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IMPLEMENTATION RECOMMENDATIONS

The results of this project have resulted in correction factors to be applied to the results of
the CRCP 8 design program relative to steel stresses and crack widths. The findings have
indicated that use of the CRCP 8 program for design purposesis very promising and that future
updates of the program code in terms of improved characterization creep and drying shrinkage
modelsis highly encouraged. Improvements of this nature will advance the overall utility of the
program for use in project design and should eliminate the need to apply correction factors to the

program results.



DISCLAIMER

The contents of this report reflect the views of the authors who are responsible for the facts
and the accuracy of the data presented herein. The contents do not necessarily reflect the official
view or policies of the Texas Department of Transportation (TxDOT). The report does not
constitute a standard, specification, or regulation, nor isit intended for construction, bidding, or

permit purposes. The engineer in charge of this project was Dan G. Zollinger, P.E. #67129.
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CHAPTER 1
PROJECT BACKGROUND AND DEVELOPMENT

The purpose of this report is to provide background data, analysis, and information
relative to the use and design of Grade 70 reinforcing steel configured in asingle mat for the
construction of continuously reinforced concrete (CRC) pavement. In order to develop abasis
for this report, a CRC pavement test section was established on 1-45 in North Central Houston
near the FM 1960 interchange to establish a database of field-measured concrete and steel strains
and movements in which to analyze relative to the identification and delineation of findings
regarding the use of Grade 70 reinforcement. This report includes: 1) abrief theoretical
discussion of the cracking behavior of CRC pavement in terms of environmentally and |oad-
induced concrete and steel strains, 2) a description of the available analysis tools applicable to
the behavior of CRC pavement systems, 3) an instrumented test site, 4) collected data categories,
5) an analysis derived from the collected data. Verification of the available analytical modelsis
accommodated through a variety of comparisons to the typical responses that characterize the
structural behavior of CRC pavement systems.

CRC pavement, widely used in the Houston District, ideally should develop atransverse
crack pattern that manifests average crack spacings and crack widths within certain performance
limits. Although structural performance limits for CRC pavement with respect to crack spacing
have been well established and delineated for several years[1,2] performance limits with respect
to the width of the transverse cracks have not, particularly in terms of structural design criteria.
The consequence of this negligence isreflected in the lack of attention to crack width limits and
thelir relationship to assured levels of load transfer efficiency as reflected in current versions of
the AASHTO Design Guide and other design procedures for CRC pavements. Nonetheless, one
of the purposes of longitudinal reinforcing steel in CRC Pavement is to hold the widths of the
transverse cracks within a certain range. Over the history of the development of the use of CRC
pavement in the Houston District, performance limits relative to crack spacing have been
emphasized and included in the design criteria and, to some extent, the factors which affect the

development of the ultimate crack pattern. The percentage of steel reinforcement, bonding area
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between the reinforcing steel and the volume of concrete (q), coarse aggregate type, weather
conditions at the time of construction, and the degree of bond between the steel and the concrete
have been identified as the key factors that affect the characteristics of the cracking pattern (i.e.,
the average crack spacing and crack width) and the first two are under the control of the design
engineer towards meeting the criteria of the design.

Underlying the design engineer’ s choices of the controllable cracking factors, is the
selection of steel grade. The gradeis selected to insure that the stress levelsin the reinforcing
stedl are at an adequate level below the yield limit which is assured, according to design practice
in the Houston District, by keeping the cal culated stresses less than alimit of 75 percent of the
yield strength. Although the basis of the 75 percent limit is not clearly supported, the same limit
isused in the AASHTO Design Guide. Discussion and definition of thislevel below the yield
limit it provided in Chapter 5. The greatest strainsin the reinforcing stedl typically occur at the
locations of the transverse cracks. It is generally accepted that the performance of CRC
pavement would be compromised if the steel stress were allowed to exceed the yield strength at
these locations. Yielding of the steel most likely would result in excessive crack widths causing
loss of pavement stiffness and load transfer across the transverse cracks which would
dramatically affect performance. Unfortunately, thisis the extent most CRC pavement design
procedures consider the effect of crack width in the design process. Nonetheless, in terms of
design and performance, it is important to understand how the steel reinforcement parameters
(percent steel, bond area, yield strength, etc.) relate to the development of the crack pattern.

These parameters were of particular interest in this study with respect to the field
experience that was gained from the Grade 70 CRC pavement sections placed in 1-45 (previously
noted) and on SH 249 in Houston. The SH 249 section consisted of pavement sections
containing Grade 60 steel (at p = 0.67 percent steel and g = 0.036) and sections containing Grade
70 stedl (at p = 0.49 percent steel and g = 0.026). Data collected from these sections since
construction comparing the pavement crack patterns are shown in Figure 1.1 ( along with average
crack spacing and standard deviation data) at various ages after construction. This pavement,
located near the Willow Brook Mall on SH 249 near Tomball, Texas, was constructed 13 inches
thick during the last week of September 1996 and was actually the first project in the Houston
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Figurel.l  CRC Pavement Crack Spacing Distribution - SH

as characterized inthis 249, Houston District Grade 60 and 70 Sections.

figure, is more favorably

distributed in the Grade 60 section than in the Grade 70 section because the crack pattern is not
aswidely spaced. Thistrend was still evident 15 months after construction. As noted in Figure
1.1, the average crack spacing of the Grade 60 steel section was 5.2 ft, which was within the
allowable range of the AASHTO Guide - 3.5 ft to 8 ft - but the average crack spacing of the Grade
70 steel section was 9.9 ft, as surveyed in December 1997, was far beyond the upper limit of 8 ft.
However in terms of cluster cracking, the Grade 70 section showed better characteristics than the
Grade 60 section if consideration is given to the spacing between groups of two adjacent
consecutive cracks and groups of five adjacent consecutive cracks. A comparison of this nature,
shown in Figure 1.2, serves as a measure of cluster cracking which can be derived from
distributions made from these groupings. Cluster cracking is the occurrence of adjacent or
consecutive groups of closely and widely spaced transverse cracks and is considered to be an

undesirable feature in the crack pattern and is characterized in terms of the cluster ratio (CR) as:

CR:[l (NC —1)* X1 } 100
X2
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(which was 5 in this Figure 1.2 Cluster Cracking: Grade 60 and 70, SH 249.

case). A perfect crack pattern would displace O percent clustering but 20 percent clustering
should be considered acceptable [27]. Although the details associated with the development and
application of the cluster cracking concept are explained elsewhere [27], the Grade 60 CRC
sections indicated 31 percent clustering while the Grade 70 section showed only 10 percent. It
should be pointed out, the lower clustering manifest by the Grade 70 pavement section has less to
do with the grade of steel and more to do with the use of one layer of steel reinforcement and the
variability of the curing process.

Although all the crack widths on SH 249 sampl e sections were below the limit
established by the AASHTO Guide, the Grade 70 steel section presented larger average crack
widths. An average crack width of 19.8 milsin the Grade 70 steel section was observed in
January 1997 [26], much larger than the average crack spacing of 6.2 milsin the Grade 60 steel
section observed at the same time. Crack width distribution data surveyed in July 97 comparing
both Grade 60 and Grade 70 steel sections on 249 (Figures 1.3 and 1.4) indicated nearly similar
average crack widths but very different crack width distributions as noted in the figures. The
standard deviation of the Grade 70 was calculated at 6.6 mils and the Grade 60 was 3.4 mils. As
will be noted in Chapter 5, crack width (and crack width deviation) has an important effect on

CRC pavement performance.
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severity spalling at the transverse cracks. This difference may be due to the wider crack widths
displayed by the Grade 70 section. Again, the differences manifest in crack spacing, crack
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of construction must

be carefully considered in the design and construction of CRC pavement systems. This point
will be further emphasized in later portions of thisreport. Further analysis delving to greater
depths into the behavior noted above is pursued in the subsequent chapters with the aid of
available response models applicable to CRC pavement performance. An important aspect to be
revealed and elaborated in this analysis will be the sensitivity of the q factor and construction
weather conditions to crack width and their combined effect on design requirements relative to
the selected grade of reinforcing steel.

Project Objectives

The objectives associated with this study are as follows:

1. Instrument Grade 70 longitudinal reinforcing bars, place them in actual CRC
pavements, and monitor the strainsin the bars during the placement and hardening of the
concrete for selected days during the development of the cracking pattern.

2. Conduct an evaluation of the behavior of the instrumented sections based upon
analysis of the collected test data using the CRCP 8 computer program. Assess the suitability of
the CRCP 8 program to predict steel and other strains related to the structural behavior of CRC

pavement systems.
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3. Summarize findings from the analysis relative to the use of Grade 70 reinforcing steel
in the construction of CRC pavementsin the Houston District. The results of thisinvestigation
will be the provision of data and information relative to the best use of Grade 70 steel in CRC

pavement construction.

Analysis Approach and Report Organization

The approach taken to the analysis of the monitoring datainvolved several steps. The
first step consisted of downloading and reducing of the raw data. Much of the strain data was
recorded electronically in milivolts which had to be converted empirically to microstrain. After
the data was downloaded, it was stored in categories based on type of strain (whether concrete or
stedl strain) and the location of the strain gage. Concrete strength, temperature, and moisture
datawere also stored as separate categories. Weather data was also recorded as a separate data
category. The next step was to place datain easily recognizable formats that vary primarily asa
function of time. For applicable strains, the average value with time was shown with daily
maximum and minimum values shown as upper and lower limits.

The third step involved the selection of available tools or models to represent the
structural behavior of CRC pavement in adesign process. The CRCP 8 program was originally
included for evaluation purposes as stated in the objectives. Nonetheless, principle among the
toolsfor this purpose are the CRCP 8 and the TTICRCP programs which are computerized
formats of crack width, steel stress, concrete stress, and crack spacing models. The TTICRCP
program was included for comparative purposes and to assist in the evaluation of the CRCP 8
program since it includes a bond dlip function that can be easily calibrated from measured bond-
dip strain data. Where the CRCP 8 program is more focused on a design emphasis, the
TTICRCP program is more focused on an analysis emphasis and is a'so more suited for
calibration to field data. The next step involved devel oping the input data for each computer
model from the prepared field strains and test data. The last step focused on simulation of
specific days and site conditions relative to the 1-45 test conditions.

Thisreport is organized into five chapters. Chapter 1 focuses on the background

information relative to this study. Chapter 2 provides in-depth discussion of the structural
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characteristics of CRC pavement and the factors associated with development of the crack
pattern. This discussion also provides a description of the models included in the computer
programs previously noted. Chapter 3 provides a description of the test site location and
instrumentation along with a description of the collected test datawhichislisted in the
appendices of thisreport. Chapter 4 consists of a discussion of the analysis of the data that
includes an evaluation of the CRCP 8 program. Several categories of data considered in this
chapter are: steel stress and strain, concrete stress and strain, slab cracking, steel-concrete
interaction, concrete strength data, and others. The fifth chapter elaborates on the implications of
Chapter 4 in terms of crack width limits for design purposes and steel stress variability on the

selection of steel grade for construction purposes.
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CHAPTER 2
CRACKING BEHAVIOR OF CRC PAVEMENTS

There are many reasons why the cracking behavior factors associated with CRC
pavements affect the nature of the transverse crack pattern that formsinitially at early concrete
pavement ages and continues for several months thereafter. Many factors have been identified

relative to the formation of the crack pattern and are discussed in some detail in this chapter.

Cracking Restraint Factors
The primary factor affecting transverse crack development in CRC pavement systemsis
resistence or restraint to change of length of the paved concrete segment. The changein lengthis
the result of atemperature change in the concrete material and shrinkage due to the loss of
moisture during the concrete hardening and maturing stages. The restraint to cracking can be
characterized and itemized in two forms: internal and external.
Internal Restraints[1]:
® Reinforcing Steel: amount (i.e., percent), surface area, deformations, coatings
(corrosion protection), connection to transverse steel, yield strength or grade,
coefficient of thermal expansion, creep characteristics.
® Concrete: thickness, strength, modulus of elasticity, shrinkage, creep, coefficient of
thermal expansion.
® Bond characteristics between the reinforcing steel and the concrete.
External Restraints[1]:
® Bonding or friction between the slab and the subbase and\or interlayer.
® Mechanical tieto adjacent lanes.
Construction factors also have an influence on cracking restraint. This influence affects
the degree that either the internal or the externa restraints are effective in the cracking process
(i.e, the lapping of reinforcement may effect bond-slip relationships). The construction factors

work interactively with prevailing environmental conditions at the time of construction.
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Consequently, the following should be considered relative to the construction of CRC
pavements:

® Time of placement (fall or winter), and

® Temperature at the time of placement.

If the transverse cracks are spaced at adequate and uniform intervals, the potential for
widened cracks and punch-out development, which is the primary distress type in CRC
pavement, isreduced. Based on the above factors, one would expect that CRC pavements which
develop crack patterns with adequate intervals would typically show the best performance. Most
of the failuresin CRC pavements occur because of either widened transverse cracks or closely
spaced transverse cracks. However, there are instances where good performance has been
achieved in CRC pavements with average crack intervals of less than 2 ft but excellent support
conditions have also accompanied these pavements. Severa researchers have suggested that the
crack pattern should consist of cracks displaying crack widths small enough to minimize the
entrance of surface water and maintain adequate load transfer through aggregate interlock [1,2,
10]. Many naturaly occurring CRC pavement crack patterns can frequently display average
crack spacings that fall within the preferred range of 3.5 to 8 ft, but the typical variability
associated with them can result in a number of cracks spaced less than 3.5 ft [1-6].

Crack development may be thought of in two phases asinitial crack development and
secondary crack development. Initial cracking occurs rapidly and will be equal to or less than 4.4
0 where ( isthe radius of relative stiffness of the pavement surface layer. Secondary cracking
resultsin a stable crack pattern and is a function of the factors discussed above.

In CRC pavements, the concrete is typically subjected to non-uniform/non-linear (from
top to bottom) volumetric changes that result in stress development due to temperature, moisture,
and shrinkage effects. The resulting stresses caused by these effects are relieved by the formation
of transverse cracks. Figure 2.1(a) shows atypical CRC pavement section between two adjacent
transverse cracks [1]. When the pavement experiences a change in temperature or a changein
drying shrinkage, the concrete movement in the longitudinal direction isrestrained by the

longitudinal steel and subbase friction.
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The reinforcing steel whichis Cracks
embedded in the concrete behaves

stress and strain-wise in adifferent

manner than the concrete. This Roadbed 9o
behavior resultsin interfacial shear @ Typical CRC pavement clements.
stress (so-called bond stress) at the
interface between the steel bar

Bond stress

(b) Bond stress distribution between concrete and steel.

™

surface and the concrete. The

magnitude of the bond stress depends

Subbasae Frictional

Resistance

on the concrete strength and

(c) Subbase frictional stress distribution.

mechanical shape of the bearing face
of the ribs on the longitudinal bar.

Concrete
Stress

These factors have been the subject of

Sleel siress

recent improvements in the design of

N

(d) Concrete and steel disiributions.

reinforcing steel rib patterns[7].

Because of the anchor and lug

characteristics of the reinforcing Figure2.1  CRC Pavement Elementsand
promoting strong bond between the Distributions of Various Stresses [1].
concrete and the embedded steel, a
bond stress will develop. Figure 2.1(b) shows atypical bond stress distribution between concrete
and steel [1] over a segment of cracked CRC pavement.

The direction of frictional resistance provided by the subbase is opposite to that of
concrete displacement. Subbase friction depends upon the subbase materia type and when the
concrete contracts, the subbase friction and the steel resist the concrete displacement, thereby
increasing the level of concrete tensile stress which contributes to the resultant crack spacing.
Figure 2.1(c) shows atypical distribution of frictional resistance [1]. The resistance to the
concrete contraction through bond stress and subbase friction causes the concrete tensile stress to
build up and the concrete displacement to be reduced. Figure 2.1(d) illustrates the concrete and

steel stress distribution along the CRC pavement slab [1]. If the resultant concrete stress exceeds
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the concrete tensile strength, a crack will develop. Past performance data has indicated that

dense graded asphaltic concrete interlayer provides the most desirable subbase frictional

characteristics.

L
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= change in steel force

u.(x)E° - Acfr_z - As(fsz + fsz)
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Figure2.2

Stress Distribution between Cracks of CRC

Member Subject to Shrinkage [2,9].

Cracking in CRC Pavements
As noted above,
several factors have been
identified which affect how
cracksformin CRC
pavements. Initia crackingin
CRC pavements may be due
to environmentally induced
temperature and moisture
gradients related to slab
curling and warping. Field
observations of initial or
primary cracks suggest that
these cracks form within the
first 3-7 days after placement
of the concrete. Secondary
cracks form due to the
continuity of reinforcement
(i.e., interna restraint) which
inhibits free movement of the

concrete matrix after the

formation of primary cracks. Stressesthat develop at this stage are referred to as restraint

stresses. According to data recently obtained in Texas [8], primary cracks constitute the rapidly

evolving crack pattern at intervals greater than approximately 4.4 ( (radius of relative stiffness) or
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restrained shrinkageis
accommodated by the crack, by the bond dlip, and by the uncracked concrete. The following
equations for average crack spacing are derived from Vetter’s basic equations [9], Vetter
assumed that secondary cracks form within thisinitial crack interval. A formulafor the average
crack spacing based on shrinkage is as shown below:

L =f,2{Qnpu(zE,-f,)} (2.1)
where
L = crack spacing (L)
f, = concrete tension stress due to shrinkage strain at the center of crack (F/L?)

Q

ratio of bond areato concrete volume x p = 4*p/db*p = g*p
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u = average bond stress (F/L?)
p = percent reinforcement
d, = reinforcing bar diameter (L)
n = modular ratio (EJ/E,)
E. = dastic modulus of concrete (F/L?)
z = drying shrinkage
A formulafor the average crack spacing formulais also derived for temperature drop

in asimilar manner:

L =f, A Qnpu(od,E - f,)} (2.2
where
f, = concretetension stress due to temperature drop at the center of the crack spacing
(F/L?)
a, = coefficient of thermal expansion of steel (per °F)

A formulafor the average crack spacing when both shrinkage and temperature drop occur
simultaneously is later derived [9] by considering the combined stress diagram for the steel and
concrete which is expressed in asimplified form as:
L =f2{Qpu(Eag, + zE - nf)} (2.3

where

f, = concrete tension stress due to temperature drop at the center of the crack spacing

(F/L®

All the other terms are as defined in equations 2.1 and 2.2. Equation 2.3 indicates a close
crack spacing may be obtained by a high bond stress. The same effect can also be obtained
through increasing the percentage of reinforcement or using smaller diameter bars. These factors
also combine to create small crack openingsaswell. Mgjor factors that affect the crack pattern in
terms of material, climatic, and pavement design factors are subsequently discussed.

Crack width and crack spacing are characteristic indicators of CRC pavement performance
and are therefore important to predict. Although Zuk [28] developed atheoretical relationship

between these two parameters as a function of steel percentage, concrete shrinkage, and
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temperature coefficients, other parameters such as pavement age and depth of steel cover may

also be important. Most of these are included in the Zuk expression for crack width:

f'[ f'[db
cW = L(Z+06Ctm)+E—C L—m (2.9)

An important aspect of crack width characterization is the estimate of the variability which
may develop due to the factors such as the concrete tensile strength and drying shrinkage. A

form of the variance of crack width (cw) (Var[cw]) is shown below:

J
Var[cw]:Z( [x1+228§(wox o

Table 2.1 Crack Width Variability Derivatives.  where the derivatives of the crack width

function (equation 2.4) are shown in Table

X, i
@Tsi' 2.1. Using the variability in crack width, a
L Z+at +1/E, crack width for design purposes can be
z L defined relative to anormal deviate multiple
Lt of the crack width standard deviation.
a‘C m
Assuming anormal distribution, the design
t, L o, , . ,
crack width (cw,,) associated with the crack
f L/E, - 2td/(E-Aup) width variance (Var(cw)) is:
E. | f/(E)L - fd/(4up)}
___________________________________________________________________| vades — C\_N + Zr /Var (C\N) (25)
where
Z, =  value of the variate corresponding to a given level of reliability
TW = mean crack width
CW,s =  crack width at agiven level of reliability
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Vetter also developed an expression for the stressin the steel reinforcement (f,) of a

continuously reinforced structure as.
1
f = ft(6+n) + E(t(ag-0) - 2 (2.6)

Although the effect of the subgrade friction is not considered in this expression, it does serve a
useful purpose in describing how the relevant factors associated with the design of CRC
pavement affect the variance of steel stress. The variability of the stedl stress (Var[f]) can be
formulated much in the same fashion as it was done for crack width:
of of of
Var[fS]:Z(—S)ZVar[Xi]+ZZ(9XS o 5o

- ox. X X, X,

The derivatives can be defined relative to the maximum concrete temperature drop (t), the
concrete coefficient of thermal expansion (CTE or o), and concrete shrinkage. The definitions

of these derivatives are shown in Table 2.2.
Table 2.2 Steel Stress Variability Derivatives

Now that the important design parameters A ——
and their relationship to the development of X, *e
cracking in CRC pavements have been i
identified, important material and climatic z -E
characteristics can be discussed. An o, -E.t,,
expression for the grade of the reinforcing
steel could be formulated based on the mean
value and the variability of the calculated stressin the stedl:
SteelGrade = f, + Z,/Var (f) (2.7)
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Concrete Characteristics

The primary constituents of concrete, mortar, and coarse aggregate, have coefficients of
thermal expansion (CTE) relative to the makeup and nature of the materials with the CTE for
concrete being a combination of the two constituents. Since amajor portion of the concrete
volume is coarse aggregate, the primary factor influencing the coefficient of thermal expansion
of concrete appears to be the coarse aggregate type. However, the CTE of the pasteis
approximately double the CTE of the coarse aggregate. Of al the factors which may influence
the development of the crack pattern, coarse aggregate type may be the most significant (ariver
gravel coarse aggregate may have a coefficient of thermal expansion of approximately 60 percent
higher than that for a crushed limestone coarse aggregate). Figure 2.4 [1], indicates how the CTE

of the coarse aggregate affects
7 the CTE of the concrete.
® Air-Cured
© Water-Cured Thermal coefficient of

Quartzite

expansion of concrete can

Sandstone

Blast-Furnace Siag influence the volumetric

Doterite

}-Granite

change due to atemperature

change in the concrete.

Coeflicient of Aggregate, 10-6 per o
o
T

2 T T }-Limestone
0e®—————Poniand Stone Thermal strains in concrete
! ! L 1 ! J . . .
3 ¢ § s 7 8 usually result from dissipation

Coefficient ot Cancrete, 10-6 per °F

of the heat of hydration or

Figure2.4  Influence of the Linear Coefficient of Thermal
Expansion of Aggregate on the Coefficient of
Thermal Expansion of Concrete [1]. temperature. Figure 2.4

cyclic changes in the ambient

indicates, for practical
purposes, that alinear relationship exists between the CTE of the aggregate and the CTE of the
concrete. Table 2.3 gives the thermal coefficient values of different coarse aggregate types that
were measured during a project conducted at the University of Texasat Austin [1]. Thisresearch
and other similar studies have clearly indicated that as the siliceous gravel content decreases the

thermal coefficient value decreases. It has also been shown that the effect of silica content in the
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aggregate on the CTE of the Table 2.3 Thermal Coefficient Values[1].

concreteisvery significant. The
Aqggregate Type -

greater the silica content of the 99red yp Ther m("ﬂscooff ficient
aggregate the grecter the CTE of | g (siliceous River Gravel) 818
the aggregate [1]. SRGLS 615

Loss of moistureis _ '

Dolomite 5.90

another characteristic of :

) Granite 5.74
concrete that is related to the -
environmental conditions at the LSSRG 2.44
time of construction. Loss of LS/LSSRG* 4,84

moisture can affect concretein "Blend of 50 % LS (limestone) and 50 % LS-SRG

|
terms of strength gainand in

terms of induced strain relative to drying shrinkage [8]. Drying shrinkage depends to a great
extent upon the water cement ratio used to place the concrete pavement. Other factors are related
to the degree of hydration, moisture diffusivity, and the method of curing (discussed later) used
during the concrete hardening process. These factors, which are indirectly related to the strength
of concrete, are also important to the degree of permeability and durability achieved by the
concrete. In design, although the amount of drying shrinkage that concrete will ultimately
achieve is difficult to predict, the degree of drying shrinkage has been correlated to the concrete
strength [13].

Reinforcing Stedl Characteristics

Stedl isused in CRC pavement to develop the crack pattern because of high yield and
tensile strength characteristics. Since steel exhibits these characteristics, it isused in CRC
pavements to maintain crack widths below acertain limit. There are several pavement design
variables related to steel bars which have significant effect on the cracking behavior of CRC
pavements. They include such factors as percentage of longitudinal steel (p), longitudinal bar

diameter (d,), steel rib pattern characteristics, depth of cover and the number of layers of
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longitudinal steel. Pavement engineersin some countries are placing extra steel to stiffen free

edges to minimize punch-out development [14-17].

Percent of Longitudinal Steel “r

[ 8" CRC Pavement
20

\ 03% Steet

\.
\ SN——— .
N\, —— 3wt
o\ .
.\.\.\‘ )
S o—.
s —

The reinforcement in CRC
pavement causes arestraining

effect to contraction strain which

s
L
s

0.5% Stee!

0.7% Steel

Average Crack Interval, feet

increases as the percentage of steel sf- To% Steat

increases. Figure 2.5, shows a

o't...l-...l;J..l.,

5 10 15
classic example of how decreased j e of Tavensnt, yeam
crack spacing is associated with
increased steel percentages for a ) 3 2 CRC Pavement
section of CRC pavement in S :-\\
lllinois[12]. Intermsof crack : .5;\ S N
spacing, steel percentages of 0.55 g uo:\'i- i
g PN T
to 0.70 have provided suitable A S i
CRC pavement performance. B S R S
5 10 15 20
Relative to practical limits, it has fge of Pavenent, years
been reported that the average Figure25 Changein Average Crack Interval Over

Timefor 7 and 8 Inch CRC Pavement [12].
crack interval does not significantly

decrease with steel amounts above 1 percent while average cracking intervals may greatly
increase with steel amounts below 0.4 percent. As the percentage of longitudinal steel increases,
the crack widths decrease, the aggregate interlock increases, the load transfer increases, and
stiffness at the transverse cracks improves[1]. Both field observations and design theories
confirm that crack width in CRC pavements decreases with an increase in percentage of
longitudinal reinforcement [18]. However, this does not mean the same correlation may exist

between crack spacing and crack width. Season of placement may override the effect of crack
spacing on crack width.
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Bar Sze and Bond

Characteristics

Bar size has an influence on
crack development in that the
restraint of the longitudinal steel
depends on the bond area provided
by the reinforcing bar. The
development of concrete stressin
CRC pavements results from the
transfer of stress from steel to the

concrete at the vicinity of the

transverse crack. The stress transfer
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Figure 2.6

Effect of Bar Size on Crack Spacing [1].

from the longitudinal steel to the concrete depends on the reinforcing steel surface area and the

surface deformation shape of the longitudinal steel. For the same percent of longitudinal steel,

the smaller size bar resultsin alarger steel surface area, which increases stress transfer from the

stedl to the concrete and results in a shorter crack spacing [1].

Figure 2.6 [19], shows
the effect of bar size on the
crack spacing. McCullough
and Ledbetter [19] noted that
the crack spacing was
inversely proportional to the
ratio of the bond areato
concrete volume as shown in
Figure 2.7 which isreferred to
asthe g factor. The 1972
AASHTO Interim Guide
suggests that the ratio of the

Average Crack Spacing, ft

20r1

Pavements Placed During:
O Winter
@ Summer

Ratio of Steel Bond Area to
Concrete Volume x 10-2, in.2/in.3

bond areato concrete volume ~ Figure2.7

Relationship between Steel Bond Area and
Crack Spacing [22].
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(g) be greater than 0.03 inch?inch?® for all the climatic regions but typically ranges from 0.026 to
0.035. The value of q can affect the average crack spacing to some extent but plays a greater role

in its effect on crack widths.

Depth of Cover of Longitudinal Steel

The vertical location of longitudinal steel has an effect on the crack pattern. The
volumetric strains are greatest at the pavement surface and decrease with depth. If the steel is
placed near the surface of the slab, the restraint to the induced movements increases which
resultsin an increase in the number of transverse cracks. Figure 2.8 [20], shows the significance
of the effect of the vertical steel location on the crack pattern for 1llinois CRC 7 and 8 in
pavements with deformed bars and wire fabric reinforcement. Other studies [21] indicate that
the reinforcement placed above mid-depth in the pavement will tend to cause an irregular
cracking pattern although the average crack spacings are closer, as was manifest in the SH 249
section where the two-layer configuration resulted in a higher level cluster cracking. A survey
[1] of CRC pavementsin South Dakota shows an average crack spacing of 1.7 ft with the steel
2.5in below the

surface, and an

average spacing of 2.9
ft with the steel 3.68in »
below the surface. An
aspect related to the
depth of steel isthe

V
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position of the top r T T ; ! 1A LA,
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layer of steel has been

shown to be

significant in past Figure2.8 Frequency Histograms Showing Crack Interval

Distributions [20].
studies and the use of [20]
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two-layer placements has been adopted in Texas DOT construction standards [1] for pavements
thicker than 11 in in order to maintain adequate steel spacing for construction purposes. As
pointed out previously, thicker pavements may experience a greater degree of volumetric
restraint due to a reduced depth of cover caused by the use of two layers of reinforcing steel.
Two layers of reinforcing steel also require two layers of transverse steel which tend to cause a
weakened plane of transverse cracking. A high incidence of transverse cracking was noted on
projectsin Texas [23] which used two layers of reinforcing steel where the transverse bars were

vertically aligned.

Climatic and Construction Factors

Ambient temperature conditions will affect the crack pattern in CRC pavements primarily
to the extent it influences the thermal gradient and uniform temperature changes within the slab.
Naturally, geographic location affects the climate to which concrete pavement may be exposed.
Temperature ranges (the concrete set temperature minus lowest annual temperature) can be as
large as 150°F, depending on the location. However, normal temperature ranges are generally
not this severe. The concrete set temperature and minimum yearly temperatures are used in
design because they have correlated well in terms of prediction of crack width of the transverse
crack based on the average crack spacing and the amount of linear slab movement.

The cracking process in CRC pavement involves cracking developing at early and at later
ages. It isimportant to point out that some cracks that initiate at an early age may not become
evident at the surface for severa years. Cracking of this nature in CRC pavements is propagated
in part by daily, non-uniform temperature and moisture change within the pavement due to
changes in ambient temperature and humidity conditions. Shrinkage and contraction stress that
cause cracking to develop at an early age are the result of restrained movement caused by
temperature and moisture changes. Even though concrete and steel can have arelatively similar
coefficient of thermal contraction (0.000005 in/in/'F) depending on the coarse aggregate type,
stresses develop in part because the reinforcing steel has a higher modulus of elasticity than the
concrete. Consequently, the stress intensity within the concrete becomes too high and the crack

propagates. A similar effect may result from early-aged concrete shrinkage. The stressintensity
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in both instances is enhanced due to the resistance between the subbase and the slab. Asaresult,
high temperature drops and moisture |oss are conducive to rapid crack development. This can
occur under summer weather and windy conditions where the concrete pavement is placed in the
morning hours leading to maximum setting temperatures and stresses that can cause cracking as
early asthe next day or later (2 to 3 days) depending on the type of aggregate used [24]. Delayed
early aged cracking can result due to a buildup of drying shrinkage in combination with
temperature effects.

In order to achieve adequate cracking patterns, a certain amount of temperature change and
drying shrinkage needs to occur to insure acertain level of cracking. If induced stresslevels are
too low, then crack patterns may be too far apart or contain too many clusters of closely spaced
cracks to provide adequate performance or the opposite can be the case if the induced stress
levels aretoo high. Interms of the crack patterns, concrete properties and support conditions,
there are anumber of combinations that can be optimized to achieve the required pavement
performance. Additional research will lead to design products for CRC pavements to indicate
material combinations and construction methods to achieve appropriate shrinkage and

temperature sensitivity levels to enhance optimal performance of the pavement.

Time and Season of Placement

Concrete strength gain rates due to environmental conditions during fall and winter time
periods are the lowest since the prevailing temperatures are typically the lowest. Therefore,
concrete placed in this time of year will have lower temperatures and less time to develop
sufficient concrete strength before maximum cracking stress occurs than concrete paving placed
in the spring or summer. Concrete pavements placed in the fall develop a shorter crack spacing
than that placed in the spring due to the relatively lower concrete strengths caused by typically
lower ambient temperatures[1]. However, this effect may be somewhat offset because the
reference temperature (upon which the concrete stresses are based) is al'so lower in comparison to
construction periods at hotter times of the year. CRC pavements, particularly those placed with
river gravel coarse aggregates, constructed under cool weather conditions develop longer crack

spacing and but smaller crack widths than those placed in the summer months under warm
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weather conditions. Because of the greater drying shrinkage under hot weather conditions, CRC
pavement performance may be significantly affected due to the effect the seasonal conditions
have on the resulting crack widths[23].

Whether the concrete was placed in the morning or the afternoon can affect CRC pavement
cracking behavior, as previously discussed. Concrete placed in the morning typically sets at
higher temperature and consequently devel ops greater stress-related cracking than concrete
placed in the afternoon. Concrete placed in the morning tends to have shorter crack spacings

than concrete placed in the afternoon [24].

Curing Conditions

The curing temperature at the time of placement of the concrete slab also affects cracking
in CRC pavements. The pavements constructed at higher curing temperatures have shorter
cracking spacings than the pavements constructed at |lower temperatures [24]. A significant
amount of cracking occurs early in the pavement life. The cause of this cracking may be related
to the way concreteis cured.

It is generally accepted that the more the water 1oss from the concrete mixture during the
hardening process the greater will be the shrinkage and the lower the degree of hydration.
Therefore, concrete shrinkage stress will have a greater potential to exceed the concrete strength
inducing early-aged cracks in the CRC pavements. Curing of CRC pavementsisacrucial stepin
minimizing early cracking potential of CRC pavements. The most common method for curing
concrete pavements is membrane curing. The curing methods are as follows:

® Membrane curing compound,

® Polyethylene film curing, and

e Cotton mat curing.

The research conducted by Tang et al. [23] revealed that both cotton mats and polyethylene
film reduced daily temperature variation and reduced moisture loss from the pavement surface.
Accordingly, the number of surface cracksin pavements that develop initially with cotton mat or

polyethylene curing are much lower than that cured with membrane compounds.
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It should also be mentioned that drying shrinkage in the field may not match the drying
shrinkage found from laboratory specimens since the drying condition may be very different.
Under hot weather paving conditions, early shrinkage and creep may be absorbed by the early-
aged cracks which then tend to be wider than the cracks which develop at alater age. Therefore,
adifferent amount of drying shrinkage should be taken into account depending not only on the

age of the concrete but also on the method and conditions of curing.

Current CRC Pavement Cracking Modelsfor Numerical Simulation

Since the transverse cracking process in CRC pavement involves an on-going sequence of
change in concrete strength and environmental conditions, it is advantageous to computerize
certain stress and strain agorithms to model the pavement cracking. To simplify the analysis,
certain assumptions are made with regard to material properties and environmental conditions.
The computer models are useful for the prediction of structural response parameters related to
contraction restraint such as the crack spacing, crack width, and the stresses in the steel and the
concrete for a given set of environmental and material conditions. The basic equations and
assumptions upon which these models are based have been previously discussed. CRC pavement
response under wheel load, considered in Chapter 5 relative to crack width design criteria, isa
key factor in the process of punch-out development. Pavement response in terms of bending and
shear-related stresses is influenced by the crack width and the load transfer across the transverse

cracks.

Overview of Numerical Models for Restraint Cracking

Several pavement models (both closed form and numerical) have been developed in the
past 50 to 60 yearsto aid the designer in the prediction of design-related stresses. In recent years
numerical models specific to CRC pavement design have been devel oped based on the use of
high-speed computers in the design and analysis of structural response parameters. Foremost
among the tools for design is the CRCP 8 program [1] which has resulted from along series of
revisions and improvements relative to the prediction of in-plane stress in the pavement caused

by drying shrinkage and temperature drop. Included in this model is equilibrium analysis of
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stressin the concrete, steel reinforcement and resistance due to friction at the pavement subbase
interface. The friction on the subbase is a function of the pavement movement which depends
upon the concrete strains. The model also accounts for the age-strength relationship of the
concrete which allows for analysis of crack formation with time as the internal tensile stress
exceeds the tensile strength of the concrete [25].

McCullough et al. [18] developed basic equations from force equilibrium of bond, stedl,
and subbase friction in the pavement system as a basis for the prediction of structural responses
due to contraction restraint in CRC pavement. Many of the assumptions listed for the Vetter
derivations apply to the CRCP 8 model. The model assumes a crack forms when the concrete
stress calculated from the equilibrium equations is greater than the concrete strength at that
location. The stressin the concrete at the crack is zero. The stresses due to volumetric changes
are also assumed to be uniformly distributed throughout the slab thickness. Since the model
contains an algorithm for the change in concrete strength with time, the criteriafor cracking also
change with time. Other assumptions associated with the model are as follows:

® Concrete and stedl properties are linearly elastic.

® Inthefully bonded sections of the concrete dlab, there is no relative movement

between the steel and the concrete.

® Material properties are independent of space.

®  Effects of concrete creep and slab warping are neglected.

The model also assumes fixed-end (fully restrained) conditions at the midslab location and for
the reinforcement at the crack centerline. Although not included in the original list of
assumptions, fully restrained conditions are used as a basis for the development of the equations
since the total length of steel barsis assumed to be constant. The model includes a
characterization of the frictional resistance between the concrete slab and the underlying base
between existing cracks. The basic equations for McCullough’s model are derived by
considering afull length of CRC pavement in which afree body diagram is developed in Figure
2.10. By considering overall equilibrium [1]:

F.+ [Fdx-F, -F,=0 (2.8)

where
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Fo = forcein steel at the crack face

F. =  subbasefriction force per unit length
Fe =  forcein steel at position x
Fo. =  forcein concrete at position x

Conversion of the equilibrium expression in terms of stresses yields:

L
-)!‘Fidx (2.9

ph

o,
Ogy +—2- =0y +
P

where
Oy =  concrete stress at position x
O =  sted stressat position x
h =  dabthickness

A generalized compatibility equation that applies to the partially and fully bonded regions and

accounts for the volumetric changes due to environment effects in the steel and the concreteis:

dugy Osx
= -0 At +—= 2.10a
oA (2.108)
ducy Ocx
—2 = —0 Al — € +—= 2.10b
dx C sh E. ( )

where

Uy, = displacement of the steel at location x

u, = displacement of the concrete at location x
The distribution of concrete and steel stresses with distance from the crack face (x) is defined
relative to the bond stress (t,) between the steel and the concrete. The effect of subbase friction
(Fy isaso included in equations expressing the change in steel and concrete stress with distance

as!

2.19



(2.119)

(2.11b)

The stress in the concrete at the crack is assumed to be zero and it is defined in the fully bonded

region as.

Oy

Ocx =T+Ec{[ocC —og At +8sh}

Equation (2.11b) for the slope of the concrete

(2.12)

stress (Figure 2.9) shown above is used to
define the concrete stress in the bonded and
partially bonded regions. The changein
either the concrete or the steel stressin the
fully bonded region is assumed to be small
since the change in bond stress and friction
effectsissmall in that region. In any case,
the main influence on the change in stresses
is due to the bond stress (t) since in many
instances the friction effects are relatively

small. Nominally, the changein steel

stressesisafactor of “n” timesthe changein

AT AT A PEIE ] A P
1A 3 177 Tyl s

Steel

Concrete

Oem

}

Fully Bonded Zone _ B

ond Slip Zone

[T

concrete stress.
The frictional resistanceis modeled as

afunction of the displacement of the

Figure2.9

CRC Pavement Stress Diagram
and Distribution for CRCP 8

Program [1].

concrete. An example of the relationship between frictiona resistance and horizontal movement

isshown in Figure 2.10. Thefrictional resistance under the pavement is not constant with

movement and the typical maximum coefficient of frictional resistanceis 3.5.
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In order to relate the stress
in the steel at the crack (o) to the

(I1b/in./in.)

stressin the steel at any point o siiding

(ng)s eqUGIiOHS 2.11 (aand b) are \. ;
also related to the percent of stedl: o g

-.o7 -.06 -04 -.02 o .02 .04 .06 .07

. Movemen t (in)

dx h{p+1} (2.13a)
; L

Force

Figure2.10 Relationship between Frictional Resistance
and Horizontal Movement [18].

dx nh{p+1} (2.13b)
n

Equations 2.11 and 2.13 are key components combined to relate 6, and o, as:

L
] E, ){Fidx (2.14)
O = 1+E GSX+—[(aC—aS)At+£Sh - oh

The stedl stress at any point is also related to the bond stress between the steel and the concrete as
it should be:

q X
O =0cy ~ Firb(x)dx
where o, iSsthe steel stress at the transition point between the fully bonded and partially bonded
regions. This expression suggests that a bond function is required to describe the distribution of
the bond stress as a function of the distance from the crack face (x). The expression used to

accomplish thisis:
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(x) = Kw(x)+ Cx2+D+E s (2.15)

o 20
where
K =  bond stiffness
w(X) = bonddip
0 =  bond development length
C,D,E = constantsdetermined based on boundary conditions.

Equation 2.15 is also referred to as a bond-dlip function that is further defined in reference [1]

with respect to the boundary conditions w(x) = w’(x) = w”(x) = 0. The definitions of the

constants involved second derivatives of equations 2.10a and 2.10b and an empirical relationship

for bond development length (0):

r=K, e
20
where
K, = constant determined from pull-out test results
P,., = transferload = (o4 - og) A,
PN = dteel reinforcing bar perimeter

The bond development expression shown
above effects how the bond development
length is related to the stressin the
reinforcement as shown in Figure 2.11.

A program developed at the Texas
Transportation Institute [29], referred to as
TTICRCP, takes asimilar approach to
cracking in CRC pavement as the CRCP 8
program by characterizing the bond stress
distribution between the steel reinforcement

and the concrete other than assuming it to be

Steel Stress at a Crack

Bond Development Length

Figure2.11 Relationship of Steel Stressat a
Crack to Bond Development
Length Used in CRCP 8 Program

[1].
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uniformly distributed. Thisprogram is particularly useful as an analysis tool since it can be

easily calibrated to specific site conditions. No direct relationship is assumed between the bond

stress and the crack width. The bond stress distribution, represented in Figure 2.12, is

determined by the program as a function of the relative dip between the concrete and the

reinforcement. Asthe dlip increases from zero, the bond stress increases at arate of K, to the

peak value which occurs at adlip of §,. Increasing slip leads to a decrease in the bond stress at a

rate of K,. Zero bond stress occurs at slips equal to or greater than §,,. The parametersK,, K.,

and d,, are assumed to be a function of the
concrete strength properties and the style of
steel reinforcement ribbing.

The frictional resistance between the
subbase and the pavement is also represented
inthe TTICRCP program. Thefriction force
is determined as afunction of the slab
displacement where the general shape of the
friction force-displacement curveis quite
uniform. The friction force is represented as
afriction stresswhich isthe friction force
divided by the area over which it acts.

Figure 2.13 shows the friction stress function
used by TTICRCP. TheslopevalueK,is
taken as negative which means the diding
friction decreases slightly with slab
displacements greater than o;. It isassumed
the accuracy of the model is not
compromised with this generalization since it
is accepted that the friction stressis constant
beyond the threshold displacement. This

slope value allows a similarity to exist

Cl o

K,

Bond Stress,

I
i
l

~n = Ko (ve —u,)
L

T 1
S Su
Slip, (ue — u.)

(a) The Bond Stress Function

C; = ——— P K,

l T =0, +K4u¢)

|
I JTL’
\_ ' T =0
7y = Kyue 7
L

T 1

K,

Friction Stress,

5 n
Displacement, u.

(b) The Friction Stress Function

Figure2.12 Bond and Friction Stress
Characterization in TTICRCP
Program [29].
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between the bond stress function and the friction stress function which permits a more
convenient mathematical modeling of the functions.

The basic assumptions behind the TTICRCP agorithms are similar to those used in CRCP
8. The effect of curl and creep are ignored and the slab behavior is assumed symmetrical about
the dlab midpoint. The derivation of the governing equations for the model can be understood by
examining a dlice of a prism (taken along the length of the pavement) of width ax containing
rebar at the center (Figure 2.14a). A change in the concrete and the steel stresses (ac) occurs
acrossthe slice. A bond stress (1) exists between the steel and the concrete and a friction stress
(T;) is present between the pavement and the subbase. The forces acting on the corresponding
concrete and steel elements are shown in Figure 2.13b and c. The summation of forces based on
Figure2.13is:

YF = (o, + a0)A, - 6A; - ndt,aX - byTaX

In order to maintain equilibrium the summation of forces must equal zero:

(o, + a6 )A, - 6 A, - md,TyaX - bytiax =0

being smplified to:
(a0daXx) - (d/A)T, - (b/A)T =0 (2.16)

The same type of development was applied to the reinforcement element by setting the

summation of forces equal to zero:

(os+ 26 )A - 0 A+ dT,aX =0

being smplified to:
(acdaX) - (nd/AJt, =0 (2.17)
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Equations 2.16 and 2.17 are defined in terms of displacement in the concrete (u,) and the
steel (uy) by using the definitions for stress (o = E¢) and strain (e = du/dx):

o = E(du/dx)

and upon differentiation:
do/dx = E(d?u/dx?) (2.18)

By alowing ac/ax in equations 2.16 and 2.17 to become sufficiently small, it can be replaced by
do/dx. Making the appropriate substitutions, equation 2.16 can be reduced to:

(cPudx?) - (nd/EA )T, - (EA)T =0 (2.19)

and equation 2.17 to:
(dPuddx?) + (nd/JEA)T, =0 (2.20)

Equations 2.19 and 2.20 are the general differential equations that govern the model structural
response. The displacementsin the concrete (u,) and the steel (uy) are found from the solutions
of the differential equations. The dlip between the concrete and the stedl is determined from the
relative displacements (u, - uy). Closed form solutions of the differential equations are found by
making appropriate substitutions for t, and t; in terms of the linear functions described
previously (Figure 2.13). Different linear functions are implemented (nine possible
combinations) for the stresses depending on the magnitude of either the dlip (u.-uy) or the
displacement of the concrete (u,) for the case of interest.

The final stresses and strainsin the concrete and the steel are determined on the basis of
energy considerations. All the energy that is available to displace the slab through adrop in
temperature and drying shrinkage must be accounted for. In the program, energy can be

consumed as:
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e Potential energy in the concrete and the stedl,
® Frictional work energy lost during slab movement, and

® Stressrelief energy lost because of slab movement.

Since force equilibrium is
Y . Be—s]
satisfied by any solution of I k=
the displacement equations, - - Loae —— | concrere | —=  joo+ae0A.
ener uilibrium becomes T e
gy w : ::_ 7d, AT ————
the deciding criteriafor —ee——=_—
obtaining the displacements, n O _SEE JTE aan e —— | cowomeTE | —s et acdd
stresses, and strains for a -~ - .
given set of environmental W | connere [T evoe (b)Forces Acting on the Concrete
- —~— —
conditions. Thetotal - — —ae—]
i 0, A, ~a—[__STEEL | —»— (0. +80.)4,
potential energy in the " Trinae
concrete and the steel is Qhecotmeprsm (OForees Acing o the St
found by integrating the

stressstrain curve for aunit  Figure2.13  (a) Elemental Slice, (b) Concrete Forces, (c) Steel
volume (assuml ng the Forcesfor TTICRCP [29] .

concrete and steel behave linear elastically where ¢ o E. and e.~c/E)):
L, L,

2E, 2Eq

0

The frictional work energy that is expended is found by the model from the area under the
bond stress and friction stress functions for a unit contact area (between the steel and concrete or

the subbase and the concrete):
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L2 Uc —Us L2 Uc

E pot =7y J. J.rbdrbdx +by J.J.Tf dzsdx

0 0 00

The stressrelief energy is dependent on the displacement of the concrete since movement
signifies arelease of the stress condition. The stressrelief only applies to the concrete since no
relief movement occurs in the reinforcement. Therelief energy, for a unit volume of concrete, is
equal to:

L&

L
- Eoel
00 0

Thetotal energy available from the thermal and shrinkage effectsis equal to:

Eoa = (L/2{AL0caT)* + AfaaT)? + Adleq)}

The stress and strains are dependent upon the displacements which are obtained when the sum of
the potential, frictional work and stress relief energies equals the total available energy. The
crack width is equal to twice the slip between the concrete and the stedl.

The resulting bond stress distribution, steel stress, and crack width determinations depend
upon the final configuration of the four zones and arrangement of (,, (,, and (;indicated in Figure
2.14. Aspreviously noted, the arrangement of (,, (,, and (, constitutes the nine possible cases or
combinations that can result depending on the outcome of the energy balance. In contrast with
CRCP 8 bond/steel stress trends, TTICRCP demonstrates areverse trend (Figure 2.15) with steel
stress at least in terms of the length (,. 1t should be pointed out that the distance ¢, is not
equivalent to the bond development length, however it may serve as an indicator of bond develop
trends as predicted by the TTICRCP program. In any event, this does not diminish the utility of
using the TTICRCP program to check the results of the CRCP 8 program since the TTI model is
well suited for calibration studies asis described in Chapters 3 and 4.
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CHAPTER 3
TEST SECTION INSTRUMENTATION AND DATA COLLECTION

Relative to the objectives of this project, a section of CRC pavement constructed on a
section of 1-45 in North Houston was instrumented in order to monitor the behavior of both the
reinforcing steel and the concrete. The resulting data was also used to assess the predictability of
current analytical models based on the interaction between the steel reinforcement and the
concrete. This chapter contains a description of the pavement instrumentation site and a detailed

description of the instrumentation used in the project and the data obtained therefrom.

I nstrumentation and Date Collection Site L ocation
The instrumented

pavement segment is
located on the southbound
lanes of [-45 in Houston,
about one-third of amile
south of FM 1960. The

instrumented segment was

a CRC pavement that was
placed on August 22, 1997
as part of a 555 ft long

pavement consiruction Flgure 3 1 Paving Proceeded from South to North, August 22
section. The paver placed 1997.

the concrete while moving

from the south to the north (Figure 3.1). The pavement was paved 15 in thick, on a1 in thick
asphalt bond breaker. In addition, a6 in thick stabilized base course and a 6 in thick lime-treated
subcourse were placed underneath the asphalt bond breaker. A single layer of grade 70 steel

reinforcement (representing 0.49 % steel) was placed near the mid-plane of the pavement dlab.
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Generally speaking, transverse cracksin CRC pavement are allowed to develop
randomly. However, a designated portion of the 555 ft section was set aside for specific crack
control study. In the control section, cracks were initiated with swallow transverse sawcut
notches at selected locations in order to insure that the crack patterns matched the
instrumentation plan. Asthe concrete reached final set, sawcut notches were placed in the
surface of the pavement. In total, thirty-seven 0.75 in deep saw cut notches were placed in the
pavement surface throughout the paved section. The first saw cut (saw cut #1) was placed 297 ft
from the south end of the pavement section. Different sawcut intervals were used for distinct
sections of the pavement in order to provide comparisons on the control of cracking through the
use of sawcuts. Sawcuts #1 to #26 were spaced at 6 ft intervals, sawcuts #26 to #29 contained a
10 ft spacing, and sawcuts #29 to #37 were spaced at 12 ft intervals.

Construction Materials

The construction materials used for this 15 in CRC pavement section included use of #6
sized grade 70 steel reinforcement and a crushed limestone concrete mixture. Grade 70 steel
reinforcement possesses a minimum yield strength of 72.5 ksi. The #6 reinforcement has a
nomina diameter of 0.75 in and anominal area of 0.44 in>. The reinforcement was
approximately placed at a6 in spacing interval. The details of the concrete mix proportion used
for this project are presented in Table 3.1.

Layout
Figure 3.2 illustrates the layout of the instrumented pavement slab. The sawcut shown in

the figure represents sawcut #27. The locations of the concrete gages are designated with the
letters CG and the corresponding steel gage locations are designated with the letters SG. Steel
strains at the induced crack (#27) were measured with SG-1, SG-3 and SG-5. Asshownin
Figure 3.2, steel strainsat 3, 6, 9, 24, and 36 in from the induced crack were measured by SG-2,
SG-4, SG-6, SG-7, and SG-13, respectively. Locations of concrete gages are displayed in the

figure aswell.
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Test Site I nstrumentation

In an attempt to obtain an accurate picture of the behavior of the concrete and steel strains
and the interaction between the two, athorough instrumentation plan was devel oped.
Consequently, strain gages were installed in both the concrete and the reinforcing steel. In

addition to these
Table 3.1 Concrete Mixture Proportions Used for 1-45 Site.

s J20ES, LV DTS

CAF 0.68 - Limestone %Air 5.0 and manual
Redland Gr #2 Daravair surveys were
BSG, = 2.56 _
DRUW, = 95.84 used to monitor
CF 6.0 WE 45 crack
% Fly Ash o5 WRA 4-8 025/100 wt developments
Texas Lehigh Lubricon- R and movements.
FAF 0.825 uw 142.7 |bs/cf This section will
Cleveland Sand discuss each of
BSG, =262
DRUW, = 101.03 these types of

instrumentation
and the
collected data. Also included is adiscussion of the historical gain in concrete strength and the

weather variations throughout the monitoring period for the pavement section.

Concrete Strain Gages

Roctest gages, which are ideal for shrinkage stain measurements, were used to measure
the strainsin the concrete. These gages consisted of athin steel wire held in tension between two
anchorages. When the distance between the anchorages changes due to movement in the
concrete, the tension in the wire is affected which leads to a change in the natural frequency of
the gage. The strain in the concrete is then measured by detecting the change in the natural
frequency and using an adjustment factor in order to calculate the corresponding strain

measurement. This calculation was carried out using equation 3.1 shown below [36].
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Layout of the Instrumented Pavement Slab.




_ 9
e = K0 x )= - — (3.2)

where

K = gagefactor

N, = initial frequency of the gage

N, = current frequency of gage
(K values for the previous equation were obtained from the Roctest Instruction Manual [36] as
4.0624 or 1.1560 depending on whether the gagewas 6 in or 3.5 in in length).

Strain gages, for the measurement of strains in the concrete, were installed in the slab
between sawcuts #27 and #28, asillustrated in the preceding figure. The section in question
possessed a 10 ft crack spacing. The concrete gages (Figure 3.3) were wired to the steel
reinforcement in order to
assure that they were ——
located at the same depth e
as the steel mat to
facilitate the assessment of _ _
bond-slip behavior, -_ QY ey
subsequently discussed. '
Theinstallation of all of

the concrete gages was

completed before paving

Figure3.3 Concrete Strain ages nstled before Pav

began. The location of the —
ing.
attached concrete gages

was selected to coincide with the steel gage locations as seen in Figure 3.2. Thiswas donein
order to allow for the evaluation of bond-dlip characteristics based on the measured data. The
bond-dip was determined following the procedure presented by Arthur Nilson [37]. The
principal equation used for these calculations, discussed further in Chapter 4, is presented below

as

3.5



where

SD:Sa+fbssdx—fbscdx
a

a

S, = known dlip at point a
S, = desired dlip at point b

g, = Steel strain
g, = concrete

strain

In addition to the concrete gages shown in Figure 3.3, atower composed of six concrete

gages (Figures 3.4 and 3.5) was embedded in the pavement. Four of the six gages measured

concrete strains in the longitudinal direction and the other two gages measured concrete strains

in the transverse
direction. Each gage
was placed at a
different depth below
the pavement surface.
Thiswas donein order
to provide an
understanding of the
variationsin both
concrete strain and
temperature with
respect to the distance
from the surface of the

concrete pavement.

Measure Concrete Strains in the Longitudinal and
Transverse Directions at Different Depths.
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Concrete Srain Data

As an example of

the recorded concrete strain ‘
A
data, Figure 3.6 shows 72 / 3
i L-12
hours of concrete strain data Pavement , EJ
recorded from various Surface L-10
concrete gages beginning at 4 |:| T-8 15
12:00 p.m., August 26. Itis *Note: T-8and T-4 L-6
) ] h arelocated & the | |
Interesting to note that i
g r_nld_dle of the span & |:| T4
) L indicated.
compressive strain in
. . L-2
concrete reached the daily 2 \%J '

maximum valuein the
afternoon and the daily
minimum valuein the
morning. Most of the
concrete gages yielded valid
data, however CG-5,

Figure 3.5

Layout of Concrete Strain Gagesin Tower
Configuration.

CG-12, and CG-14
showed signs of an 0 T N e T TR e e T S e
| - s o1
apparent malfunction. % 1001 o
i S CG-6
Currently, it appears 3
| I
that 12 of the 16 S -200
E
installed concrete gages % -300 | BB e ot ORISR 2 C 22
_ S - } .
are working properly. @ B T N T . cez
-400 - . e M W e T CG-T
Daily average strain .
al f h _500 | | | | | | | |
valuesirom the O 12 24 36 48 60 72 84 96
.. Time (hours from 0:00, Aug. 26)
remaining concrete
gages are shown in Figure3.6  Concrete Strains versus Time on August 26-29.
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Figure 3.7. Concrete strains oscillated between high and low levelsin asimilar fashion to the
steel strains.

Thedaily

temperature cycle
= 400
‘© causes the concrete
S 200 & CG-1 and the stee! to
2 CG-2
£ o expand and contract.
c 0 4 CG-3
% 5CG4 It appears that the
0 -200 ©CG-6 steel rebar expansion
g CG-11 occurred to alarge
z 0 CG-1
> @ CG-13 extent in the
a8 600 afternoon due to the

increasein

Time (days)

temperature. The

afternoon expansion
of the steel led to the

compression of the surrounding concrete. A portion of the daily average compressive strain is

Figure3.7  Daily Average Concrete Strains versus Time.

apparently caused by the shrinkage of the concrete. Thermal expansion of steel reinforcement
pushed the concrete causing additional compressive strain in concrete while thermal contraction,
which occurred in the morning, pulled the concrete which reduced the compressive strain in the
concrete.

Therewas a total of 16 concrete strain gages placed in the concrete pavement. Six of the
gages (CGs 7, 8, 9, 10, 15, and 16) were supported in avertical configuration as discussed
previously. The remaining 10 gages were distributed at different distances from the crack face
(3, 6,9, 24, and 36) paralld to specific longitudinal bars. Two gages were placed at each
position on different longitudinal bars. The strain data obtained from these gages is displayed in
figureslocated in Appendix A. These figures display the data over 24-hour time intervals on
various days of the pavement life. The day and the position of the particular data can be obtained

from the accompanying captions. The day is noted in parentheses and the position of the gage is
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given by the distance from the crack face (in inches) and the reinforcing bar number which the
gage was placed in reference to. The bar number is merely used to distinguish between two
gages located at different distances from the crack face.

In addition to the concrete data displayed at varying distances from the crack, the concrete
strain data obtained from the vertical configuration is also availablein Appendix B. These
figures show the variation in strain over 24-hour intervals. The corresponding variation in
ambient temperature at each timeis also displayed on the charts. These figures are very useful in
demonstrating the variation in concrete strain with respect to depth below the pavement surface.
The figures display the data for al six gages on the same chart. Each gageislabeled in the
legend with either an “L” (for longitudinal direction) or a“T” (for transverse direction) followed

by a number representing the height of the gage in the pavement.

Stedl Strain Gages

The installation of strain gages inside of the reinforcing steel required some research.

Previous instrumentation efforts consisted of strain gages attached to the outer side of the rebar
(after grinding off the pattern lugs) which may have affected the strain measurements. The
research team sought to avoid possible errors resulting from this method. For this reason, the
research team adopted the following technology in order to minimize the disturbance of the bond
between the steel and the concrete. The steel gages were mounted inside the rebar by
STRAINSERT at West Conshohocken, Pa. A hole was bored at the center of the cross section of
the #6 Grade 70 reinforcement along the longitudinal axis and then resistance strain gages were
mounted on the inner wall of the hole. There were four gages mounted inside each piece of steel
rebar with two gages in the axial direction and two gages in the circumferential direction. These
four gages were connected to form a Wheatstone bridge in order to provide steel strain
measurements in the axial direction at each instrumented location. The use of two gagesin the
axial direction doubled the precision of the measurement, while the use of two gagesin the
circumferential direction reduced measurement error due to changesin temperature. The hole
was then back filled with cement. The instrumented rebar sections were al 3 ft long and were

welded in place in the steel mat after it had been laid out in the field prior to paving.
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Seel Srain Data
The steel gages as designed output a straight line signal of milivolts per volt which can be

recorded by a conventional data-logger. When aload is applied to the reinforcing bar, the
induced force acting on the bar corresponds to the output signal read by the gages. The force
value (P) was obtained using equation 3.2.

P = AxExe (3.2)

It was determined from pull tests performed in the laboratory that the strain value used in
equation 3.2 is proportional to the mV/V reading output from the gage. In addition, the straight
linemV/V reading was adjusted in order to account for the Poisson’ sratio effect in the transverse
direction for the strain in the axis of the bar. This adjusted reading was also considered as the
actual strain value for the reduced cross section. The reduced cross section results from the fact
that the gages used did not span the whole cross section of the reinforcing bar. Therefore the
strain measured was not representative of the strain in the entire cross section but rather the strain
present in the reduced cross section. After determining the strain value for the reduced cross
section, a constant of proportionality (C) was calculated to relate the force in the bar at the
reduced cross section to the adjusted strain value. The calibration data supplied by the

manufacturer was used to determine this

constant of proportionality (C). The 1.2 2

data used for these calculationsis 1 ' —e—Gagel

displayed in Figure 3.8. Oncethe S 08 / ___:___ 2:322

constant (C) was determined for each of E 06 / Gage4
. < ' —¥— Gageb5

the eight gageﬁ,. th§e values were («% y Gaget

averaged resulting in an overall average —+—Gage7

0.2 ; Gage8

value of 12 for the constant of

proportionality. Thisvalue wasthen 0 o 5000 10000

used to calculate the force (P) present in Load (Ibs)

the steel bars following equation 3.3.
Figure3.8 Cadlibration Data Provided by Strainsert.
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P = Cxe (3.3)

At this point a calibration check

was performed for each of the gagesin

order to insure that the aforementioned

method of determining the force in the bar

was accurate. The check was performed

using an Instron 4505 test frame. The é mInstron
. . kel Bar-1
instron machine was used to |oad the steel § OBar-2

barsin tension to values of 5,000, 10,000,

and 15,000 Ibs. The force values were
then calculated from the straight line

voltage reading following the procedure
described previously. These calculated

Figure 3.9 Calibration Check for Steel Gages.
force values were then compared with the

actual values from the Instron machine. The results of the calculation check are shown in Figure
3.9. Ascan be seen from this figure, the method described previously provided a satisfactory

prediction of the force present in the steel reinforcing bars.

Stedl Strain

Most of theinstalled steel gages provided valid data. Gages SG-1 to SG-7 worked well
but gage SG-8 apparently malfunctioned. The measured steel strains oscillated within each day,
which can be seenin Figure 3.10. The figure presents the strain data from 2:00 p.m. on
September 19 to 12:00 p.m. on September 20 for SG-1 to SG-6 and SG-8. (Note: The
malfunctioning SG-8 does not show any change in reading with time.) The remaining six gages
display an oscillating pattern of strain versustime of day. Temperature variation over a 24-hour
period resultsin both expansion and contraction of the steel reinforcement which leads to varying

stress levelsin the bar as shown in the figure.
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It should also
be noted that SG-7, 2000 [

which was located
24 in from the

= 1500 |-
induced crack, %
o
ded o
recor E 1000 -
compressive strains =
in the steel. Other g [
. » 500+
functional gage I
stations, SG-1 to i
SG-6, were closer to 01 P 2‘4 ““““““ .
the induced crack Time (hours from 0:00, Sept. 19)

than SG-7 and each

of them recorded Figure3.10 Steel Strains versus Time from 2:00 p.m., September 19
to 12:00 p.m., September 20.

tensile strains.

Thetrend in steel gage readings appeared to be reasonable and indicated a dominating
affect of drying shrinkage. Even though the thermal contraction of the concrete in the morning
hours caused the steel rebar to undergo an additional stretching, resulting in a maximum tensile
strain condition thisincremental increase in strain is rather insignificant compared to the overall
effect of the drying shrinkage on the steel strain. A minimum steel tensile strain condition
occurred in the afternoon where the daily average strain is basically caused by concrete
shrinkage.

Strain data at the crack face are shown in Figure 3.11. Thisfigure indicates the
development of the total strain trend (which wastypical of al the steel strain gages) in the
concrete with time. Creep strain, noted in thisfigure, averaged 400 to 500 microstrains for gages
near the crack face but aswill be elaborated in Chapter 4, diminished with time and displacement
from the crack face. Asshown in Figure 3.11, concrete creep strain decreased to zero after the

concrete reached 5 to 6 days of age.
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The stedl stress data
as calculated from the gage
readingsis presented in 1500

Appendix C. For each steel '% //

= 1000
gauge position, the daily 3 /r“{ —a— Steel
maximum strain, minimum E 500 J\A ——Creep
strain, and average strain for .% 0 142 Voo - ‘ ‘ -
steel strain stations SG-1 to 5 0 5 10 15 20 25 30 3|5

-500
SG-7 were calculated and
Time (Days)

are presented in plots

contained in Appendix C.  Figure3.11 Average Steel Strain and Creep Strain Near Crack
The additional figuresin Face.
Appendix B display the force readings over 24-hour intervals. The location of each gageis
denoted in asimilar fashion to the concrete strain plots. The two numbersin the caption
represent the distance from the induced crack in inches and the bar number relative to Figure 3.2.

Crack Widths

In order to obtain an accurate portrayal of the development of cracks in the pavements a
series of four LVDTs were placed across the induced crack at various depths below the surface of
the pavement. Difficulties were experienced during the installation of the LVDTs which resulted
in unusable datareadings. Asaresult, profile crack width data was obtained via manual
measurements on the slab surface and edges. In addition to the manual readings, an additional
LVDT was mounted externally on the west side of the pavement (Figure 3.12). ThissideLVDT
was placed at mid height of the pavement and recorded the crack opening width at the induced
crack (#27).

Crack Spacing and Crack Width Data

Crack surveys were conducted daily for the first week after placement of the concrete.
Initial cracking (particularly at the sawcut location) was observed on August 23 the first day after
paving. Crack surveys were also conducted on September 5, 24 days after paving. The average
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crack density (the
reciprocal of the average
crack spacing) of the
cracking increased with
age, as shown in Figure
3.13. The crack spacing
distributions on

different days are shown
inFigure 3.14. As
expected, the average

Figure3.12 AnLVDT Installed on the West Edge Side at Sawcut
27 to Measure Crack Opening Width.

crack spacing in the
sawcut regions matched
closely to the sawcut spacing. On September 5, the average crack spacing was 4.0 ft for the
sawcut spacing of 6 ft, 8.8 ft for the sawcut spacing of 10 ft, and 9.8 ft for the sawcut spacing of

12.0 ft. The crack spacing distributions on September 5 for different sawcut areas are shown in

Figure 3.15.
The crack width

distributions as measured on 0.16
September 5 for different 014 -
sawcut areas are shown in - o012 /

= 0.
Figure 3.16. The collected 2 01 //

(%]
data showed that the value of _;é 0.08 /
the maximum crack width ?_) 0.06 //

o
varied directly with the #* 0.04 /
spacing of the sawcuts 0.02
(Figure 3.17). That is, the 0 ‘ ‘ ‘

) 0 100 200 300 400

larger sawcut spacings led to Age of Concrete (hrs)
the development of larger

Segment on September 5.
the maximum crack width
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measured in the portion of

the pavement without -
sawcuts was greater than
any of the crack = —e—24-Aug
widths located in the sawcut = —=—25-Aug
. o 26-Aug
regions. However, all of the | & 27-Aug
measured crack widths were E‘ —*—28-Aug
o —e— 29-Aug
lessthan 0.5 mm. All of the —+—5Sep
datadisplayed in Figure
3.16 was collected on 0 10 20 30 40 50 60
September 5. Crack widths Crack Spacing (ft)
observed between sawcuts

Fi 14 k ing Distributi Different Days.
#18 and 422 were not igure3 Crack Spacing Distributions on Different Days

included in any of the comparisons made in Figures 3.14 to 3.17. Thisis because a box-out area
formed in the pavement in this area caused severe cracking to the surrounding region. The

maximum crack width measured in the area of the box, on September 5, reached 40 mils. This

represents the limit of crack
width of CRCP speified by the 10000 ’ ? f
AASHTO Guide for Design of . // /
Pavement Structures. The 70.00 - // / /

6000

50.00 A

placement of the box-out area

and subsequent cracking induced
40.00 A

from it points to a need for any

30.00 —&—SawCutSpace=597ft Ave.l|
M/ Crack Width = 7.24 mils
20.00 P —@—SawCut Space =10.0ft Ave.| |
Crack Width =10 mils
——sSawCutSpace = 12ft Ave. | |

cracking in CRC pavement to be

Crack Spacing Distribution (%)

uniformly and evenly developed 10.00 1 Crack Width =9.3 mil

. . 0.00 ‘ ‘ ‘ ‘ ‘ ‘
or the result will be isolated, 0.00 200 400 600 800 1000 12.00 14.00
random wide cracks. This may Crack Spacing (ft)

apply particularly inthecase of  Figyre3.15 Crack Spacing Distributions for Different
widely spaced early cracks. Sawcut Spacings on September 5.
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Additional crack
width datais provided in
Appendix F. The crack
width data displayed in
Appendix E represents 24-
hour plots of the crack
width data obtained from
theside LVDT. Theplots
show the variation of crack
width (in mils) with
respect to the time of day.

Concrete Strength

Crack Width Distribution (%)

&

90.0

—— Saw Qut Space =5.97ft
80.0 A\:Se Crack Spacing =49.6

—#— Saw Qut Space =5.97ft
70.0 Ave. Crack Spacing = 105.5

mils
60.0 | ---A--- Saw Qut Space =5.97ft
: Ave. Crack Spacing = 117
50.0
40.0
300
20.0
10.0 +
0.0 T T T T T T
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00

Crack Width (mils)

Figure3.16 Crack Width Distributions for Different Sawcut

Spacings on September 5.

In order to monitor the strength of the concrete pavement, sixteen 6" x 12" cylindrical

specimens of concrete were cast at the paving site on the first day of construction. Half of these

specimens were cured on site while the other half of the specimens were transported to awater

tank, located in afield

lab near the :
0.5 Crack Width, mm
instrumentation site, .
for curing purposes 0.4 Y
(normally called \
) ] 03 \ Sawcut Spacing
standard cure’). One . 182 m
ecimen from each H3.05 m
¥ 0.2t 03.66 m
curing set was selected NI not sawcut
to be tested for 0.1r
compressive strength 0
a1, 3,7, and 28 days. Areas
The compressive
strength tests were Figure3.17 The Maximum Crack Widths for Different Areas on
September 5.

performed at a nearby
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|aboratory following ASTM

procedure C469. A second 7000 120000
linder was tested for split- | = e
Cy p é 6000 /74,7_, = 100000
tensile strength at each day < 5000 -
. > + 80000 >
aswell. Thetensile S 4000 - =
= b i
strength tests were 9D 3000 - 60000 %
. Q —e— Strength —=— Maturity S
performed according to 2 2000 1 - 40000
ASTM procedure C496. “g 1000 1 + 20000
IS
The maturity of each curing S 0 | | 0
set was also monitored and 0 50 100 150 200 250 300
recorded at the previously Time (Days)
specified ages of the
concrete (Figure 3.18). Figure3.18 Compressive _Strength and Maturity Dat_afor _
Strength Specimens Prepared at the Project Site.
Compressive

strength and maturity data for compressive strength specimens are shown in Figure 3.19.
Compressive strengths and split tensile strengths of concrete specimens, either cured at the test

site or in the lab water

tank, increased with age.
Theincreasein
compressive strength
over time, for both curing
conditions, is displayed
. in Appendix B. The split
| tensile strength of both
% A J setsis also plotted versus
/ timein this appendix.

Figure3.19 Maturity of Concrete Cylinders Was Monitored at the
Test Site.
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Moisture and Temperature M easurements

A moisture apparatus containing three moisture meters was installed between sawcuts 26
and 27 in order to measure the temperature and the dew point in the pavement. Figure 3.20
shows the “moisture
can” in place before
paving. Asshown,
three brass inserts
wereplaced 1in, 3
in, and 7 in from the

surface of the

pavement. The brass woen bl Py~ ................,.,m..-.iz -
inserts protruded : I'"" s
outward from the can efenesunsin e W

into the surrounding : i = ,
concrete. Several Figure3.20 The“Moisture Can” in Place Before Paving.
hours after the

placement of the concrete, chilled mirror dew point sensors were inserted into the brass casings
from the inside of the moisture can. These gages were used to detect the amount of moisture
contained in the concrete.

The data collected from this procedure is presented in Appendix E. This appendix
contains separate graphs for both the dry bulb temperature and the dew point versustime. The
datais separated into 24-hour intervals beginning 5 hours after the concrete was placed. The
charts also display the variation in both dry bulb temperature and dew point temperature with

respect to depth in the concrete.

Weather

Weather data for the given pavement section was obtained in two distinct ways. During
the first week of the pavement life a weather station was left on sight to record the temperature,
the relative humidity, the solar radiation, the rainfall, and the wind speed. This datawas
collected in hourly intervals. After the first week, the weather station had to be removed but
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weather data was obtained from the Houston International Airport weather logger for al
subsequent days of the project. This datawas available in 3-hour intervals. The recorded
weather datais displayed in Appendix D of thisreport. The figures display the maximum,
minimum, and average values of each of the weather variables throughout the duration of the

pavement analysis. Pavement temperatures are also included in Appendix D.
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CHAPTER 4
CHARACTERIZATION OF CRC
PAVEMENT STRUCTURAL PARAMETERS

In this project, it was of prime interest to analyze measured steel strain and calculated dlip
displacements of steel reinforcing barsin CRC pavements based on instrumented measurement
of strains of the steel bars and the concrete in the field as part of the effort to develop input data
for the CRC pavement analysis models. A model described in Chapter 2 was developed for
analysis of concrete/reinforcing steel behavior in CRC pavements at TTI in the late 1980's was
used as the theoretical basisfor the field tests. This model is selected because of its suitability to
be calibrated and to analyze the type of datato be collected in the field and the convenience of
making comparisons to the CRCP 8 program. Strain gages were installed in the concrete
adjacent to the strain gages in the reinforcement and movements in the steel and concrete were
measured directly by these strain gages. These measured strains were used to evaluate the
stresses in the reinforcement. Strain measurements of this nature made it possible to determine
interaction between the reinforcement and the concrete. From strainsin the steel and concrete,
dip displacements between the steel and the concrete along the steel bar were calculated.
Accordingly, relationships between the bond stress and dlip displacement were analyzed through
the model aforementioned relative to temperature and moisture effects. Since the TTICRCP
model played an important role in certain aspects of the project, further details of it are
elaborated, regarding the interpretation of the bond-dlip data.

These results were then compared with those obtained from computer simulations
performed using the inputs derived from the analyzed data. The following chapter provides a
description of the input parameters used in the computer simulations and the methods used to
obtain the input values. In addition, a comparison between the results of the computer

simulations and the actual field measurementsis provided.
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The Bond Shear Stress-Slip Relationship

As previously noted, asimplified
bond shear stress-dlip relation is adopted in
the TTI moddl. Thisisathree-part linear
function with three materia constants, ki,
k, and &, shownin Figure4.1. Slip or
relative displacement between the
reinforcement bar and concrete slab is
denoted by u, which isthe difference
between u, and u,. Equations for each of
the dip zones are given as follows:

Zonel: O<uc<yd,

|
|
|
|
|
|
|
|
|
|
3
° 5, &y U

Figure 4.1 The Bond Shear Stress-Slip Model.

T = ku (4.2)
Note: at U =8y, T = Ty = KOy
Zone2: §,<U <y
T = Tmax ™ kz(u - Sb) (4.2)
or
T = (k; +k)d, -ku (4.3

Note: at u=9,,1=0;
and 3y, = 6, (1 + k;/k,).

Zone3: u> 9,
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Tensile Forcesin Stedl Reinforcing Bars

When the bond shear stress-dlip relation and slip along the steel rebar are all known, the
tensile forces in the rebar can be calculated with equation 2.17. The midpoint of the slab length
corresponds to the coordinate “0” shown in Figure 4.2. Slip u at point “0” must vanish because
both u, and u, vanish at this point because of the boundary condition associated with the TTI
model. Placement of several strain gages inside the rebars in the concrete pavement (described in

Chapter 3) will produce a direct measure of longitudinal strainsin the rebar and the concrete to
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Figure4.2 Determination of Slip from Strain Measurement [37].



allow the calculation of the slip along the rebar u = u(x) through the following equation modified
from that shown previously in Chapter 3:

u(x) = u(X) -u(x) = f e dx - f e da (4.4)

The maximum dlip u,,,,, occurs at the crack surface and contributes to the opening of the crack.
Figure 4.2 illustrates the process of the dlip calculation.

Substituting t = t(u) = t[u(X)] in equation 2.17, one obtains the tensile force in the rebar:

FX) = Ao(X) = “dsf tu)]dx + F, (4.5)
0

where F,isthetensileforcein therebar at x = O, that is, F(0). Sincethe dlip u(x) = [uy(X) - u, (X)]
is measured, equations 2.19 and 2.20 are decoupled. In other words, investigations on stressesin
the steel and in concrete can be independent of each other.

The maximum tensile force and the tensile force at the location of the strain gage can be

calculated directly from the measured strain as.

FO) = EA(X)e(X) (4.6)

F, can be calculated based on measured strains with a gage mounted inside the rebar |ocated at
the middle point of the instrumented pavement segment. The tension values calculated with
equations 4.5 and 4.6 should be identical. Comparison of them can be used to verify the model.

To demonstrate application of equation 4.1, a calculation exampleis given with an
assumption that the measured slip uisalinear function of the location X, u = kx.

When 0 < x < x;, where x, = §,/k,
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X
FO) = md, [kyudk+F, - %ndsklkx2+F0
(o]
Thus, thetensileforce at x = x, is
1 Ko
Fl = F(Xl) = EndS?Sb-'—FO
When x;, <X < %, , where x, =5,,/k,

F(X) = ndsf[(k1 +k,)3, - K uldx +F(x,) = mdJ(K, +K)K(X-X))X, - %kzk(x2 - X12)] +F,
0

Thus, thetensileforce at x=x, is

F, = F() = %"dskl(hi(lk_ klk2)5§+Fo

Tensile Force in Steel

When x> X, , the bond shear stress

vanishes, and therefore the tensile force in

the rebar remains F,.

+—Bond Shear Stress

When u(x) is nonlinear, calculations TS

will be more complicated. Figure 4.3 shows

~\_| Slip Displacement__|

an example, where bond shear stress and the

| 1~ | |1 I

tensile force in the steel rebar are derived x (location in the pavement) Crack

Face

from the assumed parabolic dlip distribution

Figure4.3  Bond Shear Stresses and Tensile
Forcesin the Rebar Calculated

that F, isinherently not zero dueto from a Parabolic Slip

Distribution along the Rebar.

u(x) assuming F,= 0. It should be noted
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temperature changes. It is necessary to place a gage located at X = 0 to measure F,, which isthe
required boundary condition for solution of the governing equation, equation 2.17.

The axial stressin the steel rebar in the CRCP slab may be estimated by a sum of the
stress caused by concrete shrinkage and the stress caused by daily temperature fluctuation. Prior
to presentation of the data analysis relative to the maximum steel stress observed in the field

data, a brief introduction to

fundamentals of thermal
deformation and governing

eguations for the behavior of (1) No constraint

the steel reinforcing bar in z (LN

CRC pavement is provided. 7/ K—‘—>‘
L

(2) Complete constraint

Thermal and Shrinkage 7 7
Deformation with Constraint A é

Rebar under D S 2
temperature change intends to (3) Partial constraint
expand or contract. When %‘LO—N W
constraint (i.e. a > a) existsto ” L, @
restrict the thermal expansion (4) Partial constraint with rigid

) ) displacement

or c?ntractl on, compr ve or 7 E L, 3 | rrri
tensile stresses result. Figure é ‘ m\)
4.4 shows four cases of arebar < L, >
when the steel temperaturein it
increases by AT. Incasel, the
rebar can expand freely, Figure4.4  Four Casesfor Thermal Expansion of a Rebar

therefore the axial strain in the with and without Constraint.
rebarise = (L, - Ly)/L,=a AT,
where L, isthe current length of therod, L, isitsinitial length, and a is the coefficient of thermal

expansion of the rebar, but since the restraint is zero there is no axial stressor ¢ = 0.
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In case 2, the rebar cannot expand because of the complete or rigid constraint (o, = 0). In
thiscase, e =0 but ¢ # 0. To obtain o, we may imagine two steps. In step 1, the rebar expands
freelyasincase1sothat e = (L, - Lo)/Lo=a AT and 6 = 0. In step 2, an external compressive
forceis exerted to the free end of the rebar to push it back to itsinitial length L,. Asaresult, the
final length of the rebar isL, so that e = 0 and 6 = -E o AT, where E is the elastic modulus of the
rebar and the minus sign denotes compression.

In case 3, constraint is partial. As shown in the figure, the constraint is the friction (or a
shear spring) between the rebar and the surrounding concrete. This case can also be decomposed
into two steps. Step 1 isfree expansion of the rebar. In step 2, the rebar is pushed back by a
force, which is supplied by the constraint, from the length of L, to L;. Since the constraint is not
complete, L;islonger than L, Therefore, e = (L;- Ly)/Lo<a AT and c =E (¢-a AT) <O.
More clearly, the total strain can be decomposed of two parts. elastic strain £° and thermal strain
g as e=¢°+¢, whereg' = o AT and &° isrelated to o with Hooke' s law ¢ = Ee. If the constraint
moves away, the final length of the rebar L, islonger than L, (which constitutes case 4).

In case 4, o can be compressive or tensile, depending on how far the constraint displaces.
The situation of the steel rebar in CRCP is similar to case 4, where the constraint is the bond
between the rebar and concrete and the amount of constraint displacement depends on the

amount of creep in the concrete.

Effect of Cregp on
the Stress in the Steel Rebar

Forces acting on a t(x)md Ax
«— <« <«

o,(X)A, | [0 (0)+AGX)]A,
PV E— >

compression) on the rebar 4

segment of the steel rebar

include the tension (or

cross section and the shear Ax
€«
bond stress around the
lateral surface of the rebar >
0 X

segment (Figure 4.5 - asan Figure 4.5 Forces Acting on a Small Segment of the Steel Rebar.
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expanded view of Figure 2.14). The shear bond stress depends on the slip between the rebar and
concrete that provides a partial constraint to the rebar. Equilibrium of the forces at the location x

(along the steel bar) in the longitudinal direction leads to equation 2.16 previous noted:
[6(X) +Ac(X)] = o (XA, +T(X)nd AX

where A, isthe steel rebar cross-sectional areaand d, isits diameter. AsAx - 0, the above
equation becomes:

do,

A— = ndz

dx
where the shear bond stress t depends on the slip between the steel and concrete. The term
(dd% ) represents the change in the steel stress over the bond development length of the steel bar.

Following a parallel development as Vetter (9), this change in stress can be related to shrinkage,

creep, and elastic strain in the concrete as:

der dx dx  dx der | dx dx

where g, is the creep strain and ¢ is the strain in the concrete. The shrinkage strain (eg,)

A [d(gsh +teep) | deg dsc]: AsEs [dgs d(g —ecrp)] @

component drops out because it is assumed this strain does not vary with distance from the crack
face. Figure 4.6 shows experimentally determined relations of the shear bond stress t versus the
dip u. When the dip isless than 40 mils, we may use a proportional function to approximately
characterize the t-u relation relative to equation 4.1. Based on Figure 4.6, k is approximately
7,000 psi/in. Thetotal axial or measured strain of the steel reinforcement bar ¢, consists of two

parts, elastic strain £° and thermal strain ¢/, as

(4.8)
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The thermal strain depends on the temperature change:

g = a(T-Tp) (4.9)

where T is the rebar temperature,

T, istheinitia or reference 2
temperature, o, is the coefficient of
thermal expansion of the steel, and
the elastic strain isrelated to the
steel axial stressog

o. = E.eq (4.10)

S

) ] Bond Slip (mm)
where E; is the elastic modulus of

the steel. It isinteresting to note . .
] . Figure4.6  Bond Shear Stress versus Bond Slip

that the strain measured with a Relations [25].

strain ageisthetotal strain, not the

elastic strain. To calculate the axia stress o, we need to combine equations 4.8 to 4.10, which

resultsin:

o, = E(e,-e9 = Ee,—a(T-Ty] (4.11)

Substituting equation 2.16 into equation 4.1, we obtain:

— = u (4.12)

or
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0y = — [ub)x (4.13)
S X

in which x, represents the location where 6, = 0. Both equations 4.11 and 4.13 are useful in
estimating o,. The dip u isthe relative displacement between the steel rebar and concrete:

u=u+uf-ul (4.14)

where u® is the displacement of the concrete due to shrinkage, and u " and u” are the
displacements of concrete and steel, respectively, due to thermal expansion. u. is positive when
concrete shrinks, and u.” and u." are positive or negative when either the pavement temperature
is higher or lower than the reference temperature. These displacements are not fully developed
or completely restrained. Basically, u® changes very slowly where, comparatively, u.”’ and u®
change more quickly because they change with temperature periodically within a 24-hour period.

Combining equations 4.10, 4.13, and 4.14, we have:

To obtain an exact solution of ¢° or o, we need to solve all these displacements together with a
certain amount of information from lab and field tests. Asasimplification, the following method
is used to approximately estimate the axial stedl rebar stress from existing data.

Since the first term in the right side of the above equation changes slowly and the second
part goes up and down once aday, the daily average of the measured steel rebar strain g, can
approximately be taken as the elastic strain in the steel caused by concrete shrinkage under the
existing constraint, corresponding to the strain caused by creep in the concrete (particularly over

thefirst five days). So far asthe elastic strain in the steel caused by daily temperature fluctuation
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is concerned, the local thermal strains serve as an estimation, that is, - (¢l + /). This assumption
may be applicable after creep in the concrete has diminished to asmall level sinceit is presumed
a complete constraint replaces the actual partial constraint of the steel-concrete bond. However,
any error due to these assumptions may not be significant, because, as previously noted in
Chapter 3, stress caused by the thermal effect isrelatively small compared to that caused by the
concrete shrinkage.

Program Inputs Table4.1 Computer Simulation Inputs.
Each of the computer = =
. . Initial Crack Spacing (in) 120
simulation programs (the
Steel Diameter (in) 0.75
CRCP 8 and the TTICRCP
. # of Steel Layers 1
programs) require a good
deal of input information E - Steel (ps)) 30600000
about the pavement in Coeff. of Thermal Contraction (Steel) 5.0E-6
guestion. Many of the Steel Spacing (in) 6
program inputs do not change Slab Thickness (in) 15
over time but some of the Ultimate Shrinkage 0.000700
inputs are a function of time. Curing Temperature (°F) 106
However, in thisreport it is Concrete (CTE) x 10%/°F 6.1*
assumed the reader is familiar Wheel Load (Ibs) 0
with the type of inputs _ .
Tire Contact Radius (in) 0
required for these programs, _
| | E - Subgrade (psi) 100
and consequently only *Note: CTE at days 30, 162, and 270 were determined to be
limited discussion of the 5.5, 14.2, and 13.2 microstrains/°F, respectively.

program inputs will be given,

but some attention will be given to the characterization of key parameters such as strength or the
time of setting. A general list of inputs are displayed in Table 4.1 and were obtained from the
design plans for the project or through laboratory testing. The concrete set temperature was
based on the concrete temperature at the time of final setting as defined by ASTM C 403 (Figure
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A.1). However, McCullough and Schindler [44] recommended using 93 percent of the peak
temperature as the input set temperature (which in thiscaseis 111°F). The coefficient of thermal
expansion (CTE) of the concrete was determined following a procedure outlined in reference 39.
The concrete CTE was also evaluated using the concrete strain readings from the gage nearest the
induced crack face and temperature data at days 30, 162, and 270. These values are listed at the
bottom of Table 4.1. The later two values are approximately double what was expected which
may be due to the effect of moisture levels less than saturation in the concrete at that point in
time. Neville[43] indicated this affect can insignificantly increase the CTE of concrete. The
ultimate shrinkage listed in Table 4.1 was based on laboratory shrinkage data following a
procedure similar to that prescribed in ASTM C 157 and is discussed later in the chapter. The
general inputs presented here were used in both of the computer smulation programs.

The time-dependent inputs required for each simulation program were distinct. In order
to provide a thorough comparison of the computer-simulated predictions with the actual
measured values, the research team chose to make comparisons at four different stages of the
pavement life. The pavement ages chosen for the comparisons were at 16, 30, 162, and 270 days
from the placement of the concrete. All pertinent data dealing with the concrete and steel strain,
the crack widths, the pavement temperature, etc. were measured at each of these pointsin time.
Some of the data such as concrete strength had to be estimated for the last two time periods
because measurements were made unfeasible due to further construction in the surrounding area.

The remainder of this chapter addresses the development of time-dependent parameters
which were used in CRCP 8 and TTICRCP computer simulations for the purpose of comparison
to field measurements. Many of the comparisons explained in this chapter are further illustrated
in Appendix A. The methods used to obtain these parameters and other necessary inputs are

also presented in this section along with appropriate references to the Appendix A figures.

Stedl Stress and Strain

It is of interest to develop bond stress and slip data from the field measurements which

primary involves the steel strain data. Thefirst step in this process required developing charts
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showing the stedl strain as

afunction of distance 1500 50000
from the crack face Strain T 40000
(Figure 47) Wh'le not — 1000 I - -O- - Stress 4 30000
c

. = _

used as a program input S o \ % 1 20000 =

itself, the changein strains |  © \ / N

- S N /' 110000 &

and stresses with distance £ 0 \ / 0

. T N T T 1 0 )

measured in the = q 10 \20 40 @
reinforcing steel isneeded | @ 500 | T -10000
in order to calculate the T -20000
bond stressand dlip. The -1000 -30000

applied force present in Distance from Crack (in)

the reinforcing steel was . . .
g W Figured.7  Steel Stress/Strain versus Distance from the Induced

calculated from the data Crack as Measured on Day 30. (Note: The horizontal
captured by the data axisisvertically centered.)

logger following the procedure described in Chapter 3 and elaborated in Chapter 4. This data
was then used to calculate the strain in the reduced cross-section (or cross-sectional area of the
gaged area, which was smaller than the total bar cross sectional area) and the stress in the steel
reinforcement. The strain in the cross section was obtained by dividing the force value by the
constant of proportionality (C) explained in Chapter 3. The stedl stress was obtained by dividing
the force calculated for the reinforcing bar by the total cross-sectional area of the bar.
Theoretically, these curves should coincide, but due to experimental error, some differences
(although small) exist between them. The resulting values areillustrated in Figure 4.7 showing
strain and stress as a function of distance from the induced crack. Similar data as shown in
Figure 4.7 is provided in Figures A.2 through A.5 and represents the data obtained on selected
days. Strainsindicated in Figure A.2 were recorded prior to crack development at the sawcut
notch. Comparison of the data shown in Figure A.3 to Figure A.2 will indicate the difference in
strains at the crack face and along the steel bar before and after crack development and the

sawcut notch. However, based on discussions provided in Chapter 3, it appears the data points
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36 inches from the crack face are in error, as may aso be the case with the data 3 inches from the
crack face. The maximum stressindicated in Figure 4.7 is 37,700 psi and the maximum stress of
43,600 psi was recorded on day 162 in January 1998.

Concrete Stress and Strains

The concrete data, similar to the steel data, was required in order to obtain values for the
bond behavior. Concrete gages, as described in Chapter 3, were used to measure the strain in the
concrete surrounding the reinforcing steel. The concrete strain behavior is very different from
the steel strain behavior in that the concrete gage reading indicates a degree of relaxation. In

other words, the development

of stressin the concrete 400
Figure4.8) isdirectly related | — | _—————
(Fig ) y = 350 . TS
to the restrained level of £ 300 e
. . . 0 .
strain or the restrained strain g 250 . D
which is a component of % 200 1
srainthat mustbeextracted | @ 120 |
q) 100 _ - == -Day 30 (85%rh)

from the reading of the o —m— Day 16 (88% rh)

. c S0 A — — — —Day 270 (84% rh)
concrete strain gage. The 8 0
restrained-strain is 50 T ‘ ‘ ‘
determined by calculating the 0 10 20 30 40
difference between the free Distance from Crack (in)

shrinkage strain (at a certain Figure4.8  Concrete Stress versus Distance from the Induced
point in time) and the strain Crack. (RH values were measured at 1 in below
indicated by the concrete the surface).

gage (less the amount of creep that has occurred at that point in time). The measured
characteristics of creep are elaborated further below but a large percentage of creep occurred in
the first three days of age while the concrete was stiffening. In order to calculate the restrained

strain, it was necessary to estimate the ultimate shrinkage (e,,) that would occur in the concrete
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placed at the project site. This determination was based on shrinkage measurements made on-

site over a 28-day period using the following model [45]:

Eshr (1) =8u|t|:t—]

n+t

wheret istime of shrinkage and n is the half of the time to achieve the ultimate shrinkage.
Fitting this mode to the measured data yielded an ultimate shrinkage of 700 microstrains and a
value of n = 25.6 days. The development of the shrinkage strain was projected as shown in
Figure 4.9. The relative humidity of the concrete (rh - asindicated in Figure A.6) was used to
determine the amount of drying shrinkage at any point in time based on [46]:

g, (t) = g,(1-rh®
As previously noted, the

restrained strain was determined 800
from the difference in the gage . 700 /
< 600
reading and drying shrinkage a
g ying g < 500 / /
i ‘©
less the amount of creep. This 2 400
quantity was converted into a 2 300 /
stress value by simply £ 200 L
(@]
multiplying by the modulus of 100 ‘
.. 0 . ‘ T T T
elastici ty of the concrete 0 100 200 300 400 500 600
calculated for that particular Time (Days)

concrete age. The concrete
Figure4.9  Projection of Concrete Shrinkage Based on Field

modulus, for each day of the M easured Concrete Shrinkage Strains.

analysis, were obtained from the

compressive strength measurements based on compressive tests on the cylinder specimens cured
at thetest site. The variation in concrete stress with respect to distance from the induced crack,
as measured at days 16, 30, and 270 of the project, isdisplayed in Figure 4.8. Given the
measured relative humidity values of the concrete, asindicated in Appendix A (Figures A.6 and
A.7), the corresponding calculated shrinkages, and the noted creep stains subsequently discussed,
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stress levels in the concrete matched reasonably well with the concrete stress predictions
discussed later in the chapter from the CRCP 8 program. It isinteresting to note that the creep
strain nearly canceled out any development of restrained strain in the vicinity of the crack face, as
noted in Figure 4.8. Even though the degree of drying was greater at day 270, the total state of
stress was lower in the concrete since the temperature difference was not as much as it was on
days 16 and 30.

Concrete Creep

As noted previously, the majority of creep strain within the concrete occurred during the
first five days of the pavement life. The creep was determined by comparing the shift in the
reference point of the concrete strain reading from day-to-day at 6:00 am. The strainswhich
were measured on each day are shown in Figure A.8 and summarized in Figure 4.10 as afunction
of distance from the crack face. This behavior seemsto demonstrate a sensitivity of the creep to
the state of stress state in

the concrete in the vicinity 500
of and along the axis of the 400 *\
reinforcing steel, based on = 300 \
thedirection of the shiftin | & 200 N
: S 100
the reference point of the =
. ~ O T T T
o
gage. Alsoasnotedin S 1000 10 20 30 Ao
Figure 3.10, essentially all 8}
g y 200 \ ~
of the creep ended after day 300
5. Itisaso noteworthy to Distance from Crack (in)

point out that cracking was

Figure4.10 Concrete Creep Strain Variation with Distance from
observed to initiate at the g e

the Crack Face.
sawcut notch on the

morning of the fourth day after placement of the concrete at the time where the creep strain had
nearly diminished to zero (asisindicated in Figure 3.10 for creep development near the crack

face). Dueto the effects of creep, the steel strain measurements used for the cal culation of bond
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stress and bond dlip were adjusted in order to take creep into account, in accordance with
equation 4.7. The creep is mathematically subtracted from the concrete strain, and the resulting
value subtracted from the change in steel strain to arrive at bond stress value. Bond stress
diagrams derived from the CRCP 8 program are shown in Figures A.9 to A.11 and are discussed
further later in this chapter.

Crack Widths

The crack width data was measured during crack surveys which were conducted for the
first week after the paving took place. On two of these days, a profile of three distinct crack
widths was recorded. The noted

crack width measurements were

made 2 in below the pavement

£ 2 A
surface, at mid-depth (7.5in), and .
13 in from the surface of the 3

pavement. Figures4.11 and 4.12

display the crack width/crack 10

-o-A--- 413
12 - ’
A

below the pavement surface. The 14 : :
0 0.5 1 1.5

Depth below Surface (in)
(o]
B o
= a

spacing ratio as it varies with depth

crack spacing used for these figures

) . Crack Width/Crack Spacing (mils/ft)
was obtained by averaging the

crack spacingon each sideof the  Figure4.11  Crack Width Profile Datafor Day 2.
measured cracks.

Additional crack width data was obtained by way of the LVDT installed on the side of the
pavement. The maximum, minimum, and average values measured for each day of the pavement
life are displayed in Figure 4.13. Comparisons to computer results are presented later in this

chapter and Appendix A.
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Concrete Pavement

Temperature
The computer simulation

programs required the input of
various pavement temperatures.
The pavement temperature was
obtained through temperature

sensors located on the concrete

strain gages. Due to the position of

the concrete gages, the recorded
temperatures reflect the
temperature in the middle of the
pavement. Table 4.2 liststhe

minimum pavement

Depth below Surface (in)

o

A

: / /—0— 165

1 —m—321

A ce-A--- 413
0.5

0 1 1.5

Crack Width/Crack Spacing (mils/ft)

Figure4.12 Crack Width Profile Datafor Day 3 at

Various Station Locations.

temperatures recorded for
each day beginning with the
concrete set temperature.
The set temperature was
determined based on the
maximum concrete
temperature developing
within the 24 hours of
placement and to the setting
characteristics of the

concrete as defined by

Crack Width (mils)

25

20

15

10

—&—— Maximum (mils)
— - & - — Average (mils)

——— Minimum (mils)

10 15 20 25

Time (days)

30

ASTM C 403 (Figure A.1) as

previously noted. Concrete

Figure4.13 Crack Width Measurements versus Time.

pavement temperatures for the first seven days after placement are shown in Figure 4.14.
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Steel-Concrete Interaction Table4.2  Daily Minimum Pavement

The interaction between the steel and the Temperature Values.

concrete was analyzed using a series of equations Set Temperature | 106 °F
presented by Nilson [37] referred to in Chapter 3 Day 1 105 °F
and discussed earlier in this chapter. Asit was Day 2 102 °F
pointed out, the bond stress (stress present in the Day 4 90.5 °F
bond between the steel and the concrete) can be Day 5 89.9 °F
related in terms of the steel strain by way of Day 6 88.9 °F
eguation 4.6. Day 7 868 F

, Day 16 75 °F

The bond stress values were determined

Day 30 79 °F

for each location using the slope of the steel strain Day 161 61 °E

diagram at that location. Figure 4.15 displaysa Day 270 75 °F

plot of the bond stress data, for day 30, aS it Vari eS  —
with the distance from the induced crack. The bond stresses calculated for other daysin which
analysis was conducted are found in Appendix A (Figures A.9to A.11). These figures display

expected trends for the

bond stress. The bond

120
stress increases with /O\
. : 110
distance over the first / \
interval due to the fact that 100 ¢
. © \ \>><: —e—Air(Max)
less and less dlip takes = 90 " —m— Air(Min)
place further away from it —o—Slab
80
the crack face. With less
and less dlip, the strain in 70 *->'$'\'\-/’
the concrete and steel 60
1 3 5 7

approach each other to a
Days After Placement

greater extent leading to

theincreasein bond stress. Figure4.14 Ambient and Slab Temperature the First Seven Days
Theoretically speaking, as after Construction.
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the bond stress exceeds
the tensile strength of the
concrete, cracking occurs.
Then after a point the
bond stress beginsto
decrease due to the
greater amount of slip
that occurs near the crack
face.

In addition to the
bond stress analysis,
further analysis was done
to quantify the amount of

slip occurring between

1200
1000
% 800
A
g 600 ——TTICRCP
g —m—Measured
$ 400 —a—CRCP8
c
o 200
0
-200 ‘
20 40 60
Distance from Crack (in)
Figure4.15 Comparison of Bond Stress Distributions as Predicted

by CRCP 8 and TTICRCP Programs to Field Data at

Day 30.

the steel and the concrete, also known as bond sip. The slip was calculated following the

method described by Nilson [37], which was discussed earlier in this chapter. The primary focus

of the bond-dlip analysis
was to obtain a graphical
relationship between the
bond stress and the bond
dip. Figure4.16
illustrates the results of
analysis of the dlip
between the concrete and
the steel. The relationship
between bond stress and
bond dlip was established
in order to obtain values

for K, and K, two input

Slip (microstrain)

-1000 +

-2000 +

-3000 +

-4000 +

-5000

3000

2000

—m— Day 16

1000 -

—e—Day 30
— — 4 Day 270

Dist-Crack (in)

Figure4.16 Bond Slip between the Steel and Concrete with
Distance from the Crack Face.
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variables needed for the

TTICRCP andlysis. K, 1600000
represents the positive 1400000
slope of the bond stress, 1200000
bond-dip curve whileK, is - 1000000 % R
the negative slope of the S 800000 % __ @High
same curve as previously X 500000 % DLow
indicated. Thevariationin 400000 %
/
- .
K, and K, is shown .
. . _ 200000 - %
graphicaly in Appendix A . % | | |
(FiguresA.12 to A.14). Day16 Day30 Dayl62 Day270

Figure4.17 illustrates Figure4.17 Rangein Bond Stress - Slip Characteristics Based on
calculated concrete-steel Anaysisof Steel Slip Data.

dip from the steel and concrete strains as a function of the distance from the crack face.

Subgrade Friction

The computer simulation programs also required an input of the pavement subgrade

interaction. Thisis necessary because friction between the pavement and subgrade occurs as the
concrete shrinks. Thisfriction force applied by the subgrade bond leads to increased stressesin
both the steel and the concrete. In order to obtain the necessary data on the pavement subgrade
interaction, a4 ft by 4 ft slab of concrete (push-off slab) was bonded to the subgrade in the same
fashion as the pavement section itself. Anincremental load was then applied to one end of the
push-off slab with a hydraulic jack similar. The side of the slab opposite the load was
instrumented with dial gages. These gages measured the movement of the slab (in mils)
corresponding to incremental increases in the applied load from the jack. The data obtained from
this test was used to establish a curve representing the relationship between the resulting concrete
displacement and the friction stress. The curve obtained from this analysis was compared with a
series of friction curves for concretes with different textures which were presented by Wimsatt,

McCullough, and Burns [38]. Each of these curvesis presented in Figure 4.18.

4.21



Simulation Comparisons

Computer simulations of the 3

conditions on days 16, 30, 162, and
270 were conducted with the CRCP

8 program and were compared to

the measured field results on the e Measured

Displacement (in)
o

basis of matching the average crack —o—Rough
05 —a—Medium
spacing predicted by the CRCP 8 ' ---x--- Smooth
rogram to the crack spacing of the 0¢ ‘ ‘ ‘
prog Paing 0 0.05 0.1 0.15 0.2

instrumented section which was 10 Friction Stress (psi)

ft. Onthisbasis, it was necessary
Figure4.18 Pavement-Subgrade Friction Curve

to adjust the input slab temperature Comparison [38].

distribution over the first 28 days of

pavement age from those indicated in Table 4.2 in order to obtain a 10-ft average crack spacing
from the CRCP 8 program at each of the pavement ages noted above. The slab temperature
distributions used in each case are noted in Table 4.3 which can be compared to those listed in
Table4.2. Thesimulation

results for day 162 are 70000
shown in Figure 4.19 and 60000
the simulation results for = 50000 -
o
days 16, 30, and 270 are ‘g,: 40000 = —e—TTICRCP
shown in Appendix A S 30000 —=—Measured
n m
_ = 20000 —a—CRCP8
(FiguresA.15t0 A.17). ®
Relative to the prediction 10000
0
of the average crack
o -10000 : : !
spacing, it appears the 0 20 40 60
CRCP 8 program Distance from Crack (in)

manifests alack of . . o
Figure4.19 Comparison of Steel Stress Distribution between

sensitivity to early-aged Measured and Predicted Stresses at Day 162.
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drying shrinkage since the Table4.3 Adjusted CRCP 8 Daily Minimum Pavement

drops in temperature at early Temperature Vaues to Achieve a 10 Foot

Cracking Spacing.

pavement ages needed by the
program to match the Concrete Day 16 Day 30 | Day 162 | Day 270
. o Age (°F) (°F) (°F) (°F)
instrumentation site 10-foot (Days)
controlled spacing exceeded Set 106 106 106 111
those recorded at the 1 a8 - 79 80
instrumented site. Given the

2 81 75 72 72
temperature distributionsin

3 71 66 66 66
Table 4.3, the CRCP 8 tended
to overestimate the steel 4 o4 60 60 €0
strain at the instrumented 0 o8 60 60 60
crack face but appearsto 6 58 60 60 60
represent them well at 7 58 60 60 60
distances away from the 16 58 60 60 60
crack face. Also noted in 30°(28) 52 60 60
Figure 4.19 are TTICRCP 161" 40 60
results which were calibrated 270° 50
to the steel strain at the crack
face by adjustment of the
parameter K. The adjusted ]

K, values are shown in

Figure 4.17 and fall within the possible range determined from the analysis of the bond-dlip data.

Critical input data used for the TTICRCP analysisistabularized in Appendix A in Table A.1.
Concrete strains were also compared in asimilar manner asindicated in charts shownin

Appendix A (Figures A.18 to A.20). The CRCP 8 results appeared to compare reasonably well

with the field results. However, it should be noted, the field strains shown in these charts were

determined based on the gage reading, the amount of shrinkage adjusted according to the

measured relative humidities 1 in below the pavement surface (see Figures 4.8 and A.6), and the
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amount of creep determined on day 5. Although, neither the CRCP 8 or the TTICRCP programs
take into account creep effect directly, it appears feasible that the amount of creep may be
indirectly assessed by matching the predicted stress distributions with the field distributions
indicating that the effect of creep can be accounted for through adjusted values of the concrete
modulus of elasticity. In this manner, the early-aged development of creep and shrinkage and
their effects upon the predicted stress pattern needs further consideration in future updates of the
CRCP 8 program.

Comparisons relative to crack
width measured in the field to those
predicted by the CRCP 8 program were 0.007
0.006
aso made (Figure 4.20). The crack
(Fig ) g 0005 O Measured
width measurements were made in the £ 0.004 CRCP8
_ _ 2 0003 OTTICRCP
field at mid-depth and appear to be % '
0.002
overpredicted relative to the pavement 0.001
age by the numerical models but no 0
clear trend isevident. Due to moisture 2 3 1630
. . . Days
and temperature gradients which act in
the pavement from the top to the Figure4.20 Comparison of Measured to Predicted
Crack Widths.

bottom, crack widths tend to be wider
at the top than at the mid-depth asindicated in Figures 4.11 and 4.12.

Additional consideration was also given to the strain behavior of the concrete slabin
profile from top to bottom using the finite element method. Further evidence of the variation
from top to bottom is provided in the measured concrete strains near the pavement surface and
the level of the steel reinforcement noted in Figure 4.21 comparing strains prior to cracking to
those after cracking. It isclear that these strains are not only in opposite directions of each other
but that the movement of the pavement surface is much greater than the movement near the steel
reinforcement. Prior to cracking at the control joint, the gage reading indicated tensile
movements while after cracking compressive movements were indicated. These strain

conditions tend to validate the crack width behavior in profileillustrated in Figures 4.11 and 4.12
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in that variations in crack

width from the top of the izz

dab to the level of the 50

steel should be expected :%‘ 0

and perhaps considered g 50 W Tap “Before
to agreater extent in £ -100 B After
design. Relativetothese | 5 .150

movements, efforts were ? -200

undertaken to model the -250

change in temperature -300

and moisture asitmay g ,re 421 Recorded Gage Strains in the Concrete at the Pavement

have occurred on day 16 Surface and at the Level of the Steel.

and day 30 in the concrete slab. This work was accomplished based on the use of atwo-
dimensional finite element model developed at TTI for the purpose of modeling climatic
conditions in concrete pavements during and after the hardening period. This model isan
advanced version of asimilar one developed by TTI that was used in the HIPERPAYV [40]

program. It includes

the capability to
represent drying in the E 0 A “~_ A
: o 2 ! x
concreteas-afunctlon § . A . \-\ 2
of the quality of the 2 6 \ 43 \-ﬁ
curing membranein z 4
. o |

addition to temperature D 10 |—e—Field curve ) A
due to the heat of < 12 1= - Calc Curve \ i

, ) —m=— Rel Humidity As A
hydration. The results a 14
of the modeling are 75 80 85 90 95 100
shown in Figure 4.22 Temp (Deg F) or Rel Humidity (%)

andarecomparedto e 422 Calculated and Measured Pavement Moisture and

measurements taken Temperature Profiles for Day 30.
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from the concrete slab in terms of the moisture and temperature range in the profile that occurred
over a 24-hour period. Therange in the calculated moisture profile was less than 1 percent but is
not shown in thisfigure. Comparison can be made to some extent to the relative humidities
measured at 1 in below the pavement surface noted in Appendix A (Figure A.21).

Analysis of this nature suggests aformat for future devel opments to the CRCP 8 program.
Thisformat has been introduced in an approach to the analysis of CRC pavement systems
described by Kadiyala et al. [41] and later by Kim et al. [42] using atwo-dimensional finite
element model. Each of these models have the capability of determining the stress and the strain

in the concrete slab as afunction of depth below the surface of the concrete. Further results and

descriptions of these

models are provided in the

noted references but

results relevant to this
study based on the Kim

model using the moisture

—e—Day 3 Ave(field)
- - - Day 16 (calc)

. - = = = Day 30 (calc)
and temperature profile

Depth below
Surface (in)

Day 16 Range
(field)

—x—— Day 30 Range
(field)

=
o
|

data previously discussed

=
N
|

are shown in Figure 4.23.

[N
S
|

A summary of the inputs

used for thismode is 0 0.5 1 15 2 25

i i Crack Width/Crack Spacing
listed in Table A.2. Tools (milsift)

of this nature show great  Figure4.23 Crack Width Analysis Using a Two-Dimensional
Finite Element Moddl.

promise in developing

algorithms for design purposes that take into account such factors as creep, differential
temperature and moisture effects, and bond dlip between the concrete and the steel relative to
assessing the effects the position of the reinforcing steel may have upon the resulting crack width

profile and crack spacing distribution.
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Analysis of General Design Conditions

Analysis was also conducted using the material characteristics of the instrumented test
site to develop a sense of the range of stedl stresses and crack widths that may be encountered in
design. These ranges were developed by considering typical rangesin bar diameter, percent
steel reinforcement, maximum temperature drop, and drying shrinkage which are noted in Table
4.4, Asnoted in the table, eight combinations were derived from the variety of ranges for each
parameter. The CRCP 8 and the TTICRCP stedl stress and crack width results for each
combination are listed in the table along with relevant material property data. For each run, the
results of the programs can be compared and used to develop correction factors for the CRCP 8
results, based on the calibrated TTICRCP results. The actual correction factors are discussed
further in Chapter 5 but it appears that in comparison to the TTICRCP results, the CRCP 8

program overestimates the stedl stresses and underestimates the crack widths.
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Table4.4 Analysisof General Design Conditions.

Factorial | Bar Percent | Max Drying CRCP 8 Results TTICRCP Results
Diameter | Steel Temp | Shrinkage
EZr op | Strain Crack Steel Crack Steel Crack
(°F) Spacing | Stress | width | Stress | Width
(Ft) (ksi) (mils) (ksi) (mils)
1 #7 0.7 100 500 431 43.76 30.8 334 39.2
2 #5 0.7 100 500 3.13 43.98 22.3 45.1 22.8
3 #7 0.45 100 200 7.14 57.15 49.8 37.1 53.7
4 #5 0.45 100 200 5.68 59.70 394 44.9 42.2
5 #7 0.7 50 200 4.63 31.56 15.2 37.1 18.2
6 #5 0.7 50 200 3.57 33.14 11.6 41.0 13.9
7 #7 0.45 50 500 8.06 43.37 28.6 317 53.7
8 #5 0.45 50 500 6.25 45.35 21.8 39.3 41.2

Note: E, = 3.704 x 10° psi, a,,,. = 6.29 x 10°%°F, Split Tensile Strength = 668 psi
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CHAPTER 5
IMPLICATIONSRELATIVE TO CRACK WIDTH, STEEL STRESS,
AND RELATIVE VARIABILITY CONSIDERATIONSIN
STRUCTURAL DESIGN CRITERIA FOR CRC PAVEMENT

Since present design procedures for CRC pavement are derived in part from the structural
behaviorial characteristic of jointed concrete pavement systems, there is some merit in pointing
to the fact that earlier thickness design methodology was based on the premise that CRC
thicknesses did not need to be as great as jointed concrete pavement thicknesses due to a certain
equivalencein structural capacity. Both past and present thickness design procedures consider
several factors associated with the prediction of the average crack spacing due to contraction
restraint but recognition of any structural equivalence between these vastly different pavement
systems has steadily evaporated due to alack of consideration of how the transverse crack width
affects the CRC pavement design process. Crack pattern prediction methods, as discussed in
Chapter 2, relevant to the design of CRC pavement are based on resultant environmental stresses
and material thermal properties of the concrete and steel. The design crack spacing is limited to
certain criteriato minimize the potential of punch-out distress, which currently is only indirectly
related to the final design thickness. Given the nature of punch-out development and its
relationship to the opening and closing of the transverse cracks, it is apparent that CRC pavement
thickness design procedures need to more completely consider how the width of the crack affects
the load transfer characteristics of the transverse crack. The direct impact of such a consideration
will be thinner CRC pavement thickness designs than what existing procedures currently yield.

In terms of the punch-out process, the prevention of excessive steel stresses, asadesign
objective, iswell encompassed within structural provisions of limiting crack width and load
transfer criteriarelative to the performance of the pavement in the vicinity of the transverse
cracks.

In light of this emphasis, evaluation of the CRCP 8 program is further discussed in latter
portions of this chapter. The capability of CRCP 8 to predict crack spacing distribution has been
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well documented in previous research reports on the program development and application.
Consequently, this particular aspect is given no further consideration in either this chapter or
Chapter 4. Emphasis however is given to comparative analysis of the predicted stedl stresses and

crack widths and implications associated with these comparison.

Present CRC Design Considerations

Past CRC pavement design practices used to yield CRC pavement thickness designs that
were approximately 80 percent of jointed concrete pavement design thickness, which was only
remotely related to limiting design criteriafor selected structural response parameters (i.e., crack
width, steel stress, and cracking spacing). The design process then and today still needs to focus
on the prediction of crack spacing, crack width, and steel stress as afunction of thermal material
properties and environmentally induced contraction stress and strain. The design crack width and
stedl stress are dependent upon the design crack spacing, which is primarily a function of the
factor associated with the steel reinforcement. Although very important to the performance of
CRC pavement, present CRC design methodology still ignores crack width requirements as far as
they pertain to the degree of load transfer afforded by a transverse crack in CRC pavement
systems.

Previousfield studies [2] have identified definite trends between average crack spacing
and percent reinforcement. The average decrease in crack spacing due to an increasein
reinforcement may result in a decrease in the rate of punch-out distress. In spite of this, the
effects caused by changes in the reinforcement are apparently not as predominant as other factors
which also influence the distribution of crack spacing. These other factors are largely dependent
on weather conditions at the time of paving and their pertinence to drying shrinkage and moisture
loss characteristics of the concrete used for paving. Greater attention should perhaps be afforded
concrete mix design and the methods of curing and the effects this may have on the initial and
ultimate drying shrinkage. The effects of wheel load stress may also tend to propagate cracking
in CRC pavements but thisis most likely limited to those cracks initiated during the early life of
the pavement. Apparently, few load applications are required to cause this additional cracking to

show on the pavement surface since, historically speaking, the cracking pattern in adjacent, less
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traveled paving lanes subjected to different traffic levelsis similar. The probability of cracking
due to Westergaard interior and edge load conditions may be very remote because of the low
level of stressin the longitudinal direction due to the nature of the crack pattern. If the focus of
the design is based on the pavement stresses associated with short crack intervals, then wheel
load stresses in the longitudinal direction are not and should not be a major concern; transverse
stresses are more important and are afunction of the degree of load transfer provided by the
transverse cracks. Another aspect of the inclusion of a punch-out mechanism in the thickness
design methodol ogy should be the focus on transverse crack width and how it effects transverse
dlab stresses, which if great enough (coupled with poor load transfer conditions), will cause
longitudinal cracking in CRC pavements.

As previoudly indicated, existing design procedures (AASHTO [11], CRSI [13], etc.) do
not directly consider specific limiting crack width criteriain terms of ranges of load transfer for
optimal pavement/punch-out performance. Therefore, a design tool that is needed and would
prove to be very useful is one providing arelationship between load transfer, crack width, and the
percent reinforcement for a given crack spacing. Control of crack width isthe key to good
performance of CRC pavement as facilitated through uniformly configured and optimally spaced
transverse cracks.

According to AASHTO design methodology [11], correlations between CRC pavement
thickness and jointed pavement thickness were derived from a database of serviceability index
ratings for jointed concrete pavement. The thickness design of jointed pavements was derived
from the performance equations developed from the AASHTO road test predicting the future
serviceability as afunction of 80 kn (18 kip) single wheel load applications[2]. These methods
usually resulted in thicknesses less than that for jointed concrete pavements. The performance
equations are based on traffic level, concrete strength, modulus of support, load transfer, terminal
serviceability, and design reliability. Although the verification of applicability of these equations
to CRC pavement design has been limited, the notion that CRC pavement structures should
maintain a greater structural integrity than jointed pavement structuresis still valid.

Severa early failuresin CRC pavements have been attributed to excessive deflections

under heavy loads suggesting that greater thickness will improve performance. Moving towards
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greater design thicknesses for CRC pavementsis likely to be beneficia for performance, but it
appears that the resulting increases in thickness design is void of any direct structural relationship
to crack width criteriain the most recent version of the AASHTO design guide [11]. Since
punch-outs are the primary type of distressin CRC pavements, the need to achieve a greater
understanding of punch-out distress, pavement support, crack width and steel stress effects, and
load transfer mechanisms and how they relate to design thickness and pavement performance is

obvious to establish abasis for improved CRC pavement design practice.

CRC Pavement Crack Widths Related Perfor mance Factors

As previously noted, earlier thickness designs for CRC pavements were formulated on the
premise that CRC pavement thickness design could be less than jointed concrete pavements
thickness design in light of undefined equivalenciesin structural capacity. Thisreductionin
pavement thickness may have also been justified from afirst cost basisto allow CRC pavements
to be more competitive with jointed concrete pavement systems. These design procedures were
limited to the factors which affected the development of the crack pattern due to contraction
restraint. However, these methods did not (and still do not) directly address the effect of shear
and load transfer across the transverse crack. Sinceit is clear that the punch-out process, as
associated with load transfer mechanisms on transverse cracks in CRC pavements, should be the
focus of CRC pavement design, the analysis of the failure modes [30] associated with CRC
pavement are closely related to the level of wear-out of load transfer, the width of the crack, and
the effective slab bending stiffness across the transverse crack. Theloss of load transfer across
the transverse crack results from aggregate wear-out and loss of pavement support near the

transverse cracks.

Transverse Crack Shear and Load Transfer Mechanism

A reduction in pavement stiffness may result either from bearing failure around the
reinforcing steel, spalling, or from aggregate wear-out. All of which have been observed in field
studies[2]. With respect to the loss of load transfer due to aggregate wear-out, Colley and
Humphrey [31] of the Portland Cement Association (PCA) investigated the effect of the
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Figure5.1 PCA Joint Load Transfer Tests[31]. application of truck loads

traveling approximately 30 mph.

joint was similar to a continuous

Test resultsin the form of joint effectiveness (EJ - which is different from load transfer efficiency
- theload transfer efficiency (LTE) is the unloaded deflection divided by the loaded deflection, in
percent), joint opening, and loading cyclesfor a7 and a9 in slab thickness using a6 in gravel
subbase were obtained.

The resultsindicate the joint effectiveness tends to level off after about 700,000 to
800,000 load applications (Figure 5.1). The levels of joint effectiveness at various levels of
applications provide a useful basisrelating joint or crack width to joint effectiveness for design
purposes. Figure 5.1 provides an indication of the relationship between joint effectiveness and

the joint opening for the 7 and 9 in thicknesses.
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Figure5.2 PCA Test Slab Results Relative to Dimensionless Shear and Joint Stiffness [30].

The PCA test data provides the basis in which to develop a universal relationship
between the shear capacity (t) generated through aggregate interlock on the transverse crack
interface relative to the deflection load transfer efficiency (LTE) of the joint in the test lab. This
relationship is key with respect to characterizing the correlation for a CRC pavement
configuration and support condition to the degree of shear capacity at atransverse crack interface
and the load transfer across atransverse crack. To thisend, it is necessary to characterize shear
capacity in terms of a dimensionless shear parameter (th’/P = s, where h is the pavement
thickness and P isthe wheel load) [32]. This dimensionless parameter can be correlated to a
dimensionlessjoint or crack stiffness parameter (AGG/k(, where AGG is the aggregate interlock

factor, k isthe k value of the foundation support, and (¢ is the radius of relative stiffness). The
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deflection (LTE) isrelated to the dimensionless parameter AGG/k( which isin turn related to the
dimensionless shear asillustrated in Figure 5.2.

Relative to actual CRC dlab loading configurations (Figure 5.3), comparison of an edge
loading condition (i.e., a CRC pavement with a bituminous shoulder) to an interior loading
condition (i.e., a CRC pavement with atwo foot extended driving lane) indicates that greater

shear stresses (and a greater

rate of loss of load transfer) ,
50 Shear Load Stress (psi)
occur in CRC pavements
—— 2’ Ext Dr Lane(Edge)
with bituminous shoulders. 4o~ Pit Shoulder
PCA Test: 10E+086 Apl
The edge loading of a sol
i i i P P
bituminous shoulder with Non-unitorm Support /
- 20
poor support conditions
7 Interior Loa? e
represents the most severe 10 - ~
loading conditionsin terms . -7 Fdee lomdwiinVordngDowel
f h k o} 10 20 30 40 850 60 70 80 80 100
of shear stresses on the crac Load Transfer Efficiency (%)

Interface. Theloading Figure5.3 Shear Load Stress for Various Load Conditions of a
condition for a 2 ft extended 9Inch CRC Slab [2].

driving lane condition is not

as severe as the loading conditions relative to the PCA test slab. Little difference in shear stress
is noted between the interior load position (inner wheel path) and the edge load positionin a
CRC pavement with an extended driving lane. Similar results were found for a CRC pavement
with atied concrete shoulder that was integrally paved with the main lanes.

Shear loading can be represented in terms of dimensionless shear stress (th?/P) and joint
stiffness (AGG/k() as afunction of pavement thickness (h) and the pavement shoulder
configuration [33]. Thisrelationship, illustrated in Figure 5.2, is key to determining how |oad
transfer islost as shear capacity is reduced due to crack widening or load repetition. The loss of
load transfer in a CRC pavement system results in an increase in cracking stress. Since crack
width significantly effects load transfer and slab shear capacity, shear capacity-crack width

relationships were extracted from the PCA test data. The PCA test and Long Term Pavement
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Performance (LTPP) performance data have indicated that there are certain threshold crack
widths that must be exceeded before loss of shear capacity will occur. A load transfer wear-out
function generated from this data could be a component of a design process for CRC pavements.
A function such as this should relate crack width (cw), load cycles (N), and shear stress to the
lossin shear stress capacity (th?/P). The PCA and other laboratory test results referred to above
have universal applicability to concrete pavement systems through the dimensionless shear

parameter where it is unigue to each pavement type.

Crack Width - Slab Thickness Considerations

Improved thickness design methods will need to emphasize the maintenance of a high
level of load transfer efficiency to limit fatigue cracking and the development of premature
punch-out distress. Bending stresses associated with fatigue cracking are closely tied to load
transfer efficiency and the degree of support at each transverse crack. As previously pointed out,
load transfer efficiency is afunction of the crack width and shear capacity of the transverse
cracks. The crack width depends upon the crack spacing, the thermal coefficient of expansion of
the concrete, and the design steel percentage. This means that the spacing between individual
transverse cracksis of vital interest to the pavement design engineer since maintaining a high
level of load transfer will be largely dependent upon the width of individual transverse cracks.

In the design of CRC pavements, since the crack spacing pattern occurs randomly over a
given range of cracking intervals, a certain amount of variability can be assigned to the crack
width and the load transfer across the transverse cracks. As previously developed in Chapter 2,
the crack width variability is afunction of the variability of the crack spacing, concrete strength,
and maximum temperature drop from the concrete set temperature at the time of construction.

As ameans to minimize the randomness of the cracking pattern, the crack pattern can be
positively controlled through the use of early-aged sawcutting to preselected intervals. However,
if it isalowed to occur randomly as is the current practice in CRC pavement construction
technology a greater degree of variability must be expected and accounted for in the design

process. In either case, the mean crack spacing may be used to estimate the mean crack width. It
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should be pointed out that a reduction in crack width and crack spacing variability should result

in areduction of variability in pavement performance.

Transverse Bending Stresses

The basic design process can focus on the prediction of longitudinal cracking prerequisite
to the formation of punchout distress. Crack spacing has been shown to significantly effect the
magnitude of the lateral stressesillustrated in Figure 5.4 and as shown, the longitudinal stresses

also decrease with decreasing

1000 —— , : crack spacing. However, amore
o 8in CRCP
3‘ 9 kips~~—__ k= !002/ Important parameter isthe load
v 800
A transfer across the crack.
'J)' ’ MAXIMUM TRANSVERS i
W 600f- TENSILE STRESS - Transverse bending stresses
a
> (stress A (o) illustrated in
Z 400 ZERO LOAD TRANSFER B ) .
o Figure 5.5) are low at high load
"z“ FULL LOAD TRANSFER
2 200\ transverse efficiencies (LTE)
=
s | | | | and are high at low LTEs.
Q

0 T2 4 6 8 10 Obviously, the location of the
CRACK SPACING, ft

Figure5.4 Effect of Load Transfer Efficiency across maximum transverse bending

Transverse Cracks on Maximum Transverse stress is between the axle load
Stressin CRC Pavement [34]. positions (approximately 30 in
from the pavement edge) for a CRC pavement with a bituminous shoulder type. These stresses
are significant below a LTE of 80 percent. In comparison, the longitudinal bending stresses (c,)
are relatively low but may contribute to some extent to further transverse cracking as part of the
overall cracking pattern. Interestingly enough, analysis tends to indicate that the effect of 1oss of
support by itself on o, and o, stressesis surprisingly small. However, if LTE is diminished
because of excessive shear stresses (induced by poor or support) then these stresses are
significantly affected. The loss of support acts as a catalysis precipitating the lossof LTE
particularly since punch-outs observed in field studies were always accompanied with severe

erosion and loss of support. Consequently, loss of load transfer is really the dominant effect on
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excessively high bending stresses which is accelerated due to loss of support and relatively

unaffected by environmentally induced slab curling and warping. Coupled with loss of 1oad

transfer, curling and warping effects will contribute significantly to longitudinal cracking

stresses. However, loss of load transfer is the most significant factor which re-emphasizes the

importance of considering aggregate wear-out in design.

Figure 5.5 illustrates a comparison between o, and o, that provides some basis for

selection of optimal design crack spacing. The o, stress decreases with decreasing crack spacing

aslong asthe load transfer remains high. For a bituminous shoulder and a given level of

Load Stress (psi
600 (psi)

— LTE=3-10%
------ LTE =70 - 80%
-== LTE =90-100%

0 1 2 3 4 5 6
Crack Spacing (Ft)

Figure5.5 Comparison of 6, and o, with Crack Spacing for a10

Inch Pavement Thickness[2].

aggregate wear-out and
loss of load transfer, a
crack spacing between 3
to 4 ft may be the most
optimal crack spacing for
design purposes. The
reason being, within this
cracking interval if the
LTE remains high, o, will
always be greater than o,
(notwithstanding the fact
that neither of the stresses

are excessive). However,

if the LTE islost then these stresses will be approximately equal to each other and, interestingly

enough, still lower than the level of 6, at the high load transfer condition. Crack spacing outside

of thisrange will cause higher stresses for any level of LTE leading to aless optimum fatigue

life. The crack spacing range of 3 to 4 ft provides a balance between the maximum stresses ¢,

and o, causing the stresses to be somewhat independent of the load transfer. Lossof LTE can

have a significant influence on the performance of CRC pavement segments on erodible bases

dominated by 2 ft crack spacings but would have less of an impact for a4 ft crack spacing. A

CRC pavement with a 2 ft extended driving lane or a 10 ft tied shoulder causes the optimum
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crack spacing range (for a balance between stresses 6, and o) to increase to 5to 6 ft. The
stresses in the 3 to 4 ft range for the 2 ft extended shoulder case are approximately 5 to 6 percent
less than the stresses for the bituminous shoulder case in the same range. The load behavior for a
10 ft tied shoulder is similar to a 2 ft extended driving lane except the maximum stresses with a
tied shoulder are 20 to 30 psi less.

Previous studies [2] have indicated that non-uniform supported conditionsin CRC
pavements seem to have a greater affect on transverse shear stresses than on transverse bending
stresses. A greater shear stress condition will increase the rate of load transfer loss which will
result in increased bending stresses and greater potential for punch-out distress. The shear
stresses are reduced with either a2 ft extended or a 10 ft tied shoulder if sufficient load transfer
on the longitudinal shoulder is provided.

The contribution of bending stresses to fatigue damage are negligible prior to wear-out of
the aggregate interlock and concomitant loss of load transfer. The level of load transfer may aso
affect the maximum stress location in a CRC pavement system consisting of a bituminous
shoulder and to alesser degree with other shoulder types. Transverse wheel-load stressesin a
CRC pavement system are therefore, at a minimum, afunction of crack spacing and shoulder
configuration.

The relationship between dimensionless shear stress (s) of the transverse crack and the
stiffness of the transverse crack as afunction of the degree of load transfer offered by atied
concrete shoulder isillustrated in Figure 5.6. Asthe degree of load transfer across the concrete
shoulder joint increases, the dimensionless shear stress on the transverse crack decreases as noted
in the figure.

It should also be noted that shear capacity of the transverse crack is afunction of the

width of the transverse crack and characterized in the following form [32]:

Seapacity = THF/P = 2% (5.1)

where cw = crack width. Thevalue of ‘a ranges from .45 to 1.6 as a function of thickness as

shown in Figure 5.7. Thisfigure, which was derived from equation 5.1, demonstrates crack
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The loss of shear capacity (»S) due to awidening transverse crack is reflected in equation
5.1 but the loss of shear capacity due to wheel load applications is also characterized in terms of
the width of the transverse crack as determined by analysis of the PCA test data[30]. Such a
relationship (shown below) isimportant with respect to accounting for the effect of aggregate

wear-out in the prediction of performance of CRC pavement systems:

»s - ¥ 3 0069 - 04186 N, Tares (52)
i 10° T

where N is the accumulated traffic, 14, IS the shear stress on the transverse crack, and 1,4 isa
reference shear stress derived from the PCA test results. Figure 5.3 indicates that poor support
conditions can result in an increase in shear stress by afactor of two— which contributes to
accelerated aggregate wear-out. Equation 5.2 can be used to predict how shear capacity can
diminish over time. This expression constitutes the wear-out function that allows for the
deterioration of the aggregate interlock to be considered in the performance estimate of CRC
pavement systems. The coefficients of this function may vary for different aggregate types but
preliminary test results indicate little differences in the shear wear-out behavior of mixes made
with different coarse aggregate types[32]. Further research should be conducted to verify this
finding. In any event, all the expressions introduced above combine together to characterize how
the load transfer efficiency (as afunction of crack width) should be factored into the design of a

CRC pavement system.

Crack Width - Steel Stress Considerations

Detailed analysis was presented in Chapter 4 indicating the accuracy of the CRCP 8
program to predict stressin the reinforcing steel and the opening of the transverse cracks. Based
on the comparisons to the recorded field strains and the tabulated results derived from the
calibrated TTICRCP bond-slip model, correction factors should be applied to the results of the
CRCP 8 mode to adjust the over prediction of the steel stress and the under prediction of the
crack width. These correction factors are conveniently illustrated in Figure 5.8. The correction

IS not constant across the range of the parameter depicted along the x axiswhichisa
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Figure5.8 CRCP 8 Stedl Stress and Crack Width Correction Factors.

dimensionless combination of concrete and steel CTE, drying shrinkage (z in micro strains (ue)),
design temperature drop (Delt), q factor, and crack spacing (L). The correction factor for both
the steel stress and the crack width are determined for the same value of the x axis and divided

into the result obtained from the CRCP 8 program.

Crack Width Variability Considerations

Crack width variability expressions were developed from a closed-form expression for
crack width by Zuk [28] noted in equation 2.4 with partial derivatives shownin Table2.1. CRC
pavement performance has suggested that |oad-induced aggregate wear-out on the transverse
crack does not proceed above aL LTE of 90 percent. On this basis, the 90 percent LTE limit noted
in Figure 5.7 can serve as the maximum allowable crack width for a given combination of g
factor and expected minimum concrete temperature. The design crack width, as noted in
equation 2.5, should be less than or equal to the limiting crack width values noted in Figure 5.7.
Using the correction factors determined in Chapter 4 for the CRCP program and noted in Figure
5.8, Figure 5.9 represents crack width relationships as a function of the same dimensionless

strain parameter that Figure 5.8 is represented in along the x axis. The significant components of
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95 percent (multiplying factor CRCP 8 Reslts.
of 1.645) which could

represent the design crack width. The variability of crack spacing, concrete shrinkage, concrete
CTE, maximum temperature drop, concrete tensile strength, and elastic modulus of elasticity
were assessed at a coefficient of the variability (COV) of 60, 10, 5, 10, 15 and 15 percent,
respectively. Obvioudly, the lower the COV of the significant factors, the smaller will be the
design crack width. In thisrespect, it isinteresting to note that reduction of the variability
associated with the randomness of the crack spacing, by use of early-aged transverse sawcuts to
control the cracking interval, can reduce the crack width variability by nearly 50 percent in the
typical ranges of concrete drying shrinkage.
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Figure5.10 Crack Spacing Determinations Based on CRCP 8.  Figure 5.10, developed from
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CRCP 8 results could be used to predict the average crack spacing. Thisfigure is based on many
of the same factors (on the x axis) as Figure 5.9 within the context of a dimensionless format.
However, due to the lack of sensitivity of the CRCP 8 program to concrete drying shrinkage, the
data shown in Figure 5.10 is limited to typical drying shrinkages which occur in TXDOT paving
mixtures placed under summer, daytime paving conditions. As an example of how Figure 5.9
and 5.8 could be used to predict a design crack width, assume for instance:

® A maximum temperature drop of 70°F,

® Ariver gravel coarse aggregate (CTE, = 7 pe/°F; note that CTE, =5 pe/°F),

® A drying shrinkage of 400 pe, and

® A percent of steel of 0.55 using #5 bars (q = 0.035).
ThisyieldsaqglL = 1.80 (corresponding to a value of 4.23 on the x axis of Figure 5.10), which
produces an average crack spacing of 51 in or 4.3 ft. The process can be repeated for #6 sized
bars but would require interpolation on the graph between the #5 bar and the #7 bar lines. For a
given crack spacing of 51 in, Figure 5.9 yields an average cw/L ratio of approximately 0.61 and a
design cw/L ratio of 0.79. The design crack width for this example is 40 mils which requires a
minimum thickness of 14 in but by increasing the percent of steel to 0.61, the minimum thickness
requirement can be lowered by 2 in (corresponding to a crack width of 36 mils). The charts
provided can be used in preliminary design decisionsin determining if steel configurations are
compatible with crack width requirements to assure satisfactory performance over the life of the

pavement.

Steel Reinforcement Stress Variability Considerations

Aswith the variability of the crack openings, steel stress variability can be assessed from
aclosed-form expression for steel stress by Vetter [9] noted by equation 2.6 with partial
derivatives shown in Table 2.2. The variability of the steel stress was assessed relative to the
listed factors of concrete drying shrinkage, concrete CTE, and maximum temperature drop at
COVsof 10, 5, and 10 percent, respectively. Figure 5.11 represents the deviationsin steel stress
from the mean value at areliability level of 95 percent. The x axis dimensionless strain

parameter in Figure 5.11 isidentical to the x axis parameter in Figure 5.10. According to the

5.16



example case noted
20.00
abovefor the [ )J’
= 0,
determination of the | £ 15.00 o
) 45%
crack opening, a steel £ 10,00 P
stress of q>) /
. , Q 5.00
approximately 16 ksi °
(%))
would be added to 0.00
h ded 0 200 400 600 800 1000
e mean ress
. . (Delt(CTEc-CTES)+z)*q*L
to determine adesign

stedl stresslevel asis Figure5.11 Steel Stress Deviations at aLevel of 95 % Reliability.
indicated by expression 2.7. The mean stedl stressis determined by dividing the average steel
stress result from the CRCP 8 program by the correction factor indicated in Figure 5.8. Figure
5.12 is provided as an example of how a combination of CRCP 8 steel stress results and the

correction chart given in

Figure 5.8 may be
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The difference between Figure5.12 Steel Stress Performance Regions Based on Corrected
. . CRCP 8 Stress Results.

the x axis parameter in

Figure 5.12 and the previous chartsis that crack width (in mils) is substituted in place of crack

spacing. Following on with the previous example, the value of the crack width-strain parameter
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in Figure5.12 at acw =40 milsis 197. This corresponds to a design steel stress of
approximately 68 ksi. Placement of the concrete under other conditions where the Delt
parameter can be reduced may result in lower crack width-strain values but may be offset by
larger crack widths due to greater crack spacing. For the example given, switching to alower
CTE concrete should also yield lower design steel stresses. It should be noted that atransition
line at avalue of Delt* (CTE, - CTE)*qg*cw = 107 is provided to indicate where the design steel

stresses exceed alevel of 60 ksi.

Project Findings

As apart of meeting the objectives of this project, the following findings are provided:

1. The methods used to instrument the reinforcing steel in the 1-45 CRC pavement test
site proved to be a beneficial and resourceful technique to minimize disturbance of the bond-dlip
of the reinforcing bar and to obtain steel strains at various distances along the bar from the crack
face. The effect of creep on calculated concrete stresses was significant and demonstration of the
sensitivity of creep to the state of stress at various distances from the face of the crack signalsa
need to pay greater attention to this phenomenain future updates of the CRCP 8 program. Creep
stains, under applied loads, have traditionally been treated on along-term basis, although
shrinkage-induced creep initially is very large and diminishes within afew days, early-aged
creep within this time period completely relaxes any stress development in the concrete. Itis
during this point in time that cracks begin to appear in the concrete.

2. The performance surveys of the SH 249 grade 70 steel sections, placed at a g factor of
0.026 and under cool weather conditions, indicated undesirably wide (in comparison to the grade
60), average crack spacings. However, it is pointed out the grade 70 sections, which consisted of
asingle layer of steel, demonstrated the desirable feature of lower clustering within the resulting
crack pattern. It isalso pointed out that asimilar design, placed at the I-45 instrumented section
under hot weather conditions, yielded a desirable crack pattern. As many previous studies have
noted, the weather conditions at the time of construction are a magjor factor in the early
performance behavior of CRC pavement systems that can eventually impact its later

performance— for better or for worse.
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3. The numerical agorithm used in the present version of the CRCP 8 program is
suitable as adesign tool for the prediction of crack spacing, crack width, and steel stress and
should be used as a base in which to make future improvements. The numerical algorithm of the
TTICRCP program is most suitable as a calibration tool to represent the bond-dlip of
reinforcement in CRC pavement.

4. The evaluation of the CRCP 8 program indicated that it can be used as a design tool
for the prediction of the CRC pavement structural responses but corrections should be applied to
the predicted average stedl stresses and crack widths. Improvements to the program are
encouraged and warranted on the basis of its sensitivity to the concrete temperature assigned to
thefirst day after construction which tended to dominate the effect of temperature inputs for
other days of the analysis. In this same vein, the program also seemsto offset alack of
sensitivity to drying shrinkage which appears to be presently compensated for by alarger than
expected first day, temperature-drop. As a consequence, the 10-foot controlled crack spacing at
the instrumentation site was not well predicted when actual concrete pavement temperatures over
the first 28 days of age were input into CRCP 8. When the 28-day temperature profile was
appropriately adjusted such that the average predicted crack spacing matched the instrumented
10-ft crack spacing, the program tended to overpredict the steel stress and underpredict the crack
width. A correction chart was devel oped to provide factors to adjust the CRCP 8 results for use
in design.

However, as previously noted in the introduction of this chapter, these statements are not
made in any reference to the programs capability to predict trendsin the crack pattern. But it
does appear that current versions of CRCP 8 are perhaps better suited to represent later cracking
behavior rather than early cracking behavior of CRC pavement systems. In this respect, thefield
data clearly indicated a high degree of relaxation in the first 3 to 4 days after construction of the
pavement which effectively eliminated the build up of early-age shrinkage stress in the concrete,
based upon the time that initiation of the observed cracking took place. It is apparent that
concrete setting temperature models for CRCP 8 may take the effect of the early creep into

account to some extent by the selection of areference temperature 7% below the concrete peak
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temperature. This aspect appears to be an area that further research could yield improved models
to advance the capability of CRCP 8 to represent early-aged cracking behavior.

5. The design of CRC pavement systems must include consideration for crack width and
its affect upon the load transfer and stiffness of the transverse cracks over the design life of the
pavement system. This parameter should be given a greater precedence in the design process
even more than the design level of steel stress. Nonetheless, the average steel stressis an
important design consideration relative to the selection of the proper grade of steel.

6. Vertical positioning of the steel layer appears to affect the development of cluster
cracking. Relative to statement 2) above, data collected at the SH 249 test site indicated a
distinct difference in clustering between pavements constructed with one layer versus pavements
constructed with two layers of reinforcement. It isclear that the vertical position of the steel
layer also influences the degree of restraint in the concrete near the pavement surface and
characteristics of the cracking pattern, particularly relative to the development of clustering.
Given the fact that restraint by the reinforcement is constant at any vertical position of the steel in
the dlab, a plausible explanation for cluster cracking is non-uniformity in the depth of curing
from point to point along the pavement. Apparently, if the depth of drying varies from point to
point, then the induced cracking stress will vary accordingly relative to the vertical position of
the reinforcing steel. The deeper the steel layer, the less effect the variation in the depth of
drying will have on cracking stress. More uniform curing should help to minimize cluster
cracking and allow shallower placements of the steel layer and narrower crack widths at the
pavement surface. Thisis further supported based on information in the literature suggesting the
vertical position of the reinforcing steel influences the variation in crack width with distance
below the pavement surface. It is pointed out that finite element models can represent this type
of behavior asit may be affected by the position of the reinforcement in the presence of
temperature and moisture gradients. The advancement of the design and analysis of CRC
pavement systems will depend upon the reflection of the finite element resultsin design models
to better account for differential slab behavior.
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Recommendations

The CRCP 8 program is awell-founded, computerized approach to the prediction of
crack spacing, steel stress, and crack width and is consequently well suited for future
improvements to the process it uses to represent the behavior of CRC pavement systems.
Improvements should be made to material models used in the program to represent both
temperature and moisture changesin profile as they vary with time during the early ages of the
concrete and the tranglation of the profile changesinto strain and stress. The roles of drying
shrinkage and creep also need further definition in the crack development process. Tools that
have the capability to take into account the heat of hydration and the quality of curing during the
hardening process have recently been devel oped to accomplish such atask. Effort to develop
such products and additions to the CRCP 8 program should be immediately undertaken to
improve how the CRCP 8 program characterizes the effect of moisture and temperature change
over thefirst 28 days of analysis. The consideration of crack width as afunction of distance from
the surface of the slab will allow for more accurate assessment of the crack opening at the level
of the steel based on surface measurements. Changes are also needed and suggested to the bond-
dlip agorithm to improve its capability to be calibrated and to represent the partial bond region
similar to the process used in the TTICRCP program but modified with other bond stress
distributions that may accelerate the cal culation time while improving the representation of bond
stress between the steel and the concrete. The improvements recommended should be
complemented with suitable laboratory tests and studies to verify the accuracy of the program
models under controlled conditions and followed up with additional field sectionsto validate

their application to design.
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APPENDIX A

ANALYSISOF MEASURED STRESSES AND STRAINS
COLLECTED FROM THE INSTRUMENTATION SITE
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Figure A.2 Steel Stress/Strain versus Distance from Crack (Day 2).
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Day 16.

Table A.1 InputsValues Used for TTICRCP Program.
. ___________________________________________________________________________________________________________________________|]

Day 16 Day 30 Day 162 Day 270
Compressive 4964 5510 6281 6502
Strength (psi)
Tensile 436 468 533 552
Strength (psi)
Conc E, (psi) 4015973 4231074 4517551 4596123
K, (pci) 360000 620000 780000 960000
K, (pci) -100000 -100000 -100000 -100000
K 5 (pci) 89.3 89.3 89.3 89.3
K, (pci) -4.17 -4.17 -4.17 -4.17
g (in) 0.002197 0.001671 0.001339 0.001007
O (in) 0.0258 0.0258 0.0258 0.0258
&g, (X 10°) 269.23 377.7 604.48 639.38

*Note:1) E, = 57000(f' )* 2) Strength data also used for CRCP 8 analysis.

._________________________________________________________________________________________________|]
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Table A.2 Geometry and Material Properties of the CRCP FE Analysis Model.

72°F - 89°F (day 30)

Cracking spacing 10ft Drying shrinkage strain | 0.00008 at
surface
0.00000 at
bottom

Distance between 6in Vertical stiffness of 400 psi/in

longitudinal steels underlying layers

Depth of concrete 15in Bond-dlip stiffness 700000 psi/in

layer between concrete & steel

Steel location from 7.5in Second bond-dlip 70000 psi/in

surface stiffness

Y oung's modulus of 4000000 psi (day 16) | Yield dip between 0.001in

concrete 4300000 psi (day 30) | concrete and steel

Poisson's ratio 0.15 Ultimate slip between 0.004 in

concrete and steel
Diameter of steel 0.75in Bond-dlip stiffness 150 psi/in
between concrete & base

Coefficient of therma | 0.000008/°F Yield slip between 0.02in

expansion of concrete concrete and base

Coefficient of thermal | 0.000005/°F Maximum creep ratio 20

expansion of steel

Surface temperature 85°F - 99°F (day 16) | Load duration 12 hr

83°F - 97°F (day 30)
Bottom temperature 77°F - 85°F (day 16) | ¢, 0.99
90°F - 93°F (day 30)
Reference temperature | 67°F - 93°F (day 16) |t, 30 days

Note: The bond slip model used Type d described in reference 42.
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FigureB.2 Concrete Strain versus Age of Pavement Gage CG2.
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Figure B.3 Concrete Strain versus Age of Pavement Gage CG3.
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Figure B.4 Concrete Strain versus Age of Pavement Gage CG4.
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Figure B.5 Concrete Strain versus Age of Pavement Gage CG6.
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Figure B.6 Concrete Strain versus Age of Pavement Gage CG7.
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Figure B.12 Concrete Strain versus Age of Pavement Gage CG13.

B.8




_. 400
=
S 200
)
7]
2 0
(]
= —e—Avg
S .
‘E -200 —m— Min
g 400 --A--- Max
n
L -600
(O] _\
)
= -800 —
O 1000 ‘ : : : ‘
0 50 100 150 200 250 300
Age (Days)
Figure B.13 Concrete Strain versus Age of Pavement Gage CG14.
- 2000
c
T 0 k&\
» -2000 .
o =
S -4000 S
£ -6000 \A\
N
£ -8000
T \
5 -10000
g -14000 —=— Min
S -16000 --a--- Max
O 15000 ‘ : : : ‘
50 100 150 200 250 300
Age (Days)

Figure B.14 Concrete Strain versus Age of Pavement Gage CG15.

B.9




2000

=
‘g 1000
'.g ° kﬁ
= -1000 - .
O \
'S -2000 \\ /0
= -3000
‘T -4000 \\\ //
&% -5000 N
o NS
g 6000 \\\ /—o—Avg
S -7000  mMin |
S -8000 | \/ A Max
O 9000 ‘ ‘ ‘ ‘ ‘
0 50 100 150 200 250 300
Age (Days)
FigureB.15 Concrete Strain versus Age of Pavement Gage CG16.

100.00
E 0.00
©
=
+> -100.00
o
S
O -200.00
£
 —
< -300.00
©
| -
[
(N -400.00

-500.00 ‘ ‘ ‘ ‘ ‘

0 4 8 12 16 20 24
Time (Hours)
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FigureB.17 Concrete Strain versus Time at Gage CG2 (Day 3).
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Figure B.18 Concrete Strain versus Time at Gage CG2 (Day 4).
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Figure B.19 Concrete Strain versus Time at Gage CG2 (Day 5).
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Figure B.20 Concrete Strain versus Time at Gage CG2 (Day 6).
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FigureB.21 Concrete Strain versus Time at Gage CG2 (Day 7).
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Figure B.22 Concrete Strain versus Time at Gage CG2 (Day 15).
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Figure B.24 Concrete Strain versus Time at Gage CG2 (Day 29).
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Figure B.25 Concrete Strain versus Time at Gage CG2 (Day 30) .
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Figure B.26 Concrete Strain versus Time at Gage CG2 (Day 161).
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Figure B.27 Concrete Strain versus Time at Gage CG2 (Day 162).
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Figure B.28 Concrete Strain versus Time at Gage CG2 (Day 269).
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Figure B.29 Concrete Strain versus Time at Gage CG2 (Day 270).
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Figure B.30 Concrete Strain versus Time at Gage CGL1 (Day 2).
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Figure B.31 Concrete Strain versus Time at Gage CG1 (Day 3).
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Figure B.32 Concrete Strain versus Time at Gage CG1 (Day 4).
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Figure B.33 Concrete Strain versus Time at Gage CG1 (Day 5).
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Figure B.34 Concrete Strain versus Time at Gage CG1 (Day 6).
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Figure B.35 Concrete Strain versus Time at Gage CG1 (Day 7).
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Figure B.36 Concrete Strain versus Time at Gage CG1 (Day 15).
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Figure B.37 Concrete Strain versus Time at Gage CG1 (Day 16).
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Figure B.38 Concrete Strain versus Time at Gage CG1 (Day 29).
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Figure B.39 Concrete Strain versus Time at Gage CG1 (Day 30).
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Figure B.40 Concrete Strain versus Time at Gage CG1 (Day 161).
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Figure B.41 Concrete Strain versus Time at Gage CG1 (Day 162).
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Figure B.42 Concrete Strain versus Time at Gage CG1 (Day 269).
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Figure B.43 Concrete Strain versus Time at Gage CG1 (Day 270).
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Figure B.44 Concrete Strain versus Time at CG3 (Day 2).
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Figure B.45 Concrete Strain versus Time at Gage CG3 (Day 3).
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Figure B.46 Concrete Strain versus Time at Gage CG3 (Day 4).
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Figure B.47 Concrete Strain versus Time at Gage CG3 (Day 5).
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Figure B.48 Concrete Strain versus Time at Gage CG3 (Day 6).
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Figure B.49 Concrete Strain versus Time at Gage CG3 (Day 7).
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Figure B.50 Concrete Strain versus Time at Gage CG3 (Day 15).
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Figure B.51 Concrete Strain versus Time at Gage CG3 (Day 16).
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Figure B.52 Concrete Strain versus Time at Gage CG3 (Day 29).
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Figure B.53 Concrete Strain versus Time at Gage CG3 (Day 30).
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Figure B.54 Concrete Strain versus Time at Gage CG3 (Day 161).
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Figure B.55 Concrete Strain versus Time at Gage CG3 (Day 162).

-10.00
—
=
@ -30.00
S
)
n
O  50.00
L
£ 7000
§=
T -90.00
d—
n
-110.00

f\

12 16 20 24

Time (Hours)

Figure B.56 Concrete Strain versus Time at Gage CG3 (Day 269).
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Figure B.57 Concrete Strain versus Time at Gage CG3 (Day 270).
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Figure B.58 Concrete Strain versus Time at Gage CG4 (Day 2).
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Figure B.59 Concrete Strain versus Time at Gage CG4 (Day 3).
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Figure B.60 Concrete Strain versus Time at Gage CG4 (Day 4).
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Figure B.61 Concrete Strain versus Time at Gage CG4 (Day 5).
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Figure B.62 Concrete Strain versus Time at Gage CG4 (Day 6).
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Figure B.63 Concrete Strain versus Time at Gage CG4 (Day 7).
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Figure B.64 Concrete Strain versus Time at Gage CG4 (Day 15).
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Figure B.65 Concrete Strain versus Time at Gage CG4 (Day 16).
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Figure B.66 Concrete Strain versus Time at Gage CG4 (Day 29).
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Figure B.67 Concrete Strain versus Time at Gage CG4 (Day 30).
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Figure B.68 Concrete Strain versus Time at Gage CG4 (Day 161).
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Figure B.69 Concrete Strain versus Time at Gage CG4 (Day 162).
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Figure B.70 Concrete Strain versus Time at Gage CG4 (Day 269).
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FigureB.71 Concrete Strain versus Time at Gage CG4 (Day 270).
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Figure B.72 Concrete Strain versus Time at Gage CG14 (Day 2).
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Figure B.73 Concrete Strain versus Time at Gage CG14 (Day 3).
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Figure B.74 Concrete Strain versus Time at Gage CG14 (Day 4).
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Figure B.75 Concrete Strain versus Time at Gage CG14 (Day 5).
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Figure B.76 Concrete Strain versus Time at Gage CG14 (Day 6).
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Figure B.77 Concrete Strain versus Time at Gage CG14 (Day 7).
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Figure B.78 Concrete Strain versus Time at Gage CG14 (Day 15).
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Figure B.79 Concrete Strain versus Time at Gage CG14 (Day 16).
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Figure B.80 Concrete Strain versus Time at Gage CG14 (Day 29).
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Figure B.81 Concrete Strain versus Time at Gage CG14 (Day 30).

-577.00
-578.00

-579.00 /\/ \v/\

-580.00 j v\q
-581.00 f-N b\
-582.00 IJ \/\

|
583.00 \

-584.00

Strain (microstrain)

0 4 8 12 16 20 24

Time (Hours)

Figure B.82 Concrete Strain versus Time at Gage CG14 (Day 161).
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Figure B.83 Concrete Strain versus Time at Gage CG14 (Day 162).
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Figure B.84 Concrete Strain versus Time at Gage CG6 (Day 2).
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Figure B.85 Concrete Strain versus Time at Gage CG6 (Day 3).
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Figure B.86 Concrete Strain versus Time at Gage CG6 (Day 4).
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Figure B.87 Concrete Strain versus Time at Gage CG6 (Day 5).

-100

-120

-140

-160

-180

Strain (microstrain)

-200

J//_\

12 16 20 24

Time (Hours)

Figure B.88 Concrete Strain versus Time at Gage CG6 (Day 6).
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Figure B.90 Concrete Strain versus Time at Gage CG6 (Day 15).
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Figure B.91 Concrete Strain versus Time at Gage CG6 (Day 16).
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Figure B.92 Concrete Strain versus Time at Gage CG6 (Day 29).
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Figure B.93 Concrete Strain versus Time at Gage CG6 (Day 30).
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Figure B.94 Concrete Strain versus Time at Gage CG6 (Day 161).
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Figure B.95 Concrete Strain versus Time at Gage CG6 (Day 162).
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Figure B.96 Concrete Strain versus Time at Gage CG6 (Day 269).
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Figure B.97 Concrete Strain versus Time at Gage CG6 (Day 270).
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Figure B.98 Concrete Strain versus Time at Gage CG12 (Day 2).
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Figure B.99 Concrete Strain versus Time at Gage CG12 (Day 3).
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Figure B.100 Concrete Strain versus Time at Gage CG12 (Day 4).
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Figure B.101 Concrete Strain versus Time at Gage CG12 (Day 5).
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Figure B.102 Concrete Strain versus Time at Gage CG12 (Day 6).
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Figure B.103 Concrete Strain versus Time at CG12 (Day 7).
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Figure B.104 Concrete Strain versus Time at CG12 (Day 15).
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Figure B.105 Concrete Strain versus Time at Gage CG12 (Day 16).
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FigureB.106 Concrete Strain versus Time at Gage CG12 (Day 29).
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Figure B.107 Concrete Strain versus Time at Gage CG12 (Day 30).
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Figure B.108 Concrete Strain versus Time at Gage CG12 (Day 161).
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Figure B.109 Concrete Strain versus Time at Gage CG12 (Day 162).
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Figure B.110 Concrete Strain versus Time at Gage CG11 (Day 2).
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FigureB.112 Concrete Strain versus Time at Gage CG11 (Day 4).
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Figure B.113 Concrete Strain versus Time at Gage CG11 (Day 5).
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FigureB.114 Concrete Strain versus Time at Gage CG11 (Day 6).
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Figure B.115 Concrete Strain versus Time at Gage CG11 (Day 7).
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FigureB.116 Concrete Strain versus Time at Gage CG11 (Day 15).
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Concrete Strain versus Time at Gage CG11 (Day 16).
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Figure B.118 Concrete Strain versus Time at Gage CG11 (Day 29).
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Figure B.119 Concrete Strain versus Time at Gage CG11 (Day 30).
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Figure B.120 Concrete Strain versus Time at Gage CG11 (Day 161).
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Figure B.121 Concrete Strain versus Time at Gage CG11 (Day 162).
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Figure B.122 Concrete Strain versus Time at Gage CG13 (Day 2).
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Figure B.124 Concrete Strain versus Time at Gage CG13 (Day 4).
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Figure B.125 Concrete Strain versus Time at Gage CG13 (Day 5).
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Figure B.126 Concrete Strain versus Time at Gage CG13 (Day 6).
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Figure B.127 Concrete Strain versus Time at Gage CG13 (Day 7).
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Figure B.128 Concrete Strain versus Time at Gage CG13 (Day 15).
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Figure B.129

Concrete Strain versus Time at Gage CG13 (Day 16).
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Figure B.130 Concrete Strain versus Time at Gage CG13 (Day 29).
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Figure B.131 Concrete Strain versus Time at Gage CG13 (Day 30).
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Figure B.132 Concrete Strain versus Time at Gage CG13 (Day 161).
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Figure B.134 Concrete Strain at Varying Depths versus Time (Day 2).
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Figure B.135 Concrete Strain at Varying Depths versus Time (Day 3).
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Figure B.136 Concrete Strain at Varying Depths versus Time (Day 4).
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Figure B.138 Concrete Strain at Varying Depths versus Time (Day 6).
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Figure B.140 Concrete Strain at Varying Depths versus Time (Day 15).
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400 90
—~ . 1 86
.% 0 —=—-12"
: A _ "
n  -200 1 g L-10
o R L-6"
.E -400 —¥—L-2"
~ + 78 |—®—T-8"
- -600
= ——T-4"
= -800 ST o S| ¢ Temp(F)
w K + 74
_1000 | I N NN S SN SN N S S NN N
-1200 : ‘ : 70
16 18 20 22 24

Figure B.142 Concrete Strain at Varying Depths versus Time (Day 29).
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Figure B.143 Concrete Strain at Varying Depths versus Time (Day 30).
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Figure B.144 Concrete Strain at Varying Depths versus Time (Day 161).
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Figure B.145 Concrete Strain at Varying Depths versus Time (Day 162).
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FigureB.146 Concrete Strain at Varying Depths versus Time (Day 269).
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FigureB.147 Concrete Strain at Varying Depths versus Time (Day 270).
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Figure B.148 Maturity versus Time.
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Figure C.1 Steel Force versus Age of Pavement Gage SG3.
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Figure C.2 Steel Force versus Age of Pavement Gage SG1.
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Figure C.4 Steel Force versus Age of Pavement Gage SGL1.
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Figure C.5 Steel Force versus Age of Pavement Gage SGb.
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Figure C.6 Steel Force versus Age of Pavement Gage SG6.
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Figure C.8 Steel Force versus Age of Pavement Gage SG8.
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Figure C.9 Steel Force versus Time at Gage SG3 (Day 1).
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Figure C.10 Steel Force versus Time at Gage SG3 (Day 2).
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Figure C.11 Steel Force versus Time at Gage SG3 (Day 15).
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Figure C.12 Steel Force versus Time at Gage SG3 (Day 16).
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Figure C.13 Steel Force versus Time at Gage SG3 (Day 29).
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Figure C.14 Steel Force versus Time at Gage SG3 (Day 30).
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Figure C.15 Steel Force versus Time at Gage SG1 (Day 1).
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Figure C.16 Steel Force versus Time at Gage SG1 (Day 2).
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Figure C.18 Steel Force versus Time at Gage SG1 (Day 16).
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Figure C.19 Steel Force versus Time at Gage SG1 (Day 29).
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Figure C.20 Steel Force versus Time at Gage SG1 (Day 30).
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Figure C.22 Steel Force versus Time at Gage SG1 (Day 162).
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Figure C.23 Steel Force versus Time at Gage SG1 (Day 269).
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Figure C.24 Steel Force versus Time at Gage SG1 (Day 270).
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Figure C.25 Steel Force versus Time at Gage SG5 (Day 1).
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Figure C.26 Steel Force versus Time at Gage SG5 (Day 2).
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Figure C.27 Steel Force versus Time at Gage SG5 (Day 15).
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Figure C.28 Steel Force versus Time at Gage SG5 (Day 16).
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Figure C.29 Steel Force versus Time at Gage SG5 (Day 29).
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Figure C.30 Steel Force versus Time at Gage SG5 (Day 30).
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Figure C.31 Steel Force versus Time at Gage SG5 (Day 161).
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Figure C.32 Steel Force versus Time at Gage SG2 (Day 1).
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Figure C.33 Steel Force versus Time at Gage SG2 (Day 2).
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Figure C.34 Steel Force versus Time at Gage SG2 (Day 15).
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Figure C.35 Steel Force versus Time at Gage SG2 (Day 16).
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Figure C.36 Steel Force versus Time at Gage SG2 (Day 29).
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Figure C.37 Steel Force versus Time at Gage SG2 (Day 30).
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Figure C.38 Steel Force versus Time at Gage SG2 (Day 161).
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Figure C.39 Steel Force versus Time at Gage SG2 (Day 162).

-7400

-7600 \\

-7800
—
z \
2 -8000
= \
@© -8200
o
S \ /

-8600 e

'8800 T T T T T

0 4 8 12 16 20 24

Time (Hours)

Figure C.40 Steel Force versus Time at Gage SG2 (Day 269).

C.22




-1000

-2000

-3000

-4000

-5000

Load (Ibs)

-6000

-7000

-8000

S

0 4 8 12 16 20

Time (Hours)

24

Figure C.41 Steel Force versus Time at Gage SG2 (Day 270).
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FigureC.42

Steel Force versus Time at Gage SG4 (Day 1).
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Figure C43 Steel Force versus Time at Gage SG4 (Day 2).
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Figure C.44 Steel Force versus Time at Gage SG4 (Day 15).
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Figure C.45 Steel Force versus Time at Gage SG4 (Day 16).

11100

11000
10900

10800

10700

\
10600
\

10500
10400

Load (Ibs)

10300

10200

101% T T T

Time (Hours)

16

20

24

Figure C.46 Steel Force versus Time at Gage SG4 (Day 29).
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Figure C.47 Steel Force versus Time at Gage SG4 (Day 30).
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Figure C.48 Steel Force versus Time at Gage SG4 (Day 161).
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Figure C.50 Steel Force versus Time at Gage SG4 (Day 269).

C.27




10000

9800

9600

9400

9200

Load (Ibs)

9000

8800

8600

[
ﬂ

0 4 8 12 16

Time (Hours)

20

24

Figure C.51

Steel Force versus Time at Gage SG4 (Day 270).
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Figure C.52

Steel Force versus Time at Gage SG6 (Day 1).
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Figure C.53 Steel Force versus Time at Gage SG6 (Day 2).
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Figure C54 Steel Force versus Time at Gage SG6 (Day 15).
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Figure C.56 Steel Force versus Time at Gage SG6 (Day 29).
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Figure C.57 Steel Force versus Time at Gage SG6 (Day 30).
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Figure C.58 Steel Force versus Time at Gage SG6 (Day 161).
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Figure C.59 Steel Force versus Time at Gage SG6 (Day 162).
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Figure C.60 Steel Force versus Time at Gage SG6 (Day 269).
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Figure C.61 Steel Force versus Time at Gage SG6 (Day 270).
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Figure C.62 Steel Force versus Time at Gage SG7 (Day 1).
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Figure C.64 Steel Force versus Time at Gage SG7 (Day 15).
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Figure C.65 Steel Force versus Time at Gage SG7 (Day 16).
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Figure C.66 Steel Force versus Time at Gage SG7 (Day 29).
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Figure C.67 Steel Force versus Time at Gage SG7 (Day 30).
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Figure C.68 Steel Force versus Time at Gage SG7 (Day 161).
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Figure C.69 Steel Force versus Time at Gage SG7 (Day 162).
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Figure C.70 Steel Forceversus Time at Gage SG8 (Day 1) .
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Figure C.71 Steel Force versus Time at Gage SG8 (Day 2).
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Figure C.72 Steel Force versus Time at Gage SG8 (Day 15) .
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FigureC.73

Steel Force versus Time at Gage SG8 (Day 16).
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Steel Force versus Time at Gage SG8 (Day 29).
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Figure C.75 Steel Force versus Time at Gage SG8 (Day 30).
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Figure C.76 Steel Force versus Time at Gage SG8 (Day 161).
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Figure C.77 Steel Force versus Time at Gage SG8 (Day 162).
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Figure C.78 Steel Force versus Time at Gage SG8 (Day 269).
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APPENDIX D

WEATHER AND PAVEMENT TEMPERATURE
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Figure D.1 Temperature and Relative Humidity versus Time (Day 1).
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Figure D.2 Solar Radiation versus Time (Day 1).
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Figure D.3 Wind Speed versus Time (Day 1).
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Figure D.4 Temperature and Relative Humidity versus Time (Day 2).
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Figure D.6 Wind Speed versus Time (Day 2).
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Figure D.8 Solar Radiation versus Time (Day 3).
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Figure D.9 Wind Speed versus Time (Day 3).
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Figure D.10 Temperature and Relative Humidity versus Time (Day 4).
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Figure D.12 Wind Speed versus Time (Day 4).
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Figure D.13 Temperature and Relative Humidity versus Time (Day 5).
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Figure D.14 Solar Radiation versus Time (Day 5).

D.9




Wind Speed (mph)

0 8 12 16 20 24
Time (hours)
Figure D.15 Wind Speed versus Time (Day 5).
100
T 90
g 80
= 70
g 60 —e—Temp
T —=—RH
40
£ w
= 30
20 I l l
6 12 18 24
Time (Hours)

Figure D.16 Temperature and Relative Humidity versus Time (Day 6).
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Figure D.20 Solar Radiation versus Time (Day 7).
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Figure D.21 Wind Speed versus Time (Day 7).
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Figure D.22 Temperature and Relative Humidity versus Time (Day 15).
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Figure D.24 Temperature and Relative Humidity versus Time (Day 16).
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Figure D.26 Temperature and Relative Humidity versus Time (Day 29).
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Figure D.27 Wind Speed versus Time (Day 29).

100 = u
o 90 \//\/i
o 80 / H/w\,
% 70 \K-/ T
S 60 e emp
T —m—RH
g 50
c 40
2 30
20 [ [ [
0 6 12 18 24

Time (Hours)

Figure D.28 Temperature and Relative Humidity versus Time (Day 30).
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Figure D.29 Wind Speed versus Time (Day 30).
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Figure D.30 Temperature and Relative Humidity versus Time (Day 161).
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Figure D.31 Wind Speed versus Time (Day 161).
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Figure D.32 Slab Temperatures (Day 4).
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Figure D.33 Slab Temperatures (Day 5).
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Figure D.34 Slab Temperatures (Day 6).
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Figure D.35 Slab Temperatures (Day 7).
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Figure D.36 Pavement Temperatures versus Time (Day 15).
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Figure D.37 Pavement Temperatures versus Time (Day 16).
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Figure D.38 Pavement Temperatures versus Time (Day 29).
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Figure D.39 Pavement Temperatures versus Time (Day 30).
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Figure D.40 Pavement Temperatures versus Time (Day 161).
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Figure D.41 Pavement Temperatures versus Time (Day 162).

D.23







APPENDIX E

CONCRETE MOISTURE DATA
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Figure E.1 Dry-Bulb Temperature versus Time for Day 1 of 1-45 Pavement.
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Figure E.2 Dew Point versus Time for Day 1 of 1-45 Pavement.
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Figure E.3 Dry-Bulb Temperature versus Time for Day 2 of 1-45 Pavement.
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Figure E.4 Dew Point versus Time for Day 2 of 1-45 Pavement.
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Figure E.5 Dry-Bulb Temperature versus Time for Day 3 of the I-45 Pavement.
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Figure E.6 Dew Point versus Time for Day 3 of the I-45 Pavement.
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Figure E.7 Dry-Bulb Temperature versus Time for Day 4 of the I-45 Pavement.
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Figure E.8 Dew Point versus Time for D?/64 of the 1-45 Pavement.
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Figure E.9 Dry-Bulb Temperature versus Time for Day 5 of the I-45 Pavement.
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Figure E.10 Dew Point versus Time for Day 5 of the I-45 Pavement.
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Figure E.11 Dry-Bulb Temperature versus Time for Day 6 of the I-45 Pavement.
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Figure E.12 Dew Point versus Time for Day 6 of the I-45 Pavement.
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Figure E.13 Dry-Bulb Temperature versus Time for Day 7 of the 1-45 Pavement.
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Figure E.14 Dew Point versus Time for Day 7 of the 1-45 Pavement.
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Figure E.15 Dry-Bulb Temperature versus Time for Day 30 of 1-45 Pavement.
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Figure E.16 Dew Point versus Time for Day 30 of 1-45 Pavement.
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APPENDIX F

CRACK WIDTH DATA
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FigureF.1 Day 16 Crack Widths.
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Figure F.2 Day 30 Crack Widths.
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