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PREFACE 

This report presents an evaluation of the proposed 
Texas State Department of Highways and Public Transpor­
tation (SDHP1) CRCP Design Standards. The theoretical 
model used is the CRCP computer program. The behavior 
of CRCP with various coarse aggregate typeS was also 
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Project 3-8-84-4 72, "Rigid Pavement Data Base," which is 

sponsored by the Texas State Department of Highways and 
Public Transportation. 
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coarse aggregates used, describes the theoretical models 
used in the study, and discusses several important design 
parameters in CRCP. April1988. 

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 wtderidentical 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 Pavernent(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 SDHPI' 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
emble 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 fmdings 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 IS-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 contmctors have the option of placing 
two layers of steel for pavements move than 10 inches thick. 
Two-layer reinforcement is more desimble 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 not a defmite 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 SDHPI' 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. 
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The smdy, 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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BACKGROUND 

CHAPTER 1. INTRODUCTION 

OBJECTIVE OF THE STUDY 

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 meL 

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. 
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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. H 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. 
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CHAPTER 2. THE COMPUTER PROGRAM 

Using mechanistic analyses of pavement systems helps 
pavement engineers to develop rational pavement designs. 
A recent AASHI'O Design Guide (Ref 6) suppons 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 
distinct advantages 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 mtional design is essential for successful 
performance of this pavement type. This need for a mtional 
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 
labomtory 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 cmck width resulting from concrete 
volume changes due to temperature change and shrinkage 
(Ref2). 

The program provides detailed information on the 
structural responses ofCRC pavements as a function of time. 
Based on that information, a mtional 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-
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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 incorpomted 
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 external forces developed from 
the tmffic 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., tempemture 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~· determine the tensile strength of 
concrete from the strength-time relationship 
[Fig 2.1(a)]. 

(2) Compute the drying shrinkage Z1 and the tempem­
ture drop DT

1 
· corresponding to the time t1 

[Fig 2.l(b)]. 
(3) With the mathematical models, calculate the maxi­

mum concrete tensile stress. If the pavement is 
open to tmffiC before time t

1
, the maximum con­

crete tensile stress is the sum of the concrete tensile 
stress due to shrinkage, the tempemture drop at 
time~, and the wheel load stress. If not. it is the sum 
of only the concrete tensile stress due to drying 
shrinkage and the tempemture drop [Fig 2.1(c)]. 

( 4) Compare the concrete strength with concrete stress 
[Fig 2.1 (d)] .If the strength is higher than the stress, 
cracking does not occur. 
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Fig 2.1. Incremental approach as applied to the CRCP system (Ref 2). 

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
base friction is the maximum at the 
middle of the slab length. The resulting 
concrete stress distribution in the CRCP 
slab segment is shown in Fig 2.2( c). If the 
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 

(5) Increase the lime to~ 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 
tl and~· 

(6) Solve for the time (somewhere between t
1 

and 9 
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. Mterthe 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 

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 lhe 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. Mter 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: 

(I) A crack occurs when the concrete tensile stress 
exceeds the concrete tensile strength and when the 
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Distance Along Slab 

(a) Stress due to steel reinforcement only. 

Distance Along Slab 

(b) Stress due to subbase friction only. 

Distance Along Slab 

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) 
the slab-base friction relationship. 

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 
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. 

Concrete Properties 

(c) Stress due to steel reinforcement and subbase friction. 

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 properties is extremely impor­
tant for obtaining an analysis that simulates 

Fig 2.2. Concrete stress distribution along the slab in CRCP. 

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

(2) Concrete and steel properties are linearly elastic. 
(3) In the fully bonded sections of the concrete slab, 

there is no relative movement between the steel and 
the concrete. 

( 4) The force displacement curve which characterizes 
the frictional resistance between the concrete slab 
and the underlying subbase is elastic. 

(5) 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. 

(6) Material properties are homogeneous and iso­
tropic. 

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

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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0 ci • Cross-Sectional 
Area of the Slab 

(2) detailed infonnation on theconcrete 
properties and structural responses 
as a function of time up to 50 days, 

A c - Concrete Stress 
at Location i 

(3) structural responses after the crack 
spacing has been stabilized, and 

I l_.. 0 csAc 

(4) detailed information on the slab 
segment, such as concrete move -
ment, frictional force, concrete 
stress, and steel stress as a function 
of space. 

~ r ~ T 1 ~ Frictional Realatanc· I -of the Subbase 

An example output is shown in Appen­
dixA. 

In the echo print, all the input values are 
printed so that the user can check to see 
whether or not the input fonnat was followed 
correctly. 

I I I I 

Distance Along Slab 

In the second part of the output, detailed 
infonnation, 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 infonnation, 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 
time. 

Fig 2.3. Concrete stress distribution in a slab due to friction when 
there is no reinforcement. 

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

External Load Inputs 

Wheel load, wheel-baseradius, the number of days after 
concrete placement before the wheel load is applied, and the 
modulus of sub grade 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 ReiiJtionship 

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) an echo print of the input values, 

crete gains its strength as time elapses, this crack spacing is 
considered as the final spacing Wltil 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 
perfonn 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 mediwn 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 mediwn 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. 

Presentlllion of the Resulls 

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 
input values of steel reinforcement was con­
sidered to be unity, and, consequently, the 
structural response values for each variable in 

Fig 2.4. Variation or concrete strength and stress, and crack history 
(Ref 4). 

Table 2.2 show the relative ratio of the re­
sponse of that variable to that of the steel 
reinforcement 

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, mediwn, 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 

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. 
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TABLE 2.1. THE INPUT VALUES FOR SINGLE 
FACTORIAL EXPERIMENT 

Variables Low Medium High 

Reinforcement (percent) 0.4 0.6 0.7 
Bar size #5 #6 #7 
Elastic modulus of steel 

(x 106 psi) 27.0 29.0 30.0 
Thermal coefficient of steel 

(x to-6rF> 3.0 5.0 7.0 
Slab thickness (inches) 6.0 8.0 10.0 
Thermal coefficient of concrete 

(X 10'6?F) 3.0 5.0 7.0 
Drying slninkage 

(x w-4 inch/inch) 3.0 5.0 6.5 
Elastic modulus of concrete 

(x I06 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 sub grade reaction 

(psi/inches) 400.0 600.0 800.0 
Curing temperature (0 F) • 70.0 85.0 95.0 
Maximum subbase frictional 

resistance (psi) • 1.0 2.0 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 Steel 

Variables Spacing Wldtb Stress Sum Ranking --------------
Reinforcement 1.00 1.00 1.00 3.00 1 
Bar diameter 0.27 0.27 0.01 0.55 6 
Elastic modulus of steel 0.09 0.08 O.Ql 0.18 9 
Thermal coefficient of steel 0.00 0.00 0.11 0.11 12 
Slab thickness 0.50 0.49 0.62 1.61 3 
Thermal coefficient of concrete 0.34 0.08 0.32 0.74 5 
Shrinkage 0.42 0.08 036 0.86 4 
Elastic modulus of concrete 0.09 0.05 0.08 0.22 8 
Concrete tensile strength 0.78 0.74 0.92 2.44 2 
Wheel load 0.14 0.13 0.16 0.43 7 
Modulus of subgrade reaction 0.05 0.05 0.06 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 
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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 0.5 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. 

TWO LANE PAVEMENT PLAN 
(38' PLACEMENT Olt 16' & U' PI...ACEMENT(L)} 

LONGITUDINAL CONTRACTION JOINT 
Secti..., z- z 

TRANSVERSE CONSTRUCTION JOINT 
Sectiol'l x-x 

1 I 11 
I I II 
I I II 
I I II 

o)W: 
I I II 
I I II 
I I 11 
I I II 

(continued) 

Fig 3.1. CRCP Design Standard for deformed bar reinforcement 
[Texas SDHPT CRCP(B)-85]. 
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AS IIDTED IN Til£ STAICDAQ SPICIFICATIONS AIID TII£11EFORI THI PIIICINTAGE OF STEIL IIEQUIRID IS HIGHU THAN THAT 
fOil MIRE MAtS. !GIWII 70 STEEL), 

@ foR I'AVEitiNTS UIATEI THAll ll" Ill THICKNESS, COIITIIACTORS MAY HAVE THE OPTION OF PLACING TIID LAY£11$ OF STEEL. 
THE SMAI.I.ER LDIIGITUDIIIAL IAII SIZES INIIICATED AilE ONLY TO R USED NHEII TIID LAYEIIS OF STEEL AilE PLACED. 
fOR TIAICSVEIIU IAII$, If ALL OTHER IIAIIIAILES AilE MILD CONSTANT, THE "-'XI- ALLOWAILf PAVE,.£NT WIDTH ""y &E 
DOUIUD -~~ TIID LAYEIIS OF STEEL Alii USED. 

IIH£11 THE "llouiLI STIIIU..OFF" I'IIOCEDUIII IS IIDT USED CHAlliS MILL R REQUIRED TO SUPPORT lOTH LAYEJIS OF STEEL. 

(!} PAVEitiiiT WIDTH SHALl. IE MEASUIIED AT IIIGHT ANGUS TO Till CENTERLlNE A11D SHALL INCLUDE ALL MAIIILANU, CONNECTORS, 
-S AIID COIICIETE SHOULDERS THAT .ME Tlllll TOGITHI!II, TRMSVEIIS' STlEL UIIUIR£11£NTS AND THE MAXI- ALLOWAIL£ 
I'A\IPIIIIIT WIDTH Willi DITE~INED USING SUHIWII DltM THI!ORY (SII Al''liiDIX F, SlCTIOII 109 OF TilE HIGHWAY ll£SIGN 
DIVI$1011 OPIIIATIONI AIID PltocEDuiiES fWNAL) WITH A CDIFFICIEIIT OF SLID1116 RESISTANCE (f OF 1.5, A11D All 
ALLOIIAII.I STUL STIIESI (fs) OF 45,0 Ul. 

@ To DETIII"IIIE THE MAXI- ALLON.ULE P4VV!IEIIT WIDTH (II) FOR SI'ACIII6 OTHEI THAll THOSE GlvtN, DIVIDE "Bsll" (FOR 
TilE GIVEII I.M SUE) IY THE DCSIRED TIIMSYEIISE IAII I,ACING (Js), TRAIIS.VERSI IAII SPACING SHALl. NOT 1£ LESS 
THAll 12" - UIATEI THAll 36". 

{!) ADDITIONAL STEEL AT TNt: TIIANSVEIISI CONSTRUCTION JOINTS SHALL IE lARS OF EQUAL DIAH£TER; AIID A SPACING OF 
DOUILl THAT SI'ECIFIED FOil THE LOIIGITUDIIIAL STEIL OF THl liiV£11 THICICHESS. THE ~ENGTH OF TH£ MRS SHALL BE 
66 TINS THE IAR DI-Tlll ("D"), 

@ TIIMSVERSE TillAR$ AT THI! LOIIGITUDIIIAL COIISTltUCTION JOIIITS SMALl. II lAIII OF EQUAL DIMETIR AND SPACING TO 
TIICISE SPECIFIED FOil THE TRAIISV(IISE STEEL OF THE GIVEN THICKNESS. TltE LENGTH OF TilE lARS SHALL IE 66 TIMES 
TWE Mit DI-TEit ("D*l. 

(i) THE LONGITUDIIIAL CONSTRUCTION JOINT CAN IE IIELOCATfD OR MAY IE II£PLAC:£D IY A ~ONGITUDINA~ CONTRACTION .JOINT 
DEI'EIIDIIIG 011 TilE PLACEitiNT WIDTH. 

@ IF SILICEOUS IIIY£11 GIIAY£L IS UUD AS A Co.\RIE A&GIIEGATE, A CUT OF T/3 SHALl. IE REQUIRED, 

(i) IIHU PIACHIIIE·"-ACING OF STEEL REINFOIICEII£NT IS USED, TH!! USE OF CHAIRS SHALL IIOT IE REQUIRED, AND THE 
TIIMIY£11SE STEEL MAY R !'LACED AIOYE 01 RLOOI THI! LDIIGITUDIIIAL STEEL. 

Q iWE IU'IIIEII OF lARS IEQIIIIIED FOil THE VARIOUS P!fACEitiMT WIDTHS (INDICATED IN THE lAILE) INC~UDES 2 lARS AT 
"B" SPACING ON lOTH SJDIS WITH All OYEIIIWIG "A • 
"A" "ACIIIIi SMALl. IE IIMEII J• AN11 4", 
"J" "ACI!tt SHALL II IET>IIIII 3" AND 9", 
THI! TIID• SI'ACINGS COOIIIIIID ("A" AIID "8"), LOCATED AT lOTH LONGITUDINAL lOG£$ OF TH£ POUR, SHALL PROVIDE FOR 
TH£ II£MAINIIIG S,ACE ANll STEEL LOC4T ION TO ROuND OUT THE ,LACEMEIIT WIDTH. 

(continued) 

Fig 3.1. (continued). 
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IIIJIIBE R CF BARS 

REQUIRED FOR VARIOUS 
SPACING 

TYPICAL. PLACEMENT WIDTHS (",)@ 
c 

(JH,) 12 16 22 211 27 34 38 

6 211 32 If'! 48 S4 68 76 
7 21 21 37 Ill 116 58 65 
8 18 211 33 36 Ill 51 57 
9 16 22 30 32 36 116 51 

G£NERAL NOTES 

1. No EXPANSION JOINTS WILL. II USED EXCEPT AT STRUCTURE ENDS OR FIXED 
OaJICTS AS SHOWN ELSEWHERE IN THE PLANS. 

2, FOil FUIITHER INFOIIMATION REGARDING THE Pt.ACV.ENT OF CONCRETE AND REIN• 
FOIICEMENT IIIFEII TO THE GOVERNING SPECIFICATIONS FOR •CoNcRETE PAVEMENTS,• 

3, DETAILS AS TO PAVEMENT WIDTH. PAVEMENT THICKHESS AND THE CROWN CROSS­
SLOPE SHAW. K AS SHOWN ELSEWHERE IN THE PLANS, 

4, WITHIN AMY AIIU BOUNDED IY TWO FEET OF PAVE11ENT LENGTH I'EASURED PARALLEL. 
TO THI CENTEAL.INE AND TWELVE FEET OF PAVEMENT WIDTH MEASURED PERPEMDICULAII 
TO THI PAVa.!NT CENTEIIL.INE. NOT OVEII 33% OF THE REGULAR LONGITUDINAL STEEL. 
SHALL. IE SPLICED. 

5. THE LONGITUDINAL. STEEL. SHALL. I! PLACED AT THE VERTICAL. SLAB CENTER WITH A 
TOLERANCE OF l/2 INCH. TIIANSVERS! STEEL. SHALL. IE PLACED DIRECTLY ABOVE OR 
IEL.OW THI LONGITUDINAL STEEL., 

6, SPLICES SHALL II A MINIMUM OF 33 TIMES THE NOMIHAL. STEEL. DIAMETER (•O•J, 

7, 8ARS THAT REQUIRE BENDING SHALL. BE GRADE 110 STEEL. CONFORMING TO REQUIREMENTS 
OF ASTM DESIGNATION: A 615. SPACINGS FOR GRADE 40 STEEL. SHALL. IE 2/5 OF 
THAT SPECIFIED FOil GRADE 60 STEEL., 

8, AT TRANSVERSE CONSTRUCTION JOINTS THE REGULAR LONGITUDINAL STEEL. SHALL. 
EXTEND A KINI~M OF FOUR FEET ON EITHER SIDE OF THE JOINT, 

9. VIBRATION WITH HAND-MANIPULATED MECHANICAL. VIBRATORS WILL. IE REQUIRED 
ADJACENT TO ALL. TRANSVERSE CONSTRUCTION JOINTS, 

lQ, THE CHAIRS USED TO SUPPORT THE STEEL. SHALL IE OF SUFFICIENT STRUCTURAL. 
Q~ITY AND NUI'IIER TO HOLD THE STEEL. MAT WITHIN THE PLACEMINT HEIGHT 
TOLERANCES, CHAIRS SHALL. IE OF A TYPE APPROVED IY THE ENGINEER. 

11. WITH THI APPROVAL OF THE ENGINEER, ~L.TIPL.E PIECE TIEIARS (THREADED 
COUPLING OR OTHER ADEQUATE DEVICE} MAY IE USED TO 

2
FACIL.ITATE CONSTRUCTION 

PROVIDED THE SYSTEM DEVELOPS A FORCE EQUAL. TO 1-1/ TIMES THE MINIMUM 
YIELD STRENGTH OF THE TIEIAA SHOWN, THE SPACING FOR THE SYSTEM SHALL BE 
LESS THAN OR EQUAL. TO THAT OF THE TIEIARS SHOWN, 

12, JoiNT. GROOVE AND SEAL DETAILS SHALL. IE AS SHOWN ELSEWHERE IN THE PLANS. 

lJ, loNGITUDINAL. AND TRANSVERSE STEEL SPACING SHALL. NOT VARY MORE THAN ONE­
TWELFTH OF THE SPACING SHOWN HEREON, 

14, IF WIDTHS OCCUR, OTHER THAN THE TYPICAL WIDTHS SHOWN, INDIVIDUAL. BARS 
(WIRES) OF THE SIZE SPECIFIED HEREON MAY IE ADDED 011 REMOVED TO OBTAIN 
THE APPROPRIATE WIDTH. SPACING REQUIREMENTS SHALL NOT BE EXCEEDED, 
IIOWEVEII, 

Fig 3.1. (continued). 
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TABLE 3.1. LONGITUDINAL STEEL CROSS-SECTIONAL CRC pavements in Texas, the analysis was 
perfonnedforCRCpavements with those two 
types of coarse aggregates. 

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

Since at least three-quarters of the volume 
of concrete is occupied by aggregate, its physi­
cal, thennal, and sometimes chemical proper­
ties influence the perfonnance of concrete. 

85 DESIGN STANDARD 

Slab Thickness Pavement Width (feet) 

(inches) 12 16 22 24 27 34 38 ------------
8 0.614 0.633 0.628 0.614 0.614 0.623 
9 0.614 0.614 0.614 0.614 0.621 0.614 

10 0.644 0.621 0.619 0.629 0.627 0.628 
11 0.586 0.565 0.563 0.572 0.570 0.571 

0.595 0.595 0.595 0.595 0.595 0.595 
12 0.614 0.614 0.614 0.614 0.614 0.614 

0.568 0.586 0.581 0.568 0.568 0.576 
13 0.578 0.578 0.578 0.578 0.585 0.578 

0.590 0.590 0.590 0.590 0.597 0.590 
14 0.626 0.604 0.602 0,611 0.610 0.611 

* * * * * * 
15 0.585 0.564 0.562 0.571 0.569 0.570 

0.597 0.575 0.573 0.585 0.518 0.582 

* Not specified in the Standard 

INPUT VALUES FOR THE ANALYSIS 
There are five categories of input variables in the 

CRCP-2 program, i.e., steel properties, concrete properties, 
slab-base friction relationships, environmental characteris­
tics, and external load characteristics. 

Since the slab thickness, percent steel, and bar size are 
all specified in the Standard, some reasonable values had to 
be assumed for the other input variables. Great care was 
exercised in selecting the values for the input variables 
which were found to be significant in the sensitivity analysis 
described earlier. Those variables include concrete tensile 
strength, thennal coefficient of concrete expansion, drying 
shrinkage of concrete, modulus of elasticity of concrete, and 
environmental characteristics. For the other variables, typi­
cal values were selected considering the average conditions 
in Texas. Table 3.2 presents the selected input values for this 
study. 

At the present time, concrete pavements are constructed 
of various types of coarse aggregates, the choice of which 
generally considered to be contractor's option. The present 
procedures do not separate coarse aggregate types into 
different perfonnance categories. Hence the present as­
sumption is that all will perfonn the same as long as the 
specification requirements, such as cement factor, strength, 
and water cement ratio, are met, ignoring the effect of coarse 
aggregate on concrete properties, such as thennal expan­
sion, shrinkage, creep, and modulus of elasticity of concrete. 
The field findings show that there is a significant difference 
in the structural responses forCRCP 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 

0.618 
0.614 
0.630 
0.572 
0.595 
0.614 
0.572 
0.578 
0.590 
0.612 

* 
0.571 

SDHPT specifications (Ref 9) state that 
the flexural strength (or modulus of rupture) of 
concrete subject to center-point loading be not 
less than 575 psiattheageof7 days. Afonnula 
from Ref 10 gives the percentage of the 28-day 
compressive strength for various intennediate 
ages, as seen in Fig 3.2. The American Con­
crete Institute (Ref 11) suggests the following 
relationship between compressive strength 
and modulus of rupture under third-point load­
ing for nonnal weight concrete: . 

0.583 

fr= 7.5~ 

TABLE 3.2. INPUT VALUES FOR THE 
ANALYSIS 

Variables 

Reinforcement (percent) 
Bar diameter (inches) 
Steel modulus 

(x 106psi) 
Thermal Coefficient of steel 

(x lO~f'F) 
Slab thickness (inches) 
Thermal coefficient of concrete 

(x 1lfl f'F) 

Shrink:1e 
(x 10 inch{mch) 

Concrete modulus 

(x 10
6

psi) 
Concrete tensile stength (psi) 
Wheel load (lbs) 
Modulus of subgrade 
reaction (psi(mch) 

Curing temperature (0 F) * 
Minimum temperature for 
28 days (0 F) 
Minimum temperature in the 
first winter (0 F) 

Number of days to minimum 
temperature (days) 

Maximum frictional 
resistance (psi) ** 
* See Tables 3.3 and 3.4. 

Coarse 
Aggregate 

Used 

SRG LS ----
* * 
* * 

29.0 29.0 

5.0 5.0 

* * 

6.0 3.8 

4.5 4.0 

5.0 4.0 
400.0 425.0 

9000.0 9000.0 

640.0 640.0 
85.0 85.0 

70.0 70.0 

17.0 17.0 

210.0 210.0 

2.0 2.0 

** The movement at sliding is 0.06 inch. 
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5 10 . 15 20 25 28 

Age, days 

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

where 

fr = modulus of rupture in psi and 
f ·c = compressive strength in psi. 

In order to get the modulus of rupture of concrete using third­
point loading at the age of 28 days, it is necessary to fmd 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 
is applied. 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 a relationship 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 
coefficientforneat cements, mortars, and concretes contain­
ing different types of aggregate. For this study, the values of 
3.8 x 10·6rF and 6.0 x 1fr6rF were selected for the SRG 
and LS concretes, respectively ( Ref I 0 ). 

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 104 and 
4.0 x 1 ()4 were selected for SR G 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 (Ref20). The setting temperature, more specifi­
cally the temperature difference between the setting tern-
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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 
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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, i.e., 
crack spacing, crack width, and 
steel stress. The limiting criteria 
for those structural responses, 
from consideration of the rela­
tionship between the structural 
responses and distress occur­
rence, have been established by 
McCullough et al (Ref 5). Thus, 

Fig 3.3. Thermal coefficient of expansion for neat cements, mortars, and 
concretes (Ref 10). 

the distress prediction model 
has been developed in terms of 
the structural responses and 
other factors (Ref21). 

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 
accwnulation of the slab movement over the distance be­
tween transverse cracks. The steel stress at the crack is a 
value such that the equilibrium ina slab segment is achieved. 
The maximum steel stress occurs at the crack, since no 
resistance is provided by the concrete. Beyond the crack, 

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. 

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 
other environmental conditions during curing, the properties 
of concrete, and traffic load applications.ln 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 oflongitudinal 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). 

28 
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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 
slab thicknesses with one-layer reinforce­
ment. the small values in the ratio ofbond area Years 

nme, log scale to concrete volume, hereafter referred to as Q, 

Fig 3.4. Shrinkage or concretes or raxed mix proportions but made 
with different aggregates and stored in air at 70°F and a relative 
humidity of SO percent (Ref 16). 

together with low values of drying shrinkage 
and thermal expansion for LS concrete re­
sulted in high crack spacing. 

In Fig 3.6, there may seem to be no consis­
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 
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c 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. 

-~~--~~----~----~----~--~----~--~ 
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The difference in crack spacings between 
the pavement with SRG and that with LS ag­
gregate is attributed to the difference in ther­
mal properties, drying shrinkage, and modu­
lus of elasticity of the portland cement con-Days Years 

Time, log scale crete made with those aggregates. It is also 

Fig 3.5. Relationship between shrinkage and time for concrete 
stored at different relative humidities (Ref 16). 

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 

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. 

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 in reinforcement between 
them, there is a big 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 10"21nch) (x to4psl) 

8 0.614 6 0.0327 3.24 3.17 4.86 
9 0.614 6 0.0327 3.82 3.71 5.38 

10 0.631 6 0.0337 4.10 3.95 5.61 
11 0.574 6 0.0306 5.21 5.00 6.48 

0.595 4 0.0476 3.37 3.23 6.36 
12 0.614 6 0.0327 4.88 4.67 6.22 

0.568 5 0.0364 4.75 4.54 6.83 
13 0.578 7 0.0264 7.02 6.68 6.96 

0.590 5 0.0378 4.57 4.37 6.68 
14 0.614 7 0.0281 6.43 6.12 6.61 

0.584 5 0.0374 4.97 4.73 7.01 
15 0.573 7 0.0262 7.40 7.03 7.18 

0.584 5 0.0374 4.97 4.73 7.01 

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

TABLE 3.4. 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 t6'2 lncb) (x 104 psi) 

8 0.614 6 0.0327 5.51 3.87 6.14 
9 0.614 6 0.0327 6.50 4.50 6.69 

10 0.631 6 0.0337 6.60 4.55 6.74 
11 0.574 6 0.0306 8.86 6.02 7.87 

0.595 4 0.0476 5.54 3.77 7.61 
12 0.614 6 0.0327 8.28 5.61 7.58 

0.568 5 0.0364 7.92 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 7.99 
14 0.614 7 0.0281 10.24 6.90 7.80 

0.584 5 0.0374 8.07 5.43 8.23 
15 0.573 7 0.0262 11.51 7.87 8.37 

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 reinforcement is even higher than that in 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(Ref22). 

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 inch2/ 

inch3• 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 

Aggregate 

SRG 

LS 

Structural 
Responses 

Crack 
spacing 

Crack 
width 

Crack 
spacing 

Crack 
width 

Design Correlation 
Parameters Coemcient 

Percent steel -0.460 
Q -0.732 

Percent steel -0.455 
Q -0.742 

Percent steel -0.478 
Q -0.737 

Percent steel -0.470 
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 not kept 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 
transfer results 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 slab to resist bending at a crack 
largely comes from aggregate interlock. When there is 
not sufficient aggregate interlock and a wheel load is 
applied close to the edge, a "comer 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. The inftltra­
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 slab expands, 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 a crack 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 spaDing, 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 
cine year (Ref 18). 
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Fig 3.7. Range ohhrinkage-time curves for different concrete stored at 
relative humidities or 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 thecmck 
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). 
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lower values of thermal coefficient and 
drying shrinkage for LS concrete. Since 
cmck width is directly proportional to 
cmck 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 
a tightly closed condition, it is necessary 
that steel at the crack be under the elastic 
range while the slab expands and con­
tmcts due to temperature changes. 
Tables 3.6 and 3.7 show the design 
criteria established to safeguard against 
steel rupture and permanent deforma-
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• SAG, 2-Layer 

10 11 12 13 14 15 16 

Slab Thickness (in.) 
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. 

Fig 3.8. Predicted maximum crack widths for various slab 
thicknesses using CRCP-2. 

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



18 

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 ';,: (ksl) r u(ksl) 's (ksl) 

Billet Steel 
Grade40 40 60 52.5 
Grade60 50 90 67.5 
Grade75 100 100 75.0 

Rail Steel 
Grade 50 50 80 60.0 
Grade60 60 90 67.5 

1 ksi = 6.895 MPa 

tion (Ref 5). Since Gmde 60 ASTM A615 billet steel is 
usually used for longitudinal reinforcement, the allowable 
stress to 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 3.10presents 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 
cmck 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 
a given 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 for a 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. MAXIMUM ALLOWABLE STEEL STRESS FOR CONTROL OF 
PERMANENT DEFORMATION (REFS) 

Steel 
Yield 

Strength 

40,000 

50,000 

60,000 

75,000 

Steel Bar 
Diameter, 
41 (inch) 

0.500 
0.625 
0.750 
0.875 
0.500 
0.625 
0.750 
0.875 
0.500 
0.625 
0.750 
0.875 
0.500 
0.625 
0.750 
0.875 

1 inch= 25.4 mm 
1 psi = 6.895 k:Pa 

Maximum Allowable Steel Stress (psi) 

Concrete Compressive Strength, fc" (psi) 

Low, f c" < 3,500 psi Regular, fc" ~ 3,500 psi 
~ 4.5 percent Air Content or (~ 4.5 percent content and 
~ 4 cement sacks per cubic ~ 4 cement sacks per cubic 

yard of concrete) yard of concrete) 

60,200 
49,300 
43,400 
39,900 
61,600 
53,000 
48,200 
45,400 
65,100 
57,900 
53,900 
51,600 
72,300 
66,600 
63,400 
61,500 

64,900 
54,900 
47,300 
42.700 
68,700 
57,500 
51,400 
47,700 
71,000 
61,600 
56,500 
52,500 
77,000 
69,500 
65,500 
63,000 
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cross section; W is the width of the slab; h is the slab 
thickness; f is the bar diameter; and p is the percent lon­
gitudinal steel reinforcement. 

Fig 3.10. Predicted maximum steel stresses at a crack for 
various slab thicknesses using CRCP-2. 

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 
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. 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, 

and 

As 1t 2 n 1tn.n n. p----q, --.!!:.....:l:...x .:z:. 
- ~- 4 Wh - Wh 4 

From Eqs 3.1 and 3.2, we get 

i.e., 

4p 
Q=-

4> 

(3.1) 

(3.2) 

(3.3) 

in which " and V c are the bond area and concrete volume, 
respectively; A

5 
and Ac are the steel and concrete cross­

sectional areas, respectively; n is the number of bars in the 

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 ofslabs 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 ofLS 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. 



20 

12 Crack Width 

10 

g 
C) 
c: 
-~ 

6 c. 
Cll 
,:,:. 
u 4 #4 Bar Ill e .._ 
(.) #5 Bar 

2 El #6Bar 

• #7Bar 

0 
7 8 9 10 11 12 13 14 15 16 

Slab Thickness (in.) 

Fig 3.11. Predicted crack spacings for various bar sizes and 
thicknesses of slabs with LS aggregate. 

Crack widths for various slab thicknesses are pre­
sented inFig3.13 forSRG and in Fig 3.14forLS 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 tum 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 
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· 

(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 steei 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 volwne 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 tum, a 
higher degree of restraint on concrete volume 
change. This explains why a smaller size bar gives 
smaller crack spacing. 

(3) The thicker the pavement slab, the larger the crack 
spacing.InCRCP,initialcrackingiscausedmainly 
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 
(Ref26), 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 wheel load exceeds the concrete tensile strength, 
a crack 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. 

8 

7 --.s 
~ 

0 .-
~ 
~ 

i5 
~ 
,:,:. 
u -o-- #4 Bar Ill .._ • #5 Bar (.) 

--o-- #6 Bar 

• #7 Bar 

0 
7 8 9 10 11 12 13 14 15 16 

Slab Thickness (in.) 

Fig 3.13. Predicted maximum crack widths for various 
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such as thennal 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 2 4 6 a 
Crack Spacing (ft) 

10 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-

Fig 3.15. The relationship between crack spacing and crack 
width. 

cerned, bar size has no ef­
fect 

Fig 3.16. Reinforcement bars used in the experiment in Ref27. 

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 
tenns 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 

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
tainedat40,000psi. The bearing areaoflugs is maximum 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 
is not affected by bond efficiency. In other words, for a given 
design combination, there is a unique linear relationship be­
tween crack spacing and crack width. Concrete properties, 

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 bondefficiency.Foragivencrackwidth, bar A, with the 
maximum bearing area of lugs, developed maximum steel 
stress while the plain bar, H, developed minimum steel 
stress. Since, fordefonned bars, bonding efficiency depends 
on the bar size, the relationships shown in Figs 3.22 and 3.23 
should be considered in the development of the optimum 
CRCP design. 
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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. 

The study of the effect of the Q factor in terms 
of various bar sizes on the structural responses 

Fig 3.17. The relationship between crack spacing and crack 
width (A through H represent the bar types shown in Fig 3.16) 
(Ref27). 

shows that the Q factor plays an important role in 
CRCP behavior. The importance of the Q factor is 
discussed by McCullough and Led better in Ref20. 
Mechanistically, it is shown in the study by 
McCullough et al (Ref2). Consider a free body of 
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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 

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, ifU is the magnitude of the 
average bond force per unit length of the bar, then SFx =0 
yields 

(3.4) 

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=up f (3.5) 

In the study described in the previous sections, it was and 
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 SDHPTDesign Standard is reasonable for 
most of the slab thicknesses. However, the results of the where 
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. 

(2) for an 11-inch thickness with two-layer reinforce­
ment, the Q value (0.0476) is too high, which 

(3.6) 

p is percent longitudinal steel 
reinforcement, 

f is bar diameter, and 

0' s is steel stress. 
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or 

(3.8) 

Since F = A s and A = p fl/4 , where A and A are c cc s c s 
the concrete and steel cross-sectional areas, respec-
tive! y, and s c and p are the concrete stress and steel re­
inforcement, respectively, Eq 3.8 can be written for a 
unit width slab as 

(3.9) 

0~--._--~--~--~--~----~--~~ 

in which Fi is friction force per unit length along the 
slab, sc is the concrete stress, u is the bond stress, and 
Dis the slab thickness. Eq nation 3.9 shows that the rate 
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 

7 8 9 10 11 12 13 14 15 

Slab Thickness (in.} 

Fig 3.19. Predicted maximum steel stress at a crack for 
various bar sizes and thicknesses of slabs with LS aggregate. 

8 

~ 7 aJP. • • cr:P rtlfiJ • '(ij 
0.. t9 • ttl' cC c • 
~ 6 
0 0 • c •• 
.- 5 0 • c • ~ 
rn 4 #4Bar rn 0 e 

3 • #5 Bar 
ti5 [] #6 Bar 
(jj 2 • #7 Bar 

&5 

0 
0 2 3 4 5 6 7 

Crack Spacing (ft) 

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 s 

8 

(3.7) 

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 l:Fx=O gives 

dF +F. dx + U dx = 0 c 1 
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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 

9.5~ 
cp s; 800 psi (3.10) 

where 

f 'c is compressive strength of concrete. 
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Fig 3.22. The relationship between crack width and 
steel stress at a crack, with SRG aggregate. 
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Fig 3.23. The relationship 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 

G 

20 22 

higher rate of concrete stress increase and, in 
tum, 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 
valuesofalltheothervariablesexceptQwere 
kept the same. It shows vividly theeffectofQ 
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 
higher the rate of concrete stress increase. 
The higher rate of concrete stress increase for 
a higher Q value resulted in a smaller crack 
spacing. This relationship between Q and 

Fig 3.24. The relationship between crack width and steel stress (A 
through H represent the bar types shown in Fig 3.16) (Ref 27). 

crack spacing was confirmed by the field data 
(Ref 18). 



Many factors affect the structural responses of CRCP. 
However, concrete properties, such as tensile strength, 
shrinkage and thennal 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-
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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. 

a •. 0384 

a- .0384 

a- .0274 

-30 -20 -10 0 10 20 30 40 

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

Fig 3.26. Concrete stress distribution a.Iong 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 pamllel series of high­
strength, cold-drawn wires welded together in 
squareorrectangulargrids.Each wire intersection 
is electrically resistance welded by a continuous 
automatic welder. Pressure and heat fuse the inter­
secting wires into a homogeneous section and ftx 
all wires in their proper positions. 

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

( 1) S tee! Properties 
(a) Reinforcement 
(b) Bar diameter 
(c) Modulus of elasticity 
(d) Yield slress 

0.6 percent 
0.356 inch (010) 
29 X 10 Psi 
60,000psi 

(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 
fabric; smooth wire fabric is no longer used in 
pavement because it has given unsatisfactory 
performance (Ref 28). Deformed welded wire 
fabric utilizes both wire deformations and welded 
intersections for bond and anchorage. 

INPUT VALUES FOR THE 
ANALYSIS 

As described in Chapter 2, there are ftve 
categories of input variables in the CRCP-2 pro­
gram, i.e., steel properties, concrete properties, 
slab-base friction, environmental inputs, and ex­
temalload characteristics. 

For slab-base friction, environmental inputs, 
and external load characteristics, the values used 
for the study of deformed bar reinforcement were 
selected. 

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

(a) Maximum frictional pressure 
(b) Movement at sliding 

(3) Environmental Inputs 
(a) Curing temperature 
(b) Minimum daily temperature 

for28 days 
(c) Minimum temperature in the 

fust winter 
(d) The number of days until 

the minimum temperature 
occurs 

(4) External Load Inputs 

(a) Wheel load 
(b) Wheel base radius 
(c) Modulus of subgrade reaction 
(d) Number of days before the 

wheel load is applied 
(5) Concrete Properties 

2 psi 
0.06 inch 

210 days 

9,000 pounds 
6 inches 
640psi{mch 
14 days 

See Table 3.2 

The steel reinforcement was ftxed at 0.6 percent, and 
ftve 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 .• siliceous river gravel and limestone, were studied in this 
analysis. Table 4.1 shows the input values selected for this 
study. 

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. 

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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TABLE 4.2. PREDICTED STRUCTURAL 
RESPONSES FOR V ARlO US WIRE 
SPACINGS AND COARSE AGGREGATES 

Wire 
Spacing 
(Inches) 

12 
16 
18 
20 
24 

Structural Responses 

Crack Crack 
Spacing Width 

(feet) (x ui21n.) 

Steel 
Stress 

(x uf psi) 

SRG LS SRG LS SRG LS 

6.31 
6.31 
6.37 
6.33 
6.37 

------
1.58 2.55 1.55 
2.11 3.40 2.06 
2.46 5.81 2.41 
4.16 6.41 4.06 
3.29 7.74 3.21 

1.79 
2.39 
4.07 
4.50 
5.42 

4.62 
4.62 
4.98 
5.04 
4.98 

Crack Spacing 

Figure 4.1 shows the predicied crack spacing for both 
aggregate types and transverse wire spacings. It shows that 
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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 (T-ables 3.6 and 3.7), all 
the wire spacings are satisfactory for both aggregate types. 

12 14 16 18 20 22 24 26 

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 

Wire Spacing (in.) 

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 also shows that there is a con­
siderable variation in predicted crack spacings for 
concrete with different aggregates. 

Crack Widlh 

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 
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Fig 4.3. The effect of aggregate types and transverse wire 
spacings on steel stress. 

deformed wire fabric reinforcement, bond development 
length is limited to the frrst 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. 

12 14 16 18 20 22 24 

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

Wire Spacings (in.) 

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

Discussion of the Results 

The study described above shows there is an interaction 
between wire spacings and structural responses. These 



28 

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 
CR CP Design Standard. This is a summary of the results and 
basic conclusions reached in this study . 

CONCLUSIONS 

(1) 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) For siliceous river 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. 

(b) 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. 

(2) 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. 

(3) 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 rna-
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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. 

( 4) A major factor causing cracking is em bedded 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 thedevelopmentof 
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. 

(1) The major factors causing cracking in CRC pave­
ment are drying shrinkage and thermal contraction 
of concrete. In order to achieve the desired pave­
ment performanee, regardless of coarse aggregate 
used, the development of different design stan­
dards for various aggregate types is recommended. 

(2) 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 CR CP-2 is 
recommended for this purpose. 

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

(4) 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 

PROB 

PROJECT 472, EVALUATION OF CRCP DESIGN STANDARD 
8•1NCH SLAB, LS AGGREGATE 

PROJEC 472 

************************************************ 
* 
* 
* 

STEEL PROPERTIES 
* 
* 
* 

************************************************ 

TYPE OF LONGITUDINAL REINFORCEMENT IS 
DEFORMED BARS 

PERCENT REINFORCEMENT 
BAR DIAMETER 
YIELD STRESS 
ELASTIC MODULUS 
THERMAL COEFFICIENT 

= 6. 140E~ol 
= 7.500E·Ol 
= 6.000E+05 
= 2.900E+07 
= 5.000E-06 

************************************************ 
* 
* 
* 

CONCRETE PROPERTIES 
.. 
* 
* 

************************************************ 

SLAB THICKNESS = 8.000E+OO 
THERMAL COEFFICIENT= 3.800E-06 
TOTAL SHRINKAGE = 4.000E~04 
UNIT WEIGHT CONCRETE= 1.428E+02 
COMPRESSIVE STRENGTH= 4.500E+03 

TENSILE STRENGTH OATA AS INPUT BY USER 

AGE, 
(DAYS) 

0 
1.0 
3.0 
5.0 
7.0 

14.0 
21.0 
28.0 

TENSILE 
STRENGTH 

0 
164.6 
262.0 
309.4 
337.3 
384.9 
412. 1 
425.0 

************************************************ 
* .. 
* 
* 

SLAB-BASE FRICTION CHARACTERISTICS 
F-Y RELATIONSHIP 

* 
* 
* .. 

************************************************ 

33 
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l TYPE OF FRICTION CURVE IS A MULTILINEAR CURVE 

F( I) Y( I) 

0 -o 

1. 0000 -.0150 

2.0000 -.0300 

4.0000 -.0600 

4.0000 -.0700 

4.0000 -.0800 

4.0000 -.0900 

4.0000 -.1000 

4.0000 -. 1500 

****************************** 
* * 
* TEMPERATURE DATA * 
* * 
****************************** 

CURING TEMPERATURE= 85.0 

MINIMUM DROP IN 
DAY TEMPERATURE TEMPERATURE 

1 70.0 15.0 
2 70.0 15.0 
3 70.0 15.0 
4 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 , 70.0 15.0 
12 70.0 15.0 
13 70.0 15.0 
14 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 
22 
23 
24 
25 
26 
27 
28 

70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 
70.0 

15.!3 
15.0 
i5.0 
15.0 
15.0 
15.0 
15.0 
15.0 

DAYS BEFORE CONCRETE GAINS 
FULL STRENGTH 
MINIMUM TEMPERATURE EXPECTED AFTER 
CONCRETE GAINS FULL STRENGTH 
DAYS BEFORE REACHING MIN. TEMP. 

28 DAYS 

= 17.0 DEGREES FAHRENHEIT 
=210.0 DAYS 

****~*************************•***************** 

* 
* 
* 

EXTERNAL LOAD 
* 
* 
* 

*~***********************************~********** 

WHEEL LOAD (LBS) = 9.000E+03 
WHEEL BASE RADIUS (IN) ::: 6.000E+OO 
SUBGRADE MODULUS (PCI) = 6.400E+02 
CONCRETE MODULUS (PSI) 4.002E+06 
LOAD APPLIED AT = 14. TH DAY 
CALC.LOAD STRESS (PSI) = 1. 55TE+02 

************************************************ 

* 
* 
* 

ITERATION ANO TOLERANCE CONTROL 
* 
* 
* 

*************~********************************** 

MAXIMUM ALLOWABLE NUMBER OF ITERATIONS= 60 

RELA T I ':E CLOSURE TOLERANCE= 1. 0 PERCENT 

35 
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AT THE END OF THE ANALYSIS PERIOll 

CRACK SPACING = 5.507E+OO FEET 
CRACK WIDTH = 3. 866E-o2 I NCH'ES 
MAX CONCRETE STRESS= 4.064E+02 PSI 
MAX STEEL STRESS = 6.13SE+04 PSI, 
CONC.TENS.STRENGTH = 4.602E+02 PSI 

STA- DIS- CONCRETE FRICTION CONCRETE STEEL 
TION TANCE MOVEMENT FORCE STRESS STRESS 

1 0 0 0 4. 1 88E+02 -6.431E+03 
2 3.3 -1. 856E-04 1 .238E-02 4. 187E+02 -6.431E+03 
3 6.6 -3.713 E-04 2. 476E-02 4.187E+02 -6.431E+03 
4 9.9 -s. 569E-o4 3. 714E-02 4. 187E+02 -6.431 E+03 
5 13.2 -7.42SE-04 4.9S1E-02 4.187E+02 -6.431 E+03 
6 16.5 -9.281 E-04 6.189E-02 4. 187E+02 -6.431E+03 
7 19. 8 -1.1 14E-03 7.427E-02 4.187E+02 -6.431E+03 
8 23. 1 -1 .299E-03 8.66SE-02 4. 187E+02 -6.431 E+03 
9 26.4 -1.485E-03 9.903E-02 4.187E+02 -6.431E+03 

10 29.7 -1.671 E-03 1.1 14E-01 4.187E+02 -6.431E+03 
1 1 33.0 -1. 856 E-03 1 .238E-01 4. 187E+IJ2 -6.431E+03 
12 36.3 -2. 042E-03 1. 362E-01 4.187E+02 -6.432[+03 
1 3 39.7 ·2. 228E-03 1 . 485 E-o 1 4. 1 87E+02 -6.432E+03 
14 43.0 -2.413E-03 1.609E-01 II, 187E+02 -6. 432E+03 
15 46.3 -2. 599E-03 1. 733E-01 4.187E+02 -6.432E+03 
16 49.6 -2. 784E-03 1 .857E-01 4.187E+02 -6.432E+03 
17 52.9 -2. 970E-03 1.981E-01 4. 187E+02 -6.432E+03 
1 8 56.2 -3.156E-03 2. 104E-01 4. 187E+02 -6.432E+o:; 
19 59.5 -3. 341 E-03 2.228E-01 4. 187E+02 -6.432E+03 
20 62.8 •3. 527E-03 2. 352E-o 1 4.187E+02 -6.432E+03 
21 66. 1 -3.713E-03 2.476£-01 4.186E+02 -6.432E+03 
22 69.4 -3. 898E-03 2.599E-01 4. 1 86E+02 -6.432E+03 
23 72.7 -4. 084E-03 2. 723E-01 4.186E+02 -6.432E+03 
24 76.0 -4. 270E-03 2.847E-Ol 4. 186E+02 -6.432E+03 
25 79.3 -4. 4SSE-03 2.971 E-01 4.186E+02 -6.432E+03 
26 82.6 -4.641 E-03 3.09SE-Ol 4.186E+02 -6.432E+03 
27 85.9 -4.826E-03 3. 218 e: -o, 4.186E+02 -6.432E+03 
28 89.2 -5.012E-03 3. 342 E-o 1 4. 186E+02 -6.433E+03 
29 92.5 -5. 19ae:-o3 3. 466E-01 4. 186E+02 -6.433E+03 
30 95.8 -5.383 e:-o3 3. 590E-O 1 4.18SE+02 -6.433E+03 
31 99.1 -5.569E-03 3.714E-01 4.185E.+02 -6.433 E+03 
32 102.4 -5. 755E-03 3. 6 37E-O • 4.185E+02 -6.433E+03 
33 105.7 -5. 940E-o3 3.961E-Ol 4.185E+02 -6. 433E+03 
34 109.0 -6. 126E-03 4.08SE-01 4.18SE+02 -6.433E+03 
35 112.3 -6. 312E-03 4.209E-01 4. 18SE+02 -6. 433E+03 
36 115.7 -6.497E-03 4.333E-01 4.184E+02 -6.433E+03 
37 119.0 -6.683E-03 4.4?6E-01 4.184E+02 -6.433E+03 
38 122.3 -6. 869E-03 4. ;;coE-01 4. 184E+02 -6. 434E+03 
39 125.6 -7.054E-03 4. 704E-01 4. 184E+02 -6.434E+03 
40 128.9 -7. 240E-03 4.828E-01 4. 184E+02 -6. 434E+03 
41 132.2 -7. 426E-03 4.952E-01 4. 183E+02 -6.434E+03 
42 135.5 -7.61 1 E-03 5.075E-01 4. 183E+02 -6.434E+03 
43 138.8 -7. 797E-03 5. 1 99E-01 4.183E+02 -6.434E+03 
44 142.1 -7.983E-03 5.323E-01 4. 183E+02 -6.43'1E+03 
45 145.4 -8. 168E-03 5. 447E-01 4.183E+02 -6.4::15E+03 
46 148.7 -a. 354E-03 5. 571 E-o 1 4.182E+02 -6.435E+03 
47 152.0 -8.540E-03 5 .694E-01 4. 182E+02 -6.435E+03 
48 155.3 -8. 725E-03 5.818E-01 4.182E+02 -6.435E+03 
49 158.6 -8.911E-03 5.942E-01 4.182E+02 -6.435E+03 
50 161.9 -9.097E-03 6.066E-01 4. 181E+02 -6. 435E+03 
51 165.2 ·9.282E-03 6.190E-01 4.181E+02 -6.436E+03 
52 168.5 -9. 468E-03 6.313E-01 4. 181E+02 -6.436E+03 
53 171.8 -9.654E-03 6.437E·01 ·~. 174E+02 -6. 326E+03 
54 175. 1 -9.840E-03 6.561E-01 4.087E+02 -4.916E+03 
55 178.4 -l.OOJE-02 6.686E-01 4.000E+02 -3.507E+03 
56 181.7 -1.021E-02 6.811E-01 3.913E+02 -2.097E+03 
57 185.0 -1.040E-02 6.936E-01 3.826E+02 -6. 869E+02 
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58 188.3 -1. 059E-02 7 .062E-01 3. 740E+02 7.230E+02 
59 191.7 ,-1.078E-02 7.188E-01 3.653E+02 2.133E+Q3 
60 195.0 -1.097E-02 7.~15E-01 1. 566E+02 3.543E+03 
61 198.3 -1.116E-02 7.442£-()1 3. 479E+Q2 4. 953 E+03 
62 201.6 -1.135E-02 7.570E-01 3.392E+02 6. 363 E+03 
63 204.9 -1.154E-02 7 .698E-01 3.305E+02 7.772E+03 
64 208.2 -1. 174E-Q2 7. 826E-01 3.218E+02 9.182E+03 
65 211.5 -1.193E-02 7 .955E-01 3.131E+02 1.059E+04 

"" 214.8 -1.212E-02 8.085E-01 3.044E+02 1.200E+04 
67 218. 1 -1. 232E-02 8. 2t4E-01 2.958E+02 1.341E+04 
68 221.4 ·1.251E-02 8. 345E-O 1 2.871E+02 1.482E+04 
69 224.7 ·1.271E-02 8.475E-01 2.784E+02 1.623E+04 
70 228.0 -1.291E-02 8.606E-01 2.697E+02 1. 764E+04 
71 231.3 -1. 310E-02 8. 738E-01 2.610E+02 1. 905E+04 
72 234.6 -1. 330E-02 8.870E-01 2.523E+02 2.046E+04 
73 237.9 -1. 350E-02 9.003E-01 2.436E+02 2.187E+04 
74 241 .2 -1. 370E-02 9. 135E-01 2.349E+02 2.328E+04 
75 244.5 -1. 390E-02 9.269E-01 2.262E+02 2.469E+Q4 
76 247.8 -1.410E-02 9. 403 E-O 1 2. 175E+02 2.610E+04 
77 251.1 -1. 430E-02 9.537E-01 2.088E+02 2.751E+04 
78 254.4 -1. 450E-02 9.671E-01 2.001E+02 2.892E+04 
79 257.7 -1.471 E-02 9.807E-01 1.914E+02 3.033E+Q4 
80 261 .0 -1.491 E-02 9.942E-01 1.827E+02 3. 174E+04 
81 264.4 -1.511E-02 1 • 0013E +OO 1.740E+02 3.315E+04 
82 267.7 -1.532E-02 1.021L+OO 1.653E+02 3.456E+04 
83 271.0 -1.552E-02 1.035E+OO 1.566E+02 3.597E+04 
84 274.3 -1. 573E-02 1.049E+oo 1. 479E+02 3. 738E+QI! 
85 277.6 -1.594E-02 1 .063E+OO 1. 392E+02 3.879E+04 
86 280.9 -1.61'-lE-02 1.076E+OO 1.305E+02 4.020E+04 
87 284.2 -1 .635E-02 1.090E-+OO 1. 218E+02 4.161E+04 
88 287.5 -1.656E-02 1.104E-+OO 1 . 1 31 E+02 4.302E+04 
89 290.8 -1. 677E-02 1.118E+QQ 1.044E+02 4.443E+04 
90 294.1 -1.698E-02 1.1 32E+OO 9.572E+01 4.584E+04 
91 297.4 -1.719E-02 1. 146E+OO 8.702E+01 4.725E+OI!. 
92 300.7 -1. 740E-02 1.160E-+OO 7.831E+01 4.866E+04 
93 304.0 -1.761E-02 1. 174E-+OO 6.961E+01 5.007E+04 
94 307.3 -1.783E-02 1.189E+OO 6.C90E+01 5. 148E+04 
95 310.6 -1.804E-02 1.203E+OO 5.<!20E+01 5.289E+04 
96 313.9 -1. 825E-02 1.217E+OO '-l. 349E+01 5.430E+04 
97 317.2 -1.847E-02 1.231E+OO 3. 478E+01 5.571E+04 
98 320.5 -1.868E-02 1. 246E+OO 2.607E+01 5.712E+04 
99 323.8 -1. 890E-02 1.260E-+OO 1. 737E+01 5.853E+04 

100 327.1 -1.912E-02 1.275E+oo 8.657E+OO 5.994E+04 
101 330.4 -1.933 E-02 1.289E+OO -5. 283E-02 6. 135E+04 
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PRO-JECT 472, EVALUATION OF CRCP DESIGN STANDARD 

PROB 
PROJEC 472 

MAXIMUM 
TIME TEMP DRYING TENSILE CRACK CRACK CONCRETE STRESS IN 

(DAYS) DROP SHRINKAGE STRGTH SPACING WIDTH STRESS THE STEEL 

.37 10.0 3.056E-11 99.6 514.1 7.653E-04 2.720E+01 4.792E+03 

.so 15. 0 2.458E-09 116.4 514. 1 2.050E-03 4.654E+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 21.!1.4 514. 1 1. OOSE-02 1.409E+02 2.851E+04 
3.50 15.0 7.204E-05 274.6 51 II. 1 1. 834E-02 2.069E+02 4.037E+04 
4.50 15.0 1. 054 E-04 298.3 514. 1 2. 727E-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-OI.i 330.6 385.6 3. 720E-02 2. 917E+02 6.115E+04 
7.50 15.0 1. 797E-04 340.9 192.8 2. 711 E-02 3.175E+02 5. 183E+04 
8.50 15.0 1.975E-04 3118.1 192.8 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. 437E-02 3.421E+02 5.939E+04 
11.50 15.0 2. 374E-04 368.6 192.8 3.626E-02 3.513E+02 6.142E+04 
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 2.645E-04 386.9 81.3 2. 0 35E-02 3.742E+02 4.425E+04 
15.50 15.0 2. 716E-04 390.8 81.3 2.0Q2E-02 3. 817E+02 4.475E+04 
16.50 15.0 2. 781 E-04 394.8 81. 3 2. 141~ E -02 3.886E+02 4.519E+04 
17.50 15.0 2.839E-04 398.7 81.3 2. 192E-02 3.912E+02 4.560E+04 
18.50 15.0 2. 892E-04 402.5 81.3 2.236E-02 3.952E+02 4.596E+04 
19.50 15.0 2.941E-04 406.4 81.3 2.277E-02 3.994E+02 4.630E+04 
20.50 15.0 2.985E-04 410.2 81.3 2.314E-02 4.042E+02 4.660E+04 
21.50 15.0 3. 026E-04 413.0 8 j. 3 2.348E-02 4.063E+02 4. 687E.,.Oll 
22.50 15.0 3 .064E-04 414.9 81.3 2.378E-02 4.082E+02 4.711E+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. 1 31 E -04 418.6 81.3 2.433E-02 4. 1 26E+02 4.754E+OLI 
25.50 15.0 3. 161 E-04 420.4 81.3 2.458E-02 4.137E+02 4.773E+04 
26.50 15.0 3. 190E-04 422.3 81.3 2.481E-02 4.163E+02 4.791E+04 
27.50 15.0 3. 216E-04 424. 1 81.3 2.503E-02 4. 1 82E+02 4.807E+04 



APPENDIXB 

RESULTS OF THE ANALYSIS FOR THE IMPROVEMENTS OF CRCP 
DESIGN STANDARD 

TABLE B.l. CRCP STRUCTURAL RESPONSES FOR #4 BAR 
AND SRG AGGREGATE 

Slab Crack Max Crack Max Steel 

Thickness Steel Bar Spacing Width Stress 
-2 (x 104psl) (Inches) Percent No. Q (feet) (x 10 Inch) -

8 0.6 4 0.000 2.31 2.25 5.06 
9 0.6 4 0.000 2.73 2.65 5.62 

10 0.6 4 0.000 3.04 2.93 5.98 
11 0.6 4 0.000 3.19 3.06 6.16 
12 0.6 4 0.000 3.49 3.34 6.50 
13 0.6 4 0.000 3.65 3.48 6.66 
14 0.6 4 0.000 3.80 3.61 6.82 
15 0.6 4 0.000 3.95 3.75 6.98 

TABLE B.2. CRCP STRUCTURAL RESPONSES FOR#S BAR 
AND SRG AGGREGATE 

Slab Crack Max Crack Max Steel 

Thickness Steel Bar Spacing Width Stress 
-2 4 

(Inches) Percent No. Q (feet) (x 10 Inch) (x 10 psi) 

8 0.6 5 0.0384 2.93 2.86 5.11 
9 0.6 5 0.0384 3.33 3.23 5.53 

10 0.6 5 0.0384 3.73 3.59 5.92 
11 0.6 5 0.0384 4.08 3.92 6.25 
12 0.6 5 0.0384 4.26 4.08 6.41 
l3 0.6 5 0.0384 4.50 4.29 6.61 
14 0.6 5 0.0384 4.74 4.51 6.81 
15 0.6 5 0.0384 4.74 4.51 6.81 

TABLE B.3. CRCP STRUCTURAL RESPONSES FOR #6 BAR 
AND SRG AGGREGATE 

Slab Crack Max Crack Max Steel 

Thickness Steel Bar Spacing Width Stress 
-2 4 (Inches) Percent No. Q (feet) (x 10 Inch) (x 10 psi) 

--8 0.6 6 0.0320 3.44 3.36 5.05 
9 0.6 6 0.0320 4.08 3.95 5.60 

10 0.6 6 0.0320 4.53 4.37 5.97 
11 0.6 6 0.0320 4.76 4.57 6.14 
12 0.6 6 0.0320 5.21 4.99 6.48 
13 0.6 6 0.0320 5.44 5.19 6.64 
14 0.6 6 0.0320 5.67 5.40 6.80 
15 0.6 6 0.0320 5.89 5.60 6.95 
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TABLE B.4. CRCP STRUCTURAL RESPONSES FOR #7 BAR 
AND SRG AGGREGATE 

Slab Crack Max Crack Max Steel 
Thickness Steel Bar Spacing Width Stress 

-2 
(x 104psl) (Inches) Percent No. Q (feet) (x 10 Inch) 

8 0.6 7 0.0274 4.09 3.99 5.04 
9 0.6 7 0.0274 4.67 4.53 5.47 

10 0.6 7 0.0274 5.19 5.01 5.83 
11 0.6 7 0.0274 5.88 5.64 6.28 
12 0.6 7 0.0274 6.23 5.95 6.49 
13 0.6 7 0.0274 6.40 6.11 6.59 
14 0.6 7 0.0274 6.57 6.27 6.70 
15 0.6 7 0.0274 6.92 6.58 6.90 

TABLE B.S. CRCP STRUCTURAL RESPONSES FOR# 4 BAR 
AND LS AGGREGATE 

Slab Crack Max Crack Max Steel 
Thickness Steel Bar Spacing Width Stress 

-2 
(x 104psl) (Inches) Percent No. Q (feet) (x 10 inch) 

8 0.6 4 0.0480 3.95 2.76 6.38 
9 0.6 4 0.0480 4.58 3.17 6.89 

10 0.6 4 0.0480 5.03 3.45 7.24 
11 0.6 4 0.0480 5.49 3.74 7.57 
12 0.6 4 0.0480 5.80 3.92 7.78 
13 0.6 4 0.0480 6.10 4.11 7.98 
14 0.6 4 0.0480 6.10 4.11 7.98 
15 0.6 4 0.0480 6.24 4.26 8.13 

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

Slab Crack Max Crack Max Steel 
Thickness Steel Bar Spacing Width Stress 

-2 
(x 10

4
psi) (Inches) Percent No. Q (feet) (x 10 Inch) --

8 0.6 5 0.0384 4.82 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 0.0384 6.79 4.62 7.53 
12 0.6 5 0.0384 7.14 4.84 7.72 
13 0.6 5 0.0384 7.50 5.06 7.92 
14 0.6 5 0.0384 7.86 5.28 8.10 
15 0.6 5 0.0384 7.90 5.39 8.18 

TABLEB.7. CRCPSTRUCTURALRESPONSESFOR#6BAR 
AND LS AGGREGATE 

Slab Crack Max Crack Max Steel 

Thickness Steel Bar Spacing Width Stress 
-2 4 

(inches) Percent No. Q (feet) (x 10 inch) (x 10 psi) 

8 0.6 6 0.0320 5.85 4.10 6.34 
9 0.6 6 0.0320 6.94 4.79 6.93 

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 5.15 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 
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TABLE B.8. CRCP STRUCTURAL RESPONSES FOR# 7 BAR 
AND LS AGGREGATE 

Slab Crack Max Crack Max Steel 

Thickness Steel Bar Spacing Width Stress 
-2 

(x 104psi) (Inches) Percent No. Q (feet) (x 10 inch) 

8 0.6 7 0.0274 6.78 4.75 6.32 
9 0.6 7 0.0274 7.86 5.44 6.83 

10 0.6 7 0.0274 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 7.70 
13 0.6 7 0.0274 10.48 7.06 7.91 
14 0.6 7 0.0274 10.48 7.06 7.91 
15 0.6 7 0.0274 11.00 7.50 8.16 
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