their performance at low
displacements using the Ksg value.

5.2.4 Cross-M achine Direction

The four tests in cross-machine direction for geosynthetics G1, G2, G3, and G4 at 3 psi (21 kPa)
as listed in Table 2.1 were test numbers 11-2, 111-2, 1-1, and 11-5 respectively. The comparison
was made based on data obtained from pullout test for maximum pullout force, yield stress, and
Ksar values for these tests as shown in Figure 5.41a, 5.41b, and 5.41c respectively. The value of
these parameters for four testsislisted in Table 5.17.
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Table5.17: Comparison of K s for geosyntheticsin cross-machine direction

Test Abbreviation Specimen dim. Normal Pullout Model Constant
pressure parameters parameters
L W NP Frmax Tmax Je Ty Ksal M sGi 1mm
m m kPa  kN/m KkN/m*> kN/m kN/m? (kN/m)¥m kN/m?
-2 G1-XD-21 0.60 0.45 21 12.2 10.2 594 6.3 14974 3870
11-2 G2-XD-21 0.60 0.45 21 12.0 10.0 189 7.3 5502 2345
-1 G3-XD-21 0.60 0.45 21 145 121 590 10.5 24780 4978
11-5 G4-XD-21 0.60 0.45 21 12.7 10.5 796 7.0 22315 4723

Based on the results it may be concluded that the geosynthetic G3 (geotextile) has the maximum
pullout resistance and yield shear stress values in cross-machine direction as compared to the
other geosynthetics (geogrid). This trend is similar to that observed in machine direction for
these geosynthetics. The yield shear stress value for three geogrids was in the range of 125 to
155 psf (6 to 7.5 kN/m?). Therefore, their performance could be distinguished by comparing the
confined stiffness directly. Based on this parameter it is observed that geogrid G4 performed
better than G1 followed by G2.

When Ksg values for al the four geosynthetics was compared, similar trend in performance was
observed for three geogrids (G4>G1>G2) as in the machine direction. However, in cross-
machine direction the geotextile G3 had the highest Ksg value. This may be attributed to
stronger cross-machine direction fibers than machine direction fibers for this geosynthetic. When
the confined stiffness value of G3 was compared with geogrids, its value was lower than that
obtained for G4, equal for G1, and higher for G2 in this case.
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5.2.5 Unconfined and Confined Stiffness

The unconfined tensile stiffness (J,) was determined based on wide-width tensile tests conducted
on three geosynthetics. The comparison was made between unconfined tensile stiffness obtained
using wide width tensile test at 5% strain (J,) with confined stiffness parameter (J;) obtained
using pullout test for the four geosynthetics used in this study. The difference in values of
unconfined tensile stiffness with confined stiffness of these geosynthetics in machine-direction
(MD) and cross-machine direction (XD) is shown in Table 5.18.

Table 5.18: Comparison of unconfined and confined stiffness of geosynthetics

Unconfined stiffnessat 5% strain, (J,) Confined stiffness from model, (J.)
Geosynthetic MD XD MD XD
Kip/ft (KN/m) Kip/ft (KN/m) Kip/ft (KkN/m) Kip/ft (KN/m)
Gl 13.3(194) 22.1 (323 45.2 (660) 40.7 (594)
G2 19 (278) 19.3(282) 12.7 (185) 12.9 (189)
G3 32.1 (469) 33.3(487) 15.1 (220) 40.4 (590)
G4 17.8 (260) 26 (380) 47.2 (690) 54.5 (796)

The data shown in Table 5.18 indicates higher values for J. as compared to J, for three
geosynthetics (G1, G3, and G4) in the crosssmachine direction, and for two geosynthetics
(Gland G4) in the machine-direction. These results support the model assumption (Section 4.3)
that use of geosynthetics under confined conditions leads to the increase in their stiffness. When
a geosynthetic is subjected to loads under confinement, the interaction between the soil particles
and the geosynthetics helps in activating additional mechanisms. Specifically, the ribs
perpendicular to the loading direction get mobilized thereby sharing the applied load and leading
to lesser strains in the parallel ribs for the same force magnitude under unconfined conditions
(Figure 4.3).

For geotextile G3, the primary mechanism affecting its performance for flexible pavement is
yield shear stress. When the performance of geogrids G1, G2, and G4 were compared in terms of
model parameters they had similar yield shear stress values (Section 4.5.2). Also these geogrids
had comparable unconfined tensile stiffness (£6.84 kip/ft (100 kN/m)) in both machine and
cross-machine direction (Table 5.18). However, when confined stiffness values for these
geosynthetics were compared, it was observed that G2 showed no improvement in confined
stiffness whereas the geogrids G1 and G4 had higher confined stiffness values. This improved
performance in geogrids G1 and G4 can be attributed to the strength of the junctions at crossing
of their longitudinal and transverse ribs, which was discussed in Section 5.1.2. The ability of
geosynthetic to perform (interlock) under confined conditions does not depend solely on its
unconfined stiffness but also on the ability of its junction to transfer load from one direction to
another at low strains thereby mobilizing the entire geosynthetic under given traffic load.

5.2.6 Discussion

The SGI model provided a methodology to interpret the results of pullout tests for various
geosynthetics under a single framework. Based on the comparison of results for four
geosynthetics, it was concluded that geogrids G1 and G4 had similar propertiesin both directions
under confined conditions. The geogrid G4 had slightly higher confined stiffness value than G1.
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When compared with geogrid G2, both geogrids G1 and G4 consistently showed better Kgg
value in machine and cross machine direction. However, when results were compared with
geotextile G3, it had contrasting properties in both directions. In machine direction it had lower
value whereas in cross- machine direction it had higher value for Ksg, than these geogrids.

The actual stress developed in pavement under wheel loading is biaxial in nature with larger
strains in the transverse direction. Thus, it was assumed that a geosynthetic that can work as a
combined unit would perform better under these circumstances rather than products with
preferential direction of improved performance. Based on the analysis it was concluded that
performance in descending order for the four geosynthetics would be G4 followed by G1, then
G3 and finally G2. This performance order for geosynthetics was obtained for tests on Monterey
No. 30 sand and thus is preliminary in nature. For actual pavement design, the geosynthetics are
recommended to be tested in the project specific soil to determine the constant Ksg).

5.2.7 Conclusions

The suitability of the SGI model proposed in Chapter 4 for the analysis of the geosynthetic
reinforced pavements was evaluated by conducting pullout tests. In the initial phase, pullout test
equipment was designed with capability of measuring small displacement magnitudes at low
normal pressures. A series of pullout tests were carried out using a geotextile and sand as
baseline materials to calibrate the equipment. The consistency in the test results was established
by running tests under similar conditions. The effect of model assumptions on the calculated
constant was investigated by performing a parametric study of relevant variables. These studies
included effect of specimen dimensions, normal pressure, and specimen direction on the
parameter magnitude.

A good agreement was obtained between the first assumption of the proposed model and the
experimental results. The linear relationship (with R* > 0.95) between pullout force and
mobilized length of geosynthetics, shown in the results of the tests, indicates an approximately
constant value of 1ty in each test. This means that the interface shear stress has a uniform
distribution throughout the geosynthetic specimen (as assumed in the first assumption of the
model). In addition, repeatability of the experiments was shown in Tests I-1 and 1-2 with
observing a unique force-displacement relationship for a given pullout test. Moreover, the
boundary conditions were found to affect the results from displacement LVDTSs placed close to
the specimen edges. Based on the results obtained a standardized procedure was established for
the future testing.

The prediction of the performance was evaluated by comparing the pullout tests results of
various geosynthetics. An extensive testing program was performed in order to evaluate the Ksg
value for the geosynthetics in machine and cross machine direction at various confining
pressures. The current state of practice involves evaluating the unconfined tensile strength of the
geosynthetic and using it as a design input. Unlike current design assumptions, which typicaly
assume that a higher unconfined tensile strength of the geosynthetic leads to better performance
under confinement, this study showed that the geosynthetic capable of interlocking with soil and
mobilizing its junctions and transverse ribs at low displacements would perform better in pullout
tests (under confinement), independent of its unconfined tensile strength.
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The results showed that the pullout testing is a useful tool to investigate the soil-geosynthetic
interaction mechanisms for the reinforced pavements. In this particular study, pullout testing
provided much needed evidence that the soil-geosynthetic interaction under low displacements
can be adequately captured in the laboratory setup. However, additional testing would be
required with project specific soils and measured against the field performance of geosynthetics
to establish the validity of the approach proposed in this chapter.

5.3 Small Pullout Testswith Sand

The repeatability of the small pullout test with the geogrid GG PP3 (Huesker Fornit20
polypropylene geogrid) in the machine direction (MD) is shown in Figure 5.42. The Ksg value
shown in this figure is the one calculated for the LVDT 3, which is in the central portion of the
specimen. Thus, for simplification, the Ksg is shown in the Figure 5.42 as K3. The largest
difference of the individua Ksg values to the average is 6.36%. Similar repeatability was
obtained with Tests I1-6 to 11-9 (Table 3.1), which were performed using the large pullout
eguipment recommended in ASTM D6706. Consequently, given the repeatability achieved with
Tests 11-6 to 11-9 (Table 3.1), it was concluded that the small pullout test has satisfactory
repeatability.

A comparison of the performance using the Ksg, value of the geosynthetics confined in sand with
3 ps (21 kPa) of overburden pressure is shown in Figure 5.43. Analyzing this figure, it can be
noted that the geotextile GT (Mirafi HP570 woven geotextile) has the smallest value of Ksg; in
the machine direction (Fig. 5.43a). However, this is the geosynthetic with the best performance
in the cross machine direction (Fig. 5.43b). The opposite occurs for the geogrid GG PP (Tensar
BX1100 polypropylene geogrid), which has the second best performance in the machine
direction (Ksg = 50) and the worst in the cross machine direction (Ksg = 34).

60 —
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40 —|

30 —
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10 — e S GGPP3 Test2 K3'=35
A GGPP3 Test3 K3'=36
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Figure 5.42: Repeatability of the small pullout test in sand and confinement of 3 psi (21 kPa).
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Figure 5.43: Comparison of the geosynthetics confined in sand and 3 psi. Specimen orientation:
(a) machine direction and (b) cross machine direction.

5.4 Small Pullout Testswith Grave

A comparison among the performance of the geosynthetics confined in gravel and 3 psi is shown
in Figure 5.44. In this case, the GT has the worst performance in both orientations and the GG
PP becomes the second worst in the machine direction (KSGI = 39, see Fig. 5.44a) and the best
in the cross machine direction (KSGI = 95, Fig. 5.44b).
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Figure 5.44: Comparison among the geosyntheticsin gravel and confinement of 3 psi. Specimen
orientation: (a) machine direction and (b) cross machine direction.

This change in relative behavior of the geosynthetics when confined in sand and in gravel
was not expected. It was expected that the magnitude of the values of the Ksg parameter would
change when changing the soil from gravel to sand, but it was expected that the relative
performance among the geosynthetics would remain the same. The Mont. N0.30 sand was used
in the testing program because is a standard soil and easy to handle, thus being an excellent
candidate for a standard test. This difference in relative behavior of the geosynthetics when
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confined in sand and in gravel is due to the particle sizes and these particles interact with the
reinforcement in different mechanisms.

Accordingly, some of the small pullout tests will be performed again for verification. Also,
another convenient, standard soil that may have interaction mechanisms closer to the FM2 gravel

will be used in additional small pullout tests.
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Chapter 6. Field Monitoring Program

6.1 Field Test Section

The lessons learned from the field case studies formed the basis for a field monitoring program
to evaluate the performance of geosynthetic reinforced pavements in Texas. As part of a highway
maintenance and rehabilitation project, TXDOT supervised the construction of a geosynthetic
reinforced farm-to-market road 2 (FM2), which was alow volume road in the Bryan District.

For comparative evaluation, the reinforced pavement was reconstructed using eight different
reinforcement schemes (i.e., three reinforcement products and unreinforced control section,
with/without lime stabilization). Furthermore to account for variation in field due to
environmental, construction, and site factors, four repeats of each test section were constructed at
the site. Therefore, atotal of 32 test sections (4 reinforcement types x 2 stabilization approaches
X 4 repeats) were constructed in FM2. Following are the significant features of the field
monitoring program:

Test sections with different geosynthetic types, i.e., geogrid and geotextiles
Test sections with two different type of geogrids
Control sections with no geosynthetic to provide baseline for the study

Test sections having lime and no lime treatment

o ~ w DN PE

Multiple test sections with similar construction materials and geosynthetics

Due to the unique characteristics of this field study, the reinforced pavement was considered
experimental and an extensive program of instrumentation for monitoring its post construction
performance was implemented. In addition, instrumentation in the form of 32 moisture sensors
was implemented in order to characterize the patterns of moisture migration under the pavement.
A total of eight horizontal moisture and vertical moisture sensor profiles each containing an array
of four sensors was installed below the pavement.

Field monitoring involving visual inspection, surveying, and falling weight deflectometer testing
was conducted before reconstruction and immediately after reconstruction of the road. The final
construction of the reinforced pavement was completed in January 2006 and performance
evaluation of the newly reconstructed road was conducted on regular basis for the next three
years. The results obtained from the field study provided understanding of the underlying
fundamental mechanisms governing the performance of the geosynthetic reinforced pavement in
field. Furthermore, they helped in quantify the mechanisms of longitudinal cracking and
effectiveness of the geosynthetic reinforcements in mitigating such distresses.

6.2 Site Detalls

FM2 is located in Grimes County, which is in southeast part of Texas (Figure 6.1). The total
length of the road is 6.4 miles, of which 2.4 miles lie towards the west of State Highway 6 (SH6)
at Courtney; the other 4 miles continue eastward and end at FM362 (Figure 6.1b). The test
sections were constructed in the portion of the road lying between SH6 and FM362. Details of
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the historical weather data of the region of the site and installation of the moisture sensors
installed in the field can be found in the Technical Report 0-4829-1.

Figure 6.1: Location of FM2 Road, Bryan District, Texas.

6.3 Visual Condition Surveys

The test sections of FM2 consist of 1.36 miles of experimental pavement divided into 32
sections. The main problem in this site, as in several areas in eastern Texas, is the development
of longitudina cracks on the pavement due to the expansive local soil that constitutes the
subgrade layer of the road. Two potential solutions for this problem are (i) using geosynthetics
for reinforcing the soil layers of the pavement (i.e., the subgrade or/and the base course layer)
and (ii) lime stabilization of the soil layers.

Accordingly, one of the objectives of this field experiment is to evaluate the use of geosynthetics
for reinforcing pavements to prevent developing of longitudinal cracks due to the presence of
expansive soil in the subgrade layer. Additionally, the use of lime treatment and its combination
with geosynthetic reinforcement in preventing these cracks are also being evaluated in this study.

The 32 experimental sections were constructed in eight different layouts with each layout
repeated four times. Each layout is a 450-feet long section of pavement. Three different
geosynthetics were used: (i) polypropylene (PP) geogrid (G1), (ii) polyester (PET) geogrid (G2),
and (iii) polypropylene (PP) geotextile (G3). A scheme of the experimental sections in the FM2
road is shown in Figure 6.2.

After reconstruction of FM2 road, 11 surveys were performed on the experimental sections in
this road. The surveys were performed in August and November of 2006; February, May, and
November of 2007; April and August of 2008; and May, August, and December of 2009. The
sections were surveyed for the various distress types listed in TXDOT Pavement Management
Information System. Longitudinal and transverse cracks, block and aligator cracking, flushing
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and raveling, patching, and rutting were measured during surveys. A 6-feet straight edge and a
stedl ruler were used for rutting measurements. From the first survey (May 2006) to the fifth
survey (November 2007) no significant longitudinal cracks or marked distresses were observed.

However, surveys conducted from 2008 through December 2009 indicated various types of
distresses including longitudinal cracking, rutting, potholes, weathering, and raveling. In genera,
the longitudinal cracks are developing in the shoulder and have started making their way towards
the inside of the pavement. In this study, pavement is considered as just the portion of the
traveled way of the road, for simplicity in reporting the results. The development of longitudinal
cracks when rightly complemented with the precipitation data at the site shows that
environmental loading, in the form of cycles of wetting and drying istaking place.

Although longitudinal cracks have developed in most of the test sections, no clear distinction can
be established on the performance of the different geosynthetics in preventing this cracking. The
cracks developed in the sections with reinforcement (with or without lime treatment) are outside
the pavement, either near the outer end of the shoulder, in the shoulder or at the edge between
shoulder and the traveled way of the road. Also, major distresses in the form of rutting,
weathering and raveling, and longitudinal and transverse cracking are observed in the control
sections (i.e., the sections with no reinforcement and no lime treatment) from the shoulder into
the pavement. Moreover, the number of cracks developed in the control sections is consistently
higher than the number of cracks developed in the other sections. Accordingly, a clear distinction
between performances of the control and reinforced sections may be established given sufficient
time for the cracks to evolve. With more cycles of wetting and drying as well as the traffic
loading, the pavement structure and hence the layers are induced with stresses. A tensile stress
must be induced in the reinforcement for its strength to be mobilized. Thus, over a period of 4
years and 11 condition surveys, an approximate differentiation in the performances of the 3
geosynthetics has been indicated.

In order to show the need for continuous monitoring of the evolution of the cracks in the test
sections of the FM2 road, a summary of the cracks observed in the experimental sections is
presented in this report. In this summary, pictures of the most important cracks in each section
are shown to enhance the description of these features (Figures 6.3-6.26). General view pictures
of the sections are provided for each section. In these pictures, it is possible to see the
development of rutting in the sections.

The observed cracks are divided in three categories: (i) minor cracks, (ii) medium cracks, and
(iii) maor cracks. Minor cracks are cracks with a width not more than 0.2 in (5 mm). Major
cracks are cracks with a width higher than 0.8 in (20 mm). Medium cracks are cracks with a
width between 0.2 in and 0.8 in (5 mm and 20 mm).
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(b)
Note: GG PP = Polypropylene (PP) Geogrid (GG). GG PET = Polyester (PET) Geogrid (GG). GT = Geotextile.

Figure 6.2: Experimental test sections at FM2 Road. (a) Section Profiles. (b) Location of
sections.
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6.3.1 Control Sections

Section #20 — 1Ea

Date of Survey Distresses Observed

April 2008 1 minor longitudinal crack at outer edge of shoulder (Fig 6.3a).

August 2008 4 major longitudinal cracks outside the road.

2 mgjor longitudinal cracks in the shoulder.

1 longitudinal crack in the shoulder going into pavement (Fig. 6.3b).
2 cracks developing into pavement (Fig. 6.3c and Fig. 6.3d).

1 minor longitudinal crack inside pavement (Fig. 6.3€).

@ (b) (©

(d) ()

Figure 6.3: Distress observed in Control Section 1Ea (#20).
Dates:(a) April 2008; (b) to (e) August 2008
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Date of Survey Distresses Observed

May 2009 1 crack developing into pavement (Fig. 6.4a).
1 crack developing into pavement from shoulder drop-off (Fig. 6.4b).

Weathering and raveling (Fig. 6.4c).

June 2009 Major rutting and minor cracks (Fig 6.4d) in the paved area

August 2009 M edium cracks propagate into the paved area (Fig 6.4€)

December 2009 | A patched pothole and tire marks- rutting (Fig 6.4f)

(@ (b) (©

@ © 0)
Figure 6.4: Distress observed in Control Section 1Ea (#20)
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Section #1 — 1Wa

Date of Survey Distresses Observed

April 2008 No cracks.

August 2008 1 major longitudinal crack outside shoulder (Fig. 6.53).
5 major longitudinal cracks in the shoulder (Fig. 6.5b).
1 double major crack outside shoulder (Fig. 6.5¢).

May 2009 No cracks. High vegetation.
General view (Fig. 6.5d).

August 2009 Deep rutting (Fig 6.5€)

December 2009 | Medium cracking in the paved area (Fig 6.5f)

@ (b) ©

(d) e ()

Figure 6.5: Distress observed in Control Section 1Wa (#1).
Dates: (a) to (c) August 2008; (d) May 2009; (e) August 2009; (f) December 2009
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Section #27 — 1Eb

Date of Survey

Distr esses Observed

April 2008 1 minor longitudinal crack at outer edge of shoulder (Fig. 6.6a).
August 2008 1 major longitudinal crack outside shoulder.

1 longitudinal crack outside shoulder.

2 major longitudinal cracksin shoulder (Fig. 6.6b and Fig. 6.6¢).
May 2009 1 major longitudinal crack outside shoulder.

1 longitudinal crack at white line and proximity to sewer drain (Fig. 6.6d and
Fig. 6.6€).
General view (Fig. 6.6f).

@ (b) (©

N

(d) () ®

Figure 6.6: Distress observed in Control Section 1Eb (#27).
Dates: (a) April 2008; (b) and (c) August 2008; (d) to (f) May 2009
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Date of Survey Distresses Observed

June 2009 Medium cracking along the white line (Fig 6.7a)

August 2009 Developed to major cracking (Fig 6.7b)

December 2009 | General picture indicating slope and topography (Fig 6.7¢)

@ (b)

(©

Figure 6.7: Distress observed in Control Section 1EDb.
Dates: (a) June 2009; (b) August 2009; (c) December 2009
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Section #9 — 1Wb

Date of Survey

Distresses Observed

April 2008 No cracks.

August 2008 2 longitudinal cracksin shoulder (Fig. 6.8a).
2 minor longitudinal cracks at outer shoulder edge.
1 major longitudinal crack outside shoulder.

May 2009 No cracks.

June 2009 Shoulder drop off repair

August 2009 Medium longitudinal cracking along shoulder

@ (b)

©

Figure 6.8: Distresses observed in Control Section 1Wb (#9).
Dates: (a) August 2008; (b) June 2009; (c) August 2009
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6.3.2 Section 2.2 Lime-Only Sections

Section #5 — 5Wa

Date of Survey Distresses Observed

August 2008 No mgjor distress seen till August 2008 (Fig 6.99)

May 2009 Minor longitudinal cracks start developing in the shoulder & bleeding (Fig
6.9b)

June 2009 Minor longitudinal cracksin the pavement (Fig 6.9c)

December 2009 | Cracksin the pavement start getting interconnected (Fig 6.9d)

(@

(b)

(c)
(d)

Figure 6.9: Distresses observed in Lime-only Section 5Wa (#5)
Dates: (a) August 2008; (b) May 2009; (c) June 2009; (d) December 2009
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Section #13 —5Wb

Date of Survey Distresses Observed
August 2008 No distress observed till Aug 2008

May 2009 Low severity raveling (Fig 6.10a)

June 2009 Medium longitudinal cracksin shoulder (Fig 6.10b)

December 2009 | Rutting (Fig 6.10c)

@

(b) (©)

Figure 6.10: Distresses observed in Lime-only Section 5Wh (#13)
Dates: (a) May 2009; (b) June 2009; (c) December 2009
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Section #24 — 5Ea

Date of Survey Distresses Observed

August 2008 Minor longitudinal cracksin shoulder (Fig 6.11a)

May 2009 Raveling (Fig 6.11b)

June 2009 Major longitudinal cracking in the shoulder (Fig 6.11c)

December 2009 | Medium longitudinal cracks in the pavement (Fig 6.11d)

b
@ (b)

(©) (d)

Figure 6.11: Distresses observed in Lime-only Section 5Ea (#24)
Dates: (a) August 2008; (b) May 2009; (c) June 2009; (d) December 2009
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Section#31 — 5Eb

Date of Survey Distresses Observed
August 2008 Huge shoulder drop-off (Fig 6.12a)
May 2009 Rutting all through the section (Fig 6.12b)

August 2009 Rutting, flushing, potholes, longitudinal and alligator cracking (Fig 6.12c)

December 2009 | Transverse and longitudinal cracks in the paved area (Fig 6.12d)

(@ (b)

© (d)

Figure 6.12: Distresses observed in Lime-only Section 5Eb (#31)
Dates: (a) August 2008; (b) May 2009; (c) June 2009; (d) December 2009
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6.3.3 Sectionswith No Lime Treatment and Tensar Geogrid (GG)

Section #17 — 2Ea

Date of Survey Distresses Observed
April 2008 1 minor transversal crack (Fig. 6.13a).
August 2008 1 longitudinal crack in shoulder (Fig. 6.13Db).
1 longitudinal crack at outer shoulder edge.
May 2009 No cracks. General view (Fig. 6.13c).
June 2009 Intense rutting noted (Fig. 6.13d)
August—Dec 2009 No additional distresses observed (Fig. 6.13€)

@ (b) (©

(d) (e

Figure 6.13: Distress observed in Section 2Ea (#17) — No lime and PP geogrid.
Dates: (a) April 2008; (b) August 2008; (c) May 2009; (d) June 2009; (e) December
2009
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Section #28 — 2Eb

Date of Survey

Distr esses Observed

April 2008 No cracks.

August 2008 1 longitudinal crack in shoulder (Fig. 6.144).
1 longitudinal crack at outer shoulder edge.

May 2009 No cracks. General view (Fig. 6.14b).

June-August-December
2009

No additional distresses observed.

@

(b)

Figure 6.14: Cracks observed in Section 2Eb (#28) — No lime and PP geogrid.

Dates: (a) August 2008; (b) May 2009
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Section #2 — 2Wa

Date of Survey Distresses Observed

April 2008 No cracks.

August 2008 1 longitudinal crack at outer shoulder edge (Fig. 6.15a, 6.15b, and 6.15c¢).
Note that in Figure 6.15c¢ the edge of the geogrid isright at where the
longitudinal crack develops.

May 2009 1 longitudinal crack at outer shoulder edge (Fig. 6.15d).
General view (Fig. 6.15€).

June-August- No additional distresses observed at all.
December 2009

@ (b) (©

(d) (e

Figure 6.15: Cracks observed in Section 2Wa (#2) — No lime and PP geogrid.
Dates: (a) to (c) August 2008; (d) and (e) May 2009

119



Section #10 — 2Wb

Date of Survey Distresses Observed

April 2008 1 crack outside shoulder developing into shoulder (Fig. 6.16a).

August 2008 1 minor longitudinal crack in shoulder.
1 longitudinal crack in shoulder developing from previous minor crack (Fig.

6.16b).
May 2009 1 longitudinal crack at the center of pavement (Fig. 6.16c).
General view (Fig. 6.16d).
June-August- No additional distresses other than some few minor longitudinal cracksin the

December 2009 | shoulder (Fig 6.16d)

(a) (b)

(© (d) ©

Figure 6.16: Cracks observed in Section 2Wb (#10) — No lime and PP geogrid.
Dates: (a) April 2008; (b) August 2008; (c) and (d) May 2009; (e) August 2009
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6.3.4 Sectionswith No Lime Treatment and Mirafi (PET) Geogrid (GG).

Section #18 — 3Ea

Date of Survey Distresses Observed

April 2008 No cracks.

August 2008 2 longitudinal cracks outside shoulder (Fig. 6. 17a).

May 2009 No cracks. High vegetation.

June 2009 Low severity bleeding and general view (Fig. 6.17b).

August 2009 Widened longitudinal crack at end of summer—21.5 meters from white line
December 2009 | No additional distresses observed

@ (b)

(©

Figure 6.17: Cracks observed in Section 3Ea (#18) — No lime and PET geogrid.
Dates: (a) August 2008; (b) May 2009; (c) August 2009
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Section #25 — 3Eb

Date of Survey Distresses Observed

April 2008 1 minor longitudinal crack in shoulder (Fig. 6.18a).

August 2008 1 longitudinal crack at outer shoulder edge.
3 major longitudinal cracks outside shoulder.
2 longitudinal cracks outside shoulder (Fig. 6.18b).

May 2009 1 major longitudinal crack at outer edge shoulder.
1 longitudinal crack developing from outside into shoulder (Fig. 6.18c).
General view (Fig. 6.18d).

June-August Drying cracks of medium severity on the shoulders (Fig. 6.18¢€).
2009

December 2009 | Drying cracks of medium severity parallel to center line of road (Fig. 6.18f).

@ (b) (©

(d) (e) (f)
Figure 6.18: Cracks observed in Section 3Eb (#25) — No lime and PET geogrid.

Dates: (a) April 2008; (b) August 2008; (c) and (d) May 2009; (e) August 2009;
(f) December 2009
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Section #3 — 3Wa

Date of Survey Distresses Observed

April 2008 No cracks.

August 2008 1 minor longitudinal crack in shoulder (Fig. 6.19a).
2 major longitudinal cracks outside shoulder (Fig. 6.19Db).

May 2009 No cracks. High vegetation.
General view (Fig. 6.19c).

August 2009 Pothole repair and segregation of pavement surface (Fig. 6.19d)

December 2009 | No additional distresses observed

@ (b)

(c) (d)

Figure 6.19: Cracks observed in Section 3Wa (#3)—No lime and PET geogrid.
Dates: (a) and (b) August 2008;(c) May 2009; (d) August 2009
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Section #11 — 3Wb

Date of Survey Distresses Observed
April 2008 No cracks.
August 2008 1 minor longitudinal crack at outer shoulder edge (Fig. 6.204).
May 2009 No cracks. Minor vegetation.

General view (Fig. 6.20b).

June-August Medium cracking in the paved area (Fig. 6.20c)
2009
December 2009 | Very minor interconnecting cracks in the paved area (Fig. 6.20d)

@ (b)

(© (d)

Figure 6.20: Cracks observed in Section 3Wb (#11)—No lime and PET geogrid.
Dates: (a) August 2008; (b) May 2009; (c) August 2009; (d) December 2009
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6.3.5 Sectionswith No lime Treatment and Mirafi Geotextile (GT)

Section #19 — 4Ea

Date of Survey Distresses Observed

April 2008 No cracks.

August 2008 1 major longitudinal crack in shoulder.
2 major longitudinal cracks outside shoulder (Fig. 6.214).
3 longitudinal cracks outside shoulder.

May 2009 No cracks. High vegetation. General view (Fig. 6.21b).

June-Aug 2009 | Few longitudinal minor cracks on shoulder

December 2009 | Minor cracksin the paved area (Fig. 6. 21c).

@ (b)

(©

Figure 6.21: Cracks observed in Section 4Ea (#19)-No lime and PP geotextile.
Dates: (a) August 2008; (b) May 2009; (c) December 2009
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Section #26 — 4Eb

Date of Survey Distresses Observed

April 2008 1 minor longitudinal crack at shoulder edge with pavement.
1 longitudinal crack outside shoulder (Fig. 6.17a).

August 2008 1 longitudinal crack in shoulder (Fig. 6.17b).
1 major longitudinal crack outside shoulder.

May 2009 1 longitudinal crack in shoulder.

June-Aug 2009 | No additional major distresses observed, but few minor cracks

December 2009 | Tensar GG visible (not expected)

€ (b)

©

Figure 6.22: Cracks observed in Section 4Eb (#26)—No lime and PP geotextile.
Dates: (a) April 2008; (b) August 2008; (c) December 2009
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Section #4 — 4Wa

Date of Survey Distresses Observed

April 2008 No cracks.

August 2008 4 major longitudinal cracks outside shoulder (Fig. 6.23a). This crack seemsto
exist throughout entire section.

May 2009 No cracks. Minor vegetation. General view (Fig. 6.23b).

August 2009 Minor cracks begin to originate at many locations (Fig. 6.23c)

December 2009 | Medium longitudinal cracks in the paved area (Fig. 6.23d)

@ (b)

(© (d)

Figure 6.23: Cracks observed in Section 4Wa (#4)—No lime and PP geotextile.
Dates: (a) August 2008; (b) May 2009
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Section #12 — 4\Wb

Date of Survey Distresses Observed

April 2008 3 minor longitudinal cracks outside shoulder (Fig. 6.244).

August 2008 1 minor longitudinal crack at outer shoulder edge.
1 major longitudinal crack outside shoulder.
2 minor longitudinal crack in shoulder (Fig. 6.24b).

May 2009 No cracks. High vegetation. General view (Fig. 6.24c).

August 2009 Rutting and minor cracking IN the pavement

December 2009 | Medium longitudinal cracks IN the pavement

(@ (b)

(© (d)

Figure 6.24: Cracks observed in Section 4Wb (#12)—No lime and PP geotextile.
Dates: (a) April 2008; (b)August 2008; (c) May 2009
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6.3.6 Lime Treated Sectionswith Reinfor cement

In general, the lime treated reinforced sections have performed well. The sections from station
185 +00 to 203+00 show very large longitudinal cracks on the shoulders. These large cracks can
be attributed to the presence of black clay as subgrade. Hence, the sections 8Ea, 7Ea, and 6Ea are
thoroughly distressed. Other lime treated reinforced sections have been performing well and a
few pictures are included as representative.

Date of Survey Distresses Observed

August 2008 Major longitudinal cracks (6Ea, 7Ea, and 8Ea) Fig. 6.25a, 6.25b, and 6.25¢

@ (b)

(©)

Figure 6.25: Typical cracks observed for sections with lime treatment and reinforcement. Date:
August 2008
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Various Sections (Lime treated and Reinfor ced)

Date of Survey Distresses Observed
August 2009 Medium longitudinal crack IN pavement 8Wb (Fig. 6.26a)
August 2009 Medium longitudinal crack IN pavement 7Eb (Fig. 6.26b)
December 2009 No distress 6Wa
August—-Dec 2009 No distress 6Wb
December 2009 No distress 7Wa

(a) (b)

Figure 6.26: 8Wb and 7Eb; August 2009

6.3.7 Comparison of Test Section Performances

The performance of four categories of test sections was compared. When the performance of
non-lime treated unreinforced sections (control sections) was compared with non-lime treated
reinforced sections, a clear distinction in the crack propagation mechanism was observed as
shown in Figure 6.27. In both cases, the cracks were observed to originate from the unpaved
shoulder region of the pavement. In the unreinforced test sections these cracks were found to
increase in size over subsequent seasonal cycles, eventually entering the paved portion of the
pavement and causing it to develop distress. The mgor form of distress was observed in the form
of longitudinal cracks followed by secondary cracking in the form of potholes, lane to shoulder
drop off, and bleeding of the pavement. In the geosynthetic reinforced pavements, these cracks
either closed over subsequent seasons or ran parallel to the edge of the pavement at the boundary
of unpaved and paved portion. Thus, geosynthetic reinforced test sections were observed to
perform better than the unreinforced test sections.

On the other hand, the lime treated sections with or without geosynthetic reinforcement
performed adequately with signs of localized distress. This variability in the performance was
attributed to non-uniform mixing of lime with field soils and its depletion with time leading to its
reduced effectiveness. In general, the lime treated reinforced test sections performed better than
the lime treated unreinforced test section. No significant reduction in cracks was observed in the
lime treated reinforced sections compared to the non-lime treated reinforced sections. Therefore,
given the difficulty of lime stabilizing the subgrade compared to installing the geosynthetics in
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the field, no clear advantage was observed in terms of performance for the lime stabilized test
sections. Overall, the control sections were found to have the highest severity of distressin terms
of longitudinal cracks. The use of geosynthetic reinforcement and lime-treatment were observed
to help in mitigating the development of such cracks into the main pavement section.

@ Center line Paved portion of pavement Shoul der

Stage 1:
Crack initiation at
shoulder

Stage 2:
Crack propagation

Stage 3:

Crack intersectingwith
unreinfor ced pavement

Stage 4:
Cracking of the pavement

le—— 12ft. ———— )

Centerline Paved portion of pavement Shoulder
(b) l — Sage
Crack initiation at
shoulder
Stage 2:

Crack propagation

Stage 3:
Crack intersectingwith
reinfor ced pavement

Stage 4:
Crack parallel to the edge of
pavement

12ft, ——l

Figure 6.27: Hypothesis for explanation of the mechanisms of the cracks observed
in the FM2 road: (a) Unreinforced section (b) Reinforced section

6.3.8 Discussion

The field visual inspection was carried out to document the cracking pattern (origin and
spreading) at the site. The longitudinal cracks were observed to originate from the edge of the
pavement. Furthermore, the increased evidence of longitudinal cracking was found in the
summer seasons. It was envisioned that as the dry front progressed from the edge of the
pavement towards the center, the water content in the subgrade below was reduced causing it to
shrink thereby opening the cracks. The results obtained by field visual inspection were related
with the field moisture data collected from the installed sensors. Both methods indicated that the
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zone of one meter close to the pavement edge was exposed to the maximum moisture fluctuation,
causing severe distress and its subsequent cracking.

The comparative analysis for various categories of test sections was conducted. It was observed

that in unreinforced sections the longitudinal cracks travelled inside the pavement causing it to
crack whereas they remained parallel to the boundary of unpaved and paved portion of the road
in the geosynthetic reinforced test sections. The cracking in the unreinforced sections was
observed primarily in the edge portion of the pavement whereas the center of the pavement
remained intact. It was concluded that the presence of geosynthetic prevented the cracks to enter
the pavement. In the test sections, where lime treatment was used satisfactory performance was
observed with localized distress zones. This was attributed to the non-uniform mixing of lime
during the construction of the pavement and its depletion over time.

Therefore, based on the field visual inspection study it was concluded that there is seasond
moisture fluctuation below the pavement, but it is primarily limited to the edge of the pavement.
Therefore, extending the geosynthetics towards the edge of the pavement was considered as a
solution to prevent the spreading of such cracks. Finally, the geosynthetic reinforced test sections
were found to be most effective in mitigating the longitudinal cracks than unreinforced and lime-
stabilized test sections.

6.4 FWD Testing Analysis

To quantify the structural conditions of in-situ pavement sections constructed by TxDOT on
FM2, a comprehensive field testing program was designed and conducted to characterize the
conditions of the experimental pavement sections. The experimental pavement sections included
sections with and without lime treatment, sections without geosynthetic reinforcement, and
sections with different types of geosynthetic reinforcement. Two geogrids and one geotextile
materials were used. Falling Weight Deflectometer (FWD) testing and the Rolling Dynamic
Deflectometer (RDD) testing were performed on all experimental sections in different years and
seasons. Elevation surveys were conducted to evaluate the seasonal change of pavement
elevation because of the volumetric change of subgrade soil. All the testing information, data
analyses, and results are summarized in this chapter.

6.4.1 Background of FWD Testing

The FWD is a trailer-mounted device widely used for the dynamic non-destructive testing on
pavement (Huang, 1993). During a field testing, the FWD applies impact dynamic loading,
which produces a load wave similar to that of the moving traffic wheel load to the pavement
surface. The FWD lift weights to predetermined heights and them drop them on aloading plate,
which transfers the impulse force to the pavement. The magnitude and duration of the applied
dynamic loading can be controlled by changing the weight of the drop mass, the drop height, and
the plate stiffness of the drop weight strikes. The force imparted to the pavement is measured by
the load cell located directly above the load plate.

The pavement under the loading plate is deformed into a dish or bowl shape by the impulse force

generated by the FWD (Schmalzer, 2006). The shape of the deformed pavement surface is called
a deflection basin. The pavement responses due to the FWD dynamic loading are measured in
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terms of vertical deflections using a number of geophones in a linear array. The shape of the
deflection basin can be plotted based on the vertical deflections measured by the geophones.

The deflections measured by the geophones indicate the overal pavement bearing capacity and
the quality of subgrade. Analyzing pavement deflection data is the most efficient method to
compare relative changes of the structural conditions between test stations (Bendana et 4.,
1994). The change in pavement structural conditions with time and traffic can also be examined
by studying the surface deflection change over time periods. Generally, higher deflections
indicate weaker pavement system. The sensors far away from the loading plate typically record
the response of the deeper layers, and the deflections measured by the sensors close to the
loading plate represent the composite effects of all pavement layers.

The deflection data produced by the FWD testing can be used to back-cal culate the modulus of
each pavement layer when incorporating the thicknesses of pavement layers. The back-calcul ated
moduli may help pavement engineers estimate the stress-strain distribution within the pavement
under given loads, the bearing capacity of the pavement, predict the pavement life, and make a
plan for pavement maintenance and rehabilitation.

The typical FWD has a distance measurement instrument (DMI) and temperature sensors. The
DMI is ahigh-accuracy odometer that measures the distance of the FWD traveled along the road.
The temperature sensors include an air temperature sensor and an infrared surface-temperature
sensor. The air temperature and pavement temperature can be used to correct pavement material
stiffness due to temperature effects.

6.4.2 FWD Testing Performed on FM 2

After the reconstruction of the pavement structure on FM 2, nine FWD tests have been performed
on both eastbound (K1) and westbound (K6) lanes. The tests were conducted in February 2006,
August 2006, November 2006, February 2007, April 2007, June 2007, May 2008, February
2009, and August 2009. The typical distance between two neighboring test stations was 50 ft.
The FWD tests were performed not only on the experimental sections but also on the other
sections on FM2. However, the following data analyses focus on the test stations in the
experimental sections only. With a total length of 450 ft, each experimental section had
approximately nine FWD test stations within it.

At each test station, the FWD applied four levels of dynamic loading to the pavement surface
through a loading plate with a radius of 5.9 in. (150 mm). All the test sections in both lanes of
the pavement were tested. Each test section was 450 ft long and test was done at 50 ft interval
thereby providing nine readings for each test section. Furthermore, the deflection readings were
obtained for four load values of magnitude 6000 |bs, 9000 Ibs, 11000 lbs, and 15000 |bs at each
point. The magnitude of the applied dynamic load was controlled by changing the drop height.
An approximate estimate of the applied loadsis shown in Table 6.1.

The pavement vertical deflections were measured by seven geophones (sensors). The distance
between two adjacent sensors was 12 in. (304.8 mm). The deflection data produced by the FWD
as well as the other testing information were collected in one file with an extension of “.FWD”
for each test.
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Table6.1: Estimation of the loads of the FWD tests performed at FM 2 road

Drop Load (Ib)
1 6000

2 9000

3 11000

4 15000

The 2007 analysis of the FWD deflection data indicated that the lime treated sections had lower
deflection values than sections without lime treatment. It also indicated that the geosynthetic-
reinforced sections do NOT have better response in terms of deflection. This speculation has
turned out to be incorrect looking at the present scenario of the FWD testing data analysis.

6.4.3 Analysis of FWD Deflection Data

As we know, the FWD testing procedure is based on empiricism. The deflection data that we
acquire has been used traditionally used for back calculation of the moduli of different layers of
the pavement. This approach is based on some primary assumptions like linear elasticity of the
asphalt layer, base layer, and sub-base layer. It has consistently been seen that the moduli of
similar material bases come out to be dissimilar. The Modulus determination approach is
primarily dependent on the initial or seed value the user puts in the program. Also, based on the
temperature of asphalt, the program locks the maximum and minimum values of the HMA layer
modulus. Thus, varying answers for the same data can be achieved by different users. Thus, this
approach is deemed as deceiving. Further, the purported values of moduli of the pavement layers
are just an approximation. Hence, most of the moduli back-calculation programs such as
WESDEF, MODULUS, and EVERCALC can only be looked at as fair approximations. Though
these programs are user friendly and fast, they are certainly not reliable.

The four loadings corresponding to the four drops have been normalized to equivalent single axle
load reading of 9,000 Ibs. The analysis of the pavement was done assuming it as alinear system.
The first deflectometer reading—the deflection from the sensor closest to the dropped weight—is
reported in the analysis as it represents the response of the entire pavement section for the given
load. The average readings for a group of four sections are as shown in Figure 6.28. The section
with lowest deflection for a give load was considered the stiffest and thus performing better than
other sections. The details of the deflection profiles observed for different sections over time and
their relative performance to each other are discussed.
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Figure 6.28: FWD data analyses (a) Different load levels at a section (b) Averaged deflections
for a series of test sections for comparison

6.4.4 Performance of Test Sections

The response of the pavement sections for a given load in terms of deflection was measured
using FWD tests. The details of test section were described in previous sections. During the field
survey, preferential cracking was observed at east side of the pavement as compared to the west
side of the pavement due to the location of the test sections. Furthermore, the sections located in
the stations from 80+00 to 98+00 had different soil conditions than the main test sections located
between stations 185+00 and 203+00. The deflections observed in these sections have been
excessive. The reason behind the observed severe deflections basins is the presence of black clay
in the subgrade. An analysis that would enable differentiating the behavior of the pavement as
regards to its cross-section is still in process. The performance in the form of degradation or
improvement in the properties of the different layers of the pavement would be evaluated.

Therefore, in this current account, the performance of first eight sections, i.e.,, 1Wa to 8Wa as
shown in Figure 6.29, is discussed as they were supposed to have the uniform construction and
traffic conditions. The sections were divided into four main groups. control section, no
reinforcement section with lime treatment (three in numbers), geosynthetic reinforced section
with no lime treatment, and geosynthetic reinforced lime treated sections (three in numbers).

135



Station K6 Control section
221+00
(NoLime gtabilization, No Geosynthetic reinfor cement)
216+50
212+00 Reinforced sections
207+50 (NoLime gtabilization, Geosynthetic reinforcement only)
203+00 . .
Limetreated section

198+50

(Lime stabilization only, No Geosynthetic reinfor cement)
194+00
189450 Limetreated reinforced section

(Lime stabilization and Geosynthetic reinfor cement)

185+00

Figure 6.29: Test sections used in FWD analysis

Finally, for discussion purposes the data obtained from the field trips conducted in February
2006—i.e., immediately after construction of the pavement and the latest one conducted in
February 2009—are reported. The deflection profiles for al the above four categories of test
section are shown in Figure 6.30a through Figure 6.30d. The deflections increased for all the test
sections in the span of three years indicating the structural deterioration of the pavement with
time. The test sections where the limetreatment was used along with geosynthetic
reinforcement, no significant change in deflections was observed over the given duration. Thus,
for the given pavement this was considered as the best remedial measure to prevent its
deterioration due to traffic loading. The performances of test sections relative to each other are
compared in subsequent sections.
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Figure 6.30: Deflection profile in February 2006 and 2009 (a) Control (b) Geosynthetic
reinforced non lime stabilized (c) Lime stabilized unreinforced (d) Lime stabilized
geosynthetic reinforced test sections

6.4.5 Comparison of Test Sections

The data obtained from the two field trip discussed above was compared among different test
sections to quantify the benefit of using lime stabilization and geosynthetic reinforcement. Each
test section of 450 feet was divided into 50 feet segment and the nine readings for each test
section were plotted on the same scale. Moreover, the three readings in the middle of a given test
section from 150 to 300 feet were considered to be the most representative of the test section as
they were away from the overlapping boundary between different test sections. This system was
used for the comparative analysis throughout this section.

6.4.6 Effect of Lime Stabilization

The performance of control section (1Wa) and lime stabilized section with no reinforcement
(5Wa) was compared for field trips conducted in February 2006 and February 2009 as shown in
Figure 6.31a and Figure 6.31b respectively. The data indicated that the deflection obtained for
section 5Wa were lower than section 1Wa for both field trips. This indicated effectiveness of
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lime treatment in stiffening the pavement thereby reducing the deflection under traffic loading as
compared to the control section.
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Figure 6.31: Deflection profile for control and lime stabilized unreinforced section for (a)
February 2006 (b) February 2009

6.4.7 Effect of Geosynthetic Reinfor cement

The performance of three geosynthetic reinforced non-lime treated test sections was compared
for field trips conducted in February 2006 and February 2009 as shown in Figure 6.32a and
Figure 6.32b respectively. The data indicated that the total deflection obtained for section 2Wa
reinforced with geosynthetic G1 was consistently lower than that for section 3Wa and 4Wa
reinforced with geosynthetics G2 and G3 for both field trips. The preliminary results based on
limited field data obtained for first three years of monitoring the site has shown that the three
geosynthetics have performed differently for a given pavement under similar traffic conditions.
Still, more field data in terms of FWD deflections is required to make a final assessment of
performance for these three test sections and identify the governing distress mode.

The notion of reinforcing pavement with any geosynthetic and achieving the desired benefits is
incorrect. Furthermore, the field tests are expensive and time consuming, thus not conducted at
regular basis in most of the reinforced pavement projects. Moreover, installing different
geosynthetics and observing their performance for a year before constructing the pavement is not
afeasible solution.
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sections for (a) February 2006 (b) February 2009

6.4.8 Effect of Geosynthetic Reinforcement and Lime Stabilization

The performance of three geosynthetic reinforced and lime-treated test sections was compared
for field trips conducted in February 2006 and February 2009 as shown in Figure 6.33a and
Figure 6.33b respectively. The data indicated that the deflection obtained for these sections was
lowest for al the given test sections as discussed earlier. Furthermore, all the three test sections
had similar deflection profile immediately after the construction in February 2006. This indicated
that in the initial part of the project significant benefit can be obtained by lime treating the
pavement. Over the span of three years, the deflection of the pavement increased as indicated by
results obtained in February 20009.
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Figure 6.33: Deflection profile for three geosynthetic reinforced and lime stabilized sections for
(a) February 2006 (b) February 2009
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Furthermore, it was observed that the lime treated test section 6Wa reinforced with geosynthetic
G1 had lower deflection than for section 7Wa and 8Wa reinforced with geosynthetics G2 and
G3. The similar trend in the performance of three geosynthetics was observed when they were
used without lime treatment as discussed in the previous section. However, as observed during
the visual inspection the present results indicate that the lime treatment reduces in effectiveness
over time and cannot be used as long term remediation strategy by itself. Thus, using lime
stabilization along with geosynthetic reinforcement is an effective technique to increase the
stiffness of the pavement thereby reducing its deflection under the traffic loads especially over
expansive soils.

6.4.9 Discussion

The FWD testing was carried out to quantify the pavement response when it is subjected to
traffic loads for the duration of the field study. The results obtained from FWD test done
immediately after construction of the pavement in February 2006 were used as the baseline and
compared with the latest field test done in February 2009. The results indicated increase in
deflection for all the test sections over the span of three years. This showed that the pavement
had structurally deteriorated under traffic loads.

The control section had the highest deflection of all the test sections. The lime-treated sections
were observed to have stiffer response than non-lime treated sections, immediately after
construction. Further, the effect of lime treatment reduced over the three years and increase in
deflections was observed, though they were still less than the control section. When the lime
treatment was used with geosynthetic reinforcement, the lowest deflections were observed in
these test sections indicating it to be a better strategy for reinforcing the expansive soils. In
addition to the above study, effect of geosynthetic reinforcement on pavement response was also
evaluated. The three geosynthetic reinforced test sections had dissmilar response. Based on
preliminary evidences collected so far, it was observed that the test sections reinforced with
geosynthetic reinforcement G1 performed better than G2 and G3 independent of the use of lime
stabilization in these test sections. The similar order of performance was observed based on
laboratory pullout tests reported in terms of coefficient of soil-geosynthetic interaction for these
geosynthetics as reported previously.

Based on the field FWD testing it was concluded that there is deterioration of the pavement for
traffic loading over the last three years. The lime stabilization may be used as a temporary
measure but the geosynthetic reinforcement leads to increase in pavement stiffness over long
duration of time. Moreover, different geosynthetics had different response and thus merely using
reinforcement would not lead to desired results. Therefore, proper design is required while
deciding to use lime stabilization or geosynthetic reinforcement or both for given traffic loads to
increase the life span and reduce the maintenance cost for the flexible pavement.
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