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ABSTRACT 

Loss of load transfer across joints and cracks in rigid 
pavements is a major factor in rigid pavement distress. 
And because loss of load transfer has a significant influ
ence on performance and, thus, on the life-cycle cost of 
rigid pavements, it is therefore necessary to detect such 
defects as early as possible so that the proper rehabilita
tion measures can be applied. Accordingly, the Texas 
State Department of Highways and Public Transportation 
has purchased a number of Falling Weight 
Deflectometers for use in evaluating pavements in Texas. 
This study was instituted primarily to develop techniques 
for assessing the load transfer efficiency of joints and 
cracks in rigid pavements using the Falling Weight 
Deflectometer (FWD) and to determine the factors influ
encing load transfer efficiency across such 
discontinuities. 

This repon describes the evaluation of procedures for 
assessing the load transfer efficiency of transverse joints 
and cracks using FWD deflection data collected on a con
trolled jointed reinforced concrete pavement research fa
cility in a laboratory study. The application of the proce
dures-on a number of jointed reinforced concrete 
pavement (JRCP) and continuously reinforced concrete 

pavement (CRCP) test sections on in-service rigid pave
ments, in order to determine their suitability for imple
mentation in the field-is also discussed. The results 
presented indicate that the Falling Weight Deflectometer 
can indeed be used effectively to evaluate the load trans
fer efficiency of joints and cracks in rigid pavements and 
that the results from such evaluations can be used to es
tablish maintenance and/or rehabilitation priorities. The 
procedures developed were also adapted for use in the 
evaluation of the efficiency of longitudinal joints in rigid 
pavements, panicularly rigid shoulder joints. Again, the 
results presented show that with the FWD sensor con
figuration suggested, deflection measurements can be ob
tained for use in effectively evaluating the joint efficiency 
of the types of longitudinal joints found in rigid pave
ments. 

KEY WORDS: rigid pavement, structural evaluation, 
nondestructive testing, Falling Weight 
Deflectometer, load transfer efficiency, 
transverse joints and cracks, longitudi
nal joints, PCC shoulders, temperature 
differential, voids. 

SUMMARY 

This report describes the evaluation and verification 
of a procedure for the evaluation of the load transfer effi
ciency of transverse joints and cracks and the evaluation 
of the efficiency of longitudinal joints in rigid pavements 
using the Falling Weight Deflectometer (FWD), a 
nondestructive testing device. FWD load and deflection 
measurements on a controlled jointed reinforced concrete 
pavement (JRCP) research facility were used in evaluat
ing and verifying a load transfer efficiency determination 
procedure developed in a previous study. To test the suit
ability of the procedure for implementation, similar mea
surements were taken on field sections for the evaluation 
of load transfer efficiency across transverse joints and 
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cmcks in rigid pavements in. service. The procedure was 
used in the evaluation of the efficiency of longitudinal 
joints, especially rigid pavement shoulder joints. The ap
plication of the procedure for use in establishing baseline 
values for future pavement evaluation, maintenance, or 
rehabilitation priorities is described in the repon. The 
benefits obtained by attaching PCC shoulders to existing 
rigid pavements-including the influence of tie bar size, 
length, and spacing on the effectiveness of tied shoulder 
joints-were also investigated. Inverted-tee joints were 
compared with ordinary tied joints to determine the more 
effective shoulder-joint type. The results of these investi
gations are presented in this report. 



IMPLEMENTATION STATEMENT 

A procedure for assessing load transfer efficiency of 
joint and cracks in PCC pavements using the Falling 
Weight Deflectometer has been evaluated and verified. 
Methods for the application of the procedure for assess
ing the efficiency of 10ngibJdinal joints, especially shoul
der joints, has been presented. Implementation of the pr0-

cedure by the Texas S tate Department of Highways and 
Public Transportation (SOHPI') for establishing baseline 

v 

values for future pavement evaluation is recommended. 
Evidence has been provided as to the beneficial effects of 
PCC shoulders attached to existing rigid pavements. 
Guidelines are given concerning tie bar dimensions for 
use on such ordinary joints. It is recommended that the 
Texas SOHPT implement these findings to improve the 
performance of PCC pavements. 
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CHAPTER 1. INTRODUCTION 

BACKGROUND 
TIle evaluation of pavements is important within an 

overall pavement management framework and must be 
taken into consideration by every agency or organization 
charged with the provision of efficient highway pave
ments. With much of the nation's highway infrastructure 
already in place, emphasis in the last decade has shifted 
to evaluation needed to determine where and how best to 
invest available resources for the upkeep of highway fa
cilities. In this regard, the structural evaluation of rigid 
pavements requires careful attention in any comprehen
sive pavement evaluation process and is essential for de
termining the maintenance, rehabilitation, and reconstruc
tion measures necessary for extended performance. 
Accordingly, the Texas State Department of Highways 
and Public Transportation has, in the last decade, spon
sored a number of studies to develop proper structural 
evaluation techniques for rigid pavements. 

Since many miles of pavements must be evaluated 
under a comprehensive program, the structural evaluation 
techniques developed require nondestructive testing 
methods. Nondestructive testing methods are rapid, do 
not damage pavements, and provide useful data in the 
three key areas of (1) structural capacity evaluation 
through in-situ material characteristics estimation; (2) 
joint load transfer evaluation; and (3) loss of support or 
void detection. As part of this overall program, a proce
dure for detennining the presence of voids using dis
criminant analysis based on nondestructive testing dy
namic deflections and field observation of pumping was 
suggested in one study (Ref 1). In another extensive 
study, a self-iterative procedure based on dynamic deflec
tions was developed to estimate the in-situ moduli of 
rigid pavements by matching theoretical and measured 
deflection basins through an inverse application of lay
ered elastic theory (Ref 2). A preliminary investigation 
of the use of deflections for detennining jOint efficiency 
and the detection of voids on field test sections was also 
conducted in a third study (Ref 3). 

The work reported here extends previous studies 
with further evaluation of the joint systems inherent in 
rigid pavement structures. The term "joint systems" here 
refers to the constructed transverse and longitudinal 
shoulder joints, the transverse cracks which ultimately 
develop in both jointed and continuously reinforced 
concrete pavements, and the longitudinal joints between 
travel lanes. These joint systems or discontinuities often 
represent the "weakest link" in rigid pavement structures 
and, consequently, tend to develop extensive distress. 
The ability of a joint system to transfer load across the 
discontinuities efficiently, however, greatly influences the 
occurrence of distress. Such load transfer has a 
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significant influence on the perfonnance and life-cycle 
costs of rigid pavements and, moreover, has an impact on 
maintenance and rehabilitation performance. With 
inadequate load transfer, the application of load on one 
side of a joint or crack will produce high slab deflections 
and excessive stresses and strains which can lead to 
pavement distress such as spalling, pumping, faulting, 
and corner cracking. Insufficient foundation support at 
the joint or crack further compounds the problem and 
contributes to higher stresses, strains, and distress. 
Consequently, installed load transfer devices, good 
aggregate interlock, or both should be used at joints and 
cracks in rigid pavements to ensure good performance. 

Since stress and strain are limiting criteria for dis
tress, stress and/or strain provide suitable pavement re
sponse parameters for load transfer assessment. In the 
absence of efficient and economical instruments for di
rectly measuring stress and strain in the field, differential 
deflection appears to be a parameter suitable for large
scale pavement evaluation. With the steady improvement 
of equipment that can accurately measure pavement de
flection in the field, a comparison of the measured deflec
tions under load of the slabs adjacent to a joint or crack 
has evolved as a measure of load transfer efficiency 
across joints and cracks. The current study was initiated 
to develop field procedures for assessing load transfer 
across joints and cracks of rigid pavements using the 
Falling Weight Deflectometer (FWD). This report de
scribes the development and evaluation of procedures for 
assessing the load transfer efficiency of joints and cracks 
in Portland Cement Concrete (PCC) pavements. Applica
tion of these procedures in pavement structural evaluation 
can yield a better definition of maintenance, rehabilita
tion, and reconstruction needs, and can produce efficient 
and cost-effective strategies for implementation. 

OBJECTIVES 
The major objective of this study is to develop, 

evaluate, and implement procedures for assessing the ef
ficiency of load transfer across joints and cracks in rigid 
pavements using the FWD. Specific objectives of the 
study are to: 

(1) develop procedures for evaluating load transfer at 
transverse joints in rigid pavements; 

(2) develop a method for evaluating load transfer effi
ciency across cracks; and 

(3) develop a method for evaluating longitudinal joints, 
especially shoulder joints. 

To meet these objectives, several specific tasks were car
ried out to: 
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(1) evaluate the repeatability of the FWD and deter
mine the FWD load levels most suitable for deflec
tion measurements; 

(2) document the effects of daily and seasonal environ
mental variations on slab curling and warping; 

(3) evaluate the effects of daily and seasonal tempera
ture variations on rigid pavement deflection re
sponse; 

(4) determine the effects of voids under PCC pave
ments; 

(5) evaluate and verify the deflection-based load trans
fer efficiency procedure developed in Ref 3 for 
transverse joints and cracks; 

(6) evaluate the effects of environmental variations on 
load transfer efficiency determined with the proce
dure; 

(7) field test the procedure on in-service pavements; 
(8) adapt the transverse joint and crack evaluation pro

cedure for evaluating longitudinal shoulder and cen
ter line joints; 

(9) evaluate the beneficial effects of PeC shoulders; 
(10) determine the effectiveness of inverted-tee shoulder 

joints; and 
(11) evaluate the influence of tie bar size. length. and 

spacing on longitudinal shoulder joint efficiency. 

SCOPE 
To address these objectives. the work in this report 

has been divided into nine chapters. Chapter 2 is a review 
of current literature on nondestructive evaluation of rigid 
pavements using the FWD. Chapter 3 outlines a labora
tory program carried out to collect data for load transfer 
efficiency under controlled conditions on a research rigid 
pavement facility. The effects of daily and seasonal tem
perature and moisture variations. including loss of slab 
support on the response of the research pavement. are 
discussed in Chapter 4. Chapter 5 details the verification 
of procedures for assessing load transfer efficiency across 
joint systems. Chapter 6 describes a field research pro
gram conducted to test the procedures and to evaluate the 
beneficial effects of PeC shoulders attached to existing 
rigid pavements. The results of the analysis of the field 
data are presented in Chapter 7. Chapter 8 is a discussion 
of the major findings of this study. and the summary. con
clusions. and recommendations of the study are presented 
in Chapter 9. 



CHAPTER 2. NONDESTRUCTIVE EVALUATION OF 
RIGID PAVEMENT JOINT SYSTEMS USING THE 

FALLING WEIGHT DEFLECTOMETER 
BACKGROUND 

Rigid pavements are designed to carry traffic loads 
through bending of the concrete slab. Structural continu
ity is therefore essential to rigid pavements and needs to 
be given a high priority during their design and subse
quent evaluations. Because of temperature stresses. how
ever. rigid pavements either have discontinuities designed 
as part of their structure Goints) or ultimately end up with 
cracks developing in them. The designed joints are built 
to facilitate construction or to reduce the temperature 
stresses which cause cracking. Without control. such 
cracks occur at random locations in different sizes and 
alignments and reduce the load-carrying capacity of the 
pavement. Controlled discontinuities. in the form of 
transverse and longitudinal joints of specific sizes and 
alignments, are built to curtail such cracking and stream
line maintenance requirements. Collectively referred to 
as joint systems. the joints and cracks can still be a weak 
link in the concrete structure, and they are often the loca
tion of most of the failures encountered in PCC pave
ments. Consequently, a major aspect of rigid pavement 
structural evaluation is the evaluation of joint systems. 
With these joint systems occurring every few feet to a 
hundred feet, the use of efficient and cosHffective evalu
ation techniques becomes essential. The application of 
the proper evaluation techniques may point to a need for 
nothing more than localized maintenance or repair (in 
lieu of major pavement rehabilitation) and may result in 
considerable savings. In this chapter, the types and func
tions of joint systems common to rigid pavements, in
cluding the factors to be considered in their evaluation. 
are discussed. 

TYPES AND FUNCTIONS OF JOINT 
SYSTEMS 

Most PCC pavements can be classified as jointed 
plain concrete pavements (JPCP). jointed reinforced con
crete pavements (JRCP). or continuously reinforced con
crete pavements (CRCP). The major differences between 
these types are the use of reinforcement and joints to 
limit temperature stresses within the pavements. Briefly, 
JPCP are designed as unreinforced concrete slabs of rela
tively short length to eliminate the likelihood of the for
mation of transverse cracks within a single slab unit. 
Typically the slabs are less than 20 feet long. The joints 
between adjacent slabs mayor may not be doweled. 
JRCP are jointed PCC pavements reinforced in the longi
tudinal direction to allow the use of longer slabs. Trans
verse joint spacings generally range from 20 to 100 feet 
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and the joints are usually doweled. CRCP consist of long 
lengths of PCC pavements with transverse joints pro
vided only at extreme ends, at junctions with other struc
tures, and at work stoppage locations. Adequate longitu
dinal reinforcement is provided to withstand temperature 
stresses, although closely-spaced transverse cracks ulti
mately form. The reinforcement also helps keep crack 
openings tight pcp are constructed with slabs mainly 
post-tensioned with steel. Average slab lengths are in the 
range of 400 feet, but joint spacings of up to 760 feet in 
the United States and over 1,000 feet in Europe have 
been reported (Ref 4). Transverse steel reinforcement 
may be included in all of the last three reinforced pave
ment types. 

The types and functions of the joints and cracks in 
these pavements are discussed in the following sections. 
Although all types of rigid pavements have been used in 
Texas, JRCP and CRCP are the most common. Conse
quently, this discussion is limited to the joint systems 
which occur in these two pavement types. Most of the 
joints systems are classified under contraction. expansion, 
construction, warping, or longitudinal joints. Figure 2.1 
shows some of the typical joints found in rigid pave
ments. 

TRANSVERSE JOINT SYSTEMS 
Transverse joints and cracks fall into three catego

ries: contraction joints and cracks, expansion joints, and 
construction joints (Refs 4, 5 and 6). Contraction joints 
are used in JPCP and JRcp to permit slab contractions in 
the horizontal direction and to relieve tensile stresses 
caused by frictional forces between the pavement and the 
underlying layer. The joinlS also relieve warping and 
curling stresses. The transverse cracks which form in 
CRCP are similar in nature. Expansion joints are built 
into pavements to provide space for expansion because of 
horizontal movements resulting from temperature and 
moisture variations. Such joints are usually provided at 
junctions that have obstructions such as bridges and other 
intersecting rigid pavements. In some cases, where there 
is the problem of joints' opening up considerably at cer
tain times of the year, expansion joints may also be pro
vided in rigid pavements at some regular interval in place 
of contraction joints. The expansion joints limit the high 
compressive stresses which can occur owing to incom
pressible material infiltration into the joints leading to the 
transfer of high compressive forces through adjoining 
slabs (Refs 5 and 6), Construction joints are provided at 
locations in rigid pavements where there is a break in 
construction, such as at the end of a work day. Efforts 
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Fig 2.1. Some typical types of rigid pavement joints (Ref 6). 



are often made to ensure that construction joints coincide 
with contraction or expansion joints. 

WNGITUDINAL JOINT SYSTEMS 
Longitudinal joints are comprised of the construction 

joints dependent on the width of paving and the warping 
or hinge joints which separate multiple lanes cast to
gether (Refs 4 and 6). The latter are usually fonned by 
sawing to a fraction of the depth of freshly-placed con
crete for pavements at some time between setting and 
hardening to induce cracking at a specific location. The 
resulting pavement lane widths, usually between 10 and 
13 feet, reduce transverse temperature and moisture 
stresses to manageable levels. Tie bars are generally used 
to hold the adjacent lanes together to prevent. lateral 
movement. Construction longitudinal joints are usually 
butt or keyed joints (Fig 2.1). 

PROVIDING LOAD TRANSFER 
Each joint or crack in a rigid pavement is a potential 

location of distress. Typical distresses that occur in these 
areas include spalling, faulting, pumping, punchouts, 
blowups, and comer breaks. Figure 2.2 illustrates some 
of these common distress types. Although these dis
tresses may be due to a host of factors including loss of 
slab support, poor drainage, excessive loads, poor mate
rial quality, bad joint design, and combinations thereof, 
loss of load transfer at joints and cracks, even if not ini
tially responsible for distress, will result in further dete
rioration.. Consequently, the provision of load transfer at 
joints and cracks has been an integral part of rigid pave
ment design, beginning with the construction of the first 
PCC pavement which utilized load transfer devices at 
transverse joints in Newport News, VIrginia, in 1917 (Ref 
7). Since then, various devices have been used to allow 
load transfer across rigid pavement discontinuities. 

WAD TRANSFER DEVICES AND 
MECHANISMS 
Basically, the load transfer provided in rigid pave

ments is accomplished in one of three ways (or by some 
combination of the three): load transfer by aggregate in
terlock; load transfer by a mechanical device; and load 
transfer through the support offered by a stabilized base. 
In all cases load transfer is accomplished mostly by shear 
transfer. Load transfer solely by aggregate interlock is 
accomplished where protrusions at a joint or crack face 
and the interlocking of aggregates resist vertical move
ment (Ref 8) and load is transferred across the disconti
nuity by shear. This process is effective only if the width 
of the crack or joint opening is small enough to allow the 
adjacent faces to remain in contact. 

Engineers have also used mechanical devices of all 
sizes and shapes, such as steel dowels, tie bars, steel 
plates, and key joints (Refs 7 and 9), to accomplish load 
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transfer across joints and cracks. In most instances these 
devices span the discontinuities and transfer load by 
shear-this is especially true for two-member load trans
fer devices. In a few instances, some moment transfer, in 
addition to shear transfer, is possible, as in the case of 
load transfer across cracks held tight by reinforcement, 
such as in CRCP and across tied longitudinal joints (Ref 
10). At transverse joints, it is important to ensure that at 
least one end of the load transfer device is unbonded to 
pennit horizontal movement of the pavement slabs at the 
joint system. 

Support by a stabilized base, such as cement-treated 
or lime-treated base, also contributes to load transfer 
(Refs 8 and 11). By adding to the support subgrades give 
to pavements, stabilized bases supply some extra rigidity 
to pavements and improve load transfer at joints and 
cracks. In most instances, a combination of all these 
mechanisms of load transfer comes into play at joints and 
cracks. Aggregate interlock and dowel shear transfer can 
provide load transfer in a plain jointed concrete pavement 
with doweled transverse joints, while tied shoulder joints 
in CRCP with a stabilized base, in effect, involve load 
transfer by shear and moment transfer. 

FACTORS WITH DIRECT EFFECTS ON 
PERFORMANCE OF WAD TRANSFER 
DEVICES 
Many studies have been conducted regarding the fac

tors which directly affect the perfonnance of load transfer 
devices. Findings of these studies are discussed in this 
section. A distinction is made at this point between direct 
factors and factors which indirectly influence the perfor
mance of load transfer devices. For example, tempera
ture and moisture variations affect some characteristics of 
pavement slabs which in tum may influence the perfor
mance of load transfer devices. Those effects are classi
fied as indirect effects and are discussed in a later sec
tion. 

In a comprehensive study on load transfer by aggre
gate interlock, Colley and Humphrey (Ref 8), using re
petitive loading of pavement slabs, found that effective 
load transfer by aggregate interlock depends on joint 
opening, magnitude of the applied load, number of load 
repetitions, aggregate angularity, slab thickness, and 
subgrade support. Since load transfer is accomplished 
through shear, an increased joint opening means an in
creasing loss of contact between joint faces which de
creases joint effectiveness. More particle angularity in
creases the joint effectiveness by enhancing contact 
between the joint faces. The effects of the other factors 
are in keeping with good pavement design practices. 
Thicker slabs and good subgrade support enhance joint 
effectiveness, while higher load magnitudes and increas
ing load repetitions decrease joint effectiveness. 
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Fig 2.2. Dbitress at joints (Ref 5). 



Extensive theoretical and laboratory studies have 
been conducted on the effectiveness of mechanical load 
transfer devices. Westergaard, in a theoretical analysis 
(Ref 12), presented results which show that, for a given 
s~ab thickness and subgrade support, dowel spacing sig
nificantly affects stress reduction at a joint, while increas
ing dowel spacing reduces the effective load transfer at a 
joint. In a theoretical analysis of doweled joints, 
Bradbury (Ref 13) also obtained results which indicate 
that the size, length, and spacing of dowels significantly 
~ect load transfer at a joint, with shorter length, large 
diameter, and closely-spaced dowels improving load 
transfer. In extensive tests conducted under the auspices 
of the Bureau of Public Roads on the structural design of 
rigid pavements, Teller and Sutherland (Ref 7) obtained 
results in agreement with the fmdings of these theoretical 
analyses with respect to dowel size, spacing, and length. 

From the results of Westergaard's theoretical analysis 
of stresses in rigid pavements, Friberg (Ref 14) observed 
that, for a load at an edge and over a dowel and at a con
siderable distance from a comer, the effective dowel 
shear decreases from a maximum at the point of loading 
to zero at a distance of about 1.8 times the radius of rela
tive stiffness. (Recent research documents that the con
stant in Friberg's equation should be modified from 1.8 to 
1.0; see Ref 36.) Consequently, dowels spaced more than 
this distance from a point of loading do not contribute to 
stress reduction, and this distance constitutes the maxi
mum spacing for dowels at joints. Experimental data 
from laboratory tests by Friberg (Ref 15) on single dow
els embedded in concrete also indicate that dowels do not 
gain any additional effectiveness with an increase in em
bedment length over a maximum limit. Friberg also 
found that the modulus of dowel reaction, the rate at 
which concrete reacts under a deflecting dowel, increases 
with concrete strength and decreases with decreasing 
concrete cover over the dowel. 
. In extensive repetitive loading laboratory tests of 
ttansverse joints, Teller and Cashell (Ref 9) also obtained 
important results concerning the effect of dowel diameter, 
length of dowel embedment, and joint opening on load 
transfer, confirming the findings of the previous studies. 
Significant results, still a mainstay of present practice, in
dicate that a minimum dowel diameter of one-eighth the 
slab thickness and an effective embedded dowel length of 
eight diameters for 3/4-inch dowels and six diameters for 
I-inch and larger dowels are required for adequate load 
transfer across the joints of rigid pavements. Teller and 
Cashell also determined that under constant conditions 
load transfer exponentially increased with dowel diameter 
and that decreasing joint width enhanced load transfer. 
Repetitive loading decreased load transfer, as did dowel 
looseness, which had to be taken up by load before effec
tive load transfer was attained. 

EVALUATING JOINT SYSTEMS FOR 
LOAD TRANSFER EFFICIENCY 
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A number of analysis methods have evolved over the 
years from attempts to evaluate load transfer efficiency. 
In the studies cited above, a number of load ttansfer effi
ciency analysis methods were developed to enable com
parisons of effectiveness. Bradbury (Ref 9), in an early 
theoretical analysis of dowel shear and moment transfer 
developed expressions for the load transfer capacity of ~ 
infinitely long dowel in terms of shear resistance and mo
ment resistance as limited by concrete bearing stress. 
Teller and Sutherland (Ref 7), in tests on the structural 
action of several types of transverse and longitudinal 
joints, used a number of formulas as criteria for compar
ing the effectiveness of joints. A stress-based formula for 
determining the ability of a joint to reduce critical load 
stresses compares the joint stresses in a pavement to the 
minimum and maximum stresses obtained at an interior 

location and a free edge. The joint efficiency, JEs, ex
pressing the ability of a joint to reduce stresses from the 
worst condition of a free edge to the best condition of an 
interior location is given by: 

JEs = f(er - t1.,er - ej) 

where 

(2.1) 

er = the critical stress for load applied at the free 
edge, 

t1. = the critical stress for load applied at an 
interior position, and 

ej = the critical stress for the load applied at the 
joint 

Other formulas were suggested for use in a comparison 
of joints on the basis of their ability to reduce deflection 
to an acceptable level. In a formula used by Colley and 
Humphrey (Ref 8) in the investigation of load transfer by 
aggregate interlock, joint efficiency based on deflection, 

JEd, is defined as: 

(2.2) 

where 

du = the unloaded slab deflection at the joint, and 
di = the loaded slab deflection at the joint. 

. Friberg (Ref 14) suggested a formula for calculating 
load transfer which was used by Teller and Cashell (Ref 
9) in laboratory tests to determine the performance of 
doweled joints under repetitive loading. A deflection 

based joint efficiency, JEd, signifying the ratio of dowel 
shear to the applied load, or proportion of load trans
ferred, is given by: 

(2.3) 

where Yd and yp are the dowel and pavement deflections, 
respectively. 
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Westergaard (Ref 16), in a theoretical analysis of 
stresses in an airfield pavement, suggested, for a load at a 
joint with load transfer devices which are either continu
ous or closely spaced along the joint, an approximate for

mula for determining load transfer efficiency, lEd, from 
deflection data given by: 

(2.4) 

where Zj and Z'j are the deflections of the unloaded slab at 

any point along the joint, and ze and z' e are the corre
sponding deflections that would occur at the same place 
if the joint had no capacity to transfer load. In recent 
practice, a method for calculating load transfer that has 
been commonly used is the one recommended in the 
AASHTO design manual (Ref 4), in which load transfer 

efficiency, JEd, based on deflection reduction at a loaded 
joint, is given as: 

(2.5) 

where du and di are the deflections of the unloaded and 
loaded slabs at the joint, respectively. The corresponding 

load transfer efficiency , JEs, based on stress reduction is 
calculated as: 

JEs = sufSj x 100 (2.6) 

where Su and si are, respectively, the stresses in the un
loaded and loaded slabs of the pavement at the joint. 

In previous research, Ricci (Ref 3) recommended a 
variant of the deflection-based load transfer formula (Eq 
2.5) as a result of experience with field data, where du 
has sometimes been found to be greater than dl. lEd is 
still calculated as the ratio of the deflections of the pave
ment slabs at a joint or crack, with the condition that the 

final value is less than 100 percent. lEd is calculated for 
both upstream and downstream load positions, and the 
average, called the joint deflection ratio, is used to char
acterize load transfer efficiency at the joinL 

SELECTING THE RESPONSE 
PARAMETER AND DEVICE FOR LOAD 
TRANSFER EVALUATION 

For load transfer analysis, deflection and stress, as 
indicated, are commonly used. In selecting the parameter 
to use for evaluation, however, a number of factors have 
to be taken into account. Pavement deflection as an over
all measure of pavement response to loading is arguably 
not as critical a distress parameter as stress or strain. 
Clearly, two pavements with the same deflection response 
but different thicknesses and, therefore, radii of curvature 
will experience different stresses and strains. Stress is 
therefore a better pavement response parameter to use for 
load transfer analysis. With no commercially available 

devices for the measurement of stress or strain in the 
field, with the large number of joints and cracks to evalu
ate in a typical pavement, and with the general inappro
priateness of destructive testing, deflection measurements 
from nondestructive testing have become the most effi
cient and effective pavement response parameter used. 

The nondestructive testing (NOT) device used must 
be able to simulate pavement responses for loads in the 
range of the impact forces expected on highways. An in
vestigation of the dynamic aspects of pavement loads and 
ways in which vehicle and road characteristics influence 
them indicates that, even at low speeds (20 and 40 mph), 
the maximum impact forces applied can be as high as 47 
and 64 percent above the applied static weight, respec
tively, with road and other vehicle characteristics kept 
constant (Ref 17). With speed and tire pressure kept con
stant, impact forces above the applied static load varied 
by as much 22 to 65 percent because of increased pave
ment roughness. In similar tests by Al-Rashid (Ref 18) in 
Texas, average dynamic load increases over static load of 
6, 15, and 19 percent for vehicles operating at speeds of 
10, 30, and 60 mph, respectively, were recorded. In
creases of over 100 percent were also recorded for ve
hicle tires going over obstructions on the order of 3/8-
inch high on pavements. (Dynamic load increases of as 
much as 250 percent over static load were observed on a 
bridge deck with similar obstructions.) Although results 
to the contrary from the AASHO Road Test (Ref 19) and 
reported by Bohn (Ref 20) indicate a slight decrease in 
deflections on some pavements with increase in vehicular 
speed, the findings from the earlier-mentioned studies are 
widely accepted. Consequently, for pavement evaluation, 
the NDT device used must be capable of generating im
pact forces over 100 percent above expected static wheel 
loads and must have a load duration and magnitudes of 
deflection, SIreSS, and strain closely resembling those of a 
moving wheel load. The Falling Weight Deflectometer 
(FWD) was selected for use in this study because it meets 
such criteria, in addition to its being easy to use and gen
erating ~ily-interpreted data. 

DESCRIPTION AND OPERATING 
CHARACTERISTICS OF THE FWD 

The FWD was developed from research performed in 
France by S. Bretonniere in the early 1960's. The FWD 
is intended to generate responses in pavements similar to 
the responses generated by a wheel load of a moving 
truck. The following is a brief description of the 
Dynatest 8000 Falling Weight Deflectometer used for 
testing in this study. Further details are available in Refs 
2 and 21. 

GENERAL DESCRIPTION 

The FWD is basically a dynamic plate loading test 
device that generates a transient force impulse on 



pavements. Its three main components are (l) a trailer 
consisting of a force-generating apparatus and load and 
deflection measuring sensors, (2) a microprocessing 
system, and (3) a desktop personal computer. The last 
two are housed in a vehicle which tows the trailer. In 
operation, an impact force is generated by dropping a 
weight setup down a guide shaft onto a specially
designed rubber spring system resting on a circular 
loading plate. This circular plate, 11.81 inches (300 mm) 
in diameter, with a 0.22-inch-thick (5.5-mm) ribbed 
rubber sheet under-padding to ensure even distribution of 
the load impulse, rests on the surface to be tested. The 
force pulse generated is approximately a half-sine shape 
and about 25 to 30 msec in duration. In tests conducted 
on a Danish test road, Bohn (Ref 20) found that this 
corresponded closely to the duration of load effects in the 
upper layers of pavements owing to the wheel loads of 
heavy trucks travelling at speeds between 25 and 40 mph. 
(In lower layers, however, Bohn found that while the 
FWD load-effect duration was practically the same, the 
effect of moving trucks was of greater duration on the 
order of 200 msec). The magnitude of the FWD weight 
assembly dropped on the spring system, and the drop 
height, can be varied to give reproducible peak forces 
ranging from 1,500 to 24,000 pounds force (lbi). Again, 
Bohn (Ref 20) found in tests in Denmark and Holland 
that the forces generated with the FWD gave surface 
deflections with a high correlation to moving wheel 
surface deflections, and he obtained good agreement 
between FWD and moving wheel stress and strain 
magnitudes. 

A load transducer and seven velocity transducers 
(geophones) are used to measure the peak force and de
flections, respectively. The load transducer is a strain
gage type load cell specially built as an integral part of 
the loading plate. To accommodate measurement of the 
deflection at the center of the loading plate, this load cell 
has a 1-318-inch center bore through which a deflection 
measurement rod with a transducer attached at its end can 
reach the test surface. The six other transducers in mov
able holders can be arranged along an 8-foot raisellower 
bar. Since the velocity transducers can measure vertical 
movements accurately only when mounted vertically on a 
horizontal surface, they have a magnetized base and are 
held in spring-loaded holders to ensure good contact be
tween the sensors and the test surface. An output voltage 
from each velocity transducer is generated by a coil mov
ing through a magnetic field which is directly propor
tional to the velocity of motion of the test surface. The 
impact loading of the test surface generates signals which 
are sent through 16-1/2-foot (5-meter) cables to the sys
tem processor. 

The modular microprocessor-based system processor, 
interfaced with both the FWD trailer and the desktop 
computer, is used to scan, condition, digitize, and 
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transmit the signals from the eight transducers to the 
computer. The processor also scans and stores the time 
histories of the signals from the transducers and 
calculates peak values. In addition, it controls the FWD 
trailer hydraulics and continuously tests the system's 
performance to reveal any functional or operational errors 
that might occur. A single "multi-signal cable" connects 
the microprocessor unit to the FWD trailer. The desktop 
computer is used for input of control and test 
identification data, as well as for displaying, printing, 
storing, editing, sorting, and even, where necessary, for 
further processing of the FWD data. 

OPERATING CHARACTERISTICS 
The entire operation of the FWD can be remotely 

controlled by a single operator using the desktop com
puter in the FWD towing vehicle. (Manual control of the 
FWD operation from a trailer connection box which pre
vents remote control from the microprocessing system in 
the towing vehicle can be used where necessary). By 
adding a set of two, six, or ten detachable 55-pound 
weights, and two, four, or six detachable rubber buffers, 
respectively, to the basic FWD weight of 110 pounds, 
weight assemblies of 110, 220,440, or 660 pounds can be 
set up for a test. The force pulse generated by each of 
these setups will still have a duration of approximately 25 
to 30 msec, and the setup selected depends on the peak 
load force range required. The peak load force ranges 

. obtained by dropping each weight setup from four preset 
falling heights between 1-1/2 and 15-1/4 inches are as 
follows: 

Falling Weight 
(Ib) 

110 
220 
440 
660 

Peak Loading 
Force (lbO 
1,600 - 3,800 
3,400 - 7,700 

5,000 - 20,000 
11,600 - 23,500 

A newer version of the FWD, the Dynatest 8002 FWD, 
was also used in this study. With a weight setup of 770 
pounds in place of the 660 pounds, this version could de
liver a force in the 10,000 to 27,100 Ibfrange. 

In routine testing, the FWD with the required weight 
setup is positioned on the test pavement such that the 
loading plate is located directly above the marked test lo
cation and the deflection transducers are in the positions 
where deflection measurements are required. Where nec
essary, extension bars can be attached to the FWD to per
mit deflection measurements along the 90 and 270-degree 
axes to the raisellower bar. The operator seated at the 
keyboard of the desktop computer in the towing vehicle 
can select from a number of set test sequences that 
specify the drop heights and the number of drops from 
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each height per test location and allow input of the test 
site identification infonnation. These test sequences can 
also be modified to obtain custom-designed test se
quences. By keying in the necessary commands, the 
FWD loading plate and raise/lower bar assembly are low
ered to the pavement surface, and the weight setup is 
dropped from each of the preset heights. The whole as
sembly is raised automatically after the last drop, and the 
FWD can be transported to the next test location. With 
the necessary site preparation, a test of single drops from 
four heights at a particular location takes about a minute 
to complete. 

The data (stored on floppy disks) can be retrieved for 
sorting and analysis. A hard copy of the data is also 
produced during testing via a printer interfaced with the 
desktop computer. Since the FWD geophones for 
measuring the deflections operate on the basis of a 
single-degree-of-freedom system, no reference point is 
needed, and very accurate deflection measurements can 
be obtained. Typically, the deflections are measured with 
an absolute accuracy of better than 2 percent ± 0.08 mils. 
This enables the successful use of the data obtained for 
the evaluation of pavements. 

Direction of Travel of FWD 

I 12 in. I 12 in. I 12 in. I 12 in. I 12 in. I 12 in. I .......... ........................ 
5i: Deflection Sensor #i 

(a) Transverse joint and crack test arrangement. 

Direction of Travel of FWD .. 
S5 

load Plate 

12 in. 
S6 S7 

12 in. 

54 

1 
12 in. 112 in. 1 ................. 36 in. 1 12 in. 1 ... ...... 

• • Si: Qef\ection Sensor Ii 
(b) LongItudmal Jomt test arrangement. 

Fig 2.3. FWD load and sensor arrangement. 

USING THE FWD FOR JOINT SYSTEM 
EVALUATION 

With the attributes described above, the FWD is par
ticularly suitable for joint evaluation. The 8-foot raisel 
lower bar allows the arrangement of the deflection sen
sors at varying distances. An added feature of later ver
sions of the FWD, illustrated in Fig 2.3(a), is a raisel 
lower bar split I foot before the load center and 7 feet af
ter, in the direction of ttavel. Figure 2.3(a) also illusttates 
the FWD load and sensor arrangement used for measure
ments at transverse joints and cracks. Figure 2.3(b) 
shows the extension bars which can be attached perpen
dicular to the raise/lower bar, and the load and sensor ar
rangement used for measurements at longitudinal joints. 
In some instances sensors six (S6) and seven (S7) were 
moved closer to the load plate, to distances of 12 and 24 
inches, respectively, from sensor two (S2). With these 
two arrangements, deflection data can be collected at 
joints and cracks for use in the load transfer analysis 
methods described previously. 

CONSIDERATION OF ENVIRONMENTAL 
FACTORS 

As. indicated previously, temperature changes during 
the day result in temperature gradients in PCC pavements 
which cause slabs to curl, most noticeably at the edges 
and comers of pavements. Temperature expansion and 
contraction of slabs in the horizontal direction also result 
in joint width fluctuations. Similarly, environmental 
moisture variations, which result in moisture gradients in 
pavements, cause warping of PCC pavement slabs. The 
shrinkage and expansion of the pavement slabs also affect 
joint widths. Consequently, such environmental factors, 
~hich may indirectly affect the load ttansfer performance 
at joint systems, have to be taken into account when 
FWD deflection data are used for load transfer evalua
tion. Morales-Valentin (Ref 21) suggested testing proce
dures to correct such effects of temperature variations. 
Shahin (Ref 22) and Foxworthy and Darter (Ref 23) also 
suggest methods which involve the development of load 
transfer correction charts, from which load transfer fac
tors can be used to correct calculated load transfer effi
ciencies. A full treatment of this subject as it pertains to 
this study is dealt with in a subsequent chapter. 

SUMMARY 
The majority of the distresses associated with PCC 

pavements occur at joints and cracks as a result of the re
duction in pavement rigidity that accompanies such 
discontinuities. Load transfer devices are provided at 
such cracks and joints as a way of providing the pave
ment some rigidity. Ostensibly, load transfer reduces 
stresses from applied loads and thereby increases the 
load-carrying capacity of the pavement as a whole. This 



chapter presents a review of load transfer at pavement 
discontinuities. The factors which affect the performance 
of such devices-and, consequently, have to be taken into 
account during the evaluation of the load transfer de
vices-are described. A brief description of the Falling 
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Weight Deflectometer is given. Some of the factors that 
have to be taken into account in the interpretation of 
FWD deflection data for load transfer assessment at PCC 
discontinuities are discussed. 



CHAPTER 3. LABORATORY TEST PROGRAM AND 
DATA COLLECTION 

BACKGROUND 
To investigate load transfer efficiency evaluation 

across joints and cracks using deflections obtained with 
the FWD, a two-part research study was instituted. The 
fIrSt part involved controlled laboratory work on an in
strumented research pavement facility constructed at the 
Balcones Research Center (BRC) of The University of 
Texas at Austin. This research facility allowed the vari
ous factors which affect joints and cracks to be closely 
monitored and was used to acquire laboratory data for the 
development of procedures for the evaluation of load 
transfer efficiency of joint systems. Data were collected 
for a period of about four years and included FWD de
flection measurements on the slab, slab temperature data, 
environmental data, and measurements of slab move
ments due to the effect of thermal gradients in a number 
of experiments. This chapter details the work done at the 
laboratory research facility and describes the data col
lected. 

DESCRIPTION OF LABORATORY 
RESEARCH FACILITY 

The instrumented rigid pavement research facility 
used in the laboratory study is a multi-purpose pavement 
facility constructed at BRC. This rigid pavement re
search facility was designed and constructed for testing 
various aspects of rigid pavements under controlled con
ditions. Its design and construction followed laboratory 
tests on a pilot slab to test some of the planned concepts 
of investigation and incorporated the provisions neces
sary to allow the mOnitoring of variables that have a sig
nificant effect on pavement deflections. These variables 
selected for monitoring included load transfer across a 
joint, slab temperature gradient, void or loss of support 
effect, and sub-surface moisture content. Details of the 
design and construction of this test facility are available 
in Refs 24 and 25. A brief description of this instru
mented rigid pavement research facility is given here 
with emphasis on the factors which pertain to this study. 

PAVEMENT DESIGN 

A plan view of the multipurpose instrumented JRCP 
facility for controlled laboratory testing is shown in Fig 
3.1. It is comprised of a lO-inch-thick jointed reinforced 
concrete pavement placed on a 3-inch asphalt cement 
concrete base course and a 6-inch-thick compacted 
crushed stone subbase, over an embankment of clayey 
gravely sand with limestone cobbles constructed on an 
underlying natural rock layer approximately 10 feet be
low the resultant subgrade. The PCC pavement was con
structed with Class A concrete and reinforced with No. 4 
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bar-size steel spaced 36 inches center-to-center in both 
the transverse and the longitudinal directions, in accor
dance with Texas State Department of Highways and 
Public Transportation (SDHPI) 1982 Standard Specifica
tions (Ref 26). Crushed limestone coarse aggregate was 
used for the concrete to limit stresses due to thermal ex
pansion and contraction (Ref 4). The pavement consists 
of a 39-foot-IO-inch by 12-foot-6-inch large slab an
chored in place at the end across from the joint. and an 
18-foot-IO-inch by 12-foot-6-inch movable small slab 
equipped with a loading frame and hydraulic ram system 
to facilitate mechanical longitudinal movement of the 
slab. Three sheets of 4-mil polyethylene were placed un
der the small slab to reduce friction between the asphaltic 
concrete base course and the concrete slab and permit its 
movement with the hydraulic ram system. 

JOINT DESIGN 

The transverse joint between the two slabs is a 
specially-constructed dowelled joint with two-member 
dowel units designed to provide variable load transfer at 
the joint. In all there are 13 of the two-member stainless 
steel bar dowel units installed at the transverse joint, 
spaced at I-foot intervals. Each unit consists of a 13-1/2-
inch male bar one inch in diameter and tapered at one 
end to a slight conical shape, to allow it to fit snugly into 
an end of a l-l/4-inch diameter female bar 12 inches 
long reamed out to a similar taper. These two bars fit 
together to give a dowel unit 2 feet long with an overlap 
of 1-1/2 inches. This dowel unit design was selected 
after extensive analysis detailed in Ref 24. The hydraulic 
ram system attached to the small slab is used to adjust the 
horizontal gap at the transverse joint, which in nun varies 
the vertical distance in between the tapers of the male 
and female dowel units. This arrangement allows the 
dowels to provide (1) zero load transfer when the joint is 
fully opened and there is no contact between the 
members of each dowel unit; (2) full load transfer when 
the joint is fully closed and there is full contact between 
the tapers; and (3) partial load transfer in the 
intermediary stage between these two extremes. 

OTHER FEATURES OF RESEARCH FACILITY 

To study the effect of a lack of support beneath pave
ment slabs on load transfer and to develop void detection 
techniques using the FWD, two 3-foot-by-3-foot voids 
were created at the locations shown in Fig 3.1 at the joint 
and edge of the larger slab. The voids were formed by 
placing I-inch-thick foamed styrene layers into depres
sions formed in the asphalt concrete base course prior to 
the placement of the portland concrete cement pavement. 



The foamed styrene layers were then subsequently dis
solved with a solvent to obtain the required voids which 
are approximately 1 inch deep. 

For slab temperature measurements, thermocouples 
installed at depths of 1 inch from the top, 1 inch from the 
bottom, and at mid-depth at each of the locations TI. T2. 

and T3 in Fig 3.1. were used to monitor the temperature 
within the larger slab. These thermocouples were se
lected after a thorough search and were fabricated and 
calibrated in-house. To minimize the possibility of corro
sion copper, constantan thermocouple wire (Type 1) with 
a polyvinyl insulating cover was used. These thermo
couple wires are connected to an instrumentation panel 
and a Hewlett-Packard (HP) data acquisition system for 
automatic data collection and recording. This portable 
acquisition system is made up of an HP Model 3497 A 
data acquisition unit and an HP Model 150 personal com
puter, which records the data on 3.5-inch microfloppy 
disks and can also give a hard copy of the data via a 
printer interfaced with the computer. The system used 
had 39 channels for reading and processing instrument 
signals. 

Equipment for collecting data on environmental 
conditions, such as humidity, ambient temperature. solar 

D Meteorological 
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radiation, and wind speed at the time of testing, was also 
provided. The equipment included a meteorological 
station (Fig 3.1) housing a Bellon hygrothermograph for 
continuous recording of the ambient temperature and 
relative humidity. A Dwyer wind speed indicator 
installed outside the instrumentation building was 
available for measuring the prevailing wind speed, and a 
microprocessor-conb'olled Licor Model LI-I776 solar 
monitor was used to record solar radiation during testing. 

LABORATORY TEST PROGRAM 
1bree major groups of tests were conducted on the 

BRC test pavemenL These were (1) deflection measure
ments for load ttansfer efficiency studies; (2) measure
ments of slab movements in a study to determine the ef
fects of variations in environmental factors on pavement 
curling and warping; and (3) measurements for an inves
tigation into the direct effect of environmental and other 
factors on deflection. The first and last groups of tests 
were essentially combined into tests for load transfer effi
ciency, and the tests to determine the effect of environ
mental factors on pavement curling and warping were 
conducted separately. 

Instrumentation 
Building 

39ft -10 in. 

long 
Slab 

"'N 

~ 16ft-8in. I r- .. 

E~; ~I Voids Underneath the Slab (3' x 3') 

T1, T2 and T3 : Thermocouple locations 

Fig 3.1. Layout of test pavement researcb facility. 
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WAD TRANSFER EFFICIENCY STUDIES 
The most important of the tests conducted on the re.

search pavement facility were extensive tests for load 
transfer efficiency studies. Fifteen such tests were con
ducted in the period between December 1985 and May 
1989. Tests were conducted in each of the four main sea
sons in Texas-fall, winter, spring, and summer. Al
though there were slight variations between some of the 
tests conducted, a majority were of the same kind and the 
data collected were similar. The Dynatest Model 8000 
FWD described in Chapter 2 was used for measuring the 
deflections required for these tests. Figure 3.2 shows the 
test paths and selected locations on the slab facility where 
these tests were conducted. In general, the tests consisted 
of measurements at these locations over extended time 
periods, during which supplementary data in the fonn of 
environmental data were also collected. Consequently, 
the deflection measurements are also useful for investiga
tions into the direct effects of environmental and other 
factors on rigid pavement deflection, and no distinction is 
made between the tests in this regard. The tests con
ducted can be classified into two groups. One group COIl

sists of tests required for what are called closed-joint 
studies, and the other group consists of tests for open
joint or variable load transfer studies. 

Closed-Joint Studies 

The closed-joint tests were conducted to collect data 
for load transfer studies at the transverse joint of the re
search slab facility simulating conditions at an ordinary 
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transverse joint In these tests, FWD deflection measure
ments at the test locations shown in Fig 3.2 were taken 
with a 440-pound-weight setup dropped from four preset 
heights to give four peak loads ranging from about 4,500 
to 20,000 pounds. The FWD sensor arrangement shown 
in Fig 2.3(a) was used for all of these tests on the con
trolled research pavement. As indicated, with an FWD 
load plate diameter of 11.81 inches (30 cm), the joint was 
approximately midway between sensors S 1 and S2, and 
sensors S3 and Sl, respectively, for tests with the load 
upstream and downstream of the joint. Most of the FWD 
testing of this kind on the controlled slab facility con
sisted of tests along the three test paths shown in Fig 3.2 
in three-day periods during which no major change in the 
weather condition was expected. Tests were conducted 
on one test path the frrst day, on another on the second 
day, and on the last test path on the third day. As much 
as possible, tests on the test paths along the edges, that is, 
on the no-void edge test path and on the void edge test 
path of the pavement (Fig 3.2), were conducted on con
secutive days. 

The tests on a path included FWD tests at the up
stream, downstream, and midspan locations shown in Fig 
3.2 for the joint in an open condition and followed by 
similar tests at the same locations with a 45-psi pressure 
applied across the joint (closed condition). The whole se
quence was then repeated at hourly intervals. The seven 
deflections for each of the four peak loads were obtained 
at each test location for these two joint conditions in a 
typical test. 

/ Transverse Joint 

A 

B 

C 

F 

Test paths: A: No-void Edge Test Path 
B: Midslab Test Path 
C: Void Edge Test Path 

Locations: D: Upstream Load POsilion 
E: Downstream Load Position 
F: Midspan Load Posilion 

Fig 3.2. Test paths and test locations on test pavement. 



During the time of testing, pavement temperature 
data were also obtained using the thermocouples embed
ded in the long slab. With the data acquisition system the 
pavement temperature was automatically collected and 
recorded at 30-minute intervals for the duration of test
ing. Supplementary data in the form of wind speed, solar 
radiation, and pavement surface temperature, measured 
with both a portable surface thermometer and a hand-held 
Omegascope Model OS-2000A infrared pyrometer, were 
also collected during testing. In addition, the Belfort 
hygrothermograph in the meteorological station was set 
up to continuously record the ambient temperature and 
relative humidity during testing. 

Thus, for a typical test, the data collected include 
FWD deflection measurements for two joint conditions at 
hourly intervals; temperature data from the thermo
couples within the pavement at 30-minute intervals; a 
continuous record of the ambient temperature and relative 
humidity; and wind speed, solar radiation, and pavement 
surface temperatures at 30-minute intervals. 

Variable Load Transfer EffICiency Studies 

As indicated, the doweled joint of the research pave
ment was built with features that allow the load transfer 
at the joint to be varied. The tests for which the width of 
the joint was varied to obtain variable load transfer are 
described in this section. The tests were conducted at the 
test locations along the three test paths shown in Fig 3.2, 
for joint gaps varying in 1I8-inch increments between 0 
and 3/4 inch. The procedures used in these tests were 
similar to those used in the tests for the closed-joint stud
ies. However, the FWD measurements could not be 
taken for all the joint gaps tested at fixed time intervals 
as before. For any particular joint gap, tests were con
ducted at all the required locations on the pavement be
fore the next decrement, and then the tests were repeated. 
Supplementary environmental data comprised of ambient 
temperature, wind speed, solar radiation, and pavement 
surface temperature were also collected at hourly inter
vals at the time of each test; the temperatures within the 
slabs were obtained at 30-minute intervals via the embed
ded thermocouples. 

The data collected for the joint gap studies, therefore, 
include FWD deflection data for different joint gaps at 
the locations tested on the pavement; temperature data 
from the thermocouples embedded in the pavement at 30-
minute intervals; and ambient temperature, wind speed, 
solar radiation, and pavement surface temperature at 
hourly intervals at the time of the tests. 

PAVEMENT CURUNG TESTS 

The other group of important tests conducted on the 
test pavement were curling and warping tests to measure 
slab movements resulting from temperature and moisture 
variations, respectively. The tests were conducted be
tween March 1986 and January 1987 and covered the 
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spring, summer, fall, and winter seasons. To measure the 
vertical movement of the pavement slab, a number of lin
ear variable displacement transducers (LVDTs) mounted 
on a wooden beam suspended across the slab parallel to 
the transverse joint were used. The LVDTs used were 
Trans-Tek, Series 240, transducers which can automati
cally monitor displacements of up to 1 inch. The wooden 
beam was specially treated and painted to avoid exces
sive moisture variation and, therefore, any appreciable 
warping. Since temperature effects on wood are negli
gible, no serious curling of the wooden beam was ex
pected. 

Two types of curling tests were conducted. The frrst 
were to measure curling along the transverse joint of the 
large slab of the research pavement. In the second group 
of tests, in addition to the transverse curling measure
ments, curling movements along the edges of the large 
slab of the pavement up to a distance of 9 feet from the 
transverse joint were also measured. Figure 3.3 shows 
the LVDT arrangement for the two groups of tests. In the 
second group of tests, the LVDTs placed along the pave
ment edges to measure longitudinal curling at the pave
ment corner, were each held in place by a reinforcement 
bar with one end driven into the ground and a clamp at 
the other end holding the LVDT. 

In a test, the LVDTs and the thermocouples for mea
suring the pavement temperature were connected to the 
instrumentation panel interfaced with the HP 3497 A data 
acquisition system. Using calibration blocks, each LVDT 
was calibrated separately. The data generated from both 
the LVDTs and the thermocouples were then automati
cally collected and recorded at 30-minute intervals for the 
duration of the test, which typically lasted a week. The 
data collected from these tests for the transverse joint 
curling measurements, consequently, consist of five 
LVDT readings and nine temperature readings from the 
three thermocouples for the duration of the tests; and the 
data for the tests for measuring both transverse and longi
tudinal curling comprise eleven LVDT readings and nine 
thermocouple temperature readings. All together, seven 
curling tests were conducted, two of which had the LVDT 
arrangement for measuring longitudinal curling. 

LABORATORY TEST PROGRAM DATA 
BASE 

In summary, the data base available from the labora
tory test program is comprised of four main groups of 
data. The fIrst group of data consists of FWD deflection 
measurements for a load transfer efficiency study of the 
transverse joint of the pavement research facility along 
three test paths (Fig 3.2) for what is referred to as the 
closed-joint condition. These deflection data are supple
mented by data on the pavement slab temperature; pave
ment surface temperature; and the environmental vari
ables-ambient temperature, relative humidity, solar 
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radiation, and wind speed, in order of their perceived im
portance. 

The second group of data, similar to the first, is also 
comprised of FWD deflection data for load transfer study 
of the transverse joint of the pavement research facility 
along the three test paths shown in Fig 3.2. The deflec
tion data are, however, for varying joint gaps obtained by 
using the hydraulic ram system to move the small slab of 
the pavement. These data are also supplemented by 
pavement slab temperature; pavement surface tempera
ture; and environmental data consisting of ambient tem
perature, solar radiation, and wind speed. 

The third group of data is inherent in the fIrst two 
groups and is comprised of FWD deflection data on the 

pavement research facility at specifIc locations with cer
tain peculiar characteristics, e.g., deflection measurement 
at the downstream location of a transverse joint directly 
over a void, supplemented by data on the environmental 
variables mentioned above. 

The last group is comprised of curling movement 
and temperature data measured for two cases. The pri
mary data consist of measurements of the transverse curl
ing movement of the large slab of the pavement research 
facility with accompanying slab temperature data. Some 
of these data contain in addition data on longitudinal 
curling movements along the edges of the large slab of 
the research pavement at the corners with the transverse 
joint 
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Fig 3.3. Arrangement of L VDTs for transverse and longitudinal curling measurements. 



CHAPTER 4. EFFECT OF ENVIRONMENTAL FACTORS 
ON RIGID PAVEMENT RESPONSE AND 

REPEATABILITY TESTING OF THE FWD 

BACKGROUND 
As a fIrst step, the data collected from the tests on 

the Balcones Research Center pavement facility were 
used to investigate the influence of envirorunental factors 
on rigid pavement response. Of specific interest were the 
effects of daily and seasonal variations of temperature on 
rigid pavements. Also of interest were the indirect effects 
on the pavements of moisture variation and loss of foun
dation support. Typically, temperature and moisture 
variations result in horizontal as well as vertical move
ments in pavements. The horizontal movements directly 
affect the action of joints and cracks by increasing or de
creasing their shear or moment transfer, depending on the 
direction of the net movement. A temperature or moisture 
differential between the top. and bottom of a concrete slab 
also causes curling and warping which, in addition to in
fluencing the shear and moment transfer at joints and 
cracks, also contribute to a loss of support, particularly at 
the slab comers. The effects of such environmental varia
tions-on rigid pavement response and, therefore, on de
flection measurements with the FWD-are the main sub
ject of this chapter. Preceding this study concerning the 
effect of these factors on deflection response, the reliabil
ity and repeatability of FWD deflection and load mea
surements are also dealt with in some detail. 

TEMPERATURE AND MOISTURE 
EFFECTS ON PCC PAVEMENTS 

Changes in environmental conditions, which take 
place year round, result in temperature and moisture fluc
tuations in PeC pavements, and there is hardly any time 
when the temperature or moisture distribution in pave
ments is uniform throughout. Due to the poor conductiv
ity of concrete, for instance, some time is required for 
heat to be transferred from the surface downwards, and 
there is often a difference in temperature between the top 
and the bottom of the pavement slabs. There is also a 
similar time lag in the transfer of moisture through PCC 
slabs, and often different moisture conditions come to ex
ist at the different depths of a pavement As a result, these 
fluctuations result in temperature and moisture gradients 
in the pavements. The temperature and moisture gradients 
cause differential volumetric changes and, as a conse
quence, the pavement slabs tend to warp and/or curl. The 
cmling of the pavement slabs is, however, resisted by the 
weight of the concrete slabs, and there is a consequent 
build-up of warping and/or curling stresses within the 
pavement. Analytical work by Westergaard (Ref 27) 
shows that such stresses can be significant and must be 
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taken into consideration in the design of rigid pavements. 
In cases where imposed traffic loads produce stresses ad
ditive to these curling stresses, excessive stress can build 
up in the pavements and can eventually contribute to 
pavement distress. Also, in most cases, the change in pro
fIle causes the pavement to partially lose contact with the 
subgrade, especially near the corner and edges, and this 
in tum affects the magnitude of the stress due to applied 
load. 

The tests described in Chapter 3 permit documenta
tion of the effects temperature has on PeC pavements, 
and the results are presented here. The direct effects of 
moistme gradients on PeC pavements are not addressed. 
It is noted, however, that Janssen (Ref 28) presents re
sults which indicate that moisture gradients cause PeC 
slabs to warp considerably and that the resistance due to 

the weight of the concrete produces tensile stresses at the 
top of the pavement and compressive stresses at the bot
tom. Other pertinent conclusions from the work of 
Janssen were that the significant moisture changes in 
PeC slabs occur not more than 2 inches below the sur
face in most cases, and that although the tensile stresses 
developed are not enough to cause moment failure, they 
can result in the formation of shallow hairline cracks at 
the top of the pavement. 

ANALYSIS OF TEMPERATURE AND 
PAVEMENT CURLING DATA 

As noted earlier, as part of the FWD deflection tests 
conducted on the BRC research pavement, slab tempera
ture data at the locations shown in Fig 3.1 and weather 
data were collected. Data from the curling tests on the 
pavement also consisted of similar temperature data and 
vertical displacement data. These were the data analyzed 
to determine the direct effects c1 daily and seasonal tem
perature variations on rigid pavement response. The mean 
slab temperatures 1 inch from the top, at mid-depth, and 
1 inch from the bottom of the lO-inch-thick pavement 
were determined by averaging the measurements ob
tained from the three thermocouples, and by the tempera
ture differential calculated as the difference between the 
average top and bottom temperatures. To obtain the dis
placement or vertical movement at each LVDT location, 
the LVDT measurements were referenced to the reading 
corresponding to a zero temperature differential at each 
particular location. Thus, the displacement data obtained 
from the cmling tests provide a defmition of the slab pro
fIle referenced to the profIle at a zero temperature differ
ential. These data were analyzed to examine the extent of 
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temperature variation in PCC pavements and the magni
tude and trends of the vertical displacements associated 
with these variations. 

TEST SITE WEATHER CONDITIONS 

The temperature of a rigid pavement depends on the 
effective solar radiation and on the amount of the heat 
energy from this radiation that is absorbed and retained. 
In turn, the solar radiation reaching the pavement de
pends on prevailing weather conditions; on the absorption 
and retention abilities of the pavement; and on the physi
cal properties of the structure such as color, surface tex
ture, amount of shading, and the slope of the surface. 
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Fig 4.1. Typical daily and seasonal ambient 
temperature variations at test site. 
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Fig 4.2. Typical daily and seasonal relative humidity 
variations at test site. 

While the physical properties of a particular pavement 
are generally controllable and the best choices can be 
made during design and construction, weather conditions 
are not controllable and depend very much on the climate 
of a given locality. Consequently, the temperature of a 
pavement is influenced most by the climate of the area 
where it is located. 

An inspection of the data collected indicates that, as 
in most parts of Texas, the weather in the vicinity of the 
research pavement can be divided into four seasons: a 
spring period from March to May; the summer months of 
June, July, and August; the fall season from September to 
November; and the winter months spanning December, 
January, and February. However, with conditions in the 
spring and fall somewhat similar as far as ambient tem
perature and relative humidity were concerned, the sea
sons could be grouped into three periods. Figure 4.1 
shows typical daily ambient temperature variation for 
these three periods and also gives an indication of the dif
ferences between the seasons. Each graph depicts the am
bient temperature variation for a period of not less than 
two days with clear skies and stable weather during 
which there was a large variation in the temperature. Fig
ure 4.2 shows the corresponding relative humidity varia
tion for these selected days. In all cases, the daily tem
perature and relative humidity variations approximately 
follow a sine wave pattern with the maxima of the tem
perature curves occurring at about the time of occurrence 
of the minima of the relative humidity curves. Except for 
cloudy or rainy days, when the temperature and relative 
humidity variation patterns were unpredictable, these 
trends were typical of all the days investigated. 

Figure 4.1 shows an appreciable and distinct sea
sonal variation in ambient temperature, especially be
tween the winter and summer periods, typical of the data 
collected at the test site. No such seasonal distinction was 
obvious in the case of the relative humidity as illustrated 
by Fig 4.2. In general, it was evident from the results that 
daily ambient temperature variations of up to 30°F and 
seasonal variations of up to 45°F were typical. Another 
interesting feature of the results is the occurrence of the 
maxima and minima of both the ambient temperature and 
relative humidity at about the same times on days with 
clear and stable weather in each of the seasons. 

PAVEMENT TEMPERATURE ANALYSIS 

Figures 4.3,4.4, and 4.5 illustrate the temperature 
variation in the test pavement typical for the spring, sum
mer, and winter seasons, respectively, and the relationship 
of the ambient temperature to the pavement temperatures. 
Shown are the pavement temperatures 1 inch from the 
surface, at mid-depth, and 1 inch from the bottom of the 
lO-inch-thick pavement. Again, the results shown are for 
days with stable weather conditions and clear skies. As 
can be seen from these graphs, which are typical of the 
general results obtained, in each case the slab temperature 



follows a sine wave pattern, with the trend of the top 
pavement temperature closely resembling that of the am
bient temperature. The slab top temperature also attains 
its maximum value within the hour of the ambient 
temperature's reaching a maximum. In the warmer cli
mate of Texas, the results also showed that the pavement 
temperatures were almost always higher than the ambient 
temperature, except in the colder winter months when the 
pavement temperature and the ambient temperature were 
on the same order of magnitude in most cases. It was also 
observed that during all the seasons, the warming part of 
the pavement temperature curves were steeper than the 
cooling-off part, indicating the rapid rate at which heat is 
supplied to the pavement in the mornings as compared 
with the rate at which it loses heat in the evenings. As is 
to be expected, on cloudy days or days of unstable 
weather, the pavement temperature variation did not fol
low any well-defined pattern; however, the trends were 
still very similar to those of the ambient temperature and 
in most cases followed a distorted sine wave pattern. 

As indicated above, a temperature gradient in rigid 
pavements is responsible for pavement curling. Figure 
4.6 illustrates the trend in the temperature differential of 
the research pavement typical for days with clear and 
stable weather in the spring, summer, and winter seasons. 
These temperature differential curves correspond to the 
pavement temperatures presented in Figs 4.3, 4.4, and 
4.5, respectively, under the ambient temperature and rela
tive humidity conditions shown in Figs 4.1 and 4.2, and 
they also follow a similar sine wave pattern. An impor
tant observation is the similarity in the trends of the tem
perature differential in all the seasons, with the tempera
ture differential curves practically overlapping. The 
results obtained indicated that, in general, the trends and 
magnitude in temperature differential change were similar 
for the spring and summer seasons but were appreciably 
different for the winter season, especially during the day
time periods, as illustrated in Fig 4.6. As with the pave
ment temperature, on clear days with stable weather, the 
temperature differential typically increases at a relatively 
rapid rate in the morning, as the ambient temperature in
creases, until it reaches a maximum sometime between 
noon and 4:00 PM. It then decreases at a comparatively 
slower rate, as the ambient temperature falls to a mini
mum, anywhere between 11:00 PM and 8:00 AM. This 
high rate of increase in the temperature differential in the 
morning is the direct result of the influence of solar ra
diation on the pavement The intensity of sunlight in
creases at a rapid rate in the morning, and the rate at 
which heat is supplied to the pavement-which is di
rectly related to this former rate-changes continuously. 
The rate at which the pavement loses heat is, on the other 
hand, more controlled and influenced by stable character
istics such as material properties of the pavement on 
clear-weather days. 
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From the results obtained for a period of three years 
for all types of weather, the corresponding times of oc
cmrence of the maximwn positive and minimwn negative 
temperature differentials were noon to 5:30 PM and 
10:00 PM to 8:00 AM, respectively. These correspond to 
the times when the slab is in its maximwn downward and 
upward curl positions, respectively, with the latter in ef
feet representing the period of time when the pavement 
will offer the least resistance to traffic loads as a result of 
such movements. 

Figure 4.7 illustrates the temperature gradients typi
cal of the BRC pavement at different times of the year. 
The temperature gradients in the pavement at the same 
time of day are shown for different months of the year 
representative of the calendar seasons. Again it is appar
ent that although there is a shift in the magnitude of the 
temperature in the pavement with respect to the seasons, 
the temperature gradients are typically the same and are 
in agreement with the earlier fmdings. In the three years 
of testing a maximum temperature differential of 20.4°F 
and a minimwn of -9.9°F were recorded in the research 
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pavement slab. As expected, on cloudy or rainy days the 
temperature differential in the pavement did not follow 
any of the well-defined trends described. Typically, 
cloudy and rainy weather, by decreasing the radiation 
provided by the sun, had a damping effect on the tem
perature differential curves just as it did on the ambient 
and pavement temperatures. 

ANALYSIS OF VERTICAL DISPLACEMENT 
DUE TO CURUNG 
The trends with time of the vertical displacements 

caused by curling of the test pavement at selected points 
along the transverse joint are illustrated in Figs 4.8, 4.9, 
and 4.10 for periods typical of the spring, summer, and 
winter seasons, respectively. To understand these trends, 
the displacement of the slab must be examined in relation 
to temperature variations in the research pavement. Ac
cordingly, the displacement trends in Fig 4.8 correspond 
to the ambient and pavement temperature variations in 
Fig 4.3, and the displacement trends in Fig 4.9 to the am
bient and pavement temperature variations in Fig 4.4. 
Similarly, Fig 4.11 shows the ambient temperature, the 
pavement temperature at different depths, and the slab 
temperature differential variation in the winter period cor
responding to the displacements in Fig 4.10. The slab 
temperature differential variations corresponding to the 
spring and summer periods are shown in Fig 4.6, and the 
temperature gradients on a selected day within each of 
these periods are shown in Fig 4.7. 

Noting that the vertical displacement at the trans
verse joint of the research pavement is due to a combina
tion of transverse and longitudinal curling, Figs 4.8, 4.9, 
and 4.10 illustrate the cyclic effect of temperature on 
pavement curling typical of the spring, summer, and win
ter seasons, respectively. The greatest vertical displace
ment occurs at the corners and the least at the center of 
the joinl Examining Fig 4.8 with reference to Fig 4.3 and 
the appropriate temperature differential curve for the 
spring in Fig 4.6, it can be noted that on any given day 
the pavement is displaced upward from its lowest curled
down position in the early afternoon, when the slab tem
perature differential is at a maximum. This continues un
til the pavement reaches a maximum curled-up position 
at about the same time the temperature differential 
reaches a minimum, very early in the morning of the next 
day. With daybreak and the accompanying sunrise, the 
pavement begins to curl downward with the temperature 
differential increasing until again it reaches its lowest 
curled-down position, at the time of the next occurrence 
of the maximum positive slab temperature differential, to 
complete a cycle. Figures 4.9 and 4.10 show the recorded 
trends typical of the summer and spring seasons, respec
tively, which are similar to the trends in Fig 4.8. 

From a comparison of Figs 4.8, 4.9, and 4.10, it is 
evident that there is an overall increase in the maximum 
vertical displacement at the transverse joint with an 
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increase in seasonal temperature. This is especially true 
of the downward vertical displacement caused by a 
positive temperature differential; that is, where the 
temperature at the lOp surface of the research pavement is 
higher than that at the boltom surface. The corresponding 
increase in the upward vertical displacement, caused by a 
negative temperature differential, is minimal. An 
examination of Fig 4.6 sheds some light on this result It 
is clear that, for the lO-inch-thick research pavement, 
although there is an appreciable difference between the 
positive temperature differential of the winter and those 
of the warmer spring and summer seasons, the difference 
between the negative temperature differentials is 
minimal. 

The results shown in Figs 4.8, 4.9, and 4.10 are 
presented in a different form in Figs 4.12, 4.13, and 4.14, 
respectively, which illustrate the change in the transverse 
profile of the research pavement at the doweled 
transverse joint during selected parts of the cyclic change 
in temperature differential. The profiles attained between 
the extreme positive and negative temperature 
differentials are shown. The relative positions of the 
profile curves with respect to the abscissa also give an 
indication of the extent of the longitudinal curling of the 
pavement. The effects of a temperature differential 
change on the curling of the. rigid pavement are 
considerable in all cases. Examining the profiles in each 
case, there is seen an indication, typical of the results 
obtained, that the magnitude of curling of the rigid 
pavement is higher in the summer months than in the 
spring and winter seasons. It is suspected that the reduced 
exposure of the pavement to sunlight in the spring and 
winter seasons and, possibly, the effects of moisture are 
responsible for the reduced curling of the pavement. As 
the figures show, in the warm climate of Texas, the 
magnitude of the maximum downward displacement is 
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considerably higher than the maximum upward 
displacement from the zero temperature differential 
position. In fact, in some cases, as illustrated in Figs 4.12 
and 4.14, these effects seemed to be sufficient to cause 
the pavement to curl downward even when the 
temperature differential was negative; that is, when the 
bottom surface was warmer than the top surface. The 
results obtained also indicated that because of such 
effects and/or the additional effect of longitudinal curling 
of the slab, it was not uncommon to have different slab 
profiles, or unequal vertical displacements at a particular 
location along the joint, for the same temperature 
differential. Unfortunately, the results of the tests 
conducted to measure vertical displacement due to 
longitudinal curling were not conclusive enough to 
pennit documentation of the influence of such effects. 
The transverse profile of the slab at the joint also was not 
symmetrical in all cases. Another interesting observation 
was that the slab was not necessarily flat in the transverse 
direction when the temperature differential was zero. 

For this lO-inch-thick research rigid pavement, the 
temperature differentials on the order of -10 to 21°F that 
were measured resulted in vertical displacements at slab 
corners from one extreme to the other on the order of 100 
mils. The extreme upward vertical displacements oc
curred in the early morning hours between 3:00 and 7:00 
CST. Downward vertical displacements generally reached 
a maximum in the afternoon between 13:00 and 17:00 
CST. The maximum vertical movements occurred in the 
warmer summer months when temperature fluctuations 
were at a maximum. A downward vertical displacement 
of approximately 70 mils at both corners of the large slab 
in the middle of July and an upward vertical displace
ment of 38 mils at one corner five days later, both rela
tive to the average slab position at a temperature differen
tial of zero degrees Fahrenheit, were the maximum 
recorded on the research pavement From the results ob
tained from the research pavement, which is similar in 
design to some of the roads in the state, it is obvious that 
such vertical displacements have to be seriously consid
ered in the evaluation of FWD deflection measurements 
on rigid pavements. 

FWD REPEATABILITY EVALUATION 
Before investigating the effects of environmental 

factors of the kind discussed in the preceding section on 
FWD measurements, it was necessary at the outset to 
determine the reliability and repeatability of FWD load 
and deflection measurements to ensure confidence in the 
results obtained in this study. Therefore, in a special 
experiment, FWD deflection measurements were taken at 
the center of the large slab of the research pavement and 
at its edges and comers for various combinations of load 
level and drop sequences for such an investigation. In all, 
two types of tests were carried out. One set of tests 
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consisted of deflection measurements taken at a particular 
location with the FWD stationary throughout all drop 
sequences. The second set of tests was made up of 
deflection measurements during which the FWD was 
moved and then returned to the same location between 
the drop sequences. All the tests were conducted in a 
short period of time to ensure constant environmental 
conditions and thus negate the need to account for 
temperature and/or moisture effects on the pavement. The 
tests were conducted with the 440-lb-weight set-up of the 
FWD dropped from four heights, which gave the four 
load ranges of 4,500 to 6,000; 9,000 to 11,000; 13,000 to 
14,500; and 16,500 to 18,500 lbf. In the repeatability 
analyses the load/deflection ratio, which is a reflection of 
the stiffness of the pavement, was selected for study. 
U sing the load/deflection ratio has the advantage of 
removing error that might be due to variability in the 
force obtained with the FWD load dropped ostensibly 
from the same height, and it also allows the use of raw 
load and deflection data not subject to any normalization 
procedures to account for such variability. 

Data from a series of ten FWD measurements at each 
of the three test locations were examined. The tests were 
conducted in a period of a few minutes within which en
vironmental conditions were constant Figure 4.15 illus
trates the relationship between pavement response in 
terms of the load/deflection ratio at the center of the load 
plate and the load level at the three test locations. This 
figure indicates that the load/deflection ratio at each of 
the three locations is approximately the same at all the 
load levels, suggesting a linear relationship between load 
and deflection. This relationship is in fact borne out by 
Fig 4.16, which illustrates the linear relationship between 
FWD load and deflection measurements at the three test 
locations for stationary tests conducted under constant 
environmental conditions. Figure 4.17, however, shows 
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that the variability in the response of the pavement for 
each of the drop heights decreases at the higher load lev
els. Selecting a coefficient of variation of 10 percent as 
the maximum variability acceptable in the FWD mea
surement of the pavement response, the measurements 
corresponding to the first drop height (5,000 to 6,500 lbf 
load level) were considered unacceptable, mainly because 
of the results of the tests carried out at the comer of the 
slab. Similar results were obtained for pavement response 
measurements with most of the other six FWD deflection 
sensors. Consequently, pavement load and deflection 
measurements corresponding to the first drop height were 
not used in subsequent analysis. (Figure 4.17 also shows 
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that the greatest variability in the measurement of the 
pavement response is at the comer test location, which is 
followed by the measurements at the edge test location, 
with the least variability observed in the measurements at 
the center test location.) 

Analysis of the repeatability of the FWD involved a 
comparison of the coefficients of variation of the load/de
flection ratios for the stationary and on-off repeatability 
tests. Table 4.1 presents data on the repeatability of the 
FWD typical of stationary tests conducted at the center of 
the slab under constant environmental conditions. The 
data shown are for five tests, each conducted at the three 
load levels corresponding to the last three drop heights 
mentioned previously. The results illustrate that the coef
ficient of variation of the load/deflection ratios was less 
than 3 percent for each of the deflection sensors, and that 
in most cases the coefficient of variation increased with 
an increase in the load level. In addition, the FWD shows 
an excellent repeatability of the measured applied load 
obtained from drops from the same height, with the coef
ficient of variation of the five load measurements at each 
of the three levels not exceeding 1 percent. In this case 
also there is an indication that the coefficient of variation 
improves with increasing magnitude of applied load. 
Table 4.2 is a corresponding table that presents data typi
cal of on-off repeatability tests at the center of the slab 
conducted under constant environmental conditions. 
Overall, there is a marked incft'...ase in the coefficient of 
variation of the load/deflection ratios determined. How
ever, the coefficients of variation for all the sensors are 
below an acceptable level of 7 percent, and the coeffi
cient of variation for the pavement response directly un
der the load is less than 5 percent at all three load levels. 
The coefficients of variation in the load measurements 
are also below 5 percent in all cases. 

In Table 4.3, results are presented for corresponding 
stationary and on-off repeatability tests at the edge and at 
the corner of the large slab of the test pavement. Exami
nation of this table reveals that, in both cases, these tests 
under constant environmental conditions also point to a 
high repeatability of the FWD load and deflection mea
surements corresponding to the load levels shown. Again, 
although the FWD is more repeatable when used in tests 
which do not involve moving the device, the results of 
the on-off tests also show that the FWD load and deflec
tion measurements are very repeatable. These tests at the 
three locations, therefore, indicate that load and deflec
tion measurements on rigid pavements obtained with the 
FWD are reliable, consistent, and repeatable. In no in
stance was the coefficient of variation in the pavement re
sponse-measured with the FWD in terms of load and 
deflection-more than 7 percent. In fact, the slight in
creases in variability of the on-off tests as compared with 
the stationary tests could even be explained as a result of 
changes in the actual test locations due to movement of 
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TABLE 4.1. RESULTS OF STATIONARY REPEATABll..ITY TESTS AT CENTER OF 
LARGE SLAB 

Test Load Sensor LoadlDeflectlon Ratio (lbl/mil) 

Load Range Number (lbr) DFt DFl DFJ DF4 DF5 DF6 DF7 

Low 1 10,304 4,240 4,705 4,662 5.510 6,691 7,988 9,813 
(9,000 - 11.500 Ibf) 2 10,192 4,194 4,570 4,612 5,450 6,618 7,900 9,350 

3 10,120 4,164 4,621 4.579 5,411 6,571 7,845 9,638 
4 10,088 4.275 4,606 4.565 5.395 6,551 7,820 9,607 
5 10,096 4,278 4,610 4.568 5,399 6.556 8,077 10,096 

Mean 10,160 4,230 4,622 4,597 5,433 6,597 7,926 9,701 
C .V. (%) 0.89 1.18 1.08 0.89 0.89 0.89 1.34 2.84 

Medium 1 13,568 4,014 4,434 4,363 5,101 6,139 7,666 9,357 
(13,000 - 14.500 Ibf) 2 13,440 3,976 4,335 4,377 5,053 6,222 7,593 9,531 

3 13.392 3,916 4,376 4.306 5,111 6,200 7.566 9,236 
4 13,448 3,932 4.338 4,380 5,133 6,226 7,598 9,274 
5 13,424 3,925 4,330 4,316 5,124 6,214 7.584 9,258 

Mean 13,454 3,953 4,363 4,349 5,104 6,200 7,601 9,331 
C .V. (%) 0.50 1.05 1.00 0.81 0.61 0.57 050 1.30 

High 1 17,648 4,445 4,848 4,902 5,693 6,948 8,444 10,443 
(15,500 - 20,000 Ibf) 2 17,672 4,451 4,909 4,855 5,701 6,957 8,455 10,457 

3 17,584 4,429 4,884 4,778 5,672 6,923 8,413 10,405 
4 17,736 4,468 4,927 4,768 5,721 6,983 8,173 10,252 

5 17.512 4,456 4,811 4,810 5,649 6,894 8,379 10,362 

Mean 17,630 4,450 4,876 4,823 5,687 6,941 8,373 10,384 

C .V.(%) 0.49 0.32 0.96 1.16 0.49 0.49 1.38 0.79 

TABLE 4.2. RESULTS OF ON-OFF REPEATABll..ITY TESTS AT CENTER OF LARGE SLAB 

Test Load Sensor LoadlDellection Rado (lbflmU) 

Load Range Number (Ibr) DFt DFl DFJ DF4 DF5 DF6 DF7 -- --
Low 1 10,080 4,271 4,603 4,561 5.390 6,720 7,814 9,600 

(9,000 - 11.500 Ibf) 2 10,976 4,573 5,105 5,153 5,998 6,775 8,509 10,453 
3 10,936 4,500 4,994 4,948 5,976 7,107 8,749 11,392 
4 10,400 4,280 4,749 4,705 5,810 6.582 8,320 9,905 
5 9,944 4,292 4,459 4,499 5,433 6,457 8,218 10,358 

Mean 10,467 4,343 4,782 4,774 5,722 6,727 8,322 10,342 
C .V. (%) 4.55 4.46 5.60 5.73 5.11 3.61 4.19 6.59 

Medium 1 13,472 3,939 4,346 4.332 5,142 6,086 7,611 9,555 
(13,000 - 14,500 Ibf) 2 13,832 4,044 4,462 4,391 5,200 5,936 7,477 9,539 

3 13,696 4,004 4,362 4,404 4,999 6,087 7,567 9,192 
4 13.528 3,956 4,421 4,350 5,326 6,121 7,643 9,330 
5 13,264 3,878 4,279 4,321 5,063 6,001 7,667 9,148 

Mean 13,558 3,964 4,374 4,359 5,146 6,049 7,593 9,353 

C .V. (%) 1.60 1.60 1.61 0.84 2.46 1.27 0.99 2.03 

High 1 18,072 4,507 5,020 4,965 5,830 7,229 8,647 10,446 
(15,500 - 20,000 Ibf) 2 18,152 4,619 5,099 5,042 6,011 6,824 8,365 10,492 

3 18,288 4,560 4,970 4,970 5,899 7,088 8,750 10,821 
4 18,016 4,538 4,949 4,896 5,664 7,093 8,620 10,660 

5 17,600 4,433 4,835 4,944 5,677 6,929 8,263 9,943 
Mean 18,026 4,531 4,975 4,963 5,816 7,033 8,529 10,473 

C .V. (%) 1.44 1.51 1.95 1.07 2.53 2.24 2.41 3.16 
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the FWD back and forth between tests, and not in the of daily temperature variation and seasonal effects on the 

pavement response. response of rigid pavements. Figure 4.18 presents graphs 
of deflection measurements at the center of the 1arge slab 

EFFECT OF TEMPERATURE ON FWD of the research pavement versus the daily temperature 

PAVEMENT RESPONSE differential variation for typical days with clear and stable 

MEASUREMENTS weather. The figure indicates that there is no appreciable 
influence of the daily temperature differential variation 

From the preceding discussion in this chapter, it is on pavement deflection at the center of the slab, except 
apparent that environmental variations have a for a very minor increase in deflection at the higher 
considerable influence on rigid pavements. The results of temperature differentials. As can be seen from Figs 4.12, 
an investigation conducted to evaluate the direct effects 4.13, and 4.14, in the wann Texas weather the pavement 
of temperature on results obtained with the FWD are curls downward considerably in the afternoons. It is 
presented in this section. Of main interest were the result believed that this curling causes the slab to lose some 

TABLE 4.3. RESULTS OF STATIONARY AND ON·OFF REPEATABILITY TESTS AT THE EDGE AND 
CORNER OF LARGE SLAB 

FWD Test Load Sensor LoadIDellec:tlon Ratio (Ibf/mll) 

FWD Location Load Range Type (Ibf) DFI DF'Z DF3 DF4 DFS DF6 DF7 -- -- -
Station.arr- 9,906 2,732 2,915 2,940 3,483 4,341 5,473 6,831 

(0.33) (0.79) (0.75) (1.12) (0.95) (0.89) (0.33) (0.33) 
Low 

On-OfF 10,146 2,955 3,178 3,170 3,766 4,567 5,690 7,415 
(1.97) (5.34) (5.62) (5.79) (5.67) (4.42) (5.44) (4.12) 

Stationary 13,302 2,611 2,815 2,830 3,351 4,199 5,237 6,592 
(0.29) (0.37) (0.54) (0.29) (0.29) (0.65) (0.81) (0.81) 

Edge Medium 
On-Off 13,517 2,747 3,007 2,998 3,576 4,371 5,450 6,987 

(0.75) (5.10) (5.41) (4.88) (5.35) (4.03) (4.88). (4.59) 

Stationary 17,899 2,917 3,154 3,173 3,772 4,713 5,849 7,452 
(0.36) (0.75) (0.40) (0.48) (1.14) (0.44) (0.36) (0.55) 

High 
On-Off 17,994 3,082 3,360 3,332 3,970 4,897 6,062 7,703 

(0.57) (3.06) (4.53) (3.80) (4.39) (3.77) (4.10) (3.36) 

Stationary 9,512 816 1,018 2,666 1,355 1,867 2,599 3,622 
(0.62) (0.35) (0.82) (0.61) (0.90) (1.04) (1.04) (0.98) 

Low 
On-Off 9,730 990 1,225 3,170 1,614 2,185 3,000 4,148 

(1.80) (2.55) (1.92) (1.93) (1.90) (1.59) (1.13) (1.48) 

Stationary 13,294 885 1,106 2,437 1,465 2,01 7 2,780 3,860 
(0.17) (0.66) (0.94) (1.48) (1.03) (1.12) (1.21) (0.77) 

Comer Medium 
On-Off 13,507 1,042 1.289 2,832 1,700 2,310 3,144 4,320 

(0.38) (3.29) (2.91) (2.70) (3.17) (2.58) (2.47) (2.19) 

Stationary 16,554 966 1,209 2,497 1,603 2,194 3,013 4,142 
(0.48) (0.38) (0.65) (1.12) (1.16) (0-90) (0.73) (0.61) 

High 
On-Off 16,771 1,131 1,381 2,859 1,836 2,499 3,389 4,604 

(0.72) (3.34) (2.54) (3.16) (2.95) (2.08) (1.43) (1.73) 

INumbers in brackets are the coefficients of variation, percent, of five tests. 
2FWD was parked at test location throughout these tests. 
3FWD was moved from test location and then back to the same location in these tests. 



contact with the foundation at the center, resulting in the 
slightly higher deflections at the higher temperature 
differentials. From Fig 4.19, it is also apparent that the 
effect of seasonal environmental changes on FWD 
deflection measurements at the center of the slab is 
minimal. There is, however, a distinct, albeit small, 
increase in deflection at the center of the slab between 
the winter and summer seasons. A possible explanation is 
that in the very warm summer months the slab curls 
downward more, both in the transverse and the 
longitudinal directions (Fig 4.13), than it does in the 
cooler winter months when there is also less moisture 
variation in the pavement (Fig 4.14). As a result, there is 
more loss of contact with the foundation at the slab 
center and, consequently, higher deflections in the 
summer. Another explanation is that a softening up of the 
asphalt-stabilized base of the pavement in the summer 
results in a less stiff foundation aRd therefore in higher 
deflections. 

Figures 4.20 through 4.23 present typical results of 
FWD tests at the comers and edges of the large slab of 
the research pavement. In most cases there is a linear 
trend between the deflection measurements and the daily 
temperature differential variation. As is to be expected, 
the deflections at the comers and edges of the pce pave
ment slab generally decrease as the temperature differen
tial increases. There is little doubt that the downward 
curling of the pavement slab as the temperature differen
tial increases (Figs 4.12, 4.13, and 4.14) causes the pave
ment to gain more foundation support at the comers and 
edges, resulting in an increase in stiffness and a decrease 
in deflection. When the data are grouped according to the 
season during which the results were taken, there is some 
indication that seasonal effects in some instances influ
ence FWD deflections of the rigid pavement. From Figs 
4.20 and 4.22 there is evidence that the deflections at the 
comer and edge of the slab with no voids, respectively, 
are higher in the summer (shaded) than in the winter 
(unshaded). In light of this, it is likely that the second ex
planation given for the cause of an increase in deflection 
at the center of the slab in the summer, a softening of the 
base material, is more probable. The increase in deflec
tion in the summer was not the case, though, for deflec
tions at the comer and edge of the slab with voids. There 
was no distinction between winter and summer measure
ments at these locations, as illustrated by Figs 4.21 and 
4.23. It is believed that the presence of voids at these lo
cations made the additional detrimental effect, a soften
ing-up of the base material in the summer, minimal. 

EFFECT OF VOIDS ON FWD 
MEASUREMENTS 

One of the major factors responsible for rigid 
pavement distress is the development of voids underneath 
the pavement slabs and the resulting loss of foundation 
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Fig 4.18. Effect of daily temperature variation on 
deftection at tbe center of pavement slab. 
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Fig 4.19. Effect of seasonal changes on deflection at 
the center of pavement slab. 
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Fig 4.21. Effect or temperature differential variation 
on deflection at corner or slab with void. 
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Fig 4.23. Effect or temperature differential variation 
on deflection at edge or slab with void. 

support. Over the years, it has become evident that voids, 
even of the minutest depth, can contribute significantly to 
pavement distress as a result of this loss of support, 
which ultimately leads to the development of high 
stresses when the pavements are subjected to traffic 
loads. In fact, from the discussion above, it is clear that a 
loss of foundation support due to curling was responsible 
for most of the changes in the response of the research 
rigid pavement because of temperature variation. In any 
event, such high stresses lead to a reduction in fatigue life 
of the pavements, and consequently it is necessary to 
have methods for detecting the presence of voids that 
may exist under pavements so that adequate rehabilitation 
measures can be applied before the onset of severe 
pavement distress. A closer look is therefore taken in this 
section at the effect of a loss of foundation support, or 
voids, on FWD deflection measurements in an effort to 
determine if the FWD can be used in the detection of 
voids. 

Figure 4.24 shows the influence of a void on pave
ment reSponse in terms of the load/deflection ratio at the 
comers of the large slab of the research pavement for two 
cases typical of the results obtained. In the cold winter 
months, when the asphalt-stabilized base of the pavement 
was stiff, the effect of the void at the corner was evident, 
and the load/deflection ratio at the corner was higher at 
the corner with no void in comparison with the corner 
with a void. However, in the warm summer months there 
was no such clear distinction in the response of the pave
menL Again it is suspected that a general softening-up of 
the asphalt-stabilized base material masked the effect of 
the void in the corner. This is backed by the higher stiff
ness recorded at both comers in the winter months in 
comparison with the summer months and is also illus
trated by the example in Fig 4.24. Figures 4.25 and 4.26 
illustrate further the influence of a void on the deflections 
at the corners of the large slab for the winter and summer 
seasons, respectively. From these results, it is clear that 
the FWD pavement response measurements on the re
search pavement were generally inadequate for detecting 
voids underneath the rigid pavement. Similar inconclu
sive results were obtained from comparisons between 
measurements at the edge of the pavement without a void 
and at the edge with a void. 

SUMMARY 
The influence of environmental effects on rigid 

pavements has been documented in this chapter . 
Temperature variations in PCC pavements have been 
shown to bring about temperature gradients which cause 
differential volumetric change and result in pavement 
curling. It was shown that, in Texas, the most curling 
occurs in the warm summer months, during which time 
large variations in temperature result in considerable 



pavement temperature differential variations. For the 10-
inch-thick test pavement, temperature differential was 
found to range between -9.9 and 20.4 and was enough to 
cause maximum upward vertical displacements on the 
order of 30 to 40 mils and maximum downward vertical 
displacements on the order of 60 to 70 mils at the comers 
of the pavement. With such high displacements, the 
temperature differential was determined to be inversely 
related to FWD deflection measurements at the comers 
and edges of the pavement, with the pavement gaining 
more contact with the foundation as the temperature 
differential increased. A general softening of the asphalt-
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Fig 4.24. Typical effect of void on research pavement 
response. 
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stabilized base of the pavement in the warm Texas 
summer months is suspected to be responsible for higher 
deflection measurements at all locations on the pavement 
obtained during the summer months in comparison with 
measurements during the winter months. From 
comparisons of FWD results for tests over locations with 
voids, there was some indication that FWD 
measurements can, to an extent, reveal the presence of 
voids underneath rigid pavements. However, for the thick 
research pavement on a stabilized base, the variation in 
pavement response due to a void was minimal and not 
very conclusive. 
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CHAPTER 5. ASSESSING LOAD TRANSFER 
EFFICIENCY ACROSS JOINT SYSTEMS IN RIGID 

PAVEMENTS WITH THE FWD 

One of the main objectives of this sbldy was to de
velop and verify procedures for assessing the efficiency 
of load transfer at the transverse and longitudinal joint 
systems which often exist in rigid pavements. As was 
pointed out earlier, such discontinuities represent a break 
in the structural continuity of the pavements and are the 
location of most of the distress in rigid pavements. Effi
cient load transfer across these discontinuities is therefore 
necessary to reduce the detrimental stress build-up at 
such locations when loads are applied in their vicinity. 
To ensure this occurrence, evaluation procedures are re
quired to determine whether the joints and cracks in rigid 
pavements efficiently transfer load and whether stress 
levels are kept below acceptable limits during their de
sign life. In this chapter the evaluation of such procedures 
for determining the efficiency of transverse joint systems 
is discussed. The effects of daily and seasonal environ
mental factors on the efficiency of joint systems and, 
consequently, on the load-carrying capacity of rigid pave
ments at such joints and cracks are also investigated. 

LOAD TRANSFER EFFICIENCY AT 
JOINT SYSTEMS 

The critical relationship of adequate load transfer 
across joints and cracks in rigid pavements to the perfor
mance of those pavements was discussed in some detail 
in Chapter 2. It was noted that poor load transfer at joints 
or cracks results in excessive stress and strain build-up 
which eventually lead to distress. Effective procedures 
are required to characterize the load transfer efficiency 
across the joints and cracks and to assist in performance 
evaluation of the joints and cracks. To this end, a number 
of load transfer determination procedures were evaluated, 
using the data collected in the laboratory research pro
gram described earlier, to determine their appropriateness 
for the effective characterization of the efficiency of 
joints and cracks in transferring applied loads. 

CONCEPT OF LOAD TRANSFER EFFICIENCY 
Most load transfer efficiency determination proce

dures are generally based on the following principle. 
Conceptually, for a particular pavement design, if the en
vironmental, foundation support, and pavement material 
conditions are kept constant, a joint system will be con
sidered fully efficient if it has the ability to transfer half 
of the load applied on one side of it across the joint such 
that the deflection or stress values are the same on the 
other side. Thus, methods based on a comparison of the 
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deflection measurements or calculated stresses on either 
side are often adequate for the evaluation of the effi
ciency of joints and cracks. It should be noted that the 
joints and cracks in rigid pavements are by themselves 
not expected to provide any extra load-carrying capacity 
other than what would have been provided if no disconti
nuity existed. Evaluating load transfer efficiency then be
comes a matter of determining whether the load transfer 
provided at a joint system is sufficient to give the appear
ance of no discontinuity in the pavement. With this in 
mind, and after an initial preliminary investigation of a 
number of methods founded on this principle, two meth
ods based on FWD deflection measurements at a joint or 
crack were selected for use in this analysis. 

PROCEDURES FOR WAD TRANSFER 
EFFICIENCY DETERMINATION 

Figure 5.1 illustrates the FWD load and deflection 
sensor arrangement used for load transfer efficiency 
evaluation at transverse joints and cracks and should be 
referenced in the following explanation of the load trans
fer efficiency procedures. The load transfer efficiency at 
a joint for each of the methods selected for this investiga
tion is characterized by a joint deflection ratio (JDR) cal
culated as the average of an upstream deflection ratio 
(UDR) and a downstream deflection ratio (DDR). The 
difference between the methods is in the calculation of 
UDRand DDR. 

In the first method, suggested by Ricci et al (Ref 3) 
'and mentioned in Chapter 2, UDR and DDR are calcu
lated as the ratio of the sensor 2 (S2) and sensor 3 (S3) 
deflections (Fig 5.1), with the largest always as the de
nominator, for the upstream and downstream load posi
tions, respectively. This method is hereinafter referred to 
as procedure A. In the second method, UDR is calculated 
as the ratio of the sensor 2 (S2) deflection at the unloaded 
side of the joint over the sensor 1 (SI) deflection on the 
loaded side for the upstream load position. For the down
stream load position, DDR is calculated as the ratio of the 
sensor 3 (S3) deflection on the unloaded side of the joint 
over the sensor 1 (SI) deflection on the loaded side of the 
joint It is pointed out that the 11.81-inch-diameter load
ing plate and the 12-inch spacing between the deflection 
sensors of the FWD place sensors 1 and 2 in the up
stream load position and sensors 1 and 3 in the down
stream load position, approximately the same distance 
from the joint being evaluated. The second method is 
subsequently referred to as procedure B. These two pro
cedures were used in the analysis of the data collected to 



determine an appropriate measure of load transfer effi
ciency at joints. 

One of two other procedures also considered but 
dropped from consideration for different reasons is a pro
cedure suggested by Westergaard (Ref 16) which defmes 
the load transfer efficiency, L1E%, as follows: 

L1E% = 1 - J x 100 percent 
{ 

d'l - dj u } 

dzl - dzu 
(5.1) 

where dj1 and dju are the deflections measured on the 

loaded and unloaded slab at the joint, and d.zJ. and dzu are 
the corresponding deflections that would occur at the 
same locations if the joint had no capacity for load trans

fer. The difficulty in determining dzl and dzu-especiaIly 
in the field, where there is always some load transfer, 
even when no load transfer devices are used at joints
made this procedure inadequate. 

The second procedure dropped from consideration 
was based on a method used by Sharpe et al (Ref 29) for 
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transverse joint evaluation of rigid pavements from road 
rater deflections. In this procedure, the load transfer effi
ciency, L1E%, is defined as follows: 

(5.2) 

where dLj and dUj are, respectively, the deflections of the 
loaded and unloaded stab at equal distances from a joint 

or crack, and dLm and dUm are the corresponding deflec
tions at a midslab load position measured by the sensors 

used for dLj and dUj, respectively. Unreasonable load 
transfer efficiencies were obtained using this procedure. 
Although the load transfer efficiencies ranged between 
zero and 100 percent, most of the calculated values. even 
in instances where near-perfect load transfer efficiencies 
were expected. were less than 50 percent. 

Direction 01 Travel ... 
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(a) Upstream load position. 

/'----/----:.-- Deflection Sensors 

Test Pavement 

(b) Downstream load position. 

Fig 5.1. FWD load plate and deflection sensor locations for joint load transfer effICiency evaluation. 
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ANALYSIS OF LABORATORY LOAD 
TRANSFER EFFICIENCY STUDIES DATA 

The fIrst two procedures described in the preceding 
section were used in the analysis of the two major sets of 
data collected from the research pavement in the 
investigation on load transfer efficiency. As pointed out 
in Chapter 4, within the load range of operation of the 
FWD used in this study, there is less variability in 
measured FWD deflections for peak load levels of 9,000 
lbs and over, with the variability decreasing somewhat 
with increasing peak load level. Not surprisingly, 
therefore, it was determined that the calculated load 
transfer efficiency ratios, especially for the last three drop 
heights corresponding to the average peak load levels of 
9,000 lbs and over, were independent of the peak loads. 
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Fig 5.2. Variation of load transfer efficiency at the 
transverse joint of research pavement at corner with 

no void. 

As a result, for any particular test, UDR and DDR were 
calculated as the average of the three values determined 
separately for the FWD deflection results for the last 
three drop heights, and JDR was calculated as the mean 
of the averages. 

As indicated in Chapter 3, two major types of tests 
were conducted on the research pavement in the labora
tory test program for load transfer efficiency evaluation. 
The fIrst group of tests consisted of FWD tests at the 
transverse joint of the pavement in its as-built condition, 
and the second group of tests was comprised of FWD 
tests at the joint for variable load transfer conditions ob
tained by pulling the two slabs apart From the results ob
tained from these two tests, the deflection ratios charac
terizing load transfer efficiency at the transverse doweled 
joint of the research pavement at the void edge, midslab, 
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Fig 5.3. Variation of load transfer effICiency at the 
transverse joint of research pavement at corner with 

void. 



and no-void edge test paths (Fig 3.4) were detennined for 
various conditions using the statistical analysis computer 
software SAS. With the SAS software it was possible to 
directly read the data recorded on floppy diskettes by the 
FWD for data reduction. The results of the two groups of 
load transfer efficiency tests on the research pavement 
and their significance are discussed in the following sec
tions. 

RESULTS OF CLOSED-JOINT STUDIES 
The major objectives of the closed-joint sbJdies were 

to detennine how effectively the load transfer efficiency 
procedures quantified the load transfer condition at the 
doweled joint of this non-trafficked research ]Rep and to 
investigate the effects of daily and seasonal changes on 
the load transfer efficiency. Under such controlled condi
tions, with no traffic on the pavement, the chance of the 
effects' of the environment being masked by other factors 
was considerably reduced. Figures 5.2, 5.3 and 5.4 illus
trate the daily variation of load transfer efficiency at the 
joint of the research pavement with temperature differen
tial for some typical days, at the corner with no void. at 
the corner with a void, and at the midspan of the joint, re
spectively. The load transfer efficiencies calculated by 
procedures A and B are shown in each case. It is evident 
from these graphs that there is no statistically significant 
trend in the load transfer efficiency at the doweled joint 
of the research pavement with the daily increase in tem
perature differential. In all cases the load transfer effi
ciency is virtually the same throughout the day. And, with 
regard to the different load transfer efficiency detennina
tion procedures, the only effect seems to be a general 
shift in the magnitude of the load transfer efficiency ra
tios, with procedure A giving higher values. A rough 
comparison of the load transfer efficiencies detennined at 
the different times of the year seems also to indicate that 
there is no appreciable change in the load transfer effi
ciency at the joint from one season to the other. Figures 
5.5, 5.6, and 5.7 further illustrate this characteristic of 
load transfer efficiency at the joint of the research pave
ment at the corner with no void. at the corner with a void, 
and at the midspan of the joint, respectively. It should be 
noted that the results presented so far are for load transfer 
efficiency conditions which would correspond to those at 
an ordinary tight joint or crack in the field with the provi
sion of proper foundation support. It is evident that, un
der such conditions, adequate load transfer can be ob
tained throughout the year in a rigid pavement and that 
the influence of daily and seasonal environmental 
changes will be minimal. 

In Figs 5.8, 5.9, and 5.10, typical load transfer 
efficiencies at the joint of the research pavement are 
presented together with the corresponding deflections 
measured on the large slab adjacent to the joint at the 
comer with no void, at the corner with a void, and at the 
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midspan of the joint, respectively, to permit an 
investigation of the effect of load transfer efficiency on 
pavement response at the joint The deflections presented 
are the normalized 9-kip deflections measured at the 
center of the load plate of the FWD. Except in a few 
instances, as was typical of the rest of the data collected, 
no correlation was found between the deflection at the 
joint of the research pavement and the load transfer 
efficiency, contrary to expectations. It is believed, again, 
that the conditions at the joint of the research pavement 
resulted in such good load transfer that the only influence 
on the deflection was the minimal effect of curling and 
warping of the pavement. In general, however, the results 
together show that there is an appreciable increase in load 
transfer at the midspan of the joint over the load transfer 
at the corners. Similar results were obtained in all the 
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cases discussed above when procedure B was used in the 
determination of load transfer efficiency. For brevity. the 
results based on procedure B are not shown here. 

RESULTS OF VARIABLE WAD TRANSFER 
EFFICIENCY STUDIES 
So far. the results presented for the FWD load trans

fer efficiency studies at the transverse joint of the re
search pavement indicate that. except for a few instances. 
the data are not very much in line with what has been ob
served in the field through a manifestation of certain 
pavement distresses associated with a loss in load transfer 
at joints and cracks. In general. minor changes were ob
served in the load transfer efficiency and the response of 
the pavement at the joint with changes in the environ
mental conditions. For example. the vertical pavement 
movements as high as 80 mils. recorded at both edges of 
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the research pavement in the curling tests, did not Seem 
to have any noticeable effect on load transfer efficiency 
at the joint. As much as possible, this research pavement 
was designed as are the rigid pavements used in the field 
in Texas. It must be noted, however, that without any 
traffic loading, the pavement and the support provided by 
the foundation stayed almost intact throughout this study. 
By pulling apart the slabs of the pavement in constant in
crements from zero to 3/4 inch, however, the load trans
fer efficiency could be varied considerably. Results of 
such tests are presented in this section. 

The variation of the load transfer efficiency at the 
joint with an increasing joint gap is illustrated in Fig 5.11 
for various slab temperature differential ranges. Figure 
5.11(a) shows the variation of the load transfer efficiency 
determined using procedure A, and Fig 5.11(b) is the 
corresponding graph for load transfer efficiency 
determined by procedure B. The two graphs represent the 
load transfer efficiency at the midspan of the transverse 
doweled joint. These two graphs illustrate the distinct 
change in load transfer efficiency at the doweled joint 
with increasing joint gap and show that deflection results 
from FWD tests can be effectively used to show this 
change. There is also strong evidence from the graphs of 
a change in load transfer efficiency at the joint with an 
increase in temperature differential. Clearly, for each joint 
gap, the efficiency of load transfer increases as the 
temperature differential increases. In this case, where the 
load transfer efficiency varies considerably, the effect of 
temperature curling and expansion of the pavement could 
be detected with the FWD. Again, as in the other tests 
discussed previously, both procedures A and B showed 
these trends in a similar manner. The load transfer 
efficiencies determined by procedure B were, however, of 
lower magnitude in all cases. The effect of a variation in 
load transfer efficiency, as a result of the increasing Joint 
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gap. directly on the response of the pavement in terms of 
FWD deflection at the midspan of the joint, is also shown 
in Fig 5.12. The relationship is shown for two slab 
temperature differential ranges to indicate also the minor 
but appreciable effect of the temperature differential on 
the deflection response of the pavement at the joint for a 
load transfer efficiency. Figure 5.13 shows a similar 
relationship between load transfer efficiency and 
pavement deflection for tests conducted at the joint of the 
research pavement on three consecutive days at the 
comer without a void, at the comer with a void, and at 
the midspan of the transverse joint, with the temperature 
differential ranging only between -0.6 and -5.3. In all 
cases the deflection at the joint decreased with an 
increase in load transfer efficiency. For the same load 
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transfer efficiency, higher pavement deflections were also 
observed at the comers than at the midspan location of 

. the joint, and the deflections at the comer with a void 
were also higher than those at the comer with no void. A 
decrease in the number of active dowels at the comers 
and the effect of a loss of support, respectively, are 
believed to be responsible for these observations. This 
figure brings attention to the fact that, although a joint 
may be efficient in transferring load applied on one side 
to the other, resulting in equal slab deflections, proper 
pavement design is still necessary to keep actual 
pavement response values below acceptable levels. The 
effect of seasonal changes on load transfer efficiency is 
illustrated by Fig 5.14. The results, shown for the 
midspan of the joint, were true only for the load transfer 
efficiency at the lower temperature differentials, where 
pavement curling effects are minimal. At the higher 
positive temperature differentials, which are often 
associated with higher slab temperatures, slab expansion 
and larger curling effects masked these effects . 

SUMMARY 
From the results of the FWD tests on the research 

pavement for an increasing joint gap, it has been clearly 
shown that the device is capable of detecting the changes 
in load transfer efficiency at a joint system. It is also ap
parent that, to a large extent, any of the two procedures 
for determining the joint deflection ratios used to charac
terize load transfer efficiency can be used in the assess
ment of load transfer at a joint. In all cases the proce
dures showed similar trends, although the load transfer 
efficiency determined by procedure A was always of 
higher magnitude than the efficiency calculated from pro
cedure B. Field evaluations are required to establish for 
each procedure the values of load transfer efficiency 
which correspond to certain standards. The data presented 
for FWD tests at the joint of the research pavement in its 
as-built condition did not, however, show the effects of 
factors such as rigid pavement curling, which are known 
to affect load transfer at a joint to a considerable extent. 
In general, relatively high load transfer efficiencies were 
obtained, which did not vary much with environmental 
variations. On the other hand, the effect of similar tem
perature differential variation was clearly discernible in 
tests carried out on the research pavement for increasing 
loss of load transfer efficiency. The effects of the change 
in load transfer efficiency on the response of the pave
ment at the joint were also documented. 



CHAPTER 6. FIELD TEST PROGRAM AND DATA 
COLLECTION 

In addition to the laboratory tests discussed in the 
previous chapters, field tests were conducted on in
service rigid pavements to further clarify and verify the 
fmdings made in the laboratory study, as well as for the 
purpose of additional investigations on rigid pavements 
that could oot be conducted on the research pavement at 
BRC because of certain constraints. The studies were 
conducted on test sections selected from representative 
pavements consisting of both JRCP and CRCP. The tests 
on the JRCP were conducted for transverse joint and 
crack and for longitudinal joint evaluations, and those on 
the CRCP for transverse crack and longitudinal joint 
evaluations. The tests for longitudinal joint evaluation on 
the CRCP also included tests to study the beneficial 
effects of PeC shoulders attached to existing rigid 
pavements. In all, there were six pavement sections 
selected for the field tests. A complete description of each 
test section and the details of the field test program and 
data collected on each section are given in this chapter. 

TEST PROGRAM 
The scope of this study, as far as the field test pro

gram was concerned, was to conduct tests on in-service 
pavements to allow an evaluation of the load transfer effi
ciency determination procedures developed with data col
lected under controlled laboratory conditions. In addition, 
efforts were to be made to develop procedures for evalu
ating the beneficial effects of PCC shoulders attached to 
existing rigid pavements, on the basis of the results ob
tained from the laboratory study. To accomplish this ob
jective, three JRCP and three CRCP test sections on some 
of the major highways in Texas were selected for testing 
with the FWD. Since lane closures are necessary during 
such testing, however, the test sections could be chosen 
only on highway sections already earmarked for closure 
by SDHPT for some major maintenance or rehabilitation 
work. Although this introduced some limitations, such as 
the inability to select sections at locations spread 
throughout the state, every effort was made to minimize 
the effects of such limitations on the results of the study. 
In all cases, except for longitudinal centerline and shoul
der joint testing, the FWD tests were conducted in the 
outermost lane which, as the most travelled lane on all 
pavements, requires the most attention in the structural 
evaluation of pavements. The FWD load and sensor ar
rangements shown in Fig 2.3(a) were used for transverse 
joint and crack testing, and the configuration in Fig 
2.3(b) was used for longitudinal joint testing. In the tests, 
FWD measurements at any particular location included 
load and deflection measurements for a drop of the 440-
pound-weight set-up from each of four preset heights to 
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give peak loads ranging from 5,000 to 20,000 pounds. At
tempts were also made to collect supplementary data in 
the form of ambient temperature, solar radiation, pave
ment surface temperature, and an estimate of the slab 
temperature at various depths, during testing. 

FIELD MEASUREMENTS ON JRCP TEST 
SECTIONS 

The three JRCP test sections selected for FWD test
ing in the field program included one section on an Inter
state highway and two sections on a U. S. highway in 
southeastern Texas. The test section on the Interstate sys
tem was on IRIO, an important east-west link between 
most of the the major cities along the southern border of 
the United States: with an average daily traffic (AOT) of 
over 10,000. A section of this highway near Beaumont 
was selected for study. The two other test sections were a 
section near Columbus and another section near Beau
mont, both on US90, which in most areas runs parallel to 
IRIO and is moderately travelled, with between 3,000 
and 10,000 ADT. Following a description of each test 
section, a detailed account is given of the tests conducted 
on that section. 

BEAUMONT JRCP TEST SECTION, IBID 
This JRCP test section is on the eastbound lanes of 

IHlO between Houston and Beaumont in SDHPT District 
20. Specifically, a 100mile section of this Interstate ap
proximately 20 miles southwest of Beaumont and be
tween the intersections with State Highway (SH) 61 and 
Farm Road (PM) 1406 (Fig 6.1) in Chambers County was 
chosen for FWD testing. The section is made up of two 
12-foot-wide travel lanes and a lO-foot flexible base 
shoulder. The original JRCP structure of the travel lanes 
was composed of a 12-inch-thick concrete layer and a 4-
1/2-inch-thick flexible base consisting of a mixture of 
sand and shells on a 9-inch-thick lime-stabilized subbase, 
all over a compacted subgrade (Fig 6.1). This rigid pave
ment with a shon 20-foot transverse joint spacing had 
been overlaid with 3 inches of asphalt concrete, but at the 
time of testing most of the rigid pavement joints had re
flected through this overlay. 

Within the 100mile section, seven subsections, each 
approximately 500 feet long, were selected for testing. A 
visual condition survey was conducted of each subsection 
to permit its subjective classification into the three groups 
(good, fair. and poor), based on the observance of pave
ment distress. especially at the joints. The locations of 
these subsections and their conditions are also given in 
Table 6.1. Testing on this JRCP test section included 
FWD deflection measurements at the transverse joints in 
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each of the subsections for load transfer efficiency evalu
ation of the joints. The number of joints tested in each 
section is also given in Table 6.1. Testing was conducted 
in the outer wheel path of the outer lane, at the upstream 
(U), downstream (0), and midspan (M) locations of each 
transverse joint, as shown in Fig 6.2, using the load and 
sensor arrangement illustrated in Fig 3.5. The ambient 
temperature made up the only environmental data col
lected on this test section and was obtained for all the 
FWD deflection measurements. 

COLUMBUS JRCP TEST SECl'/ON, US90 
The second JRCP test section on which FWD mea

surements were conducted is a 400-foot section of US90 
near Columbus (Fig 6.3). This section of US90, approxi
mately 1,000 feet east of the intersection with Eagle Road 
in Columbus, is a 22-foot-wide two-lane two-way front
age road which runs parallel to the westbound lanes of 
IH10. This JRCP with unpaved gravel shoulders is com
prised of a concrete layer with thickened edges, placed 
directly on the subgrade. The concrete layer is 6 inches 

Typical Pavement Structure BeaumontlH-10 Test SectIon 

3 in. A. C. P. OVerlay ("&,pe C) 

12 in. J. R. C. P. (Shell Concrete) 

4-1/2 in. Base (Shell and Sand Mixture) 

9 in. Lime Stabilized Subbase 

Fig 6.1. Test site location and pavement structure or JRCP test section on IHI0 in Beaumont. 



thick in the middle. 14 feet and tapering. starting 4 feet 
from each edge. to 8 inches at the edges. as shown in Fig 
6.3. A longitudinal saw-cut joint divides the roadway into 
two equal ll-foot lanes. This JRCP with 20-foot joint 
spacing had also been overlaid with a 1-1/2-inch-thick as
phaltic concrete layer. through which most of the joints 
had reflected at the time of testing. 

The tests on this section were the fIrst of the fIeld 
tests conducted with the FWD load and sensor arrange
ment shown in Fig 2.3(b). used for the evaluation of lon
gitudinal centerline and shoulder joints. Figure 6.4 illus
trates how this confIguration may be used to take FWD 
deflection measurements for shoulder joint evaluation. 
Testing on this JRCP test section included FWD deflec
tion measurements along the two test paths adjacent to 
the longitudinal centerline joint and in the outer wheel 
path of the eastbound lane. as illustrated in Fig 6.5. Mea
surements were taken at twenty selected transverse joints 
at load positions upstream. downstream. and at midspan 
between two consecutive transverse joints. The FWD ar
rangement for longitudinal joint testing (Fig 6.4) was 
used for testing along the centerline joint. and the ordi
nary arrangement was used for testing in the wheel path 
for load transfer efficiency evaluation of the transverse 
joints. The ambient temperature was also recorded during 
testing at each location. 

BEAUMONT JRCP TEST SECTION, US90 
Another portion of US90 was the last JRCP field test 

section on which FWD tests were conducted for the 
study. The westbound section of US90 between IHIO and 
FM364. east of Beaumont Municipal Airport in Jefferson 
County. was the third JRCP field test section selected for 
testing. Figure 6.6 shows the specific location of this 
section. which is a medium-trafficked alternate roadway 
linking Beaumont and Houston. The pavement structure 
of the section is comprised of a uniform lO-inch-thick 
concrete layer. a 4-inch-thick cement-stabilized base on a 
6-inch-thick lime-treated subbase. allover a compacted 
subgrade (Fig 6.6). A saw-cut longitudinal joint equally 
divides the 25-foot-wide one-way highway. The 

TABLE 6.1. TEST SITE LOCATION AND PAVEMENT 
STRUCTURE OF JRCP TEST SECTION ON ml0 IN 

BEAUMONT 

Number of Beginning of 
Subsection Joints Condition Section 

I 25 Poor +MP 813 +2,000 ft 
2 24 Good MP 814 +1,000 ft 
3 24 Good MP 814 +2,500 ft 
4 11 Fair MP 816 +2.500 ft 
5 15 Poor MP817 
6 24 Fair MP818 
7 25 Good MP822 

+MP = Mile Post 

20 ft 

20ft 

1 
I! 

20ft 

I-

'0 
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12 ft 
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transverse joints of the original JRCP were spaced at 61-
1/2-foot intervals and were doweled at an average 
spacing of 12 inches with No. 11 steel bars. 22 inches 
long and coated with oil-asphalt for smoothness. At the 
time of testing. transverse cracks had formed between the 
joints at intervals of between 25 and 30 feet. The 
unpaved shoulders of the highway were comprised of 
backfills in some sections and a cemented mixture of 
sand and shell in others. 

Three subsections of the JRCP were chosen for test
ing. as illustrated in Fig 6.7. In each of these subsections. 
FWD load and deflection measurements were taken along 

four test paths made up of (1) the outer wheel path of the 
outer lane. (2) a test path in the middle of the outer lane. 
and (3) two test paths adjacent to. and one on each side 
of. the grooved longitudinal joint. Tests in these test paths 
were similar and consisted of FWD measurements up
stream and downstream of the transverse joints and 
cracks and at midspan between each pair of joints and 
cracks. In two days of testing. FWD load and deflection 
measurements were taken in the outer wheel path and the 
middle of the outer lane the first day. and in the two test 
paths adjacent to the grooved longitudinal joint on the 
second day. The FWD load and sensor arrangement 

Typical Pavement Structure, Columbus US90 Test Section 

1-112 in. A. C. P. Overlay 

8 in. - 6 in. - 8 in. J . R. C. P. 

4ft 14 ft 4ft 

Fig 6.3. Test site location and pavement structure or JRCP section on US90 in Columbus. 



shown in Fig 2.3(a) was used for the tests on the first day, 
and the arrangement in Fig 2.3(b) was used for the tests 
on the second day along the longitudinal joint. 

To monitor slab temperature variation in the pave
ment, thermistors were placed in 1-1/2-inch-diameter 
holes drilled into the pavement to depths of I, 5, and 9 
inches from the top of the lO-inch-thick concrete layer 
and grouted with cement paste. Prior to testing, the ther
mistors had been calibrated in the laboratory and a cali
bration curve of temperature versus resistance obtained. 
Using an ohmmeter, the resistances of the thermistors 
were monitored and used to estimate the temperature of 
the pavement slab from the curve. In addition, slab sur
face temperature measurements using the hand held infra
red pyrometer (Omegascope, Model OS-2000A) and s0-

lar radiation measurements using the microprocessor 
controlled solar monitor (Licor, Model LI-1776) used in 
the laboratory study, as well as ambient temperature mea
surements, were taken throughout the tests. 

FIELD MEASUREMENTS ON CRCP 
TEST SECTIONS 

Three CRCP test sections, one on aU. S. highway 
and two on Interstate highways, were chosen for study. 

57 

LongibJdinal Joint 

(a) Main lane pavement loading. 

FWD Load 

Deflection 
5ensors 

(b) Shoulder loading. 

LongibJdinaJ Joint 

56 57 

Fig 6.4. Arrangement of FWD load and sensors at a 
longitudinal shoulder joint for load transfer 

evaluation. 
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These were a section of US59 near Victoria, moderately 
travelled with between 3,000 and 10,000 ADT; a section 
on the westbound lanes of lli20 near Weatherford; and a 
section near Flatonia on the westbound lanes of IHlO. 
The CRCPs were all retrofitted with tied PCC shoulders 
to replace original flexible base shoulders and thus pre
sented the opportunity to study the effect of PCC shoul
ders and other improvements on the rigid pavements. 

In the tests on these sections, a hand-held digital 
thermometer (Fluke, Model 51) was used to measure the 
ambient temperature, and a hand-held solar meter (Dodge 
Products, Model 776) was used to measure solar radiation 
on the pavements. The portable infrared pyrometer 
(Omegascope, Model OS-2000A) used in the laboratory 
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Fig 6.5. FWD test locations on JRCP section 
on US90 in Columbus. 
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tests was also used to take pavement surface temperature 
measurements. To estimate the temperature within the 
pavements, a 14-by-14-by-l0-inch portable concrete 
block, with thermocouple wires embedded 1 inch from 
the top, at mid-depth. and 1 inch from the bottom. was 
used. This block was buried. at least a day before FWD 
testing. at the side of the test road and was kept buried 
for the duration of the tests. The thermocouple wires 
(type 1. 2O-gage. double-insulated wires). marked to dis
tinguish between the wires from the different depths. 
were plugged into the Model 51 Fluke digital thermom
eter for measurement of the temperatures within the 
block at selected time intervals. 

-----~~--

\ 

-

VICTORIA CRCP TEST SECI'ION, US59 
This CRCP field test site is located some 12 miles 

northeast of Victoria (Fig 6.8) on a four-lane divided 
highway portion of US59 between Houston and Victoria. 
A 4.000-foot section of the two 12-foot-wide southbound 
lanes of this roadway. with a 10-foot flexible base 
shoulder. approximately 5.000 feet from the interchange 
at Inez. was selected for testing. The section is composed 
of an 8-inch-thick continuously reinforced concrete layer 
on 6 inches of cement-stabilized subbase over a clay 
subgrade (Fig 6.8). The flexible shoulder was replaced 
with an 8-inch-thick continuously reinforced PCC 

--', .... -:~.-- --- _." 

.. 
'''';. 

/ 

Typical Pavement Structure Beaumont US90 Test Section 

10 in. J. R. C. P 

4 in. Cement Stabilized Base 

6 in. Lime Stabilized Subbase 

Fig 6.6. Test site location and pavement structure or JRCP section on US90 in Beaumont. 



shoulder tied to the main pavement with No. 5 deformed 
steel tie bars, 25 inches long, at 48-inch spacings. In 
between the tie bars, No. 8 steel bars, 6 inches long, at 
12-inch spacings, were used to dowel the shoulder joint 
To achieve this, holes were drilled into the side of the 
existing pavement after the removal of the flexible 
shoulder and half lengths of the tie bars and dowels 
grouted in before the concrete shoulder was placed. (This 
method of tying PCC shoulders was used on all the 
CRCP.) 

On this section, measurements were taken on the 
CRCP for the three cases of the pavement with a flexible 
shoulder, without a shoulder, and with a PCC shoulder. 
Figure 6.9 shows the layout of the test section, test paths, 
and test locations at which FWD measurements were 
taken. The test paths were made up of (1) two test paths 
adjacent to, and one on each side of, the longitudinal 
centerline joint; (2) a test path in the middle of the outer 
lane; (3) a test path in the outer wheel path of the outer 
lane; and (4) two test paths adjacent to, and one on each 
side of, the longitudinal shoulder joint. During each 
phase of testing, data were collected twice along each test 
path, once in the morning and once in the afternoon, to 
permit comparisons to show the effect of environmental 
variations. 

In the first phase of testing on the CRCP with a flex
ible shoulder, FWD load and deflection measurements 
were taken along three of the test paths shown in Fig 6.9. 
The load and sensor arrangement shown in Fig 2.3(a) was 
used to take measurements (1) in the middle of the outer 
lane at 400-foot intervals; (2) in the outer wheel path of 
the outer lane at 200-foot intervals; (3) in the outer wheel 
path of the outer lane at ten selected cracks, at load posi
tions upstream, downstream, and at midspan between 
consecutive cracks; and (4) at the edge of the outer lane 
at 200-foot intervals. The FWD arrangement shown in 
Fig 2.3(b) was also used for load and deflection measure
ments at the edge of the outer lane at 2OO-foot intervals. 

In the second phase of testing on the pavement with
out a shoulder, FWD load and deflection measurements 
using the load and sensor arrangement in Fig 2.3(a) were 
taken (1) in the middle of the outer lane at 400-foot inter
vals; (2) in the outer wheel path of the outer lane at 200-
foot intervals; and (3) in the outer wheel path of the outer 
lane at the ten selected cracks, for load positions up
stream, downstream, and at midspan of the cracks. 

The third phase of testing was conducted shortly af
ter curing of the newly-constructed rigid shoulder, and in
cluded six sets of FWD load and deflection measure
ments along four test paths. The flISt five measurements 
were a repeat of the tests conducted in the frrst phase of 
testing; the sixth consisted of load and deflection mea
surements at 200-foot intervals along the shoulder joint, 
with loading on the rigid shoulder using the load and sen
sor arrangement for longitudinal joint evaluation. Another 
set of FWD load and deflection measurements was also 
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taken at a Iater date on this CRCP section along the lon
gitudinal joint separating the two lanes for an evaluation 
of centerline joints. Measurements were taken in the two 
test paths para1lel to and one on either side of the longitu
dinal joint (Fig 6.9). 

Thus, in all, six sets of data were collected. Four 
consisted of measurements using both kinds of load and 
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sensor arrangement in the two test paths at 2OO-foot inter
vals. With the load and sensor arrangement for transverse 
joint evaluation, FWD load and deflection measurements 
were also taken at nine selected transverse cracks in both 
test paths, at upstream, downstream, and at midspan load 
positions at each crack for the other two data sets. 
Supplementary data in the form of ambient temperature, 
solar radiation, pavement surface temperature, and an es
timate of the pavement slab temperature at various depths 
were collected during all testing. 

WEATHERFORD CRCP TEST SECTION, IH20 
The CRCP section selected on IH20 for joint and 

crack evaluation studies is a 9,500-foot section of the 
westbound lanes of IH20 approximately 2 miles southeast 
of Weatherford, ending at the State Highway (SH) 171 
exit ramp (Fig 6.10). This was part of a pavement fitted 
with a PeC shoulder to replace an existing flexible base 
shoulder in a state highway improvement (Federal-Aid) 
project The original highway, made up of two 12-foot
wide lanes and a lO-foot-wide flexible shoulder, was 
composed of an 8-inch-thick reinforced concrete layer on 
a 4-inch-thick asphalt-stabilized base placed in two equal 
lifts, over 6 inches of lime-treated subbase placed on a 

Typical Pavement Structure Victoria US59 Test Section 

8 in. C. R. C. P. 

Fig 6.8. Test site location and pavement structure of CRCP section on USS9 in Victoria. 



subgrade, as illustrated in Fig 6.10. The flexible shoulder 
was partially removed and replaced with a continuously 
reinforced PCC shoulder approximately 8 inches thick 
over a remaining underlayer of flexible base about 4 
inches thick. Three different types of rigid shoulder joints 
were used, providing an opportunity to evaluate these 
specific types of shoulder joints. The three construction 
joint types used are illustrated in Fig 6.11. Of particular 
interest are the construction joint types B and C, called 
"inverted-tee" joints. Tie bars were also used in section 
C. Figure 6.12 shows the general layout of the test site 
and the location of the joint types, as well as the test 
paths along which testing was conducted on the CRCP 

To Victoria 

•• 

Test Section be~n 
Stations 310+00 and 
270+00 

Transverse 
Cracks 
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test section. The test section is divided into subsections 
corresponding to the type of construction joint used. 

Testing on this test section was comprised of tests on 
the pavement with the flexible shoulder and tests after 
construction of the PCC shoulder. In the first phase of 
testing, FWD load and deflection measurements were 
taken in each of the three subsections: (1) in the middle 
of the outer lane at 200-foot intervals for the first 1,000 
feet; (2) in the outer wheel path of the outer lane at six 
selected cracks, for upstream, downstream, and midspan 
load positions at each crack; and (3) at the edge of the 
outer lane at ten selected locations. These test paths are 
illustrated in Fig 6.12. In the second phase of testing, the 
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Inez Interchange t ~~-.. 
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Fig 6.9. FWD test locations on CRCP section on USS9 in Victoria. 
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tests were repeated at the same locations with the rigid 
shoulder in place. In addition, a fourth group of FWD 
load and deflection measurements was taken along the 
longitudinal shoulder joint at the ten selected locations in 
each subsection with loading on the shoulder (Fig 6.4). 
Ambient temperature, solar radiation, pavement surface 
temperature, and estimated slab temperature data were 
collected, using the equipment and instruments previ
ously described, during the FWD testing in both phases. 

FLATONIA CRCP TEST SECTION, IHIO 

A 1,400-foot section of IHIO near Flatonia was the 
third CRCP test section selected for FWD testing. This 

section on the westbound portion of the Interstate, be
tween US77 at Schulenburg and FM609 at Flatonia in 
Fayette County (Fig 6.13), was made up of a 24-foot
wide two-lane pavement with a IO-foot-wide flexible 
lime-treated base shoulder. A grooved longitudinal joint 
separates the two lanes. The pavement., composed of an 
8-inch-thick reinforced concrete layer on a 6-inch-thick 
cement-stabilized subbase over a compacted subgrade, 
had its flexible base shoulder replaced with a reinforced 
PCC shoulder 8 inches thick. As in the two previous 
cases, this section provided the opportunity to take FWD 
measurements on the CRCP for different shoulder condi
tions. On this test section, which was part of an II-mile 

Typical Pavement Structull! Weatherford IH20 Test Section 

8 in. C. R. C. P. 

4 in. Asphalt Stabilized Base 

6 in. Lime Stabilized Subbase 

Fig 6.10. Test site location and pavement structure of CRCP section on IH20 in Weatherford. 



highway improvement project, different tie bar sizes, 
lengths, and spacings were also used to tie the rigid 
shoulder to the existing pavement. This provided yet an
other opportunity for an evaluation of the effects of such 
factors on longitudinal shoulder joints. As illustrated in 
Table 6.2, the test section was divided into fourteen 100-
foot subsections with different combinations of tie bar 
size, length, and spacing. 

Two phases of testing were conducted on each of 
these subsections. The first phase of testing, conducted on 
the existing pavement with a flexible shoulder, consisted 
of FWD load and deflection measurements along three of 
the test paths shown in Fig 6.14. The measurements were 
taken in the test paths (1) in the middle of the outer lane 
of the pavement; (2) in the outer wheel path of the outer 
lane at two selected cracks, for load positions upstream, 
downstream, and at midspan between consecutive cracks; 
and (3) at the edge of, and with loading on, the outer 
lane. Following construction of the rigid shoulder, the 
second phase of testing was conducted and included a 
repetition of aU the tests conducted in phase one. In addi
tion, FWD load and deflection measurements were taken 
on the test path along the shoulder joint at the midspan 
load positions between the cracks, with loading on the 
shoulder (Fig 6.4). Ambient temperature, direct solar ra
diation, pavement surface temperature, and estimated slab 
temperature data were obtained using the equipment used 
on the other CRCP sections. 
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TABLE 6.2. TIE BAR SIZES, LENGTHS, AND 
SPACINGS FOR JRCPTEST SECTION ON IHI0 

IN FLATONIA 

Bar Length Bar Spacing 
Subsection Bar Size (io.) (io.) 

1- #5 25 24 
2 #4 15 24 
3 #5 15 24 
4 #4 25 24 
5 #4 15 36 
6 #5 15 36 
7 #4 25 36 
8 #5 25 36 
9 #4 15 48 

10 #5 15 48 
11 #4 25 48 
12 #5 25 48 
13b #4 30 30 
14- #5 25 24 

a Standard design for shoulder joint. 
b Same design as center line joint of existing pavement. 
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Fig 6.11. Weatherford CRCP longitudinal shoulder joint details. 
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CHAPTER 7. ANALYSIS OF FIELD DATA 

The major objectives of the field tests included 
evaluation of the procedures developed in the laboratory 
study for assessing load transfer efficiency across trans
verse joints and cracks in rigid pavements and the adapta
tion of these procedures for evaluation of longitudinal 
joint efficiency in PeC pavements. On the three JRCP 
test sections, data were collected for the evaluation of 
load transfer efficiency across transverse joints and 
cracks in the pavements, and, on two of them, for an 
evaluation of the effkiency of longitudinal saw-cut joints. 
Data from the three CRCP test sections also consisted of 
data for evaluation of load transfer efficiency across 
cmcks, and in one case data for the evaluation of longitu
dinal joint efficiency. In addition, the three CRCP test 
sections were used in an evaluation of the beneficial ef
fects of PeC shoulders attached to existing CRCP pave
ments as well as in an evaluation of the effectiveness of a 
number of methods used by SDHPT to tie the shoulders 
to the rigid pavements. In the latter case, some factors 
which affect the effectiveness of the method of tying 
were also investigated. In this chapter the results of the 
analyses of the field data collected are presented. The re
sults are presented separately for each test section and, in 
each case, outline the subject of the tests carried out on 
that particular section. A discussion of these results and 
their implications is presented later, together with a dis
cussion of the other findings of this study, in Chapter 8. 

METHODSOFANALYS~ 

The methods for calculating load transfer efficiency 
across the transverse joint of the research pavement 
facility at Balcones Research Center (presented in 
Chapter 5) were the same as those used in assessing load 
transfer efficiency at the transverse joints and cracks in 
the field. Load transfer efficiency for the transverse joint 
and cracks was determined in all cases by both 
procedures A and B described earlier. An adaptation of 
the procedures was used in the evaluation of the 
efficiency of longitudinal joints. Referring to Fig 6.4, the 
joint efficiency of a longitudinal shoulder joint, for 
example, was characterized by a joint deflection ratio 
(JDR) determined from a main lane loading deflection 
ratio (MDR) and a shoulder loading deflection ratio 
(SDR). JDR based on procedure A is calculated as the 
average of MOR and SDR, both of which are determined 
as the ratio of the sensors 4 and 5 deflections with the 
higher deflection always the denominator. On the other 
hand, for procedure B, MDR is calculated as the 
deflection of sensor 4 (S4) on the unloaded side of the 
joint divided by the deflection of sensor 1 (S 1) on the 
loaded side of the joint, and SDR as the deflection of 
sensor 5 (S5) on the unloaded side of the joint over the 
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deflection of the loaded side measured by sensor I (S I). 
JDR is also in this instance calculated as the average of 
MDR and SDR. Longitudinal centerline and lane
dividing joints were evaluated similarly with the lanes 
left and right of the joints in the direction of travel of the 
FWD essentially corresponding to the outer mainline and 
shoulder lanes in the above example, respectively. 

As in the laboratory study, the load transfer effi
ciency at any particular joint was calculated as the mean 
of the three load transfer efficiencies determined from the 
deflection measurements corresponding to the last three 
drop heights of the FWD. Likewise, deflection results 
presented are the mean of the 9-kip nonnalized deflection 
measurements under the FWD load plate, for the last 
three FWD drop heights at any particular location. The 
statistical software Statistical Analysis System (SAS) was 
used for the data reduction required and the calculation of 
the values of UDR, DDR, and JDR for transverse joints 
and cracks and of MOR, SDR, and JDR for longitudinal 
joints. SAS was also the software of choice for the neces
sary statistical analyses for this study. 

BEAUMONT JRCP TEST SECTION, mlO 
The tests on this JRCP were conducted to determine 

how effectively the FWD could be used to characterize 
load transfer efficiency across transverse joints in PCC 
pavements in the field. The section was divided into 
seven subsections of almost equal length classified as 
good, fair, or poor on the basis of a visual condition 
survey of observed pavement distress, particularly at the 
joints in the pavement The results of FWD tests for load 
transfer efficiency evaluation at the transverse joints in 
the wheel path of the outer lane of this two-lane roadway 
were then compared to these subjective classifications. 
Some pertinent statistics on the load transfer efficiency of 
the joints in each of the seven subsections are shown in 
Table 7.1. The statistics for load transfer efficiency 
determined by procedures A and B are shown in Table 
7.I(a) and Table 7.1(b), respectively. An examination of 
the results indicates that the statistics on load transfer 
efficiency of the transverse joints are in agreement with 
the results of the visual condition survey. The good 
sections generally have higher mean load transfer 
efficiencies in association with lower coefficients of 
variation in comparison with the fair and poor sections. 
Minimum load transfer efficiencies for the good sections 
are also higher than the corresponding values for the fair 
and poor sections. Figures 7.1(a) and 7.1(b) illustrate the 
differences in the mean load transfer efficiency of the 
seven sections determined by procedures A and B, 
respectively. Figure 7.1(a) clearly shows the difference 
between the good sections on one hand and the fair and 
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Fig 7.1: Comparison or mean load traosrer efficiencies or visual condition-rated subsections 
(Beaumont JRCP, 1810). 

TABLE 7.1. LOAD TRANSFER EFFICIENCY STATISTICS FOR DETERMINING PAVEMENT 
SUBSECTION CONDmONS (BEAUMONT JRCP, ml0) 

(A) STATISTICS ON LOAD TRANSFER EFFICIENCY DETERMINED BY PROCEDURE A 

VISual Statistics on Joint Load Transrer Efficiency 
Condition 

1 2 
Subsection Rating Mean S.D. C. V. (%) Maximum Minimum 

1 Poor 69 26 38 99 20 
2 Good 81 19 24 99 41 
3 Good 87 17 21 100 45 
4 Fair 73 28 39 99 35 
5 Poor 68 18 27 99 33 
6 Fair 74 29 40 99 23 
7 Good 96 5 5 99 77 

1 S.D. = Standard Deviation 
2 C. V. = Coefficient of Variation 

(B) STATISTICS ON LOAD TRANSFER EFFICIENCY DETERMINED BY PROCEDURE B 

VISual Statistics on Joint Load Traosrer Efficiencl 
Condition 

1 2 
Subsection Rating Mean S.D. C. V. (%) Maximum Minimum --

I Poor 54 22 40 85 16 
2 Good 71 20 28 97 33 
3 Good 75 18 24 92 36 
4 Fair 67 24 36 89 30 
5 Poor 55 17 31 92 27 
6 Fair 67 29 44 95 19 
7 Good 80 10 13 89 43 

1 S.D. = Standard Deviation 
2 C.V. = Coefficient of Variation 
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poor sections on the other, but there is no appreciable 
distinction between the fair and poor sections. Figure 
7.1(b), which is based on load transfer efficiencies 
determined by procedure B, however, shows that the 
mean load transfer efficiencies and their associated 
measures of dispersion fall into three distinct groups very 
much in agreement with the results of the visual 
condition survey. The mean load transfer efficiencies of 
the good, fair, and poor sections range from 70 to 80 
percent, 60 to 70 percent, and SO to 60 percent, 
respectively. From the results of the tests on this 
pavement test section, there is, therefore, the indication 
that the potential exists for using load transfer efficiency 
as an effective evaluation parameter in the pavement 
evaluation process to detect relatively poor sections 
needing more attention. Since load transfer efficiency 
addresses a specific aspect of the condition of a rigid 
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Fig 7.2. Example of joint etrlCiency evaluation along 
a longitudinal joint using the FWD 

(Columbus JRCP, US90). 

pavement, such use of the parameter in an overall 
pavement evaluation program will be a definite 
advantage in arriving at specific maintenance or 
rehabilitation remedies. 

COLUMBUS JRCP TEST SECTION, US90 
The tests on this JRCP test section (Fig 6.5) repre

sented the flrSt time the FWD was used for assessing the 
efficiency of a longitudinal joint using the sensor arrange
ment shown in Fig 6.4, with FWD deflection measure
ments also made for the evaluation of load transfer effi
ciency at twenty transverse joints. The original 
configuration of the FWD was used in addition to take 
deflection measurements for the evaluation of load trans
fer efficiency across the twenty transverse joints in the 
outer wheel path of the eastbound lane of this two-way, 
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Fig 7.3. Example of comparison of load transfer 
efficiency across transverse joints at different 
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two-lane highway. The profile of the joint efficiency 
along the centerline joint using the modified FWD sensor 
arrangement is presented in Fig 7.2. The joint efficiencies 
with the FWD load located upstream. downstream, and at 
midspan of the transverse joints are shown. Both proce
dures A and B adequately show the variation in joint effi
ciency at the longitudinal joint of this rigid pavement in 
the field. and the results are in agreement On the aver
age, the longitudinal joint efficiency of the pavement 
from the first transverse joint up to the tenth is relatively 
higher than the efficiency from the tenth transverse joint 
to the end of the section. and there is more variability be
tween the joint efficiencies at the three load locations in 
the latter section. It is clear from these results that such a 
profile of the longitudinal joint efficiency can be used to 
divide the pavement into stratified sections needing dif
ferent levels of attention. In this example. as far as the 
longitudinal joint is concerned and with respect to the ef
ficiency of the joint. it is evident that the proper deci
sion-to look further at the section from the location of 
the tenth transverse joint to the end of the roadway-can 
be made on the basis of the results obtained. 

Similar profiles of the load transfer efficiency at dif
ferent locations across the transverse joints in the pave
ment section are shown in Fig 7.3. It is interesting to note 
that the transverse joint load transfer efficiency along the 
centerline. as shown in Fig 7.3. reinforces the results of 
the longitudinal joint efficiency evaluation depicted in 
Fig 7.2. It is clear from both figures that at the area 
around the centerline joint. load transfer efficiency in the 
orthogonal directions does indeed decline from the tenth 
joint onwards. and a decision to pay more attention to the 
end portion of the test section would have been justifi
able. Figure 7.3 also shows that load transfer efficiency 
across the transverse joints is lower in the wheel path 
than in the test paths along the centerline joint up until 
the tenth joint, after which the load transfer efficiency in 
the test path in the westbound lane deteriorates signifi
cantly. There is no doubt that the ability to come to such 
conclusions. especially on a specific matter such as the 
efficiency of joints in a rigid pavement to transfer load. is 
a definite advantage in any pavement evaluation process. 

BEAUMONT JRCP TEST SECTION, US90 
1be tests on this field section (Fig 6.7) were the fIrSt 

in which attempts were made to determine the influence 
of such factors as pavement temperature and temperature 
differential on load transfer effiCiency across joints and 
cracks in rigid pavements. The tests included FWD mea
surements at adjacent transverse joints and cracks in the 
outer wheel path of the outer lane, and along the saw-cut 
longitudinal joint of this JRCP. Figure 7.4 illustrates the 
variation in deflection at transverse joints and cracks in 
the outer wheel path of three subsections in the test sec
tion with pavement temperature differential. There is a 
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high negative correlation between pavement deflection 
and temperature differential. As shown, R2 values 
between 76 and 92 percent were obtained for linear 
regression model fits to the data obtained from this 
section. An increasing temperature differential essentially 
corresponds to the pavement's going from a relatively 
curled-up position at negative temperature differentials to 
a curled-down position when the temperature differential 
is positive. The increasing pavement contact with the 
foundation owing to the increasing temperature 
differential results in a decrease in pavement deflection. 
The pavement deflections at the transverse joints are also 
higher than the deflections at the cracks, and the effect of 
the temperatme differential change is more pronounced at 
the joints than at the cracks as shown by the slopes of the 
linear regression lines. In the three cases, the linear 
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Fig 7.5. EfJ'ect of temperature differential on load 
transfer efficiency at a joint and crack in outer wheel 
path or subsection 1, Beaumont JRCP section, US90. 

regression lines of deflection against temperature 
differential at the upstream and downstream locations of 
the transverse cracks virtually overlap. This is not the 
case for the corresponding linear regression models 
between deflection and temperature differential at the 
transverse joints. and there are some appreCiable 
differences in the upstream and downstream deflections 
at the same temperature differentials, as shown in the 
figures. In all cases, there is evidence that the deflection 
at the joints approaches the deflection at the cracks with 
increasing temperature differential. Thermal expansion, 
and a tightening-up of the joints and increased foundation 
support at the joints because of the downwards curl of the 
pavement, are some of the factors that, by themselves or 
in combination, may be responsible for this decrease in 
deflection at the joints. These results are similar to earlier 
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Fig 7.6. EfJ'ect of temperature differential on load 
transfer efficiency at a joint and crack in outer wheel 
path or subsection 2, Beaumont JRCP section, US90. 



results obtained by McCullough and Treybig (Ref 30) 
and by Uddin et al (Ref 31) on deflections on rigid 
pavements. It is evident that such a relationship between 
deflection and temperature differential will have an 
impact on the load transfer efficiency at joints and cracks 
in rigid pavements. 

Examples of the relationship between load transfer 
efficiency across selected joints and cracks in the three 
subsections and temperature differential are given in Figs 
7.5, 7.6, and 7.7. Best-fit regression lines are shown for 
load transfer efficiency at the joints where applicable. 
The load transfer efficiencies detennined by procedures A 
and B are shown in (a) and (b), respectively, in each case. 
An examination of the graphs gives mixed results. Except 
for subsection 1, there is a strong correlation between 
load transfer efficiency at the joints and temperature 
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Fig 7.7. Effect of temperature differential on load 
transfer efficiency at a joint and crack in outer wheel 
path of subsection 3, Beaumont JRCP section, US90. 
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differential, with load transfer efficiency increasing with 
temperature differential. Problems associated with the 
measurement of pavement temperature for temperature 
differential detennination in subsection 1 are believed to 
be responsible for the anomaly in the data shown in Fig 
7.5. For subsections 2 and 3, a high coefficient of 
detennination (R2) is obtained, and the variation in load 
transfer efficiency at the joints because of temperature 
differential variation can be explained by a linear 
regression equation. No such relationship is evident 
between load transfer efficiency and temperature 
differential at the cracks in the same sections. Best-fit 
linear equations to the data for load transfer efficiency at 
the cracks in the three subsections give coefficients of 
detennination less than 35 percent, and in all cases there 
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is virtually no change in load transfer efficiency at the 
cracks with variation in temperature differential. Load 
transfer efficiency at the cracks is also higher than load 
transfer efficiency at the joints, as is to be expected. At 
the lower temperature differentials, this difference in load 
ttansfer efficiency at the cracks-in comparison with that 
at the joints-was as much as 50 percent in some cases. 
As was the case with deflection at the joints and cracks, 
the load transfer efficiency at the joints approaches that at 
the cracks with increasing temperature differential. In this 
instance also, thermal expansion, and a tightening-up of 
the joints and increased foundation support at the joints 
owing to the downwards curl of the pavement, are some 
of the factors responsible for this increase in load ttansfer 
at the joints. For the rigid pavement, the variation of such 
factors at the cracks is relatively minimal and, 
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Fig 7.9. Typical center line longitudinal joint 
efficiency for different pavement temperatures in 

subsection 2 (Beaumont CRCP US90). 

consequently, the load transfer efficiency stays almost the 
same. 

Figures 7.8 through 7.10 show typical results of the 
longitudinal centerline joint efficiency evaluation for this 
test section using the FWD. The results obtained with 
procedures A and B are shown in parts (a) and (b) of each 
figure, respectively. Because of equipment malfunction, 
the temperature at the bottom of the pavement could not 
be determined for calculation of pavement temperature 
differential. Consequently, the graphs show the joint 
efficiency at locations relative to adjacent transverse 
joints and cracks along the longitudinal centerline joint of 
the three subsections, and the corresponding pavement 
surface temperature measurements, presented in 
chronological order. Not much distinction is observed 
between the joint efficiency at the various locations along 
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the longitudinal joint determined by procedure A. The 
joint efficiency calculated by procedure B, however, 
shows a systematic variation. In all cases, the 
longitudinal joint efficiency determined by procedure B is 
considerably lower, at the transverse joint, than at the 
adjacent transverse crack and at midspan between the 
joint and crack. The longitudinal joint efficiency at the 
crack and midspan locations are virtually equal. In each 
case there is an appreciable difference between the joint 
efficiency determined upstream and downstream of the 
considerably more open transverse joints. On this 
pavement section surface temperature did not seem to 
have much influence on the longitudinal joint efficiency 
for the range of temperature observed. 

VICTORIA CRCP TEST SECTION, US59 
On this test pavement section retrofitted with a PCC 

shoulder to replace a flexible base shoulder, a study was 
conducted to detennine the beneficial effects of a rigid 
shoulder. Specifically, the effects of the rigid shoulder on 
load transfer efficiency across the transverse cracks in the 
pavement, and on pavement deflections in the locale of 
the longitudinal shoulder joint, were investigated. Tests 
on this pavement included FWD load and deflection 
measurements at various locations (1) with the flexible 
shoulder in place; (2) after the removal of the flexible 
shoulder but prior to construction of the PCC shoulder; 
and (3) after curing of the rigid shoulder constructed. A 
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summary of the mean load transfer efficiency across ten 
selected cracks in a 4,OOO-foot section of this CRCP, 
determined by procedures A and B, is presented in Table 
7.2 for the three shoulder conditions. In Table 7.3, results 
of pavement deflection measurements at the ten selected 
transverse cracks are also given. The mean normalized 9-
kip deflection measurements in each case, at the center of 
the FWD load plate at the upstream, downstream, and 
midspan locations of the selected cracks, in the outer 
wheel path of the outer lane, for the three shoulder 
conditions encountered, are given. Also given in, both 
Tables 7.2 and 7.3, are estimates of the pavement 
temperature differential from the buried temperature 
block, described earlier for each group of measurements, 
corresponding to the algebraic difference between the top 
and bottom temperature measurements from the block. 
An example of the typical temperature and temperature 
differential measurements from the block are shown in 
Fig 7.11 for testing on the pavement with a flexible 
shoulder. Figure 7.12 shows a comparison of the 
estimates of the temperature differential of the pavement 
for the two important phases of testing on this CRCP 
with a flexible and with a rigid shoulder. The second 
group of tests on the pavement with no shoulder of any 
~ unacceptable alternative- were conducted for 
observational purposes only, and the results obtained are 
not included in subsequent analyses. 

TABLE 7.2. SUMMARY OF FWD DEFLECTION MEASUREMENTS AT SELECTED 
TRANSVERSE CRACKS IN OUTER WHEEL PATH OF VICTORIA CRCPTEST SECTION 

FORTHREESHOULDERCONDnnONS 

Load Transfer 
Shoulder Efficiency Mean Load Transfer Effk:lency at Selected Crack (%) 

Condition DTI Procedure 1 :1 3 4 S 6 7 8 9 10 

Pavement 6.0 -11.50 A2 86 93 98 96 96 94 95 96 97 95 
with a B3 72 90 93 94 94 94 91 91 91 91 
flexible 
shoulder 19.25 - 22.50 A 88 93 98 96 97 96 93 94 98 97 

B 97 95 94 94 92 93 93 93 93 93 

Pavement 4.25 - 5.50 A 86 93 97 95 98 96 96 95 91 '" 
with a B 83 91 93 91 90 90 88 91 92 '" 
shoulder 
removed 3.00 - 2.50 A 86 94 98 96 99 97 98 95 98 '" 

B 89 89 93 90 91 88 89 91 91 '" 

Pavement 3.25 -11.25 A 84 93 99 93 99 95 94 95 96 99 
with a B 83 87 92 89 92 88 92 90 89 90 
rigid 
shoulder 15.75 - 13.75 A 91 97 94 95 90 98 '" 88 91 98 

B 90 90 93 91 92 90 '" 91 89 91 

1 DT = Temperature Differential Range (oF) 
2Load Transfer Efficiency Determined by Procedure A 
3 Load Transfer Efficiency Determined by Procedure B 
"'Missing Data 
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Analysis of variance (ANOYA) techniques were used 
to determine the statistically significant effect of the type 
of shoulder (flexible or rigid) on load transfer efficiency 
across the transverse cracks in the outer wheel path of the 
CRCP as determined by the procedures described 
previously. Analysis of variance was also conducted to 
determine the effect of the shoulder type on pavement 
deflection upstream, downstream, and at midspan of the 
cracks. These deflections were considered as separate 
dependent or response variables, and analysis of variance 
was conducted on them one at a time. The concepts of 
analysis of variance pertinent to this study can be found 
in statistics textbooks such as Refs 32, 33, and 34. As 
shown by the earlier analyses and the results presented 
previously, temperature differential in most instances has 
a considerable time effect on both load transfer efficiency 
and pavement deflection. Consequently, the ANOYA on 
the mean values of the dependent variables was 
conducted with blocking by temperature differential to 
increase the accuracy of the analysis. The values were 
classified under a low and a high temperature differential 
level corresponding to FWD tests conducted in the 

morning and afternoon periods, respectively, with ten 
replicates for the ten cracks in the section. 

The results of the analysis of variance for load trans
fer efficiency across the transverse cracks, and for the up
stream, downstream and midspan deflections, are pre
sented in Table 7.4. From the results it is evident that the 
effect of type of shoulder on load transfer efficiency 
across the transverse cracks in the outer wheel path deter
mined by procedures A and B is not significant even at 
the 10 percent level. On the other hand, the type of shoul
der clearly has a significant effect on pavement deflection 
in the outer wheel path at lower than the 5 percent level. 
A comparison of means revealed an average 16 percent 
decrease in pavement deflections upstream and down
stream of the cracks and an average 11 percent decrease 
at midspan with replacement of the flexible shoulder of 
this CRCP section with a rigid shoulder. Thus, although 
the measures of load transfer efficiency across the cracks 
in the outer wheel path do not show this trend in the ex
ample, pavement deflection measurements clearly indi
cate an increase in the load-carrying capacity of the 
CRCP with the addition of the PCC shoulder. 

TABLE 7.3. LOAD TRANSFER EFFICIENCY, PERCENT, AT SELECTED CRACKS IN THE OUTER 
WHEEL PATH OF VICTORIA CRCP FOR THREE SHOULDER CONDITIONS 

Load Traosrer 

Shoulder EMclency Mean NonnaUzed 9 - Kip Deflection at Selected Crack (mils) 

Condition DTt Procedure 1 2 3 4 5 6 7 8 9 10 
Pavement 6.0 -11.50 U2 5.91 3.46 3.67 3.52 3.75 3.78 4.06 4.47 3.65 4.64 
with a 03 10.29 3.75 3.48 3.70 3.76 3.75 3.92 4.53 3.44 4.80 
flexible M4 3.44 331 3.47 3.38 4.17 3.58 3.71 4.82 3.22 4.44 
shoulder 

19.25 - 22.50 U 5.97 435 436 5.21 4.65 4.60 5.23 5.00 3.98 5.16 
D 6.07 476 426 5.27 491 4.84 5.02 5.11 3.99 5.17 
M 3.90 4.56 4.09 4.86 4.59 4.79 4.60 5.44 3.93 5.04 

Pavement 4.25 - 5.50 U 5.73 3.77 3.43 331 3.78 331 3.67 4.22 3.19 • 
with a D 9.60 3.89 3.25 3.53 3.64 3.26 3.61 4.38 3.27 • 
shoulder M 3.50 339 3.42 3.18 4.74 3.08 3.47 4.58 3.00 • 
removed 

3.00-2.50 U 5.97 3.23 3.58 337 3.66 3.44 3.50 4.26 3.21 • 
D 8.02 3.51 336 3.66 3.70 3.41 3.60 4.53 3.24 • 
M 3.54 3.08 3.42 331 4.n 3.22 3.47 4.70 2.99 • 

Pavement 3.25 -11.25 U 5.14 3.10 3.45 3.17 3.55 3.50 4.05 4.22 3.42 3.90 

with a D 733 2.98 3.26 3.43 335 3.65 4.14 4.54 3.42 3.90 

rigid M 3.39 3.22 339 3.48 4.05 3.73 3.64 4.75 333 4.44 

shoulder 
15.75 - 13.75 U 4.93 3.02 3.70 3.48 3.64 3.66 • 430 3.51 3.91 

D 5.48 2.99 3.59 3.61 3.64 3.78 • 447 3.44 3.94 
M 334 3.16 3.68 3.45 3.99 3.64 • 4.58 331 4.19 

t DT = Temperature differential range eF) 
2Upstream deflection 
3I>ownstream deflection 
4Midspan deflection 
·Missing data 
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18:00 

Fig 7.11. Example of temperature block results used 
to estimate pavement temperature and temperature 

dift'erential- Victoria CRCP, April 15, 1987. 
Fig 7.U. Temperature block temperature dift'erential 

variation for various test days on Victoria CRCP. 

TABLE 7.4. ANOVA RESULTS ON EFFECT OF TYPE OF SHOULDER 
ON LOAD TRANSFER EFFICIENCY AND PAVEMENT DEFLECTION 

IN OUTER WHEEL PATH OF VICTORIA CRCP SECTION (US59) 

Source of Sum of 
Del!!:ndent Variable Variation DY Squares Fvalue PR:>r 

Load transfer efficiency Replications 9 293.99 4.73 0.0009 
at cracks determined by Shoulder 1 437 0.63 0.4335 
procedure A DT3 1 1.44 0.21 0.6521 

Shoulder*DT 1 6.40 0.93 0.3445 
Error 26 179.54 

Load transfer efficiency Replications 9 155.65 1.37 0.4116 
at cracks determined by Shoulder 1 35.41 2.80 0.2526 
procedureB DT 1 69.27 5.48 0.1063 

Shoulder*DT 1 8.80 0.70 0.0272 
Error 26 328.77 

Upstream deflection Replications 9 1238 22.80 0.0001 
at cracks Shoulder 1 4.59 76.11 0.0001 

DT 1 1.76 29.13 0.0001 
Shoulder*DT 1 1.15 19.11 0.0002 
Error 26 1.57 

Downstream deflection Replications 9 4333 7.98 0.0001 
at cracks Shoulder 1 6.18 10.24 0.0035 

DT 1 0.16 0.27 0.6073 
Shoulder*DT 1 0.74 1.22 0.2788 
Error 26 15.69 

Midspan deflection Replications 9 7.98 50.44 0.0001 
between cracks Shoulder 1 1.91 24.61 0.0001 

DT 1 1.60 53.05 0.0001 
Shoulder*DT 1 1.82 44.48 0.0001 
Error 26 0.94 

1 DF = Degree of freedom of somce of variation. 
2 PR > F is the significance probability value associated with the F value. 
3 DT = Temperature differential estimate of pavement 
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Figure 7.13, which compares pavement edge deflec
tions at sixteen locations for the two types of shoulders 
considered to deflections along the centerline joint of the 
CRCP, further illustrates this point. Results of ANOVA 
show the effect of the type of shoulder on the pavement 
edge deflections is significant at the 5 percent level, and a 
comparison of means revealed an average 38 percent re
duction in pavement edge deflections when the flexible 
shoulder was replaced with the rigid shoulder. As is ap
parent from Fig 7.13, the pavement edge deflections are 
brought down to the level of deflections measured under 
similar conditions along the centerline joint with the re
placement of the flexible shoulder with a PCC shoulder. 
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(a) Low temperature differential- AM period. 
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(b) High temperature differential - PM period. 

Fig 7.13. Innuence ofrigid shoulder on Victoria 
CRCP edge denections. 

WEATHERFORD CRCP TEST SECTION, 
m20 

The Weatherford CRCP section was another test sec
tion whose flexible shoulder was replaced with a rigid 
shoulder. On this section, however, the major objective 
was to compare the relative effectiveness of three differ
ent methods used to tie the newly-constructed rigid 
shoulder to the existing main pavement. These methods, 
shown in Fig 6.11, were an ordinary tied joint; an in
verted-tee joint; and a combination of the inverted-tee 
and tied joint, respectively denoted as joint type 'A,' joint 
type 'B,' and joint type 'C.' The pavement response and 
load transfer efficiency across cracks for the two shoulder 
conditions were first compared in three adjacent subsec
tions, one each with the longimdinal joint types A, B, and 
C. With significant results, analysis of variance and mul
tiple comparison of means techniques could then be used 
to determine the relative effectiveness of the joint types. 

Table 7.5 is a summary of the load transfer efficien
cies determined by the two procedures introduced, across 
six transverse cracks selected in the three subsections. 
The mean load transfer efficiencies determined in the 
outer wheel path of the outer lane, for the pavement with 
the two shoulder types, are given. Table 7.6 is a similar 
table which summarizes the mean normalized 9-kip FWD 
deflection measurements, also in the outer wheel path, of 
the outer lane upstream, downstream, and at midspan of 
the six selected transverse cracks for the two shoulder 
types. The results of measurements from a temperature 
block buried beside the pavement section for estimation 
of the pavement temperatures are illustrated in Fig 7.14. 
A comparison of pavement temperature differential esti
mates during the two phases is also shown in Fig 7.15. 
The data presented in Tables 7.5 and 7.6 are from FWD 
measurements in the morning period with the pavement 
temperature differential estimate below the lO-degree 
Fahrenheit mark in this figure. 

The results from this CRCP section were similar to 
the results obtained on the Victoria CRCP. A preliminary 
paired t-test comparison of the deflection measurements 
upstream, downstream and at midspan of the six seolec~ 
cracks in each subsection, showed there was no SIgnifI
cant difference, even at the 10 percent level, between 
measurements at the same temperature differential level 
in the outer wheel path of the pavement for the two 
shoulder types. Similar results were also obtained for 
load transfer efficiency across the cracks in the outer 
wheel path determined by both procedures A and B. As a 
result, no significant difference could be determined be
tween the three joint types with respect to load transfer 
efficiency and pavement deflection in the outer wheel 
path of the CRCP. Figure 7.16, however, illustra~s the 
influence of the rigid shoulder on pavement deflecbon at 
the edge of the CRCP measured at locations less than a 
foot from the longimdinal shoulder joint of the pavement 
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(a) Pavement with ftexible shoulder. (b) Pavement with rigid shoulder. 

Fig 7.14. Temperature block measurements used to estimate pavement temperature during testing on 
Weatherford CRCP section. 

TABLE 7.5. LOAD TRANSFER EFFICIENCY ACROSS 
TRANSVERSE CRACKS IN OUTER WHEELPATH 

OF WEATHERFORD CRCP SECTION FOR 
TWOSHOULDERCONDnnONS 

Load Transfer Mean Load Transfer Etfk:lency 
Shoulder Emclency at Crack (CJfI) 

Condition SectIon Procedure 1 2 3 4 5 6 

Pavement Al A2 97 97 98 98 • • 
with a B3 92 92 92 90 • • 
flexible 
shoulder BI A 95 97 97 97 97 96 

B 93 91 91 91 90 91 

C I A 96 97 98 96 98 96 
B 94 94 94 95 93 94 

Pavement A A 97 95 96 96 96 96 
with a B 91 93 91 90 92 91 
rigid 
shoulder B A 96 91 94 96 95 93 

B 94 96 90 92 91 92 

C A 94 98 97 96 95 96 
B 95 94 95 95 95 92 

I Corresponds to subsection joint detail (Fig 6.11) 
2 Load transfer efficiency detennined by procedure A 
3 Load transfer efficiency detennined by procedure B 
• Missing data 
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Fig 7.1S. Comparison of temperature differential for 
the two pbases of testing on Weatherford CRCP 

section. 

Station 

Fig 7.16. Inf1uence of a rigid sboulder on 
Weatherford CRCP edge denections. 

TABLE 7.6. SUMMARY OF FWD DEFLECTION MEASUREMENTS 
AT SELECTED TRANSVERSE CRACKS IN OUTER WHEEL PATH 

OF WEATHERFORD CRCP SECTION FOR 
TWOSHOULDERCONDnnONS 

Mean NormaUzed 9-klp Deflection 
Shoulder Location at Crack (mUs) 

Condition Subsection at Crack 1 1 3 4 S 6 - -
Pavement Al U2 330 3.23 3.08 2.78 4.59 • 
with a 0 3 3.17 3.19 3.15 2.79 • • 
flexible M4 3.10 3.05 3.07 2.89 • • 
shou1der 

BI U 3.82 3.41 3.19 337 3.44 4.23 
0 3.73 3.41 3.18 3.52 3.26 435 
M 3.54 3.22 3.08 3.50 3.15 4.37 

C 1 U 5.34 5.42 5.26 5.54 538 5.58 
0 5.40 5.55 5.22 5.72 5.41 5.84 
M 534 537 5.14 5.66 532 5.61 

Pavement A U 3.17 3.23 3.08 2.68 2.93 3.04 
with a 0 3.29 3.24 3.01 2.64 2.99 3.13 
flexible M 3.02 3.10 2.91 2.63 2.92 2.88 
shoulder 

B U 4.69 5.92 3.64 3.84 2.96 3.72 
0 4.37 5.52 3.32 3.84 2.89 3.67 
M 4.53 4.34 3.28 3.71 2.76 3.56 

C U 6.67 5.92 5.87 6.56 5.12 5.36 
0 6.87 5.72 5.94 6.68 5.21 5.34 
M 6.64 5.42 5.84 6.75 5.01 5.15 

1 Corresponds to subsection joint detail (Fig 6.11) 
2Upstream deflection 
3 Downstream deflection 
4Midspan deflection 
*Missing data 



for the same temperature differential leveL In paired t-test 
comparisons the effect of the type of shoulder on the de
flection measurements at the edge of the pavement in 
each section were all found to be significant at the 5 per
cent level. From a multiple comparison of means, the av
erage reductions in pavement edge deflection due to the 
replacement of the flexible shoulder with a rigid shoulder 
were determined to be 26, 28, and 20 percent, respec
tively, for section A with a tied shoulder joint, section B 
with an inverted-tee shoulder joint, and section C with a 
tied inverted-tee joint. With the similar reduction levels, 
however, no statistically significant differences were dis
cernible between the three joint types with respect to 
their relative effectiveness. Analysis of variance failed to 
show any significance between the reduction levels in the 
three sections and pointed to a similarity between the ef
fectiveness of three joint types. Since the inverted-tee 
joint types B and C cost more to build than the ordinary 
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25 4 
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1 Section numbers 
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tied joint type A, there is, therefore, the indication that 
the tied joint is the best choice of the three types used on 
this CRCP on a cost basis. 

FLATONIA CRCP TEST SECTION, IHIO 
On this last CRCP test section in Flatonia, a study 

was conducted to determine the effect of tie bar dimen
sions on rigid pavement response at joints and cracks. 
Specifically, the influence of tie bar diameter, length, and 
spacing on pavement response, especially at the longitu
dinal joint between a concrete shoulder and the existing 
rigid pavement to which it is attached in replacement of a 
flexible shoulder, were examined. The effects of these pa
rameters on load transfer efficiency across transverse 
cracks in this section were also investigated, as was done 
in the case of the previous test sections. In this instance, 
however, the load transfer efficiency across the transverse 
cracks between the outer wheel path of the outer lane and 
the edge of the pavement was also investigated. As de
scribed in Chapter 6, on this CRCP section, twelve 100-
foot subsections were selected for a 2 x 2 x 3 factorial de
sign. Tie bar sizes #4 and #5 (4/8- and 5/8-inch 
diameters); lengths of 15 and 25 inches; and spacings of 

36 48 

5 9 

7 11 

6 10 

8 12 

2Standard shoulder joint design,. Also used for section 14. .. . 
Note: #4 tie bars, 30 inches long, at 3D-inch spacing, similar to center hne design, used to tie shoulder 

in section 13. 

Fig 7.17. Factorial arrangement or sections on Flatonia CRCP. 
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24, 36, and 48 inches were chosen for study. The factorial 
arrangement of the sections and the dimensions of the tie 
bars used at their longitudinal shoulder joints are shown 
in Fig 7.17. A thirteenth lOO-foot section with #4 lie bars, 
30 inches long, and at 30-inch spacing, used at the shoul
der joint, a design similar to that used at the centerline 
joint of this CRCP, was added to the factorial; and a four
teenth section, 100 feet long at the end of the test section 
with a standard joint design similar to that of section one, 
was included for observational purposes. 

The load transfer efficiencies determined by proce
dures A and B across the transverse cracks in the outer 
wheel path of the Flatonia CRCP section for -the two 
shoulder conditions are given in Tables 7.7(a) and (b), re
spectively. The average reductions in pavement deflection 
upstream, downstream, and at midspan of the two cracks 
in each subsection, in the outer wheel path of the outer 
lane of this CRCP, are presented in Tables 7.7(a), (b) and 

TABLE 7.7(A). SUMMARY OF LOAD TRANSFER 
EFFICIENCY, PERCENT, AT CRACKS IN OUTER 

WHEEL PATH OF FLATONIA CRCP SECTION 
FOR TWO SHOULDER CONDmONS

#4 

#S 

PROCEDURE A 

15 

15 

15 

15 

99 1
1 995 

10021100 
96 31 98 
9941 99 

97 1 
98 1 
99 1 

99 1 

98 1 
97 1 

99: 
991 

96 1 
97 1 
98 1 
98 1 

48 

9896197 
99 98 1 99 
98 92: 96 
99 98 97 

96 : 95 
98 1 99 
94 1 98 
97 1 97 

95 1 94 
97 1 98 
96 1 88 
97 1 93 

99 97 1 96 
98 95 1 99 
99 94 1 99 
99 95 1 99 

1 Load transfer efficiency at fIrSt crack in the morning for 
pavement with flexible shoulder. 

2 Load transfer efficiency at fIrSt crack in the afternoon for 
pavement with flexible shoulder. 

3 Load transfer efficiency at fIrSt crack in the morning for 
pavement with concrete shoulder. 

4 Load transfer efficiency at fIrSt crack in the afternoon for 
S pavement with concrete shoulder. 

Replicate measurements at second crack in subsection. 

(c), respectively. The reductions are the differences in 
measured pavement deflection for similar weather condi
tions resulting from a replacement of the existing flexible 
shoulder with a PCC shoulder. The temperature differen
tial estimates for the pavement during the periods of test
ing on the CRCP are shown in Fig 7.18. 

These measurements, from the two selected cracks in 
each of the lOO-foot sections representing two replicates, 
were used in statistical analysis to determine the signifi
cance of a number of factors on the dependent variables 
load transfer efficiency and pavement deflection. The 
load transfer efficiency across the cracks and the pave
ment deflections upstream, downstream, and at midspan 
of the cracks were the specific dependent variables inves
tigated. A preliminary analysis of variance was conducted 
to determine, independently for each section, the signifi
cance of the PCC shoulder attached on the five dependent 
variables with blocking by temperature differential. This 

TABLE 7.7(B). SUMMARY OF LOAD TRANSFER 
EFFICIENCY, PERCENT, AT CRACKS IN OUTER 

WHEEL PATH OF FLATONIA CRCP SECTION 
FOR TWO SHOULDER CONDmONS

#4 

#5 

PROCEDUREB 

15 

15 

15 

15 

91 
91 
93 
93 

91 
91 
93 
94 

91 
90 
86 
93 

89 1 90 
90 1 90 
94 1 92 
92 1 93 

98 1 88 
99 1 88 
98 1 89 
99 1 89 

48 

87 1 87 
88 1 86 
90 1 90 
90 1 90 

87 
89 

89 1 94 
89 1 94 

89 1 87 
88 1 88 
89 1 90 
89 1 89 

1 Load transfer efficiency at first crack in the morning for 
pavement with flexible shoulder. 

2 Load transfer efficiency at first crack in the afternoon for 
pavement with flexible shoulder. 

3 Load transfer efficiency at first crack in the morning for 
pavement with concrete shoulder. 

4 Load transfer efficiency at first crack in the afternoon for 
pavement with concrete shoulder. 

S Replicate measurements at second crack in subsection. 



preceded an analysis of variance to establish the combi
nation of tie bar dimensions with the most favorable re
sults on the dependent variables. An assumption of simi
lar pavement design and even construction practices 
throughout the section was made. 

The results of the initial analysis of variance in all 
cases indicated that the type of shoulder had a significant 
effect at the 5 percent level on pavement deflections up
stream, downstream, and at midspan of the cracks in each 
of the sections in the outer wheel path. From a multiple 
comparison of means, the reduction in pavement deflec
tion in the individual sections with the addition of the 
rigid shoulder was found to range from 28 percent to as 
high as 45 percent in the outer wheel path of the outer 
lane of the pavement As in the previous cases, no signifi
cant effect of the type of shoulder was found for the load 
transfer efficiency determined by procedures A and B 
across the transverse cracks in the outer wheel path of 
each section. No further analysis was therefore conducted 

TABLE 7.8(A). AVERAGE REDUCTION IN 
PAVEMENT DEFLECTION, MILS, 

UPSTREAM OF TRANSVERSE CRACKS IN 
OUTER WHEEL PATH OF 

FLATONIA 
CRCP SECTION 

36 48 

0.85 1.04 
1.86 1.50 15 2.66 0.67 

#4 
2.89 2.01 
1.91 1.28 

25 
2.20 2.27 
2.35 0.64 
3.12 2.08 

1.72 1.28 1.46 

15 2.50 1.80 1.60 
1.40 1.43 0.20 

#S 2.76 2.05 1.23 
137 1.91 2.45 

25 3.13 1.98 1.46 
1.66 1.71 1.33 
232 2.54 1.61 

1 Deflection reduction at first crack in AM (moming) period. i Deflection reduction at first crack in PM (afternoon) period. 
Deflection reduction at second crack in AM period. 

4 Deflection reduction at second crack in PM period. 

30 

• Pavement with Aexible ShoUlder (Day 1) 
o Pavement with Aexible Shoulder (Day 2) 

C Pavement with Rigid Shoulder (Day 1) 
• Pavement with Rigid Shoulder (Day 2) 
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Fig 7.1S. Comparison of temperature differential 
estimates during testing on Flatonia CRCP section. 

36 48 

1.01 1.07 0.91 

15 2362 1.98 1.64 
1.443 2.59 0.75 

#4 2.294 2.97 2.13 
1.94 2.18 1.15 

25 
2.17 2.49 2.58 
2.02 2.25 0.66 
2.68 3.21 2.12 
1.81 1.40 1.47 

15 2.59 1.86 1.59 
1.78 1.49 0.72 

#S 3.04 2.02 133 
1.24 1.72 2.45 

25 2.65 1.96 1.46 
1.72 1.72 1.33 
2.45 2.31 1.61 

1 Deflection reduction at first crack in AM (moming) period. 
2 Deflection reduction at first crack in PM (afternoon) period. 
3 Deflection reduction at second crack in AM period. 
4 Deflection reduction at second crack in PM period. 
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on the effect of the independent factors on load transfer 
efficiency. 

Results of the analysis of variance on the effect of 
the factors tie bar size (2 levels), tie bar length (2 levels) 
and tie bar spacing (3 levels) on the average reduction in 
pavement deflection iil the outer wheel path of the outer 
lane of the CRCP are given in Table 7.9. The results 
show that tie bar spacing (24, 36, and 48 inches) is the 
most important of the factors, and has a significant effect 
at the 5 percent level on pavement deflection reduction 
upstream, downstream, and at midspan of the cracks. In 
fact, away from the discontinuities at the midspan of the 
cracks, neither the tie bar size (#4 and #5) nor the tie bar 
length (15 and 25 inches) has any significant effect on 
pavement reduction. Of these two, only tie bar length has 
a significant effect at the 5 percent level on pavement de
flection reduction at the cracks. This observation points 
to a similarity in the influence of the tie bar sizes used. 
The 1I8-inch difference between their diameters appar
ently did not have any significant effect on pavement de
flection in the cases investigated. 

A multiple comparison of means indicated that the 
tie bar spacings of 24 and 36 inches both resulted in an 
average reduction in pavement deflection of about 2.0 
mils in the outer wheel path. There was no significant 
difference between them at the 5 percent level. The mean 

TABLE 7.8(C). AVERAGE REDUCTION IN 
PAVEMENT DEFLECTION, MILS, 

MIDSPAN OF TRANSVERSE CRACKS 
IN OUTER WHEEL PATH OF 

FLATONIA 
~ ~ CRCP SECTION 

~ ..,.~ 

~~ ~.,.~ ~ 
..,. ~I;.: 
~ ~ ~~ 

36 48 ~ 24 
V 

1.23 1 1.36 0.92 

15 1.932 2.24 1.58 
1.143 2.47 0.51 

#4 
2.204 2.70 1.90 

1.92 2.13 1.79 

15 
234 2.42 2.06 
1.90 2.20 0.69 
2.59 3.20 1.64 

1.82 1.36 0.93 

15 2.69 1.86 1.01 
2.03 1.45 0.45 

#5 3.29 2.09 1.32 
1.20 1.82 3.09 

15 1.93 2.26 1.52 
1.14 1.04 0.34 
2.20 1.43 1.61 

i Deflection reduction at first crack in AM (morning) period. 
Deflection reduction at first crack in PM (afternoon) period. 

3 Deflection reduction at second crack in AM period. 
4 Deflection reduction at second crack in PM period 

pavement deflection reduction due to the 48-inch spacing 
was on the order of 1.5 mils and was significantly differ
ent from the reduction due to the 24- and 36-inch spac
ings at the 5 percent level. At the cracks, the longer 25-
inch tie bars also resulted in an average reduction in 
deflection of approximately 2.0 mils which, according to 
the results obtained from the statistical analysis, was sig
nificantly different from the l.6-mil mean deflection re
duction offered by the 15-inch-Iong tie bars. Thus, on the 
basis of the analysis, as far as pavement response in the 
outer wheel path of the CRCP is concerned, #4 or #5 tie 
bars, 25 inches long, and at a 24- or a 36-inch spacing 
have a beneficial effect and reduce pavement deflections. 

A similar analysis was conducted on load transfer ef
ficiency across the cracks and deflection at the edge of 
the pavement. A summary of the load transfer efficiency 
determined by procedures A and B across the transverse 
cracks at the pavement edge for the two shoulder condi
tions is given in Tables 7.IO(a) and (b), respectively. In 
this instance also, an analysis of variance showed the 
PCC shoulder had no immediate significant effect on load 
transfer efficiency across the cracks. Tables 7.11(a), (b), 
and (c) show the average reduction in pavement deflec
tion upstream, downstream, and at midspan of the cracks 
at the edge of the CRCP. An initial analysis of variance to 
determine the effect of the PCC shoulder on pavement 
edge deflections upstream, downstream, and at midspan 
of the cracks was significant at the 5 percent level in each 
subsection. A multiple comparison of means indicated 
that the addition of the rigid shoulder resulted in average 
pavement edge deflection reduction ranging from 25 per
cent to 50 percent In nine out of the fourteen sections the 
immediate reduction in pavement deflection at the edge 
was over 40 percent, representing a remarkable reduction. 

An analysis of variance was also conducted on the 
effect of the main factors tie bar size (#4 and #5), tie bar 
length (15 and 25 inches), and tie bar spacing (24, 36, 
and 48 inches) on pavement deflection at the edge of the 
CRCP. The results of the analysis is given in Table 7.12. 
All the main factors, except length of tie bar in relation to 
deflection reduction upstream of the cracks (PR > F 
= 6.21), were significant at the 5 percent level. A multiple 
comparison of means indicated that the average reduc
tions in pavement edge deflection because of tie bar spac
ings of 24 and 36 inches were not significantly different 
at the 5 percent level. On the average, the difference be
tween their effects was approximately 0.03 mils at the 
upstream, downstream, and midspan locations of the 
cracks. The effect of a tie bar spacing of 48 inches was, 
however, different from the effect of the other two tie bar 
spacings at the 5 percent significance level. The pave
ment deflection reduction levels achieved with tie bars 
spaced at 24 and 36 inches were, on the average, 2.4 and 
2.1 mils, respectively, more than that achieved with a 
spacing of 48 inches. These findings with respect to tie 
bar spacing at the edge of the CRCP are in agreement 



with the results obtained previously for pavement re
sponse in the outer wheel path. Contrary to the findings 
on the effect of tie bar length on deflection reduction in 
the outer wheel path, a multiple comparison of means for 
the significance of the reduction in deflections down
stream and at midspan of the cracks indicated that the 
shorter IS-inch tie bars were more effective in reducing 
deflection at the pavement edge than the 2S-inch-long 
bars. The average difference between the reduction levels 
due to the tie bar lengths was on the order of 0.4 mils. 
Similarly, the #4 tie bars were found to reduce pavement 
deflections approximately 0.7 mils more than the #5 tie 
bars. 

To facilitate a comparison of the centerline joint de
sign used in section 13 to that of the other 12 sections in 

69 

the factorial shown in Fig 7.17, analyses of variance were 
conducted to determine the effect of the section treat
ments on reduction in pavement deflection at the edge of 
the CRCP and in the outer wheel path of the outer lane. 
Section 14, with a standard design similar to the that of 
section I, was also included in this analysis of variance 
for comparative purposes. Table 7.13 shows the results of 
the analysis of variance on the effect of the section joint 
designs or treatments on deflection at the edge of the 
CRCP. Clearly, the effect of the treatments is significant 
(PR > F = 0.0001). With this result, a multiple compari
son of means was then performed to compare the various 
joint designs on the basis of the their effectiveness in re
ducing pavement reduction at the edge of the Flatonia 
CRCP. The rankings of the section treatments based on 

TABLE 7.9. ANOVA RESULTS ON EFFECT OF TIE BAR 
DIMENSIONS ON PAVEMENT DEFLECTION REDUCTION IN 

OUTER WHEEL PATH OF FLATONIA CRCP 

Source of Sum of 
Dependent Variable Variation DFI Squares FvaIue PK>F2 

~flectionreduction Replications 1 0.248 1.18 0.2850 
upstream of cracks DT3 1 6.214 29.57 0.0001# 

Barsize, B 1 0.029 0.14 0.7148 
Length, L 1 1.323 6.30 0.0170# 
Spacing,S 2 3.608 8.59 0.0010# 
B*L 1 0.053 0.25 0.6198 
B*S 2 0.710 1.69 0.1996 
L*S 2 0.225 0.54 0.5903 
B*L*S 2 0.358 0.85 0.4360 
Error 34 7.144 

~flectionreduction Replications 1 0.254 1.62 0.2118 
downstream of cracks DT 1 6.534 41.70 0.0001# 

Barsize, B 1 0.123 0.78 0.3818 
Length, L 1 0.793 5.06 0.0311 # 
Spacing,S 2 3.349 10.68 0.0003# 
B*L 1 0.115 0.73 0.3975 
B*S 2 1.142 3.64 0.0369# 
L*S 2 0.228 0.73 0.4903 
B*L*S 2 0.496 1.58 0.2200 
Enor 34 5.328 

~flection reduction Replications 1 0.044 0.19 0.6671 
midspan between cracks DT 1 4.839 20.51 0.0001# 

Barsize, B 1 0.760 3.22 0.0816 
Length,L 1 0.203 0.86 0.3604 
Spacing, S 2 4.919 10.42 0.0003# 
B*L 1 0.433 1.84 0.1843 
B*S 2 1.114 2.36 0.1097 
L*S 2 1.159 2.46 0.1008 
B*L*S 2 1.254 2.66 0.0847 
Enor 34 8.022 

1 DF = ~gree of freedom of source of variation. 
2 PR > F is the significance probability value associated with the F value. 
3 DT = Temperature differential estimate of pavement. 
# Factors and interactions significant at the 5 percent level. 
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the relative effectiveness of the shoulder joint designs are 
given in Table 7.14. The rankings agree with the result of 
the analysis of variance on the effect of tie bar size. 
length, and spacing on the reduction in deflection at the 
edge of the pavement. Sections with the smaller tie bar 

TABLE 7.10(A). SUMMARY OF LOAD 
TRANSFER EFFICIENCY, PERCENT, AT 

CRACKS AT THE EDGE OF mE FLATONIA 
CRCP SECTION FOR 1WO SHOULDER 

CONDITIONS - PROCEDURE A 

~ ~~ ... 
~ ~ ~ 

"-6! ~ "\ ~41 .. ~ 
, ~ !) l4 36 48 

~ 
99

1
'99

S 98 I 99 97 1 98 
98 21 99 98 1 98 97 1 98 

15 95 31 98 97 1 99 94 : 87 
98 4 1 97 98 1 99 96 1 97 

#4 • • 
96 1 99 98 1 • 97 1 95 
96 1 99 97 1 • 98 : 95 

25 99 1 99 95 1 • 97 1 99 
99 1 99 96 : • 98 I 98 J 
99 I 97 98 : 98 97 i 93 

15 
98 1 99 98 1 97 96 I 94 
99 : 96 98 1 99 95199 

#S 
97199 98 1 98 95 I 89 

99 199 98 i 98 99195 
25 97 I 99 98 1 98 92 1 97 

97 I 99 100 I 96 86 : 92 
96 I 98 99 1 99 86 I 99 

1 Load transfer efficiency at first crack in the morning for 
pavement with flexible shoulder. 

2 Load transfer efficiency at first crack in the afternoon for 
pavement with flexible shoulder. 

3 Load transfer efficiency at first crack in the morning for 
4 pavement with concrete shoulder. 

Load transfer efficiency at first crack in the afternoon for 
S pavement with concrete shoulder. 

Replicate measurements at second crack in subsection. 

spacings rank higher, and so do sections tied with #4 
bars. For a given tie bar size and spacing, the sections 
with 15-inch-long tie bars rank higher than those with the 
longer 25-inch tie bars. 

TABLE 7.10(8). SUMMARY OF LOAD 
TRANSFER EFFICIENCY, PERCENT, AT 

CRACKS AT THE EDGE OF mE FLATONIA 
CRCP SECTION FOR 1WO SHOULDER 

CONDITIONS - PROCEDURE B 

~ 
~ "-6! 

"-6! ~~ ~ ~ 
~ ... ~:\~ 

, '~ !) l4 36 48 

89 1j 90s 90 1 89 86 1 86 
90 21 90 90 1 88 86 1 86 

15 93 31 93 92 1 92 89 : 92 

#4 
93 4 1 93 91 1 93 90 I 89 

89 1 91 90 1 • 86 : 84 
89 1 91 90 1 • 85 84 

25 93 : 93 93 1 • 88 : 88 
93 I 93 92 : • 89 1 88 

90 1 91 90 I 89 86 I 85 

15 
90 1 91 89 1 90 84 1 84 
94 : 93 92 : 93 88 1 88 

#S 
93 1 94 92 1 92 86 ! 91 

89 i 89 88 ; 87 85 1 86 

25 89 I 89 87 1 87 85 I 85 
91 I 92 88 I 90 86 : 88 
91 1 94 88 1 89 86 I 87 

1 Load transfer efficiency at first crack in the morning for 
pavement with flexible shoulder. 

2 Load transfer efficiency at first crack in the afternoon for 
pavement with flexible shoulder. 

3 Load transfer efficiency at first crack in the morning for 
pavement with concrete shoulder. . 

4 Load transfer efficiency at first crack in the afternoon for 
S pavement with concrete shoulder. 

Replicate measurements at second crack in subsection. 



TABLE 7.11(A). AVERAGE REDUCTION IN 
PAVEMENT DEFLECTION, MILS, 

UPSTREAM OF TRANSVERSE CRACKS 
AT THE EDGE OF THE 

~ FLATONIA 
~~.. CRCPSECTION 
~ ~ 

~.. '" ~ t;>-~ 
""dl ~ ~ \. i.I 24 Q~ 36 48 

3.96 1 3.22 2.11 

15 4.03 2 3.82 2.08 
4.413 5.63 2.19 

#4 4.69 4 5.08 1.76 
3.64 3.49 1.04 

25 4.09 3.73 1.54 
4.86 3.92 1.28 
4.58 • 0.99 
3.48 2.52 134 

IS 3.51 3.23 1.45 
3.20 3.67 0.33 

#S 3.78 4.86 036 

2.72 2.32 2.05 

25 335 2.93 1.18 
3.80 3.19 1.96 
3.38 238 1.96 

1 Deflection reduction at :lint aack in AM (morning) period. 
; Deflection reduction at :lint crack in PM (afternoon) period. 
4 Deflection reduction at second crack in AM period. 

Deflection reduction at second crack in PM period. 
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TABLE 7.11(B). AVERAGE REDUCTION IN 
PAVEMENT DEFLECTION, MILS, 

DOWNSTREAM OF TRANSVERSE CRACKS 
~ AT THE EDGE OF THE 

FLATONIA 
~ ~.. CRCP SECTION 

~ (l~ .. ~ 
(l~ ~ ~ 

"'dl ~ ~~ 
~ fZ !) 24 36 48 ~d 

3.44 1 3.66 2.02 

15 
4.112 4.06 2.30 
4.503 4.58 2.09 

#4 4.80 4 4.54 1.61 

4.01 3A8 1.02 

25 
4.52 3.87 1.54 
4.58 3.77 1.43 
4.54 • 1.22 

3.41 2.48 1.24 

15 3.48 3.07 1.43 
3.49 3.59 0.68 

#S 3.92 5.11 0.63 

2.63 2.26 2.05 

25 3.20 2.75 1.18 
3.85 3.09 1.96 
3.63 2.23 1.96 

1 Deflection reduction at :lint crack in AM (morning) period. 
; Deflection reduction at:lint crack ilt PM (afternoon) period. 

Deflection reduction at second crack in AM period. 
4 Deflection redu~on at second crack in PM period. 

TABLE 7.11(C). AVERAGE REDUCTION IN 
PAVEMENT DEFLECTION, MILS, 

MIDSPAN OF TRANSVERSE CRACKS 
AT THE EDGE OF THE 

~ FLATONIA 
~~.. CRCP SECTION (0« ~ 

~« ~~ t;>-~ 
"'~ ~fZ ~ 24 36 48 ~d 

3.661 336 2.15 

15 3.862 3.96 230 
4.483 5.21 1.93 

#4 4324 5.00 1.50 
4.04 3.35 1.21 

25 4.84 3.73 1.79 
430 3.89 1.55 
4.50 • 1.46 
3.18 2.97 0.85 

IS 
3.47 3.23 1.08 
3.94 3.53 0.81 

#S 4.29 5.21 0.91 
2.57 2.69 1.99 

25 3.01 2.92 2.06 
3.74 2.03 0.96 
3.79 1A8 1.16 

; Deflection reduction at fU'St crack in AM (morning) period. 
Deflection reduction at fU'St crack in PM (afternoon) period. 

3 Deflection reduction at second crack in AM period. 
4 Deflection reduction at second crack in PM period. 
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TABLE 7.12. ANOVA RESULTS ON EFFECT OF TIE BAR 
DIMENSIONS ON PAVEMENT DEFLECTION REDUCTION 

AT THE EDGE OF THE FLATONIA CRCP 

Source 01 Sum of 
Dependent Variable Variation DFt Squares Fvalue PR>F2 -

Replications 1 tA15 4.77 0.0362 
DT3 1 0.057 0.19 0.6646 

Barsize, B 1 5.664 19.10 0.0001# 
Length, L 1 1.106 3.73 0.0621 

Deflection reduction Spacing, S 2 53.174 89.65 0.0001# 
upstream of cracks B*L 1 0.658 2.22 0.1460 

B*S 2 1A57 2.46 0.1013 
L*S 2 1.782 3.00 0.0633 

B*L*S 2 1.827 3.08 0.0594 
Error 33 9.787 

Replications 1 1.647 7.02 0.0123 
DT 1 0.320 1.36 0.2512 

Barsize, B 1 6.281 26.77 0.0001# 
Length, L 1 1.474 6.28 0.0173# 

Deflection reduction Spacing,S 2 53.99 115.08 0.0001# 
downstream of cracks B*L 1 0.170 0.73 0.4004 

B*S 2 1.767 3.77 0.0337# 
L*S 2 2.220 4.73 0.0156# 

B*L*S 2 1.404 2.99 0.0640 
Error 33 7.742 

Replications 1 0.432 1.45 0.2376 
DT 1 0.448 1.50 0.2295 

Barsize, B 1 6.375 21.35 0.0001# 
Length, L 1 1.863 6.24 0.01771# 

Deflection reduction Spacing,S 2 52.939 88.66 0.0001# 
midspan between cracks B*L 1 0.000 0.00 1.0000 

B*S 2 0.987 1.65 0.2070 
L*S 2 3.629 6.08 0.0057# 

B*L*S 2 1.846 3.09 0.0588 
Error 33 9.852 

t DF = Degree of freedom of source ofvariation. 
2 PR > F is the significance probability value associated with the F value. 
3 DT = Temperature differential estimate of pavement 
#I Factors and interactions significant at the 5 percent level 



TABLE 7.13.ANOVA RESULTS ON EFFECT OF SECTION 
TREATMENT COMBINATIONS ON PAVEMENT DEFLECTION 

REDUCTION AT THE EDGE OF FLATONIA CRCP 

Soun:eof Sum of 
Dependent Variable Variation DFI Squares Fvalue PR>F2 

-
Replications 1 1.338 3.87 0.0598 

Deflection reduction 
DT3 1 0.112 0.32 0.5746 

upstream of cracks Trealments, T 13 85.618 19.06 0.0001 
T·DT 13 1.398 0.31 0.9844 
Error 26 8.985 

Replications 1 1.558 5.56 0.0262 

Deflection reduction 
DT3 1 0302 1.08 0.3086 

downstream of cracks 
Trealments, T 13 88.454 24.28 0.0001 

T·DT 13 1.479 0.41 0.9542 
Error 26 7.286 

Replications 1 0.143 0.41 0.5287 

- Deflection reduction 
DT3 1 0.379 1.08 03085 

midspan between cracks Trealments, T 13 92.411 20.21 0.0001 
T·DT 13 1.452 0.32 0.9830 
Error 26 9.142 

1 OF = Degree of freedom of source of variatioIL 
2 PR > F is the significance probability value associated with the F value. 
3 DT = Temperature differential estimate of pavement. 

TABLE 7.14. RANKING OF THE JOINT DESIGNS OF 
FLATONIA CRCP SECTION BASED ON THEIR RELATIVE 

EFFECTIVENESS IN REDUCING PAVEMENT EDGE 
DEFLECTIONS 

24 36 48 

2 a 5 9 
15 b, c, d 

3,3,3 1, 1,2 9,9,9 
#4 

4 7 11 
lS 

2,2,1 4,4,6 12, 12, 11 

3 6 10 
15 

#5 
6,5,5 5,6,4 14,13,14 

lS 
8 12 

7, 7, 7 8,8,8 10,10,10 

a Section numbers. 
b Ranking with upstream deflection as dependent variable. 
c Ranking with downstream deflection as dependent variable. 
d Ranking with midspan deflection as dependent variable. 

Note: Using the same nomenclature in table, section 13 ranked 13, 
14, and 13; and section 14 ranked 11,11, and 12. 
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CHAPTER 8. DISCUSSION OF STUDY RESULTS 

The major topics addressed in this study included (1) 
use of the FWD for assessing the load transfer efficiency 
at joints and cracks in rigid pavements; (2) the benefits of 
rigid shoulders attached to existing rigid pavements in re
placement of flexible type shoulders; and (3) an evalua
tion of a number of longitudinal shoulder joint types, in
cluding some of the factors influencing their 
effectiveness. This chapter presents the central findings 
of the study. 

ASSESSING LOAD TRANSFER 
EFFICIENCY IN PAVEMENTS 

In both the laboratory tests on the research pavement 
facility and on field test sections, a procedure, developed 
for assessing load transfer efficiency across joints and 
cracks in PCC pavements using the FWD, was evaluated. 
Results from the study indicate that the procedure can be 
used to measure load transfer efficiency at a joint or 
crack in a rigid pavement and that it compares favorably 
with other methods. The procedure adequately showed 
changes in load transfer efficiency of joints resulting 
from increased pressure owing to thermal expansion. 
The results obtained indicate that environmental factors 
have a significant effect on load transfer efficiency for 
open joint conditions. For any particular joint gap, in
creases in percent load transfer efficiency on the order of 
20 to 40 percent were observed for daily temperature dif
ferential variation from -10 to +15°F on a research pave
ment facility. Evidence was also obtained showing that 
at a particular joint opening, seasonal variations resulted 
in changes in load transfer efficiency. In tests with the 
joint closed (to simulate conditions at a crack or a tight 
joint), daily and seasonal environmental changes ob
served at the site did not significantly affect load transfer 
efficiency. 

The results obtained from the JRCP and CRCP field 
sections were in agreement with the laboratory findings. 
On JRCP sections the FWD was successfully used to 
characterize load transfer efficiency across transverse 
joints. The results obtained indicate that the FWD can be 
effectively used to determine the condition of joints in 
pavements for evaluation purposes, and that such use 
compares favorably with visual condition surveys. Since 
visual surveys to determine the condition of joints take a 
much longer time than evaluations using the FWD, 
larger-scale evaluations of such joints in JRCP can be 
conducted with the FWD. The FWD was also 
successfully used to detect the change in load transfer 
efficiency at transverse joints in pavements in service 
because of temperature differential variation. On the 
sections tested, a direct relationship between load transfer 
efficiency at the transverse joints and temperature 

74 

differential was determined. No such relationship was 
detected at transverse cracks in either JRCP or CRCP 
sections tested. As on the laboratory research pavement, 
load transfer efficiency was a direct function of the gap at 
a joint or crack. On the relatively good sections with 
most cracks still held tight by reinforcement, load transfer 
efficiency across the cracks was for the most part 
constant, even though the actual pavement load-carrying 
capacity as indicated by the deflection of the pavement 
was reduced. 

Results from the field tests indicate that longitudinal 
joint efficiency profiles along pavements determined 
from FWD measurements can be used to stratify a pave
ment section into like subsections and to detect the loca
tion of sections with reduced and low efficiencies. Such 
profiles can be obtained for longitudinal shoulder joints 
as well as for center line joints between adjacent travel 
lanes. Profile histories of the longitudinal joint efficiency 
can be used in pavement evaluation programs to show 
joint efficiencies below required levels and to reflect the 
need for maintenance or rehabilitative measures for the 
upkeep of the pavements. Similar methods can also be 
used for transverse joints and cracks in rigid pavements 
to determine when and where maintenance and rehabilita
tion are needed to restore load transfer across such 
discontinuities. 

BENEFITS OF RIGID SHOULDERS 
The deflection measurements on in-service rigid 

pavement sections show the significant beneficial effects 
obtained when rigid shoulders are attached to existing 
PCC pavements. In the three cases tested, rigid shoulders 
were found to decrease pavement deflection in the outer 
wheel path of the outer lane and at the edge of pavements 
when they were constructed to replace flexible base type 
shoulders. On the CRCP sections tested, pavement de
flections in the outer wheel path of the outer lane of the 
pavements were significantly decreased-on the order of 
10 to 45 percent-when a rigid shoulder was added. 
Edge deflections were reduced by as much as 40 to 50 
percent. Pavement deflections at the edge were in effect 
brought down to levels comparable to those of deflec
tions measured at the same locations along the longitudi
nal center line joints of the pavements. According to 
Taute (Ref 35), pavement life in terms of the maximum 
number of applications of equivalent 18-kip single axle 
loads (ESAL) required to cause fatigue failure can be de
[med by equations which show that, for a given flexural 
strength of pavement quality concrete, the number of 
ESAL applications to failure is inversely proportional to 
the critical tensile stress in the bottom fibers of the con
crete layer of a pavement. Clearly, for the pavements in 



question, the reduction in deflection of the existing pave
ment will reduce the critical tensile stress at the bottom 
of the pavements resulting from future load applications. 
Cumulatively, this reduction in the critical tensile stress 
will result in an increase in the life of the pavements. 
The up-to-50-percent immediate reduction in deflection 
due to the addition of PCC shoulders to the pavements 
will, theoretically, have a significant and beneficial effect 
on the pavements by extending their lives in terms of the 
number of ESAL applications to failure. Ultimately, the 
extended lives of the pavements must be proved by ob
servation of field performance; therefore, these pave
ments should be observed over the next ten to twenty 
years. 

EVALUATION OF SHOULDER JOINT 
TYPES 

Deflection measurements were made for use in an 
evaluation of certain shoulder types and the effect of tie 
bar size, length, and spacing on the effectiveness of joint 
designs used on in-service pavements. Comparisons 
were made between the ordinary tied joint, the inverted-
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tee joint, and the tied inverted-tee joint used at shoulder 
joints. In statistical analysis of deflection measmements 
in the outer wheel path and at the edge of a pavement, 
which border the critical area of a pavement as far as 
load-carrying capacity is concerned, no significant differ
ences were found between these three types of shoulder 
joints tested. The effects of the different combinations of 
No.4 and No. 5 tie bar size, 15 or 25 inches long, and at 
24, 36, or 48-inch spacings were also investigated. Tie 
bar spacings of 24 and 36 inches were found to be clearly 
more effective than spacings of 48 inches, but the differ
ence in the effectiveness between a 24 and a 36-inch 
spacing was not statistically significant. No significant 
difference could be determined between the two tie bar 
sizes used. Although the effect of tie bar length on pave
ment deflection reduction was significant, the more effec
tive length could not be determined from the analysis. A 
comparison of the sections indicated that, if the pavement 
design and construction practices are equal, the 15-inch
long tie bars are just as effective as the 25-inch-long tie 
bars. 



CHAPTER 9. SUMMARY, CONCLUSIONS, AND 
RECOMMENDATIONS 

SUMMARY 
In the evaluation of rigid pavements. the assessment 

of load transfer efficiency of joints and cracks is impor
tant, since the performance of this type of pavement is 
dependent on sttuctural continuity and the resulting load
carrying capacity of the pavement. In this study. proce
dures for evaluating load transfer efficiency across joints 
and cracks using the Falling Weight Deflectometer 
(FWD) were developed and verified. A number of pre
liminary objectives were addressed. including (1) an 
evaluation of the repeatability of the FWD procedures; 
(2) documentation of the effects of daily and seasonal en
vironmental variations on the curling and warping of 
rigid pavements; and (3) an evaluation of the effects of 
environmental variations and of voids on FWD deflec
tions. Conclusions concerning these subjects are pre
sented based on tests on a resew:ch pavement facility. 

The other objective of this study was to apply the 
procedures to assess the load transfer efficiency of trans
verse joints and cracks in pavements in service. The pm
cedures were shown to be adequate for field evaluation of 
load transfer efficiency of transverse joints and cracks to 
determine rehabilitation and maintenance needs. The 
procedures can be used in evaluating the efficiency of 
longitudinal joints. especially rigid pavement shoulder 
joints. In an extension of the study, the beneficial effects 
of concrete shoulders attached to existing rigid pave
ments were evaluated and documented. A comparison 
was also made to determine the most effective type of 
joint for use at a shoulder joint of a rigid pavement: a tied 
joint, an inverted-tee joint, or a tied inverted-tee joint. 
Last, the influence of tie bar size, length, and spacing on 
the effectiveness of longitudinal shoulder joints was de
termined. 

CONCLUSIONS 
The major conclusions based on the findings of this 

study are presented in the following sections. 

(1) The FWD is a repeatable and reliable 
nondestructive testing device for rigid pavement 
evaluation. The repeatability for measurements is 
quite good with a coefficient of variation of not 
more than 6 percent. The variability in pavement 
response recorded with the FWD, however, in
creases with decreasing applied load. It is recom
mended that FWD deflection data be collected for 
load levels of 9,000 lbs or larger. 

(2) The following important conclusions have been 
reached concerning the effects of environmental 
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variations on curling and warping and on pavement 
response: 

(a) Temperature gradients from top to bottom of 
rigid pavements in Texas can range from -15 
to +25°P and can lead to the curling of pave
ments. 

(b) Vertical movements from one extreme to the 
other, measured at the unrestrained slab cor
ners of a IO-inch-thick research JRCP and 
due to such variations in temperature gradi
ent, were on the order of 100 mils. 

(c) The maximum upward vertical movement at 
unrestrained slab comers occurs in the early 
morning hours between 3:00 and 7:00 AM, 
and downward vertical movements reach a 
maximum in the afternoon between 1:00 and 
5:00 PM in Texas. 

(c) The exact times of the occurrence of the 
maximum values vary and depend on the 
prevailing weather conditions. The maxi
mum values were concurrent with the maxi
mUm. positive and negative temperature dif
ferentials in the pavements. 

(d) The extreme vertical movements at the slab 
corners occur in the warmer summer months 
when temperature fluctuations are at a maxi
mum. 

(e) A downward comer movement of 70 mils 
and an upward comer movement of 38 mils 
in July 1986, relative to the slab profile at 
zero temperature differential, were the maxi
mum recorded on the IO-inch-thick research 
pavement. Slab movements were not always 
symmetrical. 

(f) At specific locations on the research pave
ment, and for the same temperature differen
tial, movements due to seasonal environ
mental variations were on the order of 20 
mils. 

(g) Results of FWD deflection tests on the re
search pavement indicate an inverse relation
ship between temperature differential and 
pavement deflection at the edge and along 
the dowelled transverse joinL 

(h) As the temperature differential increases, 
there is more contact with the foundation, as 
well as a tightening-up of the joint. On typi
cal days, the coefficient of variation-in de
flection measurements at a specific location 
on the research pavement as a result of tem
perature differential variation-was between 
8 and 15 percent. 



(i) In general. higher deflections were recorded 
along the edge and doweled transverse joint 
of the research pavement in the summer than 
in the winter. A softening of the asphalt
stabilized base of the pavement in the 
summer is believed to be the cause. 

(j) The effect of temperature differential on 
pavement response in the field was not 
found to be statistically significant. 

(3) For the detection of voids underneath rigid pave
ments, it is concluded that: 

(a) For pavement thicknesses of 8 to 10 inches 
on stabilized bases. the variation in pave
ment response due to the presence of a void 
is low. 

(b) Current FWD methods do an insufficient job 
of detecting voids beneath rigid pavements 8 
or mere inches thick. 

(4) Evaluation of the load transfer efficiency determina
tion procedure developed indicates a favorable com
parison with other methods. The following impor
tant conclusions were reached: 

(a) The load transfer efficiency determination 
procedure developed is suitable for the 
evaluation of joints and cracks in PCC pave
ments in the field. and FWD deflection 
measurements at cracks and joints taken as 
part of pavement evaluations can be used to 
determine the efficiency and performance of 
joints and cracks. 

(b) Joint efficiency increases with an increase in 
vertical temperature differential in pave
ments. No change was noted across cracks 
in rigid pavements. 

(c) Slab temperature data for the development 
of joint load transfer efficiency versus tem
perature differential correction curves for 
pavements evaluated should be part of any 
evaluation procedure which involves the 
evaluation of joints. 

(d) The load transfer efficiency determination 
procedure developed is also useful for the 
evaluation of longitudinal joint etTlCiency. 

There are many factors which influence the perfor
mance of rigid shoulders, including adequate base 
support. adequate drainage. and extensive heavy 
truck traffic. For the parameters involved in these 
data, the following conclusions are made. 

(5) Field evaluations document that the attachment of a 
rigid shoulder to an existing rigid pavement in re
placement of a flexible shoulder can reduce pave
ment edge deflections by up to 50 percent. 

(6) A field comparison of inverted-tee shoulder joints, 
ordinary tied shoulder joints, and tied inverted-tee 
joints indicates that an inverted-tee joint is no more 
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effective in reducing pavement edge deflections 
than an ordinary tied joint. 

(7) A field investigation of the effect of tie bar dimen
sions on the effectiveness of a tied shoulder joint 
gave the follOwing results: 

(a) Increasing tie bar size from No. 4 bars to 
No.5 bars had no significant effect on pave
ment edge deflections. 

(b) Increasing tie bar length from 15 to 25 
inches had no significant effect on pavement 
edge deflections. 

(c) Tie bar spacings of 24 and 36 inches were 
not significantly different with respect to 
their influence on reduction in pavement 
edge deflection. Both were significantly bet
ter at reducing pavement edge deflections 
than a spacing of 48 inches. 

NOTE: Conclusion (7) is based on short-term data. Rec
ommendation (4), below, proposes continued monitoring 
of these shoulders to obtain long-term results. 

RECOMMENDATIONS 
Based on the f'mdings of this study, the following 

recommendations are made: 

(1) FWD deflection measurements at cracks and joints 
should be incorporated into rigid pavement evalua
tions to determine the efficiency and performance of 
joints and cracks. The load transfer efficiency of 
the joints and cracks in new pavements should be 
determined to establish baseline values for future 
evaluations to determine maintenance or rehabilita
tion needs. 

(2) Studies should be conducted to determine more pre
cisely the relationship between pavement tempera
ture differential and load transfer efficiency at joints 
and cracks vis-a-vis rigid pavement response. In
vestigations into better and more precise pavement 
temperature measuring devices and techniques are 
necessary to ensure any appreciable success in this 
area. 

(3) When rigid pavements are evaluated for rehabilita
tion, the replacement of flexible shoulders with 
rigid shoulders should be considered as a means of 
improving performance and extending the service 
life of the pavement. 

(4) The tied-shoulder test section near Flatonia on IH-
10 should continue to be monitored to evaluate the 
performance of the different shoulder-joint designs 
over time. 

(5) From the f'mdings of the study it is recommended 
that use of the inverted tee-type of shoulder joint be 
suspended in favor of use of tied joints. 
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