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PREFACE
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was conducted by the Center for Transportation Research, Bureau of Engineering Research, The University
of Texas at Austin. This study was sponsored by the Texas Department of Transportation and the Federal
Highway Administration under an agreement with The University of Texas at Austin and the Texas De-
partment of Transportation.

The authors wish to express their appreciation to all project staff and to the rest of the Center for
Transportation Research personnel for their assistance and invaluable contributions. The authors also want
to thank Mr. David Whitney and Mr. Charles Boatner, who assisted with the field measurements. The
Texas Department of Transportation personnel, in particular Mr. James Brown and Mr. Andrew Wimsatt,
were always helpful and always generous with their time.

ABSTRACT

The purpose of this study is to provide pavement designers with substantive information about CRCP
terminal movement. A mechanistic model, PSCP2, was used to.analyze free end movement and to predict
the size of terminal movements. Field measurements were conducted at SH 225 in Houston, Texas, in or-
der to supplement the CRCP movement field data obtained from a previous research study. A comparison
between the collected data and the predictions of the PSCP2 program was performed to verify the reli-
ability of the PSCP2 mechanistic model. A procedure was then developed that estimates the terminal
movement of a CRC pavement.

SUMMARY

This report analyzes the terminal movement characteristics of CRCP using PSCP2, a mechanistic model
developed by the Center for Transportation Research {(CTR). The study demonstrates that the factors af-
fecting terminal movement are temperature change, slab length, slab thickness, aggregate type, season of
placement, and friction force. Field measurements of free end movements on a CRCP were performed on
SH 225 in Houston, Texas. Both longitudinal and transverse movements were measured, with the results
used to supplement the terminal movement field data obtained from a previous research stdy. In order
to verify the reliability of the PSCP2 program, the program’s predictions were compared with the field
data. It was determined from the comparison that the PSCP2 program could effectively predict the termi-
nal movement if the input was correct. Finally, a procedure was developed to enable a pavement de-
signer to quantify the end movement at a specific site on a project.

il



IMPLEMENTATION STATEMENT

The type of terminal treatment used for CRCP is dependent on the magnitude of movement expected
at a particular project site. Yet, as this study demonstrates, actuai end movements are themselves depen-
dent on a site’s particular annual temperature range, subbase type, pavement thickness, and season in
which the pavement is to be placed. Consequently, a treatment found to be successful at one location
may prove to be inadequate at another.

The designer in such cases must estimate the anticipated movements on the project. Equation 5.4 in
this report provides a method for reliably estimating such site-specific movement. The procedure, requir-
ing indirect tensile tests on the subbase material of interest, along with other site-specific information,
thus allows the designer to identify the most appropriate terminal treatment.
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CHAPTER 1.

1.1 GENERAL COMMENTS

Volume change is a significant consideration in
the " design of continuously reinforced concrete
pavement (CRCP) structures. If the length of a
pavement is substantial, volume changes related to
thickness and width can be overlooked (Ref 2).
But changes in pavement length—referred to as
longitudinal movement—represent the more seri-
ous problem: excessive longitudinal movement,
whether it involves expansion or contraction, can
be detrimental to the pavement’s structural integ-
rity. For example, if expansion occurs unchecked,
an adjacent pavement section or the adjacent abut-
ment walls of a bridge may be damaged. In addi-
tion, excessive contraction can impair the load
transfer at the joints and can reduce the ride qual-
ity of the pavement.

Since CRCP is essentially a long slab without
joints (other than construction joints), the pave-
ment designer must especially consider longitudi-
nal movement occurring at the end portions of the
slab. After first identifying the significant factors af-
fecting CRCP end movements, the designer then
selects the most suitable technique for absorbing
or reducing CRCP end movement.

In previous studies (Refs 2 through 5), the fac-
tors influencing the free end movement of CRCP
have been evaluated by analyzing the terminal
movements data obtained from in-service pave-
ments. These factors include environmental condi-
tions, slab geometry, and the coefficient of friction
between the pavement and the subbase.

In this study, we first reviewed the literature
on design or construction methods that accommo-
date or restrict terminal movement for CRCP.
Among the several methods identified, we particu-
larly noted the use of expansion joints, steel fin-
ger joints, and wide-flange beam joints (Refs 5, 6,
8, and 13) to accommodate longitudinal move-
ment (a space is created so that the longitudinal
movement is allowed). We also found references
to the end anchorage system, in which a series of
concrete lugs are extended beneath the slab.
While this system can be used in many cases (o
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restrain pavement movement, it cannot be used
where soil characteristics prove inadequate—that
is, where the soil’s displacement resistance is mar-
ginal (Ref 8).

Information on terminal movement based on
observations of existing CRCP's proved more lim-
ited. Consequently, in this report we argue that a
mechanistic computer model capable of predicting
the end movement for a range of conditions repre-
sents the best way to fully understand the . end
movement of CRCP. After the analyst calibrates the
movements predicted by the mechanistic computer
program using the observed performance of pave-
ment in the field, the mechanistic model can accu-
rately predict the end movement. The designer can
then use these predictions to choose the most suit-
able techniques that will accommodate the effects
of the terminal movement.

1.2 OBJECTIVES OF THE STUDY

The general objective of this study is to provide
substantive information that will help the designer
predict CRCP terminal movement. Within this
framework, we identified the following specific ob-
jectives:

(1) to determine the terminal movement charac-
teristics of CRCP using a mechanistic model
and to verify those characteristics with field
data; '

(2) to conduct a sensitivity study of the problem;
and

(3) to develop charts that may be used by design-
ers to estimate movements for a range of con-
ditions.

1.3 SCOPE

Because an examination of all possible consid-
erations would have required an extensive study,
we narrowed the scope of this investigation to an
analytical study of CRCP only, with the report then
limited to developing design information. The
scope can be summarized as follows:



(1) The focus is on the free end movement of
CRCP without traffic (i.e., terminal anchorages
and effects of traffic are not considered).

(2) The mechanistic model, PSCP2, is used to
analyze the terminal movement.

(3) The data from a previous project and selected
case studies are used for verification.

The outline of the report is as follows:

Chapter 2 describes the selecion of the PSCP2
program, which analyzes terminal movements. The
PSCP2 program, its input requirement, the analysis
design [actorial, and the analysis of results are pre-
sented.

Chapter 3 includes the field measurements of
slab movements. The test section developed for

verification purposes and the instrumentation for
field measurements are described. The data col-
lected in the measurements are analyzed and dis-
cussed.

Chapter 4 compares the collected data
against the predictions of the PSCP2 program.
The calibrated results of subbase friction are
presented.

Chapter 5 describes the implementation of the
PSCP2 mechanistic model, and the design equation
and design charts are developed for pavement de-
signers to estimate the terminal movement in
CRCP’s.

Finally, Chapter 6 contains the conclusions
and the recommendations drawn from this
study.



CHAPTER 2.

2.1 BACKGROUND

The terminal movement of concrete pavements
has long been studied by analyzing the observed
performance of in-service pavements. But because
these in-service pavement data are limited, the
number of cases that can be considered (and
hence yield reliable results) is limited as well.
Thus, conditions and effects frequently are investi-
gated by empirical extrapolation only. And while
researchers are for the most part aware of the pri-
mary factors that affect terminal movement, they
do not fully understand the effects of terminal
movements in all circumstances. Such an under-
standing would facilitate and improve the design
of terminal anchorages.

Many computer models can simulate the behav-
ior of concrete pavements. One particular model,
the program PSCP2, can be used specifically to
predict the movement of concrete pavement. Using
PSCP2, researchers can study—through computa-
tional techniques—the effects of terminal move-
ments for various conditions, V

This chapter analyzes terminal movements un-
der different combinations of variables using the
"PSCP2 program. It describes the PSCP2 program,
its input requirement, the analysis design factorial,
and the analysis results.

2.2 THE ANALYSIS PROGRAM

The data analysis of this report was performed
using the PSCP2 computer program (Ref 11) devel-
oped by the Center for Transportation Research of
The University of Texas at Austin. The PSCP2 pro-
gram, providing as it does a complete analytical
procedure for prestressed concrete pavement, is
especially useful in predicting movement in a long

~pavement. This capability is not present in other
programs. For example, the JRCP mechanistic com-
puter program can give a researcher joint width
informatjon that can be used to predict slab move-
ment (Ref 14); however, the input of the slab
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length is limited. When the length of the slab ex-
ceeds a certain value, the JRCP program does not
produce viable results (Ref 15). Furthermore, the
JRCP model does not account for the condition of
full sliding present in longer pavements.

The PSCP2 program has another important ad-
vantage: the slab movement prediction capability of
the program has an input requirement that allows
the researcher to select the time of year at which
the slab movement should be predicted. Thus, dif-
ferent seasons of observation can be chosen that
are consistent with the parameters of the study.

The following assumptions are intrinsic to the
application of the PSCP2 program model (Refs 11
and 12):

(1) Concrete is a homogeneous, linearly elastic
material. The slab is a solid body having no
discontinuities (e.g., cracks).

(2) The frictional resistance produced by dowels,
tie bars, and lanes adjacent to the longitudinal
movements of the slab is disregarded.

(3) The friction coefficient versus displacement re-
lationship that characterizes the frictional re-
sistance under the slab is represented in Fig-
ure 2.1. ‘

(4 The temperature variations considered in this
analysis are those that occur at the slab’s mid-
depth. Additionally, the friction stresses that
develop will be evenly distributed on the
cross section—an assumption that makes ap-
plicable a one-dimensional analysis of an axial
structural member.

(5) The redistribution of the slab weight, owing
to curling and warping, that affects the fric-
tion forces developing beneath the slab is dis-
regarded.

(6) The effect of concrete creep before the appli-
cation of prestress forces is also disregarded.

(7) Symmetry of conditions with respect to the
geometric center of the slabs is assumed.
Therefore, the analysis is limited to a half-slab
length, with the geometric center being fixed.
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Figure 2.1 Friction force versus displacement
' curve assumption for the PSCP2
mechanistic computer program
(Ref 11)

(8) The origin for slab length X in the longitudi-
nal direction is at the mid-slab. Friction forces
are positive in the positive X direction. Move-
ments in the positive X direction are also
positive. Friction forces and movements are
always of opposite signs. Tensile stresses in
the concrete are positive. Mid-depth tempera-
ture changes are positive if these changes
represent temperature increments of a given
time in comparison with an earlier time con-
sidered.

(9) The vertical reaction, Yk, to any section is di-
rectly proportional to the deflection, Y, with
the proportionality constant k being the
modulus of subgrade reaction.

(10) Zero deflection is at the rest position on the
subgrade level of the initial deflection.

Since the functions and the assumptions out-
lined above apply favorably to CRCP, we selected
the PSCP2 mechanistic computer program as the
analysis model.

2.3 INPUT DATA AND VARIABLES

The variables considered in this study for in-
put into the PSCP2 program are aggregate type,

friction force, slab thickness, and season of place-
ment.

2.3.1 Concrete Property Inputs

Research Report 422-2, “Design Recommenda-
tions for Steel Reinforcement of CRCP” (Ref 7),
showed that siliceous river gravel (SRG) and lime-
stone (LS) aggregates, when used exclusively, yield
concrete mixes whose material properties differ
significantly. Since these two aggregate types are
widely used in Texas, they are the principal aggre-
gates considered in this study. The concrete prop-
erty inputs, such as thermal ccefficient and com-
pressive strength, were given two values: one
value for SRG and one value for LS. Other con-
crete property inputs, such as the ultimate shrink-
age strain, the unit weight, the Poisson ratio, and
the creep coefficient, are treated as constant values
for each item.

2.3.1.1 Thermaol Coefficient

Table 2.1 shows the thermal coefficient values
(by aggregate type) used for the PSCP2 program
input (Ref 7).

Table 2.1 Inputs of thermal coefficient (Ref 7)
Coarse
Aggregate Thermal
Type Coefficient
SRG 8 x 10in./in /°F
LS 6 x 107in./in./°F

2.3.1.2 Compressive Strength

In the PSCP2 program, if the value of the 28th
day compressive strength is given, the relationship
between compressive strength and pavement age
will be derived from that value given by the pro-
gram. Table 2.2 lists, by coarse aggregate type, the
28th day compressive strength input. The input
curves of compressive strength developed by the
PSCP2 program are shown in Figure 2.2.

Table 2.2 The 28th day compressive strength

Coarse 28th Day
Aggregate  Compressive Strength
Type (psi) (Ref 7)
SRG 4,000

LS 5,000



6,000 r it

" Ls
5,000 b
4,000 b et
! ~ SRG
3,000

2,000 b

Compressive Strength [psil

1,000 |

o % i a i i
0 10 20 30

Age [days)
Figure 2.2 Compressive strength input curves
for concrete with limestone and
with siliceous river gravael
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2.3.1.3 Other Concrete Froperties

The concrete properties listed in Table 2.3 were
treated as constant values to be input into the
PSCP2 program. It should be noted that the input
value of the ultimate shrinkage strain for the
PSCP2 program was given as zero, since the pri-
mary purpose of this study was to predict the
daily and annual changes of end movement after
the first year. The basic approach was to compute
the annual movements after the slab movement
stabilizes, i.e., after total concrete shrinkage . has
occurred. The other values listed in the table were
based on the characteristics of a typical concrete
slab.

Table 2.3 Concrete property inputs (Ref 11}

Concrete Property Value
Ultimare shrinkage strain 0
Unit weight 144 pef
Poisson ratio 0.2
Creep coefficient 21

2.3.2 Coefficient of Friction-
Displacement Relationship

In Research Report 459-2F “Methods of Analyz-
ing and Factors Influencing Frictional Effects of
Subbases,” by Andrew W, Wimsat, et al (Ref 16),
- the experimental friction forces acting between
CRCP and several types of subbases are discussed.

Figure 2.3, based on Report 459-2F, illustrates the
friction-movement relationship that was used for
this study. Figure 2.3 shows that after the curve
reachés the maximum friction force, sliding occurs.
Before sliding occurs, the curve is in the elastic
range of the material beneath the slab. The se-
lected friction forces at sliding levels are 1.0, 4.6,
and 15.0 psi. The 1.0 psi is indicative of a subbase
with polyethylene sheeting, the 4.0 psi is indica-
tive of an asphaltic subbase, and the 15.0 psi rep-
resents CTB (Ref 16).

Elastic

Sliding

cT
r_

e
L.

Friction Force {psi)
S

/--—— Asphaltic Subboss

J'/—“ Subbase with Polyethylene Sheeting

o i ; : | s ]
0.0 Q.1 0.2 0.3

Movement at Sliding {in.}

Figure 2.3 Friction-sliding movement input
relationships for CIB, asphaltic
subbase, and subbase with
polyethylene sheeting

Because the PSCP2 program requires a coeffi-
cient of friction, the friction forces must be con-
verted 1o a coefficient of friction. The relationship
between friction force and coefficient of friction,
assuming that the unit weight of the concrete is
144 pcf, is the following:

_12/
H="p
where: p = coefficient of friction,
f = friction force, psi, and
D = depth of slab, inches.
The inputs for the relative friction values for

an 8- and a 12-inch pavement for the P5CP2 pro-
gram are listed in Table 2.4. They represent the
pre-sliding values,



Table 2.4 Inputs of coefficient of friction
Friction Coefficient of Friction
Force 8-in.-Thick  12-in.-Thick
(psi) Slab Slab
1.0 1.5 1.0
4.6 6.9 4.6
15.0 22,5 15.0

2.3.3 Stiffness of Slab Support

A stiffness of slab support, designated as the K-
value, of 500 pci was selected as the input value.
This is a typical composite K-value for a stabilized
subbase.

2.3.4 Steel Properties

Since the PSCP2 program was designed for pre-
stressed concrete pavement, there are inputs for
prestressed steel strands. However, because there
is no prestress in CRCP, all of the values of the
steel properties for the PSCP2 program were given
as zero. Thus, the CRCP was analyzed as a pre-
stressed concrete pavement having no prestress.
Cracks in the pavement are, in such an analysis,
consequently overlooked in the computer output.
In reality CRCP does of course experience crack-
ing, but those cracks occurring in the interior do
not affect end movement (Refs 13 and 17).

2.3.5 Environmental Inputs

The PSCP2 program analysis requires pavement
temperature data for critical periods throughout
the pavement’s service life. The pavement tem-
perature data fall into two categories: one is the
sequence of temperature for the initial period, i.e.,
the temperature of the pavement as it hardens; the
other is the temperature data for subsequent peri-
ods, i.e., the typical daily temperature for the sea-
son in which the analysis is taking place. The
former category requires that a number of tem-
perature sequences be considered during the initial
period, namely, the mid-depth temperature when
the concrete sets up (curing temperature), and- the
mid-depth and top/bottom temperature differen-
tials at each of the temperature sequence periods.
The temperature sequence period is set at 2-hour
intervals. The latter category requires twelve pairs
of mid-depth and top/bottom temperature differen-
tials (for a 24-hour cycle) for the desired data out-
put period.

All the computer program data were obtained
from field measurements that were collected during
the construction of prestressed concrete near Waco,

Texas, and from experimental test sections in Hous-
ton, Texas (Refs 18 and 19).

2.3.5.1

Temperature Data for Initial Period

For this study, a range of curing temperatures
was obtained by selecting the summer and winter
placement periods. The curing temperature forms
the basis (or base temperature) by which thermal
movements of different time periods are com-
pared. Owing to the two placement seasons, two
sets of field data input were collected in the win-
ter and in the summer for the PSCP2 program.
Table 2.5 shows the typical curing temperatures
used for winter and summer placement (Ref 19).

Table 2.5 Seasonal concrete curing

temperatures (Ref 19)

Curing
Placement Temperature
Season F)
Winter 70
Summer 87

2.3.5.2 Temperature Data for the Subsequent
Period

In this study, terminal movement predictions
were calculated for the winter, summer, and fall,
with the pavement temperature data for those sea-
sons specifically investigated. The ranges of the se-
lected temperatures for each season are shown in
Table 2.6 (Ref 18).

Table 2.6 Ranges of seasonal concrete

temperature
Mid-depth Temperature
Observation of the Concrete
Season (&3]
Winter 36 to 53
Summer 83 to 108
Fall 55 to 79

2.4 ANALYSIS FACTORIAL

The factorial for analysis for the PSCP2 mechanis-
tic computer program is shown in Figure 2.4, As de-
scribed earlier, the four variables considered form
twenty-four sets of combinations. Different slab
lengths ranging from 50 to 3,000 feet were tested,
with each combination of variables shown in the
figure. Thus, a total of 300 computations were made
with the PSCP2 mechanistic computer program.
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Figure 2.4 Analysis factorial

2.5 ANALYSIS RESULTS

The results of the analysis are divided into two
parts. The first part investigates the effect of aggre-
gate type, subbase friction force, season of place-
ment, and slab thickness on the relationship be-
tween end movement and slab length. The second
part studies the effect of end movement in relation
to slab temperature.

2.5.1 End Movement and Slab Length

The following sections present a general con-
cept for end movement and slab length. In these
discussions, different aggregate types, friction
forces, thicknesses, and placement seasons are
specifically compared.

2.5.1.1 General Concept

The slab length used in the PSCP2 program is
the total length of the slab. Only half of the slab
length, however, is contributing to the end move-
ment at one end of the pavement. Figure 2.5 illus-
trates the relationship between total slab length, L,
and total end movement, 2AX. Note that the end
movement on both ends is one-half of the total
end movement, AX, which is the result shown by
the PSCP2 program.

—

— 177 7

Total Length of Slob (L)

Figure 2.5 The relationship of total slab
length and total end movement

In the PSCP2 output for each slab length, there
are twelve end movements for each seasonal ob-
servation. Every end movement corresponds to
one: s1ib temperature that is part of the typical
daily temperature cycle (twelve temperatures) for
each season. The relationship between end move-
ment and slab temperature is illustrated in Figure
2.6. Generally, when the slab temperature is equal
to the curing temperature, the end movement is
zero, since there is no temperature change. When
the slab temperature is higher than the curing tem-
perature, e.g., during summer observations, posi-
tive movement (expansion) is produced. When the
slab temperature is lower than the curing tempera-
ture, e.g., during winter observations, the end
movement is negative (contraction). For instance,
Figure 2.6(a) indicates that, for summer placement,
the ratio of temperature change between summer

and winter
ATsw ]
ATss

is smaller than the ratio of end movement

AXsw

AXss
since the pavement slides in the winter and re-
mains in the elastic range in the summer. For win-

ter placement, Figure 2.6(b) shows that the ratio of
temperature change between summer and winter

ATww
ATws
is approximately equal to the ratio of end move-
ment
[AXWW]
AXws J»

because the sliding that occurs both in the sum-

mer and in the winter is in the elastic range.

The end movement and slab length relationship
illustrated in Figure 2.7(a) was obtained by choos-
ing the maximum expansion, AXss (see Figure
2.6(a)), and the maximum contraction, AXsw, from
different slab lengths. In Figure 2.7(a), there are
two curves in the plot, one for winter observations
and one for summer observations. ’
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Figure 2.6 Relationship between end
movement and slab temperature

These curves represent the daily end move-
ments; the summer movements are smaller as a re-
sult of slight temperature changes that allowed the
end movements to remain in the elastic range (see
Figure 2.6(a)). The difference in end movements
between these two observations (summer and win-
ter) may be designated as the seasonal move-
ment—that is, the total movement in a year. The
plot of the seasonal movement in relation to slab
length is shown in Figure 2.7(b). Note that the
curve in Figure 2.7(b) tends to become asymptotic
and that a “break point” occurs on the graph
where longer lengths do not produce greater
movement. In other words, when slab length is
less than the “break point,” the size of the end
movement is determined by the slab length. Like-
wise, when the slab length is greater than the
“break point,” the end movement is invariably
equal to the maximum end movement. The “break
point” is defined as the maximum length of slab
contributing to the end movement.
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Figure 2.7 Relationship between end
movement and slab length

Figures showing the relationship between end
movement and slab length for each combination of



variables are found in Appendix A, with Figure 2:8:
being a typical graph. In addition, Figure 2.8(b),
which illustrates the case of an 8-inch-thick SRG
aggregate slab placed in the summer. over a sub-
base with a 4.6 psi friction force, will be the basis
by which the effects of different variables are dis-
cussed in the following sections. Note that in the
figure, the seasonal movement becomes invariant
in relation to slab length at a value of 400 feet.
Thus, the maximum length of the slab contributing
to end movement is 200 feet.
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Figure 2.8 End and seasonal movements in re-
lation to slab length for 8-inch-thick
SRG aggregate slab placed in the
summer over a subbase with a 4.6
psi friction force

In Tables 2.7 and 2.8, the maximum lengths of
the slab contributing to end movements and the
maximum Seasonal movements are summarized for
each $set of variables. Note that in Tables 2.7 and
2.8 the maximum slab length of moving CRCP is
one-half of the slab length at which the maximum
seasonal movement becomes constant, which is
shown by the figures in Appendix A. The maxi-
mum slab length of moving CRCP is the actual
slab length that produces the maximum seasonal
movement at one end.

2.5.1.2 Aggregate Type

Figure 2.9 was created by graphing an LS aggre-
gate type on Figure 2.8(b). Figure 2.9 demon-
strates, by holding other variables constant, a typi-
cal comparison of effects for two aggregate types,
LS and SRG. For the same conditions, the end
movement of the SRG aggregate is always greater
than that of the LS aggregate. This is explained by
the fact that the thermal coefficient of SRG is 1.33
times greater than the thermal coefficient of the LS
aggregates (see Table 2.1),

Comparing Tables 2.7 and 2.8, we see that, be-
tween SRG and LS aggregates, there is only a mi-
nor difference in the maximum lengths of moving
CRCP. Therefore, the slab lengths that contribute to
end movement are almost the same, regardless of
aggregate type.

Also, the maximum seasonal movement of the
SRG aggregate is, on average, approximately 1.5
times the value of the LS aggregate. The value of
the ratio of the maximum seasonal movement of
SRG aggregate to the maximum seasonal move-
ment of LS aggregate times 1.5 is greater than the
value of the ratio of the thermal coefficient of SRG
aggregate to the thermal coefficient of LS aggre-
gate times 1.33. This is because more cases of full
sliding and excessive movement occur with the
SRG rather than with the LS.



Table 2.7 Summary of a study of CRCP and movement
Aggregate type: Siliceous river gravel

Maximum
Slab Length Maximum
Thickness of Moving Scasonal Rate of
Subbase Placement of Slab - CRCP Movement Movement
Type Season (in.) (ft) (in.) (in./°F)
Friction = 1.0 psi Summer B 1,000 5.81 0.0854
12 1,250 8.70 0.1264
Winter B 750 3.83 0.0577
12 1,000 5.78 0.0873
Fricion = 4.6 psi Summer ] 200 1.32 0.0184
12 300 1.92 0.0282
Winter 8 200 0.93 0.0130
12 250 1.33 0.0197
Friction = 15 psi Summer 8 100 0.46 0.0062
12 150 0.66 0.0092
Winter 8 100 0.36 0.0052

12 100 0.49 0.0070

Table 2.8 Summary of a study of CRCP end movement
Aggregate hype: Limaestone

Maximum
Slab Length Maximum
Thickness of Moving Seasonal Rate of
Subbase Placement of Slab CRCP Movemcnt  Movement
Type Season (in.) (13 (in.) (in./°F)
Friction = 1.0 psi Summer 8 800 375 0.0541
12 1,100 5.53 0.0813
Winter 8 600 2.45 0.0376
12 800 3.61 0.0549
Friction = 4.6 psi Summer 8 200 0.83 0.0122
12 250 1.25 0.0181
Winter 8 200 0.62 0.0092
12 250 0.87 0.0134
Friction = 15 psi Summer 8 100 032 0.0046
12 100 0.40 0.0061
Winter 8 100 0.27 0.0040
12 100 0.35 0.0052
ey SRG g
£ 14, 2.5.1.3 Subbase Friction Force
E 12t Figure 2.10 was created by merging the other
£ 10} 15 two friction force cases, 1.0 and 15.0 psi, with Fig-
2 o8l >— » ” ure 2.8(b). Figure 2.10 illustrates that a smaller
b3 . friction force corresponds to greater end move-
5 %%r Thickness = & in. ment. This is consistent with expectations because
c Friction Farce = 4.6 psi ’ L xp ’
g 04t Summer Placement as the friction force decreases, the pavement
g 02 N P S S T movement meets less resistance 50 that the end
v 0 200 400 600 BOO 1,000 1,200 movement increases. Thus, the friction force effect

Slab Length [f) is significant for jong CRC pavement slabs (see

Tables 2.7 and 2.8), but not for shornt ones. This is

Figuro 2.9 Typical seasonal movement in explained by the fact that, if the slab length is

relation to slab length and a short, the friction force will be in the elastic range
comparison between SRG and LS and, thus, no sliding occurs.

10



REwG v

- Friction Force = 1.0 pii
zor
T | .
g 44 Thickness = B in.
g L Summer Plocement
2 3L Aggregote: SRG
2 | ‘
g 2r Friction Force = 4.6 psi
§ ! f a—Friction Force = 15.0 psi
b 0 1 Py i i

0 1,000 2,000 3,000

Slab Length |ft)

Figure 2.10 Typical seasonal movement in
i relation to slab length, and a
comparison among three different
friction forces

Figure 2.11 (from Figure 2.10) displays the ef-
fects of friction force on the maximum seasonal
movement and on the maximum length of moving
CRCP. When the differences among the three fric-
tion forces are compared for the same condition, a
significant decrease in the end movement is found
when the subbase friction is from 1.0 psi 1o 4.6 psi.
When the subbase friction is from 4.6 psi to 15.0
psi, there is less of a decrease, as shown in Figures
2.11(a) and (b). Figure 2.11, then, indicates that the
end movement is in the elastic range when the fric-
tion force is higher than 4.6 psi and that, possibly,
the “break point” value is lower than 4.6 psi.
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Figure 2.11 {a} Maximum seasonal movement
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2.5.1.4 Plocement Season

Temperature change results in more expansion
in the winter placement case and more contraction

11

in the summer placement case. For tolal movement
in a year, however, the winter placement can re-
sult in less end movement for the slab, as shown
in Figure 2,12,

Summer Placement

Rard BT

£ s

12}

5 L

E 10k Winter Plocement

g L '--‘-.—-.——-‘——-

3 osl 4

= |}
5 0.6b Thickness = 8 in.

5 i Friction Force = 4.6 psi
204k

o L Aggregate: SRG

@

17, 0.2 i i i i L i

0 200 400 600 80O 1,000 1,200

Slab Length {ft)

Figure 2.12 Typical seasonal movement in
relation to slab length and a
comparison between summer and
winter placoment

P5CP2 indicates there is more end movement in
a slab placed in the summer than in the winter,
This end movement for summer placement is
caused by the inelastic range of the friction forces
developing beneath long pavement slabs (Ref 11),
a result of the longer overall temperature differen-
tials. These temperature differentials could in fact
be the cause of a long-term contraction. Thus,
there is more contraction than expansion in the
same temperature change. Since there is a higher
setting temperature when the pavement is placed
in the summer, the ratio of decreasing temperature
to increasing temperature in the summer place-
ment case is higher than that in the winter place-
ment case., Although the vyearly temperature
change is the same, the summer placement case
will have 1.33 times the end movement of the
winter placement case.

2.5.1.5 Slob Thickness

Figure 2.13, created by merging a 1Z-inch slab
with Figure 2.8(b), shows seasonal movements of
12-inch and 8-inch slabs. Results indicate that
more tota] movement can result from the thicker
slab than the thinner one, as depicted in Figure
2.13. The thicker slab produces a heavier weight
and more volume, resulting in increased horizontal
force and thus more movement. Moreover, the
12-inch CRCP has about 1.5 times the maximum
seasonal movement of the 8-inch CRCP. The ratio
of the maximum seasonal movement of the 12-
and 8-inch CRCP is equal to the ratio of the two
slab thicknesses, 12 and 8 inches. This contradicts



previous subbase friction studies, which have
shown that frictional resistance is a fixed value
and does not vary with slab thickness. (NOTE: Fig-
ure 2.13 is a computed graph; we would anticipate
the plots based on Wimsatt's work that suggests
the friction is constant regardless of pavement
depth. See Ref 16.)
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Figure 2.13 Typical seasonal movement in
relation to slab length and a
comparison between 8-inch and
12-inch slabs

2.5.1.6 Summary

Generally, the maximum end movement of a
CRCP is directly related to temperature change and
slab thickness, and is inversely related to subbase
friction when one considers the total annual move-
ment. Winter placement conditions and the lime-
stone aggregate will generate less end movements,
all other conditions being equal.

The conclusions derived from the set of condi-
tions considered are as follows:

» The end movements with frictions of 4.6 psi

or greater are more elastic, whereas those end

movements with frictions of less than 4.6 psi

have a much greater sliding tendency.

The end movement of the SRG aggregate is

1.5 times the value of the LS aggregate.

e A winter placement reduces the end move-
ment to approximately 0.75 times that of a
summer placement.

« An end movement change that is affected by"

the slab thickness is approximately equal to
the ratio of slab thickness.

2.5.2 End Movement in Relation to
Slab Temperature '

It has been found from previous study that a .

linear relationship exists between end movement
and slab temperature (Refs 2 and 5). The slope of
each line in Figure 2.14 represents the change in
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pavement length per degree change in tempera-
ture, that is, the rate of movement (AX/AT) for
each combination of variables (Ref 2). To compare
one combination of variables against another, the
slope of the trend line can be used as an indica-
tor. Therefore, the relationship of end movement
and slab temperature was developed, and the
slope was obtained. In addition, the slope may be
used to compare the results from theoretical mod-
els and from field measurements.
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Figure 2.14 Typical end movement in relation
to mid-depth temperature with
different slab lengths

2.5.2.1 General Concept

In studying the relationship between end
movement and slab temperature, we found that
the slope increased, along with the slab length,
under a certain combination of variables. Figure
2.14 indicates that the slope increases from
0.0050 to 0.0184, when the slab length in-
creases from 100 to 1,000 feet. This is because
the end movement increases with the slab
length. Under the same temperature conditions,
when the end movement increases, the rate of
movement increases (i.e., the slope increases).
Therefore, the rate of movement is related to
the end movement. One could expect that the



relationship between lhe slope and the slib’
length follows the same pattern as that of the
relationship between end movement and slab
length. By comparing the daily and seasonal
rates of movement in Table 2.9, however, it
was observed that the variations in the daily
rate of movement of the slab length were not
as significant as those of the seasonal rate of
movement. Thus, day-to-day movements are
normally in the elaslic range, and annual move-
ments, as the seasons change, result in pave-
ment sliding.

When the daily rates of movement listed in
Table 2.9 are compared in different observation
seasons, it is found that they are almost the same
for 100-foot slabs, since a short slab generates
less movement. The short slab movement remains
in the elastic range regardless of temperature
change. With longer slab length, the effect of the
temperature change grows significantly and slid-
ing occurs once the movement exceeds the elastic
range. As the research has indicated (see Figure
2.6), a slab placed in the summer experiences
greater temperature change, given the reference
temperature of 87°F (see Table 2.5) observed in
the winter. Thus, the rate of movement observed
in the winter is greater than the rate of move-
ment observed in the summer or the fall, espe-
cially for the 1,000-foot slab (see Table 2.9). For
winter placement, the rates of movement ob-
served in the summer and the winter are not as
great as those observed in the winter for summer
placement, owing to the 70°F reference tempera-
ture (see Table 2.5).

All of the figures describing the relationship be-
tween the slope and slab length are in Appendix
B. In Figure 2.15, typical of these plots, the graph

Table 2.9

is similar 1o those representing the relationship be-
tween end movement and slab length. When a
slab length exceeds a certain value, the slope is
unaffected by slab length; thac is, the interior of
the slab is not moving if the slab is larger than the
value in question. Figure 2.15 shows that the
maximum slope is 0.018 for an B-inch siliceous
river gravel slab with a 4.6 psi subbase placed in
the summer. The maximum slope is the maximum
rate of movement for each combination of vari-
ables.

2 003 —

- Slope = [ |}waf—mSiope is invoriable with L.
£ Maox. Rake

T 0.02p g0t Movement

E L

3 0.01F Thickness = B in. -
s Friction Force = 4.6 psi
-5 Summer Plncemént

Aggregate: SR

o 0.00 " 5 " M 1 .gg '9 N 2 :

2 o] 200 400 60 800 1,000 1,200

Slab tength (fi)

Figura 2.15 Typical curve of rate of movement
and slab length

2.5.2.2 Summary

The maximum rate of movement for each com-
bination of variables is listed in Tables 2.7 and 2.8.
Since a slab length in excess of the maximum
value would not influence the end movement, the
rate of movement remains the same when the slab
length exceeds the maximum value. This is an-
other proof that end movement and the rate of
movement share the same slab length relationship.

Comparison of daily and seasonal rates of movement for 8-in. SRG aggregate slab

placed over subbase with 4.4 psi friction force

Placement Season Summer Winter
Slab Length (ft) 100 200 1,000 100 200 1,000
Daily Rate Summer | 0.0031 0.0035 0.0035 | 0.0031 0.0036 0.0045
of Movement Fall 0.0030 0.0032 0.0039 | 0.0030 0.0032 0.0033
Gn./°F) Winter 0.0030 0.0067 0.0136 | 0.0030 0.0051 0.0060
Seasonal Rate of 0.0051 0.0136 0.0184 0.0050 0.0107 0.0130
Mgvement (in./°F)
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CHAPTER 3. ANALYSIS USING FIELD DATA

3.1 BACKGROUND

While the mechanistic computer program alone
can make predictions of pavement terminal move-
ment, such predictions are not totally error free.
There remain those miscalculations—usually the
result of faulty assumptions—made during the
computer simulation process. The reliability of
the results should therefore be verified with field
data before using the computer results in design
decisions. It is in fact through such an investiga-
tion of the field data that we gain a better under-
standing of the difference between the results ob-
tained from the mechanistic model and those
obtained from experiments. A correction that is
predicated on such a difference can then be used
to calibrate the computer model. In this way, we
can account for the effects of terminal movements
under various conditions in the design procedure.

A comparison of the field data with the results
obtained from the mechanistic model requires
measurements of free end pavement movements.
In addition to longitudinal end movement, the
transverse movement may also be measured.

Accordingly, the purpose of this chapter is to
supplement Research Report 39-2 (Ref 2) field data
on CRCP longitudinal end movement with more
recent data. In this chapter, the field measurement
is first presented; then, the data collected are de-
scribed and analyzed.

3.2 FIELD INSTRUMENTATION AND DATA
COLLECTION

In this section, the following will be discussed:

» the measurement section;

the selection of the measurement locations;
+ the measurement instrument; and

the selection of the measurement time.

3.2.1 Description of Measurement
Section

The continuously reinforced concrete pavement
selected for measurement in Houston is on the
main lanes of SH 225, just north of IH-610 (South
Loop) at the point where the construction ends
and the lanes “stub out” for future construction.
The main lanes in one direction consist of a 10-
foot median, four 12-foot main lanes, and a 12-
foot shoulder. The four main lanes are numbered
from median to shoulder. Figure 3.1 illustrates the
plan view of the measurement section. There are
longitudinal construction joints between the me-
dian and Lane 1, between Lane 2 and Lane 3, and
between Lane 4 and the shoulder. The two sawed
groove longitudinal joints in the section are be-
tween Lanes 1 and 2 and between Lanes 3 and 4.
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= = = : Sawed Groove Longiludinal Joint

e - Longiitudinal Construction Joint

Plan view of the measurement
saction

Figure 3.1
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According to the project plans, the pavemén

was placed in October 1974. It consists of 8 inches
of continuously reinforced concrete pavement over
6 inches of asphaltic subbase; the measuréd slab is
1,000 feet. The aggregate material used in the pav-
ing concrete was siliceous river gravel. There are
no terminal anchorages at the end of the slab, and
" there was no traffic on the measurement section.
“Hence, the slab—at one end and at each edge—
‘can be considered a free end pavement.

3.2.2 Selection of Measurement
. Locations

The easiest way to observe pavement movement
is to measure the relative distance of two fixed
points periodically, with the change in the mea-
sured distances indicating the amount of movement.
“If the distance decreases, expansion occurs; if the
distance increases, contraction occurs. To form a

Figure 3.2 Fixed point set-up

fixed point, a Demac point was epoxied on the
pavement as depicted in Figure 3.2. It is obvious
from Figure 3.3(a) that when a measurement is
performed at a joint, two Demac points can be di-
rectly epoxied across that joint. When the mea-
surement is performed at the pavement edge,
however, only one Demac point can be epoxied.
In such cases, a fixed reference point is needed.
As shown in Figure 3.3(b), this reference point
was made by drilling a 4-inch-diameter core and
inserting a l-inch-diameter, 3-foot-long rebar into a
layer of soil. o

Figure 3.3(a) illustrates a plan view of the mea-
surement locations. A measurement ldcation is
formed by a set of two fixed points. Locations A
through E, selected for the measurement of trans-
verse movement, were placed about 76.5 feet from
the end of the pavement. Locations A, B, and D
were chosen for measuring movement change in a
construction joint where the movement is restricted
by tie bars, as shown in Figure 3.3(d). To compare
the movement at two different joint types, we

measured the movement change at the Location C

sawed groove joint shown in Figure 3.3(c). The
Location C movement is restricted not only by the
steel rebar, but also by the degree of cracking.
The transverse end movement was measured at
Location E at the pavement edge. Since Lane 1
and Lane 3 were 1,000-foot rectangular slabs, we
selected them for end movement measurement.
The measurement locations at the end of Lanes 1
and 3 were designated F and G, respectively. Data
from E, F, and G can be compared with the com-
puted values in Chapter 2 for matching conditions.

3.2.3 Description of the Instrument

We used a multi-position strain gauge and a
standard bar to measure pavement movement. The
multi-position strain gauge is operated by inserting

"the points of the gauge into the holes in the cen-

ter of the Demac points, with the reading then re-
corded. Figure 3.4 shows the movement measure-
ment derived from the gauge. _

The multi-position gauge (whose accuracy is
0.001 inch) was often adversely affected by envi-
ronmental factors. To correct for any errors result-
ing from these factors, we used the standard bar.

"Figure 3.5 shows the dial gauge and the standard

bar at the location of two Demac points across a
joint, while Figure 3.6 shows the measurement be-
tween a Demac point and a fixed reference point,
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Figure 3.4 Movement measurement using dial gauge

Figure 3.5 The placement of Demac points across a joint and the dial
gauge used in the measurement
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Figure 3.6 The measurement between a

Thermocouples were positioned 1 inch from the
surface, at mid-depth, and 1 inch from the bottom
of a block of 10-inch-thick concrete. The concrete
block was embedded into the soil to simulate the
concrete slab at the measurement section (Refs 9
and 10). A thermometer was used to measure the
concrete temperatures at three depths within the
concrete block, as shown-in Figure 3.7. The air

temperatures were also obtained from the ther-

mometer, Temperature and multi-position strain
gauge readings were recorded simultaneously.

i

Demac pbint and a fixed reference point

3.2.4 Selection of Measurement Time

In a daily temperature cycle, the lowest tem-
perature generally occurs at sunrise, and the high-
est temperature occurs approximately 2 hours after
noon. Figure 3.8 demonstrates the daily tempera-
ture cycle for the project. Data were collected at
1-hour intervals from 6:00 a.m. to 6:00 p.m.,
so that the highest and lowest temperatures—
corresponding o maximum expansion and
contraction—could be included.

Figure 3.7
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Figure 3.8 Air temperature in relation to time
on daily basis

3.3 DATA PRESENTATION

Appendix C presents gauge plug measurements,
air temperatures, and concrete temperatures. Note
that, while air and concrete temperatures were
measured, only concrete temperatures were used
for analysis. Since the material in the dial gauge
was temperature sensitive, the dial gauge reading
varied with the temperature when two equal dis-
tances were measured. To maintain accuracy, the
dial gauge readings of a pair of gauge plugs were
compared under the same circumstances with the
dial gauge reading of a 10-inch-long standard bar
unaffected by temperature. All data for the gauge
plug readings shown in Appendix C were cor-
rected.

3.4 DATA ANALYSIS

This section discusses the statistics used for a
linear regression analysis of the field data col-
lected on SH 225 in Houston. The purpose of the
linear regression analysis is to identify the rela-
tionship between the gauge plug reading and
temperature, i.e., the relationship between the
horizontal movement of pavement and tempera-
ture.

3.4.1 Statistical An alysis

To establish the relationship between the gauge
plug.readings and slab temperature, we plotted the
gauge ‘plug’readings in relation to the slab tem-
peratures. (The plots from all the measurement lo-
cations are contained in Appendix D.) Figure 3.9
shows a typical plot of the gauge plug readings in
relation to the slab temperatures. It can be seen
from the plot that a linear relationship exists be-
tween the gauge plug reading and the slab tem-
perature. In this way, we obtained the linear re-
gression equations presented in Table 3.1.

Locakion E

0.184 -0.00228T

y=1
= 0.862

RA2

{ . 1 . ! .

70 80 @0
Slab Temperature [°F)

H
60 100

Figure 3.9 Gauge plug reading and slab
temperature

In Table 3.1, the linear equations are expressed
as follows:

Y = a-bT

where: Y = gauge plug reading, inches,
T = slab temperature, °F, «
a = Y-intercept, and AY
b = the slope of the line, AT.

Note that the slope of regression line b can also
explain the change in the length of the pavement
(i.e., the rate of movement) per degree change in
slab temperature. Thus, the b term forms an indi-
cator that compares pavement movement among
all the measurement locations.

Table 3.1 Linear regression equations and R2 values
Measurement R
Location . Type of Joint Regression Equation  Value

A Construction joint Y = 10.151 - 0.00193T 0.923

B Construction joint Y = 10.246 - 0.00279T 0.979

C Sawed joint Y = 10.036 - 0.00038T  0.667

D Construction joint Y = 10.052 - 0.00045T 0.670

E Free edge Y = 10.184 - 0.00228T 0.862

F Free end Y = 10.693 - 0.00970T 0.869

G Free end Y = 10.797 - 0.01121T 0.873
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Table 3.1 also shows the RZ values obtained
from regression analyses. The value of R? indi-
cates how well the regression line fits the data,
with a value of 1.0 being a perfect fit. Because
most of the values are greater than 0.85, the re-
gression line fits the data very well. Even when
the R? values drop to around 0.65 (at Location C
and Location D), the regression line still gives a
reasonable fit to the data.

3.4.2 Transverse Movement

Figure 3.10 illustrates the transverse movements
at different locations. By comparing the slopes of
the transverse movements, it can be seen that the
rates of movement at Location C and at Location D
are much less than those at other locations. Figure
3.11 shows that Locations A, B, and E are at the
construction joints and the pavement edge. Note in
Figure 3.3, which is based on the project's plans,
that Location A and Location B have dowels and
that Location E is at a free edge, whereas Location
C and Location D have tie bars that restrict their
movement. Thus, there is more movement at Loca-
tions A, B, and E. Although Location D is also a
construction joint, it can be considered as a sawed
groove joint such as Location C since there is a tie
bar which is well-bonded to the concrete. Hence,
the behaviors characterizing Location C and Loca-
tion D are similar,

aA
B
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Transverse Movement
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Figure 3.10 Gauge plug reading in relation to
slab temperature at Locations A
through E

The daily movements for each location are pre-
sented in Figure 3.11. Because the measurements
are taken during the daily cycle, the difference be-
tween the extreme contraction and the extreme
expansion can represent daily movement. The val-
ues indicate how far the pavement joints move
during one day.
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Location (in.) (in. °F)
A 0.0312 -0.00193

B 0.0405 -0.00279

C 0.0089 -0.00038

D 0.0101 -0.00045

E 0.0347 -0.00228

Figure 3.11 Summary of daily movement and
rate of movement for fransverse
direction

Figure 3.12 shows the relationship between rate
of movement and slab length contributing to move-
ment. The selected points, Locations A, B, and E,
are either at a free end or at a joint whose behav-
ior is like a free end. Hence, three free end move-
ments are compared. The result indicates that the
rate of movement increases as more slab length
contributes to movement. The result is consistent
with a longitudinal-direction relationship. It should
be noted that the slab length contributing to end
movement means that half of the slab length is af-
fecting the movement. Although the movement is in
a transverse direction, it can be considered, since
there are three slabs in the same direction, i.e., a
slab from Location E to Location B, a slab from Lo-
cation B to Location A, and a slab from Location A
to the wall (see Figure 3.3), with Location A and
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Location B being joints. Therefore, at Location’ E

only half of the first slab contributes to the move-
ment, since it is at the edge of the slab. (And since
Location E is at a free edge, its movement is greater
that than at Location A, as shown in Figure 3.12)
At Location A and Location B, there are two slabs
affecting movement, so that the slab length contrib-
uting to end movement at these two locations is
half the total length of the two slabs.

% 0.006 Transverse Movement

E 0.004
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Figure 3.12 Rate of movement and slab length
contributing to movement in
fransverse direction

3.4.3 End Movement

Figure 3.13 shows the longitudinal end move-
ment at Location F and at Location G. Because the
difference between the slopes of the two measure-
ment locations is so small, the end movements can
be considered essentially equal. Figure 3.14, a list-
ing of the daily movement and rate of movement,
shows that the average daily movement of a 1,000-
foot CRCP is as much as 0.15 inch. One could ex-
pect that there is much more movement over a
year. The average rate of movement on a daily ba-
sis is about 0.01 in./°F.

End Movement

o

N . G

o 97 el 2
3 60 70 80 20 100
o Slab Temperature [°F)

Figure 3.13 Gauge plug reading in relation to
slab temperature at Location F and
Location G
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Figure 3.14 Summary of daily movement and
rate of movement for longitudinal
direction

3.4.4 Summary

The previous analysis has shown that the hori-
zontal movement is not significant in the sawed
groove joint, owing to the fact that the steel across
the joint is well bonded. This observation can be
verified by the lack of significant movement at Lo-
cation D, which is a construction joint. Thus, well-
bonded steel resists movement.

End movement measurements have shown that
free end movement is significant. The next chap-
ter compares these end movement measurements
with the results obtained from the mechanistic
model.



CHAPTER 4. COMPARISON OF MECHANISTIC RESULTS
WITH FIELD DATA

4.1 BACKGROUND

In Chapter 2, the end movements of CRCP were
predicted using the PSCP2 program. In verifying
the reliability of those computer predictions, this
chapter compares predicted movements with actual
movements. In addition, it presents the calibrated
result of subbase friction.

As described in Chapter 3, we obtained actual
CRCP movements through a field measurement ex-
ercise that involved only one CRCP subbase type.
Because comparing the computer predictions with
a large database requires measurements obtained
from different subbase types, we made use of the
findings of Research Project 39, “Evaluation of Ter-
minal Anchorage Installations on Rigid Pavements,”
conducted by the Highway Design Division at the
Texas Department of Transportation (Refs 1
through 4). In that project, long-term end move-
ment measurements of CRCP constructed on differ-
ent subbase types were taken across Texas. The
results from Research Project 39 will thus be com-
pared with predicted end movements.

4.2 DESCRIPTION OF COMPARED DATA

The end movement data obtained for different
temperamre changes were from different field data
sources; consequently, the end movements were
not comparable. In order to gain some benefit from
these data, we used a single temperature change as
a standard: the rate of movement—that is, the end
movement per Fahrenheit degree (in./°F)—was se-
lected as the standard by which to compare these
data. Thus, all the data displayed in this section are
rates of movement. This section will present and
discuss the data used for comparison.
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4.2.1 Field Data

The two sources of field data are SH 225 in
Houston and Research Project 39. Because most of
the CRCP’s tested in Texas 20 to 30 years ago are
8 inches thick, we used only that thickness of
CRCP in the comparison. Additionally, siliceous
river gravel (SRG) is the only aggregate present in
these measured pavements. The primary difference
between these data sources is subbase type (.e.,
friction force between the subbase and the CRCP).
The following sections present the field data.

4.2.1.1 SH 225 in Houston

All of the measurements conducted at SH 225 in
Houston were described in Chapter 3. Locations E,
F, and G (at the free edge or a free end) were se-
lected for comparison with the predictions from
the PSCP2 mechanistic model. Table 4.1 shows the
three locations’ relative pavement information and
their rates of movement.

4.2.1.2 Research Project 39

Research Report 39-4 (Ref 4) contains the rates
of CRCP end movement for three subbase types.
Friction forces of 15 psi and 4.6 psi were pro-
grammed into the computer for cement-stabilized
and asphalt-stabilized bases, respectively. Since the
effect of terminal lugs cannot be evaluated by the
PSCP2 program, only the data for CRCP’s with
zero terminal lugs were selected.

Project 39 data are shown in Table 4.1. It
should be noted that because the data did not
indicate the placement seasons for the CRCP in
the project, the average rates of movement for



Field data and rates of movement for continuously reinforced concrete pavement

o Slab Rate of
Data Subbase Placement Length Movement
Source Type Season (f) {(in./°F)
SH 225 Asphaltic
Location E Fall 40 0.0023
SH 225 Asphaltic
Location F Fall 1,000 0.0097
SH 225 Asphaltic
Location G Fall 1,000 0.0112
Asphalt
Project 39 Stabilized Winter 400 0.0056
Cement
Project 39 Stabilized Fall* >500 0.0068
Project 556 Polyethylene Fall* 240 0.011
Project 556 Polyethylene Fall® 440 0.023

*The average rate of movement can be considered as that movement

measured in the fall or spring.

each subbase type were chosen, If the quantity of
the data is large enough, the average rate of
movement can be generally considered as that rate
of movement obtained from CRCP's placed in the
fall or the spring (because fall and spring move-
ment measurements fall midway between those ex-
treme measurements recorded for summer and

data having the same conditions. These data are
shown in Table 4.2. For the three fall placement
cases, the average rates of movement for winter
and summer placements were used. All of the
rates of movement shown in the table are from the
8-inch slabs.

winter). Therefore, the fall placement was chosen Table 4.2 Predicted rates of movement for

for the cement-stabilized subbase different types of continuously

case, which is shown in Table 4.1. For the reinforced concrete pavement

asphalt-stabilized subbase case shown in the table,

however, only three rates of movement from the

400-foot slabs are available (all of them CRCP Type

very low). For the purpose of comparison, the av- Subbase

erage value for the asphalt-stabilized subbase case Friction Slab Rate of

is the same as the average value for the CRCP Force Placement  Length Movement

placed in the winter. {ps)) Season (f) {in./°F)
Since there are no field data of the polyethylene 4.6 F""”: 40 0.0021

sheeting subbase from Project 39, the field data of :g I:;jl:“er l,g gg};g

the polyethylene case from Project 556 were se- 15'.0 Fall® >500 010057

lected and listed in Table 4.1. 1.0 Fall* 400 0.0120

1.0 Fall* 400 0.0200

4.2.2 Predicted Data

In order to match and to compare the condi-
tions of the selected field dara, we chose predicted
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*The rate of movement for fall placement is the
average rate of movement for winter and
summer placement derived from the PSCP2
program.



4.3 RESULTS OF COMPARISON

The predicted rates of movement can be plotted
in relation to field replicates that have equal pa-
rameters {e.g., subbase type, slab thickness, and
placement season). Ideally, if there were no differ-
ence between the predicted rate of movement and
the field data, the points would describe a 45-

degree line. Figure 4.1 shows a plot of this type.
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Predicted rates in relation to actual

Figure 4.1
rates of movement

As shown in Figure 4.1, the computer program
predicis the cement-stabilized subbase, polyethyl-
ene, and Location E cases very well, since the
two poinits are on or near the 45-degree line, The
other Iwo cases, especially the case of the
asphalt-stabilized subbase, are below the line
of equality. This means that the predicted value is
higher than the field value in the two cases. In
other words, the field friction forces in the two
cases are greater than those input into the pre-
dicted model. In order to correct the friction error,
we performed the fricion calibration described in
the next section.

4,4 CALIBRATION

All the values of subbase friction used in the
computer input were based on Research Report
459-2F (Ref 16). Every value represents a specific
subbase type. Although the experimental values of
subbase friction have been measured for years, it
is still difficult to determine the values of subbase
friction in the field because of the difference be-
tween subbase conditions in the laboratory and
subbase conditions in the field. This difference
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between laboratory and field conditions is the
cause of the discrepancy between predicted and
measured values of end movement when a test
value of subbase friction is inpul into the theoreti-
cal model. In order to correct this discrepancy, a
calibration of subbase friction is performed.

The best way to pinpoint the friction force in
the field is to create a relationship between rate of
movement and friction force, followed by curve in-
terpolation. Figures 4.2 and 4.3 illustrate the rela-
tionships between rate of movement and friction
force for the asphaltic subbase of 5H 225 and the
asphali-stabilized subbase used in Project 39. After
interpolation, we obtained the calibrated values of
field friciion forces.
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Figure 4.3 Relationship between rate of
movement and friction force for
CRCP on asphalt-stabilized
subbase for Project 39



These calibrated values are listed in Table 4:33;

Note that the value, 0.0105, used in Figure 4.2 for
interpolation is the average rate of movement of
Location F and Location G. o :

Table 4.3  Calibrated friction forces
Pavement Type Friction
Length Subbase Force
(ft) Type (psi)
1,000 Asphaltic 7.0

400 Asphalt stabilized 133

Although the two subbase malterials are asphalt,
the friction forces listed in Table 4.3 are quite dif-
ferent (7.0 psi and 13.3 psi). This difference may
be explained by the 20-vear interval separating
their construction—an interval long enough to al-
low the adverse effects of aging and aggregate
polishing to develop. Since the CRCP was built

about 30 years ago, it is difficult to identify, spe-
cifically, the differences between the two asphalt
subbases. Yet, it is obvious that they are different.

4.5 SUMMARY

Through comparison and calibration, we have
verified the results obtained from the PSCP2 com-
puter program. As long as the actual friction force
in the field is known, the PSCP2 computer pro-
gram can predict accurately the end movement.
Since a computer-predicted end movement is
greater than an actual end movement, it is prob-
ably true that the friction forces derived from ex-
periments in Research Report 459-2F (Ref 18) are
less than the actual friction forces in the field.
While actwal end movement should be further in-
vestigated, the friction force values reported here
are reliable. Accordingly, a longitudinal joint de-
vice can be designed to accommodate projected
end movements. '

25



CHAPTER 5.

5.1 INTRODUCTION

Chapter 4 demonstrated that the predictions of
the PSCP2 computer program compared favorably
with the field data. Thus, the PSCP2 mechanistic
model can be used to predict free end movement
of CRCP’s and, because of this capability, to de-
sign a superior road surface. The pavement de-
signer may now compute the terminal movement
of a slab to design joint dimensions and sealant
types that fit specific site conditions. If the move-
ments are too great, the designer may consider re-
stricting the movement using terminal anchorages
or other devices. For the convenience of pavement
designers who have the responsibility of estimating
terminal movement in CRCP, a design equation
and design charts based on the analyzed results of
the PSCP2 program may be developed.

The factors affecting the movement of pavement
terminals, based on the data analysis in Chapter 2,
are pavement length, temperature change, pave-
ment thickness, aggregate type, season of place-
ment, and subbase friction. The charts in Appendix
A and Appendix B provide terminal movement es-
timations of different pavement lengths and with
different combinations of factors. However, the
CRCP is long enough to generate a constant end
movement. In this chapter, the design chart and
design equation will focus on CRCP—irrespective
of pavement length.

This chapter, then, describes the implementation
of the PSCP2 mechanistic model. The design equa-
tion and design charts, developed to estimate the
terminal movement in CRCP, will contain the pa-
rameters already mentioned (with the exception of
pavement length).

5.2 DEVELOPMENT OF DESIGN EQUATION

In Chapter 2, we demonstrated that a linear re-
lationship exists between end movement and slab
temperature, such that the rate of movement, AX/
AT (in./°F), is a constant; that is, the temperature
change is directly propostional to the total end
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IMPLEMENTATION

movement. The proportionality can be stated as
follows:
AX e AT G.D

AX = total end movement, inches, and
AT = temperature change, °F.

where:

By comparing the total end movement of 8-
and 12-inch CRCP’s in Chapter 2, we further dem-
onstrated that the thickness of CRCP is also
directly proportional to the total end movement.
Accordingly, the proportionality is stated as fol-
lows:

AX = D

where: D = thickness of CRCP, inches.

For the convenience of calculation, the propor-
tionality can be normalized to a standard thick-
ness, since a linear correlation of movement and
thickness has been demonstrated in Chapter 2.
This normalization may be accomplished by divid-
ing with a standard thickness; for example, if 8
inches is used, the equation is as follows:

AX =2
8

5.2
In Chapter 2, it was shown that as the thermal
coefficient increases from 6 x 104 in./°F (LS aggre-
gate) to 8 x 10-6 in./°F (SRG aggregate), the total
end movement increases to 1.5 times. The relation-
ship between total end movement and thermal co-
efficient can be expressed by the following:

AX o< (OLC)I’5

where: 0. = thermal coefficient, in./°F.

For the convenience of calculation, the propor-
tionality can be normalized by dividing with a
constant, 6 x 106, for example, ‘
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If we consider three parameters—temperature

change, thickness of CRCP, and thermal coeffi-

cient—at the same time, the following proportion-
ality can be obtained:

AX =2
8

15
[—-L ] AT

6x 1070
15
] AT

=
8

A = constant of proportionality.

o
AX o< —_
6x107°

where:

However, the constant A consists of two param-
eters: one for season of placement and one for
subbase type. Therefore, we can convert A as fol-
lows:

VA=3-k

a = parameter of placement season,
and

k = parameter of subbase type.

where:

Thus, based on the results obrained in Chapter
2, we can show that the design equation is as fol-

lows:
1.5
T[ ] k

Placement season parameters for summer and
winter are listed in Table 5.1. Since the CRCP
placed in the summer produces 1.33 times the
total end movement of the CRCP placed in the win-
ter, the value of the placement season parameter, a,
for winter placement is 1.0, and the value for sum-
mer is 1.33. In addition, the total end movement
also varies with subbase type. The values of sub-
base type parameters are listed in Table 5.2.

AX=32A
8

o

——c (5.4)
6x107¢

Table 5.1 Parameters of placement season
Season of
Placement Summer Winter

a 1.33 1.0

5.3
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Table 5.2 Parameters of subbase type
Type of
Siibbase  Polyethylene ACB CTB
k 0.0370 0.0086  0.0031

To verify the end movement computed by the
design equation (5.4), we plotted in Figure 5.1 the
relationship between the end movements of CRCP
derived from Equation 5.4 and the end movements
obtained from the PSCP2 program. This figure in-
dicates that the design equation (5.4) can estimate
the end movement of CRCP as accurately as the
PSCP2 computer program. Thus, the design equa-
tion (5.4) can be used to estimate the end move-
ment of CRCP.
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Predicted End Movement of CRCP
from Eq 5.4

Predicted eand movements of CRCP
from PSCP2 in relation to predicted
end movements of CRCP from Eq
5.4

Figure 5.1

Note that since this study focuses on CRCP con-
structed in Texas, the values input into each item
in the design equation (5.4) must be in the range
of what was discussed in Chapter 2.

5.3 IMPLEMENTATION OF THE
MECHANISTIC PSCP2 MODEL

It is the designer’s job to accommodate the ter-
minal movement of a CRCP for a specific project.
The first phase in the process is a more global
evaluadon of the problem. Next, a specific project
evaluation should be made for quantifying the ex-
act magnitude of the problem.



5.3.1 Overview Evaluation Procedure

Since the complexity of the design equation
renders it impractical, design charts (Figures 5.2(a)
and (b)) were drawn up to estimate the total end
movement. Figure 5.2(a) is for SRG aggregate type
and Figure 5.2(b) for LS aggregate type. There are
two scales of total end movement for each type of
aggregate: the one on the left is for 8-inch CRCP
and the one on the right is for 12-inch CRCP. In
each chart, there are three subbase types: polyeth-
ylene, ACB, and CTB. For each subbase type,
there are two placement seasons: the solid line is
for summer placement and the dashed line is for
winter placement.

Aggregate Type: SRG

.g_b 10— Summer Placement 15 _E_b
;E) 6 g | ==== Winter Plocement S 12 —S 6
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3 < "] ] 3=
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s " P " J o

< - ° £
b~ "V pey=y- 1 ACB —_
Do e leled CTR 1 O =
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Temperature Change [°F)
{a) Total end movement design chart for SRG aggregate

Aggregate Type: Limestone

_5_6 | s Summer Placement ° £ 6
T & b e = Winter Placement P = 6
sU ¢ _A” Polyethylene] o
E% 4 6 ES
o O L / " O =
8 . z s
=L ] ,f’ { ==
1 r ’ L
E CE 'A L e E g
e =], 35
= 0O 20 40 60 80 100 120 +—

Temperature Change [°F)

{b) Total end movement design chart for limestone
aggregate

Figure 5.2 Total end movement design charts
for CRCP

Note that the terminal movements are depen-
dent on the magnitude of the variables at a spe-
cific location, making the design unique. Thus, the
designer should recognize that a specific sealant
and particular dimensions performing satisfactorily
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at one location may perform unsatisfactorily at an-
other location.

In using the design charts to obtain the total
end movement for the designed CRCP, pavement
designers should input the seasonal temperature
change, the aggregate type, slab thickness, and
subbase type for the CRCP. For most installations,
the total annual movement will be less than 2
inches (thus allowing the design of a satisfactory
joint that does not require terminal anchorages).
The charts may also be used for estimating trans-
verse and longitudinal free movements; they can
even be used for other concrete pavement types.

5.3.2 Project Evaluation Procedure

This implementation phase seeks to quantify the
problem so that the designer may provide a design
detail for the plans. The steps are as follows:

(1) Once a specific subbase type has been se-
lected, eight to ten cores are taken from a
similar in-situ subbase from 4-inch-diameter
samples prepared. For the latter case, the
samples should be cored 28 plus days.
Perform splitting tensile tests on each sample
and obtain 2 mean value.

Estimate the mean friction force (K) using the
best available equation—i.e., that developed
by Wimsatt et al (Ref 16):

)
3

K = 0.0431 x 10€0.0203St)
where: K = mean friction force, psi, and
St = tensile strength of the specimen, psi.

(4) Estimate the annual temperature variation and
concrete thermal coefficient for the pavement
thickness to be used. Also select the place-
ment season.

Estimate the joint movement (AX) using Equa-
tion 5.4.

Select a joint system using the estimated an-
nual joint movement as follows:

G
©

(a) If the annual movement is 2 inches or
less, a conventional terminal expansion
joint should be developed.

If the annual movement is greater than 2
inches, the designer should consider
whether the system ought to be re-
strained by terminal anchorages or by
other techniques.

(b)



CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

The general objective of this study was accom-
plished by developing a procedure that permits
the designer to estimate the annual terminal move-
ment as described in Section 5.3. The following
specific conclusions were drawn from the analyses
and from the results of this study; they are pre-
sented in terms of the computer program, field
data, and the computational analysis.

PSCP2 computer program:

1. The relationship among factors affecting ter-

minal movement is complex, and the size of
the terminal movement depends on whether
sliding occurs. Interpreting the field data to
determine whether sliding occurs is difficult.
The PSCP2 computer program, given proper
concrete pavement and subbase data input,
can predict free end movement in CRCP.
This study shows that the maximum length of
CRCP moving is 1,250 feet. The movements
measured in the field do not exceed the value
of the maximum end movement obtained for
each case in this study.

Field data:

1. Movement in the transverse and in the longi-
tudinal directions of CRCP shows similar
trends, with transverse movement values be-
ing the lesser of the two.

In the field, the friction force between CRCP
and the subbase is greater than that obtained
from the laboratory test.

Computational analysis:

1. Terminal movement is directly related to slab
length until the greatest slab length is ex-
ceeded. When the greatest slab length is ex-
ceeded, the movement is invariant. The value

of the greatest slab length varies with envi-
‘ronmental conditions.
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CRC limestone aggregate pavement has ap-
proximately two-thirds the end movement of
CRC siliceous river gravel aggregate pave-
ment.

Thicker CRCP produces more
movement.

For typical Texas temperature conditions,
CRCP winter placement generates approxi-
mately 25 percent less end movement than
summer placement.

Friction force is a significant factor affecting
the end movement of CRCP.

linear end

6.2 RECOMMENDATIONS FOR PREDICTING
END MOVEMENT

The following steps are recommended when us-
ing the PSCP2 computer program to predict the
free end movement of CRCP.

For correct estimations, the reader should refer
to either Figure 5.1 for CRCP or the charts in Ap-
pendix A and Appendix B.

Figure 5.1 is illustrative of CRCP. The total
seasonal temperature change is needed for
any computations derived from Figure 5.1.
The slab length listed in the charts in Appen-
dix A and Appendix B is the total length of
the slab, which is to be used for predicting
end movement.

The estimations listed in the charts are the
movements that occur at one end of the slabs.

1.

For unusual conditions and for more exact esti-
mation, the PSCP2 program should be applied
with the following in mind:

1. A proper number of elements should be
used, especially when the slab is long, The
recommended element length is not more
than 15 feet—i.e., 100 elements for a 1,500-
foot slab.

When a subbase with a higher coefficient of
friction is analyzed, more elements should
be selected.



If the PSCP2 computer program is used to

. predict the free end movement, then the in-.

put item of the ultimate shrinkage strain of
the concrete should be zero.

If the PSCP2 computer program is used (o
predict the joint opening, the proper value of
the ultimate shrinkage strain of the concrete
should be input.

6.3 RECOMMENDATIONS FOR FUTURE

STUDY

Areas for future study include the following:

Mare study of the friction resistance between
CRCP and the subbase should be conducted
in the field, since friction resistance is an
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important factor affecting the terminal move-
ment of CRCP.

More measurements need to be taken of
CRCP's constructed over different subbases.
These measurements should also include
CRCP’'s of different thicknesses, placement
seasons, and aggregate types to obtain more
field data on terminal movement.

The effects of rtraffic (wheel load stress)
should be incorporated in future studies.

A long-term study of terminal movement pro-
visions should be conducted to evaluate the
effect of each method.

More end movement data should be collected
from CRC pavements with terminal anchorage
systems to assess the influence of the anchor-
age system on end movement.



REFERENCES

McCullough, B. Frank, “A Field Survey and
Exploratory Excavation of Terminal An-
chorage Failures on Jointed Concrete Pave-
ment,” Research Repornt 39-1, Texas High-
way Department, March 1965.

McCullough, B. Frank, and T. F. Sewell, “Pa-
rameters Influencing Terminal Movement
on Continuously Reinforced Concrete Pave-
ment,” Research Report 39-2, Texas High-
way Department, August 1964,

McCullough, B. Frank, and Fred Herber, “A
Report on Continuity between Continu-
ously Reinforced Concrete Pavement and a
Continuous Slab Bridge,” Research Report
39-3, Texas Highway Department, August
1966.

McCullough, B, Frank, “An Evaluation of Ter-
minal Anchorage Installations ' on Rigid
Pavements,” Research Report 39-4, Texas
Highway Department, September 1966.

“Design of Terminals for Rigid Pavements to
Control End Movements: State of the Art,”
Rigid Pavement Design Committee, TRB,
1977.

“A Design Procedure for Continuously Rein-
forced Concrete Pavements for Highway,”
ACI Committee 325, Subcommittee VII, ACI
Journal, June 1972. :

Aslam, Mohammad F., C. L. Saraf, Ramon L.
Carrasquillo, and B. Frank McCullough,
“Design Recommendations for Steel Rein-
forcement of CRCP,” Research Report 422-
2, Center for Transportation Research, The
University of Texas at Austin, November
1987.

“Design of Continuously Reinforced Concrete
for Highways,” ARBP, Highway and Trans-
portation Committee, 1981,

9.

10.

11.

12.

13.

14.

15

31

Suh, Young-Chan, “Correlation between K-
and J-Types of Thermocouples,” Tech
Memo 1244-9, Center for Transportation
Research, The University of Texas at Aus-
tin, February 1990.

Weissmann, Angela Jannini, and Kenneth
Hankins, “A Statewide Diagnostic Survey
on Continuously Reinforced Concrete Pave-
ments in Texas,” Research Report 472-5,
Center for Transportation Research, The
University of Texas at Austin, August 1989.

Diaz, Alberto Mendoza, Ned H. Bums, and
B. Frank McCullough, “Behavior of Long
Prestressed Pavement Slabs and Design
Methodology,” Research Report 401-3,
Center for Transportation Research, The
University of Texas at Austin, September
‘1986.

Tena-Colunga, José Antonio, B. Frank
McCullough, and Ned H. Burns, “Analysis
of Curling Movements and Calibration of
PCP Program,” Research Report 556-3, Cen-
ter for Transportation Research, The Uni-
versity of Texas at Austin, August 1989.

Yoder, E. ]J., and M. W. Witczak, Principles of
Pavement Design, Second Edition, John
Wiley and Sons, Inc., New York, 1975.

Rivero-Vallejo, Felipe, and B. Frank
McCullough, “Drying Shrinkage and Tem-
perature Drop Stresses in Jointed Rein-
forced Concrete Pavement,” Research Re-
port 177-1, Center for Transportation
Research, The University of Texas at Aus-
tin, August 1975,

. Wu, Wan-Yi, “Prediction of End Movement in

CRCP Using Computer Program JRCP5/”
Tech Memo 1244-53, Center for Transporta-
tion Research, The University of Texas at
Austin, December 1990.



'16. Wimsatt, Andrew W., B. Frank McCullough,

and Ned H. Burns, “Methods of Analyzing
and Factors Influencing Frictional Effects of
Subbases,” Research Report 459-2F, Center
for Transportation Research, The University
of Texas at Austin, November 1987

17. Chiang, Chypin, B. Frank McCullough, and

W. R. Hudson, “A Sensitivity Analysis of
Continuously Reinforced Concrete Pave-
ment Model CRCP-1 for Highways," Re-
search Report 177-2, Center for Transporta-
tion Research, The University of Texas at
Austin, August 1975,

32

18, Mandel,

Elliott, José Tena-Colunga, and
Kenneth Hankins, “Performance Tests on
a Prestressed Concrete Pavement-Presen-
tation of Data,” Research Report $56-1,
Center for Transportation Research, The
University of Texas at Austin, November

1989,

19. S5uh, Young-Chan, “Slab Temperature Study,’

Tech Memo 422-68, Center for Transporta-
tion Research, The University of Texas at
Austin, August 1989.



APPENDIX A. GRAPHS OF END AND SEASONAL MOVEMENT IN
RELATION TO SLAB LENGTH
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Figure A.1 End and seasonal movements in relation to slab length for 12-inch-thick SRG aggregate
slab placed in the summer over a subbase with a 1.0 psi friction force
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Figure A.2 End and seasonal movements in relation to slab length for 8-inch-thick SRG aggregate
slab placed in the summer over a subbase with a 1.0 psi friction force
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Figure A.3 End and seasonal movements in relation to slab length for 12-inch-thick SRG aggregate
slab placed in the summer over a subbase with a 4.6 psi friction force

33



a SummerObservation
®  Winter OQbservation

0.5 — T 1.5 ————————
£ o EEEEEE 08 & BT X 1
-E 05 b \ g ‘E 0.9 ] f
BEg U] N 2E 06
Ws 10 ¢ 03] L
Q 4 hd [=} =
E .5 eyt = 0.0 +r1 l r s
0 200 400 600 80O 10001200 0 200 400 600 BOO 10001200
Slab Length () Slab Length ()

Figure A.4 End and seasonal movements in relation o slab length for 8-inch-thick SRG aggregate
slab placed in the summer over a subbase with a 4.6 psi friction farce
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Figure A.5 End and seasonal movements in relation to slab length for 12-inch-thick SRG aggregate
slab placed in the summer over a subbase with a 15 psi friction force
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Figure A.6 End and seasonal movements in relation to slab length for 8-inch-thick SRG aggregate
slab plated in the summer over a subbase with a 15 psi friction force

34



Figure A.7
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Figure A.10 End and seasonal movements in relation to slab length for 8-inch-thick SRG aggregate

Figure A.11
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Figure A.12

slab placed in the winter over a subbase with a 4.6 psi friction force
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End and seasonal movements in relation to slab length for 12-inch-thick SRG aggregate
slab placed in the winter over a subbase with a 15 psi friction force
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End and seasonal movements in relation to slab length for 8-inch-thick SRG aggregate
slab placed in the winter over a subbase with a 15 psi friction force
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figure A.13 End and seasonal movements in relation to slab length for 12-inch-thick LS aggregate slab
placed in the summer over a subbase with a 1.0 psi friction force
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Figure A.14 End and seasonal movements in relation to slab length for 8-inch-thick I.S aggregate slab
placed in the summer over a subbase with a 1.0 psi friction force

B  Summer Observation
& Winter Observation

. Lol ]
3

j 'S
. //

{4

e o
o n
3

'
o
[3,)

]
—
i

End
Movement (in.)
Seasonal
Movement (in.)

[
-
[3,)

T

©c o o = =
O 2 m N o

T T T ™

0 200 400 600 800 10001200 0 200 400 600 B00 10001200
Slab Length (ft) Slab Length (ft)

Figure A.15 End and seasonal movements in relation to slab length for 12-inch-thick LS aggregate slab
placed in the summer over a subbase with a 4.6 psi friction force
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Figure A.16 End and seasonal movements in relation to slab length for 8-inch-thick LS aggregate slab
placed in the summer over a subbase with a 4.6 psi friction force
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Figure A.17 End and seasonal movements in relation to slab length for 12-inch-thick LS aggregate slab
placed in the summer over a subbase with a 15 psi friction force
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Figure A.18 End and seasonal movements in relation to slab length for 8-inch-thick LS aggregate slab
placed in the summer over a subbase with a 15 psi friction force
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Figure A.19 End and seasonal movements in relation to slab length for 12-inch-thick LS aggregate slab
placed in the winter aver a subbase with a 1.0 psi friction force
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Figure A.20 End and seasonal movements in relation to slab length for 8-inch-thick LS aggregate slab
placed in the winter over a subbase with a 1.0 psi friction force
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~ Figure A.21 End and seasonal mavements in relation to slab length for 12-inch-thick L$ aggregate slab
: placed in the winter over a subbase with a 4.6 psi friction force
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Figure A.22 End and seasonal movements in relation to slab length for 8-inch-thick LS aggregate slab
placed in the winter over a subbase with a 4.6 psi friction force
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Figure A.23 End and seasonal movements in relation to slab length for 12-inch-thick LS aggregate slab
placed in the winter over a subbase with a 15 psi friction force
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Figure A.24 End and seasonal movements in relation to slab length for 8-inch-thick L5 aggregate slab
placed in the winter over a subbase with a 15 psi friction force

40



APPENDIX B.
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APPENDIX C. DATA FROM MEASUREMENT TAKEN ON

SH 225 IN HOUSTON

) APPENDIX C
Measurement Results at SH 225 in Houston
. Temperature Gauge Plug Reading
Time
Air Concrete A B C D E F G
4/8/91
4:40 PM 84.8 86.5 99919 10.0087 10.0034 10.0165
6:40 PM 81.6 82.6 9.9957 10.0173 10.0077 10.0177
7:15 PM 82 80.4 9.9971 10.0184 10.0066 10.0179
4/9/91
7:25 AM 72.8 71.8 10.0132 10.0467 10.0086 10.0216
8:55 AM 75 725 10.0128 10.0459 10.0086 10.0204
10:30 AM 78.4 741 10.0091 10.0402 10.0056 10.018 10.0227
11:00 AM 79.8 751 10.0059 10.0389 10.0074 10.0178 10.0206 9.9901 9.9831
12:20 PM 84 78.6 9.9985 10.029 10.0053 10.0156 10.0113 9.9662 9.9573
1:20 PM 83.8 797 9.9927 10.0212 10.0049 10.0147 10.0054 9.9302 9.9213
2:20 PM 81.6 78.9 9.9944 10.0231 10.0064 10.0164 10.0035 9.9258 9.9131
3:20 PM 89.6 823 9.9871 10.0119 10.0039 10.0132 9.9955 9.8955 9.8707
4:20 PM 88.8 858 9.985 10.0087 10.0035 10.0128 9.9899 9.8644 9.8423
5:20 PM 86.4 84.1 9.9881 10.0114 10.0054 10.0148 9.988 9.8586 9.8329
6:30 PM 84.6 827 9.9918 10.0163 10.0068 10.0166 9.9887 9.8555 9.8313
4/10/91
6:20 AM 70.4 71.3 10.0148 10.0469 10.0123 10.0226 10.0208 9.9804 9.9759
7:40 AM 69.2 70.4 10.0162 10.0492 10.011 10.0229 10.0188 9.9932 299
8:30 AM 71 71.0 10.0156 10.0484 10.0105 10.0191 10.0187 9.9956 9.9921
9:30 AM 72.4 719 10.0138 10.0461 10.0089 10.0206 10.0155 9.9946 9.9897
10:30 AM 77.6 75.6 10.0029 | 10.0346 10.0063 10.0163 10.0108 9.9803 9.9734
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APPENDIX D. GRAPHS OF GAUGE PLUG READINGS AND SLAB
TEMPERATURES AT SH 225 IN HOUSTON
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Figure D.1 Gauge plug reading and slab temperature at Location A
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Figure D.2 Gavuge plug reading and slab temperature at Location B
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Figure D.4 Gauge plug reading and slab temperature at Location D
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Figure D.5 Gavuge plug reading and slab temperature at Location E
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Location F
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Figure D.6 Gavuge plug reading and slab temperature at Location F
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Figure D.7 Gauge plug reading and slab temperature at Location G
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