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PREFACE

This report presents an evaluation of the proposed
Texas State Department of Highways and Public Transpor-
tation (SDHPT) CRCP Design Standards. The theoretical
model used is the CRCP computer program. The behavior
of CRCP with various coarse aggregate types was also
studied. The study was carried out as a part of Research
Project 3-8-84-472, “Rigid Pavement Data Base,” which is

sponsored by the Texas State Department of Highways and
Public Transportation.

Our thanks are extended to Mr. James L. Brown and
Mr. Jerry Daleiden, of the SDHPT, for their valuable advice.
We express our appreciation to the staff of the Center for
Transportation Research of the University of Texas at
Austin,

Mooncheol Won
B. Frank McCullough
W.R. Ronald Hudson

LIST OF REPORTS

Report No. 472-1, “Evaluation of Proposed Texas SDHPT
Design Standards for CRCP,” by Mooncheol Won, B. Frank
McCullough, and W. R. Hudson, presents the results of
evaluation of proposed CRCP Design Standard for various

coarse aggregates used, describes the theoretical models
used in the study, and discusses several important design
parameters in CRCP. April 1988.

ABSTRACT

There is a strong correlation between the structural
responses and the frequency of the distress in CRCP.
Hence, the primary factors to be considered in the design of
continuously reinforced concrete pavement are the struc-
tural responses: crack spacing, crack width, and steel stress.

The structural responses in CRCP are the outcome of
the interactions among material characteristics, environ-
mental conditions, and traffic loading. Since at least three-
quarters of the volume of concrete is occupied by aggregate,
concrete properties, such as thermal coefficient, tensile
strength, modulus of elasticity, and drying shrinkage, are
different for concretes made with different types of coarse

aggregates. Hence, even underidentical environmental and
traffic loading conditions, diverse structural responses will
result from using different coarse aggregates. In this study,
the CRCP Design Standards were evaluated for concretes
made with various coarse aggregates.

Two types of steel reinforcement are used in continu-
ously reinforced concrete pavement construction: de-
formed bar and deformed wire fabric. Different structural
responses are expected due to different structural mecha-
nisms between the two reinforcement types. The Design
Standards for two reinforcement types were separately
evaluated.

KEY WORDS: Continuously Reinforced Concrete Pavement(CRCP), Coarse Aggregates, CRCP-2, Deformed Bar,
Deformed Wire Fabric, Bond Development Length, Structural Responses, Crack Spacing, Crack Width,
Steel Stress, Pavement Behavior, Pavement Distress, Design Criteria, Performance
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SUMMARY

In this study, Texas SDHPT CRCP Design Standards
for deformed bar and deformed wire fabric reinforcement
were evaluated using the CRCP-2 computer program. The
CRCP-2 computer program is a state-of-the-art technology
for analyzing the complex behavior of continuously rein-
forced concrete pavement. A sensitivity analysis was made
using the CRCP-2 computer program. The solutions were
reasonable — steel reinforcement and concrete properties
along with environmental factors were significant vari-
ables.

Generally, the Design Standards for deformed bar and
deformed wire fabric reinforcement are satisfactory.

Since the properties of coarse aggregate have a consid-
erable effect on the performance of concrete, the effects of
various coarse aggregates on the CRCP behavior were
studied. The effects were significant, and the development
of different design standards for various coarse aggregate
types is desirable.

One of the findings in this study is that the ratio of bond
area to concrete volume is a more significant variable than
the percentage of steel. The importance of the ratio of bond

area to concrete volume was studied. In 13, 14, and 15-inch
thicknesses with one-layer reinforcement, the Q values
should be increased.

A new aspect of the Standard for deformed bar rein-
forcement is that the contractors have the option of placing
two layers of steel for pavements move than 10 inches thick.
Two-layer reinforcement is more desirable than one-layer
reinforcement for thicker slabs.

For deformed bar reinforcement, there is a linear rela-
tionship between crack spacing and crack width regardless
of bar size and coarse aggregate type. Crack width is not
directly influenced by bar size. Crack width should be
controlled by crack spacing, through a proper combination
of design variables.

There is nota definite relationship between crack width
and steel stress, and the latter was significantly influenced
by bar size.

For deformed wire fabric reinforcement, transverse
wire spacings of 18 inches or greater are desirable, regard-
less of the coarse aggregate types used.

IMPLEMENTATION STATEMENT

The proposed SDHPT CRCP Design Standards for
deformed bar and deformed wire fabric reinforcement were
evaluated using computer program CRCP-2,

Generally, the Design Standard for deformed bar rein-
forcement is satisfactory. However, minor changes are
needed.

For deformed wire fabric reinforcement, wire spacings
of 18 inches or greater are recommended.

v

The study, using various coarse aggregates, shows that
the structural responses are different, depending on the
coarse aggregate type used. In order to provide equal per-
formance regardless of coarse aggregate type, specific de-
tails of the Standards need to be developed for different

coarse aggregate types.
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CHAPTER 1. INTRODUCTION

BACKGROUND

In the 1960’s, as traffic volumes continued to increase,
it became apparent that user delays due to maintenance work
or rehabilitation of pavements were significant and should
be an input in the design of pavement systems.

The use of continuously reinforced concrete pavement
(CRCP), which costs more to build than asphalt concrete
pavement or other types of portland cement concrete pave-
ment but needs minimum maintenance, was considered
desirable for high-volume and, thus, high-user-cost roads.
Partly for that reason, Texas built an extensive system of
CRCP in the 1950’s, 60’s, and 70’s, eventually using both
deformed bars and deformed wire fabric for longitudinal
reinforcement, the latter of which was developed to permit
quicker steel placement.

More recently, as axle loads have continued to increase,
a thicker and more durable pavement was needed, and the
Texas SDHPT developed a standard for thicker pavements.
Until now the specifications and standards have not differ-
entiated between coarse aggregate types and, therefore, any
coarse aggregate could be used as long as the minimum
strength requirement was met.

However, recent performance studies have shown sig-
nificant variations between pavements using different
coarse aggregates (Refs 1 and 2). Project 3-8-86-422,
“Evaluation of Pavement Concrete Using Texas Coarse
Aggregates,” developed extensive background material on
the concrete properties for various coarse aggregates used in
Texas, and reports by that project (Refs 3 and 4) show a
difference in material properties of concretes containing
siliceous river gravel and crushed limestone: varying mate-
rial properties caused variations in performance between
pavements with different coarse aggregates. This warrants
the necessity for developing design standards to minimize
the variations in performance between pavements using
different coarse aggregates.

OBJECTIVE OF THE STUDY

In Research Report 177-17 (Ref 5), the
limiting design criteria for each of the structural responses
were established to control and restrain distress. The major
distresses common to CRC pavements are highly correlated
with the structural responses. If the structural responses of
CRC pavements are known, it is possible to predict occur-
rence of the major distresses in CRC pavements. The Texas
SDHPT has developed CRCP Design Standards based on its
experience. The primary objective of this report is to evalu-
ate CRCP Design Standards for concretes containing sili-
ceous river gravel and limestone coarse aggregates, using
the computer program CRCP-2 and design criteria devel-
oped in Research Report 177-17 (Ref 5), recommending
improved guidelines when appropriate.

SCOPE OF THE STUDY

In this study, Texas SDHPT CRCP Design Standard
(B)-85 is evaluated using the theoretical model computer
program CRCP-2.

Chapter 2 describes the CRCP-2 program, lists the
assumptions made in the development of the model, gives a
brief explanation of the model, together with input and
output parameters of the program, and reports the results of
the sensitivity analysis done on the output from this pro-
gram.
In Chapter 3, a description of the proposed CRCP
Design Standard for deformed bar reinforcement is pre-
sented. It was evaluated for concretes with siliceous river
gravel and limestone aggregate. The properties of concrete
made with different coarse aggregates are discussed. The
three structural responses and the limiting criteria are dis-
cussed. The results of the evaluation are presented.

Chapter 4 discusses the results of the evaluation of the
CRCP Design Standard for deformed wire fabric reinforce-
ment.

Conclusions and recommendations are in Chapter 5.



CHAPTER 2. THE COMPUTER PROGRAM

Using mechanistic analyses of pavement systems helps
pavement engineers to develop rational pavement designs.
A recent AASHTO Design Guide (Ref 6) supports this and
includes a mechanistic analysis study. In this chapter, theo-
retical mechanistic models and a computer program devel-
oped for the analysis of CRCP are described. The computer
program was evaluated using a sensitivity analysis, and the
result is presented.

HISTORY OF CRCP MODEL
DEVELOPMENT

Continuously reinforced concrete pavement is pave-
ment in which the continuity of the reinforcement is not
interrupted except at abutting structures or at the ends of a
project. It has no transverse joints other than expansion
joints at bridges and other structures and construction joints
used at the end of a day’s pour. Instead of having joints, the
pavement develops numerous transverse hairline cracks
whose movement is reduced by the steel reinforcement.

This pavement type was developed to reduce mainte-
nance problems encountered, principally at joints, in con-
crete pavements. Elimination of the transverse joints in
continuously reinforced concrete pavement gives it several
distinctadvantages over other pavement types. Although the
initial construction cost is higher than that of conventional
concrete pavements, the low maintenance cost, long pave-
ment life, and smooth riding quality give CRCP a definite
advantage.

However, these advantages are achieved only when
CRCP is properly designed and constructed. Thus, the
development of a rational design is essential for successful
performance of this pavement type. This need for a rational
design procedure led to an extensive and comprehensive
study initiated in 1972 at the Center for Highway Research
of The University of Texas at Austin under NCHRP Proj-
ect 1-15. The project consisted of a review of design and
construction variables, theoretical studies, field surveys, and
laboratory investigations. The fundamental philosophy of
that review was that, through a combination of field obser-
vations and laboratory studies, reliable procedures could be
achieved for developing mathematical models that simulate
field performance of CRC pavements. Based on these
mathematical models, the CRCP-1 computer program was
developed to calculate the stresses in concrete and steel, the
crack spacing, and the crack width resulting from concrete
volume changes due to temperature change and shrinkage
(Ref 2).

The program provides detailed information on the
structural responses of CRC pavements as a function of time.
Based on that information, a rational design can be devel-
oped for CRC pavements. An incremental approach to
predict the formation of transverse cracks as a function of
time was adopted. From the predicted crack pattern, theo-

retical models were developed to compute the other struc-
tural responses, such as crack width and stresses in the steel
and concrete. The method for solving these theoretical
models is too complex for hand calculations, thus a com-
puter program was developed which utilizes the derived
theoretical equations and the various nonlinearities encoun-
tered in the CRCP problem. This computer program was
designated as CRCP-1.

CRCP-2 is an extension and revision of the CRCP-1
computer program for the analysis of continuously rein-
forced concrete pavement. The major changes incorporated
into the CRCP-2 program are three-fold: (1) the inclusion of
wheel load stress, (2) the modification of the mathematical
model to cover the case where the bond development length
exceeds half the crack spacing, and (3) the inclusion of the
concrete strength gain as a function of time to cover a wide
range of age, i.e., greater than 28 days (Ref 7).

THEORETICAL MODELS

The major component in analyzing CRC pavement is
the determination of the stresses in concrete and in steel as
a function of time and space. There are two forces in CRC
pavements: internal forces developed from restrained pave-
ment volume changes, and extemal forces developed from
the traffic loads. In the following sections, first the basic
concepts used in modeling the stress history of a CRCP are
presented. Next, the basic assumptions made in the develop-
ment of the models are outlined.

Modeling Concepts

Since concrete properties and the environmental factors
inducing internal forces, i.e., temperature and moisture
change, are changing with time, an incremental approach
was adopted to predict the structural responses. The basic
concept, shown in Fig 2.1, is summarized as follows:

(1) At any time t, determine the tensile strength of
concrete from the strength-time relationship
[Fig 2.1(a)].

(2) Compute the drying shrinkage Z, and the tempera-
ture drop DT, corresponding to the time t,
(Fig 2.1(b)].

(3) With the mathematical models, calculate the maxi-
mum concrete tensile stress. If the pavement is
open to traffic before time t,, the maximum con-
crete tensile stress is the sum of the concrete tensile
stress due to shrinkage, the temperature drop at
time t , and the wheel load stress. If not, it is the sum
of only the concrete tensile stress due to drying
shrinkage and the temperature drop [Fig 2.1(c)].

(4) Compare theconcrete strength with concrete stress
[Fig 2.1(d)]. If the strength is higher than the stress,
cracking does not occur.



the effect of subbase friction is ignored,
there is no stress variation in the concrete
and the steel, and there is no bond stress
between them. Figure 2.2(b) illustrates
the effect of subbase friction on the con-
crete stress distribution. The maximum
concrete stress, whether it is tensile or
compressive, always occurs at the

middle of the slab. Figure 2.3 explains
why the concrete stress due to the sub-
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base friction is the maximum at the
middle of the slab length. The resulting
concrete stress distribution in the CRCP
slab segment is shown inFig 2.2(c). If the
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(5) Increase the time to t, and repeat steps (1) through
(4). If the stress is higher than the strength, as
shown in Fig 2.1(d), a crack occurs between times
l;1 and [2

(6) Solve for the time (somewhere between t, and t2)
and the corresponding state of stress at which
cracking occurred.

(7) Increase time and search for additional cracks as
they develop.

If there is no steel in the slab and no friction between the
slab and the subbase material, the slab will move freely, and
no concrete stress will develop. It is the restraint due to the
steel reinforcement and the subbase resistance to the con-
crete volume change which causes the concrete stress to
develop. After the concrete placement, stress begins to build
up in the concrete as the temperature changes and the
concrete loses moisture, Figure 2.2 shows the concrete stress
distribution along the slab length. The concrete stress distri-
bution in CRCP when there is no subbase resistance is
illustrated in Fig 2.2 (a). At the crack, considerable stress
develops in the steel. This high steel stress is transferred to
the surrounding concrete, resulting in the change in the
concrete and steel stresses along the slab length. The change
in the steel stress causes the bond stress to develop between
the steel and the concrete. The bond stress near the crack
usually exceeds the bond strength, resulting in bond slip-
page, or, in other words, the relative movement between the
steel and the concrete. However, in the fully bonded zone, if

Theoretical Models

2

Fig 2.1. Incremental approach as applied to the CRCP system (Ref 2).

maximum concrete stress at the middle
of the slab between the cracks exceeds
the concrete tensile strength, the crack
will occur at that location. The concrete
and steel stress distributions depend on
many variables, such as the amount of
drying shrinkage, temperature change,
thermal coefficient of concrete and steel
slab length, steel reinforcement, and
subbase friction characteristics. Refer-
ence 4 provides detailed information on
the development of the models which
calculate the concrete and steel stresses for a given drying
shrinkage and temperature change.

Figure 2.4 explains how the program determines the
crack spacing as a function of time. With a given drying
shrinkage and temperature change data, the maximum con-
crete stress is determined for a given slab length. At time A,
the maximum concrete stress exceeds the concrete tensile
strength, and hence cracking occurs at the middle of the slab
length. The new crack spacing is half of the previous one.
The cumulative frictional resistance for the shorter slab is
lessened, which in turn lowers the concrete stress. However,
further drying shrinkage and/or temperature drop causes the
concrete stress to exceed the concrete tensile strength at
times B, C, and D, resulting in cracking at each time. When
wheel load is applied, if the sum of the concrete stresses due
to the environment and the external wheel load exceeds the
concrete tensile strength, a crack will develop. After crack
spacing and steel stress are determined, crack width is deter-
mined by subtracting the concrete elastic elongation due to
the developed concrete tensile stress from the free concrete
slab movement. With this method, the history of the three
structural responses is predicted.

Assumptions

In the development of the model, the following assump-
tions were made:

(1) A crack occurs when the concrete tensile stress
exceeds the concrete tensile strength andwhen the
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THE INPUT PARAMETERS

The input parameters for the CRCP-2
program consist of (1) steel properties, (2)
concrete properties, (3) environmental in-
puts, (4) external wheel load inputs, and (5)

-

Crack Distance Along Slab

(a) Stress due to steel reinforcement only.

y

Crack

the slab-base friction relationship.

N

Steel Properties

The primary purpose of the longitudinal
reinforcing steel is to force the concrete to
develop numerous transverse hairline cracks
and to keep the cracks tightly closed. The
optimum reinforcement causes sufficient
stress-relieving transverse cracks to occur
and then holds these cracks tightly closed
under service to prevent the passage of water

e

Crack Distance Along Slab

(b) Stress due to subbase friction only.

Crack

from the surface to the subbase and to insure
sufficient aggregate interlock.

Information on this input includes the
type of reinforcement (deformed bar or de-
formed wire fabric), percent steel reinforce-
ment, bar diameter, yield stress, modulus of
elasticity, thermal coefficient, and trans-
verse wire spacing in the case of deformed
wire fabric reinforcement.

N

Concrete Properties

\— Crack
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Distance Along Slab

concrete stress at the location of the crack is zero
after cracking.

Concrete and steel properties are linearly elastic.
In the fully bonded sections of the concrete slab,
there isno relative movement between the steel and
the concrete.

The force displacement curve which characterizes
the frictional resistance between the concrete slab
and the underlying subbase is elastic.
Temperature variations and shrinkage due to
drying are uniformly distributed throughout the
slab and, hence, a uni-axial structural model is
adopted for the analysis of the problem.

Material properties are homogeneous and iso-
tropic.

The effects of the creep of the concrete and slab
warping are neglected.

Crack —/

(c) Stress due to steel reinforcement and subbase friction.
Fig 2.2. Concrete stress distribution along the slab in CRCP.

The major difficulty facing a pavement
engineer is controlling the inherent concrete
volume changes due to temperature change
and moisture loss. An accurate estimation of
the concrete propertics is extremely impor-
tant for obtaining an analysis that simulates
field conditions.

For this program, the slab thickness, thermal coeffi-
cient, total drying shrinkage, unit weight, and age-tensile
strength relationship are needed. If the age-tensile strength
relationship is not available, the 28-day compressive
strength can be used, and the tensile strength data are
generated inside the program.

Environmental Inputs

The environmental inputs consist of two parts. The first
deals with the analysis period directly after concrete place-
ment, where the average curing temperature and the mini-
mum daily temperature for the desired number of days
are input.

The second part deals with the analysis period after the
concrete achieves, for all practical purposes, its full strength.
The minimum temperature the pavement is expected to
experience in its life and the age after construction at which
this temperature occurs are the inputs for this part.
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(4) detailed information on the slab
segment, such as concrete move-
ment, frictional force, concrete
stress, and steel stress as a function
of space.

An example output is shown in Appen-
dix A,

In the echo print, all the input values are
printed so that the vser can check o see
whether or not the input format was followed
correctly.

In the second part of the output, detailed
information, such as temperature drop,
shrinkage, concrete tensile strength, crack
spacing, crack width, and stresses in concrete
and steel as a function of time, is printed.
From this information, pavement behavior at
early ages can be fully studied. The concrete
stress here is the value at the mid-point of the
slab between adjacent transverse cracks, and
the steel stress is the value at the crack at that

\— Crack

Distance Along Slab

there is no reinforcement.

External Load Inputs

Wheel load, wheel-base radius, the number of days after
concrete placement before the wheel load is applied, and the
modulus of subgrade reaction are required. As an option, the
user can input the stress due to wheel load, in which case the
above variables will not be required.

Slab-Base Friction Relationship

The resistance to movement during contraction is a
result of shearing resistance in the subbase, plus sliding
friction. A contracting slab will move more at its free end
than in the center, and, therefore, frictional resistance varies
along the slab with the maximum at the edge and the
minimum at the center. The frictional force-movement rela-
tionship, and the type of curve (straight line, parabola, or
multi-linear) are needed.

THE OUTPUT PARAMETERS

The output of the CRCP-2 program consists of
(1) anecho print of the input values,

Crack —/

Fig 2.3. Concrete stress distribution in a slab due to friction when

tume,

In the third part of the output, the struc-
tural responses after the crack spacing is sta-
bilized are printed. This crack spacing is the
mean crack spacing after the pavement expe-
riences the lowest temperature. Since con-
crete gains its strength as time elapses, this crack spacing is
considered as the final spacing until the cracking due to
fatigue occurs. The maximum concrete stress is the maxi-
mum the pavement ever experiences and is not necessarily
the value when the temperature is the lowest. The maximum
steel stress and concrete tensile strength printed here are the
values when the temperature is the lowest in the winter after
construction.

The fourth part of the output presents detailed informa-
tion on slab movement, frictional force, and the stresses in
the concrete and steel as a function of space along the slab
segment between cracks.

SENSITIVITY ANALYSIS

When a theoretical model for the analysis of a highly
complex system such as CRC pavement is developed or a
major modification is made to that model, it is necessary to
perform a sensitivity analysis to establish the reasonableness
of the solutions compared to field observations and the rela-
tive importance of the input variables in the model.
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with respect to the medium level; and a high
level is a practical value at the upper extreme.
Table 2.1 shows the values selected for this
analysis. In this one-factor-at-a-time experi-
ment, all the design variables except one were
kept at a medium level, and the response val-
ues for the three levels of the selected variable
were taken. Another variable was then chosen
and this process was continued until all vari-
ables had been considered. In this method, the
effect of an independent variable is deter-
mined from the difference in responses corre-
sponding to different levels of that variable.

Presentation of the Results

Table 2.2 presents the results of this
analysis. In this analysis, the steel reinforce-
ment has the most significant effect on the
predicted structural responses. The difference
in predicted responses for low and high level
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Fig2.4. Variation of concrete strength and stress, and crack history

(Ref 4).

A sensitivity analysis was done on CRCP-1 in Ref 8,
and, in that study, it was found that the solutions from the
program were reasonable. As described earlier, some modi-
fications were made to CRCP-1 to simulate the field condi-
tions more accurately, and it was necessary to perform the
sensitivity analysis on the revised computer program,
CRCP-2.

In this study, a traditional one-factor-at-a-time analysis
was done for three levels of design values.

Selection of Levels

In order to get reasonable results from the analysis, it is
important to use a reasonable range of values for the input
variables. For this study, a three-level experiment was estab-
lished, and each input variable was given low, medium, and
high values, based on the ranges which are found in the field.

A medium level is a value under average design condi-
tions; a low level is a practical value at the lower extreme

8 2

input values of steel reinforcement was con-
sidered to be unity, and, consequently, the
structural response values for each variable in
Table 2.2 show the relative ratio of the re-
sponse of that variable to that of the steel
reinforcement.

Comparing the results from CRCP-1 (Ref 8) and
CRCP-2 shows the inclusion of the wheel load doesn’t
change the relative importance of the variables. Generally,
concrete properties have more significant effects on the
structural responses than steel properties, except steel rein-
forcement.

SUMMARY

A mechanistic model for analyzing structural behavior
of CRCP has been developed. It predicts crack spacing,
crack width, and steel stress history for CRCP. In a compre-
hensive study of CRCP, structural responses of CRCP were
significantly affected by longitudinal percent steel rein-
forcement, slab thickness, and concrete modulus of rupture
(Ref 2). A sensitivity analysis shows the model is reason-
able. This model can be used for design of or modeling a
specific pavement.



TABLE 2.1, THE INPUT VALUES FOR SINGLE

FACTORIAL EXPERIMENT
Variables Low Medium High

Reinforcement (percent) 04 0.6 0.7
Bar size #5 #6 #7
Elastic modulus of steel

(x 10% psi) 270 290 30.0
Thermal coefficient of steel

(x 106/°F) 3.0 5.0 7.0
Slab thickness (inches) 6.0 8.0 10.0
Thermal coefficient of concrete

(x 165/°F) 3.0 5.0 70
Drying shrinkage

(x 104 inch/inch) 3.0 50 6.5
Elastic modulus of concrete

(x 100 psi) 3.0 4.0 5.0
Concrete tensile stength (psi) 400.0 450.0 500.0
External load (kips) 8.0 9.0 10.0
Modulus of subgrade reaction

(psifinches) . 400.0 600.0 800.0
Curing temperature (°F) * 700 85.0 95.0
Maximum subbase frictional

resistance (psi) * 1.0 20 6.0

* The minimum temperature for 28 days after setting
concrete is 50°F, and the minimum temperature this
slab experiences occurs 165 days after setting
concrete, and is 10°F.

** The movement at sliding is kept at 0.06 inch.

TABLE 2.2. THE RELATIVE IMPORTANCE OF INPUT VARIABLES
Crack Crack Steef

Variables Spacing Width Stress Sum Ranking
Reinforcement 1.00 1.00 1.00 3.00 1
Bar diameter 0.27 0.27 001 0.55 6
Elastic modulus of steel 0.09 0.08 0.01 0.18 9
Thermal coefficient of steel 0.00 0.00 0.11 0.11 12
Slab thickness 0.50 0.49 062 1.61 3
Thermal coefficient of concrete 0.34 0.08 032 074 5
Shrinkage 042 0.08 036 0386 4
Elastic modulus of concrete 0.09 0.05 008 022 8
Concrete tensile strength 0.78 0.74 092 244 2
Wheel load 0.14 0.13 0.16 043 7
Modulus of subgrade reaction 0.05 0.05 006 0.16 10
Curing temperature 0.13 0.01 0.02 0.16 10

Slab-base friction 0.002 0.000 0.003 0.005 13




CHAPTER 3. EVALUATION OF CRCP DESIGN STANDARD FOR
DEFORMED BAR REINFORCEMENT

In this chapter, the CRCP Design Stan-
dard for deformed bar reinforcement devel-
oped by the Texas SDHPT is described, and
the results of its analysis using a computer
program are presented. There are significant
variations in performance of pavements using
different coarse aggregates; the two most
widely used in Texas, siliceous river gravel
and limestone, were selected for the evalu-
ation of the standard. The ratio of the bond
area to the concrete volume is an important
parameter in CRCP behavior, and a study
using various ratios was conducted and de-
scribed.

PROPOSED DESIGN
STANDARD

The Texas SDHPT first developed a
CRCP standard design detail in 1958, and
since that time numerous revisions have oc-
curred. Due to increasing pavement thick-
nesses, the SDHPT developed a CRCP De-
sign Standard for deformed bars [Texas
SDHPT CRCP(B)-85], as shown in Fig 3.1.
As may be noted, it specifies the longitudinal
bar size and spacing for each slab thickness,
the transverse bar size, and spacing for vari-
ous maximum allowable pavement widths.

The Standard also specifies the required
number of bars for each bar spacing and
typical placement width. The specified num-
ber of bars includes two bars placed at each
edge and having spacings different from the
interior bars. The edge bars permit adjust-
ments and, therefore, uniform practical spac-
ings may be used for the interior bars. Al-
though the design contains (.5 percent longi-
tudinal steel reinforcement, the actual per-
centage varies with placement width. The
cross-sectional steel reinforcement for vari-
ous pavement widths and slab thicknesses
provided for by the standard is shown in
Table 3.1.

The new aspect of the proposed design
standard is that, for pavements greater than 10
inches thick, the contractors has the option of
placing two layers of steel, Placing two layers
of steel with smaller size bars in thicker pave-
ments provides more bond surface area over
one layer of steel reinforcement.
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Fig 3.1. CRCP Design Standard for deformed bar reinforcement
[Texas SDHPT CRCP(B)-85].



Max1mm ALLOWASLE @
LonetTUDINAL | SrACING Traxs . Pavement NipTH (F1.) Fom lel@
T Banr [ Bar le:nsTmasvn?s S;’EEL (IM-FT.)
(1n.) Size (1) Size PACINGS (IN.
] % ] %
4 120 60 40 120.0 Transverse Bars
8 6 g 5 186 93 62 | 186.0
3 264 132 88 | 264.0
4 106 53 35 | 106, o
9 6 8 5 165 82 55 | 165.3 , Longitudinal Bars
6 234 17 78 | 2.7 /
3 % . @ 73 %.0 E
10 6 7 5 148 7 19 | 148.8
6 211 108 70 | 2u.2
ry ' i3 p] .
u 6 7 5 1% 67 45 | 1353 g
Q@ 8§ || 6 12 | % 64| 192.0 (Tt i
- 1 30 40 3 80.0
12 6 6 5 124 62 0 | 1.0 T2 Min,
HOj 9 6 76 | 88 58 | 176.0 =" Min.
] 73 % %% 73.8
13 7 8 5 114 57 8 | 145 :
5@ 8 6 162 81 54 162.5 OPTIONAL STEEL PLACEMENT @
5 %8 = 2.5
14 7 7 5 106 53 35 | 106.3
5@ 7.5 6 150 75 50 | 150.8
] = 77 il %0
15 7 Y 5 99 13 b3 99.2
5@ 7 6 140 70 4% | 140.8

MWOTE: () LonGITUDINAL AND TRANSVERSE BARS SHALL BE DEFORMED STEEL CONFORMING To ASTM A-615 or ASTM A-616 (Grape 60)
AS NOTED IN THE STANDARD SPECIFICATIONS AND THEREFORE THE PERCENTAGE OF STEEL REGUIRED 1S HIGHER THAN THAT
FOR WIRE MATS. (GRADE 70 STEEL).

@ FOR PAVEMENTS GREATER THAN 11° IN THMICKNESS, CONTRACTORS MAY HAVE THE OPTION OF PLACING TWO LAYERS OF STEEL.
THE SMALLER LONGITUDINAL BAR SIZES INDICATED ARE ONLY TO BE USED WHEN TwO LAYERS OF STEEL ARE PLACED.
FOR TRANSVERSE BARS, IF ALL OTHER VARIABLES ARE NELD CONSTANT, THE MAXIMUM ALLOWABLE PAVEMENT WIDTH MAY BE
DOUBLED WHEN TWO LAYERS OF STEEL ARE USED.

WnEn THE “DOUBLE STRIKE-OFF” PROCEDUAE [$S NOT USED CHAIRS WILL BE REQUIRED TO SUPPORT BOTH LAYERS OF STEEL.

(® PAVEMENT WIDTH SHALL BE MEASURED AT RIGHT ANGLES TO THE CENTERLINE AND SHALL INCLUDE ALL MAINLANES, CONNECTORS,
RAMPS AND CONCRETE SHOULDERS THAT ARE TIED TOGETHER. TRANSVERSE STEEL n:nuxn:nznrs AND THE MAXIMUM ALLOWABLE
PAVEMENT WIDTH WERE DETERMINED USING SUBGRADE DRAG THEORY (SEE APpewDIX F, Section 109 oF Twe HiGmwav Desien
Division OPERATIONS AND PROCEDURES MAWUAL) WITH A CORFFICIENT OF SLIDING RESISTANCE (F of 1.5, AND AN
ALLOWABLE STEEL STRESS (Fg) of US5.D xsi.

TO DETERMINE THE MAXIMUM ALLOWABLE PAVEMENT WiDTH (N) FOR SPACING OTHER THAN THOSE GIVEN, DIVIDE “BgW” (ForR
THE GIVEN DAR SIZE) BY THE _DESIRED TRANSVERSE BAR SPACING (Bs). TRANSVERSE BAR SPACING SHALL NOT BE LESS
THAN 12° NOR GREATER THAX 36°.

ADDITIONAL STEEL AT THE TRANSVERSE CONSTRUCTION JOINTS SMALL BE BARS OF EQUAL DIAMETER; AND A SPACING OF

DOUBLE THAT SPECIFIED FOR THE LONGITUDINAL STEEL OF THE GIVEN THICKNESS. THE LENGTH OF THE BARS SHALL BE
66 TimES THE BAR DIAMETER (°D"),

TRANSVERSE TIEBARS AT THE LONGITUDINAL CONSTRUCTION JOINTS SMALL BE BARS OF EQUAL DIAMETER AND SPACING TO
THOSE SPECIFIED FOR THE TRANSVERSE STEEL OF THE GIVEN THICKNESS. THE LENGTH OF THE BARS SHALL BE 56 TImMES
THE BAR DIAMETER (D).

THE LONGITUDINAL CONSTRUCTION JOINT CAN BE RELOCATED OR MAY BE REPLACED BY A LONGITUDINAL CONTRACTION JOINT
DEPENDING ON THE PLACEMENT WIDTH.

IF SILICEOUS RIVER GRAVEL 1S USED AS A COARSE AGGREGATE, A CUT OF T/3 SWALL BE REQUIRED.

WHEN MACHINE-PLACING OF STEEL REINFORCEMENT IS USED, THE USE OF CHAIRS SHALL NOT BE REQUIRED, AND THE
TRANSVERSE STEEL MAY BE PLACED ABOVE OR BELOW THE LONGITUDINAL STEEL.

THE wUMBER OF BARS REQUIRED FOR THE VARIOUS PLACEMENT WIDTHS (INDICATED IN THE TABLE} INCLUDES 2 BARS AT
B® SPACING OM BOTH SIDES WITH AN OVERMWANG “A”.

“A" SPACING SMALL BE BETWEEN 3° Anp 4°,

“B® SPACING SMALL BE BETWEEN 37 Axp 97,

THE Two SPACINGS COMBINED ("A® AND “B”), LOCATED AT BOTH LONGITUDINAL EDGES OF TME POUR, SHALL PROVIDE FOR
THE REMAINING SPACE AND STEEL LOCATION TO ROUND OUT THE PLACEMENT WIDTH,

© ©e® ©®© © ©

(continued)

Fig 3.1. (continued).
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10.

11.

NUMBER OF BARS
. RequireD FOR VARIOUS
Seacing @
TyricaL PLACEMENT WiDTHS (FT.)

c

() 12 | 16 | 22 24 27 | WM 38
6 24 2 W 48 | Sy | 68 | 76
7 a2z 37 41 46 _58 65
8 18 | 24 33 36 | 41 | 51| 57
9 16 | 22 | 30 32| 3% | 4 | 51

GENERAL NOTES

No EXPANSION JOINTS WILL BE USED EXCEPT AT STRUCTURE ENDS OR FIXED
OBJECTS AS SHOWN ELSEWHERE IN THE PLANS.

FOR FURTHER INFORMATION REGARDING THE PLACEMENT OF CONCRETE AND REIN-
FORCEMENT REFER TO THE GOVERNING SPECIFICATIONS FOR "CONCRETE PAVEMENTS,”

DETAILS AS TO PAVEMENT WIDTH, PAVEMENT THICKNESS AND THE CROWN CROSS-
SLOPE SHALL BE AS SHOWN ELSEWHERE [N THE PLANS.

WITHIN ANY AREA BOUNDED BY TWO FEET OF PAVEMENT LENGTH MEASURED PARALLEL
TO THE CENTERLINE AND TWELVE FEET QOF PAVEMENT WIDTH MEASURED PERPENDBICULAR
TO THE PAVEMENT CENTERLINE, NOT OVER 331 OF THE REGULAR LONGITUDINAL STEEL
SHALL BE SPLICED.

THE LONGITUDINAL STEEL SHALL BE PLACED AT THE VERTICAL SLAB CENTER WITH A
TOLERANCE OF 1/2 INCH. TRANSVERSE STEEL SHALL BE PLACED DIRECTLY ABOVE OR
BELOW THE LONGITUDINAL STEEL.

L1 LA

SPLICES SHALL BE A MINIMUM OF 33 TIMES THE NOMINAL STEEL DIAMETER (*D”3,

BARS THAT REQUIRE BENDING SHALL BE GRADE 40 STEEL CONFORMING TO REQUIREMENTS
OF ASTM DESIGNATION: A B15. SPACINGS FOR GRADE 40 STEEL SHALL BE 2/3 OF
THAT SPECIFIED FOR GRADE 00 STEEL.

AT TRANSVERSE CONSTRUCTION JOINTS THE REGULAR LONGITUBINAL STEEL SHALL
EXTEND A MINIMUM OF FOUR FEET ON EITHER SIDE OF THE JOINT.

VIBRATION WITH HAND-MAN[PULATED MECHANICAL VIBRATORS WILL BE REQUIRED
ADJACENT TO ALL TRANSVERSE CONSTRUCTION JOINTS.

THE CHAIRS USED TO SUPPORT THE STEEL SHALL BE OF SUFFICIENT STRUCTURAL
QUALITY AND NUMBER TO HOLD THE STEEL MAT WITHIN THE PLACEMENT HEIGHT
TOLERANCES., CHAIRS SHALL BE OF A TYPE APPROVED BY THE ENGINEER.

WITH THE APPROVAL OF THE ENGIMEER, MULTIPLE PIECE TIEBARS (THREADED
COUPLING OR OTHER ADEQUATE DEVICE) MAY BE USED TY EACILITATE CONSTRUCTION
PROVIDED THE SYSTEM DEVELOPS A FORCE EQUAL TO 1-1/2 TIMES THE MINIMUM
YIELD STRENGTH OF THE TIEBAR SHOWN. THE SPACING FOR THE SYSTEM SHALL BE
LESS THAN OR EQUAL TO THAT OF THE TIEBARS SHOWN,

JOINT, GROOVE AND SEAL DETAILS SHALL BE AS SHOWM ELSEWNERE [N THE PLANS.

LONG I TUDINAL AND TRANSVERSE STEEL SPACING SHALL NOT VARY MORE THAN ONE-
TWELFTH OF THE SPACING SHOWN HEREON,

[F w({DTHS OCCUR, OTHER THAN THE TYPICAL WIDTHS SHOWN, [NDIVIDUAL BARS
(WIRES) OF THE SIZE SPECIFJED HEREON MAY BE ADDED QR REMOVED TO OBTAIN
THE APPROPRIATE WIDTH. SPACING REQUIREMENTS SHALL NOT BE EXCEEDED,
HOWEVER,

Fig 3.1. (continued).



TABLE 3.1.

LONGITUDINAL STEEL CROSS-SECTIONAL
PERCENTAGES FOR VARIOUS PLACEMENT WIDTHS AND
THICKNESSES PROVIDED FOR IN TEXAS SDHPT CRCP (B)-

11

CRC pavements in Texas, the analysis was
performed for CRC pavements with those two
types of coarse aggregates.

85 DESIGN STANDARD ) Since a_t least m'rezi)quarters of thg voLumg
P t Width (feet of concrete is occupied by aggregate, its physi-
Siab Thickness avemen (feet) cal, thermal, and sometimes chemical proper-
(inches) 12 16 2 ¥ 27 34 38 ties influence the performance of concrete.
8 0614 0633 0.628 0.614 0614 0623 0.618 SDHPT specifications (Ref 9) state that
9 0614 0614 0614 0614 0.621 0.614 0614 the flexural Su-eng[_h (or modulus ofmp[ure) of
10 0.644 0.621 0619 0.629 0.627 0.628 0.630 concrete subject to center-point loading be not
11 0.586 0.565 0563 0572 0570 0571 0572 less than 575 psiat the age of 7 days. A formula
0595 0595 0595 0595 0595 0.595 0.595 from Ref 10 gives the percentage of the 28-da
12 0614 0614 0614 0614 0614 0614 0614 U8 m‘;e . oo y
0.568 0586 0581 0568 0568 0576 0572 ~ Ccompressivestrength forvarious intermediate
13 0578 0578 0578 0578 0585 0578 0578  2ges,asseenin Fig 3.2. The American Con-
0590 0590 0590 0590 0597 059 0590  crete Institute (Ref 11) suggests the following
14 0626 0604 0602 0611 0610 0611 0612 relationship between compressive strength
* * and modulus of rupture under third-point load-
15 0.585 0.564 0562 0571 0569 0570 0571 ing for normal weight concrete:
0597 0575 0573 0585 0518 0.582 0.583
* Not specified in the Standard. r f=75Vf" 7
INPUT VALUES FOR THE ANALYSIS TABLE 3.2. INPUT VALUES FOR THE
There are five categories of input variables in the ANALYSIS
CRCP-2 program, i.e., steel properties, concrete properties, Coarse
slab-base friction relationships, environmental characteris- Aggregate
tics, and external load characteristics. Used
Since the slab thickness, percent steel, and bar size are Variables SRG LS
all specified in the Standarc}, some re'asonable values had to Reinforcement (percent) " -
be assumed for the other input variables. Great care was Bar diameter (inches) * *
exercised in selecting the values for the input variables Steel modulus
which were found to be significant in the sensitivity analysis (x 105 psi) 290 290
described earlier. Those variables include concrete tensile Therma)] Coefficient of steel
strength, thermal coefficient of concrete expansion, drying x 10°FF) 5.0 5.0
shrinkage of concrete, modulus of elasticity of concrete, and Slab thickness (inches) * *
environmental characteristics. For the other variables, typi- Thermnal coefficient of concrete g
cal values were selected considering the average conditions x10°FF) 6.0 3
in Texas. Table 3.2 presents the selected input values for this Shrinkage 40
study (x 10" inch/inch) 4.5 :
; . Concrete modulus
At the present time, concrete pavements are constructed 105 5si) 50 4.0
of various types of coarse aggregates, the szhoice of which Cf,’;mw";‘nsﬂe stength (psi) 4000 4250
generally considered to be contractor’s option. The present Wheel load (Ibs) 9000.0 9000.0
procedures do not separate coarse aggregate types into Modulus of subgrade
different performance categories. Hence the present as- reaction (psi/inch) 640.0 640.0
sumption is that all will perform the same as long as the Curing temperature (°F) * 85.0 85.0
specification requirements, such as cement factor, strength, Minimum temperature for
and water cement ratio, are met, ignoring the effect of coarse 28 days (°P) 700 700

aggregate on concrete properties, such as thermal expan-
sion, shrinkage, creep, and modulus of elasticity of concrete.
The field findings show that there is a significant difference
in the structural responses for CRCP constructed with differ-
ent coarse aggregate types.

Since basically two types of coarse aggregates, i.e.,
siliceous river gravel and limestone, hereafter referred to as
SRG and LS, respectively, are used in the construction of

Minimum temperature in the
first winter (°F) 17.0 17.0
Number of days to minimum

temperature (days) 2100 2100
Maximum frictional
resistance (psi) ** 2.0 2.0

* See Tables 3.3 and 3.4.
** The movement at sliding is 0.06 inch.




12

8 8
] 1

g
T

&
—T

Percent of 28-Day
Compressive Strength

-

0 I N | | | |
0 5 10 - 15 20 25 28

Age, days

Fig 3.2. Variation of compressive strength of concrete
with age (Ref 10).

where
f

r

f‘
[+

modulus of rupture in psi and
compressive strength in psi.

Inorderto get the modulus of rupture of concrete using third-
point loading at the age of 28 days, it is necessary to find a
relationship between modulus of rupture at center-point
loading and third-point loading. Center-point loading gives
a triangular bending moment distribution so that the maxi-
mum stress occurs at one section of the beam where a load
isapplied. Hence, failure will generally occur only when the
strength of the fiber immediately under the load point is
exhausted. On the other hand, under third-point loading,
one-third of the beam is subjected to the maximum moment
and maximum stress, and the critical crack may start at any
section not strong enough to resist this stress. Since concrete
consists of elements of varying strength, it is expected that
third-point loading will yield a lower value of the modulus
of rupture than when one point load is applied. According to
Ref 12, the modulus of rupture subject to third-point loading
is approximately 80 per cent of that to center-point loading.
From these relationships, the modulus of rupture at the age
of 7 days is 72 percent of the 28-day value. Accordingly, a
modulus of rupture at third-point loading of 640 psi was
selected for the 28-day strength.

Since transverse cracking due to drying shrinkage and
temperature drop results in a tensile failure, the tensile
strength provides a more accurate simulation than modulus
of rupture. The assumption in the calculation of modulus of
rupture is that stress is proportional to the distance from the
neutral axis of the beam, while the shape of the actual stress
block under loads nearing failure is not triangular, but
parabolic. The modulus of rupture thus overestimates the
tensile strength of concrete and gives a higher value than
would be obtained in a direct or in a splitting tensile test.

It was found that there is arelationship between indirect
tensile strength and modulus of rupture as a function of

aggregate type — indirect tensile strength is five-eighths of
the modulus of rupture for SRG concrete, two-thirds of the
modulus of rupture for LS concrete, and three-quarters of the
modulus of rupture for light-weight concrete (Ref 13).
Hence 400 psi and 425 psi were selected for the indirect
tensile strength for SRG and LS concrete, respectively.

The coefficient of thermal expansion for an aggregate
influences the value of that coefficient for concrete contain-
ing the aggregate: e.g., the higher the coefficient for the
aggregate, the higher the coefficient for the concrete. The
biggest factor influencing the coefficient of thermal expan-
sion for concrete appears to be the type of coarse aggregate,
with gravel, quartz, and slag giving high coefficients of
thermal expansion. Limestone and portland stone give low
values, and granite gave an intermediate value ( Ref 14 ).
Figure 3.3 shows some experimental values of the thermal
coefficient for neat cements, mortars, and concretes contain-
ing different types of aggregate. For this study, the values of
3.8 x 10%°Fand 6.0 x 10%/°F were selected for the SRG
and LS concretes, respectively ( Ref 10 ).

Drying shrinkage, an inherent characteristic of hydrau-
lic-cement concrete, occurs with the loss of absorbed water
and inter-layer water from calcium silicate hydrate gel
formed during hydration of the cement. Upon exposure to
drying conditions, moisture slowly diffuses from the interior
mass of the concrete to the surface, replacing the moisture
loss by surface evaporation. Even though extensive research
studies have been carried out on the mechanism of shrinkage
and creep and much is known about the various phenomena,
the number of variables is so great that the precise behavior
in any particular case cannot be forecast. However, the most
important influence is exerted by the water-cement ratio and
aggregate type used; the latter has influence on the moisture
movement and resists the amount of shrinkage that can
actually be realized (Refs 14 and 15). Figure 3.4 shows the
effect of the mineralogical character of aggregates on
shrinkage. The relative humidity of the air surrounding the
concrete greatly affects the magnitude of shrinkage, as
shown in Fig 3.5. Shrinkage values of 4.5 x 10* and
4.0 x 10*were selected for SRG and LS concretes, respec-
tively.

Since the deformation produced in the concrete is partly
an elastic deformation of the aggregate, it is reasonable to
expect the higher values of the modulus of elasticity to be
obtained for concrete made of stiffer aggregates. A review of
the literature shows a number of formulas developed for the
prediction of the elastic modulus of concrete from the elastic
moduli and the volume concentrations of the aggregates
(Refs 17 and 18). The values of 5 million and 4 million psi
were selected for SRG and LS concretes, respectively
(Ref 19).

It has been found that the setting temperature of the
concrete has an effect on the structural responses of CRC
pavements (Ref 20). The setting temperature, more specifi-
cally the temperature difference between the setting tem-
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however, the concrete resists a
moderate amount of tensile
stress; this reduces the tensile
force in the steel and creates a
variable force in the bar.

Hence, the structural re-
sponses of CRC pavements are
interrelated, and a change in
crack spacing causes changes
of the values for crack width
and steel stress. However, the
relationship among these re-
sponses varies, depending on
many factors.

The major distress types in
CRC pavement which have
significant effects on pavement
performance are punchouts,
crack spacing, fatigue, low-
temperature and shrinkage
cracking, and steel rupture.
These distresses are closely re-
lated to the structural responses
of the CRC pavement, ie.,
crack spacing, crack width, and
steel stress. The limiting criteria
for those structural responses,
from consideration of the rela-
tionship between the structural
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Fig 33. Thermal coefficient of expansion for neat cements, mortars, and

concretes (Ref 10).

perature and the temperature at any time, varies for the
pavement location as well as the time when the pavement is
constructed.

Since the crack spacings of the 8-inch-thick CRC
pavements with 0.6 percent reinforcement constructed with
SRG and LS aggregates in Texas are approximately 4 feet
and 6 feet, respectively, the temperature drop values giving
those crack spacings were selected for this study.

RESULTS OF THE CRCP DESIGN
DETAIL ANALYSIS

The crack spacing at any time is the slab segment length
which has survived the environmental conditions and wheel
load applications since construction. The crack width is the
accumulation of the slab movement over the distance be-
tween transverse cracks. The steel stress at the crack is a
value such that the equilibrium in a slab segmentis achieved.
The maximum steel stress occurs at the crack, since no
resistance is provided by the concrete. Beyond the crack,

- L

responses and distress occur-
rence, have been established by
McCulloughetal (Ref 5). Thus,
the distress prediction model
has been developed in terms of
the structural responses and
other factors (Ref 21).

Therefore, this discussion is focused on the three struc-
tural responses predicted by the theoretical model. Tables
3.3 and 3.4 show the predicted structural responses for SRG
and LS concretes, respectively, for the input values specified
in the Standard.

e - 1110

Crack Spacing

There are many important factors influencing trans-
verse cracking; among them are longitudinal reinforcement,
the setting temperature of the concrete, air temperature and
otherenvironmental conditions during curing, the properties
of concrete, and traffic load applications. In CRC pavement,
the slab may act as a longitudinal beam or as a transverse
beam, depending on the crack spacing. When the crack
spacing is narrow, the slab acts as a transverse beam, with the
concrete stress in the transverse direction more critical,
increasing the chances of longitudinal cracking. This narrow
crack spacing with resulting longitudinal cracking causes
punchouts. Another problem associated with the narrow
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Hence, the lower and upper limits of crack
spacing can be set by selecting a maximum
allowable value from the spalling criterion
and a minimum allowable value from punch-
outs and bond development length criteria.
Approximately 3.5 to 8 feet is the recom-
mended range for crack spacing; it may be ad-
justed for effects of slab thickness and other
considerations (Ref 5).

Figure 3.6 presents the predicted crack
spacings for various slab thicknesses. It shows
that the proposed Design Standard gives ac-
ceptable crack spacings except when LS ag-
gregate is used for 13, 14, and 15-inch-thick
slabs with one-layer reinforcement. For those

28
Days

Years
Time, log scale

Fig 3.4. Shrinkage of concretes of fixed mix proportions but made
with different aggregates and stored in air at 70°F and a relative

humidity of 50 percent (Ref 16).

slab thicknesses with one-layer reinforce-
ment, the small values in the ratio of bond area
to concrete volume, hereafter referred to as Q,
together with low values of drying shrinkage
and thermal expansion for LS concrete re-
sulted in high crack spacing.

InFig 3.6, there may seem to be noconsis-
tent relationship between slab thickness and
crack spacing; however, this apparent incon-
sistency is due to the steel reinforcement and
bar size combinations used for various slab
thicknesses (Tables 3.3 and 3.4). For a fixed
reinforcement and bar size, the cracks would
be farther apart for a thicker slab. Generally,
two points can be made: (1) the pavement with
LS aggregate produces larger crack spacing
than that with SRG aggregate, which agrees
well with the findings in the field (Refs 1 and
4) and (2) there are considerable differences
between the predicted crack spacings for one-
layer and two-layer reinforcement.

The difference in crack spacings between
the pavement with SRG and that with LS ag-
gregate is atributed to the difference in ther-
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Fig 3.5. Relationship between shrinkage and time for concrete

stored at different relative humidities (Ref 16).

crack spacing is the higher probability that the bond devel-
opment length will exceed one-half of the crack spacing. If
that happens, the structural integrity of the pavement is
degraded. On the other hand, when the crack spacing is
larger than 3.5 feet, the slab acts as a longitudinal beam.
Accordingly, the probability of longitudinal cracking is
significantly reduced; however, the transverse crack width
will be wider, and spalling of transverse cracks results.

mal properties, drying shrinkage, and modu-
lus of elasticity of the portland cement con-
crete made with those aggregates. It is also
attributed to the fact that the stress at which the
cracks form depends largely on the properties
of the coarse aggregate: smooth SRG leads to
cracking at lower stresses than rough and
angular LS, because the mechanical bond is influenced by
the surface properties and, to a certain degree, by the shape
of the coarse aggregate (Ref 15).

The difference in crack spacings between the two types
of reinforcement cannot be explained by reinforcement
alone; for 11, 13, and 15-inch slab thicknesses, in spite of
there being no practical difference inreinforcement between
them, there isabig difference in predicted crack spacing. For
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TABLE 3.3. PREDICTED STRUCTURAL RESPONSES FOR PROPOSED DESIGN
STANDARD WITH SRG AGGREGATE
Slab Steel Crack Maximum Crack © Maximum Steel
Thickness  Reinforcement Bar Spacing Width Stress
(inches) (percent)* Number Q (feet) (x lo'zlnch) (x 104psi)
8 0.614 6 0.0327 3.24 3.17 4.86
9 0.614 6 0.0327 382 371 538
10 0.631 6 0.0337 4.10 395 5.61
11 0574 6 0.0306 5.21 5.00 6.48
0.595 4 0.0476 337 3.23 6.36
12 0.614 6 0.0327 4388 4.67 6.22
0.568 5 0.0364 475 454 6.83
13 0.578 7 0.0264 7.02 6.68 6.96
0590 5 0.0378 457 437 6.68
14 0.614 7 0.0281 6.43 6.12 6.61
0.584 5 0.0374 497 473 7.01
15 0.573 7 0.0262 7.40 7.03 7.18
0.584 5 0.0374 497 473 7.01

* The value is from the bar spacing specified in the Standard.

TABLE 34. PREDICTED STRUCTURAL RESPONSES FOR PROPOSED DESIGN
STANDARD WITH LS AGGREGATE
Slab Steel Crack Maximum Crack Maximum Steel
Thickness  Reinforcement Bar Spacing Width Stress
(inches) (percent)* Number Q (feet) (x 10 2 inch) (x 10 psh
8 0.614 6 0.0327 551 3.87 6.14
9 0.614 6 0.0327 6.50 4.50 6.69
10 0.631 6 0.0337 6.60 455 6.74
11 0.574 6 0.0306 8.86 6.02 7.87
0.595 4 0.0476 554 3.7 7.61
12 0.614 6 0.0327 8.28 561 7.58
0.568 5 0.0364 792 5.36 8.17
13 0.578 7 0.0264 10.87 7.35 8.07
0.590 5 0.0378 7.63 5.14 799
14 0.614 7 0.0281 10.24 6.90 7.80
0.584 5 0.0374 8.07 5.43 8.23
15 0573 7 0.0262 1151 7.87 837
0.584 5 0.0374 8.12 5.54 8.31

* The value is from the bar spacing specified in the Standard.

12-inch and 14-inch slab thicknesses, the reinforcement in
one-layer reinforcementis even higher than thatin two-layer
reinforcement, but the predicted crack spacings for one-
layer reinforcement are larger than those for two-layer
reinforcement. It may be relevant to mention that, although
there is a general relationship between steel reinforcement
and crack spacing, (i.e., the higher the steel reinforcement,
the lower the crack spacing due to the greater restraint of the
reinforcement on the concrete volume change), that relation-
ship is influenced by other factors. From Tables 3.3 and 3.4,
it appears that the crack spacing is more related to the ratio
of bond area to concrete volume (Q), than to steel reinforce-
ment alone. A correlation study was done on these data (for
both SRG and LS aggregates) to determine which parame-

ter, Q or steel reinforcement, has as stronger association with
the structural responses in CRCP. Table 3.5 summarizes the
results, which show Q has a stronger association with crack
spacing and crack width than steel reinforcement alone. This
result agrees with the findings in the field (Refs 18 and 20).
The Texas SDHPT built experimental CRCP test sections in
1964 in Houston. On that particular study, Q was held con-
stant and the percent steel was varied from 0.3 to 0.5. After
20 years, it was found that the crack spacings for all percent-
ages of steel were practically the same(Ref 22).

Although most states do not consider bond area in
designing longitudinal reinforcement, the 1972 “AASHO
Interim Guide” suggests that Q be greater than 0.003 inch?¥
inch®. The Q values for 13, 14, and 15-inch thicknesses with
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Fig 3.6. Predicted crack spacings for various slab thick-

nesses using CRCP-2,

TABLE 3.5. THE CORRELATION BETWEEN
DESIGN PARAMETERS AND STRUCTURAL
RESPONSES

Coarse Structural Design Correlation
Aggregate  Responses Parameters  Coefficient
Crack Percent steel -0.460
spacing Q -0.732
SRG Crack Percent steel -0.455
width Q -0.742
Crack Percent steel -0.478
LS spacing Q -0.737
Crack Percent steel -0.470
width Q -0.754

one-layer reinforcement in the SDHPT Standard need to be
increased when the AASHO Interim Guide recommenda-
tion is considered.

Crack Width

The basic concept behind CRCP is that numerous
hairline cracks will develop and the cracks will be kept
tightly closed. Tightly closed cracks ensure structural conti-
nuity by good load transfer across cracks and by preventing
the infiltration of foreign materials, which eliminates the
problems transverse joints have caused.

Load transfer is thought to be achieved by moment
transfer into the adjacent slab, aggregate interlock, and
dowel action of the steel reinforcement. McCullough et al
(Ref 23) found, however, that the effect of moment transfer
was highly questionable, and that the other two mechanisms
provided most of the load transfer. If aggregate interlock is
sufficiently effective, the structural continuity of the slab is,
to a great extent, maintained and there will be little differen-
tial vertical slab movement when a wheel load is applied
near a crack. On the other hand, if cracks are notkept closed,

the proportion of load transfer carried by aggregate
interlock will decrease, and the dowel action of the lon-
gitudinal steel becomes more important. However,
looseness that develops between steel surfaces and
concrete around cracks under the action of repeated
loads tends to reduce load transfer. Decrease in load
transferresults in an increase in differential vertical slab
movement across cracks. This differential vertical
movement subjects the longitudinal steel to cyclic shear
stress under repeated loading.

Another problem related to a loss of aggregate
interlock is the high concrete stress level near a crack
due to wheel load. Steel reinforcement in CRCP is not
intended to increase the structural capacity of the slab to
resist bending, but merely to control crack width. The
structural capacity of the slabtoresist bending atacrack
largely comes from aggregate interlock. When there is
not sufficient aggregate interlock and a wheel load is
applied close to the edge, a “corner condition” develops

near the crack. Thus, high concrete tensile stresses develop
at the top of the slab, increasing the chances of a punchout.

Wide crack widths allow the infiltration of water and
incompressible foreign materials into the crack. Theinfiltra-
tion of water causes problems such as corrosion of reinforc-
ing steel, erosion of subbase materials, and pumping, creat-
ing voids underneath the slab. A slab experiences constant
volume changes due to temperature variations. When the
temperature increases, the slabexpands, and blow-ups result
from the incompressible foreign materials in the crack. Wide
crack widths also increase the chances of spalling, by in-
creasing the shear stress at the slab surface near acrack when
a wheel load is applied.

It was found that crack width is a more sensitive
indicator of pavement condition than the mean crack spacing
(Ref 24). In this sense, for good performance of the pave-
ment, it is very important to keep cracks tightly closed.

Effort was made to quantify the relationship between
crack width and load transfer (Ref 21), however it is not
currently feasible to set a design criterion for crack width
from a load transfer standpoint. In Research Report 177-17
(Ref 5), the design criteria for crack width were established
from the standpoint of controlling spalling, steel corrosion,
and subgrade or subbase erosion.

Crack width is an outcome of the interaction of concrete
drying shrinkage and creep, and thermal contraction due to
temperature drop, along with the restraint due to slab-base
friction and the embedded steel.

As may be seen in Fig 3.7, the rate of drying shrinkage
decreases rapidly with time:

* 14 to 34 percent of the 20-year shrinkage occurs in

2 weeks,

* 40 to 80 percent of the 20-year shrinkage occurs in

3 months, and

* 66 to 85 percent of the 20-year shrinkage occurs in

one year (Ref 18).
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lower values of thermal coefficient and
drying shrinkage for LS concrete. Since
crack width is directly proportional to
crack spacing, the ratio of bond area to
concrete volume is more significant
than percent steel in explaining the vari-

ation in the crack width (Table 3.5).

Steel Stress

In order to achieve the primary ob-
jective for using steel reinforcement in
CRCP, to maintain transverse cracks in
atightly closed condition, itis necessary

L | 1 i 1 1 1
010 28 90 1 2 5 10 20 :;0 that steel at the crack be under the elastic
Days Years range while the slab expands and con-
Time log scale tracts due to temperature changes.
Tables 3.6 and 3.7 show the design
Fig 3.7. Range of shrinkage-time curves for different concrete stored at criteria established to safeguard against

relative humidities of 50 and 70 percent (Ref 14),

The increase in the rate of drying shrinkage after
one year is very small. Consequently, temperature can
be considered the only variable that affects the vari-
ation in the value of crack width after the crack
spacing has been stabilized. However, while the crack
width varies according to the temperature change,
spalling occurs over a long period of time during
which the pavement temperature varies over a large
range. Therefore, the maximum crack width allowed
in any design should be determined for the lowest
temperature to which the pavement will be subjected.
From the standpoint of controlling spalling, the allow-
able crack width (for the maximum temperature drop
in this study of 68°F) is 0.047 inch (Ref 5).

The maximum allowable crack width based on
the permeability restriction is 0.025 inch, if the pave-
ment is continuously flooded and left constantly at a
temperature just above freezing. Neither of these two
extreme conditions is likely to occur constantly
throughout the pavement life, and the 0.025-inch
level should be adjusted according to the climatologi-
cal characteristics of the design site.

Figure 3.8 presents predicted maximum crack
widths for various slab thicknesses. Predicted maxi-
mum crack width values for some thicknesses exceed
the limiting values. The figure also shows that the
crack width for the pavement with LS aggregate is
larger than that for the pavement with SRG aggregate.
Figure 3.9 presents a relationship between predicted
crack spacing and crack width for both aggregates. It
shows that crack width is directly proportional to
crack spacing in a linear relation, which agrees with
the field observation. It also shows that, for the same
crack spacing, the crack width in LS concrete is less
than that in SRG concrete, which is the result of the

steel rupture and permanent deforma-
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Fig 3.8. Predicted maximum crack widths for various slab
thicknesses using CRCP-2.
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TABLE 3.6. MAXIMUM ALLOWABLE STEEL
STRESS TO PREVENT STEEL RUPTURE IN

CRCP (REF 5)
Minimum
Yield Ultimate Allowable

Steel Type  Strength,  Strength, Stress,
and Grade fy (ksh) £, Gesh fg (ksh)
Billet Steel

Grade 40 40 60 525

Grade 60 50 90 67.5

Grade 75 100 100 75.0
Rail Steel

Grade 50 50 80 60.0

Grade 60 60 90 6.5

1 ksi = 6.895 MPa

tion (Ref 5). Since Grade 60 ASTM A615 billet steel is
usually used for longitudinal reinforcement, the allowable
stress 10 prevent steel rupture is 67.5 ksi and the maximum
allowable steel stress for control of permanent deformation
is from 53.5 ksi for #7 bar to 71 ksi for #4 bar.

Figure 3.10 presents predicted maximum steel stress for
various slab thicknesses. In SRG concrete pavement, the
steel stress in thicknesses of less than 11 inches meets the
above criteria, but the steel stress in thicknesses greater than

or equal to 11 inches is somewhat higher than the above
criteria, In LS concrete pavement, the steel stress is a little
higher than the above criteria for all thicknesses. It also
shows that the steel stress in LS concrete pavement is higher
than that in SRG concrete pavement. Since crack spacing
and crack width in LS concrete pavement are larger than
those in SRG concrete pavement, the steel stress in LS con-
crete pavement is also higher than that in SRG
concrete pavement.

In a field study, for a given bar size, steel strain at the
crack was directly proportional to the crack width (Ref 25).
However, Figs 3.8 and 3.10 indicate that steel stress is not
directly proportional to crack width. This is explained by
differences in bond characteristics due to various bar sizes
used in this study. The smaller the bar size, the more
effective the stress transfer from the steel to the concrete for
agiven percent longitudinal steel reinforcement because the
greater number of bars provided by the smaller bar size
results in a larger total bond area. The effective stress
transfer fora smaller bar size results in a decrease of the bond
development length. For a given crack width, a decrease in
the bond development length results in a higher steel strain.
This explains why there is little difference in steel stress
between one- and two-layer reinforcements, while there is a
big difference in crack width.

TABLE 3.7.

PERMANENT DEFORMATION (REF 5)

MAXIMUM ALLOWABLE STEEL STRESS FOR CONTROL OF

Maximum Allowable Steel Stress (psi)

Concrete Compressive Strength, f." (psi)

Low, f " <3,500 psi

Regular, f." 2 3,500 psi

Steel Steel Bar (2 4.5 percent Alr Content or (< 4.5 percent content and
Yleld Diameter, < 4 cement sacks per cubic 2 4 cement sacks per cubic
Strength ¢ (inch) yard of concrete) yard of concrete)
40,000 0.500 60,200 64,900
0.625 49,300 54,900
0.750 43,400 47,300
0.875 39,900 42,700
50,000 0.500 61,600 68,700
0.625 53,000 57,500
0.750 48,200 51,400
0.875 45,400 47,700
60,000 0.500 65,100 71,000
0.625 57,900 61,600
0.750 53,900 56,500
0.875 51,600 52,500
75,000 0.500 72,300 77,000
0.625 66,600 69,500
0.750 63,400 65,500
0.875 61,500 63,000

1 inch = 25.4 mm
1psi = 6.895 kPa
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cross section; W is the width of the slab; h is the slab
thickness; fis the bar diameter; and p is the percent lon-
gitudinal steel reinforcement.

As can be seen in Eq 3.3, various Q values are
obtained by changing steel reinforcement and/or bar
size. For steel reinforcement, 0.6 percent is a well es-
tablished and widely used value for CRCP. Hence,
percent steel was fixed at 0.6, and, in order to obtain
various Q values, bar sizes ranging from #4 through #7
were selected. For the other input variables, the values
used in the previous analysis were selected. As in the
previous analysis, two types of aggregates, SRG and

~ 10r
‘@
Q
vo 8'
x
@
8 o
75
R —e— LS, 1-Layer
2 —e— LS, 2-Layer
@ —8— SRG, 1-Layer
E —=a— SRAG, 2-Layer
E P
bt
b
0 | — | — | — | | — | — | - ) S ]
7 8 9 10 1 12 13 14 15
Slab Thickness (in.)

Fig 3.10. Predicted maximum steel stresses at a crack for

various slab thicknesses using CRCP-2,

ANALYSIS FOR IMPROVEMENTS OF
CRCP DESIGN STANDARD

The results of the previous analysis indicate that the
structural responses are better explained by Q values than by
steel reinforcement alone. This means the combination of
percent steel and bar size, rather than steel reinforcement
alone, should be considered in CRCP design. Thus a study
of the effect of various Q values on the structural behavior
may achieve a better design.

The ratio of bond area to concrete volume can be ex-
pressed in terms of the design variables.

For unit length of the slab,
Q=ﬁ=1tdLnl=1th (3.1
V.~ Whl W h
and
p=és;=£¢2¢=mxg 32)
A " 4 h ™ Wh "4
From Eqs 3.1 and 3.2, we get
p=Q%
ie.,
4p
= — 33
Q 5 (3.3)
in which A, and Vc are the bond area and concrete volume,

respectively; A and Ac are the steel and concrete cross-
sectional areas, respectively; n is the number of bars in the

LS, were considered. Since the bar size and slab thick-
ness are the only variables for the given aggregate
type, this study shows the effect of the variation in Q
and slab thickness on the structural responses. In Ap-
pendix B, the results of this analysis are presented. In
the following section, the results for crack spacing,
crack width, and steel stress are discussed.
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Crack Spacing

Figures 3.11 and 3.12 present the predicted crack spac-
ing for various bar sizes and slab thicknesses for SRG and LS
concrete pavements, respectively. Since the only difference
in the graphs for a given slab thickness is the Q value, these
graphs vividly show the effect of Q on crack spacing.
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Fig 3.11. Predicted crack spacings for various bar sizes
and thicknesses of slabs with SRG aggregate.

From the figures, three observations can be made:

(1) LS concrete gives larger crack spacing than SRG
concrete. A literature survey shows that thermal
coefficient and drying shrinkage of LS concrete are
lower than those of SRG concrete. When concrete
has a low value of thermal coefficient and low
drying shrinkage, the concrete volume change also
becomes less, resulting in large crack spacing. This
explains the larger crack spacing for LS concrete.
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Crack Spacing (ft)

Fig3.12. Predicted crack spacingsfor various bar sizes and

Crack Width

Crack widths for various slab thicknesses are pre-
sented inFig 3.13 for SRG and inFig 3.14 for LS con-
crete. Comparison of the figures indicates that the crack
width for LS concrete is larger than that for SRG
concrete and that larger size bars increase crack spac-
ing, which in tumn produces wider cracks. This is as
expected, since the crack width is a function of crack
spacing. Figure 3.15 presents the crack spacing and
crack width relationship for various bar sizes and
coarse aggregate types. It shows that the crack width is

, directly proportional to the crack spacing in a linear
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thicknesses of slabs with LS aggregate.

(2) A larger size bar gives larger crack spacing. The
effect of the restraint of steel reinforcement on
concrete volume change causes concrete stress to
develop, and, when the concrete stress developed
exceeds the concrete tensile strength, a crack oc-
curs. The degree of restraint from steel reinforce-
ment largely depends on the availability of steel
surface area: the larger the steel surface area, the
higher the degree of restraint. The high degree of
restraint on concrete volume change causes high
concrete stress, resulting in smaller crack spacing.
For a given steel reinforcement, a smaller size bar
provides a larger steel surface area; and, in turn, a
higher degree of restraint on concrete volume
change. This explains why a smaller size bar gives
smaller crack spacing.

The thicker the pavement slab, the larger the crack
spacing. In CRCP, initial cracking is caused mainly
by the restraint on concrete volume change due to
temperature and moisture change. Additional
cracking is developed when the external wheel
load is applied. According to Westergaard
(Ref 26), the stress due to the wheel load at the
bottom of the slab is inversely proportional to the
slab thickness. When the sum of the stresses due to
concrete volume change and due to the application
of wheelload exceeds the concrete tensile strength,
acrack will develop. Since the thicker the slab, the
less the concrete stress due to the application of
wheel load, crack spacing is larger for thicker
slabs. Another reason is that as discussed in the
next section, the rate of concrete stress increase in
the bond slippage zone decreases with slab thick-
ness. Hence, less concrete stress develops for
thicker slabs, resulting in larger crack spacing for
thicker slabs.

A3
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relationship regardless of bar size used. It also shows
that the relationship is affected by the coarse aggregate
types used. In Ref 27, the relative bonding efficiencies
of eight bar types were studied a supplementary series
of bond tests. Figure 3.16 shows the reinforcement bars
used in the study. Figure 3.17 shows that an approxi-
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Fig 3.13. Predicted maximum crack widths for various
bar sizes and thicknesses of slabs with SRG aggregate.
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Fig 3.14. Predicted maximum crack widths for various
bar sizes and thicknesses of slabs with LS aggregate.
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such as thermal coefficient and drying shrinkage, are
the only variables affecting the relationship as shown
in Fig 3.15. This is an important design aspect which
should be considered in CRCP design, and suggests
that different designs be developed for concretes with
different coarse aggregate types.

Steel Stress

The steel stress at a crack should not exceed the
yield stress, since, once the steel stress reaches the
yield stress, the steel cannot resist more force, result-
ing in wide crack width. Figures 3.18 and 3.19 show

0 ) I— L. L L
2 4 6 8 10

Crack Spacing (ft)

Fig 3.15. The relationship between crack spacing and crack

width.,
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Fig 3.16. Reinforcement bars used in the experiment in Ref 27.

mately linear relation exists between crack spacing and
crack width obtained in the laboratory tests for various types
of bars. In this test, the steel stress at the crack was main-
tained at40,000 psi. The bearing area of lugs ismaximum for
bar A, followed by B, C, D, E, F, G, and minimum for H. In
the test, the steel reinforcement was kept at the same value
for various bar types. Hence, any difference in the test results
is attributed to the bond efficiency between concrete and
steel among various bar types. Figure 3.17 illustrates that al-
though bond efficiency causes various crack spacing (the
higher the bond efficiency, the smaller the crack spacing and
crack width), the crack spacing and crack width relationship
isnot affected by bond efficiency. In other words, fora given
design combination, there is a unique linear relationship be-
tween crack spacing and crack width. Concrete properties,

12 the predicted maximum steel stress for various bar

sizes and slab thicknesses for SRG and LS concrete
pavements, respectively. Even though the predicted
steel stresses are the values when the temperature is the
lowest, they exceed the yield stress for thicker slabs.
The figures show that, as far as steel stress is con-
cerned, bar size has no ef-
fect.

The crack spacing-
steel stress at a crack rela-
tionships for various bar
sizes are shown in Fig 3.20
for SRG concrete and in Fig
3.21 for LS concrete. They
indicate that, for the same
crack spacing, the larger the
bar size, the lower the steel
stress. This was explained
in the previous section in
terms of the various devel-
opment lengths for various
bar sizes. A similar rela-
tionship exists between
crack width and steel stress
at a crack, as shown in Figs
3.22 and 3.23, for SRG and
LS aggregate concretes, re-
spectively. The curves in
both graphs disclose the same general relationship between
the variables, as might be expected, in view of the approxi-
mately linear relationship between crack spacing and crack
width shown in Fig 3.15.

In Ref 27, the relationship between crack width and
steel stress was investigated for the various bar types shown
in Fig 3.16. As shown in Fig 3.24, the relationship between
crack width and steel stress at a crack varies, depending on
the bond efficiency. For a given crack width, bar A, with the
maximum bearing area of lugs, developed maximum steel
stress while the plain bar, H, developed minimum steel
stress. Since, for deformed bars, bonding efficiency depends
on the bar size, the relationships shown in Figs 3.22and 3.23
should be considered in the development of the optimum
CRCP design.
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Average Crack Width, (x 10-3in.)

Note: Width of Cracks and Their

results in too narrow crack spacing. The Q value
should be reduced by using #5 bars instead of #4
bars.

For LS concrete:

(1) for 13,14, and 15-inch thicknesses with
one-layer reinforcement, the Q value
should be increased to 0.038. This can be
done by using #5 bars instead of #7 bars.

(2) for an 11-inch thickness with one-layer
reinforcement, the steel reinforcement
should be increased to 0.6 percent.

0= Spacing Observed at Stress

9 in Bar of 40,000 psi

8 -

7 f—

6 | | | 1 | L1 ] ]
6 7 8 9 10 11 12 13 14 18

Crack Spacing (in.)

Fig 3.17. The relationship between crack spacing and crack
width (A through H represent the bar types shown in Fig 3.16)

(Ref 27).
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Fig 3.18. Predicted maximum steel stress at a crack for
various bar sizes and slab thicknesses with SRG aggregate.

DISCUSSION OF THE RESULTS

In the study described in the previous sections, it was
found that different concrete properties resulting from dif-
ferent coarse aggregate types have a significant effect on the
structural responses of CRC pavements. It was also found
that the proposed SDHPT Design Standard is reasonable for
most of the slab thicknesses. However, the results of the
previous section indicate that some modifications are
needed in the Design Standard, as follows:

For SRG concrete:
(1) for an 8-inch thickness, the steel reinforcement
should be reduced to 0.6 percent.
for an 11-inch thickness with two-layer reinforce-

ment, the Q value (0.0476) is too high, which

@

The study of the effect of the Q factor in terms
of various bar sizes on the structural responses
shows that the Q factor plays an important role in
CRCP behavior. The importance of the Q factor is
discussed by McCullough and Ledbetter in Ref 20.
Mechanistically, it is shown in the study by
McCullough et al (Ref 2). Consider a free body of
a CRCP slab segment in the bond slip zone which
is under the effect of volumetric change (Fig 3.25). At the
crack, the steel is under considerable tension since no re-
sistance is provided by the concrete. Beyond the crack,
steel stress is transferred to the surrounding concrete,
creating a variable stress in the bar. Since the bar must be
in equilibrium, this change in the bar force is resisted at
the contact surface between the steel and concrete by an
equal and opposite force produced by the bond between
the steel and concrete. For the free body of the steel bar
segment shown in Fig 3.25, if U is the magnitude of the
average bond force per unit length of the bar, then SF =0
yields
(3.4)

00r%=U

F,+dF,—F - Udx = m

Assuming that the bond force per unit length, U, is the
resultant of shear type bond stresses, u, uniformly distrib-
uted over the contact area, then

U=upf (3.5)

and

(3.6)

where
p is percent longitudinal steel
reinforcement,
f isbar diameter, and
o is steel stress.
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2 sl Since F = A s and A =p {4, where A and A_are
° the concrete and steel cross-sectional areas, respec-
= 5 tively, and S, and p are the concrete stress and steel re-
7,2’ [ —O— #4bar inforcement, respectively, Eq 3.8 can be written for a
% 4t —@——  #5 bar unit width slab as
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g 3F #6 bar do. F 4P (3.9)
b3 —M— #7 bar E =- I-)- - —¢— .
2F
in which F, is friction force per unit length along the
r slab, s_ is the concrete stress, u is the bond stress, and
0 L . N . ; ) . , Dis the slab thickness. Equation 3.9 shows that the rate
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Fig 3.19. Predicted maximum steel stress at a crack for
various bar sizes and thicknesses of slabs with LS aggregate.
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Fig 3.20. The relationship between crack spacing and
steel stress at a crack for SRG aggregate.

Substituting the values of U and F in Eq 3.4 gives

dos _ 4u .
il €X)

Equation 3.7 indicates that the rate of the steel stress change
in the bond development zone is directly proportional to the
bond stress and inversely proportional to the bar diameter.

For the free body of the concrete segment shown in

Fig 3.25, applying XZF =0 gives

dFC+Fidx+de=0

15 of the increase in the concrete stress within the bond
development zone is a function of subbase frictional
resistance, slab thickness, bond stress, and the Q fac-
tor. The maximum bond stress available for a given
concrete volume change largely depends on the bond-
ing efficiency. The bonding efficiency depends not

or
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Fig 3.21. The relationship between crack spacing and
steel stress at a crack for LS aggregate.

only on the physical shape of the bar surface but on the
available steel surface area. For the same steel reinforce-
ment, a smaller bar size provides a larger steel surface area.
ACI (Ref 11) recognizes this and specifies that, for tension
bars, bond stress is governed by

”T Vic < g0 psi (3.10)

where

f°_ is compressive strength of concrete.
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Fig 3.22. Therelationship between crack width and
steel stress at a crack, with SRG aggregate.
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Fig 3.23. Therelationship between crack width and steel

stress at a crack, with LS aggregate.
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Fig 3.25. Free-body diagram of an element in the
CRCP model in the bond-slip zone (Ref 2),

Equation 3.10 indicates that, for concretes with the
same strength, using a smaller size bar gives a higher
available bond stress. From Eqs 3.9 and 3.10, it is expected
that, for a given steel reinforcement, using smaller size bars
increases the available bond stress and Q, resulting in the
higher rate of concrete stress increase and, in
turn, smaller crack spacing. On the other
hand, using larger size bars will result in
larger crack spacing. This explains why the
ratio of bond area to concrete volume is so
important in CRCP slab behavior. Figure
3.26 shows the concrete stress distribution
along the slab for various Q values obtained
from computer program CRCP-2. The input
valuesofall the other variablesexceptQ were
kept the same. It shows vividly the effect of Q
on the rate of concrete stress increase in the
bond development zone and on the crack
spacing. Note that the higher the Q value, the
smaller the bond development length and the

| I |

0 i L 1 1 1 1 | 1
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Average Crack Width, x 10~ 3in.

18

higher the rate of concrete stress increase.
The higherrate of concrete stress increase for
a higher Q value resulted in a smaller crack
spacing. This relationship between Q and

20 22

Fig 3.24. The relationship between crack width and steel stress (A crack spacing was confirmed by the field data
through H represent the bar types shown in Fig 3.16) (Ref 27). (Ref 18).



Many factors affect the structural responses of CRCP.,
However, concrete properties, such as tensile strength,
shrinkage and thermal coefficient of concrete, steel percent-
age, and Q values are the controllable design variables with
a large effect. From this standpoint, it is necessary to distin-

500 F
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200

Concrete Stress (psi)

100

25

guish different coarse aggregate types and to include Q
effect in CRCP design.

A rational design should include the regional environ-
mental effect, and the CRCP-2 computer program can be
used for this purpose.

40 30 -20 -10

0 10 20 30 40

Distance from the Mid-Slab Between Cracks (in.)

Fig 3.26. Concrete stress distribution along the slab
length between the cracks for various Q values.
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CHAPTER 4. EVALUATION OF CRCP DESIGN STANDARD FOR
DEFORMED WIRE FABRIC REINFORCEMENT

Welded wire fabric is prefabricated rein-
forcement consisting of a parallel series of high-

TABLE 4.1. INPUT VALUES FOR THE EVALUATION OF
THE CRCP (DEFORMED WIRE FABRIC) STANDARD

strength, cold-drawn wires welded together in

square or rectangular grids. Each wire intersection oY Sglklzmﬁ?é::nem 0.6 percent

is electrically resistance welded by a continuous (b) Bar diameter 0.356 inch (D10)
automatic welder. Pressure and heat fuse the inter- (c) Modulus of elasticity 29 x 10 fsi

secting wires into a homogeneous section and fix (d) Yield stress 60,000 psi

all wires in their proper positions. (e) Wire spacing 12, 16, 18, 20, and 24 inches

There are two types of wire fabric: smooth
welded wire fabric and deformed welded wire

(2) Slab-base Friction
(Multi-Linear Curve)

fabric; smooth wire fabric is no longer used in (a) Maximum fﬁc{i.o '.ml pressure ZPSi.
. . . (b) Movement at sliding 0.06 inch
pavement because it has given unsatisfactory .
. (3) Environmental Inputs

performance (Ref 28). Deformed welded wire . o
fabric utili th wire def . lded (a) Curing temperature 85°F
fabric utilizes both wire deformations and weld (b) Minimurn daily temperature 75°F
intersections for bond and anchorage. for 28 days

(c) Minimum temperature in the 17°F
INPUT VALUES FOR THE first winter
ANALYSIS (d) The number of days until 210 days

. . the minimum temperatur
As described in Chapter 2, there are five O;WS peratie
categories of input variables in the CRCP-2 pro- (4) External Load Inputs
gram, i.e., steel properties, concrete properties, (2) Wheel load 9,000 pounds
slab-base friction, environmental inputs, and ex- (b) Wheel base radius 6 inches
ternal load characteristics. (c) Modulus of subgrade reaction 640 psifinch
For slab-base friction, environmental inputs, (d) Number of days before the 14 days

and external load characteristics, the values used wheel load is applied
for the study of deformed bar reinforcement were ~ (5) Concrete Properties See Table 3.2

selected.

The steel reinforcement was fixed at 0.6 percent, and
five transverse wire spacings, i.e., 12, 16, 18, 20, and 24
inches, were selected.

A slab thickness of 8 inches and two aggregate types,
i.e., siliceousriver gravel and limestone, were studied in this
analysis. Table 4.1 shows the input values selected for this
study.

RESULTS OF THE ANALYSIS

The major functional difference between deformed bars
and deformed wire fabric is that, for deformed bars, the steel
stress at the crack is transferred to the surrounding concrete
by the chemical adhesion and mechanical bond between
concrete and steel, resulting in relative movement between
steel and concrete for some distance from the crack. For
deformed wire fabric reinforcement, the transverse wires act
as flexural beams, restrained from bending by the compres-
sion of the surrounding’ concrete. Laboratory tests have
shown that almost all of the steel stress at the crack is
dissipated at each of the welded transverse wires adjacent to
the crack (Ref 29).

It was found that there was no significant difference in
the distress manifestations or in the rate of deterioration of
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riding quality between the two types of reinforcement, but
the type of reinforcement had an effect on mean crack
spacing; i.e., the crack spacing was higher for deformed bars
(Ref 2). Table 4.2 presents the results of the analysis.

TABLE 4.2. PREDICTED STRUCTURAL
RESPONSES FOR VARIOUS WIRE
SPACINGS AND COARSE AGGREGATES

Structural Responses

Crack Crack Steel

Wire Spacing V.Vzldth gtre'ss

Spacing (feet) (x 10%in.) (x 10" psi)
(inchessy SRG LS SRG LS SRG LS
12 1.58 255 155 179 462 631
16 211 340 206 239 462 631
18 246 5.81 241 407 498 637
20 416 641 406 450 504 633
24 329 774 321 542 498 637

Crack Spacing

Figure 4.1 shows the predicted crack spacing for both
aggregate types and transverse wire spacings. It shows that
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Fig 4.1. The effect of aggregate types and transverse
wire spacings on crack spacing.

wider wire spacings generally give higher crack spac-
ing and that there is an interaction between wire spac-
ings and aggregate type, i.e., wire spacings and con-
crete properties.

Considering the limiting criteria described in the
previous chapter, transverse wire spacings of and
greater than 18 inches give satisfactory results for
crack spacing. Figure 4.1 alsoshows that there is a con-
siderable variation in predicted crack spacings for
concrete with different aggregates.

Crack Width

Figure 4.2 presents the predicted crack width for
both aggregates and transverse wire spacings. As de-
scribed earlier, the crack width is temperature depend-
ent, and, for the condition considered in this study, the
maximum allowable crack width for controlling
spalling is 0.047 inch. Comparison of Fig 4.1 with Fig

Maximum Steel Stress (x 104 psi)
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4.2 shows that crack spacing and crack width increase with
increased wire spacings. Except for 24-inch wire spacing
with LS aggregate, all the wire spacings are satisfactory for
both aggregates as far as crack width is concerned.

Steel Stress

Figure 4.3 shows the maximum steel stress for both
aggregate types and transverse wire spacings. Considering
the limiting criteria for steel stress (Tables 3.6 and 3.7), all
the wire spacings are satisfactory for both aggregate types.

In the previous chapter, for deformed bar reinforce-
ment, steel stress was directly related to crack spacing or
crack width for a given bar size. Figure 4.3 indicates trans-
verse wire spacing does not have a practical effect on steel
stress while it does on crack spacing and crack width. The
reason for this difference in the relationship of crack width
to steel stress between two types of reinforcement is that, in
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Fig 4.3. The effect of aggregate types and transverse wire

spacings on steel stress.
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Fig 4.2. The effect of aggregate types and transverse
wire spacings on crack width.

deformed wire fabric reinforcement, bond development
length is limited to the first transverse wire from the crack,
resulting in almost identical steel strain for various trans-
verse wire spacings. In other words, larger wire spacings
result in larger crack width; however, because of its larger
bond development length, steel strain at a crack is not
significantly different from that at a smaller crack width
resulting from smaller wire spacings.

It implies that, for this type of reinforcement, a large
crack width, which occurs atearly ages through alarge crack
spacing, might result in steel failure at a crack for smaller
wire spacing.

Discussion of the Results

The study described above shows there is an interaction
between wire spacings and structural responses. These
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interactions result from the bond anchorage characteristics
of welded wire fabric. However, in general, larger trans-
verse wire spacings produce larger crack spacings and crack
widths, while the steel stress at the crack remains almost the

same for various wire spacings. From the general trend, wire
spacings of 18 inches or greater seem to be the optimum
spacings for welded wire fabric reinforcement.



CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

This report presents the results and findings of the study
performed in order to evaluate the proposed Texas SDHPT
CRCP Design Standard. This is a summary of the results and
basic conclusions reached in this study .

CONCLUSIONS

0

@

©)]

The Texas SDHPT CRCP(B)-85 Design Standard

was evaluated using the theoretical model CRCP-

2 with two coarse aggregates, i.e., siliceous river

gravel and limestone. Basically, the Standard pro-

vided a good design with the following considera-
tions.

(a) Forsiliceousriver gravel aggregate, two-layer
reinforcement is more desirable with 13, 14,
and 15-inch slab thicknesses. For an 11-inch-
thick slab with two-layer reinforcement, #5
bars should be used instead of #4 bars.

For limestone aggregate, two-layer reinforce-
ment is more desirable with thicknesses of 11
inches or greater. In 13, 14, and 15-inch thick-
nesses with one-layer reinforcement, the Q
value should be increased by increasing the
steel percentage and/or by using #6 bars in-
stead of #7 bars.

The CRCP (Deformed Wire Fabric) Design Stan-
dard was evaluated using the theoretical model
CRCP-2 for SRG and LS aggregates. Wire spac-
ings of 18 inches or greater should be used to
provide the best performance.

Structural responses in concrete pavement are the
outcome of interactions between environmental
conditions and material properties, and between
wheel load applications and material properties.
Thermal expansion, drying shrinkage, modulus of
elasticity of concrete, and tensile strength are the
concrete properties affecting the interactions with
environmental conditions. Modulus of elasticity,
modulus of rupture, and modulus of subgrade reac-
tion are the variables affecting the interactions with
wheel loading conditions. Hence, under identical
environmental and wheel loading conditions, dif-
ferent structural responses, or pavement distresses,
are developed for pavement constructed with ma-

(b)
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4)

terials of different characteristics. The minimum
value currently required for modulus of rupture in
the construction of concrete pavement is not suffi-
cient for a satisfactory design standard. The differ-
ent performances resulting from different material
characteristics should be considered.

A major factor causing cracking is embedded steel
restraining the concrete volume change. The de-
gree of restraint provided by steel reinforcement is
an important design factor. The degree of restraint,
hence, structural response, is better explained by
the ratio of bond area to concrete volume (Q) than
by steel reinforcement alone. In the developmentof
CRCP design, consideration should be given to the
selection of the Q values.

RECOMMENDATIONS

The following recommendations concerning the design
of continuously reinforced concrete pavement resulted from
this study.

)

@

©)]

Q)

The major factors causing cracking in CRC pave-
mentare drying shrinkage and thermal contraction
of concrete. In order to achieve the desired pave-

_ment performance, regardless of coarse aggregate

used, the development of different design stan-
dards for various aggregate types is recommended.
The ratio of bond area to concrete volume is a very
important variable in continuously reinforced
concrete pavement. It is recommended that this
variable be considered in the development of the
SDHPT Design Standard. The optimum value of
the ratio of bond area to concrete volume can be
obtained through proper combinations of bar size
and percent steel. The theoretical model CRCP-2 is
recommended for this purpose.

To provide reasonable Q values for slabs with
thicknesses of more than 11 inches, two-layer
reinforcement construction is recommended if
feasible.

To improve the crack width and steel stress predic-
tions, the creep effect should be included in the
theoretical model. This will require information on
creep in tension.
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APPENDIX A
EXAMPLE OUTPUT OF COMPUTER PROGRAM CRCP-2

PROJECT 472, EVALUATION OF CRCP DESIGN STANDARD
8~INCH SLAB, LS AGGREGATE

PROB
PROJEC 472

PR B LA st sttt i b ey )

" »
* STEEL PROPERTIES »*
" »

L2222 s X s il i R YTy

TYPE OF LONGITUDINAL REINFORCEMENT IS
DEFORMED BARS

PERCENT REINFORCEMENT = 6.140E-01
BAR DIAMETER = 7.500E-01
YIELD STRESS = 6.000E+05
ELASTIC MODULUS = 2.900E+07
THERMAL COEFFICIENT = 5.000£E-06

LAl A LSt e sl el sl sl dl

* »
d CONCRETE PROPERTIES *
»* »*

H A A A A A e B N B

SLAB THICKNESS = 8.000€E+00
THERMAL COEFFICIENT = 3.800E-06
TOTAL SHR{NKAGE = 4.000E-04

UNIT WEIGHT CONCRETE= 1.428E+02
COMPRESSIVE STRENGTH= 4.500E+03

TENSILE STRENGTH DATA AS INPUT BY USER

AGE, TENSILE
(DAYS) STRENGTH

0 0

1.0 164.6

3.0 262.0

5.0 309.4

7.0 337.3

4.0 384.9

21.0 4121

28.0 425.0
L2 22 22 222 2 P22 22 Rl d st s syl
+* »*
* SLAB-BASE FRICTION CHARACTERISTICS *
» F-Y RELATIONSHIP *
»* *

WA e A S W
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2+ TYPE OF FRICTION CURVE IS A MULTILINEAR CURVE

F(1) Y(l)

0 -0
1.0000 -.0150
2.0000 =.0300
L4.0000 ~.0600
4.0000 =.0700
4.0000 =.0800
4.0000 =.0900
4.0000 -.1000
4.0000 -.1500

LA L R S L L Rl b L b bl b b D L b g b D L L]

» »
* TEMPERATURE DATA *
» »

LR R S L RS DL RS DL R RS )

CURING TEMPERATURE= 85.0

MIN1MUM ODROP [N
DAY TEMPERATURE TEMPERATURE
1 70.0 15.0
2 70.0 15.0
3 70.0 15.0
L 70.0 15.0
5 70.0 15.0
6 70.0 15.0
7 70.0 15.0
8 70.0 15.0
9 70.0 15.0
10 70.0 15.0
11 70.0 15.0
12 70.0 15.0
13 70.0 15.0
1 70.0 15.0
15 70.0 15.0
16 70.0 15.0
17 70.0 15.0
18 70.0 15.0
19 70.0 15.0
20 70.0 15.0



21 70.0 15.0
22 70.0 15.0
23 70.0 15.0
24 70.0 15.0
25 70.0 15.0
26 70.0 15.0
27 70.0 15.0
28 70.0 15.0

DAYS BEFORE CONCRETE GAINS

FULL STRENGTH

MINIMUM TEMPERATURE EXPECTED AFTER
CONCRETE GAINS FULL STRENGTH

DAYS BEFORE REACHING MIN, TEMP,

Ea 2 A A 2 2 2 L 2 el sl sl syl s sl

" "
* EXTERNAL LOAD i
" "

R RS et SRR sl Rl Rl XL

WHEEL LOAD (LBS) = 9.000E+03
WHEEL BASE RADIUS (IN) = 6.000E+00
SUBGRADE MODULUS (PCl) = 6.400E+02
CONCRETE MODULUS (PS!) = 4.002E+06
LOAD APPLIED AT = 14. TH DAY
CALC.LOAD STRESS (PS!) = 1.557E+02

R 2 2 22 AR il il sl sl il sl Rl

* *
* ITERATION AND TOLERANCE CONTROL *
* »

PR R L 2R s IRl Rl l sl d sl sl Al s Rl

MAXIMUM ALLOWABLE NUMBER OF |TERATIONS= 60

RELATIVE CLOSURE TOLERANCE= 1.0 PERCENT

28 DAYS

17.0 DEGREES FAHRENHEIT
210.0 DAYS
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AT THE END OF THE ANALYSIS PERIO®

CRACK SPACING

CRACK WIDTH

MAX CONCRETE STRESS
MAX STEEL STRESS
CONC.TENS.STRENGTH

STA- DIsS-
TION TANCE
1 0
2 3.3
3 6.6
L 9.9
5 13.2
6 16.5
7 19.8
8 23.1
9 26.4
10 29.7
1M 33.0
12 36.3
13 39.7
14 43.0
15 L46.3
16 L49.6
17 52.9
18 56.2
19 59.5
20 62.8
21 66.1
22 69.4
23 72.7
24 76.0
25 79.3
26 82.6
27 85.9
28 89.2
29 92.5
30 95.8
31 99.1
32 102.4
33 105.7
34 109.0
35 112.3
36 115.7
37 119.0
38 122.3
39 125.6
Lo 128.9
b1 132.2
42 135.5
43 138.8
by 1421
45 1u5.4
46 1u48.7
47 152.0
4g 155.3
L9 158.6
50 161.9
51 165.2
52 168.5
53 171.8
54 175.1
55 178.4
56 181.7
0

57 185.

5.
3.
L,
6.
L.

CONCRETE
MOVEMENT

0

.856E-0L4
.713E-04
.569E-04L
.425E-04
.281E-04
.114E-03
.299E-03
.485E-03
.671E-03
.856E-03
.0L42E-03
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.599E-03
.784E-03
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.08LE-03
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.312€E-03
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.240E-03
LU26E-03
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.797€E-03
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.725E-03
.911E-03
.097E-03
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.468E-03
.654E-03
.840E-03
.003E-02
.021E-02
.040E-02

507E+00 FEET

866E

-02 |INCHES

06LE+02 PSI
135E+04 PS!,
602E+02 PSI

OO OOV VNV UMM E EFRFEFELIFEFFOWWWWWOLQWWRNDRPONDNNODNDNODNDNN = == 22— a0 200~ &N —
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PROJECT 472, EVALUATION OF CRCP DESIGN STANDARD

PRCB
PROJEC 472
MAX | MUM
TIME TEMP DRYING TENSILE CRACK CRACK CONCRETE STRESS IN
(DAYS]) DROP SHRINKAGE STRGTH SPACING WIDTH STRZSS THE STEEL
.37 10.0 3.056E-11 99.6 514.1 7.653E-04 2.720E+0" b.792E+03
.50 15.0 2.458E-09 116.u4 514.1 2.050E-03 U4.654E+01 8.768E+03
1.50 15.0 7.326E-06 193.6 514.1 4.582E-03 8.334E+01 1.798E+04
2.50 15.0 3.629E-05 241.4 514.1 1.005E-02 1.409E+02 2.851E+04
3.50 15.0 7.20L4E-05 27u4.6 514.1 1.834E-02 2.069E+02 4.037E+04
4.50 15.0 1.054E-04 298.3 514.1 2.727€E-02 2.600E+02 5.061E+04
5.50 15.0 1.344E-04 316.6 514.1 3.579E-02 2.760E+02 5.929E+04
6.50 15.0 1.589E-04 330.6 385.6 3.720E-02 2.917€+02 6.115E+04
7.50 15.0 1.797E-04 340.9 192.8 2.711E-02 3.175E+02 5.183E+04
8.50 15.0 1.975E-04 3u48.1 192.8 2.985E-02 3.215E+02 5.466E+04
9.50 15.0 2.127e-04 355.0 192.8 3.225E-02 3.383E+02 5.715E+04
10.50 15.0 2.259E-04 361.9 192.8 3.437£-02 3.421E+02 5.939E+04
11.50 15.0 2.37UE-O04 368.6 192.8 3.626E-02 3.513E+02 6.TU2E+0OU
12.50 15.0 2.475E-04 375.2 192.8 3.794E-02 3.617E+02 6.329E+04
13.50 15.0 2.565E~-04 381.7 192.8 3.954E-02 3.682E+02 6.475E+04
14.50 15.0 2.6U45E-04 386.9 81.3 2.035E-02 3.742E+02 L. 425E+04
15.50 15.0 2.716E-04 390.8 81.3 2.092E-02 3.817E+02 L. 475E+04
16.50 15.0 2.781E-04 3%94.8 81.3 2.1ul4E-02 3.886E+02 L.519E+04
17.50 15.0 2.839E-04 398.7 81.3 2.192E-02 3.912E+02 L.560E+04
18.50 15.0 2.892E-04 402.5 81.3 2.236E-02 3.952E+02 L.596E+04
19.50 15.0 2.941E-04 406.4 81.3 2.277E-02 3.994E+02 L.630E+0L
20.50 15.0 2.985E-04 410.2 81.3 2.314E-02 4,042€E+02 L4.660E+04
21.50 15.0 3J.026E-04 U413.0 8i.3 2.348E-02 4.063E+02 L.687E+0U
22.50 15.0 J.06LE-O4 U414.9 81.3 2.378E-02 4.082E+Q2 L. 711E+04
23.50 15.0 3.099E-04 416.7 81.3 2.407E-02 4.108E+02 4.733E+04
24.50 15.0 3.131eE-04 418.6 81.3 2.433E-02 L4.126E+02 L4.75LE+04
25.50 15.0 3.161E-04 420.4 81.3 2.458E-02 L4.137E+02 L.773E+04
26.50 15.0 3.190E-04 422.3 81.3 2.u481E-02 4.163E+02 4.791E+04
27.50 15.0 3.216E£-04 4241 81.3 2.503E-02 4.182€E+02 4.807E+04L



APPENDIX B

RESULTS OF THE ANALYSIS FOR THE IMPROVEMENTS OF CRCP
DESIGN STANDARD

TABLE B.1. CRCP STRUCTURAL RESPONSES FOR #4 BAR

AND SRG AGGREGATE
Slab Crack Max Crack Max Steel
Thickness  Steel Bar Spacing ~ Wldth Stress
(inches) Percent No. Q  (feet)  (x10Zlnch) (x 10°psi)
8 06 4 00480 231 2.25 5.06
9 06 4 00480 273 2.65 5.62
10 06 4 00480 3.04 2.93 598
11 06 4 00480 319 3.06 6.16
12 06 4 00480 3.49 334 6.50
13 06 4 00480 3.65 3.48 6.66
14 06 4 00480 3.80 3.61 6.82
15 06 4 00480 395 3.75 6.98

TABLE B.2. CRCPSTRUCTURAL RESPONSES FOR #5 BAR

AND SRG AGGREGATE
Slab Crack Max Crack Max Steel
Thickness Steel Bar Spacing W_ig th Str ess
(inches) Percent No. Q (feet)  (x 10 inch) (x 10 psi)
8 06 5 00384 903 2.86 5.11
9 06 5 00384 313 323 553
10 06 5 00384 373 3.59 592
11 06 5 0038 408 392 6.25
12 06 5 00384 426 4.08 6.41
13 06 5 00384 450 429 6.61
14 06 5 0038 474 451 6.81
15 06 5 00384 474 451 631

TABLE B.3. CRCP STRUCTURAL RESPONSES FOR #6 BAR

AND SRG AGGREGATE

Slab Crack Max Crack Max Steel

Thickness Steel Bar Spacing W_lgth Strgss
(inches) Percent No. Q (feet) (x10 inch) (x10 psi)

8 0.6 6 00320 34 3.36 5.05

9 0.6 6 00320 4.08 3.95 5.60

10 0.6 6 00320 453 437 5.97

11 0.6 6 00320 476 457 6.14

12 0.6 6 00320 521 499 6.48

13 0.6 6 00320 544 5.19 6.64

14 0.6 6 00320 5.67 5.40 6.80

15 0.6 6 00320 589 5.60 6.95




TABLE B.4. CRCPSTRUCTURAL RESPONSES FOR #7 BAR
AND SRG AGGREGATE

Slab Crack MaxCrack Max Steel
Thickness  Steel Bar Spacing ~ Width Stress
(inches) Percent No. Q (feet)  (x 10 inch) (x 104psl)
8 06 7 00274 4.09 3.99 5.04
9 06 7 00274 467 4.53 5.47
10 06 7 00274 5.9 5.01 5.83
11 06 7 00274 588 5.64 6.28
12 06 7 00274 623 5.95 6.49
13 06 7 00274 640 6.11 6.59
14 06 7 00274 657 6.27 6.70
15 06 7 00274 692 6.58 6.90

TABLE B.5. CRCPSTRUCTURAL RESPONSES FOR #4 BAR
AND LS AGGREGATE

Slab Crack MaxCrack Max Steel
Thickness  Steel Bar Spacing ~ Width Stress
(inches) Percent No. Q  (feet) (x10°inch) (x10*psi)

8 06 4 00480 395 2.76 6.38
9 06 4 00480 4.58 3.17 6.89

10 06 4 00480 503 3.45 724

11 06 4 00480 549 3.74 157

12 06 4 00480 580 3.92 718

13 06 4 00480 6.10 4.11 7.98

14 06 4 00480 6.10 4.11 798

15 06 4 00480 624 426 8.13

TABLE B.6. CRCPSTRUCTURAL RESPONSES FOR # 5 BAR
AND LS AGGREGATE

Slab Crack Max Crack Max Steel
Thickness  Steel Bar Spacing W!gth St"9455
(inches) Percent No. Q (feet)  (x10 Inch) (x 10 psi)

8 0.6 S5 00384 482 3.38 6.30

9 0.6 5 0.0384 5.63 3.90 6.83

10 0.6 5 0.0384 6.16 4.23 7.16

11 0.6 5 00384 6.79 4.62 753

12 0.6 5 00384 7.14 4.84 172

13 0.6 S5 00384 750 5.06 792

14 0.6 5 00384 7.86 528 8.10

15 0.6 S 0.0384 790 5.39 8.18

TABLEB.7. CRCPSTRUCTURAL RESPONSESFOR#6BAR
AND LS AGGREGATE

Slab Crack MaxCrack Max Steei
Thickness  Steel Bar Spacing ~ Width Strsss
(inches)  Percent No. Q (feet)  (x 10 inch) (x10 psi)
8 0.6 6 0.0320 5.85 4.10 6.34
9 0.6 6 0.0320 6.94 4.79 693
10 0.6 6 0.0320 7.32 5.03 7.13
11 0.6 6 0.0320 8.09 5.51 7.50
12 0.6 6 0.0320 8.48 5.75 7.68
13 0.6 6 0.0320 8.86 5.99 7.85
14 0.6 6 0.0320 9.25 6.22 8.02
15 0.6 6 0.0320 9.38 6.40 8.13




TABLE B.8. CRCP STRUCTURAL RESPONSES FOR# 7 BAR
AND LS AGGREGATE

Slab Crack Max Crack Max Steel
Thickness  Steel Bar Spacing ngth Stress
(nches) Percent No. Q  (feety  (x10 inch) (x 10*psi)
8 06 7 00274 678 475 632
9 0.6 7 00274 7.86 5.44 6.83
10 06 7 00274 8.64 5.94 7.17
11 0.6 7 0.0274 9.43 6.42 7.50
12 0.6 7 0.0274 9.95 6.74 1.70
13 06 7 00274 1048 7.06 791
14 0.6 7 0.0274 1048 7.06 791
15 0.6 7 00274 11.00 7.50 8.16
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