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IMPLEMENTATION RECOMMENDATIONS

In order to implement this system, the following are recommended:

It is recommended that FWD data be collected on several upcoming new concrete
pavement design and rehabilitation projects and that RMODS be used to process the
data. The backcalculated values, particularly k values, should be compared with
those obtained with traditional methods.

On upcoming underseal projects the Load Transfer Efficiency and Void Detection
procedures should be used to predict the presence of voids. Joints with no voids
should not be undersealed. Validation of the predictions can be made with the
Epoxy Core Test.






DISCLAIMER

The contents of this report reflect the views of the authors who are responsible for the
opinions, findings, and conclusions presented herein. The contents do not necessarily reflect
the official views or policies of the Federal Highway Administration. This report does not
constitute a standard, specification, or regulation, nor is it intended for construction, bidding,
or permit purposes. The engineers in charge of this project were Jacob Uzan and Tom
Scullion, P.E. #62683.

There is no invention or discovery conceived or reduced to practice in the course or
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foreign country.

vii






TABLE OF CONTENTS

Page
LIST OF FIGURES . . . .. e et e e e xi
LIST OF TABLES . . ... . e i e Xii
LIST OF ABBREVIATION AND SYMBOLS .......... .. ... ... ... Xlii
SUMMARY . XV
CHAPTER 1. INTRODUCTION . ... ... . it iin e 1
CHAPTER 2. RIGID PAVEMENT EVALUATION PARAMETERS-RMODS . . . .. 3
2.1 BACKCALCULATION OF LAYER PROPERTIES ................ 3
2.1.1 Introduction . . ... ... ... .. . e 3
2.1.2 Description of the Theoretical Models . ..................... 4
2.1.3 Generation of the Databases . . .. ........... ... ... ...... 7
2.2 LOAD TRANSFER EFFICIENCY ......... ... ... i, 12
221 CTR Method .. ... .. . 12
222UzanMethod . ... ... .. .. ... 14
23. VOID DETECTION . ... ... et 14
231 Introduction . . ... .. ... 14
232CTR Method . ..... ... ... . . ... . 16
233NCHRP Method ... ... ... ... .. . ... 17
CHAPTER 3. CASE STUDY AND RMODS IMPLEMENTATION ........... 19
3.1 CASE A: IH10 BEAUMONT, TX - CENTER SLAB
DEFLECTION DATA ANALYSIS .. ... ... i 19
31 Results .. .. .. e 19
3.2 CASE B: TH10 BEAUMONT, TX - CORNER/EDGE SLAB
DATA ANALYSIS . . . e e 25
3.3 CASE C: US52 LEXINGTON, NORTH CAROLINA .............. 25
3301 Results .. ... e e 28

ix



TABLE OF CONTENTS (Cont’d)

Page
CHAPTER 4. CONCLUSIONS AND RECOMMENDATIONS ............. 31
REFERENCES . ... e e e e e 33



Figure

L

LIST OF FIGURES

Page
RMODS OVerview . .. ..ot i e et e et e e ee 2
Ilustration of Isoparametic Elements Used to Generate Surface
Pressure Distribution in Westergaard Model (Uzan and Sides, 1987) .... 11
Falling Weight Deflectometer Sensor Configuration for Load
Transfer Efficiency Evaluation. The Joint is Positioned Midway
Between Wyoand W, .. ... . 13
FWD Data Collection Procedure to Evaluate LTE Using CTR Method ... 13
Schematic Describing the Creation of Voids under Jointed
Concrete Pavement . ... ...... ... ...ttt 15
CTR Method of Void Detection ............................. 17
NCHRP Method of Void Detection. (FWD Load vs. Max Deflection) ... 18
Deflection Bowl Analysis, Case B, TH10 . .................. .27

xi



LIST OF TABLES

Table Page
1. Description of Rigid Pavement Layer Backcalculation Models . . .. ... ... 6
2. Initial Range of Elastic Moduli Values Used in RMODS Analysis .. . ... 20
3. Summary of Evaluation Parameters Obtained from Hertz Theory

Case A - [H10 Beaumont, Texas . ........... ... ... ........ 21
4. Summary of Evaluation Parameters Obtained from Layered Elastic

Theory Case A - IH10 Beaumont, Texas ....................... 23
5. Summary of LTE/Void Detection Calculations . .................. 26
6. Summary of Evaluation Parameters Obtained from Hertz Theory

Case C - US52 Lexington, North Carolina . .................... 29
7. Summary of Evaluation Parameters Obtained from Layered Elastic

Theory Case C - US52 Lexington, North Carolina . ................ 30

xii



RMODS

TxDOT
TTI
JCP
CRCP
E, or E
E,, E;..

LIST OF ABBREVIATIONS AND SYMBOLS

Rigid Pavement Modulus computer program for backcalculating layer
properties

Texas Department of Transportation

Texas Transportation Institute

Jointed Concrete Pavement

Continuously Reinforced Concrete Pavement

Elastic modulus of concrete

Elastic modulus of layers beneath the concrete layer
Elastic modulus of subgrade

Modulus of subgrade reaction

Radius of relative stiffness

Applied uniform pressure

Radius of loading plate ( circular plate )

Thickness of the slab

Poisson’s ratio of the concrete

Stiffness of the slab

Falling Weight Deflectometer sensor deflections in mils

xiii






SUMMARY

RMODS is a rigid pavement evaluation and backcalculation system developed by the
Texas Transportation Institute for the Texas Department of Transportation. The system
processes Falling Weight Deflectometer data to generate information on the structural
strength of the concrete slab and the subsurface support. Outputs from the system include:

the elastic modulus of each layer,

b. the modulus of subgrade reaction (k) and characteristic length (l,) for center slab
or edge loading,
the load transfer efficiency of joints or cracks, and

d. the presence of voids beneath joints.

This report provides the technical background to RMODS and includes the following
backcalculation models: the Hertz and linear elastic models for processing center slab
deflection data and the Westergaard model for processing free edge deflection data. The
void detection procedures included both the methods proposed by the Center for
Transportation Research (CTR) and the National Cooperative Highway Research Program
(NCHRP).

This report also includes case studies conducted on several in-service concrete

pavements.






CHAPTER 1. INTRODUCTION

This version of Rigid Modulus (RMODS) is capable of analyzing raw Falling Weight

Deflectometer data collected on rigid pavements and can perform the following tasks:

> Analyze load transfer capability of joints and/or cracks using different schemes.

» Run the backcalculation schemes using Hertz and Layered Elastic system theories
for center deflections and Westergaard theory for edge deflections.

»  Detect loss of support or voids underneath working joints and/or cracks of jointed
concrete pavements (JCP).

»  Output the results in tabular and graphical form to the screen and/or to a printer.

The objective of this technical report is to present an overview of RMODS and the
theory behind each of the rigid pavement evaluation procedures. The rigid pavement
evaluation parameters are pavement layer properties, void detection and load transfer
efficiency of joints. A case study on the implementation of RMODS is presented with the
FWD data collected from IH10 (Beaumont), and US52 (Lexington, NC). These specific
projects have been selected for the case study to investigate layer properties and suspected
loss of load carrying capacity of the pavements. Where possible, limited field verification
tests were conducted on the void predictions.

Figure 1 shows an overview of the RMODS program; it consists of an FWD data
conversion module, a load transfer efficiency/void detection module, and a layer
backcalculation module. The FWD data conversion module reduces the field deflection data
according to user specified option(s) and creates a data output file that RMODS can readily
process by RMODS. While processing the field FWD file with RMODS, the user needs to
input the location and sequence of the data collection by responding to simple pop-up
screens. A detailed explanation of the RMODS operation is included in the user manual,
TTI Report 1939-2. The subsequent chapters explain in detail the load transfer/void

detection and the layer properties backcalculation modules.
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Figure 1. RMODS Overview.




CHAPTER 2
RIGID PAVEMENT EVALUATION PARAMETERS - RMODS

The various rigid pavement evaluation features incorporated in the RODS computer

program are:

a. Backcalculation of layer properties:
P Elastic modulus of concrete (E, or E) and layers beneath (E ,E ...E, ), and
» Modulus of subgrade reaction (k);

b. Load transfer efficiency of joint/cracks using different schemes; and

c. Void detection under joints/cracks at corner location.

The following three sections of this report will present the background to each of these

areas.
2.1 BACKCALCULATION OF LAYER PROPERTIES

2.1.1 Introduction

All backcalculation schemes are based on the pattern search technique for matching the
measured deflection bowl with a theoretically calculated deflection bowl. The set of moduli
that gives the best fit between the measured and calculated deflection bowls is chosen to
represent the pavement parameters. The procedure for evaluating the pavement parameters
is similar to the one developed in MODULUS 4.2. It includes the following modules (each
module will be dealt separately in detail):

a. In the case of the multilayer system, the depth of the bedrock is evaluated at each
station and load level. An average depth is selected for the final evaluation of the

pavement parameters.



b. The pattern search technique is used to backcalculate the pavement parameters for
each of the specified models. Since the procedure is based on a large number of
calls to the theoretical model, these calls were replaced by the generation of a
database and the Lagrange interpolation technique.

In the case of Hertz and Westergaard theories, the program checks whether

the required database exists or not. The database is defined by:

1. the radius of the loading plate;

2. the position of the sensors with respect to the loading plate, and

3. in the case of edge loading, the distance from the plate rim to
the free edge.

The program will generate the required database if it does not exist.
In the case of the multilayer system, the program will generate a database
for the specific input layer thicknesseé, computed depth of bedrock, and ranges
of specified moduli, using the same procedure as available in MODULUS 4.2.
c. RMODS analyzes every deflection bowl with the corresponding theoretical model.
For example, the edge deflection bowls are analyzed using only the Westergaard
model, since all other models are not applicable. The center slab deflection bowls

are analyzed with either the Hertz on the multilayer elastic models.

This chapter presents the background of the different models and the procedures for

generating databases and backcalculating the pavement parameters.

2.1.2 Description of The Theoretical Models
The models can be separated into different categories, based on the underlying

assumptions concerning:

i. the representation of the concrete upper layer;
ii. the size of the layer, whether infinite, semi-infinite or finite; and

iii. the constitutive law for representing the materials underneath the concrete.



It is worth emphasizing that all of the theories implemented in the RMODS are linear;
they do not include any nonlinear material property or discontinuity between layers.

In one case, the concrete upper layer is assumed to behave like a thin plate (or slab).
This assumption is included in the Hertz and Westergaard models and leads to the following

consequences:

the effect of the vertical stresses in the layer is neglected;
the stress distribution due to bending across the thickness is linear; and
c. only the vertical deformations of the slab (at its plane of symmetry) and of the

layer underneath are compatible.

In the case of the multilayer elastic system, all stresses and deformations are taken into
account, i.e. no stresses or deformations are neglected.

The extent (size in the horizontal direction) of the upper layer of the slab is a topic that
is very difficult to deal with. Only numerical methods such as Finite Elements, Boundary
Elements and Finite Differences methods can handle finite plates or layers. The Hertz
model and the multilayer elastic model assume that the slab or layer extends to infinity in
both x- and y-directions. Practically, this assumption implies that the size of the plate must
be large, and the load and measuring devices (sensors) are located far from any crack or
joint. The Westergaard model assumes that the slab is semi-infinite, i.e. it includes a free
edge. No other discontinuity can be included. Practically, this assumption implies that a
free edge condition exits, far from any other crack or joint.

Basically, two constitutive laws are used to characterize the materials underneath the

upper layer or slab:

a. the Hertz and Westergaard theories assume the Winkler model composed of linear
vertical springs (or of a liquid), and
b. the multilayer elastic layered theory assumes the Hooke’s model of a linear elastic

continuous material.



These two constitutive models are different, and it is difficult to relate one to the other.
In the light of the above discussion, the description of the three models used by
RMODS is summarized in Table 1:

The Hertz model refers to an infinite plate resting on a Winkler subgrade model;
b. The Westergaard model refers to a semi-infinite plate resting on a Winkler
subgrade model; and
c. The multilayer elastic model refers to several layers (up to four in the program)

made of a linear elastic material.

Table 1. Description of Rigid Pavement Layer Backcalculation Models.

Model Hertz Westergaard Multilayer
Upper Infinite Semi-infinite Infinite layer
layer slab slab
Subgrade Winkler Winkler Hooke
model
Loading Center Free edge Center
condition
Basic model I, and k I, and k E.E,...E,
parameters’ or E_ and k or E and k

" see definition in Notation and following paragraphs.



2.1.3 Generation of the Databases

The generation of the databases requires the use of numerical integration procedures
for the Hertz and Westergaard models and of an existing computer code WESLEA (Van
Cauwelaert, 1989) for the multilayer system (also based on numerical integration). The
following paragraphs give details of the integrated equations and the integration process.

Hertz Model
The deflection of the slab at any distance r from the center of a loading circular area
is given by
4”J. (%) I (xr/a
w(r)_pa f 1( 4) 0( 4)dX ,
D o X +(a/l)
where:

p = applied uniform pressure,

a = radius of loading plate (circular plate),

D =E_ b’ /12 (1-v?) = stiffness of the slab,

E_= modulus of the concrete,

h = thickness of the slab,

v= Poisson’s ratio of the concrete,

r = radial distance from center of the loading plate,
1= characteristic length (1 *= D/k),

k = modulus of subgrade reaction (spring constant),
x = variable of integration, and

Jy, J; = Bessel functions.

The integration of the above equation is made using the Gauss quadrature between
values of x corresponding to the zeroes of the Bessel functions. The computer program used

for the integration is listed in Sevadurai (1979). The accuracy obtained was increased by



increasing the number of intervals between two consecutive zeroes of the Bessel functions
and by extending the integration limit.

The generation of the theoretical database includes computation of the deflections for
the specified radius a at the specified radial distances (r of the sensors) from the load and
17 values of 1, from 250 to 3500 mm (10 to 140 inches). The data is stored in the file
HERTZOUT.DAT for use in the backcalculation procedure. As mentioned previously, the
program compares the user inputs of plate radios and sensor spacings with those used to

generate the default database. If there is not a match, a new database will be generated.

Westergaard Model

The deflection of the slab at any distance x from the center of loading circular area
along a free edge is computed in two steps (double integration). In the first step, the
deflection caused by a point load is computed at 9 distances (representing 3*3=9 positions
in the x-y plane) from the concentrated load. In the second step, a numerical integration of
the deflection caused by a point load is performed over the circular area to give the
deflection at any distance caused by a uniform pressure over a circular area. In the course
of the second step, the Lagrange interpolation scheme is used to interpolate the results from
the first step to evaluate the deflection caused by a point load at any specified position
(within the range of the nine positions).

The deflection at any distance from a point load is given by

o YCOSﬁ(Acos-B-J—’ +Bsin_[5l) e VM

w ”(r) = 2P f lk k k
nkl 2y 1+4(1-vePy?-(1-v)’a’

ox
. COS—

P L By. By .. By .Yy
w)=w!l + (Beos=Lsinh £~ ~ysint~ cosh-L)da
I() a nklkz{ B2+Y2 \B ! l v l / )

k k k k



1+ +o

2

——{1 +2y2g-(1-v)*a*+[1+(1-v)?a +gsin == Bc

k

~2v2gcos = 2Bc “2vely
k

B =';-[2( 1-v)a®-g+2y’gsin 2Be +gcos 2Be Ye ¥
k k

2 +3(1 —v)az_ 2
g —m OGO

v, = Poisson’s ratio of the concrete,

characteristic length ( [, *= D/K),

distance from x-axis to the edge of the slab, and
y = rectangular coordinates (x-axis is along the free edge, y-axis perpendicular

to the free edge: x = 0 and y = 0 correspond to the position of the point
load).



The integral is evaluated using the Gauss integration technique. A set of 3 by 3
positions are generated for use in the integration of the point load result over the loading
area.

In the second step, the contact area is subdivided into surface elements with given
pressure magnitudes at the nodal points. Figure 2 shows the upper right quarter of a circular
area subdivided into isoparametric elements with 4 nodes. The integration over the surface

elements carried out using the 4x4 Gauss quadrature scheme (Uzan and Sides, 1987), i.e.:

4

4
w=2 w, =py [am(gk%rjrkwjk)] ;

w = deflection at point (x,y) due to a uniform pressure distribution over the contact
circular area,

w,, = deflection at point (x,y) due to a uniform pressure distribution over element m,

w; = deflection at point (x,y) due to a unit force (point load) applied at the Gauss-
integration point ((x;y,) obtained by Lagrange interpolation of the results from
step one),

a, = area of element m, and

1,1, = Gauss weighing factors corresponding to the point of integration (jX ,, y )

inside element m.

The database is generated for 17 values of I, ranging from 250 to 3500 mm (10 to 140
inches), for the specific distance from the edge of the loading plate to the free edge of the
pavement, for the specific radius (a) of the plate, and for the given positions of the sensors.
In the present version of the system, the distance of the loading plate rim from the free edge
is assumed to be 12.5 mm, corresponding to field positioning of the plate rim between zero
and 25 mm from the edge. The theoretical deflection bowls generated using the
Westergaard model are stored in the file WESTOUT.DAT for use in the backcalculation.

10
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Figure 2.

lustration of Isoparametic Elements Used to Generate Surface Pressure
Distribution in Westergaard Model (Uzan and Sides, 1987).
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As mentioned previously, the program checks whether the required database exists or not,

and a new database is generated if necessary.

Multilayer System Model

The multilayer system operates in a way similar to the MODULUS 4.2 computer code
for flexible pavements. It uses the computer code WESLEA for generating the required
databases for the specific radius of contact area, radial distances of the sensors, and layer
thicknesses including the subgrade thickness.

2.2 LOAD TRANSFER EFFICIENCY
To evaluate the load transfer efficiency of the joints, two procedures have been

incorporated into RMODS. These methods and the sources are:

1. CTR Method Methodology outlined in CTR Report 387-3F, and
2. J. Uzan Method Texas Transportation Institute.

In order to evaluate the load transfer efficiency using RMODS, FWD data must be
collected in a specific format. Figure 3 shows the required FWD sensor configuration.
RMODS cannot evaluate LTE without FWD deflections at the -12 sensor spacing location.
Each of the different LTE methods incorporated in RMODS is briefly explained below.

2.2.1 CTR Method

The original method uses FWD deflections measured at both upstream and downstream
locations of joints and cracks (refer to Figure 4). Figure 4 shows the placement of the
sensors and the locations of load application points. This version of RMODS has been
programmed to process only the downstream deflection data shown in position 3B of Figure
4. The decision to collect only downstream data was based on field expediency. It is
expensive, time consuming and sometimes dangerous to collect FWD data on concrete

pavements. The benefits of upstream data were judged not to outweigh the costs.

12
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Figure 3. Falling Weight Deflectometer Sensor Configuration for Load Transfer
Efficiency Evaluation. The Joint is Positioned Midway Between W, and
W,.
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Figure 4. FWD Data Collection Procedure to Evaluate LTE Using CTR Method.

UDR (Upstream deflection ratio) and DDR (Downstream deflection ratio) are defined

as follows.
UDR = smallest of W,/W, or W,/W,
DDR = smallest of W,/W; or W,/W,

13



RMODS calculates the Downstream Deflection Ratio from the position 3B in Figure
4. In the CTR study the average of downstream and upstream ratios were used to classify
the load transfer. Ratios greater than 0.9 were classified as “Full Load Transfer,” below 0.2

was “No Load Transfer.”

2.2.2 Uzan Method

In this method, only downstream deflection bowl data is needed to determine LTE.
The ratio u is given by W, divided W, and calculated for the FWD deflections collected
from downstream joint or crack. This simple Load Transfer Efficiency is normalized based
on the W,/W, ratio measured at center slab. If center slab deflection data is not available,
then the ratio m is set at 0.95. It is to be noted that previously obtained values of m can
be used in calculations until additional center slab data are obtained. LTE is given by the
ratio of wm. It is expressed in percentages from 0% to a maximum of 100%. RMODS
utilizes the following expressions to determine LTE by the Uzan Method.

LTE (%) = 100 * (U/M),

where:

U = W,/W, (Upstream deflection),

m = W,/W, (If Center Slab Deflections are available), and

m = 0.95 (If Center Slab deflections are not available).

2.3 VOID DETECTION

2.3.1 Introduction

The unsupported area beneath the concrete slab surface which is caused by the
combination of excess moisture, pumping of fines, and erosion is defined as voids. In
general, voids are created near transverse joints, working cracks, and edges (Corvetti and
Darter). Due to the presence of voids, the rehabilitation of pavements will not serve the
intended enhancement of pavement life. Hence, prior to any overlay rehabilitation, support
has to be restored by filling the voids with grout. Experimental projects on grout subsealing

14



in Illinois revealed that the high intensity pressure grouting without confirmed knowledge
of voids could prove disastrous, in which case the slab might be lifted due to the excessive
pressure. This introduces the significance of void detection. The following paragraphs
include a brief overview on void detection procedures and their subsequent incorporation
in the RMODS computer program.

Figure 5 shows a schematic diagram of void creation. In general, voids are created by
a combination of moisture and pumping due to poor load transfer efficiency of crack and
joints. Also, previous observations indicate that voids are mostly created beneath the leave
side of the slab.

Wheel lood
Pumping _\ Traffic direction
) . B
Approach slab z

Sand fines //““*'
Void ({oose earth and water)

Leave slob

Void creation due 1o poor load transfer

Figure 5. Schematic Describing the Creation of Voids under Jointed Concrete
Pavement.

A literature search conducted in this study identified several void detection methods
that utilize Falling Weight Deflectometer data. All these void detection methods are
empirical in nature. To accomplish the task of selecting the best void detection procedure,
tests were conducted at the Texas Transportation Institute on slabs with artificially created
voids. Based on the success rate of each method, two void detection methods were selected
for inclusion in RODS: the CTR Method (Ricci, et al. 1985) and the NCHRP Method

15



(Crovetti and Darter, 1985). These two methods are incorporated in the RMODS computer
program. Note that both procedures were capable of processing both upstream and
downstream deflection data; however, in RMODS it is proposed that only the downstream
data be collected. The downstream location as shown in Figure 5 is where voids are usually
located. The following paragraphs briefly describe each method and the underlying

concepts.

2.3.2 CTR Method

This method was developed by the Center for Transportation Research in Austin and
is reported in CTR Report 3-8-84-387-3F. Based on the deflection bowl shape of the FWD
data, two mathematical parameters M and Q are defined, which, when empiricaily
correlated, can predict the presence of voids. Figure 6 illustrates the sensor arrangement and
exaggerated view of the defection bowl along with the diagrammatic representation of M
and Q. The parameter M is the angle between the line joining point of peak deflection and
the point of deflection at the first sensor on the leave slab and the vertical, while Q is the
angle between the line joining the first sensor of the leave slab and the seventh sensor and

the horizontal line. Voids are present if the Q factor is > 22. These factors are given by:




10+

Deflection
(mils)

207

30

4Q- : : T - : :
3 1 2 4 5 8 7
FWD Sensors

Figure 6. CTR Method of Void Detection.

2.3.3 NCHRP Method

This method of void detection was developed under NCHRP contract 1-21. Of the
two methods outlined in the report, the proposed rapid void detection method was
adopted for incorporation in RMODS. The procedure involves graphing FWD load
versus maximum deflection (mils) and extrapolating a regression line through the data
points to intersect the x-axis. If the x-intercept is greater than 2 mils, then voids are

present under the slab. Figure 7 illustrates the NCHRP rapid void detection method.

17
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CHAPTER 3
CASE STUDY AND RMODS IMPLEMENTATION

3.1 CASE A: TH10 BEAUMONT, TX - CENTER SLAB DEFLECTION DATA
ANALYSIS

Interstate Highway 10 is one of the several in-service pavements selected for pilot
testing of the RMODS computer program. IH10 is rigid pavement consisting of a 250 mm
concrete slab over a 150 mm cement treated base on the existing subgrade. The slabs are
4.5 m in length. An initial visual survey revealed pumping and possible poor support
conditions.

Falling Weight Deflectometer deflection data were collected beginning at the location
of suspected voids for a distance of 600 ft (182.88 m), covering forty slabs. The initial run
of FWD was made to collect the data from the center slab location only. The intended
objective of this study was to evaluate the overall structural integrity of the pavement layer
structure, specifically the subgrade condition. In this case, the center slab results are
presented; in Case B, the joint data is presented.

FWD data was collected at four different load levels. In the backcalculation analysis
using RMODS, the deflections at the load level closest to 10,000 Ib (4536 kg) were utilized.
In all the case studies reported in this document, the initial range of elastic moduli of
pavement layers as listed in Table 2 was used. A constant value of 0.15 was used for the

Poissons ratio of the concrete.

3.1.1 Results

Tables 3 and 4 list the results obtained from the Hertz theory and the elastic layered
theory, respectively. In the Hertz theory calculations, RMODS prints out the elastic modulus
of concrete E1, radius of relative stiffness I, and the modulus of subgrade reaction k. The
mean values of El, 1, and k are found to be 9605.3 ksi, 53.5 and 121.3 pci, respectively.
For each position, both the measured and computed bowls are presented together with the
mean error per sensor. The & sign at the end of each line indicates that the solution is not

close to the limits set up in the deflection database.
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Table 2. Initial Range of Elastic Moduli Values Used in RMODS Analysis.

MATERIAL ELASTIC

MODULUS

RANGE (ksi)
Concrete 1500 - 7500
Cement Treated Base 250 - 1200

Lime Treated Base (Unbounded) | 30 - 80
Lime Treated Base (Bounded) 30 - 900
Subgrade 5-30

.
g,

Table 4 gives the results from the elastic layered theory. The mean value of concrete
modulus is 5893.9 ksi, which is significantly less than the value calculated by the Hertz
model. The mean values of E, for CTB and subgrade is 64.8 ksi and 20.5 ksi, respectively.

In general, similar trends are observed in the support values from both the layered
elastic and Hertz solutions. The low values of k correspond to the low values of subgrade
modulus. However, the concrete moduli values are significantly different. The linear elastic

results appear more reasonable.
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Table 3.

Summary of Evaluation Parameters Obtained from Hertz Theory Case A - TH

10 Beaumont, Texas.

Page: 1 TTI RIGID MODULUS BACKCALCULATION ANALYSIS SYSTEM {SUMMARY REPORT) tversion 2.0)
District: 20 County: 18t Highway/Road:  1HOD10 HERTZ THEORY, CENTER DEFLECTION
Mcddstlus B, Radius of Relative Stiff-
*toad Plate* load ** Measured/Computed Deflection, (mils): ** ness 1, & Mod. of Subg. Reaction k Errt
Station * Location * (ibs}) W1 w2 w3 W WS w6 W El i k Ered sens,
0.000 Cent/HERT 11,441 4,37 4,02 3.62 4,09 2.67 2.19 174
4,37 3,18 3.69 3.18  2.67 2.19 1,76 69811 46.4  151.0 J9ZE-01 L66E+01 &
16,000 Cent/HERT 11,421 4.64 4,29 3.91 4.37 2.88 243 2.06
4.66 3,42 3,95 342 2.8 2.37 1,91 7225 47.1  137.6 L9RE-01 (T6E+D1 &
32.000 Cent/HERT 11,377 &4.B7T  4.56 4.1% 4.52 3.11 2.6 2.2
. 5.05 3,70 4.28 370 311 2.5  2.06 61323 46.9 127.8 T7E-01 LT6E+D1 &
48.000 Cent/HERT 11,262 4.58 4.32 3.87 4.30 3.11 275 2.51 »
L.49 36T 4,06 36T 3,28 2.89 2.51 11942.9 61.%9 81.6 L52E~01 L66E+01 &
63.000 Cent/HERT 11,266 4.72 4.40 4.10 4&.34 3.26 2.95 2.64
440 385 4,10 3.85 3.56 3.2r 29T 262 7.7 50.2 LE-01 L92E401 &
77.000 Cent/HERT 11,338 4,44 4,12 3.79 4.13 2,95 2.5 2.28.. =
4,14 3.5 3.79 3,50 3.19 2.87 2.55 16534.7 69.8 70.0 LBTE-01 106402 &
93,000 Cent/HERT 11,298 4.20 3.8 3.55 3.8 2.73 2% 2.16
4.20 3.3% 371 3,33 292 2.52 2.1510638.,5 56.%  105.2 J50E-01 L66E+01 &
109.000 Cent/HERT 11,199 4.43 4,13 3.76 4.03 2.82 2.3%9 2.05 .
. 4,43 3,38 3,84 3,38 291 246 2.04 82564 51.3  119.6 LG1E-01 L61E+D1 &
123.000  Cent/RERT 11,282 4£.27 3.97 3.5%9 3.9¢ 2.73 233 2.02
4.21 3,25 369 3.25 279 2.35 1.94 8458.2 0.8 127.3 L68E-01 (66E+01 &
139.000 Cent/HERT 11,306 3,93 3,67 3.35 3.5 2.5 2.15 1.8 ) .
373 3,04 3,35 304 272 2.39 2.07 1411841 é1.4 100.1 L95E-01 (106402 &
155,000 Cent/HERT 11,330 4.19 3.93 363 3.8 2.8 255 1.7
£.50  3.01 3.63 3.01 241 L8 1.41 48440 9.6 198.9 L21£400 .1SE402 &
169.000  Cent/HERT 11,302 4.40 4.15 3.90 4.06 3.17 2.8 2.5 )
4.2T 3.%9 3.90 3.59 3.26 2.92 2.59 15183.4 8.1 711 J33E-01 L49E+01 &
184.000 Cent/HERT 11,270 4.67 4,33 4.01 4.31 297 2.51 213
4,69 3.50 4,01 3.50 2.97 2.47 2.02 704L.D 48.6 126.5 JT6E~01 658401 &
200.000 Cent/HERT 11,199 4.50 4,17 3.83 4.2 2.8 2.42 2.10
£.25 3.49 3.8%3 349 313 276 2.41 12972.8 62.9 83.0 JITEAQ0 11402 &
215,000  Cent/MERT 11,207 4.65 4.36 4.01 431 3.09 2.8 2.33
4.39 370 401 370 3.35 301 2.66 14698.8 68.2 68.4 LB9E-01 108402 &
230.000 Cent/HERT  11,25%4 4,40 4.12 3.77 4.06 2.81 2.39 1.25
473 310 377 3,10 245 1.8 1.3% 4322.6 38.4 199.¢6 L20E+00 (158402 &
246.000 Cent/HERT 11,155 4.41 4,16 3.88 4.04 3.08 2.74 1.34
4,65 3,31 3.8 331 275 2.22 .76 5872.3 £4.5  150.6 L22E+00 L 15E+02 &
261.000 Cent/HERT 11,179 4.49 4.18 3.82 4.13 2.8 2.38 2.03
441 337 3.827 337 250 2.45 2.03 8274 51.3 119.8 LTRE-01 L83E01 &
275.000 Cent/HERT 11,234 4.31 4.00 3.68 4.02 2.78 2,35 1.98
4,31 3,28 373 3.28 2.82 2.3 1.97 8405.3 S1.0  124.8 L66E-01 (SSE+DT &
289.000 Cent/HERT 11,195 4.13  3.82 3.49 3.81 263 219 1.8 )
4.02 3.08 3.4% 3.08 2.66 2.26 1,88 9367.3 52.1 128.2 JT6E-01 L6FE+DT &
06,000 Cent/HERT 11,266 4,26 3.94 3.57 3.96 2.5% 2.1 1.74
4.26  3.11 360 311 2.61 214 172 70819  46.6 151.7 L92E-01 65601 &
320,000 Cent/HERT 11,214  4.20 391 3.55 3,95 2.61 2.15 1.75
4,17 3.08 3.55 3.08 2.61 2.6 1.75 761%.1 479 145.9 L93E-01 (6LEHDT &
336.000 Cent/HERT 11,226 4.13 3.83 352 3.81 2% 2.15 73
3,95 3,18 3.5 3.18 2.82 2.46 2.12 1255.0 $9.3  100.7 L HE+QD 128402 &
351.000 Cent/HERT 11,274 4,12 3.83 3.51 3.80 2.5 2.4 1.78
3,97 3,15 3.5t 315 277 2,40 2.05 11466,3  S7.0 10%.1 LT0E+00 . 10€+02 &
268,000  cent/HERT 11171 4,35 4.01 3,62 402 25% 2.3 1
&.07 3.26 5.62 3.26 2.89 2.5 2.1511575.3 58.4  100.2 L18E4+00 L ILEHDZ &



Table 3. Continued.

382.000 Cent/HERT 11,222 4.02 3.72 3.37 374 246 2.03 1.6

4,02 2.9 3.40 2.9 24T 2,03 1.63 7563.1 46.8 158.8 S1E-01 .67E+D1 &
397.000 ° Cent/HERT 11,199 4.35 4.05 3.72 3.97 2.69 2.16 1.66
4,18 3.35 372 3.35 2.97 258 2.21 11310.3  $8.4 977 L216400 L 14E+02 &
413,000 Cent/HERT 11,222 4.31 4,01 3.74 3.98 2.70 2.19 177
4.29 3.32 374 3,32 2.88 245 2.05 9157.9 S3.1 1159 106400 .9BE+01 &
427.000 Cent/HERT 11,179 4.31 4.00 3.67 3.99 269 2.21 1.7S .
4.1 3.30 3.67 3.30 2.91 2.52 2.15 11049.2 S7.5 101.8 LIGEH00 L 126402 &
442,000 Cent/HERT 11,218 3.99 3.7 3.41 372 2.5 2.15 1.82
3.88 3.04 3.41 3.06 2.66 2.28 1.93 10841.6 55.0 119.3 LT6E-01 .TIE+01 &
457.000 Cent/HERT 11,147  4.42 4.10 3.70 4.13 2.7 2.23 176
4,20 3.31 370 331 285 2.49 2.11 10140.1  55.5 107.3 JGEHD0 L 126402 &
473.000 Cent/HERY 11,207 4.30 4.01 3.66 3.97 275 2.31 1.9
4,15 3,28 3.66 3.28 2.88 248 2.11 10567.1 561 106.9 (B3E-01 886401 &
488,000 Cent/HERT 11,238 4.04 3.75 3.40 3.68 241 1,92 1.49
412 2.90 341 2,90 2.39 1.92 1.50 €391.9 43.5 179.3 97E-01 .69E+01 &
503.000 Cent/HERT 11,191 4.28 3.99 3.65 3.95 2.75 2.28 1.87
417 3,25 3,65 3.25 2.83 2.42 2.03 $776.2 541 1143 .80E-01 82401 &
520.000 Cent/HERT 11,171 4,28 3.98 3.63 3.93 2.72 2.30 1.3
4.28 3.24 3.69 3.24 .78 2.34 1.92 BIT0.5 S50.3 128.4 L66E-01 ,60E+01 &
534.000 Cent/HERT 11,203 4.33 4.02 3.71 3.7 278 2.29 1.88_.
4,20 3.3 371 333 2.92 2.52 2.1510569.1  56.5 1041 J90E-01 .94E+0) &
58,000 Cent/HERT 11,052 4.42 4.11 3.64 4.15 2.76 2.29 1.83
‘ 4,39 3.26 3.74 3.26 2.76 2.29 1.8 T51.6  48.2 135.0 JG1E-01 .4BE+0T &
564,000 Cent/HERT 11,123 4.49 4,14 375 4.21 273 2.26 1.8
_ 449 327 RT9 32T 2274 2.25 1.81 6610.0  46.4 1430 L956-01 .TE+O1 &
578.000 Cent/HERT 11,056 4.48 4.08 3.7 4.20 2.61 2.13 1.67 .
448 317 3,72 347 2.62 241 1.66 9.7 440 1587 LINELD0 LT1EH01 &
593.000 Cent/HERT 11,159 4.32 4.07 3.72 4.01 278 2.31 1.83
433 3.26 372 3.26 278 233 1,91 T803.5  49.5 131.0 TTE-O1 636401 &
Mean: 435 4.05 3.70 4.03 277 234 1.89 9605.3 535.5 121.3
Std. Dev: 0.20 '0.20 0.19 0.20 0.20 0.23 0.31 3366.2 8.5 32.9
Var Coeff(%): 467 4.B3 5.08 4.91 T.07 9.67 16.20 35.0 16.0 27.2
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Table 4. Summary of Evaluation Parameters Obtained from Layered Elastic Theory
Case A - IH10 Beaumont, Texas.
Page: 1 TYI RIGID MODULUS BACKCALCULATION ANALYSIS SYSTEM (SUMMARY REPORT} {version 2.0}
District: 20 County: 181 Highway/Road: IROC10 LAYERED THEORY, CENTER DEFLECTION
*Loxd Plate* Load **** Measured/Computed Deflectica, (mils): **** mModulus E, of the Pavement Layers Err/
Station * Location * (lbs) wi w2 W3 W4 WS wWo W El €2 ] ESG  Err? sens,
0.000 Cent/MODU 11,440 4.37 4.02 3.62 4.0% 2.67 2.19 1.74
458 4,16 3.66 3.14 2.65 2.22 1.86 51563 5.0 22.5 .63E-01 .60EH01 *
16,000 Cent/MODU 11,420 4.64 4.29 391 4,37 2.8 2.43 2.06
481 4.43 394 3.43 295 251 2.2 5720.9  25.0 19.3 .51E-01 .54E+01 *
32,000  Cent/HODU 11,376  4.87 4.56 4.15 452 3.1 2,61 2.22
5.06 4.68 4,18 3.66 3,15 2.6 2.29 S661.4 25.0 17.7  .418-01 496401 »
48.000 Cent/MODU 11,261 4.58 4.32 3.87 4.30 311 2.75 2.51 )
. 4.65 437 L0101 3.62 3.22 2.8 2.5 T167.1  469.0 14.8 .296-01 428401 &
63.000 Cent/MODU 11,265 4.72 4.40  4.10 436 3.26 2.93  2.64
G477 451 4.16 377 338 3,00 2.66 TB4LO 4046 13.8 .20E-01 .356401 &
77.000 cCent/MODU 11,337  4.44 4,12 3,79 413 2.93 2.5 2.28
4.51  4.24 3.86 3.45 3.03 2.6 .2.29 -B114.9  25.0 17,0 316-01 436401 *
95.000 Cent/NOOU 11,297 4.20 3.86 3.55 3.88 273 .35 Z.16
. L.26 398 3.62 3.23 2.8 2.48 2.15 828.8 79.1 17.8  .336-01 L45E401 &
109.000 Cent/MODU 11,198  4.43 413 3.76 403 2.82 2.39 2.05
45T 4.23 3.80 3.33 2.88 2.46 2.10 6376.0  25.0 19.0 .34E-01 456401 *
123,000 Cent/MODV 11,281 4.27  3.97 3.59 3.96 273 2.33 2.02
4,39 4.07 3.66 3.22 2.80 2.41 2.06 6660.4  &1.9 19.0  .39E-01 .48E+01 &
135.000 Ceot/MODU 11,305 3.93 3.67 3.35 3.65 2.5 2.15 1.82
‘ ‘ 407 377 339 297 257 2.21 1.88 7i9.6 5.0 21,4 .3BE-01 .4TEsD1 *
156.000 Cent/MODU 11,329 4.19 3,93 365 3,8 2.8 2.5 1.3t
4.63 413 3.5 2.9 2.45 201 1.64 4005.6  25.4 25.4 208400 . 1SEHOZ *
169.000 Cent/MODU 11,301 4,40 4.15 3.90 4.06 3.17 2.8 2.5
447 424 3.9 3.60 3.25 2.9 2.58 8999.8 S66.7 13,9 .156-01 316401 *
184,000 Cent/MODU 11,269 4,67 &.33 401 431 297 2.51 2.13
4.84 448 4,00 3.50 302 2.58 2.20 %9129 25.0 18.3  L4L0E-01 486401 *
200,000 Cent/MODU 11,198 4,50 4.17 3.83 4.2 2.8% 2,42 2.10
464 4,30 3,85 3.38 2.93 2.51 2.14 6102.5 57.5 18.3  .46E-01 .S1E+01 &
215.000 Cent/MODU 11,206 4.65 4.36 4.01 431 3,09 2.68 2.33
LT 44T 406 3.61 3T 275 2.37 72201 25.0 16.3 .29E-01 42E401 *
230.000 Cent/MODU 11,253 4.40 4.12 3,77 4.06 2.8t 2.3% 1.3
4.92 431 3.62 2.98 241 1.5 1.58 3195.1  26.1 26.1 216400 .15E+02 *
246.000 Cent/MODU 11,156 4.41 4.16 3.88 4.04 3.08 2.74 1.34
4.92 437 3.73 311 2.5  2.09 .71 3576.8 25.0 26,0 .23E400 168402 *
261.000 Cent/MODU 11,178 4.49 4,18 3.82 4.13 2.8 2.38 2.03
4.66 430 3.8 3.3 2.89 2.46 2.09 5970.1  25.0 19.1  .40E-01 .48E+01 *
275.000 Cent/MODU 11,233 4.3 4.00 3.68 4.02 2.78 2.35 1.98
&.46 413 377 3.5 2.8t 2.41 2.05 6607.6 25.0 19.5  JL1E-01 496401 *
289.000 Cent/MODU 13,194 4.13 3,82 3.49 3.8 263 2.19 1.82
4.28  3.95 3.52 3.07 2.6+ 2.24 1.90 6380.3  25.0 21.2  43E-01 (49E+Q1 *
306.000 Cent/MODU 11,265 4.26 3.94 3.57 3.96 2.59 2.14 L7
446 4,07 3,58 3.08 2.61 2.19 1.83 S314.3 25.0 22.5 .STE-01 ,S6E+Q1 *
320.000 Cent/MODU 11,213 4.20 3.91 3.55 3.95 2.6 2.15 175
L.41 4,03 3.5% 3.07 2.1 2.20 1.85 ©5563.% 25.0 22.1 .S7E~01 .SSE+D1 *
336.000 Cent/MODU 11,225 4.13  3.83 3.9 3.8 2.%%9 2.15 1.73 R
4.33 3,96 3.51 3.03 2.58 2.18 1.8 5799.1 25.0 22.2  .49E-01 .S3E+01 *
351.000 Cent/MOOU 11,273 4.12 3.835 3.51 3.80 2.5 2.1 1.78
430 %.9% 351 3.« 2.60 2.20 1.B& 6075.2 25.0 22.0 _46E-01 .S1E+01 *
368.000 Cent/7MODU 11,170 4.35 &.01 3.62  &.02 2.5%9 2.13 .74 .
4.5 4,14 362 3,10 2.62 2.1% 1,83 9.7 25.0 22,4 SRE-01 STE«Q1 =~
382.000 Cent/MODU 11,221 4,02 3.72 337 374 246 2.03 1.69 .
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Table 4. Continued.

4.19 3.83 3,39 2.92 2.4 2.10 1.76 S875.3 5.0 23.3  .54E-01 .556+01
397.000 Cent/MODU 11,198 4.35 4.05 3.72 3.97 2.69 2.16 1.6

4.66 419 3.65 311 2,61 2.18  1.81 4634.4  25.0 22.8 .6ZE-01 .46E401
413.000 Cent/MODU 11,221 4.31 4.01 3.7 3.98 2.70 2.19 1.77

4.56 4.16 3.66 3.15 2.67 2.75 1.B8 S25.1 5.0 21.8 .S3E-01 .&1E+01
427.000 Cent/MODU 11,178  4.31 4.00 3.67 3.99 2.6 2.21 1.75 :

: 4.5 4.14 3.65 3.1 2.66 2.2 1.88 5226.6 25.0 21.8 .SSE-01 .SBE+01

442.000 Cent/MODU 11,217  3.99 3.71 3.4t 372 2.54 2.15 1.8

4.14  3.82 3.42 2.99 2.58 2.21 1.88 &513.6 98.7 20.8 .436-01 .S0E+01
457.000 Cent/MODU 11,146 4.42 4.10 3,70 4.13  2.74 2.23 1.76

4.65 4,23 372 3,19 270 2.26 1.89 4938.4  25.0 21.5 .62E-01 .60E+01
473.000 Cent/MODU 11,206 4.30 4.01 3.66 3.97 275 231 1.%1

4.47 413 368 321 27T 236 2.00 6177.5  25.0 20.1 L4TE-01 .48E«O1
488.000 Cent/MODU 11,237 4.04 3.75 3.40 3.68 241 192 1.49

4,31 3,87 335 .83 236 1.96 1,61 4685.0  25.7 25.7 .66E-01 .66E+O1
503,000 Cent/MODU 11,190 4.28 3.99 3.65 3.95 2.73 2.28 1.87 .

4.47 411 366 319 273 232 1.97 002.2  25.0 20.5 .43E-01..49E+01
520.000 Cent/MODU 11,170 4.28 3.98 3,63 3,93 272 230 1.93

4.43 410 3.66 3.20 2.76 2.35- 2.00 6339.6 25.0 20.0 .39E-01 .47E+01
534,000 Cent/MODU 11,202 4.33  4.02 3.71 3.7 2.78 2.29 1.88

4.52 4.16 3.70 3.2 2.76 2.3% 1.96-5882.3 5.0 20.4  .43E-01 .S1E+01
548,000 Cent/MODU 11,051 4.42 4,11 3,66 4.15 2.76 2.29 1.83

4.61 4,22 373 3.22 2.7 2.32 1.95 $298.8 25.0 . 20.6 .STE-01 .STE01
564,000 Cent/MODU 11,122 4,49 4.14 375 421 2.73 2.26 1.8

4,69 &.28 377 324 275 231 1.9 S026.5 5.0 20.9 .60E-01 .57E+01
578.000 Cent/MODU 11,055 4.48 4,08 3,67 4.20 2.61 213 1.67 -

.71 424 3.68 3,12 2.61 2.16 1.79 4301.3 5.0 2.7 .T6E-01 .63E+01
593,000 Cent/MODU 11,158 4.32 4.07 3.72 4.01 2,78 2.31 1.83

4.56 418 371 3.2 275 2.33 1.9 S610.1  25.0 20.6 .48E-01 .54E+01
Mean: 4.35 .4.05 3,70 4.03 277 2.3% 1.89 S5893.9  64.8 20.5
std. Dev: 0.20 0.20 0.19 0.20 0.20 0.25 0.31 1228.0 122.5, 2.9
var Coeff(%): 4.67 4.83 S5.08 4.91 T.07 9.67 16.20 20.8 189.1 4.1
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3.2 CASE B: TH10 BEAUMONT, TX - CORNER/EDGE SLAB DATA ANALYSIS

This case study is a continuation of Case A, where in order to demonstrate the
LTE/Void detection module, FWD deflections were collected at the corner and edge
locations. The same section of IH10 (in Orange County, Beaumont, Texas) was used as
the test section for Case B. Downstream deflection data was collected using the set up
described earlier in this report.

LTE/Void detection output lists the LTE calculated by the Uzan and the CTR method
and void detection information given by the CTR method and the NCHRP methods. Table
5 lists the RMODS LTE/Void detection output for IH10. RMODS users have the option
of checking the output at each station. Figure 8 illustrates a sample deflection bowl analysis
and the summary of the analysis at station 32. RMODS indicated possible presence of voids
or poor support conditions within the first 10 slabs. In order to validate this prediction of
voids beneath the first 10 slabs, Ground Penetrating Radar and several holes were drilled
at potential void locations. The GPR survey did detect what appeared to be wet areas
beneath the joints primarily in the first 10 joints. Dry holes were drilled at three locations,
and the results were not as clear. No voids were found at the bottom of the slab; however,
what was found was a thin layer (6 mm thick) of old grout which had not set up. This
grout had the consistency of toothpaste. Upon rechecking the construction records, it was
found that the section had been grouted 5 years prior to the time of testing. In some
locations this grout had not set up, thus leaving a weak paste beneath the slab.

The conclusion from this study was that the term void detection algorithm is probably
misleading. The algorithms appear capable of detecting poor joint support conditions, which

may or may not be an air or water filled void.

3.3 CASE C: US52 LEXINGTON, NORTH CAROLINA

Case C is performed on FWD data collected on a test section of US52 (Lexington,
North Carolina). The test pavement was a new jointed concrete pavement 230 mm thick
concrete slab over a 100 mm crushed aggregate base over select fill. Moisture was thought
to be getting trapped in sections of this pavement. The primary concern of this case study
is to check the condition of the subgrade.
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Table 5. Summary of LTE/Void Detection Calculations.

Page: 1 TTI RIGID MODULUS (QAD TRANSFER/VOID DETECTION ANALYSIS SYSTEM (SUMMARY REPORT) (version 2,0)

pistrict: 20 County: 181 Highway/Road: 1#0010

=% Measured Deflection, (mils)/Sensor $p. (in) %** ***% {QAD TRANSFER % **** ™% VOID DETECTION *=
*load Plate” tLoad Wl w2 w3 wa WS w6 wT RENKAN LT R MMARAR CTRORRRR NCHRP tman
Station * Leocation *  {ibs) 0.00 12.00 24.00 -12.00 36.00 48.00 60.00 LVE ooR ao HD Void  Int Slope Void

3.000 /S Cormmer 9,947 15.92 13.29 10.69 2.15 6.43 4.90 3.80 4.2 16,2 21,6 66,3 YES 0.9 0.7 wo
17.000 D/S Cormer 9,707 15.61 12.93 10.27 2.55 6.07  4.63 3.42 173 19.7 21,6 65.9 YES 1.6 0.7 NO
32.000 D/S Corner 9,149 15.58 12.98 10.55 2,75 6.92 4.89 3.86 18.5 21.2 20.8 6.6 YES 3.5 0.8 Y&
48.000 0O/S cormer 9,002 16.57 13.86 11.12 3.13 6.62 5.10 3.98 19.8 22.6 22.4 65.T YES 2.5 0.7 YES
63.000 D/S Corner 2,145 16.38 13.57 11.04 2.76 6.72 5.16 4.05 7.8 20.3 21.6 64.9 YES 1.5 0.6 NO

78.000 0/S Cormer 8,986 14.30 12.07 9.74 2.79 5.91  4.60 3.9 20.8 23.1 195 69.6 YES -0.9 0.6 KO
93.000 /s Cormer  B,966 16,13 13.44 10.76 2.39 6.5  4.98 3.93 157 17.8- 21.6 65.% YES 1.3 0.6 NO
110.000 0/5 Corner 9,226 12,93 10.75 8,65 2.57 5.07 3.8 2.98 21.0 23.9 7.9 70.0 WO 3.2 0.9 YES
126.000 D/S cormner 9,109 12.07 9.98 B.08 2.48 4.9 3.85 2.99 21.9 2.8 16.2 70.8 N0 0.8 0.8 w0
142.000  D/S Cormer  B,998 14.65 12.22 9.95 2.1% 6.14  4.75 3.64 15.6 17.9 19.7 6B8.0 YES 0.2 0.6 NO
156.000 0/ Cormer 9,335 12.50 10.59 &.67 2.50 5.41 4.7 3.30 2v.2 236 16,9 7T2.3 NO 1.5 0.9 wo
172,000 /S Corner 9,057 11.86 2.97 8,14 3.33 497 3.9 3.43 9.4 33.4 159 72.5 MO 2.4 1.0 YES
188,000 ©O/S Corner 9,022 11.66 9.85 7.93 3.87 S.02 3.88 3.00 3¢5 393 15,9 73.2 N L6 0.7 MO
203.000 /S Comer 8,958 9.47 8.05 6.7 6.66 4.29 3.40 2.8 7.7 8.7 122 T6.7 KO 0.4 1.0 NO
218.000 0/S Cormer 8,938 10.74 9.02 7.38 3.87 .68  3.65 2.87 38.1 42,9 V4.4 TH.0 NG 0.6 0.9 NO
235.000 /s comer 8,835 10.93 9.00 7.19 3.09 4.3% 3.32 2.61 30.1 3.3 1.9 72.2 WO 0.5 0.8 NO
269.000 D/S Comer 9,006 8.77 T7.18 5.80 3.30 3.48 2.69 2.09 40.3 46.0 12.0 T75.2 MO 1.1 1.2 Ko
267.000 0/5 Cormer 8,847 T7.50 6.08 4.93 .76 -+ 2.95 2.7 1.79 66.6 78.3 0.1 767 MO 0.6 1.3 MO
281,000 ©D/5 Comer 9,181 10.39 B8.43. 6.66  2.65 3.9 2.94 2.33 27.3 31,4 143 TL9 NO 1.1 1.0 MO
297.000  0/S Cormer B, T40  9.41  7.63  4.04 2.59 3.56 2.72 2.13 29.5 33,9 129 73.5 NO 0.2 0.9 NO
Mean: 12.67 10.%4 8.52 3.12 5.18 3.99 3.12 28.6 32.7 1T.1 70.6 1.1 0.8

Std, Dev: 283 2,40 1.93 1.05 1.17 0,89 0.68 16.0 185 3.8 3.8 1.2 0,2

var Coeff{%): 22.33 22.73 22.63 33.76 22.57 .25 21.80 55.8 S6.6 22.3 5.4 1.4 3.0
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INFUT DATA FILE: ~ CASEA3  .0UT DATE PLOTTED: SEP 11, 1995

D OFFSET. ins
E -20.0 26.0 40.0 60.0 80.(
F P PPN T A T R NPT INE JOT T ST T W S TP = | PP S S [ R RPN S i
L
E
c
T
I
o -10
N -12.0%
-14. STATION
i -16
1 -18 32.00 ¥ DOWNSTREAM BOVL
s -20. RPES LOAD TRANSFER

SUMMARY OF LOAD TRANSFER CALCULATION PROCEDURES
1: LTE 18.5 # LOAD TRANSFER
2: CIR JOINT CONDITION
DDR W1 H § FULL PART NONE VOID
5B 21.215.58 66.6 20.8 21.2 YES
5: NCHRP: X-INCEPT=  3.48 U/- 8 D5 17,7  VOID:YES
NI IIEIICIIEIEIE NI I IEIIEICIE I NI N IENIE NI NI TENIIEIEIIC NI IEIC I NI I IIEIE NI NI NN

PRESS “ENTER" T0 CONTINUE, "Q" T0 QUIT THE ANALYSIS

Figure 8. Deflection Bowl Analysis, Case B, IH10.
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Falling Weight Deflectometer data was collected at the center slab location of the test
sections. Data from one load level producing an approximate load of 10,000 1b was
processed. In the data analysis using RMODS, a range of 15 ksi - 80 ksi was used for the

value of elastic modulus of the base.

3.3.1 Results

Table 6 lists the results obtained from the Hertz analysis. Mean value of modulus of
subgrade reaction k is found to be 167.7 pci, while E1 is found to be 8225 ksi. Table 7 lists
the results obtained from layered elastic theory. Mean value obtained for El1 is low
compared to that obtained from Hertz theory, which is 5680.2 ksi. The elastic modulus of

the base is found to be relatively low at stations 5 to 41.
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Table 6. Summary of Evaluation Parameters Obtained from Hertz Theory Case C -
US52 Lexington, North Carolina.

Page; 1 TIL  RIGID MOOULUS BACKCALCULATION ANALYSIS SYSTEM (SUMMARY REPORT) (Version 2.0)

District: 10 County: 20 Highway/Road: uss2 HERTZ THEORY, CENTER DEFLECTION

. Modulus E, Radius of Relative Stiff-
*Lox! Plate® (oad ** HKeasured/Computed Deflection, {mils): ** ness L, & Mod. of Subg. Reaction k Eres
Station * Location * (ibs) W1 w2 W3 W w5 W W7 €1 L k Err2 sens.

1.000 Cent/HERT 9,908 3.70 3,31 2.98 241 196 1.60 142

3,65 2.50 2.98 2.50 2.03 1.60 1.25 071.8 413 197.4 JB1E-01 676401 &
S.000 Cent/HERT 9,864 3.81 3.43 3.04 2.49 1.93 157 127
3,75 2.54 3.04 2.5 2.04 1.60 1,21 8382.1 40.4 200.0 JTAE-O1 .60E401 &
9.000  Cent/HERT 9,856 4.03 3,58 3.09 2.51 1.91 1.5 1,22
3.82 2,57 3.09 257 2.06 1.60 1.21 79T0.9 39.8 201.3 J90E-01 L67TEH01 &
13,000 Cent/HERT 9,876 3.91 3,43 2,98 2.35 178 144 1.14
3,76 2.4h  2.98 244 1.92 1.46 1.08 7405.6 37.9 227.3 L96E-01 . T3E01 &
17.000 Cent/HERT 9,816 3.91 3.% 311 255 2.00 1.63 1.31
3,86 2,59 3.11 2.5 2.09 1.63 1.2 8100.0 40.2 195.6 JTTE-O1 566401 &
21.000 Cent/HERT 9,796 4.04 3,75 3.25 2.73 2.12 175 139
4,04 .72 3.2r 272 218 170 1.29 7S55.4 39,9 188.2 JB3E-01 598401 &
25.000 Cent/HERT 9,741 4.01 373 3.30 2.8 2.29 191 1.5 . :
. 3.92 2.8 3,30 2.8 2.38 1.94 1.55 10307.9  45.9 1é.4 JS9E-01 4TESO1 &
29.000 Cent/HERT 9,594 5.3t 4.91 4.4 3.7 2.9 2.38 1.87 )
. 5.31 374 4.40 374 3,08 2,47 1.9 6729.5  43.5 119.1 L626-01 (538401 &
33.000 Cent/HERT 9,618 4.59 4.27 3.89 3.37 278 230 1.9
4.59 337 3.89 3.37 2.8 234 1.89 9185.3 4.2 117.4 J4SE-01 376401 &
37.000 Cent/HERT  9.998 S5.43 5.06 4.52 3.89 3.11 25 2.00
5.45 3,84 4.52 3.8¢ 3,17 2.55 2.00 6629.0 437 115.0 JB8E-01 L41E401 &
41,000 Cent/HERT 9,717 4.17 3.87 3.33 2.83 2.26 1.84 1.47
4,02 2.8%3 3.33 2.83 2.33 1.88 1.47 9041.9  43.6 158.3 J7SE-01 515401 &
'45.000 Cent/HERT 9,586 4.35 3,91 3.55 3.02 2.41 2.00 1.63 i
4,29 3.02 3.5 3.02 2.49 2.00 1.57 8320.7 43.5 146.6 .55E-01 456401 &
Hean: 4,27 3.90 3.46 2.89 2.29 1.88 1.51 8225.0 42.2 167.7
Std. Dev: 0.57 0.57 0.5 0.52 0.44 0.37 0.28 1072.9 2.8 3.7
var Coeff(%): 13.26 14.62 15.75 17.90 19.10 19.53 18.68  13.0 6.5 3.1
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Table 7.

Case C - US52 Lexington, North Carolina.

Summary of Evaluation Parameters Obtained from Layered Elastic Theory

Page: 1 TTI RIGID MODULUS BACKCALCULATION ANALYSIS SYSTEM (SUMMARY REPOURT) (Version 2.0)
District: 10 County: 20 Highway/Road: uss2 LAYERED THEORY, CENTER DEFLECTION
*Load Plate* Load **** Measured/Computed Deflection, {(mils): **** wodulus E, of the Pavement Lavers - Ered
Station * Location * (lbs) Wi WZ W3 W w5 W6 W £1 €2 £ ESG  Ere2 sens.,
1.000  Cent/MOOU 9,907 3.70 331 2.98 241 1.96 1,60 1.42
3,69 3.34 2.88 242 2.01 1.65 1.36 6830.1 66.2 26.4 .4BE-02 226401 &
S5.000  Cent/MODU 9,863 3.81 343 3.06 2,49 1,93 LST LT
3.88  3.47 2,94 2.42 1,96 1,58 1,27 5821.3 15.0 29.0 ZTE-02 176401 =
9.000 Cent/WOOU  %,855 4.03 3,58 3.09 2.51 1.9t 1.5 1.22
4.09 3,62 3.01 2.44 1,95 1.55 1,23 4848.8 15.0 9.7 .Z3E-02 ATE+01 *
13.000 Cent/HODU 9,875 3.91 3,43 2,98 .35 1.78 1.4 1.14
) 3.96 3.48 2.8 2.31 183 1.44 1,14 4724.5 15.0 32.1 (26E-02 .1SEHO1 *
17.000  Cent/HODU 9,815 3.9t 3.5 311 2.5 2.00 1.6 1.3
3.98 3.57 3.02 2.49 2.03 1.63 1.32 S700.5 15.0 27.9  ABE-02 (14EH01 >
21.000  Cent/MODU 9,795 404 375 3B 273 22 LTS3
4,15 3.74 3,18 2.64 2.15 1.74 1,41 S648.0 15.0 25.9 .29E-02 .1TEHM =
25.000 Cent/MOOU 9,740 401 373 3.30 2.81 2.9 1.91 1.56
© 4,08 373 325 276 2% 1.9 1,58 7000.0 17.3 22.8 .96E-03 F6EHD0 *
29.000 Cent/MODU 9,593 5.31 4.91 4,46 374 2.9 2,38 1.8
5.51  4.97 4,26 3.55 2.92 238 1.9 4328.0 15.0 18.2 .72e-02 .27Te401 *
33.000 Cent/MODU 9,617 4.59 4.27 3.89 337 2.78 2.30 1.9 o .
468 4.32  5.81 3.27 276 2.3z 1.93 67823 15.0 18.1 .22e-02 .16E+01 *
. 37.000  Cent/HODU 9.597 S.43  5.06 452 3.8 311 2.58 .00
. 5.60  5.10 4.4% 372 3,09 2.5 2.09 4665.3 15.0 16.9 .SBE-02 256401 *
41,000 Cent/MODU 9,716 4,17 - 3.87 3.33 2.83 2.26 1.84 1.47 '
4,26 3.85 3.30 275 2.26 1.8t 1.50 S717.¢6 15.0 24.2 1TE-02 126401 *
45,000  Cent/HODU 9,585 4.35 3.91 3.5 3.02 2.41 2.00 1.63 ’
4,39 4,00 3.46 2.92 2.43  2.00 1.65 6044.8 19.7 21,3 (24E-02 (166401 &
" Mean: 4,27 390 3.46 2.8% 2.29 1.88 1.51 5680.2 . 19.9 24.4
Std. Dev: 0.7 0.57 0.5 0.52 0.4 0.37 0.28 9053 14.7 5.0
var Coeff(%): 13.264 14.62 15.75 17.%0 19.10 19.53 18.68 15.9 73,9 20.5
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CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS

From the implementation and case study of the RMODS, the following conclusions are
made. These conclusions and recommendations are the authors, opinions and do not reflect
the views of the Texas Transportation Institute. It is recommended that the user of the

RMODS program interpret the results from this case study at his’her own discretion.

»  The computer software RMODS developed under the rigid pavement evaluation
system of the Texas Department of Transportation is successfully tested to
evaluate a few in-service rigid pavements.

» The elastic modulus of concrete E1 (or E)) calculated from Hertz model is
consistently higher than those calculated by layered elastic theory, which are
found to be closer to the realistic values.

» Elasticity moduli E1 deduced by the Hertz model are found to be directly
proportional to the peak FWD deflections.

»  Low values of elastic modulus of subgrade (E,) and modulus of subgrade reaction
(k) are found at places where voids are confirmed.

P The elastic modulus of the base layer was not accurately evaluated by the elastic
theory, which might be due to the non-convergence. This problem was more
pronounced in the pavements with low base layer thicknesses.

» High deflection values at the joints revealed low load transfer efficiencies of the
joints.

» The CTR method of void detection was more successful that the NCHRP method

in detecting voids under the concrete slabs.
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