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OHIO RESEARCH INSTITUTE FOR TRANSPORTATION AND THE ENVIRONMENT
(OHIO UNIVERSITY, ATHENS, OHIO)

APRIL 13,2010

LANKARD MATERIALSLABORATORY, INC.
COLUMBUS, OHIO

INTRODUCTION AND BACKGROUND

While the overall performance of portland cement concrete (PCC) pavements and asphaltic concrete
(AC) pavements in Ohio is satisfactory, certain projects have become known for particularly good
or particularly poor performance. Poorly performing pavements gain the most notoriety because
they require early maintenance, and efforts to learn the cause(s) of the poor performance can be
time-consuming and costly. Conversely, when a pavement performs at or beyond expectations

there is speculation as to the factors that influenced these outcomes.

It was reasoned that valuable insights could be gained in a study of ODOT PCC and AC pavements

that have shown acceptable and/or exceptional performance in service. The present Research Study
was developed with this potential in mind. Asphaltic concrete pavements are covered in Phase A of
the study. PCC pavements are covered in Phase B of the study, the results of which are described in

the present report.

For the Phase B study, cores were taken from twenty different ODOT PCC pavements which have
shown performance that has been categorized as either “Excellent” or “Average.” The performance
rating criteria for these categories have been described in detail in the written findings of Part A of
the Research Study. These pavements were selected from plots of Pavement Condition Ratings

versus Pavement Age on PCC pavement that had not received any structural maintenance at the



time of the study. Pavements in both of the Rating Categories have shown performance that has

been acceptable, and in several cases, exceptional.

For the present study no cores were taken from marginally or poorly performing PCC pavements.
However, it is known that the most significant maintenance issues involving ODOT PCC
pavements have historically been associated with (1) deterioration (cracking/spalling) of the

transverse control joints, (2) mid-slab cracking, and (3) longitudinal cracking.

Pavement Control Joint | ssues

Prior to the 1970’s, joint deterioration in ODOT PCC pavements could in many cases be traced to
D-cracking coarse aggregate sources. Currently, aggregates that have been shown to be prone to
D-cracking can only be used in ODOT pavements in the ASTM C 33 No. 8 gradation

(*/s in. maximum size). Because of these and other remedial practices, D-cracking is not currently
viewed by ODOT engineers as a significant pavement durability issue. However, it is my opinion
that, despite a significant positive impact of the remedial practices, D-Cracking remains a factor that

may negatively affect long term durability of PCC in the vicinity of joints and cracks.

At the present time, ODOT PCC pavements are judged to have shown satisfactory performance if
no structural maintenance is required for at least the first 20 years of service. Despite the advances
made in mitigating the D-cracking situation, ODOT engineers still assume that when significant

maintenance issues do arise they will most likely be related to the deterioration of control joints.

In response to this ongoing concern, one of the cores taken from each of the twenty PCC pavement

sampling sites examined in the present study was taken through a control joint.

Mid-Slab Cracking | ssues

Mid-slab cracks are transverse cracks that develop in pavement slabs, and they typically are located
at or near the center of a slab panel, whose length is defined by the control joint spacing. Over the
years steps that were taken in response to the occurrence of mid-slab cracks have included (1) the
use of steel mesh in the top portion of the slabs, and (2) reduction in control joint spacing (from as
high as 60 ft. (18.3 m) to the current preferred spacing of 15 ft. [4.6 m]). Over the past ten years or
so the use of steel mesh in ODOT PCC pavements has been discontinued as it is recognized that the

use of jointed plain concrete with 15 ft (4.6 m) joint spacing is more cost effective.



It is our understanding that ODOT pavement engineers believe that the drying shrinkage strain
potential and the curling strain potential of portland cement-based pavement concretes may play a
role in both control joint performance and the onset and subsequent durability issues related to mid-
slab cracking. This issue is addressed in the present report, as is the effect of thermally-induced

strains in the pavement slabs.

Of the twenty PCC pavement sites selected for the present study, fourteen exhibit mid-slab
cracking. On these projects a second core was taken through the mid-slab crack. At the other six
PCC pavement sites the second core was taken in sound concrete in the center of the same slab from

which the joint core was taken.

L ongitudinal Cracking

It is our understanding that longitudinal cracking has been an occasional problem in ODOT PCC
pavements, but is not currently viewed as a major distress issue. Only one of the PCC pavement

sites selected for the present study shows any longitudinal cracking (minor in this case).

Scope and Obj ectives of the Present Study

The twenty joint cores and twenty mid-slab cores taken from twenty ODOT PCC pavement sites
were examined petrographically and using other tests. These examinations and tests were chosen to

provide,

A characterization of the condition of the cores in the as-received state.

A characterization of the cementitious phase of the concretes.

A characterization of the fine and coarse aggregate phases of the concretes.
A characterization of the entrained air void system of the concretes.

A measurement of the density of the concretes.

A characterization of pre-existing fractures in the concretes.

A characterization of features of the control joints.

A characterization of distress features and mechanisms.



Information was also made available to us regarding (1) the age of the pavements, (2) traffic counts,
(3) control joint spacing, (4) the presence of steel mesh reinforcement, and (5) the type of base
material. Physical property data obtained on companion PCC cores were provided by Ohio

University personnel (compressive strength, tensile strength, and modulus of elasticity).

Using the findings of the examinations and tests on the PCC pavement cores and using other
information available to us regarding relevant design and construction variables, a main objective of
the study was to (1) identify, if possible, any material differences in the concretes that could account
for the distinction between “Excellent” Performance and “Average Performance” in the ODOT
PCC pavements, and, further, to (2) identify any material differences between ODOT PCC
pavements in the Excellent/Average Category with those that could historically be categorized as

having shown marginal or poor performance.

A corollary objective of the study was to identify those material or design factors that contributed
most significantly to the satisfactory performance of the historical concretes, which could be put
into more widespread practice to provide improved performance and durability in future ODOT

pavement projects.

After all of the data were in and analyzed it became clear that the line of distinction between the ten
concretes in the “Excellent Performance” category and the ten concretes in the “Average
Performance” category is blurred. This outcome is most likely due to the fact that all twenty of
these concretes have actually performed satisfactorily in service. On the basis of the properties and
microstructural features that were measured and/or examined in the present study, there is no single
property or variable that clearly stands out as explaining the difference between Excellent and
Average pavement performance. So, for the purpose of further analyses of the data, all twenty of
the Research Study concretes were figuratively placed within the category of “Satisfactory

Performance”.

Within the context of the “Satisfactory Performance” category, the data were examined from the
point of view of identifying the factors that contributed to this outcome for all twenty of the
Research Study pavements (relative to PCC pavement concretes that may have showed marginal or
poor performance in the past). When this was done it became clear that for a given property

category, substantial between-concrete differences for the concretes showing “Satisfactory



Performance” could be tolerated. It also became clear that, from a material point of view, major
factors contributing to a satisfactory level of performance of these PCC pavements are the presence
of intentional air entrainment, the quality of the coarse aggregate phase and the quality of the

cementitious phase. These matters are fully explored in our report.

Of the twenty PCC concrete pavements examined here, one (Gallia County-State Route 7) has been
in service for 63 years (constructed in 1946), and one (Athens County-US Route 33) has been in
service for 51 years (constructed in 1958). Based on their longevity, the Gallia and Athens County
pavements were given particular scrutiny in the present study to identify the factors contributing to
this very high level of performance. Of the remaining 18 projects, most (15) were constructed

during the period 1990 through 1997 (12 to 19 years of service).

Finally, in addition to the material variables that were measured and analyzed, data were also made
available to us on a number of design and construction variables (joint spacing, joint sealant

materials, base materials). These variables are also addressed in our report.



DESCRIPTION OF THE PCC CORE SAMPLESAND CORING SITES

A summary of the core sampling parameters is presented below,

A total of 44 cores were provided representing two cores from each of 18 sampling sites and
4 cores from each of 2 sampling sites.

There is a total of 20 PCC Sampling Sites in 11 different Ohio counties (shown in Figure 1).

One core was taken through a transverse control joint and one core was taken through a mid-
slab crack at each of the twenty sites (or in sound concrete at mid-slab in the absence of a
crack for six of the sites).

All of the cores have a diameter of 4 in. and all were taken through the full depth of the
pavements, which range from 8 in. to 12 in.

Ten cores were taken at Sampling Sites where the Pavement Performance is rated as
“Excellent”. Ten cores were taken at Sampling Sites where the Pavement Performance is
rated as “Average.”

The age of PCC pavements rated as “Excellent” ranges from 1946 to 1997. The age of PCC
pavements rated as “Average” ranges from 1958 to 1996.

All 20 of the control joint cores were received in at least two pieces, with the main
separation plane being the control joint crack fracture plane.

Of the 20 mid-slab crack cores, all but 6 were received in at least two pieces, with the main
separation plane being the mid-slab crack fracture plane. There were no mid-slab cracks on
six of the PCC pavement projects.

A summary of the historical and site data for the 44 cores provided to LML is provided in Tables
A-1 through A-11 in Appendix A. Information is provided on (1) the core labeling information as
assigned by OU, (2) the date the cores were provided to LML, (3) the pavement construction date,
(4) the Ohio County in which the pavement is located, (5) the pavement highway route number,

(6) the mile marker and lane direction at the coring site, and (7) the pavement performance rating.

A map showing the location of the Ohio Counties from which the PCC pavement cores were taken
is shown in Figure 1. Counties which have pavement projects with an “Excellent” Performance
Rating (or both “Excellent” and “Average”) are shown in red. Counties which have only a

pavement project with an “Average” Performance Rating are shown in blue.
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Figure1l. Map showing the eleven Ohio Counties where PCC Pavement Projectsevaluated in
Phase B of the Research Study arelocated.

Salient features of the distribution of the pavement projects in the State include the following,

Four of the counties are the site of a single pavement project having the “Excellent”
Performance Rating (Gallia, Greene, Hamilton, and Allen)

Two of the counties are the site of a single pavement project having the “Average”
Performance Rating (Tuscarawas and Logan)

Two of the counties are the sites of one pavement project rated as “Excellent” and one rated
as “Average” (Jefferson and Summit).

Montgomery County is the site of two pavement projects rated as “Excellent”.

Six of the 20 pavement sampling sites are located in Cuyahoga County, including two rated
as “Excellent” and four rated as “Average”.

Reference to Figure 1 shows that there is a broad swath with a North-South orientation in the center

of the state with no PCC pavement representation. There is a possibility that this bias may be



related in part to the distribution of coarse aggregate sources in the state. Figure 2 is a Bedrock
Geologic Map of Ohio, which shows that the strike of the bedrocks is north-south. Rocks that are

available for mining in the central North-South corridor of the state are primarily Devonian and

Mississippian sedimentary rocks.

BEDROCK GEOLOGIC MAP OF OHIO

Figure 2. Bedrock Geologic Map of Ohio (Ohio Department of Natural Resour ces)

The PCC cores were taken by Ohio University personnel. An example of the coring operation on a

control joint site and a mid-slab crack site is shown in Figures 3 and 4 respectively.



Figure 3. Coring through a control joint on State Route 682 in Athens County, Ohioin
May, 2009. This pavement received an “ Average” Performance Rating.

Figure4. Coring through a mid-slab crack on State Route 682 in Athens County, Ohio in
May, 2009. This pavement received an “ Average’ Performance Rating.



CORE EXAMINATION PROCEDURES

The examination and testing of the PCC pavement cores was conducted following the relevant
guidelines of the following American Society for Testing and Materials (ASTM) Standard Practices
and Standard Test Methods.

ASTM C 856 is “Standard Practice for the Petrographic Examination of Hardened
Concrete.”

ASTM C 457 is “Standard Practice for Microscopical Determination of Parameters of the
Air-Void System in Hardened Concrete.”

ASTM C 642 is “Standard Test Method for Specific Gravity, Absorption, and Voids in
Hardened Concrete.”

The examination and testing of the cores provided the opportunity for,
Characterization of the condition of the cores in the as-received state.

Characterization of the cementitious phase of the concretes.
Characterization of the fine and coarse aggregate phases of the concretes.
Characterization of the entrained air-void system of the concretes.
Measurement of the density of the concretes.

Characterization of pre-existing fractures in the concretes.
Characterization of features of the control joints.

Characterization of distress mechanisms.

The primary tool used in the petrographic examination of the cores is the stereomicroscope
(Olympus SZX-12) at magnifications from 7X to 100X. Standard photographic documentation of
features of interest was made at magnifications of 1X to 5X. An example of a typical
microstructure of the pavement concretes is shown in Figure 5, which is a 3.3X enlargement of a
lapped surface of the mid-slab crack core taken from pavement on State Route 39 in Tuscarawas
County, Ohio. This view shows the gravel coarse aggregate particles (yellow dots) and the natural
sand fine aggregate particles (red dots) embedded in the gray cementitious matrix of the concrete.

The nominal maximum size of the coarse aggregate in this example is % in. Zero to 10 percent of

10



the coarse aggregate particles may pass through the No. 4 sieve (sieve openings of 4.75 mm).

Ninety five to 100 percent of the sand particles pass through a No. 4 sieve.

Figure5. Lapped surface of Core TUS-39 taken at a mid-dab crack on State Route 39, in
Tuscarawas County, Ohio. Coarse aggregate particles (siliceousgravel) are
mar ked with ayellow dot. A few of thefine aggregate particles (natural sand) are
marked with ared dot.

The next sections of the present report present the findings and implications of the petrographic
characterization of the four main components of the concretes, which include (1) the cementitious
phase, (2) the fine aggregate phase, (3) the coarse aggregate phase, and (4) the entrained air void
system. Additional detail on the examination procedures and methodology is presented here. In
these discussions the data developed on concretes taken from PCC pavements having the
“Excellent” performance rating are compared with the data developed on concretes taken from PCC
pavements having the “Average” performance rating. Discussions also touch on how the two
concretes that have shown exceptional performance (Gallia-7 and Athens-33) fit into the overall
performance issues picture. Strength and modulus of elasticity data obtained on companion PCC

pavement cores by Ohio University project personnel are also considered in these analyses.
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In the discussions, our assessment of the factors influencing the performance of the pavements also
takes into account a number of relevant pavement design and construction variables including
(1) pavement thickness, (2) control joint spacing, (3) presence of steel mesh reinforcement, and

(4) type of base material.

In summary, each of the principal material, design, and construction variables is discussed with
regard to the outcomes of our examination and tests as they relate to the performance of the PCC
pavements in service. These conclusions/opinions can strictly apply only to the concretes
representing the twenty pavement projects used in the present study. However, based upon the
manner in which the twenty pavement projects were selected, it is a premise of the Research Study
that the findings can confidently be used to recommend guidelines for future improvements in PCC

pavement longevity and performance.
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CEMENTITIOUSPHASE:INFLUENCE ON PAVEMENT PERFORMANCE

The characterization data obtained in this phase of the study include the following,

The type of cement(s) used in the concretes.

The water to cementitious material ratio of the cementitious phase.
The cement paste content.

The cement content.

Carbonation of the cementitious phase of the concretes.

The Type of Cements Used in the Concr etes

The cements used in the pavement cores examined here include (1) straight portland cement, and
(2) a binary blend of portland cement and fly ash. Fly ash is identified in stereoscopic examinations
at high magnification (> 50X) on the basis of the unique small size and spherical shape of individual

fly ash particles (on lapped and/or acid etched surfaces).

Consideration was also given to the possible presence of ground granulated blast furnace (GGBF)
slag cement in two of the pavement concretes (Jefferson-7 and Jefferson-22). These concretes also
contain blast furnace slag as the coarse aggregate. Slag cement is identified either by (1) the unique
green color that it imparts to the cementitious phase of the concrete, and/or (2) on the basis of the
unique size and shape of individual slag cement particles as viewed at high magnifications (> 100X)
in thin sections. The cementitious phase in the Jefferson county cores does show a green coloration,
although the presence and the intensity of the green color varied widely from top to bottom in the
cores. I subsequently concluded that the green coloration in the cementitious phase came from the

slag coarse aggregate, not slag cement.

The cementitious constituents of the concretes representing each of the twenty coring sites are
shown in Table B-1 in Appendix B. For the twenty coring sites studied, nine of the pavement
concretes contain only portland cement as the cementitious constituent; nine of the concretes
contain the portland cement/fly ash blend, and two of the concretes contain the portland cement/slag

cement blend.
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The distribution of the cements in the core concretes on the basis of the Excellent/Average

Pavement Performance Rating is shown below.

Pavement Performance Rating

Cementitious Constituents, Per cent of
Total Concretesin Each Category

Straight Portland Portland
Portland Cement & Cement &
Cement Fly Ash Slag Cement
Excellent
(10) 40 60 0
Average
(10) 70 30 0

The majority (60%) of pavements in the “Excellent” performance category contain fly ash as a

supplementary cementitious material. ODOT’s Option 1 specification allows a substitution of 15

percent fly ash in the Class C concrete (510 1b of portland cement and 90 b of fly ash).

The majority (70%) of pavements in the “Average” performance category are straight portland

cement mixes, containing no supplementary cementitious materials.

These findings support the following conclusions,

1. Satisfactory pavement performance has been achieved in concrete containing two different

types of cementitious materials, including (1) straight portland cement, and (2) a binary

blend of portland cement and fly ash.

2. The use of fly ash in ODOTs Class C pavement concretes (per current ODOT specifications)
can be expected to provide comparable performance in service relative to a straight portland

cement Class C concrete.

3. The use of fly ash in ODOTs Class C pavement concretes (per current ODOT specifications)
may provide improved performance in service relative to a straight portland cement Class C

concrete.

4. The exclusive use of binary cementitious blends for future ODOT PCC pavement

construction should be considered from the point of view of (1) concrete cost, (2) improved

long term durability, and (3) sustainability.
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The Water to Cementitious M aterial Ratio of the Cementitious Phase

There is no standard procedure for the measurement of the water to cementitious material ratio
(w/cm) of the cementitious phase in hardened concrete. Petrographic estimates of w/cm are made
on the basis of a number of features of the hardened cement paste phase that reflect differences in
w/cm. These features include (1) color, (2) hardness, (3) rate of water absorption, (4) relative
abundance of unhydrated portland cement grains, and (5) the appearance of fresh fracture surfaces.
Information on concrete compressive strength and density, if available, can also be used to
strengthen the reliability of the petrographic estimate. It is commonly thought that a petrographic
estimate of w/cm made by a qualified petrographer is within & 0.03 of the actual value. Others

place this range at + 0.05.

The concrete that has been used most widely in ODOT pavements in the past 20 to 30 years has
been the concrete identified in the document entitled “State of Ohio, Department of Transportation,
Construction and Materials Specifications (January 1, 2002 edition) as “Class C”. The standard
ODOT Class C concrete has a target cement content of 600 Ib per cubic yard and a maximum
allowable water to cementitious material ratio (w/cm) of 0.50. Options in the ODOT specifications
permit a reduction in cement content of 50 Ib/yd® (30 kg/m®). Allowable coarse aggregates include
gravel, limestone, and slag for the ASTM C 33 No. 57 and No. 67 coarse aggregate (1 in. and % in),
and gravel and limestone for the ASTM C 33 No. 8 coarse aggregate (3/8 in.)

The estimated w/cm of the cement paste phase of the concretes representing each of the twenty
ODOT pavement coring sites are shown in Table B-2 in Appendix B. The average w/cm of the
twenty concretes is 0.45. The fact that the w/cm of the ODOT pavement concretes examined here is
below the maximum allowed in the specification is not unexpected. This is due to the fact that the

pavement concretes are typically machine-placed at a relatively low slump.

The distribution of the w/cm of the cementitious phase in the core concretes on the basis of the

Excellent/Average Performance Rating is shown below.
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Pavement Per for mance Average Value of Water to Range of Values of Water to
Ratin Cementitious M aterial Ratio Cementitious M aterial Ratio
9 (w/cm) of the Concretes (w/cm) of the Concretes
Excellent
(10) 0.46 0.42 t0 0.48
Average 0.44 0.42 t0 0.45
(10) ) ) )

These findings support the following conclusions and significant observations,

1.

The most widely used ODOT pavement concrete (Class C) has a target maximum w/cm of
0.50. All twenty of the Research Study concretes have an estimated w/cm less than 0.50.
The placement of the concretes at a relatively low slump using paving machines has led to
good control over this variable.

The water to cementitious material ratio (w/cm) of the cementitious phase is comparable in
the ten concretes rated as “Excellent” performers relative to the ten concretes rated as
“Average” performers.

Estimated at a value of 0.45, the w/cm of the twenty pavement concretes is acceptable for
concretes in this pavement application. Relevant committees of the American Concrete
Institute (318, 201) recommend a maximum w/cm of 0.45 for exposed concretes in severe
weather exposure applications when deicing chemicals are used.

The ODOT requirement for maximum w/cm should be retained in the interest of
(1) satisfactory levels of strength, (2) low permeability, and (3) long-term durability.

Figure 6 shows the effect of water-cement ratio on the permeability of mature hardened portland

cement paste. Ata w/cm at or below 0.45, hardened portland cement paste has a very low

permeability, which is an important feature regarding the freeze/thaw durability of concretes

exposed in a severe weather environment. Low permeability is also an important feature of

concretes regarding the ingress of chloride-laden waters, which may come into contact with

embedded steel dowels or mesh.
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Figure 6. Theeffect of water-cement ratio on the per meability of mature hardened portland
cement paste (Powerset. al. 1954).

Cement Paste Content of the Concretes

The cement paste content is a measured value that is obtained as part of the ASTM C 457
procedure. In the present study the modified point count method of the ASTM C 457 was used.
The measured cement paste content of the concretes representing each of the twenty coring sites is
shown in Table B-3 in Appendix B. The average value of cement paste contents for the twenty
concretes is 27.5 percent. The distribution of cement paste content values in the core concretes on

the basis of the Excellent/Average Performance Rating is shown below.

Average Value of Cement Range of Values of
Pavement Performance Paste Content for the Cement Paste Content for
Ranking Concretes, the Concretes,
% %

Excellent

(10) 26.8 20.3 10 29.5
Average

(10) 28.1 22.0t0 31.0
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Table B-4 in Appendix B shows the absolute volume values for the ODOT Class C concrete
containing the No. 57 limestone aggregate when the w/cm is 0.45. The theoretical cement paste

content at a w/cm of 0.45 and an air content of 6 percent is 27.8 percent.

As shown in Table B-3 (Appendix B), two of the concretes have a measured cement paste content
in the 20 to 22 percent range and four of the concretes have a measured cement paste content in the

29 to 31 percent range.

The findings support the following significant observations regarding the measured cement paste

content of the pavement concretes,

1. The average cement paste content of the twenty pavement concretes examined here is in
reasonable agreement with the expected value based upon the mix design for the ODOT
Class C concrete at a w/cm of 0.45.

2. There is no significant different in the average cement paste content of the ten “Excellent”
performing concretes relative to the ten “Average” performing concretes.

3. Relatively large differences in cement paste concrete can be tolerated without adversely
affecting long-term durability as long as the water to cementitious material ratio (w/cm) is at
a satisfactory low level (< 0.50).

Cement Content of the Concretes

The ODOT Class C concrete calls for a cement content of 600 Ib/yd® (356 kg/m?), while the options
with water reducing admixtures allows a cement content of 550 1b/yd’® (326 kg/m’). Cement content
can not be directly measured on hardened samples of concrete. However, knowledge of the
measured value of the cement paste content, along with estimates of the w/cm provides the

opportunity to estimate the cement content of the hardened concrete.

For a straight portland cement Class C concrete, the expected cement paste content is 27.3 percent
for the 600 Ib/yd® (356 kg/m?) mix, and 25.1 for the 550 Ib/yd® (326 kg/m’) mix (at a w/cm of 0.45
and an air content of 6 percent). In addition to the cement content of the concrete, the cement paste

content is affected by both the w/cm and the air content of the concrete.

For the twenty pavement concretes of the Research Study the grand average value of the cement

paste content is 27.5 percent. For fifteen of the twenty project concretes the range in the measured
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value of w/cm was 25.9 percent to 29.5 percent. Considering the variability in air content (to be

discussed) this represents fairly tight proportioning control.

Of particular interest with respect to the cement content variable is the result obtained on the Gallia
County-State Route 7 concrete (GAL-7). As discussed previously, this PCC pavement has
exhibited exceptional performance as judged by its 63 years of service. The measured cement paste
content on this portland cement concrete is 20.3 percent and the estimated w/cm is 0.48. Based
upon these numbers the estimated cement content for the GAL-7 concrete is 430 1b/yd’

(255 kg/m”). This concrete also contains a 2 in. maximum size coarse aggregate, which is one of
the factors making it possible to use a reduced cement content. Although this is a single example,
the use of a low cement content made possible by the use of larger coarse aggregate makes sense
from a performance point of view. At a w/cm at or below 0.50, concretes having a cement content
in, say, the 480 to 520 1b/yd’ range would provide for reduced values of drying shrinkage strains
and curling strains. In recent times, concrete mixes of this type are widely used in commercial floor
slab construction. The experience with the GAL-7 pavement concrete provides an incentive for
considering experimentation with the use of lower cement content mixes (while maintaining an

acceptably low w/cm) for future ODOT PCC pavement construction.

Carbonation of the Cementitious Phase of the Concr etes

A hardened portland cement concrete surface exposed to the atmosphere can experience
carbonation. Carbonation is the reaction of atmospheric carbon dioxide (CO,) with the hydrated
portland cement phases; most particularly calcium hydroxide. The pore water solution in portland
cement concrete is highly basic, with a pH typically in the range of 13 to 14. When carbonation

occurs, the pH is reduced, often to a neutral value of 7, or even lower.

In pavement applications the portion of the pavement that can experience carbonation is the
pavement wearing surface (which is exposed to the atmosphere). In the present study the depth of
carbonation of the wearing surface of the pavement cores was measured by applying a pH
indicating solution (phenolphthalein) to fresh saw-cut surfaces. The saw-cuts are made
perpendicular to the plane of the wearing surface. The phenolphthalein (in an alcohol solution) is
applied in a light mist form to the concrete surface. If the surface has a pH above 10 (i.e. is not

carbonated), the phenolphthalein produces a bright red color. If the pH is below 10, there is no
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color change in the concrete and the concrete exhibiting this behavior is judged to be carbonated.
The actual pH of the concrete was checked by applying a universal indicating solution to the fresh
saw-cut surfaces of the cores. The universal indicating solution is Rainbow Indicator, a proprietary
product produced by Germann Instruments Company in Evanston, Illinois. Through the use of

distinctive color changes, this indicating solution can identify pH regions ranging from 5 to 13.

Figure 7 shows a saw-cut surface of the core from State Route 682 in Athens County, Ohio
[ATH-682 (CR)] following the application of the phenolphthalein solution. The saw-cut is
perpendicular to the plane of the pavement wearing surface. No carbonation has occurred in the
cementitious phase in those portions of the surface that are red in color. In this core only portions

of the topmost 0.5 mm thickness of the wearing surface are carbonated.

WEARING SURFACE END

CORE ATH-682 (CR)

Figure 7. Saw-cut surface of Core ATH-682 (CR) following the application of the
phenolphthalein pH indicating solution. No carbonation has occurred in thered
colored area (essentially the entire thickness of the core).

The depth of carbonation of the wearing surface was measured on cores from all twenty of the

pavement sites. In all cases the depth of carbonation was very shallow, with a result similar to that
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shown in Figure 7. The deepest level of carbonation was 3 mm in the cores examined here, which
is still considered to be shallow. The absence of deeper levels of carbonation in the pavement cores

is attributed to the good quality (low permeability) of the cementitious phase in the concretes.
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COARSE AGGREGATE PHASE: INFLUENCE ON PAVEMENT PERFORMANCE

Characterization data were obtained on the fine and coarse aggregate phases in the concretes. For
the coarse aggregate phase the characterization parameters include the five shown below. The
criteria used to rate or rank the values of the given parameters are provided in the Tables that are

identified parenthetically below (provided in Appendix C).

1. The type and size gradation of the aggregates (Table C-1).
2. A rating of the quality of the cement paste/aggregate bond (Table C-2).
3. A rating of the presence and extent of any cement-aggregate reactions (Table C-3).

4. A rating of the extent of cracking in the aggregate particles attributable to freezing
and thawing (Table C-4).

5. A rating of the overall condition of the coarse aggregate particles at the time of
coring (Table C-5).

Coarse Aggregate Type and Size

The cores taken from 20 different ODOT PCC Pavement project sites contained one of five

different coarse aggregate sources, including,

3/8 in. (10 mm) maximum size gravel (ASTM C 33 No. 8 gradation).
3/8 in. (10 mm) maximum size crushed limestone (ASTM C 33 No. 8 gradation).

¥ in. (19 mm), 1 in. (25 mm ), or 2 in. (51 mm) maximum size gravel (ASTM C 33 No. 57,
67, or 467 gradation).

% in. (19 mm) or 1 in. (25 mm) maximum size crushed limestone (ASTM C 33 No. 57 or 67
gradation).

% in. (19mm) or 1 in. (25 mm) maximum size slag aggregate (ASTM C 33 No. 57 or 67
gradation).
Additional detail regarding the type of coarse aggregate is provided in Tables C-6 through C-9 in
Appendix C. These tables also provide a complete listing of the Aggregate Characterization Rating
values for the twenty pavement concretes examined here. Table C-10 lists the coarse aggregate

supplier for most of the Research Study concretes.
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Table C-1 (Appendix C) shows the type of coarse aggregate used in the concretes evaluated in the

present study; grouped according to the Pavement Performance Rating of Excellent or Good. These

data are summarized below.

Type of Coarse Aggregate
Pavement Per cent of Each Concrete Category Having the Indicated Aggregate
Performance 3/8in Ya0r 1in
Rating 3/8in. dheq | Yalinor2 : ahed %or Lin.
Grave (_Jru in. Gravel (_Jru Slag
L imestone ' L imestone
Excellent
(10) 20 30 20 20 10
Average
(10) 10 50 10 10 20

The tabulated data shown below shows the distribution of the coarse aggregate in the concretes on

the basis of the county of origin for the pavement project.

Ohio Counties Having the Indicated Aggregatein
Pavement Pavement Concretes taken from that County
Performance 3/8in Yaor 1in
: : : 4 q . s .
Rating g/rSai/nél Crushed /i?lc';rﬁg%z Crushed Aograllgln.
Limestone ' Limestone
Excellent Lteom Cuyahoga(2) Gallia Greene
(10 Montgomery (2) Summit Hamilton Allen Jefferson
Cuyahoga (3)
Average Athens Logan Tuscarawas Athens Jefferson
(10) Summit Cuyahoga

As is obvious from the tabulated data, ODOT PCC pavements having an Excellent or an Average
rating have been constructed using all five of the cited aggregate types. Of the five types listed here
the most commonly used aggregate in the twenty project sites is the 3/8 in. crushed limestone. This
aggregate was used on eight (40 percent) of the twenty projects. As shown in Table C-1 (Appendix
C) the concrete taken from State Route 7 in Gallia County has a 2 in. maximum size gravel coarse

aggregate. This pavement was constructed in 1946. In all of the other pavements the maximum

size of the coarse aggregate is 1 in., % in., or 3/8 in.
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Quality of the Cement Paste/Coar se Aggr egate Bond

Optimum strength properties are obtained in concretes (1) when there is a tight, uninterrupted bond
between the cement paste and the aggregate particles, and (2) when the quality of the cement paste
in direct contact with the aggregate particles is comparable to that of the cement paste in the
remaining bulk of the concrete. The criteria used to rate the quality of the coarse aggregate bond in
the present study are summarized in Table C-2 (Appendix C). The Rating Descriptors of Excellent-
Good-Fair-Low-Poor are based upon petrographic estimates of (1) bond continuity and tightness,

and (2) the quality of the cement paste in direct contact with the aggregate particles.

In the majority of the concretes examined here the tightness of the bond of the cement paste to the
aggregate particles is satisfactory. This is not the case regarding the quality of the cement paste in

contact with the aggregate particles in some of the concretes.

The thin layer of cement paste in direct contact with the aggregate particles in concretes is
commonly referred to as the Interfacial Transition Zone (ITZ). Ideally, the w/cm and related
properties of the cement paste in the ITZ are comparable in quality to those properties in the cement
paste in the concrete as-placed. Occasionally this is not the case and the cement paste in the ITZ
may be softer, weaker, and more porous due to a higher w/cm or to the presence of a greater
proportion of non-cementitious cement hydrates (calcium hydroxide). An example of this
microstructural features is shown in Figure 8. Figure 8 is an enlarged stereomicroscopic view
(25X) of a lapped surface of Core CUY-176-12-S (JT). The lighter color of the affected cement

paste phase is due to the elevated w/cm.

One possible explanation for this microstructural feature is as follows. Coarse aggregate particles
are often in the saturated condition when they are introduced into the concrete. Once the concrete
has been placed, the temperature within the concrete rises due to the exothermic cement hydration
reactions. As the absorbed water in the aggregate particles heats up, it expands. As there is no new
empty volume within the aggregate particle to accept this new increased water volume, the excess
water moves out into the concrete. If the concrete is still in a fluid state, the excess water can enter

the cement paste that is in contact with the aggregate particle and increase its w/cm.
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Figure 8. Lapped surface (25X) of Core CUY-176-12-S (JT) showing aregion of elevated
w/cm cement paste (below the arrows) in contact with a limestone coar se aggr egate particles

(A).

The Rating Number for each of the twenty project concretes are summarized in Tables C-6, C-7,
C-8 and C-9 in Appendix C. The data are presented below in a form that shows the breakdown on
the basis of the Pavement Performance Ratings. A number of the pavement concretes examined
here show some evidence of the aforementioned paste/aggregate bond feature. This includes 25
percent of the “Excellent” performers and 55 percent of the “Average” performers. Inall cases it is
this feature of the cement paste/aggregate bond that has resulted in a reduced rating for bond quality

in these pavement concretes.

Rating of the Quality of the Cement Paste/Aggregate Bond,
Pavement Per cent of concretes showing indicated rating
Perfor mance
Rating
Excellent Good Fair Low Poor
Excellent
(10) 0 60 30 0 10
Average
(10) 10 30 40 10 10
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The presence of this ITZ feature is expected to have a reducing effect on the measured strength of

the concretes. This issue is discussed in the section of the report covering strength results.

Cement-Agagr egate Reactions Associated with Coar se Agar egate Particles

Chemical reactions can occur in portland cement concretes, which involve chemical interactions
between constituents in the concrete pore water and certain types of aggregates. The reactions are
known as “alkali-silica reactions”, which is commonly referred to by the acronym “ASR”, and

“alkali-carbonate reactions”, which are commonly referred to as “ACR.”

These cement-aggregate reactions can be progressive and destructive. The distress created by the
reactions within the concrete takes the form of cracking that can affect both the offending aggregate
particles and the cementitious phase adjacent to the particles. In worst case situations the severity

and extent of distress is enough to cause a removal and replacement of the affected concrete.

Historically, cement-aggregate reactions have not been a durability problem for Ohio’s pavement
concretes. | am aware of only two instances where destructive cases of ASR activity were
identified in ODOT PCC pavement concrete. Despite this, it is not unusual to find petrographic
evidence of some minor level of non-destructive cement-aggregate reaction activity in PCC
concretes made with Ohio’s aggregates. Diagnostic features that confirm the presence of reaction
activity in concretes that are examined petrographically include, (1) direct identification of ASR gel,
(2) discoloration of cement paste that has been intruded by ASR gel, (3) distinctive cracking in
reactive aggregate particles, (4) distinctive cracking in reactive aggregate particles that extends into
the adjacent cementitious phase, (5) the presence of darkened reaction rims on the surfaces of
offending aggregate particles at their point of contact with the cementitious phase, and (6) a

softening (gelatinization) of an offending aggregate particle.

In the project concretes examined here no petrographic evidence was found for any alkali-carbonate
reaction (ACR) activity. Evidence was found of very limited and non-destructive alkali-silica
reaction (ASR) activity in some of the concretes. In the stereomicroscopic examination of lapped
and fracture surfaces, occasional deposits of what had the appearance of ASR gel were observed as
coatings on air void surfaces. This suspect ASR material was excavated from the concretes that
showed this feature and the material was analyzed using energy dispersive x-ray spectroscopy

procedures (EDX) as part of a scanning electron microscope (SEM) examination (using a JEOL
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Model JSM-840A SEM). Figure 8 shows the EDX spectrum (20X) of suspected ASR material
excavated from Core TUS-39 (Tuscarawas County State Route 39 — 1990 pavement project). This
is a typical pattern for alkali-silica gel, showing a dominance of calcium and contributions of the

alkali elements sodium (Na) and potassium (K).
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keV

Figure 9. EDX spectrum (20X) of alkali-silica gel excavated from Core TUS-39.

The Rating Criteria used here to quantify the extent of the ASR activity in the Research Study
concretes are No-No*-Very Limited-Common. A rating of “No” means that no ASR activity
associated with coarse aggregate particles was seen in the petrographic examination (see Table C-3,
Appendix C). A “No*” rating means there were two or three instances where suspect ASR gel was
detected as a coating on air voids adjacent to siliceous coarse aggregate particles. For this rating
there was no cracking associated with the aggregate particles. A rating of “Very Limited” is similar
to the “No*” rating except that there was minor cracking associated with the particles. In no

instances was ASR activity rated as “Common” in the twenty pavement concretes examined here.

The Cement-Aggregate Reaction Ratings for each of the twenty project concretes are summarized
in Tables C-6, C-7, C-8 and C-9 in Appendix C. The data are presented below in a form that shows
the breakdown on the basis of the Pavement Performance Ratings. These findings support the
following conclusions regarding the presence and consequences of ASR activity in the ODOT

pavement concretes.

1. A very limited amount of alkali-silica reaction (ASR) activity was detected in about half of
the twenty pavement concretes examined here.
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2. The ASR activity identified in these concretes is not destructive and ASR has had no effect
on the performance of the concretes to date and is not expected to have any effect in the

future.
Evidence of Destructive Cement-Aggr egate Reactions
Pavement Associated with the Coar se Aggr egate,
Per cent of Concretes showing indicated rating
Performance
Rating N Very
No No Limited Common

Excellent

(10) 50 40 10 0
Average

(10) 60 20 20 0

Freeze/Thaw-Related Crackingin Coarse Aqgr egate Particles

Three different types of coarse aggregates were used in the Research Study concretes including

(1) gravels, (2) slag, and (3) crushed carbonate rocks (limestones/dolomitic limestone). Maximum
size for the limestones include */g in., % in. and 1 in.; for the gravels, 3s in., % in., 1 in. and 2 in.;
and for the slag % in. and 1 in. Taking into account both lithologic type and maximum size there are
eight different coarse aggregates in the twenty project concretes. A listing of the aggregate sources

for the Research Study concretes is given in Table C-10 in Appendix C.

A nearly universal common feature of these coarse aggregates is the fact that they have experienced
many years of service and have shown an acceptably low amount of cracking distress due to
freezing and thawing conditions. This assessment takes into account the fact that the cores
examined here were taken through joints and mid-slab cracks, where full moisture penetration of the

slab thickness would be expected to be greatest.

Historically and currently there have been problems with D-cracking in some of the coarse
aggregate sources in Ohio. The Portland Cement Association conducted an extensive study of this
phenomenon for ODOT in the 1970s (Klieger and Stark, 1974 and Stark, 1976). The proneness of a
given aggregate source to D-Cracking was quantified by subjecting air-entrained concrete beam

specimens to freezing and thawing cycles and measuring permanent expansions in the beams as a
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Figure 10. Relationship between aggregate servicerecord for sources of Ohio carbonate
coar se aggr egate sour ces and the expansion of air-entrained concrete beams
containing the aggregatesin laboratory freezing and thawing tests. (Stark, 1976)

function of the number of cycles (two cycles per day). In these tests the service history of the
aggregates as-related to the D-cracking problem was known. The result of the tests on a number of
these aggregate sources is shown in Figure 10. There are large differences in both the rate of
expansion and the magnitude of expansion in the test beams. As these are air-entrained concretes
the permanent expansion in the beams is attributed primarily, if not solely, to repeated episodes of

expansions in the saturated aggregate particles on freezing and thawing.

Petrographic examination of the test beams in the PCA study revealed a pattern of cracking in the
aggregate particles themselves. An example of one of these coarse aggregate particles is shown in
Figure 11. Distinctive features in this typical example are that there is multiple cracking in the
particle and a number of the cracks pass into the adjacent cementitious matrix phase of the concrete.
In the present petrographic examination the percentage of coarse aggregate particles showing
cracking diagnostic of freeze/thaw-related cracking in service was assessed. For the twenty
Research Study concretes, nine showed no evidence at all of service related cracking, and ten
showed a minor amount (1% to 5% of total particle count) of this feature. The concrete taken from

the Athens County US Route 33 pavement showed around 10 percent of the coarse aggregate
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Figure 11. Example (2.5 X) of a fractured carbonate coar se aggr egate particle (Ohio source)
in an air-entrained concr ete beam specimen used in a laboratory freezing and
thawing test (Stark, 1976).

particles (1 in. limestone) with these diagnostic cracking features. All of the joints in this 51 year

old pavement had been replaced in the past.

The lesson learned from the past and present study is that virtually all of the natural coarse
aggregate sources that contain sedimentary rock types exhibit some degree of expansion when they
undergo freezing in a water-saturated condition. The rate at which this occurs and the magnitude of

expansions are widely variable between aggregate sources.

An example of the most common manifestation of the D-Cracking phenomenon is shown in Figure
11 (Stark, 1976). Water passes down through the joint fracture to increase the moisture content in
the base material and the bottom of the pavement slab in the vicinity of the joint. The moisture
content of the base and slab is expected to diminish as the lateral distance from the joint plane
increases. The inverted V-Shaped distribution of moisture in the slab produces the type of cone-

shaped fracture in the concrete as shown in Figure 12.

Examples of this cone fracture pattern, which is diagnostic of this type of freeze/thaw related
distress are shown in Figure 13 for Joint Cores GAL-7 and ATH-682. The Gallia County pavement
has been in service for 63 years and the Athens county pavement for 33 years. Both of these

concretes contain a siliceous gravel, which includes some sedimentary rock types.
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Figure 12. Transverse cross-section of a PCC pavement at ajomt linein which severe
D-Cracking hasdeveloped. Thewhiteline showsthe original bottom of the
pavement slab, the lower half of which hasdisintegrated into rubble (Stark,
1970).

The coarse aggregate in the Gallia-7 pavement is a 2 in. maximum size siliceous gravel composed
of siltstones, chert, sandstones, and igneous rock types. The aggregate source is identified as Ohio

River Sand and Gravel, Martinsville, West Virginia.

The Athens County State Route 682 pavement has been in service for 33 years. The coarse
aggregate is a 3/8 in. maximum size siliceous gravel composed of siltstones, sandstones, chert,
igneous rock types, quartz and quartzite, with trace amounts of limestone. The aggregate source is

identified as #8 Gravel, Richards, Apple Grove.

All of the joints were replaced on the Athens County US Route 33 pavement (built in 1958)
indicating that it has experienced the type of joint failures shown in Figure 13. The coarse

aggregate on this project is a 1 in. maximum size limestone of unknown origin.

Of the other seventeen Research Study concretes fifteen show virtually no cone-type fractures on
either the joint core or the mid-slab crack core. Very small cone fractures are present on the bottom

end surface of Cores CUY-176-11-S and CUY-176-12 S.
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Figure 13. Section views of Joint Cores GAL-7 (JT) and ATH- 682 (JT) showing cone-shaped
regions of spalling in the bottom of the cores. The Gallia County pavement has
been in servicefor 63 years,; the Athens County pavement for 33 years.
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In our petrographic examination evidence was sought of freeze/thaw-related distress in the
aggregate particles. As illustrated by the example shown in Figure 11, the diagnostic features of

this source of cracking include,

There typically will be multiple cracking in the offending aggregate particle.

The cracks often will not be tight.

The cracks likely will extend into the adjacent cementitious phase.

The cracks will be most prevalent (or only in) the near-top or in the bottom of the core, or

along major crack fracture planes in the concrete.
The Rating Criteria used here to identify the presence and extent of freeze/thaw-related cracking
involving the coarse aggregate particles in the Research Study PCC pavement cores are described in
Table C-4 in Appendix C. The Rating Descriptors are “None” in those cores where none of the
coarse aggregate particles show any evidence of these microstructural features. There are then four
other categories where the percent of coarse aggregate particles that are judged to show the features
are quantified, with 1% to 5% being the low end of the range, and 20% or higher being the upper

end of the range.

The Coarse Aggregate Freeze/Thaw Involvement Ratings for each of the twenty project concretes
are summarized in Tables C-6, C-7, C-8 and C-9 in Appendix C. The data are presented below in a

form that shows the breakdown on the basis of the Pavement Performance Ratings.

F/T Performance of the Coarse Aggregate
Pavement (Per cent of Particlesthat show F/T-Related Cracking)
Performance
Rating None | 1% t05% | 5% to10% | 10% to20% | 2070 and
Higher

Excellent

(10) 50 50 0 0 0
Average

(10) 40 50 0 10 0

33



The summary of these findings regarding the evidence for freeze/thaw-related distress in the coarse

aggregate phases of the pavement concretes are summarized below.

1.

For the full population of the twenty pavement concretes there is no evidence of any
freeze/thaw- related damage in coarse aggregate particles in half of the concretes.

Joint cores from the pavements in Gallia County (State Route 7) and Athens County (State
Route 682) show the distinctive cone-spall in the bottom of the core. This feature indicates
that there has been some involvement of D-Cracking in these old pavements over the years.
Over the remaining intact concrete, only 1% to 5% of the coarse aggregate particles show
any freeze/thaw-related cracking distress.

. Most of the remaining Research Study pavement concretes show only a very minor amount

of freeze-thaw-related distress (1% to 5%), which has had no adverse effect on the
performance of the concretes and the joints..

A moderate level of freeze/thaw related distress (10% to 20%) was observed in the
pavement concrete represented by Core ATH-33 (Athens County US Route 33-a 1958
pavement project). All of the original joints had been replaced in this 51 year old concrete
at the time the core was taken.

It is concluded that all of the coarse aggregates in the present study are highly resistant to
freeze/thaw related damage of the type previously associated with D-Cracking distress in
ODOT pavements. Although all of the joints have been replaced on US Route 33 in Athens
County, the bulk of this 1958 PCC pavement is still serviceable. This feature of the twenty
project concretes is one of the main factors contributing to the satisfactory performance of
the pavements.

Overall Condition of the Coar se Agar egate Particles at the time of Examination

The construction date of the PCC pavements examined on this project ranges from 1946 to 1996.

The breakdown by decades is,

1940 to 1950 = 1 Project (GAL-7)

1951 to 1960 = 1 Project (ATH-33)

1961 to 1970 = None

1971 to 1980 = 1 Project (ATH-682)

1981 to 1990 = 6 Projects (HAM-126, JEF-22, JEF-7, TUS-39, CUY-252, MOT-35)
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1991 to 2000 = 11 Projects

The age of the pavement concretes at the time of our examination ranges from 13 years to 63 years.
The Rating of Overall Condition of the coarse aggregate particles in the pavement cores (shown in
Figure C-5 (Appendix C) is based on their physical condition. This is mainly a petrographic
assessment of the presence, extent, and origin of cracking in the aggregate particles. This

assessment involved observations and estimates to determine for each concrete,

What percent of the particles show cracking?

Are there single or multiple cracks in a single particle?

Are the cracks tight?

Do the cracks extend into the adjacent cement paste (infrequently, commonly)?

Is the cement paste/aggregate bond physically disrupted?

Is the cracking due to the effects of freezing and thawing?

Can cracks in the crushed aggregates be attributed to the crushing and sizing operation?

The Rating Scale of the Overall Condition of the coarse aggregate particles is given in Table C-5
(Appendix C) as Excellent-Good-Fair-Low-Poor. The “Excellent” Rating confirms that for the
examined concrete “There is no cracking in any of the particles that is related to service conditions.”

For the “Poor” Rating “The origin of cracking in over 50 percent of the particles is in question.”

The Overall Condition of the Coarse Aggregate Ratings for each of the twenty project concretes are
summarized in Tables C-6, C-7, C-8 and C-9 in Appendix C. The data are presented below in a

form that shows the breakdown on the basis of the Pavement Performance Ratings.

These findings lead to the following conclusions regarding the quality of the coarse aggregates in

the pavement concretes examined here.
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Pavement Overall Condition of the Coar se Aggregate Particles
Perfor mance
Rating _
Excellent Good Fair L ow Poor

Excellent

(10) 30 70 0 0 0
Average

(10) 30 60 10 0 0

1. The coarse aggregate phase in nineteen of the twenty ODOT pavement concretes examined
here is judged to be in “good” to “excellent” condition following 13 to 63 years of service in
a severe weather environment application. There is no significant difference in the ratings
for the “Excellent” and “Average” performing pavement concretes.

2. Only the concrete taken from the 1958 Athens County US Route 33 pavement received a
rating below excellent or good. The “fair” rating assigned to this concrete indicates a
moderate involvement of the coarse aggregates in past distress issues in this concrete (as
discussed later in the report).

3. None of the twenty pavement concretes examined here received a “low” or “poor” rating

regarding the overall condition of the coarse aggregate particles at the time of our
examination.
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FINE AGGREGATE PHASE: INFLUENCE ON PAVEMENT PERFORMANCE

For the fine aggregate phase the characterization parameters are the five shown below.

1. Natural or manufactured sand?
2. Maximum particle size of the sands.
3. Identification of the rock and mineral constituents of the sands

4. Identification of the presence and extent of cement-aggregate reactions involving the sand
particles.

5. A rating of the overall quality of the sands.

The fine aggregate in all 20 of the pavement concretes is a natural sand. The rock and mineral
constituents of the sands in each of the concretes are identified in Tables D-1 and D-2 in

Appendix D. The sands are of either river or glacial deposit origin. The sands contain as many as
twelve different rock/mineral types, with a maximum particle size of 4.5 mm to 5 mm. The
dominant mineral phase in all of the sands is quartz, which is expected due to the high hardness and
chemical resistance of this mineral. Sand-sized particles of siltstone, sandstone, and carbonate rock

types (limestone/dolomitic limestones) are also common.

All of the sands contain shale particles, which typically are softer and more porous than the other
rock/mineral types of the sands. Shale is the second most abundant constituent of the concrete from
US 30 in Allen County (ALL-30). In the other concretes shale is the fourth to the ninth most
abundant constituent of the sand. The shale particles have not had any adverse effect on the

performance of the pavement concretes.

All but one of the pavement concrete sands contain chert, ranging from the third most abundant
constituent to the ninth most abundant. Chert is one of the silica minerals that is known to be
potentially alkali-silica reactive. The same criterion used to rate the extent and occurrence of alkali-
silica reaction activity for the coarse aggregates was used for the fine aggregate phases of the
pavement concretes. Only five of the concretes showed any evidence of alkali-silica reaction
activity, which was limited to only a few chert particles (or in two cases to siltstone particles). An

example of a reacted chert particle is shown in Figure 14, which is a 25X view of a lapped surface
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Figure 14. Lapped section view (25X) of Core CUY-176-10-S (CR) showing a reacted chert
agoregate particle (C) from the sand phase of the concrete. Cracksin the chert
particle have advanced a short distance into the adjacent cementitious phase of
the concrete (arrows).

of Core CUY-176-10-S (CR). Cracks in the chert particle extend for a short distance into the
adjacent cementitious phase of the concrete. Note the white secondary deposits in the entrained air

voids, indicating periodic high levels of moisture saturation at this site.

The overall quality of the sands in the Research Study PCC pavement concretes was rated on the
basis of (1) rock and mineral content, (2) current condition of the particles, (3) particle size
gradation, and (4) absence of any significant involvement in destructive cement-aggregate reactions.
The sands were judged on the basis of these criteria to receive either a “Satisfactory” or an

“Unsatisfactory” rating. All received a “Satisfactory” rating.
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AIRVOID SYSTEM & DENSITY: INFLUENCE ON PAVEMENT PERFORMANCE

ODOT’s Class C concrete is intended to be air-entrained. When No. 57 or No. 67 coarse aggregate
is used the specified air content is 6 & 2 percent. When No. 8 coarse aggregate is used the specified

air content is 8 + 2 percent.

The function of air entrainment is to protect the cementitious phase of the concrete from the effects
of freezing and thawing while it is in a state of critical moisture saturation. The parameters used to
quantify the quality of the air void system include (1) total air void content, (2) specific surface area
of the air voids, and (3) spacing factor of the air voids. As reflected in the ODOT specifications, the
historical level of total air void content has been 6 percent for % in. and 1 in. aggregate concrete,
and 8 percent for */5 in. aggregate concrete. The higher air content for the latter is tied to the
expectation that the cementitious material content will be higher relative to the coarser aggregate
mixes. This is not the case for the ODOT Class C mixes however, as the target cementitious
material content for the */s in. aggregate concrete is the same as for the % and 1 in. aggregate

concrete (600 Ib/yd® [356 kg/m*]for the standard mix).

The tolerance for air content in the ODOT specification is plus or minus 2 percent. The American
Concrete Institute Committee’s that address the air entrainment issue allow a tolerance for total air

content of plus or minus 1 2 percent for field-placed concrete.

As stated in the ASTM C 457 Standard, for air entrained concretes designed in accordance with
accepted procedures the specific surface area is usually in the range of 600 to 1000 in*/in’

(24 to 43 mm™") and the spacing factor is usually in the range of 0.004 to 0.008 in. (0.1 to 0.2 mm).
ASTM C 457 also teaches that the spacing factor is generally regarded as the most significant
indicator of the durability of the cement paste matrix to freezing and thawing exposure of the

concrete.

All of the pavement concretes examined in the Research Study are air-entrained. Characterization
of the air void system in the project concretes was done using the modified point count procedure of
ASTM C 457, “Standard Practice for the Microscopical Determination of Parameters of the Air-
Void System in Hardened Concrete.” This procedure provides a measurement of (1) the total air
void content, (2) the specific surface area of the air void system, and (3) the air void spacing factor.

Related information was obtained in the stereoscopic microscope examination of the project
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concretes in the form of (1) the amount and origin of other types of voids in the concretes, (2) the
size and distribution of the entrained air voids in the cores, and (3) the presence and extent of

secondary deposits in the air voids.

Tables E-1 through E-3 in Appendix E provide information on the measurement parameters used
and the results obtained in the ASTM C 457 air void characterization measurements for all 20 of the

project concretes.

Total Air Void Content

All of the concretes examined in the present study are air entrained. For Class C concretes
containing % in. or 1 in. maximum size coarse aggregate the ODOT air content requirement is 6 %
+2 %. For Class C concretes containing 3/8 in. maximum size coarse aggregate the ODOT air
content requirement is 8 % + 2 %. The total air void content data (average value and range) for the
twenty project concretes are shown below in a form that shows the breakdown on the basis of the

Pavement Performance Ratings.

Pavement Average Valueof Total Air Void | Range of Valuesof Total Air Void
Perfor mance Content of the Concr etes, Content of the Concr etes,
Rating % %
Excellent
(10) 6.0 34t09.2
Average
(10) 6.8 1.9to 8.4

Air Void Specific Surface Area

The specific surface area value relates to the total surface area of the air voids relative to the total
volume of the air voids. This number is the square inches (or square centimeters) of air void surface

area per one cubic inch (or cubic centimeter) of volume occupied by the air voids.

For concretes that are intentionally air entrained it is desired and expected that the specific surface

area will be at least 600 in”/in’ (24 mm™). It is not uncommon for this value to be in the range of
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700 in/in’ to 900 in*/in® (28 to 36 mm™"). When some of the newest air entraining admixtures are
used it is possible to routinely produce air void systems with a specific surface in the range of 1000

in*/in’to 1200 in*/in® (40 to 48 mm™).

The specific surface area measurement is dependent on the size and number of entrained area voids
contained in a given volume of the hardened concrete. The larger the specific surface area value the
smaller the air void diameters and the greater the number of the air voids. When no air entraining
agents are used it is expected that the entrapped air content will typically be less than 2 percent and

the specific surface area will typically be less than 600 in*/in’ (24 mm™).

The specific surface area values (average value and range) for the twenty project concretes are

shown below in a form that shows the breakdown on the basis of the Pavement Performance

Ratings.
Pavement Average Value of Air Void Range of Values of Air Void
Performance | SPecific Surface Areafor the Specific Surface Areafor the
Ratin Concretes, Concretes,
0 in%in> (mm) in%in® (mm™?)
Excdllent 771 516 to 1339
(10) (31) (21 to 54)
Average 713 529 to 877
(10) (29) (21 to 35)

Air Void Spacing Factor

The spacing factor parameter is a measurement (in length) of the maximum distance that water
needs to travel during a freezing event within a sample of hardened concrete to reach an entrained
air void. Laboratory work conducted at the Portland Cement Association laboratories in Skokie,
linois in the 1930s and 1940s showed that the concretes of that time typically showed a

satisfactory level of freeze/thaw durability if the air void spacing factor was below 0.0080 in.

The air void spacing factors (average value and range) for the twenty project concretes are shown

below in a form that shows the breakdown on the basis of the Pavement Performance Ratings.
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Pavement Average Value of Air Void Range of Values of Air Void
Spacing Factor of the Spacing Factor of the
Performance
. Concretes, Concretes,
Ranking : .
in. (mm) in. (mm)

Excellent 0.0061 0.0036 to 0.0097

(20 (0.15) (0.09 to 0.24)
Average 0.0061 0.0040 to 0.0110

(20 (0.15) (0.1 t0 0.28)

All twenty of the PCC pavement concretes evaluated in the Research Study are air entrained. The
air void parameter raw data summary is given in Appendix E. The tabulated data below show that

not all twenty of the Research Study concretes meet the relevant target values of the air void

parameters as described above.

Number of the Twenty Resear ch Study 3/8 in Aggregate =10 of 11
Concretes Meeting the ODOT
Requirement for Total Air Void Content

% and 1 in. Aggregate =7 of 9

Number of the Twenty Resear ch Study
Concretes Meeting the Guideline for
Maximum Air Void Spacing Factor of

0.008 in. (0.2 mm) % and 1 in. Aggregate =7 of 9

3/8 in Aggregate =11 of 11

Number of the Twenty Resear ch Study
Concretes Meeting the Guideline for
Minimum Air Void Specific Surface Area

of 600 in2/in3 (24 mm™) Y and 1 in. Aggregate =6 of 9

3/8 in Aggregate =8 of 11

Reference can be made to Appendix E to learn which of the Research Study concretes do not meet

the relevant target values of the air void parameters. Three of the more significant features of these

data are,

1. Despite the fact that a minority of the concretes do not meet the minimum requirements of
the air void parameter standards, none of the twenty concretes shows any evidence of
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freeze/thaw distress (cracking) in the cementitious phase that originated within the
cementitious phase (as opposed to originating in coarse aggregate particles), except in those
instances where the air void cavities are filled with secondary deposits and there is access to
moisture ingress (joint and mid-slab crack fracture planes).

Concrete taken from State Route 7 in Gallia County has seen 63 years of service in a severe
weather environment. This concrete, which has a 2 in. maximum size coarse aggregate, has
a total air void content of 3.4 percent, a specific surface area of 516 in’/in’, and a spacing
factor of 0.0097 in. A section view of the core taken from the mid-slab crack region of this
pavement [GAL-7 (CR)] is shown in the top photograph of Figure 15. The only crack in the
core is the mid-slab crack (yellow arrows), which passes around some of the coarse
aggregate particles (yellow dots) and through other of the coarse aggregate particles (red
dots). Although by contemporary standards the entrained air void system is substandard,
there is no freeze/thaw-related cracking distress (or distress of any type) in the concrete on
either side of the mid-slab crack. With the exception of the bottom 2 in. or so of the core,
the air voids are virtually free of any secondary deposits.

Concrete taken from ramp pavement on State Route 176 in Cuyahoga County has seen 15
years of service. This slag aggregate concrete has a total air void content of only

1.9 percent, a specific surface area of 708 in’/in’ (28 mm™), and a spacing factor of

0.0110 in (0.28 mm). A section view of the core taken from the mid-slab crack region of the
pavement [Core CUY-176-10-S (CR)] is shown in the bottom photograph of Figure 15. The
yellow arrows point to the mid-slab crack, which passes through and around slag coarse
aggregate particles. In addition to the fact that the total air content is very low (1.9 %),
many of the air voids are filled with secondary deposits. This feature is shown in the top
photograph of Figure 16. Beyond the mid-slab crack there are two tight horizontal cracks in
this core at depths of 2 and 4 in. (5 and 10 cm) below the plane of the wearing surface (red
arrows in the bottom photograph of Figure 15). An enlarged view of one of these cracks is
shown in the bottom photograph of Figure 16, which shows that the cracks pass around
rather than through the slag aggregate particles. The low air void content and the infilling of
the entrained air voids suggests that these cracks can be attributed to the effects of
freeze/thaw on the cementitious phase. However, the presence of near-surface horizontal
cracking in other slag aggregate concretes also suggests that other sources of stress may be
in play here; a situation that is currently being explored in other work. The only other
cracks in the CUY-176 (10) core concrete are a few very tight and local cracks attributed to
ASR activity in chert aggregate particles from the fine aggregate phase.

The findings of this phase of the study confirms that the entrained air void sytem in the Research

Study concretes has fulfilled its intended function of adequately protecting the main body of the

cementitious matrix phase from the effects of freezing and thawing. This is true even in those

instances where the parameters of the air system fall outside of the recommended values. Local and

limited damage has occurred in some the concretes in which the air voids have been filled with

secondary deposits and moisture accessibility has been high (i.e. along mid-slab crack and joint

fracture planes).
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In a previous study of PCC pavements for ODOT (Lankard, 2006), it was concluded that as long as
the pavement concrete had been intentionally air entrained and if it contained a low w/cm (ca. 0.45
or lower), that the cementitious phase of the concrete was adequately protected even in those
instances where the air void parameters were not fully compliant with current standards. The
acceptable freeze/thaw resistance of these ODOT pavement concretes despite lacking features of the
historically recommended air-void system parameters was attributed to (1) the likelihood that the
concrete did not in most cases reach a level of critical moisture saturation relative to the freeze/thaw
exposure conditions that were experienced, (2) the low w/cm of the concretes, (3) the fact that the
concretes all contained some level of intentional air entrainment, and (4) the less severe freeze/thaw
conditions in the field relative to those experienced by laboratory specimens subjected to
freeze/thaw testing. The findings of the cited 2006 study and the findings of the present study
provide evidence to support an opinion that a modest reduction in the requirement of total air
content could be implemented without any adverse effect of the freeze/thaw resistance of the
cementitious matrix component of the pavement concretes. This is particularly true for the Class C
concretes containing No. 8 coarse aggregates, which now calls for 8% =+ 2% air. Inasmuch as the
target cement content on this concrete is 600 lb/yd3 (356 kg/m3 ) (The same as for No.57/67

aggregate mixes), the 6% target value can be imposed without any risk.

Concrete Density

The density of the pavement cores was measured using the water immersion procedure of ASTM

C 642 following a 48 hour water-soaking period. A density measurement made on water-saturated
hardened concrete is expected to correlate with the original unit weight of the fresh concrete. The
water-saturated density values (average value and range) for the twenty project concretes are shown

below in a form that shows the breakdown on the basis of the Pavement Performance Ratings.

Pavement Average Value of Density for Range of Values of Density for
the Concretes, the Concretes,
Performance b/ft® b/ft®
Ranking t3 t3
(kg/m’) (kg/m®)
Excellent 143.8 138.7 to 147.7
(10) (2304) (2222 to 2366)
Average 141.8 138.9 to 145.8
(10) (2272) (2225 to 2336)

44



EARING SURFACE END

WEARING SURFACE END

cuv M-s (C'ﬁ)

Figure 15. Lapped section views per pendicular to the plane of the wearing surface of Cores
GAL-7 (CR) and CUY-176-10-S (CR). Both coresweretaken through a mid-slab
crack (yellow arrows). The coarse aggregate in the GAL-7 coreisa2in.
maximum size siliceousgravel. Thered arrowsin the bottom photograph point
to horizontal cracksthat passthrough the cementitious matrix phase and around
the slag coar se aggregate particlesin the CUY-176-10-S (CR) core.
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Figure 16. Lapped section views (7X and 25X) perpendicular to the plane of the wearing
surface of Core CUY-176-10-S (CR). Theyellow arrowsin thetop photograph
point to afew of theentrained air voidsthat arefilled with secondary deposits.
Thered arrowsin the bottom photograph point to a crack in the cementitious
matrix that passes around two of the slag coar se aggr egate particles (A).
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The grand average density value for the twenty Research Study pavement concretes is 142.8 1b/ft’
(2288 kg/m’), which is almost identical to the theoretical value of the Class C concrete at a w/cm of
0.45 and an air content of 6 percent, of 142.7 Ib/ft (2286 kg/m3). There is a loose relationship
between total air void content and unit weight (density), although the fit is not precise inasmuch as
density is also affected by cement paste content and aggregate content, which are somewhat

variable in the project concretes.
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STRENGTH/ELASTIC PROPERTIES: INFLUENCE ON PAVEMENT PERFORMANCE

Measurements were made at Ohio University of compressive strength, split tensile strength, static
modulus of elasticity, and thermal expansion on companion cores of the twenty pavement concretes
that were examined in our laboratory. These data are summarized in Tables F-1 through F-5 in
Appendix F (except thermal expansion). These tables also show for the project concretes (1) the
type of coarse aggregate, (2) the water to cementitious material ratio, (3) the total aggregate content,
(4) the total air void content, and (5) the quality of the cement paste/coarse aggregate bond. In

Table F-5, the concretes are ranked according to decreasing values of compressive strength.

Concrete Compr essive Strength

The compressive strengths reported here were measured on 4 in. diameter cores using the
procedures outlined in ASTM C 42, “Standard Test Method for Obtaining and Testing Drilled
Cores and Sawed Beams of Concrete.” Data were obtained on three (sometimes four) cores from
each of the twenty project sites. The grand average compressive strength for the twenty project
concretes is 6250 psi (44 MPa) and the range is 3760 psi to 8720 psi (30 to 60 MPa). The specified
compressive strength of the ODOT Class C concrete is a minimum of 4000 psi (28 MPa) at 28 days.
If it is assumed that the 28 day strength is around 75 percent of the ultimate strength, the expected

ultimate strength would be a minimum value of 5330 psi (37 MPa).

The distribution of the compressive strengths on the basis of the Excellent/Average Pavement

Performance Rating is shown below (MPa values in parentheses).

Compressive Strength,
Pavement Perfor mance Rating PS (M Pa)
Average Range
Excellent 6180 4880-8410
(10) (43) (34 to 58)
Average 6310 3760-8720
(10) (44) (26 to 60)
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The data tabulated below show the compressive strength of the project concretes as affected by the
type of coarse aggregate. The number of data points for each aggregate category is shown in

parentheses following the aggregate name.

Compressive Strength,
Coarse Aggregate Type Psi (MPa
Average Range
No. 8 Crushed Limestone (8) 5(;1;;) 37(3(6)23)20
No. 57 or No. 67 Crushed Limestone (3) 7(41‘55) 61(411823)10
No. 8 Gravel (3) 5(493)0 4?2222)90
No. 57 or 67 Gravel (2) 6(22)0 64:491(5)4615)60
No. 467 Gravel (1) 7(22)0 )
No. 57 or No. 67 Slag (3) 6(2;)0 62(46122?0

With reference to the data shown in Appendix F and to the tabulated data shown above, the salient

features of the compressive strength data are,

1. There is no significant difference in the average compressive strength value between the two
pavement performance rating categories (6180 — 6310 psi [43 - 44 MPa]).

2. There is no significant difference in the range of compressive strength values between the
two pavement performance rating categories (ca. 4300 psi to 8500 psi [30 to 59 MPa]).

3. There is a surprising large project to project range in the compressive strength of the project
concretes in each of the pavement performance category ratings.

4. The current compressive strength of two of the project concretes is less than the 28 day
minimum value of 4000 psi [28 MPa](CUY-176-11-S and CUY-176-12-S @ ca. 3800 psi).

Both of these concretes contain a No. 8 limestone coarse aggregate

5. The current compressive strength of three of the project concretes is higher than 4000 psi
(28 MPa), but is less than the expected minimum value of the ultimate compressive strength
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1.

of ca. 5300 psi [37 MPa] (CUY-322, MOT-202, and MOT-35). The coarse aggregate in
these concretes have the No. 8 gradation.

There is a relatively large difference in the compressive strength of the eleven concretes
containing the No. 8 aggregates (limestone and gravel) versus the nine concretes containing
the No. 57, 67, or 467 aggregates (average of 5720 psi [39 MPa]) for the former and

6910 psi [48 MPa] for the latter).

Seven of the eight concretes containing the No 8 limestone aggregate show the lowest
values of compressive strength for the project concretes. The concrete showing the highest
level of compressive strength (LOG-33) also contains this aggregate.

In addition to the correlation between coarse aggregate size and compressive strength, there
is some correlation between compressive strength of the pavement concretes and total air
void content. This is an expected correlation. Seven of the ten concretes having a
compressive strength in the 6110 to 8720 psi (42 to 60 MPa) range have a total air void
content under 7.0 percent. Six of the of the ten concretes having a compressive strength in
the range of 3760 to 5850 psi (26 to 40 MPa) have an air content in the 7.0 to 9.2 percent
range.

There is some correlation between the compressive strength of the project concretes and the
quality of the cement paste aggregate bond. Seven of the ten concretes having a
compressive strength in the 6110 to 8720 psi (42 to 60 MPa) range have a paste/aggregate
bond quality rating of Excellent or Good. Only three of the ten concretes having a
compressive strength in the range of 3760 to 5850 psi (26 to 40 MPa) have a paste/aggregate
bond rating of Good.

For the twenty project concretes, nine showed a within-series (3 cores) range of 1000 to
2000 psi (7 to 14 MPa).

Concrete Split Tensile Strength

The tensile strengths reported here were measured on three 4 in. diameter cores using the
procedures outlined in ASTM C 496 “Standard Test Method for Splitting Tensile Strength of
Cylindrical Concrete Specimens.” The grand average split tensile strength for the twenty project
concretes is 610 psi (4.2 MPa) and the range is 490 psi to 830 psi (3.4 to 5.7 MPa). The distribution
of the split tensile strengths on the basis of the Excellent/Average Pavement Performance Rating is
shown below. With reference to the data shown in Appendix F and to the tabulated data shown

above, the salient features of the split tensile strength data are,

There is no significant difference in the average compressive strength value between the two
pavement performance rating categories (600 to 630 psi [4.1 to 4.3 MPal)).
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Split Tensile Strength,
Pavement Perfor mance Rating PS (MPa)
Average Range
Excellent 630 515-830
(10) (4.3) (3.6-5.7)
Average 600 490-630
(10) (4.1) (3.8-4.3)

2. For fifteen of the twenty concretes the tensile strength lies between 540 and 640 psi
(3.7 to 4.4 MPa). The tensile strength for concrete MOT-35 is an outlier, at a value of 830

psi (5.7 MPa). This concrete has one of the lowest values of compressive strength at
4880 psi (34 MPa)

3. There is no clear correlation between the compressive strength and the tensile strength of the
project concretes (despite the expectation that there would be a correlation).

Concr ete Modulus of Elasticity

The modulus of elasticity data reported here were measured on 4 in. diameter cores using the
procedures outlined in ASTM C 469 “Standard Test Method for Static Modulus of Elasticity and
Poisson’s Ratio of Concrete in Compression.” Data were obtained on three cores from nineteen of
the twenty project sites, and two cores from the Gallia-7 site. The grand average modulus of
elasticity for the twenty project concretes is 4.93 x 10° psi (3.54 x 10" MPa) and the range is 2.72 to
7.16 x 10° psi (1.88 to 4.94 x 10* MPa). The distribution of the modulus of elasticity measurements

on the basis of the Excellent/Average Pavement Performance Rating is shown below.

Static M odulus of Elasticity,
_ x 10° psi (x 10* MPa)
Pavement Performance Rating
Average Range
Excellent 5.52 4.37-7.16
(10) (3.93) (3.02-4.94)
Average 4.33 2.72-5.76
(10) (2.99) (1.88-3.97)
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With reference to the data shown in Appendix F and to the tabulated data shown above, the salient

features of the modulus of elasticity data are,

1. The average modulus of elasticity of the Excellent Performing pavements is substantially
higher than the modulus of the Average Performing pavements (5.52 x 10° psi vs 4.33 x 10°
psi [3.93 x 10% vs 2.99 x 10* MPa])

2. There is a relatively large project to project range in the elastic modulus of the project
concretes in each of the pavement performance category ratings.

3. There is no clear correlation between the compressive strength and the modulus of elasticity
of the project concretes (despite the expectation that there would be a correlation).

M easur ement of Thermal Expansion of the Concr etes

Ohio University also performed measurements of the coefficient of thermal expansion on
companion cores to the ones measured in our laboratory. These data are reported in Volume 1 of

the present study.
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INFLUENCE OF FACTORSAFFECTING PAVEMENT PERFORMANCE: SUMMARY

As was discussed in the Introduction Section of the present report, as regards the selection criteria
for the candidate pavements, the line of distinction between the ten concretes placed in the
“Excellent Performance” category and the ten concretes placed in the “Average Performance”
category is blurred. All twenty of the candidate pavements have, in fact, performed “satisfactorily”
in service. The pavement cores provided to us for the present examination were taken through
control joints and mid-slab crack joints. Fourteen of the twenty project pavements have mid-slab
cracking, which is considered to be a distress feature. For most of the pavements, there is some
cracking and spalling distress along the mid-slab crack lines, and there is some cracking and
spalling distress along the control joint lines. But, beyond these specific local distress sites, the
pavement concrete lying between the control joints and the mid-slab cracks is, for the most part, in
good condition and is showing no unacceptable levels of distress. This fact alone is telling. It is
obvious, and no great surprise, that what distress there is, is at locations where water has access to
the full depth of the pavement slabs. Logically, concretes that will perform most satisfactorily in
such an environment are those that are most resistant to damage related to the imposition of

freeze/thaw cycling conditions when the concrete is in a state of critical moisture saturation.

What was learned in the evaluation of the mechanical and physical properties and microstructural
features of the twenty satisfactorily performing pavement concretes examined here was that fairly
wide variations in most of these factors could be tolerated without having an adverse effect on the
performance of the pavements in service. The few factors that are common to all twenty of the
Research Study concretes that can explain their satisfactorily performance in service are those that
are known to influence the freeze/thaw resistance of concrete in severe weather environments.

These factors include.

1. All twenty of the concretes have a satisfactorily low (ca. 0.45) water to cementitious
material ratio (w/cm). The site to site range in w/cm is tight in the concretes (0.42 to 0.48).

2. All of the concretes have a good quality coarse aggregate that has shown good long-term
resistance to the effects of freeze/thaw cycling. In historical terms, these are coarse
aggregates that are not prone to early participation in the D-Cracking type of distress.

3. All of the concretes are air-entrained. The air-entrainment has had the desired effect of
adequately protecting the cementitious phase of the concretes, even in those instances where
the air content has been below the current ODOT target minimum value of 4.0 percent.
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I believe that these three material factors are the key to the satisfactory long-term performance in

the twenty ODOT Research Study concretes.

Of the twenty ODOT PCC pavements examined here, one (Gallia County, State Route 7) has been
in service for 63 years (constructed in 1946) and one (Athens County, US Route 33) has been in
service for 51 years (constructed in 1958). Of the remaining 18 projects, most (15) were
constructed during the period 1990 through 1997 (12 to 19 years of service). On the basis of their
longevity, it is reasonable to categorize the Gallia-7 and Athens-33 pavements as exceptional and
attempt to identify the factors contributing to this very high level of performance. This is done in

the following sections of the present report.

There are several of the candidate pavement sites that were selected on the basis of the fact that they

ostensibly were similar in construction, but which performed “differently”. These sites include,

Cuyahoga County, State Route 176 (placed in 1996)
Jetferson County, US Route 22 and State Route 7 (placed in 1990).
Summit County, Interstate Route 76 (placed in 1992).

Individual attention is given to these sites in the following sections of the report in an effort to gain
deeper insights into the differences in performance. For this exercise, more detail is provided on

design and construction variables.

Finally, six of the twenty Research Study sites are pavements that have shown no mid-slab cracking
to date. Individual attention is given to these sites in the following sections of the report, which also

focus on design and construction variables in addition to concrete property data.
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GALLIA COUNTY SR 7PAVEMENT (CONSTRUCTED IN 1946)

The fact that an ODOT PCC highway pavement constructed 63 years ago is still in service and that
relatively little structural maintenance has been required is quite extraordinary, even though the
ADT and truck traffic is low. The pavement has experienced the same Ohio weather conditions and
fluctuations as the other projects in the study. Of the twenty pavement projects evaluated here, this
pavement, constructed in 1946 as State Route 7 in Gallia County, is unique in its longevity. The

cores from this project were taken near Mile Marker 8 in the northbound lane of State Route 7.
Field notes made by Ohio University personnel for this coring site are,

“Old pavement in very good condition for its age. Some transverse cracks and joints on
project replaced because of faulting. Coring and sampling section was in excellent
condition with a couple of minor transverse cracks and spalling.”

A brief review of some of the pertinent features of this project is shown below,

The control joint spacing is 40 ft (12 m); many are the original joints.

The average daily traffic (ADT) was 260 in 1988 and 400 in 2006 (mostly cars and light
trucks. The total traffic count over the past 63 years is around 7 million.

Pavement thickness is 8 inches (20 cm).

The slabs contain steel mesh reinforcement

The joints were formed, not saw-cut and the dowels used are smooth cylindrical bars, ¥4 in.
(19 mm) in diameter, and 15 in. (38 cm) long. Currently used bars are 1 % in. (3 cm) in
diameter.

The base material is 6 to 12 inches (15 to 30 cm) of “SS 112”

The gravel coarse aggregate has a nominal maximum size of 2 inches (5 cm). All other
pavements in our study have a maximum size of 3/gin., % in. or 1 in. (10, 19, or 25 mm).

Mid-Slab Crack Core: GAL-7 (CR)

Figure 17 is a lapped surface of the core taken through a transverse mid-slab crack in the Gallia
County State Route 7 pavement (Core GAL-7[CR]). The core was received in two pieces separated

along the mid-slab crack.
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The arrows in Figure 17 follow the path of the mid-slab crack. The crack passes around most of the
coarse aggregate particles (yellow dots) and through fewer of the coarse aggregate particles (red

dots). Features of interest regarding the mid-slab crack include,

The fact that the crack passes through some of the aggregate particles confirms that the
concrete had achieved some elevated level of strength at the time the crack occurred. This
strongly indicates that the control joints functioned satisfactorily in this pavement slab.

There has been very little loss of material (spalling) along the crack. Counting from the left
in Figure 17, material has been lost between the 3" and 4™ arrows and between the 5™ and
6™ arrows. The amount of material lost is estimated at 1 to 2 percent (based upon the total
volume of material in the core).

Beyond the mid-slab crack, there is no other cracking (or distress of any type) in the core
concrete.

The intact coarse aggregate particles provide an excellent example of the intended function
of aggregate interlock.

Core GAL-7 contains no reinforcing steel so no assessment can be made of the condition or
location of the steel mesh in the pavement slab.

GAL-7 (CR)
Figure 17. Lapped surface of Core GAL-7 (CR) showing the full depth (8 in.) mid-slab crack.
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In the tabulated data presented below, a comparison is made between some of the relevant

properties of the GAL-7 core concrete and the target/expected values of these parameters for

ODOT’s Class C Concrete.

Cement | Cement | Aggregate Total Total Comp.
Comparison wiem Paste | Content, Max Aggregate | Air Void | Strength
Between Content, | Iblyd® | Size in. | Content, | Content, psi
% (kg/m® | (mm) vio % (MPa)
GAL-7Core 430 2
Concrete 0.48 20.3 (255) (50) 76 34 7850
Target or
Expected Value 600 3/8to0 1 4000
for ODOT ClassC | % 278 356) | (10t02s) | & 6.0 | (28 days)

Concrete®

(a) Ata w/cm of 0.45. Allowable maximum w/cm is 0.50

Relative to the current ODOT Class C concrete, the GAL-7 pavement concrete placed in 1946,

Has a significantly lower cement content (430 vs 600 Ib/yd® [255 vs 356 kg/m’]).

Has a larger coarse aggregate (2 in. [5 cm] vs. 1 in. [2.5 cm]or smaller).

Has a higher total aggregate content (76 % vs. 65 %).

Has a lower air content (3.4 % vs. 6.0 %).

Although the total air content of the GAL-7 concrete is only 3.4 %, the concrete is air-entrained. As

shown in Table E-1 (Appendix E) the specific surface area is 516 in*/in’ (21 mm™), which is

moderately lower than the desired minimum value of 600 in*/in® (24 mm™). The spacing factor of

the GAL-7 concrete is 0.0097 in. (0.25 mm), which is moderately higher than the desired maximum

value of 0.0080 in. (0.2 mm). Despite these apparent shortcomings the GAL-7 concrete has

survived 63 Ohio winter seasons with no significant freeze/thaw damage.
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Control Joint Core: GAL-7 (JT)

The control joint spacing on this 1946 ODOT pavement project is 40 ft. The joints were formed
(not saw-cut) and the smooth dowels used have a diameter of % in. A photograph of a lapped

surface of Joint Core GAL-7 (JT) is shown in Figure 18.

SPALL

REGION

WEARING SURFACE END

GAL-7 (JT)

Figure 18. Lapped surface of Joint Core GAL-7 (JT).

The yellow arrows in Figure 18 mark the depth of the formed portion of the joint which covers the
top 2 2 in. (63 mm) of the core. The joint sealant is a sanded hot mix, composed of a bituminous

binder and a natural sand having a particle size of 0.2 mm to 2 mm.

Documents that form part of the GAL-7 construction plans provide more detail on the joint

construction, as follows,

CONTRACTION JOINTS — Impressed contraction joints shall be formed by impressing a
bar or devise into the newly deposited concrete before initial setting. The devise or bar
shall be removed as soon as the concrete is in such condition as to preclude distortion or
injury to the concrete. The groove thus formed shall be of the dimensions detailed. After the
joint is formed, it must be protected from dirt or foreign matter until the filler is added.
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POURED JOINT SEAL — The bituminous material for filling impressed joints shall meet the
requirements of Section M-5.6 F-1 of the General Specifications. The filler shall be handled
in such a manner that it will be confined to the joint and in nowise mar the surface.

Additional information gained from the project plans regarding joint construction is,

The dowel bars are 15 in. long, 15 in. on centers, and mid-depth in the 8 in. slabs.

There is a sketch showing an ideal shape for the contraction joint impression. It is a
trapezoid, 3/8 in. (10 mm) wide at the top, % in. (6 mm) wide on the bottom, and 3
in. (8 cm) deep.

It is evident from the GAL-7 joint core examined here that after the impression tool was removed,
the pavement slab was allowed to crack before the liquid joint filler was placed. As shown in
Figure 18 the joint filler has penetrated for a short distance into the joint crack. It is remarkable that
the original joint sealant material has remained intact, sound, and still elastomeric after 63 years of
service. Although the GAL-7 joint core was received in two pieces, the joint sealant was
tenaciously bonded to one half of the core and had fractured within the concrete on the other core

half.

As shown in Figure 18 there has been some cracking and spalling of the concrete adjacent to the
joint crack at and near to bottom of the GAL-7 core.. The dashed lines outline the original
dimensions of the core (original pavement thickness is 8 in. (20 cm) and the current core thickness
is 7 %2 in. [19 cm]). Relative to the original area of the lapped surface shown in Figure 18, the loss
of the cone-shaped area due to spalling is estimated at 18 percent. The concrete surfaces defining
the spalled region are fracture surfaces showing both aggregate fracture and aggregate pullout. The
fracture surfaces are quite clean. As discussed previously this cone-shaped fracture is characteristic
of freeze/thaw related cracking due to a higher level of moisture in the bottom of the slab in the
vicinity of a joint or crack. The fact that so little material has been lost over the 63 year service life
is attributed in large part to (1) the excellent freeze/thaw resistance of the coarse aggregate and (2)

the effectiveness of the joint sealant material.

The Gallia County State Route 7 PCC pavement differs significantly in a number of respects

relative to current ODOT constructions. While acknowledging the relatively low daily traffic count
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and minimal truck traffic on this pavement, these differences offer some insights into potential

improvements in performance for future ODOT pavement construction.

Relative to the current ODOT Class C concrete, the Gallia-7 concrete has a low cementitious
material content and a large total aggregate content. Both of these features are made
possible by the use of a 2 in. (5 cm) maximum size coarse aggregate. The low cementitious
material content and high aggregate content are expected to result in a concrete that has
improved volume stability (reduced drying shrinkage strain potential and reduced curling
strain potential). This expectation is reinforced by the results of a study of D-cracking that
was conducted for ODOT by PCA during the period 1975 through 1990 (Stark, 1991). One
finding of this 1991 study was that, although a reduction in the maximum size of coarse
aggregate to °/g in. (10 mm) provided improved resistance to D-Cracking, the move did
increase the frequency of transverse cracks in the pavements.

Combined with a good quality cementitious matrix phase (low w/cm), the larger coarse
aggregate provided a true aggregate interlock function in both the control joint and the mid-
slab crack.

For the concrete proportions used in the Gallia-7 concrete, a slab thickness of 8 in.
performed in an exceptional manner.

The control joint design differs in a number of ways from current designs. The most
significant differences are (1) the use of % in. (19 mm) diameter dowel, (2) the use of a hot
mix sanded bituminous joint filler material, and (3) the joint opening is formed, rather than
saw-cut, and has a trapezoidal shape. As stated in the field notes, only “some” of the control
joints have been replaced on the project (despite the fact that the joint spacing is 40 ft

(12 m). It is difficult to ignore the conclusion that this is a superior joint design that should
be considered for future construction; at least for lower traffic volume pavements.

It is reasonable to expect that historically and currently, misalignments between dowels do
occur. It is also reasonable to conclude that even slight misalignments in the dowels result
in a failure of the control joints to fully function as intended. In my opinion it is highly
likely that this situation is a major factor contributing to the formation of mid-slab cracks in
unreinforced PCC pavements. It is also reasonable to conclude that the smaller diameter
dowels in the Gallia-7 pavement would be more capable of accommodating misalignments
relative to the larger diameter, stiffer steel dowels in use today. This reasoning also leads to
a conclusion that low elastic modulus composite dowel bars might also provide a more
forgiving feature as regards the effect of dowel bar misalignment on joint performance.

The relatively low air content of the Gallia-7 concrete (3.4 %) is evidence that intentional air
entrainment does not have to meet the target value of the low end of the current ODOT
range (4 %) to be effective. While the presence of secondary deposits in the air voids is a
common occurrence, many of the entrained are voids are only partially filled or are free of
secondary deposits. Fully-filled air voids are most common in the bottom two inches of
both the joint and the mid-slab GAL-7 cores. This outcome can be attributed (at least in
part) to the long-term presence of the hot-melt bituminous sealant material in the joint core
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and to the tortuous and constricted crack path that is manifest in the mid-slab crack core
(Figure 17). In the cited PCA study (Stark, 1991) the researchers found that there was a
“somewhat lower incidence of D-Cracking where hot-poured joint sealant was used,
compared with the use of neoprene sealants or no sealants”. It was noted however that the
“incidence of D-Cracking in all cases was relatively high.

Equally important to the 63 year service life of this pavement is the exceptional freeze/thaw
resistance and mechanical durability of the siliceous gravel coarse aggregate. The coarse
aggregate source is identified (Table C-10) as “Ohio River Sand and Gravel, New
Martinsville, West Virginia.
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ATHENS COUNTY USROUTE 33 (1958 PROJECT —ALL JOINTSREPLACED)

This 1958 ODOT pavement project was given an “Average” performance rating despite the fact that

all of the original joints had been replaced. Field notes for this pavement are,

“1958 project with all joints sawed-out and replaced, probably in 1999. Minor transverse
cracks about every other 60 ft.(18.3 m) slab. Some spalling at transverse and longitudinal
joints. High steel observed in some longitudinal joint spalls.

Pavement design and concrete property data for the cores from this project are summarized below.

Design Thickness of Pavement = 9 inches (23 cm). The thickness of the joint core examined
here is 9 in. (23 cm). The thickness of the mid-slab crack core is 8 % in. (22 cm).

Control Joint Spacing = 60 ft (18.3 m).

Reinforced (451) = The pavement is mesh-reinforced (451). The cover depth of the mesh is
4 in. in the mid-slab crack core.

Base Material = 6 in. (15.2 cm) of 310.

Average Daily Traffic (ADT) = 1535 in 2006.

Cementitious Constituents = Only portland cement

, ement | Total Air . omp. - Modulus
Coarse Estimate Paste Void De”s'gy’ Strength, Tensle of
of Ib/ft . Strength, -
Aggregate Content, | Content, 3 Ps . Elasticity
w/cm (kg/m®) Ps 6
% % (MPa) (MPa) | X 10° psi
(x 10* M Pa)
1 in. 143.6 6850 620 4.10
Limestone | 0% 30.3 6.6 2300) | (47) 43) | (283

The compressive strength of the ATH-33 concrete is above the average value of compressive

strength for the 10 “Average” performance pavement concretes.
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The cement paste content of the ATH-33 concrete (30.3 %) is above the average value of cement
paste content for the 10 “Average” performance pavement concretes, which is 28.1 %. The

estimated cement content of the ATH-33 concrete is 665 1b/yd’ (395 kg/m?).

Condition of the Control Joint on Athens County US Route 33

Many of the control joints on this 1958 pavement were replaced in 1984, after the pavement had
been in service for 26 years. In 1999, the remainder of the original joints were replaced, a tied
concrete shoulder was added, and the pavement surface was ground. The original pavement on the
project that remains has been in service for 51 years. These outcomes should qualify the pavement

as showing exceptional performance.

The top photograph in Figure 19 shows this joint core [ATH-33 (JT)] in the condition in which we
received it. In service a saw-cut was made in the original pavement concrete to receive the repair
concrete. The saw-cut passed through the mesh in the original concrete. As shown in the bottom
photograph of Figure 19, there has been light corrosion of the mesh strand and there is a crack in the
original concrete extending from the mesh strand. The joint sealant is a liquid bituminous material

poured over a backer rod.

Virtually the entire original 9 in. (23 cm) thickness of the original concrete is still intact in the joint
core. The bottom half of the repair concrete was received as rubble. There are heavy secondary
deposits in the air voids in both the original and the repair concrete. The coarse aggregate in both of
the concretes is a 1 in. maximum size limestone, but from two different sources. As shown in the
top photograph of Figure 19 the fracture plane defining the bottom end surface of the intact piece of
the repair concrete has a diagonal orientation relative to the plane of the wearing surface. This
“cone” shape of the distressed material in the bottom of the pavement is characteristic of the
D-cracking type of distress. Similar distress has not occurred in the original concrete, which
strongly indicates that the cracking and spalling in the repair concrete is primarily due to high
expansions of saturated coarse aggregate particles during freezing events. The fact that the original
pavement concrete on one side of the joint is still fully intact strongly indicates that the coarse
aggregate in the original concrete has good, freeze/thaw resistance. In fact the disintegration and
slumping of the repair concrete may explain the presence of the diagonal crack (and incipient spall)

in the top 1 inch or so of the original concrete (Figure 19) from a loss of support.
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Figure 19. Two views of the control joint coretaken from the pavement on Athens County US
Route 33. Thecurrent joint isareplacement that wasinstalled in 1999 in this 51
year old pavement (original construction 1958). Thearrow in the bottom
photograph pointsto a steel mesh layer, which shows light corrosion on the saw-cut
surface of theoriginal concrete. A crack originating at the mesh is highlighted with
a black marking pen.
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Figure 20. Two views of the mid-slab crack cor e taken from the pavement on Athens County
US Route 33. Thetop photoisthecorein itsasreceived condition. Thearrow
pointsto the steel mesh strand (corroded) that is contained in the crack plane. The
cover over themesh is3 %in. Spalled pieces of the core are shown in the area
marked “S’.

65



Condition of the Mid-Slab Crack Concrete on Athens US Route 33

Two views of this core [ATH-33 (CR)] in the as-received condition are shown in Figure 20. There
is a steel mesh layer in the mid-slab crack plane, which shows a moderate amount of corrosion. The
diagonally oriented mid-slab crack fracture plane separates the core into a number of pieces. The
small pieces in the area marked “S” broke off during the coring operation. The portion of the core

bottom that has spalled is characteristic of the cone-shaped spalls described earlier.

For our examination the core pieces were re-assembled (epoxy adhesive) and saw-cuts were made
perpendicular to the plane of the wearing surface and perpendicular to the plane of the mid-crack
fracture surface. A lapped surface of one of these saw-cuts is shown in Figure 21. Features of

interest include the following,

At the time the core was taken, the concrete in which the crack is contained was in
reasonably sound condition. Compare to the repair concrete material spalled and lost in the
ATH-33 joint core (Figure 19).

The mid-slab crack passes both around and through coarse aggregate particles. The yellow
dots in Figure 21 identify the fractured coarse aggregate particles. The crack-fractured
particles are in the top, middle and bottom of the core indicating that (1) the crack occurred
at a time when the concrete had a relatively high level of tensile strength, and (2) the crack
likely occurred as a single event.

The yellow arrows in the top portion of Core ATH-33 (CR) point to horizontal cracks near
the wearing surface (Figure 21). The cracks, which are incipient spalls, are highlighted with
a black marking pen. These cracks pass through some of the aggregate particles that they
intersect. The location and orientation of the cracks suggest that they were formed after the
formation of the mid-slab crack. Again, subsidence in the slab at this point due to spalling
along the bottom of the slab may be involved in this type of cracking.

The entire bottom end surface of the core is a fracture surface in the concrete, representing
the loss of a thin layer of the original pavement concrete (ca. %4 in. (6 mm) or so). This
crack, and others at this bottom location (blue arrows) angle diagonally upward as they
approach the vertically oriented mid-slab crack (blue arrow, Figure 21). The location and
orientation of these cracks indicate that they were formed as a result of freezing events. The
cracks likely originated in the cement paste in which the air void system has been
compromised by in-fill of the air voids by secondary deposits.

Many of the entrained air voids are filled with white secondary deposits (primarily
ettringite). This feature is most prevalent in concrete adjacent to the mid-slab crack, and in
the concrete near the top and bottom end of the core. An example is shown in the bottom
photograph of Figure 21.
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ATH-33 (CR)

Figure 21. Two views of the mid-slab crack cor e taken from the pavement on Athens County
US Route 33. Themid-dab crack passesthrough some of the coar se aggr egate particlesin its
path (yellow dots). Horizontal cracksnear the wearing surface terminate at the mid-slab
crack (yellow arrows). The bluearrows point to cracksat and near the bottom end surface of
thecore. Thered arrowspoint to afew of the numerous entrained air voidsthat arefilled
with white secondary deposits.
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The pavement comprising this portion of US Route 33 in Athens County has been in service for 51
years. It also deserves a pavement performance rating of exceptional despite the fact that by 1999
all of the original joints had been replaced. The following salient points are made regarding this

project.

1. Features the Athens-33 concrete share with the Gallia-7 concrete include (1) a low w/cm,
(2) air entrainment, and (3) a coarse aggregate that has shown good freeze/thaw resistance.

2. The large control joint spacing on this project (60 ft [18.3 m]) likely resulted in wide
openings of the control joints, leading to water ingress and faulting. Despite this the
pavement and joints performed satisfactorily for at least 26 years before the first of the
original joints were replaced. This fact establishes the coarse aggregate as having good
freeze/thaw resistance. Information on the source of the limestone aggregate was not
available.

3. Some of the freeze/thaw cracking damage in the joint and mid-slab crack cores is likely due
to mal-functioning of the air voids in the concrete in contact with the base and in the
concrete along the crack fractures planes (due to infilling of the air voids with secondary
deposits).

4. Corrosion of the mesh reinforcement in the vicinity of the joints and mid-slab cracks is a
minor source of cracking distress in the core concrete.
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SUMMIT COUNTY |-76: (TWO SECTIONS/DIFFERENT PERFORMANCE)

The project on Interstate 76 in question here was constructed in 1992. Pavement in the westbound
lanes was given an “Excellent” performance rating. Cores taken from the westbound lanes are

labeled “SUM-76-15-W”. The “15” is the nearest mile marker to the coring site.

Pavement in the eastbound lanes was given an “Average” performance rating. Cores taken from the

eastbound lanes are labeled “SUM-76-15-E”. The “15” is the nearest mile marker to the coring site.

Field notes for the two sections are quoted below.

For the westbound pavement (Excellent Rating),

“Minor spalling and corner breaks. No transverse cracking.’

For the eastbound pavement (Average Rating),

“Some transverse cracking toward end of sampling area. Horizontal mid-depth cracking
at dowel bars.”

The most significant difference in the performance rating is the absence of mid-slab cracking in the

westbound pavement sections.

Variables that show similar values for the two pavements are shown below, followed by variables

that show different values for the two pavements.

Variablesthat show Similar Valuesfor the Two Pavements

Design variables of the Summit County I-76 pavements are listed below for comparative purposes.

It will be seen that many are similar for the eastbound and westbound pavement sections.

Design Thickness of Pavement = 11 inches (same for both sections). Thickness of
westbound core examined here is10 % in. Thickness of eastbound core is 11 % in.

Control Joint Spacing = 21 ft (same for both sections).

Reinforced (451) = Both sections specified as reinforced (451). Cores from both sections do
contain a mesh layer. Cover depth of the mesh is 3 %4 in. in both the eastbound and
westbound cores.
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Base Material = 1 in. of 403: 3 in. of 301: and 4 in. of 304 specified for both sections. The
403 and 301 are both HMAC.

Average Daily Traffic (ADT) = 12,210 for both sections.

Material, strength, and elastic property data for the eastbound and westbound Summit County I-76

cores are listed below in tabulated form for comparative purposes.

LML Core Estimate Cement Total' Alr Density
Cementitious Coarse Paste Void 3’
Core ID Constituents | Aggregate of Content, | Content Ibift
Number | Number 9greg w/cm % % (kg/m®)
SUM-76 Portland No. 8 1413
33/34 (15W) Cement and Crushed 0.44 29.5 7.0 22 6'4)
(Excellent) Fly Ash Limestone
SUM-76 Portland No. 8 143.1
37/38 (15E) Cement and Crushed 0.44 27.7 6.3 (229'2)
(Average) Fly Ash Limestone
_ Split Modulus
LML Core C%trrsgrr]eﬁ;]ve Tensile of
Core ID psigt ’ Strength, | Elasticity,
Number Number (M pa) pS' X 106 pSI
(MPa) (x 10" MPa)
SUM-76 5490 620 5.71
33/34 (15W) (38) (4.2) (3.94)
(Excellent) ' )
SUM-76 5650 630 5.44
37/38 (15E) (39) (43) (3.76)
(Average) ) )
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The comparative data just listed provides strong evidence in support of a conclusion that these
fourteen design, construction, and material variables are not the cause of the difference in
performance in the eastbound and westbound pavements on this Section of Summit County [-76. In

addition the condition of the concrete at the control joint is also similar for the two projects.

Condition of the Summit-76 Joint Cores

The features of interest for the joint cores from the two Summit County sites are shown in Figures
22,23, and 24. Figure 22 shows two views of Core SUM-76-15-E (JT). The top photograph shows
the 11 % in. (29 cm) long core in its as-received condition. The arrow in the photograph points to
the bottom of the 2 /2 in. (6 cm) saw-cut that was made for the control joint. A considerable amount
of material in the control joint fracture plane has been lost through spalling (estimated at 5% based
upon the total volume of the core). For the present study a gray epoxy was poured into the void
created by the loss of the spalled material. The bottom photograph in Figure 11 is a view
perpendicular to the control joint crack fracture plane with the gray epoxy in-fill. In addition to the
material already lost through spalling there is other cracking in the concrete in the control joint.
These cracks, which are marked with a black marking pen in Figure 22, are parallel to the original
crack fracture plane and pass into the core for a distance of about % in. (6 mm) from the edges of

the existing spall.

Enlarged stereomicroscopic views (7X and 10X) of a lapped surface of Core SUM-76-15-E (JT) are
shown in Figure 23, which provide examples of the peripheral cracking along the joint fracture
plane. The views shown in Figure 23 are identified as Sites A and B in Figure 22. Salient features

of these peripheral cracks and the concrete in this portion of the core are as follows,

The cracks are present throughout the length of the core below the saw-cut.

Through most of the length of the core the crack planes are parallel to the original control
joint fracture plane.

Within the bottom 1 in. or so of the core the cracks bend abruptly to become parallel to the
ground surface.

The cracks typically pass through the coarse aggregate particles and some of the fine
aggregate particles. Within a given aggregate particle there are often multiple cracks and the
cracks fracture planes are parallel (see top photo in Figure 23).
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Figure22. Two views of the coretaken through a control joint on the Summit County
Inter state 76 pavement project (Core SUM-76-15-E [JT]). Thearrow pointsto
the bottom of thejoint saw-cut. Theletters“A” and “B” identify sites of the
enlarged views shown in Figure 23.
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Figure 23. Two enlarged views (7X and 10X) of a lapped surface of Core SUM-76-15-E (JT)
showing peripheral cracking (blue arrows) in the concrete adjacent to thejoint
crack fractureplane. Thered arrows point to two of the numerousentrained air
voidsthat arefilled with white secondary deposits. SitesA and B areidentified in

Figure 11.
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The majority of entrained air voids in the vicinity of the cracks are completely filled with
white secondary deposits. A few of the cracks are also filled with secondary deposits.

There is no other cracking in the core concrete beyond that just described.

The red arrows in the top photograph of Figure 23 point to a few of the numerous entrained air
voids that are completely filled with white secondary deposits. These deposits include both
ettringite and calcium hydroxide. The presence of the secondary deposits is confirmation that there
was been a prolonged exposure of this portion of the concrete to moisture. An obvious access route

of the moisture is downward from the pavement slab surface through the control joint crack.

Microstructural features similar to those just described for the SUM-76-15-E (JT) joint core in
Figures 22 and 23 are also present in the mid-slab crack core taken in the eastbound lane of I-76 in
Summit County [SUM-76-15-E (CR)], and in the control joint core taken in the westbound lane
[SUM-76-15-W (JT)]. Examples of these features are shown in Figure 24.

Condition of Cores SUM-76-15-W (JT) and SUM-76-15-E (CR)

A lapped surface of the mid-slab crack core taken in the eastbound lane of I-76 in Summit County
[SUM-76-15-E (CR)] is shown in the top photograph of Figure 24. The full depth mid-slab crack
passes around the steel mesh layer (yellow arrow), which shows mild corrosion. The steel corrosion
product has diffused into the adjacent cement paste in the vicinity of the mesh strand. There is
peripheral cracking parallel to the main crack in this core. The nature of these cracks and their
orientation is similar to the cracking in the eastbound joint core [SUM-76-15-E (JT)], but there has

been no spalling of material in the mid-slab crack core.

A lapped surface of the control joint core taken in the westbound lane of I-76 in Summit County
[SUM-76-15-W (JT)] is shown in the bottom photograph of Figure 24. The features and nature of
the cracking and associated spalling of material in the westbound joint core are very similar to those
observed and described previously in the eastbound joint core. The estimated material loss for the
eastbound Summit County joint core is 5 percent, compared to a comparable 7 percent for the

westbound joint core.
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Figure24. Thetop photograph isalapped surface of the mid-slab crack corefrom the
eastbound Summit County 1-76 project [Core SUM-76-15-E (CR)]. Cracksin the
core are marked with a black marking pen. Thearrow pointsto a steel mesh
strand which shows mild corrosion activity. The bottom photograph isa lapped
surface of thejoint core from the westbound Summit County 1-76 project
[Core SUM-76-15-W (JT)]. Cracksin the core are marked with a black marking
pen.
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The pattern and microstructural features of the cracks just described in all three of the Summit-76
cores are similar. The cracking is attributed to freeze/thaw cycling distress that originated within
the cementitious phase, where the functionality of the entrained air void system has been
compromised by the infill of the void cavities with secondary deposits. The cracks that pass
through the aggregate particles are not typical of the cracks that develop in D-Crack prone coarse

aggregate particles (compare Figures 11 and 23).

As stated at the outset in this Section of the report for these Summit County I-76 projects, the
pavement in the westbound lanes was given an “Excellent” performance rating, while the pavement
in the eastbound lanes was given an “Average” performance rating. The higher rating for the
westbound pavement was based on the absence of mid-slab cracking, which is present in the
eastbound pavement. As just discussed in some detail, no significant differences were found in any
of the design and material variables just covered for the eastbound and westbound pavements and
core concrete. To summarize, these variables include,

Pavement thickness

Pavement joint spacing

Pavement reinforcement (steel mesh) and the position of the reinforcement.

Base materials and design.

Average Daily Traffic.

Cementitious constituents of the concrete, water-cement ratio, and cement paste content.

Type of coarse and fine aggregate.

Air entrainment and total air void content.

Unit weight (density)

Compressive strength, tensile strength, and modulus of elasticity

Overall quality of the concrete (good in both cases).

Pattern and nature (origin) of the cracking in the control joint cores.
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A Condition that is Different for the Eastbound & Westbound Summit 1-76 Cores

The primary factor leading to a lower pavement performance rating for the eastbound pavement
project is the presence of mid-slab cracking. No mid-slab cracking is present in the westbound
lanes. During the coring on this Summit County project it was observed that cracks were present at
the level of the dowels in the control joint concrete in the eastbound pavement. The crack planes
are parallel to the ground as shown in Figure 25. The cracks are being referred to here as

“horizontal cracking”. These cracks are not present in the westbound joint cores.

SUM-76-15-E

Figure 25. One of the corestaken from a control joint on the eastbound lanes of the Summit
County |-76 project showing what isbeing referred to as“horizontal cracking” at
the dowel level. Thistype of crackingisnot present in thejoint corestaken from
the westbound I-76 lanes.

The arrows in Figure 25 point to sites where the cracks pass through coarse aggregate particles.
This feature confirms the crack was formed at a time when the concrete had achieved much of its
ultimate tensile strength. In the photograph the cracks appear to be free of dirt and/or secondary
deposits, indicating that the crack likely was created during the coring operation. It may have been

a pre-existing very tight crack in the concrete.

77



There is no corrosion of the epoxy-coated dowel in this core, so the cracking can not be attributed to
this potential source of stress. The cracking can be explained by any eccentricity in the position of
one or more of the dowels, particularly in the horizontal plane. The failure of the control joints to

function as intended can account for the presence of mid-slab cracking in the eastbound pavements.

Other projects which have horizontal cracking through dowels in the control joints include (1) Allen
County US Route 30 and (2) Cuyahoga County State Route 176 at Southbound Mile Marker 10.
The same situation may have occurred in the joint core from Cuyahoga County State Route 252,

where the bottom of the as-received joint core was in pieces.
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JEFFERSON COUNTY (SAME PROJECT/DIFFERENT ROUTE/DIFFERENT PERFORMANCE)

PCC pavements were constructed on US Route 22 and State Route 7 in Jefferson County on the
same project in 1990. The State Route 7 pavement received an “Excellent” performance rating and
the US Route 22 pavement received an “Average” rating. Despite the difference in performance
rating both pavements showed mid-slab cracking. Also, despite the performance ratings, the State
Route 7 pavement (Excellent Performance) is currently in worse condition than the US Route 22
pavement (Average Performance). This situation is reflected in the field notes for the two pavement

sites.

For the US Route 22 pavement (Average Performance) the field notes are,

“Moderate transverse cracking and spalling”

For the State Route 7 pavement (Excellent Performance) the field notes are,

“Moderate to severe transverse cracking with spalling and faulting. Multiple cracks per
slab™.

Based upon the OU field note observations and on the condition of the cores provided to us on this
project, it appears that in 2009 the US Route 22 pavement is in better condition than the State Route
7 pavement in Jefferson County. One possible explanation for this anomaly is that the Pavement

Condition Ratings (PCR) on which the selections were made were developed in 2004.

Design variables for the Jefferson County pavements are listed below for comparative purposes. It

will be seen that many are similar for the JEF-7 and JEF-22 pavement sections.

Design Thickness of Pavement = 9 inches (23 cm). Thickness of JEF-22 cores examined
here is 9 Y4 in. and 9 % in. (24 cm and 25 cm). Thickness of JEF-7 cores is 9 in. (23 cm).

Control Joint Spacing = 27 ft for both routes (both skewed).

Base Material = Base material is 6 in. of 310 T2 for both routes.

Average Daily Traffic (ADT) = JEF-22 is 3750 and JEF-7 is 1980 (both 2007)

Material, strength, and elastic property data for the JEF-7 and JEF-22 cores are listed below in

tabulated form for comparative purposes.
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. Cement | Total Air .
LML Core Cementitious | Coarse Estimate Paste Void Denstsy,
Core ID Constituents | Aggregate of Content, | Content b/t
Number | Number ggrey w/cm % % (kg/m®)
JEF-7 Portland 2 140.1
15/16 (Excellent) Cement 74 in. Slag 0.46 26.4 6.1 (2244)
JEF-22 Portland . 143.9
13/14 (Average) Cement 1 in. Slag 0.42 27.9 5.2 (2305)
. Split M odulus
LML Core C%tn:grr]ve Tensile of
Core ID psigt ’ Strength, | Elasticity
Number | Number (MPa) ps x 10° ps
(MPa) | (x10° MPa)
15/16 JEF-7 6830 540 5.32
(Excellent) (47) (3.7) (3.67)
13/14 JEF-22 7340 490 5.76
(Average) (51) (3.4) (3.98)

The comparative data just provided provides strong evidence in support of a conclusion that the

thirteen design, construction, and material variables discussed above are similar and are not the

cause of the difference in pavement performance on these Jefferson County pavements.

Insights into the factors affecting the performance of the two projects were gained through an

examination and characterization of the current condition of the cores.
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Figure 26. Two views of the same lapped surface of the control joint core from the Jeffer son
County State Route 7 pavement. Thearrowsin thetop photograph point to the
primary control joint crack. Other cracksthat can only be seen with the aid of
the microscope ar e highlighted with a black marking pen in the bottom
photograph.
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Jeffer son County State Route 7 Pavement

Two views of the same lapped surface of the control joint core [JEF-7(JT)] are shown in Figure 26.
The surface shown is perpendicular to the plane of the core wearing surface and perpendicular to
the plane of the primary control joint crack. The arrows in the top photograph point to the primary
control joint crack. Other cracks that can only be seen with the aid of the microscope are
highlighted with a black marking pen in the bottom photograph. The pattern and microstructural
features of the cracks are similar to those described previously for the Summit County joint and
mid-slab crack cores (Figures 23 and 23). The cracks pass around some of the slag coarse
aggregate particles and through others. In those instances where the cracks pass through the
aggregate particles it is typically only a single crack that originated in the cementitious matrix

phase. There is not multiple randomly oriented cracking in the affected slag aggregate particles.

Two views of the same lapped surface of the mid-slab crack core [JEF-7 (CR)] from this pavement
are shown in Figure 27. The surface shown is perpendicular to the plane of the core wearing
surface and perpendicular to the plane of the primary control joint crack. The arrows in the top
photograph point to remnants of the initial mid-slab crack that formed in the pavement slab. A
considerable amount of material has cracked and spalled (Spall Region) along the mid-slab crack
line. Prior to spalling this portion of the core concrete was cracked in a manner showing the same
pattern and features as the highlighted cracks in the JEF-7 joint core (bottom photograph of Figure
26). The yellow arrow in the bottom photograph of Figure 27 points to a small remnant region of
these microscopic cracks in the JEF-7 mid-slab crack core. The cracks are parallel to the fracture

plane of the initial mid-slab crack.

The red arrows in the bottom photograph of Figure 27 point to horizontal fractures in the JEF-7
mid-slab crack core. The fracture planes of these cracks are parallel to the plane of the core wearing
surface. These are single, sharp cracks which intersect the spall region at a right angle. It is
conjectured that these cracks form as a result of repeated traffic impacts at the site of the mid-slab
crack. The disintegration of the concrete lying along the mid-slab crack plane translates into a loss
of support for the overlying portion of the pavement slab. It is as if there is a void there of the size
shown in Figure 27. This condition means that the top portion of the pavement concrete is
cantilevered due to the undercut of the spall zone. Eventually, under traffic loads, the concrete

cracks as shown in the bottom photograph of Figure 27 (red arrows)

82



WEARING SURFACE END

WEARING SURFACE END

JEF-7 (CR)

Figure 27. Two views of the same lapped surface of the mid-slab crack core from the
Jefferson County State Route 7 pavement. Thearrowsin thetop photograph
point to remnants of the primary control joint crack. A considerable amount of
material has cracked and spalled along the primary crack line. Thered arrowsin
the bottom photograph point to horizontal cracksin the core. Theyellow arrow
in the bottom photograph pointsto a network of fine microscopic cracks that
have been highlighted with a black marking pen.
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Jeffer son County US Route 22 Pavement

Figure 28 shows lapped surface views of the cores taken from a joint [JEF-22(JT)] and from a mid-
slab crack [JEF-22(CR)]. The surfaces are perpendicular to the plane of the wearing surface of the
cores and perpendicular to the primary crack fracture plane. In comparing Figure 28 with Figures
26 and 27, it is seen that the pattern and nature of the peripheral microscopic cracking in the
Jefferson County US Route 22 cores is similar to these features in the Jefferson County State

Route 7 cores.

One significant fact that has not yet been pointed out is that, despite the fact that these two
pavements were constructed on the same project and have many similarities, one difference is the
exposure conditions. Even though the projects are in relatively close proximity, it is reasonable to

expect that the drainage conditions and precipitation would be somewhat different for the two sites.

The evidence presented here strongly indicates that the origin and nature of the cracking (and
subsequent spalling) of concrete along the joint and mid-slab crack fracture planes is the same.
That is, the peripheral cracking originates in the cementitious matrix phase of the concretes as a
result of freezing events while in a state of critical moisture saturation. The vulnerability of the
cementitious phase in this portion of the core is due to infilling of the entrained air voids with
secondary deposits, which obviates the intended function of the air voids. The greater amount of
cracking and spalling in the State Route 7 cores (relative to the US Route 22 cores) can be viewed

simply as an advanced stage of the same deterioration mechanism.

One unusual aspect of the joint core from the Jefferson County US Route 22 joint core is that the
joint is formed, rather than saw-cut. The feature is shown by the red arrows in the bottom
photograph of Figure 28, and indicates that this is a construction joint, not a control joint. In
referring to this photograph it is seen that the concrete on one side of the joint is cracked, while that
on the other side of the joint is not cracked. The concrete on either side of the joint is from two
different batches. Relative to the un-cracked concrete, the cracked concrete has a higher air void
content and the overall size (diameter) of the voids is smaller. In both concretes the majority of air
voids are either partially or fully in-filled with white secondary deposits (primarily fibrous
ettringite). This infilling is more extensive in the cracked concrete than in the un-cracked concrete.

The implications of this condition have not yet been worked out.
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Figure 28. Lapped surfaces of Jefferson County US Route 22 pavement mid-slab crack core
(CR) and controal joint core (JT). In both photographs cracksin the concrete
have been highlighted with a black marking pen. Thered arrowsin the bottom
photograph point to a formed surfacein thejoint core. Theregion of cracking
and spalling along thejoint lineis bracketed by the yellow arrows.
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CUYAHOGA COUNTY STATE ROUTE 176 (TWO SECTIONS, DIFFERENT RIDE QUALITY)

This project was constructed in 1996. The two Sections of the project in question here are (1) the
Section at Mile Marker 11 on the Southbound Lanes, and (2) the Section at Mile Marker 12 on the
Southbound Lanes. The cores from these sections are labeled CUY-176-11-S and CUY-176-12-S

respectively. Both sections were given a pavement performance rating of “Average”. The
difference in the two sections is a difference in ride quality. However, it is also noted that there is

no mid-slab cracking in Section 11-S, while there is in Section 12-S.

Field notes for Section 11-South are,

“Smooth section of Project 305(96) Pavement surface in very good condition. No
cracking. Some mid-depth horizontal cracking noted at dowel bars, and slag stuck to
bottom of cores.”

Field notes for Section 12-South are

Rougher section of Project 305(96). Pavement in good condition, but air voids present in
cores.

Variables that show similar values for the two pavements are shown below, followed by variables

that show different values for the two pavements.

Variables/Factorsthat are Similar for the Two Pavement Sections

Design Thickness of Pavement = 12 inches (30 cm). Thickness of Section 11-S cores is
12 in. (30 cm). Thickness of Section 12-S cores is 11 %2 in. and 12 in. (29 and 30 cm).

Control Joint Spacing = 21 ft (6.4 m) is the same for both sections.

Reinforced (451) = Both sections specified as reinforced (451). Cores from Section 11-S
contain no steel. The mid-slab crack core from Section 12-S has a mesh layer with 3 % in.
of cover.

Base Material = Both sections have 6 in. (15 cm) of 310 T2 base.

Average Daily Traffic (ADT) = 2975 for both sections.

Material, strength, and elastic property data for the two Route 176 section cores are summarized

listed below in tabulated form for comparative purposes.

86



. Cement | Total Air .
I(_:Ig/lrl_e ClcE;e Cementitious | Coarse Estl(;Pate Paste Void Dlenw?tgy,
Constituents | Aggregate Content, | Content, 3
Number Number w/cm % % (kg/m°)
CuUY-176- No. 8
23/24 11-S %zﬁiﬁf Crushed 0.43 28.3 8.4 (1232259)
(Average) Limestone
CUY-176 - No. 8
25/26 12-S %zﬁiﬁf Crushed 0.43 27.6 8.4 (1232815)
(Average) Limestone
. Split M odulus
LML Core C%tn:grr]ve Tensile of
Core ID pggt * | Strength, | Elasticity
Number | Number (MPa) psi x 10° psi
(MPa) (x 10" M Pa)
23/24 CUE'_IS%' 3760 600 3.83
(Average) (26) (4.1) (2.64)
25/%6 CUE‘_IS% ) 3820 540 3.60
(Average) (26) (3.7) (2.48)

Control Joint Cores (Cuyahoga County-176)

Another similarity in the two pavement sections is the condition of the concrete in the cores taken

from the control joints. Lapped surface views of the two joint cores are shown in the bottom

photographs of Figures 29 and 30. The surfaces are perpendicular to the plane of the wearing

surface and perpendicular to the joint fracture plane. Both cores in these 13 year old pavements are

in good condition. In the cited photographs the joint crack fracture plane passes around most of the

limestone coarse aggregate particles (No. 8); passing through several of the particles near the
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bottom end surface of the cores. Unlike the situation described previously for the Summit County
cores (17 years of service) and the Jefferson County cores (19 years of service), most of the
entrained air voids in the concrete adjacent to the primary joint crack are free of any significant
amounts of secondary deposits. Thus, the entrained air void system is functional in this concrete.
There are just a very few of the microscopic cracks peripheral to the primary joint crack. These
microscopic cracks are present at sites where air-void infill has occurred. This situation is viewed
as an early stage of the development of the extensive type of cracking that was described previously
for the Summit County cores (Figures 22, 23, and 24) and the Jefferson County cores (Figures 26,
27, and 28).

The blue arrows in Figures 29 and 30 point to horizontal/diagonal cracks in the very bottom of the

cores, which is the first step in the development of the cone-shaped spalls described previously.

Mid-Slab Crack Cores (Cuyahoga County-176)

Lapped surface views of the two mid-slab crack cores are shown in the top photographs of Figures
29 and 30. The surfaces are perpendicular to the plane of the wearing surface and perpendicular to

the joint fracture plane. Both cores are in good condition.

In Core CUY-176-12-S (top photograph in Figure 30) the mid-slab crack goes through the full
thickness of the core and passes around and through the No. 8 limestone coarse aggregate particles.
This microstructural feature confirms that this mid-slab crack formed at a later date than the joint
crack. There is no peripheral cracking adjacent to the primary crack and the entrained air voids are
mostly free of secondary deposits in the concrete adjacent to the crack. The red arrow in the top
photograph of Figure 30 points to remnants of slag aggregate base still adhered to the pavement

concrete.

In Core CUY-176-11-S (top photograph in Figure 29) there is no full depth mid-slab crack. There
are two shallow [< 3 in. (76 mm)] vertical cracks originating in the wearing surface that typically
pass through No. 8 limestone coarse aggregate particles. As shown in the cited photograph there is
ca. %2 in. (19 mm) thickness of the slag aggregate base still adhered to the pavement concrete. It is
conjectured that powder-sized particles of the slag could have hydrated to form the cohesive slab
base material. It can be speculated that this feature of the bonding of the pavement concrete to the

solidified slag aggregate base material may have played a role in minimizing the mid-slab cracking
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in the CUY-176-11-S pavement, forming instead of one primary mid-slab crack, a larger number of

narrower cracks.

Factor s Affecting Ride Quality in the Cuyahoga County State Route 176 Pavements

The presence of mid-slab cracks in Pavement Section 12 (with accompanying curling) may have
had a slight negative effect on ride quality for this section. However, of the other material, design,
and construction variables examined and described here, none can account for the difference that
was measured in the ride quality of Sections 11 and 12 (Southbound) of this project. These
variables include,

Pavement thickness

Pavement joint spacing

Pavement reinforcement (steel mesh).

Base materials and design.

Average Daily Traffic.

Cementitious constituents of the concrete, water-cement ratio, and cement paste content.

Type of coarse and fine aggregate.

Air entrainment and total air void content.

Unit weight (density)

Compressive strength, tensile strength, and modulus of elasticity

Overall quality of the concrete (good in both cases).

Nature of the cracking in the control joint cores.

The joint seal reservoir in 11-S (JT) was cut in one saw pass; two passes for 12-S (JT).
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Figure 29. Lapped section view of Cuyahoga County State Route 176 cor es taken from a slab
mid-point (top photograph) and over a control joint at Mile Marker 11-South
(bottom photo). Cracksin the coresare highlighted with a black marking pen.
Coar se aggr egate particlesin the path of the cracksare outlined with ared pen.
Theyellow dotsidentify aggregate particles through which the crack passes. The
blue arrows point to a fracture plane that formsthe bottom surface of thejoint
core. The“B” label identifies slag base material adhered to the pavement
concrete.
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Figure 30. Lapped section view of Cuyahoga County State Route 176 corestaken over a mid-
slab crack (top photograph) and over a control joint at Mile Marker 12-South
(bottom photo). Cracksin the cores are highlighted with a black marking pen.
Coar se aggr egate particlesin the path of the cracks are outlined with ared pen.
Theyellow dotsidentify aggregate particles through which the crack passes. The
blue arrows point to a fracture plane forming the bottom end surface of the core.
The“B” label indentifies slag base material adhered to the pavement concr ete.
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FACTORSAFFECTING MID-SLAB CRACKING IN THE RESEARCH STUDY PAVEMENTS

Mid-slab cracking of PCC highway pavements has long been a problem for transportation
departments in Ohio, and in many other states. The trend to thicker pavement sections and to
reduced slab lengths in recent years have reduced the frequency of the problem, but have not
eliminated it. The issue here is a full slab width transverse crack, which typically occurs at or near
the middle of the slab (relative to its length). It is not known with certainty at what point the crack

forms relative to the time of construction (although this would be useful information to have).

Typically it is a single crack and not multiple cracks that form in a given slab. This fact supports an
opinion that (1) contractive tensile stresses developed in the slab at some time, (2) the formation of
the mid-slab crack served to relieve the tensile stresses that caused the crack to form in the first

place, and (3) the formation of the crack is due to restrained shrinkage strains in the slab.

The sources of tensile strains in highway PCC slabs include at least the following,

Drying Shrinkage Strains.

Thermal Contraction Strains.

Contractive Strains Accompanying the Loss of Moisture from the Concrete.

The factors that influence the magnitude of the elastic shrinkage strains in highway PCC slabs

include at least the following,

Concrete Composition (Aggregate Volume, Paste Volume, Water Content).

Coarse Aggregate Properties (Modulus of Elasticity, Coefficient of Thermal Expansion).

Composite Concrete Properties (Modulus of Elasticity, Coefficient of Thermal Expansion,
Tensile Creep Strain Potential).

Date of Placement of the Pavement (Low Ambient Temperatures vs. High Ambient
Temperatures on the day of placement).

Tensile creep (inelastic strains) of concrete subjected to tensile stresses has the potential to reduce

the magnitude of tensile stresses in pavement slabs, but it is a property that is seldom measured. It
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is expected that a higher creep strain potential would be associated with higher cement paste

contents and higher water to cementitious material ratios.

Based upon past experience with random cracking of PCC concrete slabs on grade, the design and

environmental factors that are known to have the greatest influence on the potential for crack

formation include,

Design and Proper Functioning of the Control Joints.

Slab length relative to Slab Thickness.

Restraint Due to Sub-Grade Friction (and other sources of physical restraint).

With the above discussions as background, the next section of the report examines the mid-slab

cracking issue as it relates to the pavements evaluated in the current study.

Mid-Slab Cracking in the Resear ch Study Pavements

Six of the twenty Research Study pavements have virtually no mid-slab cracking. These six
include,
Greene County — State Route 35 (Constructed 1997)
Allen County — US Route 30 (Constructed 1997)
Cuyahoga County — State Route 176 (Constructed 1996)
Cuyahoga County — State Route 322 (Constructed 1993)
Summit County — Interstate Route 76 (Constructed 1992)

Logan County — State Route 33 (Constructed 1994)

Tables G-1 and G-2 (Appendix G) provide a comparison of the most relevant material, design, and

construction variables for these six pavement projects. The variables include,

Pavement thickness (10, 11, and 12 in. {25, 28, and 30 cm})

Control joint spacing (Five at 21 ft {6.4 m} and one at 15 ft {4.6 m}
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Base material and design (three of the six are free draining)

Presence of mesh reinforcement (Five of the six have mesh)
Condition of the joint concrete (Minor material loss along joint crack)
Type of coarse aggregate (All six have limestone coarse aggregate)
Coarse aggregate freeze/thaw rating (All six have excellent rating)
Total aggregate content (Ranges from 61.7 % to 69.0 %)

Total air content (Ranges from 4.2 % to 9.2 %)

Compressive strength (Ranges from 3760 to 8720 psi {26 to 60 MPa})
Tensile strength (Ranges from 570 to 710 psi {3.9 to 4.9 MPa})

Modulus of Elasticity (Ranges from 3.83 to 5.89 x 10° psi)

As discussed below, the factors that had the greatest influence on the “no-midslab-cracking”
outcome for the Research Study pavements include (1) base material and design, and (2) coarse

aggregate type and quality.

Base M aterial and Design

The breakdown of the base material for the twenty Research Study projects is shown below.

Standard 304 Base = One project

Standard 310 Base = Four projects

310 T2 (Improved drainage) = Nine projects

403/310/304 Base = Two projects (Asphaltic Concrete Base Component)
NSDB/304 Drainable Base = Two projects

ATFDB/304 Drainable Base = One project

SS 112 Base = One project
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Reference to Table G-1 (Appendix G) shows that of the six crack-free pavements, three were placed
on a free-draining base (Greene-35, Allen-30, and Logan-33). The two Cuyahoga County
pavements were placed on 310 T2 base, which is characterized as “drainable, but not free draining”.
The westbound lane of Summit-76 is the only one of the six pavements placed on an asphaltic

concrete composite base.

The correlation of the crack-free performance in three of the six projects with the use of a free-
draining base material is obvious. The reason that a free-draining base material had a favorable
influence on the elimination of mid-slab cracking in the three cited cases (above) is not completely
understood, although the effect of this factor on strains associated with moisture cycling within the
concrete may be involved. It can be speculated that any factor that can diminish the long-term,
cyclic expansive and contractive strains in a PCC pavement slab in Ohio service would have a
favorable influence on the proneness to cracking. With a standard base material it is expected that
the bottom portion of the pavement slabs would be more prone to cyclic wetting/drying conditions.
With an increase in moisture content there is a concomitant expansion in the concrete. This
situation would be expected to produce differential strains in the pavement slab as the top portion of
the slab dries out following a precipitation event. The composite asphaltic concrete base material

could also provide the same scenario.

Sub-Grade Restraint

The Cuyahoga 176-11-S core showed a unique feature that may have played a role in the crack-free
performance of this pavement. This feature is shown in Figure 31. Slag aggregate was used as the
base material on this project, which was designed as a 310 T2 base. It is our understanding that the
“T2” designation implies a change in gradation of the Standard 310 base to achieve a better

drainage.

As shown in Figure 31 the slag aggregate base has solidified and a thin layer of the solidified base is
bonded to the pavement concrete. The solidification of the slag base is not unexpected as fine
particles of the slag can react with water to provide cementitious hydrate binding phases similar to
those in portland cement. In effect, the base becomes a weak substrate concrete that is bonded to

the pavement concrete.

95



WEARING SURFACEEND

l |
am

- I I I
0 1 2 _ 3
Figure 31. Lapped surfaceview of Core CUY-176-11-S, which wastaken at the mid-point of a
pavement slab on thisproject. Thisproject did not show any full depth mid-slab
cracking. Therearetwo shallow vertical cracksin thetop portion of the core,

which have been highlighted with a black marking pen. The310 T2 slag
agor egate base material (B) isadhered to the pavement concr ete.

If the condition shown in Figure 31 prevailed throughout the project it is expected that any
movement in the pavement slab (expansions or contractions from any source) would be restrained.
With a global restraint such as this in place, there would be a unique opportunity for stress relief to
occur through tensile creep of the concrete. The net effect could be that which is experienced with
continuously reinforced concrete pavements (CCRP) in which numerous tight and narrowly spaced
transverse cracks occur rather than a few wide cracks. As seen in Figure 31, there are two shallow
cracks within 3 in. (8 cm) of each other. The 310 base material for the crack free Cuyahoga-322

project is also prepared with slag aggregate.

L imestone Coar se Agar egate

Of the twenty Research Study pavement concretes, eleven contain a carbonate coarse aggregate.
All six of the mid-slab crack-free pavements contain a carbonate coarse aggregate (limestone or
dolomitic limestone). There is a basis for claiming that concretes containing carbonate aggregates
should be less prone to mid-slab cracking than siliceous aggregate concretes. This basis is the
relative thermal expansion of concretes containing these two aggregate sources, which are shown in

the tabulated data below (from Mindess, et. al. 2003).

96



Tvoe of Agareatein the Coefficient of Thermal Coefficient of Thermal
yp C(?r?cregte Expansion, Expansion,
x 10°% in/in/F x 10° cm/cm/C
Limestone 33 6
Dolomitic Limestone 4t05.5 7to 10
Quartzite 6.1t07.2 11-13
Sandstone 6.1t06.7 11to 12

The thermal expansion of concrete containing a siliceous coarse aggregate could in the most
extreme case have a thermal expansion/contraction that is double that of an otherwise comparable

concrete containing a carbonate coarse aggregate.

The finding that all six of the mid-slab crack-free pavement concretes contain a carbonate coarse
aggregate strongly suggests that thermal strains may be the dominant material variable influencing

the formation of mid-slab cracks in ODOT’s PCC pavements.

Control Joint Desigh and Function

I have examined numerous concrete samples from slab-on-grade commercial floor slabs that have
experienced unacceptable random cracking. A common cause of the cracking in these applications
is issues resulting in a failure of the joints to function as intended, which include (1) a failure to
install the joints in a timely manner, and (2) a failure to saw-cut the joints to the proper depth. A

related issue is improper spacing of the control joints.

Steel load-transfer dowels have been used in the control joints in ODOT PCC pavements for many
years. The proper functioning of a doweled joint requires that the dowel bars be aligned in a
parallel plane in both the horizontal and vertical elevations (i.e., in plan and section views). The
term “proper functioning” as used here means that the pavement slabs are free to move
longitudinally in unrestricted fashion (i.e., as if the dowels weren’t there). It is reasonable to
assume that any misalignment of control joint dowels will restrict free longitudinal movement. The
greater the number of misaligned dowels and the greater the degree of misalignment the more

pronounced the restriction in longitudinal movement will be.
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It is reasonable to assume that perfect alignment of the dowels in PCC pavement control joints can
never be realized in practice. It is my opinion that it is highly likely that dowel bar misalignment
has a major influence on the mid-slab cracking problem. It also stands to reason that a greater
flexibility of the dowels (relative to the 1 % in. bars currently in use) could better accommodate
misalignments. The experience with the Gallia-7 pavement makes a strong case for this point of
view. The dowels used on the Gallia-7 pavement are smooth, cylindrical, % in. diameter bars.
Despite the fact that the control joint spacing on this 8 in. (20 cm) thick pavement is

40 ft (12 m), there are long stretches on this pavement (ca. ¥4 mile) where the original joints are still

in place, and not all of the slabs show transverse cracking.

Without question the performance of the control joints on the Gallia-7 pavement is extraordinary.
The lesson here is that dowels bars that are more easily “bent” can better accommodate bar
misalignments relative to the larger diameter, stiffer steel dowels in use today. It is difficult to
ignore the conclusion that the use of smaller diameter dowels is a superior joint design that should
be considered for future construction; at least for lower traffic volume pavements. For high traffic
pavements requiring the use of larger bars, the use of a “softer” steel alloy (i.e., more malleable)
could be considered. This reasoning also leads to speculation that low elastic modulus composite
dowel bars might also provide a more forgiving feature as regards the effect of dowel bar

misalignment on joint performance.
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OVERVIEW SUMMARY AND CONCLUSIONS

Twenty Ohio Department of Transportation (ODOT) portland cement concrete (PCC) pavements
were selected for evaluation in the present Research Study {State Job No. 134280(0)}. The
pavements, twelve to sixty three years in age, were selected on the basis of their demonstrated
satisfactory performance in service. Ten of the concretes were placed within an “Excellent
Performance” category and ten were placed within an “Average Performance” category. The
primary objective of the study is to identify the material, design, and construction factors that have
contributed to the good performance of these pavements in service throughout the state. The focus
of the work reported here is on the material properties of the portland cement concretes, although
pavement design factors, construction factors, and environmental factors are also considered and
have been given equal weight in the study. The intention of the study is to learn what has provided
the satisfactory performance in the selected pavements that can be applied to the planning and

conduct of future ODOT PCC pavement projects.

Pavement Rating Criteria

After all of the data were in and analyzed it became clear that the line of distinction between the ten
concretes in the “Excellent Performance” category and the ten concretes in the “Average
Performance” category is blurred. This outcome is most likely due to the fact that all twenty of
these concretes have actually performed satisfactorily in service. On the basis of the properties and
microstructural features that were measured and/or examined in the present study, there is no single
property or variable that clearly stands out as explaining the difference between the Excellent and
Average pavement performance ratings. So, for the purpose of further analyses of the data, all
twenty of the Research Study concretes were figuratively placed within the category of

“Satisfactory Performance”.

Within the context of the “Satisfactory Performance” category, the data were examined from the
point of view of identifying the factors that contributed to this outcome for all twenty of the
Research Study pavements (relative to PCC pavement concretes that may have showed marginal or
poor performance in past service). When this was done it became clear that for a given property
category, substantial between-concrete differences for the concretes showing “Satisfactory

Performance” could be tolerated.
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Of the twenty PCC concrete pavements examined here, one (Gallia County-State Route 7) has been
in service for 63 years (constructed in 1946), and one (Athens County-US Route 33) has been in
service for 51 years (constructed in 1958). Of the remaining 18 projects, most (15) were
constructed during the period 1990 through 1997 (12 to 19 years of service). On the basis of their
longevity, it seemed reasonable to describe the Gallia-7 pavement and the Athens-33 pavement as
showing exceptional performance, and attempt to identify, if possible, the factors contributing to

this very high level of performance; which has been done.

Cores Provided for the Study and Examination Procedures

Four inch diameter PCC pavement cores were provided to our laboratory by Ohio University
workers for the present study. Two cores were provided from each of the twenty PCC pavement
sites. One core was taken through a transverse control joint and a second core was taken through a
mid-slab crack in those instances where this feature was present (fourteen of the twenty sites). The
age of the Research Study pavements ranges from 63 years (constructed in 1946) to 12 years
(constructed in 1997). The pavement projects are located in eleven Ohio counties, all of which are
either in the eastern third or western third of the state. None of the selected pavements are within
the central north-south corridor of the state. As discussed in our report, the nature of the bedrock

geology in the state may be a factor regarding this bias.

For the present study no cores were taken from marginally or poorly performing PCC pavements.
However, it is our understanding that the most significant durability and maintenance issues
involving ODOT PCC pavements have historically been associated with (1) deterioration
(cracking/spalling) of the transverse control joints, (2) mid-slab cracking, and (3) longitudinal
cracking. The joint deterioration and mid-slab crack issues have been most dominant. This
situation prompted the decision to obtain cores from these two locations for the Research Study.
The examination procedures used for the study are presented in the section of the present report
entitled “Core Examination Procedures”, and include petrographic examinations and physical
property measurements (density, compressive strength, tensile strength, modulus of elasticity, and

coefficient of thermal expansion).
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M aterial Factors | nfluencing Pavement Perfor mance

The next five sections of the report examine the influence of a number of material factors of the
concretes on what has been judged to be a satisfactory performance of these ODOT pavements in

service. These factors include,
The composition and quality of the cementitious phase
The type and quality of the coarse aggregate phase
The type and quality of the fine aggregate phase

The parameters of the entrained air void system

Compressive strength, tensile strength, and modulus of elasticity (these property
measurements were made at and by Ohio University)

For most of these pavement projects the concrete used is ODOT’s Class C concrete. Without
exception, the twenty ODOT portland cement-based pavement concretes share the following

features, which have led to their satisfactory performance.

A good quality cementitious phase attributed in large part to a satisfactorily low water to
cementitious material ratio (range of 0.42 to 0.48 for the twenty concretes). Cementitious
materials include (1) straight portland cement in eleven of the concretes, and (2) a binary
blend of portland cement and fly ash in nine of the concretes.

There is evidence to support an opinion that the use of a portland cement/fly ash blend
provides equivalent pavement performance relative to a straight portland cement mix, and
possibly can provide improved performance.

A good quality coarse aggregate that has shown good durability and resistance to the effects
of freeze/thaw cycling. The coarse aggregate is a carbonate rock in eleven of the concretes
and a siliceous rock in nine of the concretes. Gradations range from ASTM C 33 No. 8

(*/s in. maximum size) to No. 467 (2 in. maximum size).

A good quality fine aggregate in the form of natural sands that have chemically resistant and
hard quartz particles as the dominant mineral phase.

All of the concretes are air-entrained. Although some of the air void parameters in some of
the concretes do not strictly meet current minimum standards, all of the air void systems
have provided adequate protection to the cementitious phase. Exceptions here are instances
where a majority of the air voids have been filled with secondary deposits.
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The low w/cm and air entrainment of the concretes are necessary, but not sufficient
conditions for providing a satisfactory level of performance for the pavements. Equally
important is the requirement for a coarse aggregate phase that has a high level of durability
and good resistance to the effects of freezing and thawing. All twenty of the Research Study
concretes share these features.

Freeze/Thaw Resistance

The dominant role of the freeze/thaw distress mechanism is confirmed by the fact that the primary
pavement maintenance problems for ODOT are those that involve the concrete at and near (1) the
transverse control joints, and (2) mid-slab cracks and other transverse cracks. At these locations
surface water can gain access to the full depth of the pavement slabs by percolating through the full
depth joint and crack fracture planes. This scenario results in repeated exposures of the concrete
adjacent to the cracks to higher levels of moisture saturation than the concrete away from the joints
and cracks. Even in pavements that show early joint deterioration the concrete in the portions of the
slab away from the joint most often remains in satisfactory condition. These findings support an
opinion that it is the water entering the pavement from the top, rather than water entering from the
underlying base at the bottom that is the primary culprit promoting concrete distress in the joint and
transverse crack regions. This opinion is strengthened by observations made in the 1991 PCA study
for ODOT (Stark, 1991) in which it was shown that the use of a polyethylene vapor barrier in
contact with the bottom of pavement slabs actually resulted in a slightly greater incidence of

D-Cracking compared with companion sections without vapor barriers.

It is the repeated cycles of freezing and thawing when the concrete in the joint and crack regions is
critically saturated that can lead to cracking and spalling distress. In those instances where the
concrete has a low w/cm, is air-entrained, and has a durable coarse aggregate the cracking/spalling
can take many years to become a maintenance issue. That has been the case for the twenty
concretes examined here, where the age ranges from 13 to 63 years. As revealed in the present
study, when freeze/thaw-related damage does occur in concrete in the joint and crack regions, it

takes two forms and is progressive.

In one form of the distress cracks develop in the concrete adjacent to and parallel to the
primary joint or mid-slab crack. In the concretes examined here, this type of cracking is
attributed to the filling of the entrained air voids with secondary deposits due to the repeated
moisture cycling. The infilling of the air voids obviates their intended function of protecting
the cementitious phase from the effects of the freeze/thaw cycling. The cracks in this type
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of distress are closely spaced, are parallel to the primary crack fracture plane, and can cover
the full thickness of the pavement slab. This type of distress is progressive and as evidenced
in the present study can affect concrete up to one half inch or so on either side of the primary
crack. In advanced stages of this type of distress, the locally disintegrated concrete may be
in rubble form and incapable of sustaining a live load from traffic. As shown in some
examples in the present study, this is one mechanism that can account for the spalling that is
common along joint and transverse crack lines.

In the second form of freeze/thaw-related distress revealed in our study, the cracking and
subsequent disintegration of the concrete originates in the concrete in the bottom of the
pavement slab. In those instances where the base material does not provide for drainage, the
water saturation level in the base and in the concrete will be highest in the region under the
primary joint crack or transverse crack. The moisture distribution within the base and the
concrete that the base is in contact with has the shape of the bell curve, with the highest
moisture content directly under the crack. When the saturated concrete experiences freezing
and thawing cycles, damage can occur either (1) within the cementitious phase in which the
air entrainment has been compromised, or (2) in coarse aggregate particles that are
susceptible in some degree to freeze/thaw damage. As shown in several instances in the
present study, the resultant expression of damage from this distress source is a cone-shaped
region of cracked and disintegrated concrete lying directly under the joint crack. In the
concretes studied here it is concluded that the primary damage of this type has been due to a
compromised air void system. No sedimentary rock type is completely immune to this type
of damage, but in the concretes examined here it is concluded that the aggregate particles are
not the primary source of the limited distress that has occurred.

It is clear from these findings that satisfactory levels of performance can be obtained in ODOT’s
PCC pavements if the construction can be made to assure the attainment in the concrete of (1) a
good quality cementitious phase with a low w/cm, (2) a satisfactory entrained air void system, and
(3) a durable coarse aggregate source that is resistant to the effects of freezing and thawing while in
a state of critical moisture saturation. The first two parameters listed here (w/cm and entrained air)
can be successfully assured with the imposition of good construction supervision in the field. The

selection and availability of a suitably durable coarse aggregate is an equally important factor.

Once these three material parameters are adequately addressed, the next steps to be taken to achieve
even higher levels of durability and maintenance free performance will be those that minimize or

eliminate the ingress of surface moisture down through the joint crack and any transverse cracks in

the pavement slabs. With regard to limiting moisture ingress through the control joint cracks, good
insights were learned from the examination of the Gallia-7 pavement that has been in service since

1946 (63 years). With regard to limiting moisture ingress through the transverse cracks, the most
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direct solution is to eliminate the transverse cracks. Insights into this matter were also gained in the

present study.

Unique Featur es of the Gallia County Pavement (SR -7)

The PCC pavement comprising a portion of State Route 7 in Gallia County was constructed in

1946. This 63 year old pavement is currently characterized as being “in very good condition for its
age”. Many of the original control joints are still in place on this pavement and there are stretches
of the roadway where there is no transverse cracking. Surprisingly, many of the material and design
variables that have been shown to be important for satisfactory performance of the other nineteen
Research Study pavements are not common to the Gallia-7 pavement. An examination of these
differences provides important insights into the factors that control the proper functioning of the
control joints and which can minimize unwanted transverse cracking. Relative to the other
pavements in the study and relative to current ODOT practice the unique features of the Gallia-7

pavement are discussed below.

Control joint spacing is 40 ft. (12 m). Current ODOT joint spacing is 15 ft. (4.6 m). Despite
the large joint spacing a number of the original control joints are still in place and transverse
cracking is minor in portions of the project. It can not be denied that the control joints on
the Gallia-7 pavement have functioned properly to produce this desired result for these
unusually long slabs. Unique features contributing to this desired outcome include (1) a
smaller diameter dowel relative to current practice, and (2) good aggregate interlock
provided by a good quality, 2 in. (5 cm) maximum size coarse aggregate.

Pavement thickness is 8 in. (20 cm). The majority of the Research Study pavements are
10 to 12 in. (25 to 30 cm). Current ODOT practice calls for 12 in. (20 cm) thick slabs. Is
frictional resistance to movement lower in thinner slabs?

Control joint dowels are smooth steel bars that are % in. (19 mm) in diameter, 15 in.(38 mm)
long, on 15 in. (38 cm) centers. Dowels in use today are 1 % in. in. diameter on 12 in. (31
cm) centers. It can be reasoned that any misalignment of the control joint dowels,
(particularly lateral misalignment) can restrict the movement of the joint, thus making the
formation of mid-slab or other transverse between-joint cracks more likely. The use of %
in. (19 mm) diameter dowels have provided exceptional joint performance with a joint
spacing of 40 ft. (12 m) in the Gallia-7 pavement. It can be reasoned that the smaller
diameter (and more flexible) dowels were better able to accommodate misalignments
without adversely affecting the movement of the joint. Other means of providing more
flexibility in the dowels are discussed in the report.

The control joints were formed and subsequently sealed with a sanded hot-mix bituminous
sealant (meeting the requirements of Section M-5.6 F-1 of the general specifications). The
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sealant for a majority of the Research Study pavements is pre-formed rubber. The original
joint sealing material is still in place in the Gallia-7 joint core examined here and retains its
elastomeric properties. The ability of this material to truly seal the control joint crack has
been demonstrated.

The concrete is air-entrained, but the total air content is only 3.4 percent. The point is made
that the air content can be below the current target minimum value of 4 percent, without
compromising the effectiveness and intended function of the air void system. The results of
previous work for ODOT that goes into more detail regarding this issue is cited in the
present report (Lankard, 2006).

The maximum size of the coarse aggregate is 2 in. (5 cm). The siliceous gravel coarse
aggregate has shown exceptional durability and freeze/thaw resistance. The importance of
the freeze/thaw resistance of the coarse aggregate phase as it affects the overall durability of
the pavement concrete is discussed in detail in the present report.

The total aggregate content of the GAL-7 concrete is 76 percent. The target total aggregate
content for the ODOT Class C concrete is ca. 65 percent. The used of larger sized coarse
aggregates permits a reduction in the cementitious material content of the concrete. The
benefits to be gained from of the use of larger size coarse aggregate in ODOT pavement
concretes are discussed in detail in the present report and include (1) improved volume
stability, (2) reduced drying shrinkage and curling strain potential, and (3) improved
opportunities for the aggregate interlock mechanism to function along joint and crack lines.

The estimated cement content of the GAL-7 concrete is 430 1b/yd® (255 kg/m®) The target
cement content for the standard ODOT Class C concrete is 600 Ib/yd’ (356 kg/m®). The
potential benefits of a reduced cement content on pavement concrete performance are
discussed in the report.

Other Material and Design Factor s I nfluencing Mid-Slab Cracking

Beyond the unique insights provided by the Gallia-7 pavement, the overall findings of the present
study have provided evidence of other factors that can affect the onset and severity of mid-slab
cracking, which include (1) the coefficient of thermal expansion of the pavement concrete,

(2) drainage issues connected with the base material, and (3) restraint associated with the base

material.

All six of the mid-slab crack-free pavements in the Research Study contain a carbonate
coarse aggregate (limestone or dolomitic limestone). The coefficient of thermal expansion
of concretes containing siliceous coarse aggregate can be up to double that of carbonate
aggregate concretes. The finding that all six of the mid-slab crack-free pavement concretes
contain a carbonate coarse aggregate strongly suggests that thermal strains may play a
dominant role in the formation of mid-slab cracks (and other transverse cracks) in ODOT’s
PCC pavements.
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Six of the twenty Research Study pavements had no mid-slab cracking. A free-draining
base system was used in three of these projects (GRE-35, ALL-30, and LOG-33. None of
the other fourteen pavement projects in which mid-slab cracking did occur used a free-
draining base, (although the 310 T2 and 304 base materials are characterized as “drainable,
but not free-draining). The reason that free-draining base material had a favorable influence
on the elimination of mid-slab cracking in the three cited cases is not completely understood,
although the effect of this factor on strains associated with moisture cycling within the
concrete may be involved.

Slag aggregate was used as the base material on one of the pavement projects where mid-
slab cracking did not occur. The fine particles in the slag reacted with water in a manner
similar to portland cement to form a binder, resulting in cohesion within the slag base
material. In effect this base material is a weak concrete, and it bonded to the pavement
concrete. The possible beneficial effect of this restrained movement in the bonded
pavement slabs as related to the elimination of transverse cracking on this project is
discussed in the report.

LESSONSLEARNED FROM THE RESEARCH STUDY

Lessons learned from the present study include insights regarding material and design factors that
affect long-term PCC pavement performance. The concluding statements offered here highlight
features of current practice that should be continued, as well as modifications that can be considered
to provide improved long term performance. The modifications recommended for consideration are
focused on steps that appear to have the potential to (1) better assure proper functioning of control

joints and to (2) eliminate or minimize mid-slab cracking.

Current ODOT Practicefor PCC Pavement

Current material requirements that have been shown to provide good performance can continue to

be implemented and enforced. They include,

The target maximum water to cementitious material ratio (w/cm) of 0.50. The placement of
the pavement concretes by machine, combined with diligent on-the-job supervision assures
that the pavement concretes are placed at a w/cm below 0.50.

The continued use of air entrainment. As discussed in the present report consideration can
be given to a reduction in the target maximum allowable air content (particularly when
ASTM C 33 No. 8 aggregates are used).

Continue to restrict the maximum size of coarse aggregate to ASTM C 33 No. 8 (3/8 in.
maximum size) for those aggregate sources that have a suspect D-cracking record.
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M odificationsin Current Practiceto be Considered

The steps listed below are those that, based upon the results of the present study appear to offer
opportunities for (1) assuring the proper functioning and reducing maintenance requirements of

control joints and (2) minimizing or eliminating mid-slab and other transverse cracks.

Encourage, or even require the use of supplementary cementitious materials in the concretes.
Nine of the twenty Research Study concretes have a binary blend of portland cement and fly
ash as the cementitious material. Such use has a favorable environmental and economic
benefit, and may result in improved concrete durability.

Reduce the cement content of pavement concretes concomitant with an increase in the
maximum size of the coarse aggregate. This step is expected to improve the volume
stability of the concrete, reduce drying shrinkage strain potential, and reduce curling strain
potential, leading to reduced frequency of transverse cracking associated with drying
shrinkage.

Increase the maximum size of coarse aggregate to 2 in. (5 cm) or even higher. In addition to
improving volume stability, this step is expected to improve the aggregate interlock
function, resulting in reduced faulting of cracks in unreinforced PCC pavements. The
aggregate sources selected for these concretes must have a good service record, with low
proneness to D-Cracking.

Consider the exclusive used of carbonate coarse aggregates as a means of reducing the
chance of mid-slab cracking. All six of the Research Study pavements that have no
mid-slab cracking issues have limestone coarse aggregates. The coefficient of thermal
expansion of carbonate aggregate concretes can be up to half of that of siliceous aggregate
concretes.

Consider a return to the use of sanded hot mix bituminous joint sealants. The type of hot
mix sealant used in the Gallia-7 pavement in 1946 is still in place today and retains its
elastomeric properties. There is evidence presented in the present report that it is primarily
water entering the joints from the top of the slab that is most troublesome.

Consider the use of load-transfer dowels that are more flexible than the 1 4 in. steel bars in
use today. This step presumes that dowel misalignments are a major cause of the failure of
control joints to function as intended. Providing some “give” in the dowels could mitigate
this problem. In the case of the Gallia-7 pavement this was apparently achieved through the
use of % in. diameter dowels. The use of composite material dowels (fiber glass-reinforced
polymers) could also be considered in this light.

For the present, continue the practice of 15 ft. (4.6 m) control joint spacing for unreinforced
PCC pavements. However, the results of the present study show that it is possible to
produce PCC pavements with larger joint spacings that do not have a mid-slab cracking
problem. Five of the six ODOT pavements in the present study with no mid-slab cracking
have a joint spacing of 21 ft. (6.4 m). Some sections of the Gallia-7 pavement with a 40 ft.

107



(12 m) joint spacing are transverse crack free after 63 years. The Athens-33 pavement with
a 60 ft. (18 m) joint spacing shows “minor transverse cracks about every other slab”. With
the potential economic benefits that fewer joints offer (initial construction and maintenance),
future experimentation should still include the option of expanding the current 15 ft. limit.

Three of the six Research Study pavements that show no mid-slab cracking have free-
draining bases. None of the fourteen project pavements that had mid-slab cracking had a
free draining base. Future thinking could look deeper into this aspect of base design as it
affects the formation of transverse slab cracking.

It is hoped that the findings of the unique Research Study conducted here can be factored into future
plans for exploring changes that can be made in concrete material selection and proportioning, and
in pavement design that will lead to improved long-term durability and performance in ODOT PCC

pavements.
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Table A-1. HISTORICAL AND SITE DATA FOR OHIO UNIVERSITY PAVEMENT CORES - (LML PROJECT 5536)

Ohio Date Pavement Highwa Pavement
LML Core University : ghway Mile Lane
Core Construction County Route . ) Performance
Number Corel.D. . Marker Direction .
Provided Date Number Ranking
Number
1 GAL-7 (CR) | 05/29/09 1946 Gallia State Route 7 8 Northbound Excellent
2 GAL-7 (JT) | 05/29/09 1946 Gallia State Route 7 8 Northbound Excellent
State Route
3 A"l(“(}:II-f)SZ 5/29/09 1976 Athens 682 1 Northbound Average
State Route
4 AT(I;I,E?Z 5/29/09 1976 Athens 682 1 Northbound Average
5 ATH-33 (CR) | 6/09/09 1958 Athens US Route 33 13 Eastbound Average
6 ATH-33 (JT) | 6/09/09 1958 Athens US Route 33 13 Eastbound Average
State Route
7 GRE-35 (CR) | 6/30/09 1997 Green 35 19 Westbound Excellent
State Route
8 GRE-35(JT)) | 6/30/09 1997 Green 35 19 Westbound Excellent

Note: Core diameter is 4 in. unless otherwise noted. “CR” = core taken through a crack. “JT” = core taken through a joint.




Table A-2. HISTORICAL AND SITE DATA FOR OHIO UNIVERSITY PAVEMENT CORES- (LML PROJECT 5536)

Ohio
. . Date Pavement . Pavement
Lkl/lul;nggrre Lér(l;;/srl s[;y Core Construction County Hgg:l:/)[/gly Mile Marker Dilr_scg?on Performance
. Provided Date Ranking
Number
9 HAM-126 -1 5/07/09 1990 Hamilton | StateRoute 12 Eastbound | Excellent
(CR) 126
10 HAM-12615/07/09 1990 Hamilton | StateRoute 12 Eastbound | Excellent
JT) 126
11 ALL-30 (CR) | 7/31/09 1997 Allen US Route 30 22 Eastbound Excellent
12 ALL-30 (CR) | 7/31/09 1997 Allen US Route 30 22 Eastbound Excellent
13 JEF-22 (CR) | 7/31/09 1990 Jefferson US Route 22 15 Eastbound Average
14 JEF-22 (JT) 7/31/09 1990 Jefferson US Route 22 15 Eastbound Average
15 JEF-7 (CR) 7/31/09 1990 Jefferson State Route 7 19 Southbound Excellent
16 JEF-7 (JT) 7/31/09 1990 Jefferson State Route 7 19 Southbound Excellent

Note: Core diameter is 4 in. unless otherwise noted. “CR” = core taken through a crack. “JT” = core taken through a joint.
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Table A-3. HISTORICAL AND SITE DATA FOR OHIO UNIVERSITY PAVEMENT CORES - (LML PROJECT 5536)

LmL Core | AT | Core | condrustion | county | Highway Route | Mile | Lane | o (SREN

Number Provided Date Ranking
17 TUS-39 (CR) 7/31/09 1990 Tuscarawas State Route 39 4 Eastbound Average
18 TUS-39 (JT ) 7/31/09 1990 Tuscarawas State Route 39 4 Eastbound Average
19 CUY-82 (CR) 8/10/09 1994 Cuyahoga State Route 82 3 Eastbound Excellent
20 CUY-82 (JT) 8/10/09 1994 Cuyahoga State Route 82 3 Eastbound Excellent
21 CUY-176 (CR) | 8/10/09 1994 Cuyahoga State Route 176 10 Southbound Average
22 CUY-176 JT) 8/10/09 1994 Cuyahoga State Route 176 10 Southbound Average
23 CUY-176 (CR) | 8/10/09 1996 Cuyahoga State Route 176 11 Southbound Average
24 CUY-176 JT) 8/10/09 1996 Cuyahoga State Route 176 11 Southbound Average

Note: Core diameter is 4 in. unless otherwise noted. “CR” = core taken through a crack. “JT” = core taken through a joint.
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Table A-4. HISTORICAL AND SITE DATA FOR OHIO UNIVERSITY PAVEMENT CORES - (LML PROJECT 5536)

LmL Core | AT | Core | condrustion | county | Highway Route | Mile | Lane | o (SREN

Number Provided Date Ranking
25 CUY-176 (CR) | 8/10/09 1996 Cuyahoga State Route 176 12 Southbound Average
26 CUY-176 (JT) 8/10/09 1996 Cuyahoga State Route 176 12 Southbound Average
27 CUY-322 (LM1) | 8/17/19 1993 Cuyahoga State Route 322 10 Eastbound Excellent
28 CUY-322 (LM2) | 8/17/09 1993 Cuyahoga State Route 322 10 Eastbound Excellent
29 CUY-322 (LM3) | 8/17/09 1993 Cuyahoga State Route 322 10 Eastbound Excellent
30 CUY-322 (JT) 8/17/09 1993 Cuyahoga State Route 322 10 Eastbound Excellent
31 CUY-252 JT) 8/17/19 1984 Cuyahoga State Route 252 4 Northbound Average
32 CUY-252 (CR) | 8/17/19 1984 Cuyahoga State Route 252 4 Northbound Average

Note: Core diameter is 4 in. unless otherwise noted. “CR” = core taken through a crack. “JT” = core taken through a joint.




Table A-5. HISTORICAL AND SITE DATA FOR OHIO UNIVERSITY PAVEMENT CORES - (LML PROJECT 5536)

LmiL Core | AT | Core | condrugtion | counry | Hishway Route | Mile | Lane | o (SREN

Number Provided Date Ranking
33 SUM{Z&; W 8/17/09 1992 Summit Interstate 76 15 Westbound Excellent
34 SUM_(Z%IS_W 8/17/09 1992 Summit Interstate 76 15 Westbound Excellent
35 SUl\(/II:K/? i ; SE | gi719 1992 Summit Interstate 76 15 Eastbound Average
36 SUI\(AL'KES £ 81719 1992 Summit Interstate 76 15 Eastbound | Average
37 SUM(glg)ls £l 817109 1992 Summit Interstate 76 15 Eastbound | Average
38 SUM(glg)ls £l 817109 1992 Summit Interstate 76 15 Eastbound | Average
39 MOT-35 (CR) 8/24/09 1988 Montgomery US Route 35 14 Westbound Excellent
40 MOT-35(JT) 8/24/09 1988 Montgomery US Route 35 14 Westbound Excellent

Note: Core diameter is 4 in. unless otherwise noted. “CR” = core taken through a crack. “JT” = core taken through a joint.
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Table A-6. HISTORICAL AND SITE DATA FOR OHIO UNIVERSITY PAVEMENT CORES - (LML PROJECT 5536)

LmiL Core | AT | Core | condrustion | county | Highway Route | Mile | Lane | o (SREN
Number Provided Date Ranking
41 MOT-202 (CR) | 8/24/09 1991 Montgomery State Rte 202 3 Northbound Excellent
42 MOT-202 (JT) 8/24/09 1991 Montgomery State Rte 202 3 Northbound Excellent
43 LOG-33 (JT) 8/31/09 1994 Logan US Rte 33 24 Westbound Average
44 VAN-30 (Base) | 8/31/09 ? Van Wert US Rte 30 18 Eastbound ?

Note: Core diameter is 4 in. unless otherwise noted. “CR” = core taken through a crack. “JT” = core taken through a joint.
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Table B-1. Cementitious Constituents of Average and Excellent Pavement Projects (5536)

Cementitious Constituents, Percent of
Total Concretesin Each Category
Pavement Perfor mance Ranking Straight Portland Portland
Portland Cement & Cement &
Cement Fly Ash Slag Cement
Excellent
(10) 40 60 0
Average
(10) 70 30 0
EXCELLENT AVERAGE

GAL-7 (CR) =PC

GRE-35 (CR) =PC & FA
HAM-126 (CR) =PC & FA
ALL-30 (CR) = PC & FA
JEF-7 (JT) =PC

CUY-82 (CR) = PC & FA
CUY-322 (CR) = PC
SUM-76-15-W (CR) = PC & FA
MOT-35 (CR) = PC & FA
MOT-202 (CR) = PC

ATH-682 (CR) = PC

ATH-33 (CR) = PC

JEF-22 (CR) = PC

TUS-39 (CR) = PC
CUY-176-10-S=PC & FA
CUY-176-11-S= PC
CUY-176-12-S=PC

CUY-252 (CR) = PC
SUM-76-15-E (CR) = PC & FA
LOG-33(JT) = PC & FA
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Table B-2. Water to Cementitious Material Ratio (w/cm) for Average and Excellent Pavement Projects (5536)

Pavement Perfor mance Ranking

Average Value of Water to Cementitious
Material Ratio (w/cm) of the Concretes

Range of Values of Water to Cementitious
Material Ratio (w/cm) of the Concretes

Excellent

(10) 0.46 0.42 to 0.48
Average
(10) 0.44 0.42 to 0.45
EXCELLENT AVERAGE

GAL-7 (CR) =0.48
GRE-35 (CR) =0.48
HAM-126 (CR) = 0.45
ALL-30 (CR) = 0.42
JEF-7 (JT) = 0.46
CUY-82 (CR) =0.48
CUY-322 (CR) = 0.46

SUM-76-15-W (CR) = 0.44

MOT-35 (CR) = 0.45
MOT-202 (CR) = 0.47

AVG =4.59/10 = 0.459

ATH-682 (CR) = 0.45
ATH-33 (CR) = 0.45
JEF-22 (CR) = 0.42
TUS-39 (CR) = 0.43
CUY-176-10-S = 0.44
CUY-176-11-S = 0.43
CUY-176-12-S= 0.43
CUY-252 (CR) = 0.45
SUM-76-15-E (CR) = 0.44
LOG-33 (JT) = 0.46

AVG =4.40/10=0.44
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Table B-3. Cement Paste Content of Concretes for Average and Excellent Pavement Proj ects (5536)

Pavement Perfor mance Ranking

Average Value of Cement Paste Content
for the Concretes,
%

Range of Values of Cement Paste Content
for the Concretes,
%

Excellent
0 26.8 20.3 10 29.5
Average 28.1 22.0 0 31.0
o . . .
EXCELLENT AVERAGE

GAL-7 (CR) = 20.3
GRE-35 (CR) =26.8
HAM-126 (CR) =25.9
ALL-30 (CR) = 28.1
JEF-7(JT) =264
CUY-82 (CR) = 26.9
CUY-322 (CR) = 20.1

SUM-76-15-W (CR) = 29.5

MOT-35 (CR) = 28.1
MOT-202 (CR) = 26.7

AVG =267.8/10 = 26.8

ATH-682 (CR) = 27.1
ATH-33 (CR) =30.3
JEF-22 (CR) = 27.9
TUS-39 (CR) = 22.0
CUY-176-10-S=31.0
CUY-176-11-S= 28.3
CUY-176-12-S=27.6
CUY-252 (CR) = 29.4
SUM-76-15-E (CR) = 27.7
LOG-33 (JT) = 30.3

AVG =281.6/10 = 28.1




Table B-4. Mix Design ODOT Class C Concrete (Limestone Aggregate) Based on a Water-Cement

Ratio of 0.45
Ib of Specific Gravity | Cubic feet of
Concrete Constituent per (Density) of Constituent per
Constituent Cubic Yard of Constituent, Cubic Yard of
Concrete Ib/ft> Concrete
Cement 600 196.6 3.05
Fine
Aggregate © 1285 165.4 7.77
Coarse
Aggregate (b) 1630 167.2 9.75
Water
(0.45) 270 62.4 4.33
Entrained o
Air® (6 %) - 1.62
Totals 3785 - 26.52

(a) Assumes a fine aggregate specific gravity of 2.65

(b) Assumes a fine aggregate specific gravity of 2.68

(c) The target air content is 6 % .

(d) Theoretical Unit Weight = 3785/26.52 = 142.7 b/t .
Theoretical Cement Paste Content = 7.38/26.52 = 27.8 %.

Water to Cementitious Material Ratio (w/cm) = 270/600 = 0.45
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Table C-1. Coarse Aggregate Type of Average and Excellent Pavement Projects (LML Project 5536)

Type of Coarse Aggregate
Per cent of Each Concrete Category Having the Indicated Aggregate
Pavement Perfor mance Ranking 3J8in Yoor1in
3/8in. ' Yaor 1in. : ' Yaor 1in.
Grave Qrushed Grave C;rushed Slag
Limestone Limestone
Excellent
(10) 20 30 20 20 10
Average
(10) 10 50 10 10 20
EXCELLENT AVERAGE

GAL-7(CR)=2in Gravde

GRE-35 (CR) =3/4in. Crushed Limestone
HAM-126 (CR) =1in. Gravel

ALL-30 (CR) = %in. Crushed Limestone

JEF-7 (JT) =%4in. Slag

CUY-82 (CR) = 3/8in. Crushed Limestone
CUY-322 (CR) = 3/8in. Crushed Limestone
SUM-76-15-W (CR) = 3/8 in. Crushed Limestone
MOT-35 (CR) = 3/8 Gravel

MOT-202 (CR) = 3/8 Gravel

ATH-682 (CR) = 3/8in. Gravel

ATH-33 (CR) =1in. Crushed Limestone
JEF-22 (CR) =1in. Slag

TUS-39 (CR) = %4in. Grave
CUY-176-10-S=1in. Slag

CUY-176-11-S= 3/8in. Crushed Limestone
CUY-176-12-S= 3/8in. Crushed Limestone
CUY-252 (CR) = 3/8in. Crushed Limestone
SUM-76-15-E (CR) = 3/8in. Crushed Limestone
LOG-33(JT) =3/8 Crushed Limestone



Table C-2. Rating Criteriafor the Quality of the Bond Between the Cement Paste and the
Coarse Aggregate Particlesin the PCC Pavement Cores (LML Project 5536).

“Excellent” = Virtually all of the bonds aretight and uninterrupted. Therearefew or
no instances of elevated w/cm in the pastein contact with the
aggregate particles.

“Good” =The great majority (>95%) of all of the bonds are tight and uninterrupted.
Therearefew (£5 %) or no instances of elevated w/cm in the pastein
contact with the aggregate particles.

“Fair” = A large majority (> 75%) of the bonds aretight and uninterrupted. A large
majority (> 75%) of the particles show no instances of elevated w/cm in the
pastein contact with the aggregate particles.

“Low” =50% to 75 % of the bonds aretight and uninterrupted. 50 % to 75% of the
particles exhibit some evidence of elevated w/cm in the pastein contact
with the aggr egate particles.

- “Poor” = Lessthan 50 % of the bondsaretight and uninterrupted. Greater than 75% of

the particles exhibit some evidence of elevated w/cm in the paste in contact
with the aggr egate particles.
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Table C-3. Rating Criteriafor Identifying the Presence and Extent of Cement-Aggr egate
Reactions Involving the Coar se Aggregatesin the PCC Pavement Cores
(LML Project 5536).

“No” = No positive identification of ASR gel. No ASR-type cracking (or cracks
of any type) in rimmed aggr egate particles.

“No*” = A few (oneto three) instances of “positive’ identification of ASR gel.
Cracksin afew rimmed coar se aggr egate particles. Thecracksdo
not extend into the adjacent cement paste.

“Very Limited” = A few instances of positive identification of ASR Gel and
cracking in rimmed coar se aggr egate particles that
extendsinto the adjacent cement paste.

“Common” = Instances of ASR gel, rimmed and cracked aggregate particles,

and instances of cracksin rimmed particlesthat extend into
the adjacent cement paste.
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Table C-4. Rating Criteriafor Identifying the Presence and Extent of Freeze/Thaw-Related
Cracking involving the Coar se Aggr egatesin the PCC Pavement Cores
(LML Project 5536).

None = None of the coar se aggr egate particles show cracking that isdueto F/T.
1% to 5% of the coar se aggr egate particles show F/T-related cracking.

5% to 10 % of the coar se aggr egate particles show F/T-related cracking.

10 % to 20 % of the coar se aggr egate particles show F/T-related cracking.

20 % or more of the coar se aggr egate particles show F/T-related cracking.
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Table C-5. Rating Criteriafor Identifying the Overall Condition of the Coar se Aggregate
Particlesin the PCC Pavement Coresat the Timeof Coring (LML Project 5536).

“Excellent” = Thereisno cracking in any of the particlesthat isrelated to service
conditions. Theparticleslook like the day that they went into the
concr ete.

“Good” =95 % of the particles show no cracking related to service conditions. There
areafew instances (<5 %) wheretheorigin of cracksin the particlesisin
question.

“Fair” = Theorigin of crackingin 5% to 25 % of the particlesisin question.

“Low” =Theorigin of crackingin 25 % to 50 % of the particlesisin question.

“Poor” = Theorigin of crackingin over 50 % of the particlesisin question.
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TableC-6. SUMMARY OF COARSE AGGREGATE DATA (LML PROJECT 5536)

Nominal Quality of the Evidence of Evidence of Overall
LML Core Pavement Type of . y Destructive F/T-Related | Condition of
S . Pavement Maximum | Cement Paste -
Core I dentification Build Ranking Coarse Size Aqar eqate Cement- Crackingin the Coar se
Number Number Date Aggregate ) g9reg Aggregate Aggregate Aggregate
inch Bond . . )
Reactions? Particles? Particles
1 GAL-7(CR) | 1946 | Excellent | Siiceous 2 Good No* 1% - 5% Good
Gravel
ATH-682 Siliceous 3 ¥ D
3 (CR) 1976 Average Gravel /g Excellent No 1% - 5% Good
5 ATH-33 (CR) 1958 Average Crushed 1 Fair Very Limited 10% - 20% Fair
Limestone
Crushed 3
7 GRE-35 (CR) 1997 Excellent | Dolomitic /4 Good No* None Good
Limestone
9 HAM-126 1990 Excellent Carbonate 1 Good No 1% - 5% Good
(CR) Gravel
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TableC-7. SUMMARY OF COARSE AGGREGATE DATA (LML PROJECT 5536)

Nominal Quality of the Evidence of Evidence of Overall
LML Core Pavement | o Type of Maximum | Gement Paste Destructive F/T-R(?I atgd Condition of
Core ID Number Build Ranking Coarse Size Aggr egate Cement- Crackingin the Coar se
Number Date Aqggregate . Aqggregate Aqggregate Aqggregate
inch Bond . . )
Reactions? Particles? Particles
11 | ALL-30(CR) | 1997 | Excellent | Dolomitic 3/4 Fair to Low No None Good
Limestone
13 JEF-22 (CR) 1990 Average Slag 1 Good No 1% -5% Good
16 JEF-7 (JT) 1990 Excellent Slag 3/4 Good Very Limited 1% -5% Good
17 TUS-39 (CR) 1990 Average Sglrzevczlls 3/4 Good Very Limited None Good
19 | CUY-82(CR)| 1994 | Excellent | Dolomitic 3/8 Good No None Excellent

Limestone
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TableC-8. COARSE AGGREGATE DATA (LML PROJECT 5536)

Nominal Quality of the Evidence of Evidence of Overall
LML Core Pavement | o Type of Maximum | Gement Paste Destructive F/T-Rglatgd Condition of
Core ID Number Build Ranking Coarse Size Aggr egate Cement- Crackingin the Coar se
Number Date Aggregate ) Aggregate Aggregate Aggregate
inch Bond . . )
Reactions? Particles? Particles
21 CUY;gf)— 10-5 1994 Average Slag 1 Good No* None Excellent
CUY-176-11-S Crushed
23 (CR) 1996 Average Limestone 3/8 Poor No None Excellent
Crushed
25 CUYEgg-IZ-S 1996 Average | Dolomitic 3/8 Fair No 1% to 5% Excellent
Limestone
29 CUY-322 1993 Excellent Crushed 3/8 Poor No* None Excellent
(CR) Limestone
Crushed
32 Clggl-{Z)SZ 1984 Average | Dolomitic 3/8 Low No 1% to 5% Good
Limestone
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TableC-9. COARSE AGGREGATE DATA (LML PROJECT 5536)

Nominal Quality of the Evidence of Evidence of Overall
LML Core Paver_nent Pavement Type of M aximum Cement Paste Destructive F/T-Rglatgd Condition of
Core ID Number Build Ranking Coarse Size Aggr egate Cement- Crackingin the Coar se
Number Date Aggregate inch’ Bond Aggregate Aggregate Aggregate
Reactions? Particles? Particles
Crushed
33 SUM(-é;-)l >-W 1992 Excellent | Dolomitic 3/8 Good No None Excellent
Limestone
Crushed
37 SUl\/E—C7}6{;1 B 1992 Average | Dolomitic 3/8 Fair No 1% to 5% Good
Limestone
39 M(%]I;_; > 1988 Excellent Sglrcaevczlls 3/8 Fair No 1% to 5% Good
41 M(()glgoz 1991 | Excellent Sglrzev‘glls 38 Fair No* 1% to 5% Good
Crushed )
43 LOG-33 (JT) 1994 Average Limestone 3/8 Fair No None Excellent
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Table C-10. COARSE AGGREGATE SOURCE DATA (LML PROJECT 5536)

Material Suppliersfor Concrete Pavements

Co./Rt. | Project Cgrstr;earc?lor Cement Sand Agg;raergsgte Fly Ash Comments
ALL30 | 74697) | Miller Bros. |\ 00 Nupoloo Nional o Loms Sutevats, | MF
ATH 33 235(58) Data not available
ATH 682 | 625(76) | GreatLakes | Marquette Cﬁ;’;‘ﬁéy #8 i?gg’éff:rds
CUY 82 | 438(94) | GreatLakes | Lafarge Sﬁg‘gﬁle Nfgoﬂfzftggfey IMF
CUY 176 | 683(94) Great Lakes EBisSSIZrCI)lgr’ S}gll:zgielle Lafarge, L?"l{a/%’ Cleveland
CUY 176 | 305(96) | GreatLakes | Lafarge séiz%fue L fafggeiit‘ﬁztr%?eehea . IMF
CUY 252 | 901(84) | GreatLakes | Dundee sﬁgér?vaﬂgle Mffbtﬁzzt%‘tfne
CUY 322 | 1019(93) | Great Lakes | St. Marys séiz%fue Mffbf;ﬁ?i?%?ﬁne IMF
GRE 35 19097) Lane Cemex Phﬂlfﬁ;l?a& © l\jl#eSIZ/iiiin;el\s/}Zﬁ/ein Dugia;jl:rgy IMF
HAM 126 | 997(90) |  Geupel Lehigh America gt fgg?e‘;‘;?s: America
JEF7,22 | 8008(90) |  Kokosing | ESSROC Sprilﬁigi](:llstries Std. Lafagz, %fae%rton WV
LOG33 | 845(94) | Miller Bros. | Medusa Ur;,g; ;z%tgr. #ga];tirfﬁf;’tnye
MOT 35 | 343(88) Ruhlin Southwest Amegi;;ni fggr' An’f:: kggfit‘;?eenia
MOT 202 | 678(91) Data not available
SUM76 | 996(93) |  Ruhlin Cemex Aﬁzgsggf' 8 Himestone hlartin Marietia Cclle"‘vsslﬁ IMF
TUS39 | 907(90) | Holloway | Medusa Sl;iifpshﬁ“ G #57 gg‘;‘;’?ﬁsﬁlgﬁz &G




APPENDIX D

TABLESD-1 AND D-2

FINE AGGREGATE DATA

LML PROJECT NO. 5536
STATE JOB NO. 134280(0)
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TableD-1. FINE AGGREGATE CHARACTERIZATION DATA: (LML PROJECT 5536)

L Core | Mamum Rock/Mineral Type
Core I dentification Size
mm
Quartz Siltstone Sone Limestone | lgneous Chert Shale Feldspar Oxides Other
1 GAL-7 (CR) 5 1 2 4 5 10 3 9 8 7 6
ATH-682
3 (CR) 5 1 3 - 2 6 5 4 7 9 8,10
ATH-33
5 (CR) 35 1 3 - 2 4 5 - 8 6 7
GRE-35
7 (CR) 3 1 3 5 2 4 7 6 9 10 8,11
HAM-126
9 (CR) 5 1 6 7 2 4 3 5 8 10 9,11-13
11 ALL-30 (CR) 3 1 10 9 3 4 6 2 7 - 5.8
13 JEF-22 (CR) 4.5 1 2 4 3 6 5 7 8 9 10-11
16 JEF-7 (JT) 4 1 2 4 3 6 5 9 7 8 10-12
17 TUS-39 (CR) 5 1 2 4 3 6 5 9 7 8 10-12
CUY-82
19 (CR) 4 1 2 4 3 5 - 6 7 9 8,10
o1 | CUYI76-10-5 4.5 1 2 3 4 6 9 7 8 5 10

(CR)
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TableD-2. FINE AGGREGATE CHARACTERIZATION DATA: (LML PROJECT 5536)

L core | Maximum Rock/Mineral Type
. Sand
Core I dentification Size
Number Number ' N
mm Quartz | Siltstone za:r?e Limestone | Igneous Chert Shale Feldspar Oli:Zjnee Other
CUY-176-11-S
23 (CR) 4 1 2 3 4 5 6 7 10 8 9,11-12
CUY-176-12-S
25 (CR) 4.5 1 2 3 4 5 7 6 9 8 10-11
CUY-322
29 (CR) 3 1 2 3 4 9 8 6 5 7 10
CUY-252
32 (CR) 5 1 3 4 2 5 9 8 7 6 10-11
SUM-76-15-W
33 (CR) 4.5 1 2 4 3 6 5 9 7 8 -
SUM-76-15-E
37 (CR) 4.5 1 2 3 4 6 5 9 7 8 10-12
MOT-35
39 (CR) 4.5 1 3 6 2 4 5 7 8 10 9
MOT-202
41 (CR) 4.5 1 3 7 2 6 5 4 8 9 10
43 LOG-33 (JT) 4 1 2 6 3 5 7 4 - 8 9
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TABLESE-1through E-3

AIR VOID SYSTEM AND
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TableE-1. AIRVOID SYSTEM AND DENSITY DATA: LML PROJECT 5536)

ASTM C 457 Measurement Parameters

Air-Void

Total Air

LML Core Specific , . Concrete
Core | dentification T T Surface Area, ?:gi?or:g C(\)/n(il(gnt Density,
Number | Number | voidspPer | | 2VErSe | 1TAVERSe | \umber of in%in® =Or ke Ib/ft3
Length, Area, in. %
Inch . ) Stops
n. n
| GAL-7 (CR) 44 113.3 45.0 2266 516 0.0097 3.44 146.9
3 ATH-682 10.6 91.5 63.8 1829 561 0.0064 7.55 141.9
(CR)
5 | ATH33(CR) | 144 105.5 60.0 2110 869 0.0051 6.64 143.6
7 | GRE-35 (CR) 9.3 100.3 65.6 2005 878 0.0059 424 146.1
9 HAM-126 74 101.5 66.6 2029 589 0.0080 5.03 146.4
(CR)
11 | ALL-30 (CR) 8.2 100.7 66.6 2014 637 0.0076 5.16 147.7
13 | JEF-22 (CR) 8.5 101.7 67.0 2034 658 0.0073 5.16 143.9
16 JEF-7 (JT) 9.3 100.9 62.8 2018 611 0.0071 6.10 140.1
17 | TUS-39 (CR) 10.1 102.3 71.0 2047 529 0.0055 7.62 145.8
19 | CUY-82(CR)| 164 101.2 44.0 2024 946 0.0041 6.92 141.0
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TableE-2. AIRVOID SYSTEM AND DENSITY DATA: LML PROJECT 5536)

ASTM C 457 Measurement Parameters

Air-Void

Total Air

LML Core Specific , . Concrete
Core | dentification T T Surface Area, ?:gi?or:g C(\)/n(il(gnt Density,
Number Number Voids Per raverse raverse Number of in2/i n3 ’ ’ o y Ib/ft3
Length, Area, in. %
Inch . ) Stops
n. n
21 CUYggf)'lo's 3.4 101.1 48.0 2021 708 0.0110 1.93 141.4
23 CUYng)'l S0 168 100.6 44.0 2011 802 0.0042 8.35 138.9
25 CUYng)'lz'S 173 97.8 43.0 1955 821 0.0040 8.44 138.5
29 CUY-322 144 91.2 36.0 1824 629 0.0050 9.16 138.7
(CR)
32 CUY-252 15.4 91.7 234 1834 755 0.0048 8.18 139.4
(CR)
33 SUM('Z:;')”'W 17.0 913 44.0 1825 975 0.0044 6.96 1413
37 SUM('(Z%”'E 13.8 913 44.0 1826 877 0.0050 6.30 143.1
39 Mg;'fﬁ 16.8 90.5 40.0 1810 1339 0.0036 5.03 145.8
41 MOT-202 123 91.1 35.5 1822 590 0.0054 8.34 143.4
(CR)
43 | L0G-33(JT) 103 90.4 45.0 1808 554 0.0073 7.47 1413
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Table E-3. Total Air Void Content for Average and Excellent Pavement Pr oj ects (5536)

Pavement Perfor mance Ranking

Average Value of Total Air Void Content
of the Concretes,
%

Range of Values of Total Air Void Content
of the Concretes,
%

Excellent
(10) 6.0 341t09.2
Average
(10) 6.8 1.9t0 8.4
EXCELLENT AVERAGE

GAL-7 (CR) =34
GRE-35 (CR) =4.2
HAM-126 (CR) = 5.0
ALL-30 (CR) =5.2
JEF-7(JT)=6.1
CUY-82 (CR) =6.9
CUY-322 (CR) = 9.2

SUM-76-15-W (CR) = 7.0

MOT-35 (CR) = 5.0
MOT-202 (CR) = 8.3

AVG =60.3/10=6.0

ATH-682 (CR) = 7.6
ATH-33 (CR) = 6.6
JEF-22 (CR) =5.2
TUS-39 (CR) = 7.6
CUY-176-10-S=1.9
CUY-176-11-S= 8.4
CUY-176-12-S=8.4
CUY-252 (CR) = 8.2
SUM-75-15-E (CR) = 6.30
LOG-33(JT)=7.5

AVG =66.7/10=6.77
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TableF-1. Compressive Strength of Average and Excellent Pavement Projects (5536)

Compressive Strength,
Pavement Perfor mance Ranking ps
Average Range

Excellent

(10) 6180 4880-8410
Average

(10) 6310 3760-8720

EXCELLENT AVERAGE

GAL-7 (CR) = 7850
GRE-35 (CR) =6110
HAM-126 (CR) = 6490
ALL-30 (CR) = 8410
JEF-7 (JT) = 6830

CUY-82 (CR) = 5740
CUY-322 (CR) = 5050
SUM-76-15-W (CR) = 5490
MOT-35 (CR) = 4880
MOT-202 (CR) = 4930

AVG =61780/10 = 6180

ATH-682 (CR) =7990
ATH-33 (CR) = 6850
JEF-22 (CR) = 7340
TUS-39 (CR) = 6860
CUY-176-10-S = 6260
CUY-176-11-S = 3760
CUY-176-12-S = 3820
CUY-252 (CR) = 5850
LOG-33 (JT) = 8720
SUM-76-15-E (CR) = 5650

AVG =63100/10 = 6310
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Table F-2. Split Tensile Strength of Average and Excellent Pavement Projects (5536)

Split Tensile Strength,
Pavement Perfor mance Ranking pPs

Average Range
Excellent

(10) 630 515-830
Average

(10) 600 490-630

EXCELLENT AVERAGE

GAL-7 (CR) = 660
GRE-35 (CR) =570
HAM-126 (CR) = 640
ALL-30 (CR) = 710
JEF-7 (JT) = 540

CUY-82 (CR) =515
CUY-322 (CR) = 600
SUM-76-15-W (CR) = 620
MOT-35 (CR) = 830
MOT-202 (CR) = 610

AVG = 6295/10 = 630

ATH-682 (CR) =630
ATH-33 (CR) = 620
JEF-22 (CR) = 490
TUS-39 (CR) = 640
CUY-176-10-S= 610
CUY-176-11-S = 600
CUY-176-12-S =540
CUY-252 (CR) = 570
LOG-33 (JT) = 710
SUM-76-15-E (CR) = 630

AVG = 6040/10 = 600
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Table F-3. Static Modulus of Elasticity (4 in. Diameter Cores) of Average and Excellent Pavement Proj ects (5536)

Static M odulus of Elasticity,
| x 10° ps
Pavement Perfor mance Ranking
Average Range

Excellent

(10) 5.52 3.96-7.16
Average

(10) 4.33 2.72-5.76

EXCELLENT

GAL-7 (CR) =3.96
GRE-35 (CR) =5.89
HAM-126 (CR) = 6.90
ALL-30 (CR) =554
JEF-7 (JT) = 5.32

CUY-82 (CR) =5.25
CUY-322 (CR) = 4.37
SUM-76-15-W (CR) = 5.71
MOT-35 (CR) = 7.16
MOT-202 (CR) = 5.08

AVG =55.18/10 = 5.52

AVERAGE

ATH-682 (CR) =4.29

ATH-33 (CR) = 4.10
JEF-22 (CR) =5.76
TUS-39 (CR) = 4.17
CUY-176-10-S = 4.43
CUY-176-11-S = 3.83
CUY-176-12-S= 3.60
CUY-252 (CR) = 2.72
LOG-33 (JT) = 4.99
SUM-76-15-E (CR) = 5.44

AVG =43.33/10=4.33
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Table F-4. STRENGTH AND ELASTIC PROPERTY CORRELATION WITH MATERIAL PROPERTIES: (LML PROJECT 5536)

LML Core Corel.D. wiem Eﬁ;‘fg Ag-g?teglate To\t/?njig " anlgittga(ge/ C&Tg:lve nggﬁ e M O?jtlj It:J(; of
Number Number Aggregate Content, Cor;tent, Agggi%ate ps ' Strength, Ela!stlcn%/,
v/o Yo psi psi x 10
GAL-7 0.48 Gravel (2) 76.3 3.4 Good No Test 660 3.96
3/4 ATH-682 0.45 Gravel (/s) 65.3 7.6 Excellent 7990 630 4.29
5/6 ATH-33 0.45 Limfls)tone 63.1 6.6 Fair 6850 620 4.10
GRE-35 0.48 Lir‘zf/jgone 69.0 42 Good 6110 570 5.89
HAM-126 0.45 Gravel (1) 69.1 5.0 Good 6490 640 6.90
ALL-30 0.42 Lir‘zf/jgone 66.7 52 Fair NoTest | No Test 5.54
13/14 JEF-22 0.42 Slag (1) 66.9 5.2 Good 7340 490 5.76
JEF-7 0.46 Slag (*/s) 67.5 6.1 Good 6330 540 5.32
17/18 TUS-39 0.43 Gravel (*/) 70.4 7.6 Good 6360 640 4.17
CUY-82 0.48 Li“(l?/sgt)"ne 66.2 6.9 Good 5740 515 5.25

Red = Average Performance
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TableF-4 (Cont’d). STRENGTH AND ELASTIC PROPERTY CORRELATION WITH MATERIAL PROPERTIES: (LML PROJECT 5536)

LML Core Corel.D. wiem E%F;?g Ag-;?teglate To\t/aolig\ ! anleiittga(ge/ Cgtnrwgrr]ve nggﬁ e M o?jtlj It:JCs of
Number Number Aggr egate Content, Cor;tent, Agg:;%ate DS ' Strength, Ela!stlcn%/,
v/o Yo psi psi x 10
21/22 CUY-176-10-S 0.44 Slag (1) 67.1 1.9 Good 6260 610 443
23/24 CUY-176-11-S 0.43 Lir‘zf/sggone 63.3 8.4 Poor 3760 600 3.83
25126 CUY-76-12-S 0.43 Lir‘zf/sggone 64.0 8.4 Fair 3820 540 3.60
CUY-322 0.46 Lir‘zf/sggone 61.7 9.2 Poor No Test 600 437
31/32 CUY-252 0.45 Lir‘zf/sggone 62.4 8.2 Low No Test 570 272
SUM-T6-15-W | 0.44 Lir‘zf/sggone 63.5 7.0 Good 5490 620 571
37/38 SUM-76-15-E 0.44 Lir‘zf/sggone 66.0 6.3 Fair 5650 630 5.44
MOT-35 0.45 Gravel (*/s) 66.9 5.0 Fair 4880 830 7.16
MOT-202 - Gravel (*/s) 65.0 8.3 Fair 4930 610 5.08
43 LOG-33 -0.48 Li“(l?/sgt)"ne 62.2 7.5- Fair 8720 710 4.99

Red = Average Performance
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Table F-5. RANKED STRENGTH/ELASTIC PROPERTIES CORRELATION (LML PROJECT 5536)

. . Air Void
tho_ Pavement Aver age A_ver age Average Coarse TotaI_Alr Specific Paste-
University Per for mance Compressive | Split Tensile | Modulus of Aqor egate Void Surface Acoregate
Corel.D. : Strength, Strength, Elasticity, ggreg Content, ggreg
Rating : . . A Type Area, Bond
Number ps ps psi x 10 % inZin3
LOG-33 Average 8720 710 4.99 3/8 LS 7.5 554 FAIR
ALL-30 Excellent 8410 710 5.54 % LS 52 637 FAIR
ATH-682 Excellent 7990 630 4.29 3/8 GRAVEL 7.6 561 EXCELLENT
JEF-22 Average 7340 490 5.76 1 SLAG 5.2 658 GOOD
TUS-39 Average 6860 640 4.17 % GRAVEL 7.6 529 GOOD
ATH-33 Average 6850 620 4.10 1LS 6.6 869 FAIR
JEF-7 Excellent 6830 540 5.32 % SLAG 6.1 611 GOOD
HAM-126 Excellent 6490 640 6.90 1 GRAVEL 5.0 589 GOOD
CUY-176-10-S Average 6260 610 4.43 1 SLAG 1.9 708 GOOD
GRE-35 Excellent 6110 570 5.89 % LS 4.2 878 GOOD
CUY-252 Average 5850 570 2.72 3/8 LS 8.2 755 LOW
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Table F-5 (Cont’d). RANKED STRENGTH/ELASTIC PROPERTIES CORRELATION (LML PROJECT 5536)

. . Air Void

Ohio Average Average Average Total Air o

University Pavement Compressive | Split Tensile | Modulus of Coarse Void Specific Paste-
Performance . Aggregate Surface Aggregate
Corel.D. : Strength, Strength, Elasticity, Content,

Rating : . . A Type Area, Bond

Number ps ps psi x 10 % inZind
CUY-82 Excellent 5740 515 5.25 3/8 LS 6.9 946 GOOD
SUM-76-15-E Average 5650 630 5.44 3/8 LS 6.3 877 FAIR
SUM-76-15-W Excellent 5490 620 5.71 3/8 LS 7.0 975 GOOD
CUY-322 Excellent 5050 600 4.37 3/8 LS 9.2 629 POOR
MOT-202 Excellent 4930 610 5.08 3/8 GRAVEL 8.3 590 FAIR
MOT-35 Excellent 4880 830 7.16 3/8 GRAVEL 5.0 1339 FAIR
CUY-176-12-S Average 3820 540 3.60 3/8 LS 8.4 821 FAIR
CUY-176-11-S Average 3760 600 3.83 3/8 LS 8.4 802 POOR
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RESEARCH STUDY PAVEMENTS
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Table G-1. DATA COMPARISON FOR RESEARCH STUDY PROJECTSWITH NO MID-SLAB CRACK

Base

; Material
Design : Material : . LossAlong
LML Core Joint (Base Joint crack is .
e . Pavement : . . Joint Coarse Secondary
Core | Identification Thickness Spacing, Material Single or Fracture | Aggregate | Deposits
: i i 2
Number Number in. ft. Athetrlgd o Multiple Cracks- Plane
0
Concrete? ) %
Single Crack- ¥4 in.
7/8 GRE-35 (JT) 10 21 NSD.B/304 Minor material 4 Dolomitic Moderate
(1997) (Drainable) .
loss along crack Limestone
Single Crack- ¥4 in.
11/12 ALL-30 (JT) 11 21 ATF[.)B/3O4 Minor material 2 Dolomitic Low
(1997) (Drainable) .
loss along crack Limestone
CUY-176 -11-S 310 T2 3/8 in.
23/24 AJT) 12 21 Yes/S] Single 3 Dolomitic | Abundant
(1996) (Yes/Slag) Limestone
R CUY-322 (JT) Single 3/8 in.
9/
29150 (1993) 10 21 31072 (very tight) crack0 0 Limestone Moderate
SUM-76-15- 403/301/304 | Multiple —Top to 3/8 in.
33/34 W {JT) 11 21 (AC Base) Bottom, 7 Dolomitic Low
(1992) (Yes) Small Cone Limestone
NSDB/ACT]1 .
43 LOG-33 (JT) 12 15 (Drainable) Single 0 ,3/8 - Moderate
(1994) Not AC Limestone

Green = Excellent Performance
Red = Average Performance

Blue = Reinforced PCC Pavement

Plum = Unreinforced Pavement
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Table G-2. DATA COMPARISON FOR PROJECTSWITH NO MID-SLAB CRACK

LML Core Cs;nstegt A T(r)talate Air ACorars:te Compressive Split Modulus
Core | Identification g9rey Content, 99rey Strength, Tenslle, Elasticity,
Content, Content, Freeze/Thaw ; . 6 .
Number Number % . psi psi x 10° psi
% v/o Rating
78 | GRE-3SUT) 26.8 69.0 42 None 6110 570 5.89
(451)
112 | ALL-30UD) 28.1 66.7 52 None 8410 710 5.54
(451)
CUY-176 -11-S
23/24 (JT) 28.3 63.3 8.4 None 3760 600 3.83
(451)
29/30 CUY-322 (IT) 29.1 61.7 9.2 None 5050 600 4.37
(451)
SUM-76-15-
33/34 W (JT) 29.5 63.5 7.0 None 5490 620 5.71
(451)
43 LOC(Z?;)(JT) 30.3 62.2 7.5 None 8720 710 4.99

Green = Excellent Performance
Red = Average Performance

Blue = Reinforced PCC Pavement

Plum = Unreinforced Pavement
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