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CHAPTER 1- INTRODUCTION

Rural, low-volume, farm-to-market access roads, roads connecting communities, and roads for
logging or mining are commonly referred as low-volume roads. Low-volume roads commonly
have an average daily traffic (ADT) of less than 400 vehicles per day, and usually have design
speeds less than 50 mph (80 kph) (AASHTO, 2002).

This research project was focused on low-volume roads over expansive clayey soils in Texas. In
spite of the over conservative pavement designs recommended and widely used in Texas for
roads in high PI clay areas, these costly pavements often fail prematurely. This failure occurs
primarily because of the highly variable properties of the clay throughout the year due to
moisture fluctuations. A significant amount of work is required to maintain and rehabilitate
these roads. The expansive nature of high PI clays, despite the fact that they are considered in
the design, is also of concern since they contribute to the roughness of the road, and as such the
loss of the functional serviceability of the roads. Therefore, it is imperative to improve the design
and laboratory procedures to address expansive subsoil conditions and then design pavements
accordingly to extend the life expectancy of these roads. The intent of this research project was
to cultivate the vital features of strategies for improving low-volume flexible pavement design
and thus improving the overall low-volume road performance. These include:

1). Identify the shortcomings of current design and construction practices associated with the
less than desirable performance of pavements in low-volume roads constructed on high
PI clays;

2). Identify the most significant soil parameters directly related to the performance of these
types of roads;

3). Propose practical and dependable laboratory test methods and analyzing models to
address the problem of premature failure of low-volume roads on high PI expansive
subgrade;

4). Qualify and quantify current remediation procedures, climatic effects and road condition
assessment (both successful and unsuccessful) used to mitigate the shrink-swell
problems;

5). Develop a user-friendly expert system design tool to guide the designers through the
process for more realistic designs and rehabilitations.

The results from this study offered a new design procedure that provides the following
information:



e Identify most relevant soil properties and corresponding test procedures to characterize
and address highly expansive subgrade problems;

e Propose quantitative analyzing models to predict flexible pavements failure on expansive
subgrade, specifically for low-volume roads;

e Create an interactive expert system program to guide the user through design procedures
and provide realistic layer thicknesses for low volume roads;

e Rank feasible design alternatives for rehabilitation and maintenance to minimize the cost
without compromise performance.

The design guideline for low classification roads over high PI clays developed to address the
issues summarized above is referred to as Expert System for Pavement Remediation Strategies
(ExSPRS). This program can be used to evaluate the structural and performance adequacy of
low-volume flexible pavement designs and to achieve cost-effective designs with appropriate
modifications. The program mimics human expert decision making process for this purpose.
Finally, cost-benefit comparisons are made between possible alternative modifications based on
modified inputs for each strategy. The goal is to help pavement engineers to design low-volume
roads that avoid costly over-designed yet underperforming roads over expansive subgrade.

This document provides a user’s guide to Version 1.0 of ExXSPRS. Although the focus of this
research is for Texas, the new design guidelines will be helpful to other states with similar
problems. It is highly recommended to review research report 0-5430-1 and 2 before going any
further and using this program. The report provides a solid foundation regarding the theory,
models and processes used to develop this program.

1.1 - SYSTEM REQUIREMENT AND INSTALLATION

The program will work on a typical computer with Windows 9x, 2000, XP, Vista or NT
operating system. To install the program, execute the setup file EXSPRS.EXE and follow the
onscreen instructions. After installation, double click on the program icon on your desktop to
execute the program.

1.2 - DESCRIPTION OF PROGRAM

The Expert System for Pavement Remediation Strategies (ExSPRS) program has four main
modules: Input, Evaluation, Remediation and Cost-Benefit. Figure 1.1 shows the flowchart of
the program. ExSPRS uses an expert system approach which manages and incorporates concepts
derived from our study and uses structured knowledge to provide analysis to the user as an expert
would do. This program is specially developed for low-volume roads build over expansive
clayey subgrade.

The user needs to provide an initial pavement structure as an input. This pavement structure can
be obtained using common design software such as FPS19W. ExSPRS will check the candidate
pavement structure for several potential structural or functional distresses using its evaluation
models. If the input section experience premature distress, EXSPRS will use the expert system
approach to recommend feasible remediation strategies. Based on the remediation selected, the
modified pavement structure is re-evaluated. The cost-benefit analysis module will provide the
agency cost estimation of the original pavement section along with the additional agency costs

2
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Figure 1.1—ExSPRS Flowchart

for each of the recommended remediation strategies so that the user can judge the cost-benefit of
each modification selected. The user can then decide which of the remediation strategies to use
that fits his/her requirements and constrains.

In order to use ExSPRS, the user just needs to follow the program and answer different questions
to their best of knowledge. Some evaluation models require laboratory characteristic test results
such as gradation (Tex-110-E), Atterberg limits (Tex-104-E and Tex-105-E), moisture density
tests (Tex-114-E), unconfined compressive strength (UCS, Tex-117-E) tests to quantify the
properties of the clayey subgrade material.



Upon execution, ExXSPRS brings-up the INPUT module as shown in Figure 1.2. Before going
any further, four basic guidelines should be kept in mind when navigating through the program:

e The user should always start from INPUT module and follow the program steps through other
modules. It is best not to navigate to the next module before completing the information on
the current one.

e To select a particular option with check box or radio button, move the pointer to it and then
click with the left mouse button. To select a particular option from a drop-down list, move

the pointer to the downward arrow *land click once, while scrolling through the choices,
click with left mouse button when the desired answer is highlighted.

e To enter data for a particular variable, move the cursor to the field or cell. Then type in the
required data. To position the cursor to an input field, move the pointer to the field and click
on it.

e Hints are provided for all sections of the program that require interaction with the user (as
shown in Figure 1.2)

Table 1.1 provides a list of all required inputs in order to execute the program. A default value is
provided in the program for each input. A case study will be followed as an example to
demonstrate the program.

2= ExSPRS - Expert System for Pavement Remediation Strategies (September 2008) Yersion 1.0 E@@
INPUT module [This section includes most of the information required to run the analysis ]
1) Layer Properties Mo. of Layers: |3 -
Lav;j This program was restricted bo three ans Four laver system (including subarade) since its specific target is For low classification roads. |
Thickness (in) 3] 200 {5
Modulus(ksi) i} 14
Poisson ratio 035 0.4
Select pavment layer type and click “updale,'\' after each layer: ,_
| J | L\? J Update
2] Design Properties e e e
ESAL [millionz): 1 Tire Prezsure [psil: 100
il 1
Analyziz Period [pears): 0 Foad Length [mile]:
. e ot Mumber of Lanes 2
Serviceability Index: 4.0 {beth diections): -
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. Y Depth of Treated Diid pou run one of the following shrinkage characterization test?
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= ’29— Optimum Moisture Content (%]: ’24— ‘ez, Yolumetric Shrinkage Strain Test.
2 2 e " Mo, Use Buil-in Model
(L 1 toisture Content in Dy Condition (%) 1.2
P200 (%] 100 b awirurn Dy Drensity (pef): 92
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Please select all that apply.
Stuctural Check Performance Check o g
i [~ Longitudinal Cracking o~ ’—
™ Subgrade Shear Failure [ Roughness i
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Figure 1.2—EXSPRS Start-up User Interface



Table 1.1—L.ist of Input Parameters Required in EXSPRS

Layer
Properties

Number of Layers

Description of layers (Layer Type)

Thickness (in.)

Modulus (ksi)

Poisson's ratio

Design Properties

Design ESALSs (millions)

Analysis period (years)

Initial Serviceability index

Reliability (in decimal)

Design wheel load (kips)

Tire pressure (psi)

Road length (mile)

Total number of lanes

Lane width (ft)

Depth of treated subgrade (in.)

Percent of time pavement is exposed to saturation moisture level (%)

Pavement drainage quality

Soil Properties

Subgrade Modulus during wet season (ksi)

PI

LL

P200

Optimum moisture content (%)

Maximum dry density(pcf)

Angle of internal friction from Triaxial tests
(degrees)

Cohesion of soil from Triaxial Test (psi)

Texas Triaxial Classification of soil

IDT at dry (psi)

PVR Limit (in.)

Sulfate Content (ppm)







CHAPTER 2 - INPUT MODULE

In this chapter, the following items are discussed as used in the INPUT module:

Layer properties

Design properties

Soil properties

Preliminary information regarding structural and performance evaluations

O o0O0o

The ExSPRS INPUT module is developed through an interactive screen, which allows the user
to rapidly create the input data. The default values for a typical low-volume road build over high
PI clayey subgrade in Texas are displayed in the screen data input fields at the time the program
starts. These default values can be used as a starting point for the user to edit or use as desired.

At the bottom of the screen, two buttons are provided to recall data from an existing file or save
the input in a file for future use.

The “Load Input File” button is used to load a previously saved input file.

The “Save Input File”, allows the user to type in a file name “with no spaces”, and save the
current input file under the default program folder.

The INPUT module has four sections as shown in the left portion of the input screen. The right
part of the input screen is grayed out. That section is related to the evaluation options and is
activated when the required information is provided in the right hand portion. The following
section will discuss the INPUT module in detail.

2.1- BAsIC INPUT

Basic input includes layer properties, design properties and subgrade properties. A brief
description of the basic design inputs are given below.

1). Layer Properties

e Number of layers: This program is restricted to three and four layer pavement systems
(including subgrade) since its specific target is the lower classification roads.



Layer Property Table: Layer thickness in in., layer modulus in ksi and Poisson’s ratio for
each layer should be input. The representative moduli of materials can be obtained either
from the Falling Weight Deflectometer tests or laboratory tests. The user is advised to
make a reasonable input for each modulus because of the effects these values have on the
final solution.

Layer Description: The type of layer being HMA, base or subgrade should be identified
for each layer. The first layer is HMAC by default. For surface-treatment a thickness of
0.5 in. and a modulus of 300 ksi are recommended. After the layer type is selected from
the drop-down list for each layer, the user needs to click “Update” button.

2). Design Properties

ESAL: One direction cumulative 18-kip (80-kN) equivalent single axle load (ESAL)
applications in millions at the end of the design period (10 years in this case). This value
can be obtained from the Transportation Planning & Programming Division.

Analysis Period: Length of analysis period in years, usually 10 years for low-volume
roads.

Serviceability Index: This input pertains to the initial pavement serviceability index,

which is a function of pavement type and construction quality. Typical value ranges
between 4.0 and 4.2.

Reliability: It is a means of incorporating some degree of certainty into the design process.
The level of reliability to be used for design of low-volume roads ranges from 50% to
80%. This number should be entered in decimal format.

Design Wheel Load: Load on one single axle or a set of tandem axles in kips.

Tire Pressure: Default value is 100 psi. Higher tire pressure is one of the reasons for
higher tensile strains and stresses within pavement.

Road Length: This value is used to estimate cost. Unit length of 1 mile is recommended.

Number of Lanes for both directions: This refers to the total number of lanes in both
directions. For low-volume roads, it is usually 2 or 4.

Lane Width: This input is also used to estimate cost. The standard 12-ft lane is used as
default.

Depth of Treated Subgrade: This is the thickness of the stabilized layer between the base
and subgrade in in.

3). Subgrade Properties

PI: Plastic index in percentage (Tex-106-E). It is a measure of the range of water contents
where the soil exhibits plastic properties. The PI is the difference between the liquid limit
and the plastic limit. Pl = LL —PL

LL: Liquid limit in percentage (Tex-104-E).The liquid limit (LL) is the water content
where a soil changes from liquid to plastic behavior.

P200: Percentage of materials passing the 75 pm (No 200) sieve. (Tex-110-E)



e OMC: Optimum moisture content is the water content in percentage at which the soil can
be compacted to the maximum dry density. This value is used as the upper limit of
moisture variation.

e MC under dry condition: This constant moisture content value in percentage under dry
condition (No further weight loss in 24-hr in 104°F oven) is used as the lower limit of
moisture variation.

e MDD: Maximum dry density is the maximum value obtained by the compaction curve
using the specified compactive effort.

Once the basic inputs are provided, the user can select the performance evaluation options.
2.2 - EVALUATION OPTIONS INPUT

Four evaluation options as depicted in the input screen are provided: 1) Structural checks that
consider fatigue cracking and rutting, as well as subgrade shear failure; 2) Performance checks
that consider longitudinal cracking and roughness. The user can deactivate any or all of the
options except the fatigue cracking and rutting check. Based on the user’s selections,
additional input based on lab testing data and/or his/her subjective judgments are required. The
appropriate modules in the right hand side of the INPUT module will be activated depending on
the evaluation options selected, as shown in Figure 2.1.

& ExSPRS - Expert System for Pavement Remediation Strategies {September, 2008) Version 1.0

INPUT module [This section includes most of the information required to run the analysis ]
1] Layer Properties Mo, of Layers: |3 - Fatigue Cracking and Rutting
Layer 2 |Laver 3 | i f* The subgrade exhibitz exceptionally low strength during wet seaszon expands.
Thickness (in)) [ a0 P17 Mo, that iz not a concern.
Modulus(ksi) A0 14
Poizsson ratio 035 04 Resilient Modulus (M) of subgrade under wet conditions (ksi): 3
Select pavment layer type and clicf "update™ after each layer: Subgrade Shear Failure : o
| =l Undata Are TEX-117E Results Avaiable? Andle of internal friction [degree): |35
s Z Coheszion of zoil [psi): 36
2] Design Properties % “Yes " Mo i ;
ESAL [milions): q Tire Pressire (psi) 100 Clazsification of sai 4
. 1
Analyziz Period [years): 1 Foad Lerth (mile]: Longitudinal Cracking
: - : Mumber of Lanes 2
Steplarertally lelers 40 [both diregtions): f* Pavement tends to crack during long drought seazons.
Reability [in decimals): K Lane "widfhif): 12 " Mo, that is not a concern.
- Y Depth of Treated Did vou run one of the following shrink age characterization test?
Deszign Wheel Load [kips): 18 S 12
Subgradefin} ||| © Ves. Cosfficient of Linear Extensibilty (COLE] test,
3) Subgrade Properties i Lt (l“: “res, Linear Shrinkage Bar Test..
= ’29— Optimum Moidure Content () ,T 2 Yes, Volumetric Shiinkage Strain Test.
foce * No, Use Built-in Model
LL: B1 Muoisture Content in Dy Congition (2] 1.2 b
P200 (%): [100 Masimum DryfDensity (pef): 2|
4] E valuation Options
The following are the evaluation zonsideraticns. Roughness
Please zelect all that apply.
Shuctural Check Perfornance Check _ || ™ The subgrade is highly expansive. ¢ Na. that is not a concem.
— L
[v Fatigue Cracking and Rutting v Longitddinal Cracking e e e R PR i (il ’2—
v Subgrade Shear Failure v Foughness se— " Mo, that iz nat a concermn.
Load Input File | Save Input File | Mext |

Figure 2.1—Selection of Evaluation Models



Fatigue Cracking and Rutting

A layered linear elastic model that computes pavement responses under static loads is
incorporated in the software to check for the pavement fatigue cracking and subgrade rutting.
The Asphalt Institute (1982) and Shell (1978) design methods, which relate the strains to the
allowable number of load repetitions as shown in the following equations are used:

Nf = fl(gt)_fz(El)_f3 (2.1)
Ny = f(e) " (22)

where Nf and Ny is the allowable number of load repetitions for fatigue cracking and rutting
respectively, & is the horizontal tensile strain at the bottom of the HMA, & is the vertical
compressive strain on top of the subgrade, E; is the HMA modulus, f; to fs are empirical
coefficients.

If the loss of stiffness during wet season is a concern, the user is prompted to provide the
saturated subgrade modulus in ksi. This modulus will be used in the check to account for the
worst case scenario.

Subgrade Shear Failure

This option utilizes the Texas Triaxial Design method and LoadGage to check the subgrade shear
failure. If the user desires to check for the subgrade shear failure, the Texas Triaxial Test (Tex-
117-E) results will be required. However, if the test data is not available, default values are
assigned by the program based on some general questions. The user is strongly encouraged to
minimize the use of the default values for this purpose as much as possible.

Longitudinal Shrinkage Cracking

The longitudinal shrinkage cracking is believed to be initiated in the subgrade as a “bottom-up”
crack. The subgrade cracks under the combined action of shrinkage by drying and the resistance
to shrinkage due to base layer on one hand, and to the deeper, constant-moisture layers of the
clay, on the other hand. Resistance to the shrinkage results in shear stresses at the interface of
subgrade and base which in turn produce compression stress in the granular courses and tension
stress in the clay. When the tensile stress equals the tensile strength, cracking is initiated. Upon
further drying, the crack propagates through the base course towards the asphalt layer. If the
tensile strength of the asphalt layer is also inadequate, the crack may propagate through to the
surface, after which another new cracking cycle begins. (Uzan, et al., 1972; Bell and Wright,
1991)

During a dry weather cycle, subgrade shrinkage will cause lateral forces which may exceed its
tensile strength. The increase in the lateral shrinkage stress of soil is the main reason for the
development of longitudinal cracks. A finite element model is incorporated in ExSPRS to
estimate the threshold moisture contents for the initiation (MCy) and propagation (MCp) of the
longitudinal cracks in the pavement structure. This model also estimates the most likely location
for such cracking.

10



A thorough description of the theory and the model used in ExSPRS is provided in TxDOT
Research Report TX-0-5430-2.

To utilize this model, the user needs to either provide laboratory results of the shrinkage strain or
use the shrinkage strain vs. moisture content relationships (later referred to as shrinkage strain
model) developed under this research project. If the information regarding the shrinkage strain is
available and the user selects any of the first three test options, two inputs are required: 1) the
tensile stress under dry condition, and 2) the shrinkage strain value that can be obtained from a
shrinkage strain characterization test such as linear shrinkage bar test or the volumetric shrinkage
strain test. Means of estimating the tensile strength is provided in Research Report 0-5430-2.

If the user decides to use the built-in shrinkage strain model, no extra inputs are required as they
were already provided under the soil properties section.

Roughness

Environmental changes cause subgrade volume change induced by swelling and/or shrinking.
The roughness of pavement is the result of the cumulative deformation and differential
volumetric change of the problematic subgrade soils. The roughness model checks the potential
vertical rise (PVR) of subgrade and evaluates the international roughness index (IRI) of low
volume roads surface.

If the user reports the subgrade as highly expansive (Roughness portion on the bottom right
panel), PVR check will be evoked. The limit of tolerable PVR is also required. This value
typically varies between 1 to 2 inches. Also, if excessive roughness is known to be a concern in
the area, IRI check will be activated to estimate the expected IRI at the end of the design period.

2.3 - EXAMPLE

To understand the steps and modules in ExSPRS, an example is provided for the user to follow.
This also serves as a training exercise. Table 3.1 gives an example of summarized input
information to input into the program. This example will be used in the description of the
remaining modules so the user can use this manual to follow along for the remaining chapters.

Once the required data for all the evaluation checks are completed, the user may click the “Next”

button (at the bottom-right hand side of the INPUT module) to proceed to the EVALUATION
module.

11



Table 3.1—Summary of Example Input Data (Fort Worth Case Study)

Number of Layers 3
Compacted
$ | Description of layers HMAC | Flexible Base | Subgrade
L g Thickness (in.) 2 6 200
2 £ | Modulus (ksi) 500 50 14
S & | Poisson's ratio 0.35 0.35 0.4
Design ESALSs (millions) 1
Analysis period (years) 10
Initial Serviceability index 4.0
Reliability (in decimal) 0.8
Design wheel load (kips) 18
. Tire pressure (psi) 100
% Road length (mile) 1
& | Total number of lanes 2
OE_’ Lane width (ft) 12
= Depth of treated subgrade (in) 12
2 Percent of time pavement is exposed to saturation moisture level (%) 1to5
A Pavement drainage quality Good
Subgrade Modulus during wet season (ksi) 9
PI 29
LL 61
P200 100
OMC (%) 24
Dry MC (%) 1.2
MDD (pcf) 92
I Angle of internal friction (°) 35
% Cohesion of soil (psi) 3.6
= Classification of soil 4
o IDT at dry (psi) 15
2 | PVR Limit (in) 2
3 Sulfate Content (ppm) 1000

12




CHAPTER 3- EVALUATION MODULE
In this chapter, the following items are discussed as used in the EVALUATION module:

0 Information regarding evaluation models
0 Outcome of possible distresses and failures of the design being evaluated

Based on the district survey and literature review conducted under research project TX-0-5430,
the most prevailing distresses for low volume flexible pavements are longitudinal cracking,
rutting, shoving and excessive roughness. The main causes for these distress problems can be
categorized into two areas: 1) Inadequate support, which is caused by inadequate layer
thicknesses, poor constructions and improper stabilization; 2) Problematic soils susceptible to
moisture variation, which include subgrade volume change, shoulder problems, poor drainage or
other combined effects. The EVALUATION module is used to determine whether the user-
defined pavement structure meets these criteria. The outcome from EVALUATION module
provides the user with the option to either modify the original design (use different cross-sections
or materials) and restart the analysis over or proceed to the REMEDIATION module to
determine suitable remediation alternatives.

3.1 - EVALUATION OPTIONS

In addition to the preliminary inputs required in the INPUT module, several specific questions
are also asked in the EVALUATION module window as shown in Figure 3.1. The details for
each type of evaluation are presented next.

Longitudinal Shrinkage Cracking Model

If the user selects to provide the shrinkage strain in the INPUT module, no additional
information is required. If the user decides to use the built-in shrinkage strain model, he/she
needs to select the index parameters to be used to estimate the shrinkage strain with the built-in
model. Figure 3.1 depicts the selection of soil parameters for inclusion under the top panel. The
development and validation of the shrinkage strain model used in ExXSPRS is provided in TxDOT
Research Report TX-0-5430-1.
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EVALUATION module [Thiz section iz ugsed to perform both structural and performance evaluation checks on the pavement gsection. ]

Additional Evaluation Information Required l E valuation Checks Dutcome ]

Longitudinal cracking

Select parameters to include in the shrink age strain model

v Plasticity [ndex [Pl] Iv Liquid Limit [LL] Jv Maximum Dry Density (MOD] [v Optiomum Moizture Content (OMC)

Subgrade shear failure

Do you want to perform the MTRR check? Select axle load type: Select condition of the subgrade:
e~

& i * Single dxle g

™ Ma 3
Select analyziz aption: " Dual Axle {+

+ Linear "

) " Tandem Al
" Maonlinear andem A#le l"“
Roughness Q

Percent of time the pavement iz exposed ta maisture levels approaching saturation: Quality of pavement drainage:
" Less than 1% " Excellent [water iz drained within 2 hours)

& Gaod [water is drained within 1 dayf
" 1%tb%

" Fair [water iz drained within 1 week)
(" BEWw2h%
. " Poor [water iz drained within 1 month)

(™ Greater than 25% " Wery poor [water is never drained)

Back Perfarm Evaluation Checks

Figure 3.1—Evaluation Options

Subgrade Shear Failure Model

Figure 3.2 depicts the input structure for subgrade shear failure check. By default, the Texas
Triaxial method is used. The required cover depth from this method may be over-conservative in
districts where the climate is drier, or where the soils are not as moisture susceptible (Fernando,
et al., 2001). To account for this conservatism, the modified triaxial design method (MTRX) is
also provided as a choice to double-check the cases when the pavement structure fails the Texas
triaxial check. If triaxial test results are provided in the INPUT module, no further information
is required and the rightmost question in the EVALUATION module under the Subgrade Shear
Failure model is grayed. If on the contrary, the triaxial test results are not available, the subgrade
condition is used to estimate these parameters. The user also needs to select the analysis option
and axle load type in order to execute the MTRX ( also known as LoadGage) check. By default,
the LoadGage program runs a linear analysis to predict the stresses. However, for the advanced
user, a nonlinear option is included to permit modeling of the stress-dependency. The nonlinear
analysis option will provide a more realistic prediction of the stresses induced under loading
(Jooste and Fernando, 1995) for thin pavements. This analysis in MTRX uses equation with k;,
k, and ks material constants determined from resilient modulus testing (Uzan, 1985).
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Select condition of the subgrade:

" Good subgrade
Angle of intemal fiction (degree}  [35° " Fait subgrade
Cohesion of soil [psi} [3— {* Poor subgradel
Classification of soit [4 " ‘weak subgrade

‘ " Wem weak subgrade

Subgrade shear failure

Do vou want to perform the MTRX check? Select awle load type: 3

= B ;
S e & Single Avle |
© No Mol | Write to Input |

~
Select analysis option: Eua e
* Lineat

' ] " Tandem Axle
™ Nonlinear

Figure 3.2—Subgrade Shear Failure Check Input Structure
Roughness Model

In order to estimate IRI and PVR more accurately, two environmental-related questions are
asked:

1). What is the percentage of time within a typical year that the pavement is exposed to wet
season (moisture level approaching saturation)?
2). What is the quality of the pavement drainage system?

The user needs to make appropriate selections according to his/her experience. Once all the
relevant information for the EVALUATION module is provided, the user can proceed to view
the Evaluation Outcome by clicking the “Perform Evaluation Checks” button at the bottom-right
hand side of the window.

3.2 - EVALUATION CHECKS OUTCOME

The “Evaluation Checks Outcome” window is divided into four panels to present the results for
the four Evaluation Options (see Figure 3.3). The top left portion presents the outcome of the
fatigue cracking and rutting check, the top right section presents the results for the subgrade
shear failure check, the bottom left section is for the roughness check results and finally the
bottom right portion shows the results for the longitudinal shrinkage cracking (LSC) check
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EVALUATION module [This sen is used to perform both structural and perfformance evaluation checks on the pavement section. ]

Additional Evaluation Information Required Evaluation Checks Dutcome ]

Fatigue and Subgrade Rutting Check Subgrade Shear Failure Check

Insutsisiem shear srergt
i = e =10 prEsCnT falwe a1
: " ;ecp s

Fuiss
aunmes

Fotiue Graskng Sulting Tewas triavial check: Failed
Fatigue Cracking (millions] = 1.067 Pass Design D_cover [in.]= ,3— Required D_cover [in.)= ’15—
T
18kip ESAL: = r Failed DesionD_Base(in)=[6  Requied D_Baselinl= [13
FRoughness Check Longitudinal Cracking Check

bl eliete ) The cracking in the subgrade induced by the shrinkage strain iz initiated at a
The predicted PYR iz 2.60 inches. Failed moisture content of 21, 60%
IRl check: The shrinkage induced cracking in the subgrade propagates to surface at
it tent of 16.80%
The predicted IR is 211 mmk. Passed MaIstIE Eanient o

Graph of crack initiation at the top of subgrade [across pavement section] |

Back | Determine Remediation Strategies I

Figure 3.3—Evaluation Checks Outcome

results. If an evaluation was not selected in the INPUT module, the designated results panel will
be blank.

For the fatigue cracking and rutting check, the corresponding allowable load repetitions are
reported in million ESALs. Fail/Pass flags are also shown for each one. The design traffic
provided by the user in the INPUT module is also reported here for comparison. An overall
Fail/Pass flag is also reported for this evaluation check. In the example used in this manual for
illustration, the section passed the fatigue cracking performance and failed the rutting. The
overall evaluation check is considered as failed, and therefore, remediation to prevent rutting is
required.

In this example, both the Texas triaxial (Tex-117-E) method and MTRX method were used. The
Texas triaxial check proposed a required cover depth of 15 in. MTRX check required a base
thickness of 13 in. The original design failed both checks.

Under the roughness check results, the total PVR was estimated to be 2.6 in. Since in this
example the acceptable PVR limit of 2 in. was provided, the PVR check also failed. The IRI
check gave 2.1 m/km, which passed the criteria for farm to market roads. Details of IRI criteria
can be found in Research Report TX-0-5430-2.

The longitudinal shrinkage cracking check estimated that at a moisture content of 21.6%, the
shrinkage cracking initiates, and at 16.8%, the longitudinal crack propagates up to surface. At
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the bottom-right of the LSC results panel, there is a button “Graph of crack initiation at the top of
subgrade (across pavement section)” that provides the user with the location and distribution of
stresses. The user can click to see the distribution of critical points along a 12-ft lane (144 inches
in x-axis) cross-section view (depth of inches along y-axis) as shown in Figure 3.4. The critical
locations are near the 42 + 18 in. (3.5 + 1.5 ft) range from the pavement edge.

To proceed to the REMEDIATION module, the user needs to click the “Determine Remediation
Strategies” button in the bottom right of the screen. The REMEDIATION module is presented
in Chapter 4.
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Figure 3.4—Longitudinal Cracking Check Graphical Result
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CHAPTER 4 - REMEDIATION MODULE

In this chapter, the following items are discussed as used in the REMEDIATION module:

0 Alternative ways to consider for overcoming structural inadequacy and performance
problems

0 Description of each alternative on how to improve the pavement system
In the REMEDIATION module, six modification strategies grouped into two categories are
available for consideration: 1) To improve subgrade strength and stiffness; and 2) To minimize
moisture variation induced swell/shrink problems. ExSPRS will recommend appropriate
methods to consider from either or both categories following the logic flowchart shown in Figure
4.1 based on the evaluation results.

Figure 4.1— Logic Flowchart of Recommended Remediation Strategies
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4.1 - REMEDIATION STRATEGIES FOR CONSIDERATION

Figure 4.2 shows the selection of remediation strategies. The user has the choice to decide which
one(s) out of the recommended modifications to be considered and analyzed for the original
candidate design. When a specific strategy is selected, the user will notice that a new tab is
activated. Figure 4.2 shows where both Stabilization and Undercut-Backfill are selected and
thereby their tabs are activated (see Figure 4.2). For demonstration purpose and the example
provided in this manual, all recommended remediation strategies are selected for further
illustration. This module shows the remediation strategies that resulted from the evaluation
check results. Once the user determines and selects which of the remediation strategies might be
suitable for consideration, the user can proceed to the COST-BENEFIT module where a cost
analysis is performed and the benefits of the selected remediation strategies are provided for
comparison.

Stabilization: this iz one of the mast commonly uzedimethod to reduce the moisture
vanation induced sweling/shrinkingiproblem. Comaolily the baze/sugrade is stabilized
with a calcium based stabilizer suchias lime, cemend of fly-ash.

v Undercut and Backfill: This iz a popular remedial

f procedure for soft subgrade This REMEDIATION module
provides several strategies to
[~ Geosynthetics: Use of geosynthetics can increase bearing capacity of the consider based on the results of
pavement structure and prevent water penetration to subgrade. o
N the evalutaion checks. In the
hext module, an analysis is
[~ Decreasing Clay Content: This strateqy is used for problematic soil and is an perfﬂrmEd to show the cost and
eazy-to-accomplish remediation method to reduce the sweling shrinking .
potential of the problemetic subgrade soils. benefit of each strate ay.

[~ Deep Dynamic Compactation: This strategy can be used to maximize unit
weight and densisty zoils. This treatment iz considered as one of the most
economical in-situ zoil improvement method avaliable.

[~ Moigture Control: These are ways intended to directly control the moisture
varnition. These include using vertical moigture bariers, improve suface drainage
of the pavement and vegetation removal

Pleaze make sure that all questions are answered for each

Back remediation strateqy considered before proceeding to the Snalysis Proceed to the Cost-B enefit moduls
of Remediation Strategies with Caost -Benefit Companzson sechion.

Figure 4.2—Selection of Remediation Strategies
4.2 - DETAILS OF REMEDIATION STRATEGIES TO CONSIDER

To explore the details of each modification method, the user can click on the corresponding
highlighted tab. All activated remediation strategy tabs are parallel, and the user can explore any
of the solutions in any order.
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Stabilization

Clayey soils are often stabilized with calcium based stabilizers to improve their engineering
properties including strength, volumetric change potential and permeability. Figure 4.3 depicts
the screenshot of stabilization window. Three questions are asked in this module. First, the user
is asked to locate their project using the map provided (see Figure 4.3) to decide whether the
location is susceptible to sulfate heave problem, which is one of the main factors that affects the
final stabilization method and stabilizer recommended. Second, the user is asked to provide the
laboratory tested sulfate concentration in ppm. (Tex-145-E). The default value for this question
will be set to no sulfate concentration, if the user answer for the first question is “Neither”, or
Tex-145-E is not carried out. Finally, the user should indicate whether the subgrade is an
organic-rich subgrade. To facilitate the responses to these questions, the user can take advantage
of the specially treatment recommendations, references and the recommended stabilizers
provided at the bottom-left part (see Figure 4.3).
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REMEDIATION module [This section provides several remediation strategies to consider based on the evalutaion results. l
Femediation Strategies to Congider Stabilization | Undercut Backfil ] Geosynthethics || Decreasing Clay Cantent || Deep Dynamic Compaction || M oisture Control
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This will allow us to select appropriate stahilizers. | . ;
1 the name Bo uillas Formation
YELLOW zone shows sulfate concentration >100pprm, and  GREEN | | i | |
zone shows areas with known sulfate heawve potential. !
Bazed on the Texas County map, determine if area is in a sulfate concentration zone | | |
@ Yes, overlap with YELLOW zone | | |
" Yes, overlap with GREEN zone - T |. T
" Meither |' 1 | N l,
[ ] {
What is the highest sulfate concentration (ppra)? 1000 1 ek
Organic soils in general pose significant problems due to e [
their low strength, high compressibility. low permeabhility. and |
poor compactian. r -J———,—
[Hint: If arganic content of the soil sample exceeds 1%, itis l ==
considered organic rich)
|5 organic rich soil a concem?
™ ‘e, itiz a concemn Update and Returm
— — A Lo
Fegular mix design and construction practices can be - .( Reference /
implemented, but a minimum 24 hours of mellawing is Scale P
recommended at this level. ol s w0 ] | Recommendations
—— P— i 00150 308 1 -
I Lime Lime-Cement Lime-Fly Ash[FS] Fly &zh(FS] Cement f _l Stabilizers

Figure 4.3—Stabilization Window of Remediation Module
Geosynthetics

For the scope of this research, the geosynthetic reinforcement is assumed to be targeted for
subgrade improvements. The reinforcement is placed at the interface between base/subbase and
the subgrade. Figure 4.4 illustrates the usage of the geosynthetic reinforcement with some
additional references. At the bottom half of the window there are three questions regarding the
subgrade quality. These questions are used to decide the required depth of the pavement above

21



# ExSPRS - Expert System for Pavement Remediation Strategies (September 2008) Version 1.0

Geosyrthethics | Decreasing C N

Remediation Stiategies to Consider |
f‘nncun’l‘hnhps

J HEWREEY%W Wl

To lessen, or prevent, rutting of the pavement layer during
construction, or cracking due to base deflection under
traffic, geosynthetics n'layr be placed at, or near, the bottorrl
of the granular base, or ¢ of hrade.
(Hopkins ef af., 2005)

R N

Base (Stab. Base) Required total layer thickness (in inches) over

eosynthetics
Subbase (Treated Sg) 9 yn
~ [ (EHWA Design Methodology, by Holtz et al., 1998)
Geosynthetic

Natural Subgrade
Please select the method you prefer to estimate quality of subgrade sod | —E stimation visually: E stimation by hand:
* Based on subgrade resilient modulus. = i + L
(" Estmate by feel of the soil sample. & &l I & &
" Estimate by subgrade response visually, e [ c &

Masdmum tolerable depth of rutting dusing the design life of the roadway is (i} ] Return

Original trial design met the requirement of aggregate thickness over .
geosynthetics, no modification is needed. I Evaluation Check

Figure 4.4—Use of Geosynthetics

the placement of the geosynthetic material. If has chosen to select this option as a remediation
strategy to consider, then the user should answer those questions. One option is to use the
subgrade resilient modulus, which requires no further action since that value was already
provided in the INPUT module. Further questions are only required if the user decides to use the
other two very approximate methods (the use of these two options is discouraged for project
level studies). Upon selecting one of the two lower radio buttons, the appropriate menu will be
activated.

To ensure that the geosynthetic material can be place at the recommended depth (middle graph in
Figure 4.4) directly without further construction modifications, the user needs to provide
maximum tolerable depth of rutting during the design life of the roadway in inches. Commonly
used value of 2-inch was provided as default. The “Update” button needs to be selected. The
program will show whether thicker layers above subgrade are required for the section with the
geosynthetic to be fully functional without losing it’s anchorage strength. To return to the main
remediation tab, select the “Return” button or directly click on the tab.

22



Moisture Control

Many pavement distress problems are caused by moisture variation and migration. The moisture
control remediation methods are offered in a hierarchical style as shown in Figure 4.5. This
remediation strategy focuses on measures that directly deal with minimizing moisture change in
the subgrade. These remediation strategies are grouped into three main categories: 1) use of
vertical moisture barriers, 2) improve drainage and 3) treat nearby vegetations.

Figure 4.5—Hierarchy of Moisture Control Methods



This portion of the program is illustrative rather than analytical. The user can explore useful
information, design methods and references for different methods by first selecting one of the
three moisture control groups, then further specifying a method if selection question shows up.
Figure 4.6 shows an example informational screen of using moisture barriers. The user can click
“Next Picture” button to read more. As presented in the flowchart in Figure 4.5, there are five
methods to improve the drainage. They are: use sloped sections, cross-drain structure, water bars,
inlets and outlets and to avoid steep grades. Figures 4.7 to 4.11 show example informational
screens of these drainage improvement methods. Figure 4.12 and 4.13 depicts example
informational screens of vegetation treatments.
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Moisture Contil M (o) |st ure B a rrl ers

% Yertical moisture barriers

" Drainage improvement

£ Vegetation treatment There are mainly two types of moisture barriers commonly used
for pavement.

are designed to stop rainwater from
penetrating into the subgrade soils. However, based on
literature, the horizontal moisture barriers DO NOT produce a
smoother ride than the unprotected pavement nor reduce the
moisture variance effectively.

i Mext picture i| Update and Return |

On the other hand, DO work but they
are expensive and complicated to construct. Sites in wet and
semi-arid climates, with cracked clay soils and shallow root
zones, will show the greatest benefit from using vertical
moisture barriers (Jayatilaka ef a/. 1993). Deep vertical
moisture barriers (>8 ft) usually outperform the shallow ones
(<=6 ft) in maintaining a more constant moisture regime (Gay
and Lytton, 1988).

Figure 4.6—Moisture Control Method of Using Moisture Barriers
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" Wegetation treatment

. minimize concentration of

Dirain Improvement

" Cross drain
" Water §ars
" Steep Blrs

" Control Iflets Outlets

ater, minimize needed road width, avoid the

need for an inside ditch, and minimize costs.
Outsloped roads with clay rich, slippery road
surface materials often require rock surface
stabilization or limited use during rainy periods to
assure traffic safety.

pdate and Retum

best control the road surface
water but concentrate water and thus require a
systermn of ditches, cross-drains, and extra road
width for the ditch.

are appropriate for higher
standard, two lane roads on gentle grades. They
also require a system of inside ditches and cross
drains. Itis difficult to create and maintain a
Crowin on a narrow road, so generally insloped or
outsloped road drainage is more effective for
rural roads.

Recommended design details shown on right.

Outsloped Insloped or
1 oo Crown Sections

s Armored

Inslope with Ditels Section Dutch

Figure 4.7—Moisture Control Method of Using
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BREMEDIATION module [This section provides several remediation strategies to consider based on the evalutaion results. l

Femediation 5trategies to Congider ]m]

Moisture Control

" ertical moisture barriers %

* Drainage improverment

" Vegetation treatmert

Drrain Improvement

™ Sloped Sections
f¢ Cross drain
" Water Bars
" SteepBars

" Contral Inlets Outlets

E'.Next picture i| Update and Return |

Undercut Back thethics || Decreasing Clay Content

[Deep Dynamic Compaction

Cross-Dram Structures

= are used to move ditch water across the road. They are

the most common type of road surface drainage, and are most appropriate for
high standard roads where a smooth road surface profile is desired. However
the pipes are expensive, and the relatively small culvert pipes used for cross-
drains are susceptible to plugging and require cleaning.

Place Outlet Pipe at
Natural Ground
Level or Ri
Ammnor the Fill

=_' ¥ Py
- {? Material.

Figure 4.8—Moisture Control Method of Using Cross Drain Structures
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" Steep Bars roads, and skid :
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¢ Control Inlets Outlets trails. Water bars \-.
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Update and Return Spaced for
maximum erosion
control and can be
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block traffic.

% Exitonto Stable £ :‘}
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Gromnd

a. Perspective View

| == 1-im | + 1.2m - | «—1.2m = |
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Figure 4.9—Moisture Control Method of Using Water Bars
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or ¢ dips are easy to use. Between 10

[erpptue ] updseandfieun|  angd 15%, frequently spaced culvert cross-drains work, often

in conjunction with - litches, On grades over 15%, it

is difficult to slow down the water or remove it from the road
surface rapidly. On such steep grades, it is best to use

: ,  with .
Also, the road surface will need armoring or
surfacing with some form of pavement to ist erosion. For
seasonal or low use roads, interim drivable w could

also be constructed.

Figure 4.10—Moisture Control Method of Dealing with Steep Grades
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Moisture Eont%

" Wertical moisture barriers
@+ Drainage improvement

" Vegetation treatment

Dirain Improvement

™ Sloped Sections

" Cross drain
" ‘Water Bars

™ Steep Barz
@+ Contral Inlets Outlets

Control Inlets and Outlets

Water should be controlled, directed, or have energy dissipated at the inlet and outlet of culverts,
rolling dips, or other cross-drainage structures. This can ensure that water and debris enters the
cross-drain efficiently without plugging, and that it exits the cross-drain without damaging the
structure or causing erosion at the outlet

U4 O I TS T SOV B VR T,
e w0 the e, e P damoming el eroaon of te &k

Use masonry concrete, or metal |
stru s to control water in the dIICh
direct 1113 water into the cross-drain
pipe, and prevent ditch down-cutting

Femediation Strategies to Consider ]M] Lndercut B ackfil ] Geosynthethics

Maisture Control

" Wertical moisture barriers
" Drainage improvement

* Vegetation treatrent

" Yeqgetation Remaval

Update and Retum | Should be considered.

Root Bamers

Protection of road structure from the effect of
tree root damage can be achieved by placing
a standard root barrier of 4 , as
this will be deep enough to prevent roots
getting under the barrier in normal
undisturbed soil.

-
]
=
=
-
=
-
o
=]
=

ROOT BARRIER

For situations where the road is built over
reactive clays, a barrier to the depth of "the
zone of influence" normally &

For well-constructed roads in good condltlon it is posmble to reduce the depth
of the root barrier by ] ' . Using the
road base as a horizontal seal, root barrier may be placed vertically running
from the top of pavement shoulder into the road base, where it can be bound
o the road base using bentonite to provide a waterproof and root proof seal.
The benefit of this system is that it allows more soil area for the tree to live in
under the road.

can also be used between the pavement structure and the tree
to create a moisture transfer barrier.

Figure 4.12—Moisture Control Method of Using Root Barriers
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mo it by W|thdrawmg
¢ oot Bariers m0|sture from supporting soils.
Dissimilar soil moisture
withdrawal from tree root zones
in volumetrically sensitive clays
frequently results in differential

M settlements due to shrinkage.
(Ra\.rina, 1984)

3 [ nce of trees
to av0|d 30|I shrlnkage settlement
and damage to pavements can
be controlled by [D:H ratio
(distance to height of trees) as
following:

D-H=1.0 Single trees

D:H ~1.0-1.5 Groups of trees

Figure 4.13—Moisture Control Method of Removing Vegetations

Undercut and Backfill

Poor subgrade soil can simply be removed and replaced with high quality fill. This method,
which is also called undercut and backfill, is a simple procedure that does not require any
specialized equipment. However, unless a suitable backfill material is available near the job site,
removal and replacement is generally a much more expensive operation than the use of additives.
For this reason, removal and replacement is mostly used in urban areas, where dust and
environmental impacts make the use of additives less desirable. Removal and replacement may
also be the best option in areas where deep deposits of peat and muck cannot be treated with the
use of additives. For lower classification roads, economic constrains have to be taken into
account. If this remediation is selected, the program calculates the recommended replacement
depth. Figure 4.14 provides an example of the calculated undercut and backfill depth in inches
provided by the program.
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M cigture Control

Undercut and Backfill

Undercut and backfill is a popular remedial procedure for soft subgrade. The procedure is to

the soft subgrade with a thick layer of granular material or to a portion of the soft
material to a predetemnined depth and it with granular material. The undercut and
backfill method is a simple procedure that does not require any specialized equipment, it can be
used for large scale treatments and when the backfill material is readily available, this method is
relatively inexpensive. (Thompson, 1982)

Following equation (by Corps of Engineers) can be used to approximate the required depth of
granular backfill material:

1 1 where:
1=F P[ - —j t = Thickness of material layer required in inches,
8.1CBR  pr P = Single or equivalent single wheel load in pounds,
CBR = CBR of underlying subgrade soil
p = Tire contact pressure, psi
F = 0.23logC +0.15
C = Number of load repetitions

Required depth of granular backfill material (in) = 1%

Figure 4.14—Undercut and Backfill
Deep Dynamic Compaction

Deep dynamic compaction (DDC) is an economical ground modification method (Figure 4.15).
This technique involves repeatedly raising and dropping a large weight in a prescribed pattern to
densify the potentially unstable or weak underlying materials with high-energy impacts. The
weight may range from 6 to 25 tons and the drop height typically varies from 30 to 60 ft. The
degree of densification achieved is a function of the energy input (i.e., weight and drop height) as
well as the saturation level, fines content and permeability of the material. As mentioned by
several researchers, (Mowafy et al., 1985; Rollins and Christie, 2002), this method is not
appropriate for saturated clayey soils and the solution may be temporary due to water infiltration.

29



# ExSPRS - Expert System for Pavement Remediation Strategles (Septemher 2008] Yersion 1.0

|H isture Contral

Deep Dynamic Compactlon

Deep dynamic compaction treatment is considered as one of the
most ' soil improvement methods available
which is approximately $1 to $1.20 sq ft of surface area (Rollins
and Christie, 2002). However, almost all compacted soils have a
tendency to expand and produce uplift pressures of considerable
intensity when given access to water. An increase in initial
moisture content will reduce the magnitude of swell and swell
pressure (Mowafy et al., 1985). In order to reduce swell and swell
pressure, compaction should occur at

Deep dynamic compaction is used to maximum unit weight and
density of soils. This solution may be due to water
infiltration.

Figure 4.15—Deep Dynamic Compaction
Decreasing Clay Content

When undercut and backfill is not economically feasible, another method which is referred to as
“decreasing clay content” provides an alternative. As the name implies, this process is to dilute
expansive soils with non-expansive fill. It is less time consuming and cheaper compared to
undercut and backfill when quantities of non-expansive fills are limited. When this method is
selected, the program provides the user with the equations based on literature review to quantify
required volume of mixing sand (see Figure 4.20).

The user is encouraged to explore all remediation strategies that are of interest. After studying
the feasible modification methods, the user can proceed to the COST-BENEFIT module by
selecting the button on the bottom right screen to determine which of the strategies are
economically feasible. As mentioned at the beginning of this chapter, this module was to
provide the user with the remediation option available to him/her based on the evaluation checks.
For each remediation strategy selected, the user needs to provide additional information in order
for that strategy to be analyzed and its benefit and cost determined. This is covered in the next
chapter.
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Decrease CIay COntent

Mowafy et al. (1985) suggested a reduction of swelling potential can be achieved by decreasing the
clay content of the problematic soil. Hudyma and Burcin Avar (2006) also suggested the use of soil
mixing to mitigate expansive soils is a promising yet not very well documented modification
technique. For a given initial water content and normal pressure, there is a “critical” clay content at
which the amount of swell is zero. Below the critical value the soil will shrink and above that the soil
is susceptible to swelling. To accomplish the controlled clay content, the swell-susceptible clay soils
could be mixed with coarse fractions of granular materials in the field. Hudyma and Burcin Avar
{2006) reported by mixing two different from southern Nevada with different
percentage of fine-grained silica sands the plasticity index were decreased by up to 75%, which
changed the expansive soils into

Hudyma and Burcin Avar (2006) used swell index {or swell pressure in kN/m2) in a generic empirical
predictive equation (Eq 1) to quantify the swell potential change. The Pl of the mixture can be
predicted by a simple equation (Eq 2).

0// S d 2.0
Swelllndex,,,,, = Swelllndex,, ., — 5[%) Eq 1
PI mixiure = PI exp . sail Vexp.soif s PI sand Vsa?sd Eq 2

Figure 4.16—Decreasing Clay Content
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CHAPTER5- COST-BENEFIT MODULE

In this chapter, the following items are discussed as used in the COST-BENEFI T module:

Determination of unit costs for selected remediation strategies

Estimation of updated pavement input parameters for selected remediation strategies
Cost comparison of selected alternatives

Benefit comparison of selected alternatives

O 00O

The COST-BENEFIT module is the last module in the program. It provides the user with cost
benefit comparison of the original design and selected remediation strategies. This module is
separated into two parts:

1) Input, which acquires assumptions to estimate unit costs and updated pavement
characteristic parameters to quantify benefit; and
2) Outcome, which compares cost and benefit among alternatives.

The input portion is shown first when the user first views this module. As shown in the top of
Figure 5.1, all remediation strategies selected by the user are active and their corresponding
treatments and unit are provided. Again if a remediation is not selected the corresponding
section is grayed out. The second portion of the input is associated with the updated parameters
of the pavement system that are impacted by the remediation strategies. These parameters are
listed in a tabular format (see Figure 5.1).

In the second portion of the COST-BENEFIT module the outcome identifies and compares the
cost and benefit of all eligible alternatives. Once all the inputs such as the detailed modification
activities, unit cost and modified pavement parameters are provided, the cost-benefit analysis is
computed. This outcome is presented in a similar tabular format at the bottom of the screen. In
this chapter, the inputs and outcome of the cost-benefit analysis is described.

5.1 - COST ANALYSIS ASSUMPTIONS

Before describing the COST-BENEFIT module there are some basic assumptions made to
simplify the procedure without compromising the results accuracy. These assumptions are
presented first.
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Figure 5.1—Cost and Benefit Analysis

Basic Assumptions
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For a typical lower classification pavement cost analysis, only the agency costs are
considered due to the fact that the low-volume roads typically experience low daily traffic.
The user costs are considered minimal and are omitted in cost estimates.

Construction time estimation is also omitted assuming that the agency cost to be the
controlling parameter.

The agency cost is estimated using unit cost approach. Unit price information was obtained
from the RS Means CostWorks Data for Heavy Construction (R.S. Means 2007). These unit
cost data can be easily updated with the most current information as they become available.

RS Means differentiates unit costs for same construction activity with different lift thickness.
User defined layer thicknesses are interpolated/extrapolated based on available lift thickness
information.

Cost analysis is only considered for road lanes, and shoulders are excluded. By default, the
roadway section being analyzed is a one-mile, two-lane low-volume road with 12-ft-wide
lanes.

New pavement is assumed for planning construction activities. Only main construction
activities are considered, which include, but not limited to excavation, backfill, compaction,



and preparation of subbase, base, and AC layers. Minor activities such as underground utility
removal, drainage and manhole installation, bridge or culvert construction, surface detailing
and finishing are eliminated.

¢ One crew with one shift is used for all activities since expediting with more crew members or
shifts results higher unit cost. For each activity, normal or ideal set of working conditions are
considered. No variability is considered to account for changes in weather or other factors
during the construction.

e For each remediation strategy the cost is considered separately, since they are independent of
one another.

Cost Input

In Figure 5.1, the top portion of the COST-BENEFIT module shows the input needed for cost
estimation of selected remediation strategies. The user needs to either select from the drop-down
list or to enter numerical values for each activated remediation method. Unit cost for each
strategy will be provided at the right side for quick reference.

The following sections discuss these cost input for each remediation in detail.

e Stabilization: Recall that in the REMEDIATION module the appropriate stabilizer was
selected. For this example the stabilizer was lime. This information is passed and loaded in
this module. ExSPRS automatically loads accordingly cost information in a drop-down list
with different mix percentage. As an example, the user can select 4% mix. The unit cost for
4% lime stabilization of 12-inch lift is retrieved to be $11.3/yd* (12-inch lift means the total
treatment depth that was entered in INPUT module). As a special note, for each remediation
strategy, there maybe more than one possible treatment activities available. To continue with
the lime stabilization example, the user is required to identify mix percentage, but not the lift
thickness. In construction however, it maybe achieved by stabilizing one single layer of 12-
inch, two layers of 6-inch each, or other lift thickness combinations. The rule of thumb used
in ExSPRS is always to select the cheapest one among possible pool of activities. In this case,
a single layer of 12-inch treatment is cheaper than 2 runs of 6-inch layer, and that is the reason
the unit cost of $11.3 is reported. If the costs need to be modified in the future, then the file
installed with the program called “CostAnalysis v2.xIs” needs to be updated. An example for
each tab sheet in the excel file can be followed to update the proper unit cost.

e Undercut and backfill depth is automatically inputted from previous calculation. The cost
associated with this method includes excavation and backfill. No extra input is needed.

e Geosynthetics: The only information needed from the user is to select the tensile strength for
the geosynthetic. R.S. Means 2007 reports the tensile strength per fabric sheet in terms of
pounds (Ib). The available options are 120-lb, 200-Ib and 600-Ib. Other associated
installation costs are not considered due to lack of information.

e Moisture control methods have three different categories which are identified as a) Moisture
Barriers; b) Drainage Improvement; and c) Vegetation Removal. All encountered costs will
be added up together for the final cost estimation of moisture control.

a). Moisture Barriers: Regular drainage geotextile is assumed. The user will be asked for
the geotextile film thickness.
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b). Drainage Improvement: There may be several ways to improve drainage. Additional
costs considered by the program include grading sloped sections and the use of culvert
either to build cross-drain structures, water bars or as inlet and outlet. The user needs to
provide culvert diameter, spacing and slope description (gentle or steep).

c). Vegetation Removal: The user needs to select from drop-down lists of the following
information: diameter of big trees (meaning diameter bigger than 12-inch) to be removed
per road length (entered in INPUT module); number of small trees (diameter less than
12-inch) per acre; percentage of hardwoods and roadside width for small trees (ft./side)

e Due to the lack of cost data for deep dynamic compaction, airport subgrade compaction is
used as a substitute. The user needs to select the percentage of standard proctor density from
R.S. Means’ available pool of 80%, 85%, 90% and 95%.

e The agency cost for decreasing clay content method includes three parts: excavation, backfill
and mixing. Due to lack of information, it is estimated the same way as undercut and backfill,
with half the depth entered by the user (meaning a partial mix and replacement).

Table 5.1 gives an example of summarized cost analysis input that the user can follow to practice
with the program.

Table 5.1—Summary of Cost Analysis Assumptions (Fort Worth Case Study)

Stabilization Stabilizer Lime
Stabilization percent mix 4%
Geosynthetics Geosynthetics tensile strength (psi) 600
Drainage Culvert Diameter (in) 12
Improvement Culvert Spacing (ft) 500
Sloped Section Gentle
Moisture Barriers Bgrrier ﬁlm thickness (in) ' 0.44
Control Big Tree D@meters (for trees bigger than .12") 12-24
Vegetation Number of big trees to be removed (per mile) 10
Removal Number of trees less then 12" per acre Up to 400
Percentage of hardwoods 0-25%
Roadside Width for smaller trees (ft./side) 6
Undercut and Backfill Undercut and backfill depth (in.) 13
. . Compaction Depth (in.) 24
Deep Dynamic Compaction Percentage of standard proctor density 95%

5.2 - BENEFIT INPUT

The benefit input portion of this module is based on comparing structural and performance
evaluation results for the original design and that after using a remediation strategy. These
changes in evaluation results are caused by changes in input parameters. The user will be asked
to provide new input for those changed parameters by either performing laboratory tests or use
their best estimation. The benefit input table will originally show the values of the original
design for cases being analyzed. First column automatically loads the user’s input from earlier
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steps. The other columns are designated for remediation strategies as identified with
corresponding remediation keyword. The values in these columns need to be modified if the
corresponding remediation strategy was selected (in REMEDIATION. module). Parameters that
are likely to be impacted by the remediation strategy are bolded.

The following are some general discussions on changes of expansive subgrade soil properties
caused by each remediation strategy. The changing trend of the parameters under each treatment
is tabulated in Table 5.2 with “{t”” meaning increase, “{” meaning decrease, “{}”” meaning either
increase or decrease is possible, and “—” meaning no change. The information can assist the
user as a guide to estimate the appropriate input values. Additional information can be found in
TxDOT Research Reports 0-5430-1 and 2.

Table 5.2—Summary of Parameter Changing Trend for Remediation Strategies

Remediation Strategies
: Undercut | Deep Decrease
Parameters | o, pilization S?&he tics gg’rﬁ%{e & Dynamic Clay
y Backfill | Compaction | Content

M I'_optimum o
(ks) 2 o 8 ¢ ¢
Mr_ et (Ksi) @ i) i} 8 8 8
Pl 4 — — {3 — ¢
LL {4 — — {3 — ¢
OMC (%) i3 — — g g g
MDD (pcf) g — — g 8 8
IDT dry

. i) iy —
(0si) 8 ¢ ¢
Triaxial
Test 0 0 - 0 0 0

Expansive clays are usually chemically stabilized with cement, lime or fly ash to reduce their
plasticity index, liquid limit, volume change potential, and maximum dry density and to improve
optimum water content, shrinkage limit, and shear and tensile strength properties. (Croft, 1967;
Little, 1999; Thompson, 1966; Bell, 1996; Basma and Tuncer, 1991) Different results are
reported by researchers on how much these parameters changed.

The use of geosynthetics as reinforcement for subgrade soils in both wet and dry conditions
increases tensile strength and initial stiffness of the subsoil, decreases long-term vertical and
horizontal deformation, reduces desiccation cracking, fatigue cracking and rutting, and helps in
holding the pavement system together better (Gurung, 2003; 1983; Abd El Halim et al., 1983;
Cicoff and Sprague, 1991; Steward et al., 1977; Giroud and Noiray, 1981; Montanelli, et al.,
1999). However, the benefits of using geosynthetics are more noticeable for future performance
rather than initial parameter values. Measured values of stresses, strains, deflections and other
parameters are highly case specific. As many researchers have suggested, an average design
improvement factor could be used. From literature review, this improvement factor ranges from
1.5to 2.
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Moisture control methods do not change soil properties, but rather minimize moisture migration
and fluctuation. Thus prevent or minimize the subgrade from expanding during wet seasons and
shrinking during dry periods. With moisture control remediation implemented, parameters such
as subgrade modulus, shrinkage strain and triaxial test results will be controlled in a much
smaller variation range for worst case scenarios.

Undercut and backfill method removes poor subgrade and replaces it with high quality fill. This
procedure changes every aspect of subgrade soil, thus new tests are required to identify soil
characteristic properties.

Deep dynamic compaction is a temporary method to densify unstable or weak subgrade. With
high-energy impacts, unit weight, dry density, strength, stiffness and swell/shrinkage potential of
subgrade soils are modified.

The main purpose of decreasing clay content method is to reduce problematic subgrade
volumetric change potential by diluting expansive soils with non-expansive fills. Similar to
undercut and backfill, every soil characteristic property will change.

For the purpose of this example, changes to the parameters required based on the remediation
strategies are made based on educated guess. Again, laboratory testing would need to be carried
out in order to obtain those values. The modified values are shown in the highlighted section of
Figure 5.2.

5.3 - COST-BENEFIT ANALYSIS RESULTS

Figure 5.3 represents the cost analysis results for our example case. The original design costs
about $347,000/mile, followed by the cost of all remediation strategies. For example, subgrade
stabilization using 4% lime costs $160,000/mile and to control moisture variation by using
drainage improvement, moisture barriers and vegetation removal requires an additional of
$110,000/mile. However, for the remaining four remediation strategies the cost was less than
$50,000/mile. To justify the benefit of each remediation method, before-after analysis results
should be carefully studied. The detailed results for evaluation models are presented in this
table, with a GREEN color for those that passed the criteria, and a RED color for those failed.

Cost-benefit analysis opens the door for more in-depth understanding regarding how to reach a
reasonable and satisfactory design for low-volume road. A good design relies on not one single
factor but many factors combined. ExXSPRS program tries to identify a more critical combination
of considerations in hoping for a favorable alternative. Expertise is invaluable to apply the
findings to assist engineers in their decision making process. The following paragraph will
discuss how to compare cost estimations and benefit results based on the example presented in
this manual. As prevailing distress problems are different for each district, the concentration of
the design goal changes, which in turn will yield different user preferences. In the example case,
let’s assume longitudinal cracking is reported to be the main issue and thus decreasing subgrade
moisture susceptibility become more critical than other aspects. Computational results shown in
Figure 5.3 indicates placing a geosynthetic reinforcement layer near base-subgrade interface
provides the most benefits in keeping longitudinal cracking problem away. Also, by referring to
the cost estimation, using geosynthetics seems to be a very cost-effective choice. Thus, original
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design with geosynthetic reinforcement is very favorable compared to other possibilities. Please
keep in mind that the values used in this example as benefit input were hypothetical and are for
demonstration purpose only.

After the analysis is complete, the program provides a “Save Results” button at the bottom of the
Cost-Benefit Analysis module, which allows the user to save the results in an Excel format.

fild EXSPRS - Expert System for Pavement Remediation Strategies (September 2008) Version 1.0

!

W 1.Stabilization: Stabilzer 1= Amount (%)[4%  +|Cost(3Y) [1130 W 2.Undercut and Backiill Depthfin) [15 CostiLCy) [154
v 3.Geosyntethics: Tenzile strength (k) |BDU ﬂ Cost [5) |2.34 ¥ 4.Decreasing Clay Content: Depth [in.) ,12— Cost [LCY) ,W
¥ 5.Deep Dynamic Compaction: Proctd~95% Cost [5Y) W
W 6.Moisture Control W o Merstre Bamers: Barres film thickness [in] [0.44 +| Costisy) [474

W & Drainage fmprevement: Culvert diameter |12 | Cost(LF) [2050 Culvet spaceing [ft] (500  Sloped section {gentle = | Cost(S) [0.15

W & Yegetfabion Femeval Biatree diameters [in) [12"ta | Mo, of big trees to be removed [per mils] |1 P:-.D D_Ifgees le3s |upto 400 | Cost(Ea) |10.35
thar pEr acre
. Costfacge) [2750.00

Modified Input Qriginal Geosyntethics hoisture Content [Undercut & Dynamic Decreasing clay
Backfll Compaction content
hr optimum (ksi) 40 14 25 18 22
hr weet (ksi) 50 14 9 9 10
29 29 29 29 20
61 B1 40 61 50
24 24 21 26 22
92 92 110 100 100
DT (psiy 100 2.93 20 283 12
Soil Class. . 3 4 3.5 3.9 3.8
e S —

Perform Cost-Benefit Analysis

Back

Figure 5.2—Pavement Parameters Modified for Each Remediation Strategy
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Figure 5.3- Cost-Benefit Results for the Remediation Strategies
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