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Abstract

A field condition assessment was performed for selected portland cement concrete
pavements (PCCP) in the state of Indiana. Five pavement sections (including a 25
year old un-trafficed section) were selected based on age, traffic, and overal
performance. After afield survey and site inspection, cores were taken from these
pavements and used for laboratory analysis. The cores were visually inspected, after
which they were sectioned and used for air void analysis, microscopic investigation
of cracking, water absorption, and splitting tensile strength. Large irregular air voids
were observed in each pavement core. The hardened concrete air content was
observed to vary both between the different pavement sections and between the top
and bottom layers of the pavement. In addition, the hardened air content in the
pavements was found to vary from 4 to 13% by volume. Micro-cracks were observed
in some pavements that appeared at the aggregate paste interface, through weak
aggregates, and around air voids. In damaged pavements, the sorptivity of the top
layer of the pavement was higher than that of the middle or bottom layer. The
magnitude of variation in sorptivity appears to be related to the age and performance
of the pavement. This is in agreement with the results from laboratory-cured
specimens, in which freeze and thaw damage influences both the short-term and long-
term sorptivity of concrete.
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I ntroduction and Background

Portland cement concrete pavements (PCCP) undergo drying and wetting, thermal
cycling, and traffic loading when they are in service. Asaresult, micro-cracking may
occur that will either remain as distributed micrcocracks throughout the pavement or
coalesce to form larger cracks which eventually manifest themselves as visible
cracks. It is the hypothesis of this work that these micro-cracks may enable more
rapid transport and ingress of water and aggressive agents, thereby reducing the life-
cycle performance of PCCP.

Several studies have investigated the role of microcracking in concrete
performance. Wiens et a. (1997) observed that fine, distributed micro-cracks
permitted water to penetrate into high strength concrete resulting in significant weight
changes during freezing and thawing. Similarly, Fagerlund (1997a) reported that
during repeated freeze and thaw cycling micro-cracking developed that accelerated
water absorption, thereby accelerating freeze and thaw damage. Zhou et a. (1994)
reported that preloading resulted in the premature failure of specimens that were
exposed to freezing and thawing. Wang et al. (1997) showed that cracks, even
smaller than 200 microns, can alter the permeability of hardened concrete by several
orders of magnitude. In studies on reinforced concrete elements Yoon et al. (2000)
illustrated that cracks caused by loading can accelerate salt ingress leading to more
rapid corrosion rates. Similarly, Qi et al. (2003) illustrated that plastic cracking also
accelerates the corrosion of reinforcing steel. Based on these findings, it is clear that
cracking and localized damage may have a significant impact on reducing the long-
term durability of concrete pavements and structures.

Recently, life-cycle performance models have been proposed as a method to
predict how concrete facilities will perform (Hoerner and Darter 1999, Fagerlund
1997b, and Bentz et. a. 2001). These models are frequently based on either
empirical evidence or theoretical models that consider the properties of concrete to be
those of a well-cured, undamaged specimen. However, the impact of cracking on
transport properties and durability of concrete is important, and models that only
consider the properties of well-cured undamaged specimens may provide misleading,
unconservative, and overly optimistic results that may not truly represent the behavior
of field concrete. Research is needed to better understand how cracks influence the
long-term performance of concrete pavements and structures. It is essential for the
development of future life-cycle models that the damage that exists in concrete
pavementsin service is known.

Resear ch Significance

This study has investigated the mechanical and transport properties of cores extracted
from portland cement concrete pavements (PCCP) of different ages that have
exhibited different levels of wear and damage. The objective of this work was to
identify the performance related characteristics of typical paving mixtures in Indiana
and to describe the extent of damage that exists in field concrete. It is expected that
this work will be eventually used in the development of life-cycle models that
consider physical damage. Specificaly, this work is useful for quantifying the
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damage that exists in real pavements and developing the link between cracking and
increased water absorption for use in performance models.

Pavement Survey

Four different sites located in the state of Indiana were selected for this investigation.
The sites were selected to represent pavements that were showing signs of premature
deterioration as well as older pavements that were providing reasonable performance.
To determine which sites would be used, information was obtained from maintenance
engineers, pavement condition reports from the I ndiana Department of Transportation
(INDOQOT), and the visual examination of PCC pavements.

Table 1 provides details of the location, age, thickness, traffic level, and
quality index of the pavements from which cores used in this study were obtained.
The first site (1-465) represented a newly constructed pavement that had not been
opened to traffic to provide a baseline of the typical concrete properties that could be
expected from a newly constructed concrete pavement before the section experiences
any weathering or exposure to traffic. The second site (1-70) that was chosen was a
relatively young (approximately 6 years old) pavement that had shown signs of
premature deterioration and been rated poorly (i.e., Pavement Quality Index (PQI) is
less than 64 by the Indiana Department of Transportation (INDOT) (Pavement
Management Unit, INDOT 2000)). The third site (1-469) consisted of a middle-aged
pavement (14 years old) that had exhibited a low PQI and premature deterioration
mainly in the form of faulting and cracking. The final site (1-65) was an older
pavement (25 years old). The 1-65 site was particularly well suited for this
investigation since it provided a section that was trafficed (I-65-T) as well as a
section that was constructed at the same time but that had remained essentially
untrafficed (1-65-U), thus enabling the effects of traffic to be separated from
environmental effects. It can be seen that the pavements investigated represent a
wide range of traffic levels, ages, and performance.

Coring of Pavement Sections

After arriving at each site, traffic was diverted from the section of the pavement that
was investigated and a visual examination of the site was performed. Based on the
visual inspection, a typical slab was selected for core sampling. Five cores were
taken from each dlab using an approach that was similar to that used by Van Dam et
al. (2001). Two different size cores were taken (a 102 mm (4 in) diameter and a 152
mm (6 in) diameter), depending on the location of the core in the slab. The smaller
cores were typically preferred at the joints to minimize the potential for intersecting a
dowel bar. Figure 1 illustrates the coring locations in a typical slab and shoulder.
This coring pattern was followed for al but one (newly constructed 1-465) pavement
sections.  Since 1-465 section was never exposed to traffic, the exact location of the
cores is insignificant and therefore was not recorded. In general, one core was taken
from the center of the slab in the wheel path (W1), one core was taken from the wheel
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path near the joint (WJ2), one core was taken from the center of the slab (C3), one
core was taken from the center of the shoulder ($4), and the last core was taken from
the corner near the joint (CJ5). It is assumed that the wheel path and the center of
the dab are exposed to both environmental attack and traffic loading, while the
shoulder is primarily subjected to environmental exposure. By comparing these
locations, the impact of traffic loading, joint and edge effects and environmental
exposure can be assessed. After the cores were extracted, they were taken back to the
laboratory for further analysis as described in the following section.

Tablel. Pavement Sections Selected for Sampling and the Related Information

Pavement | Age Thickness | Traffic Level PQI? | Location
(Yea) | mm(in)  FRABTT To6Truck

1-465 0 356 (14.0) | None None - Indianapolis, Indiana

I-70 6 363 (14.3) | 96,000 | 10% 64 Senate Aveto 7.7 MI E of |-
465 @ East St., Indianapolis

1-469 14 295 (11.6) 19,000 | 4% 61 [-69t0 0.7 MI W of SR 1,
Fort Wayne

1-65-U 25 315(12.4) | None None - Intersection of 1-65 and |-70
near North Split,
Indianapolis

1-65-T 25 315(12.4) | 140,000 | 7% 66 Intersection of 1-65 and |-70
near North Split,
Indianapolis

1 AADT- Annual Average Daily Traffic

2 PQI — Pavement Quality Index (Pavement Management Unit, INDOT 2000), it is a composite index
to indicate the surface quality of pavement with a 100 point scale: excellent (100-90), good (90-80),
fair (80-70), and poor (<70). It correlates with International Roughness Index (IRl), Pavement
Condition Rating (PCR), and Rutting (Rut).

Laboratory Analysis of Field Cores

After the cores were delivered to the laboratory, they were visually inspected and any
visible damage was recorded. The core samples were then tested using ultrasonic
pulse velocity to inspect for any significant internal flaws. After the non-destructive
testing was completed, the cores were sectioned by cutting alternate two 13 mm (0.5
inch) thick discs and one 51 mm (2 inch) thick disc as illustrated in Figure 2. The
core sections were then used for microscopic evaluation, air void determination,
water absorption measurement, and splitting tensile strength determination. The
following sections describe how the specimens were prepared for each of these test
procedures.
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Figure 1. lllustration of coring locations from atypical slab

Note: Core W1- Sample No. 1, taken from the center of the wheel path; Core WJ2- Sample No. 2,
taken across the joint and between dowels of the wheel path; Core C3- Sample No.3, taken fromthe
center of the slab; Core $4- Sample No. 4, taken from the shoulder; Core CJ5- Sample No. 5, taken
fromthe corner and joint of the slab edge

Top: no tests performed.

#1, #4, #7: microscopic
51 mmI = < #3  examination, air void content,
micro-cracking, defects, mixture
#4,#5  proportions.

#6 #2, #5, #8: saved for future testing

#7,#8 #3,#6, #9: sorptivity and splitting
tensile tests

Bottom  Bottom: no tests performed

Figure 2. lllustration of sectioning atypical core for laboratory investigation
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Visual Inspection. The cores were first visually inspected to determine whether any
visible damage, segregation, or construction defects could be observed. Any damage
that was observed was noted and recorded.

Ultrasonic Pulse Velocity (UPV) Testing. Ultrasonic Pulse Velocity (UPV) test
(ASTM C597 1997) was used to evauate the internal damage, uniformity, and
relative quality of concrete. In these tests, two transducers were used to measure the
time it took to transmit an ultrasonic wave across the diameter of the specimen. The
wave speed was calculated by dividing the distance between the transducers
(nominally 152 mm or 100 mm) by the time that it took for the wave to cross the
specimen. The longer the wave transmission time (i.e., the slower the wave speed)
the more internal damage could be expected in the core. A V-meter (manufactured
by James Instrument) was connected to a pair of 54 kHz transducers that were
coupled to the opposite sides of the core using petroleum jelly. One transducer was
used as the pulser while the other was used as the receiver and the time that it took
the wave to transmit across the cylinder (in milli-seconds) was recorded. The UPV
was measured in two perpendicular directions every 51 mm from the top of the core
to bottom of the core since the cracks that form may have a specific orientation. The
average wave speed that was measured in the two directions was reported.

Microscopic Examination. After the UPV measurements, the cores were sectioned
into smaller disks as shown in Figure 2. The 13 mm disks were selected for
microscopic evaluation. One surface of the disks was polished using a bench-top
lapping wheel. Water was used as a lubricant and a siliconcarbide (SiC) abrasive was
applied with sizes ranging from No. 100 to No. 600. The fina polishing was
performed on a glass plate using No. 800 and No. 1000 SiC abrasives. The samples
were then placed on a Roiswal traveling table and the volumetric percentages of
aggregates, paste, and air voids were determined based on the modified point count
method (ASTM C457 1998). An optical microscope set at a magnification of 100X
was used to examine the polished slices to assess the general condition and crack
patterns of the concrete. Typical damage patterns were recorded using an image
acquisition system.

Water Absorption and Sorptivity Determination. Water absorption tests are being
increasingly used to evaluate concrete durability in aggressive environments
(Lockington et al. 1999 and Wilson et al. 1999). In this study, the 51 mm (2 in) disks
that were sectioned from either 152 mm (6 in) or 102 mm (4 in) diameter concrete
cores were used to determine the water absorption properties of the concrete and the
rate at which this water was absorbed. The disks were first air dried and their
circumference was sealed with an epoxy to ensure that moisture exchange will only
take place through the top and bottom faces of the disks. All the disks were then pre-
conditioned in an environmental room with a controlled temperature of 23 °C and
relative humidity of 50% for 14 days to enable the specimen to reach a relatively
uniform state of moisture. A ponding dyke was placed on the top of the disks and the
bottom was covered with plastic wrap to prevent moisture loss. Water was added to
the inside of the dyke until it reached a depth of approximately 15 mm. Periodically
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(a0,0.1,0.2,0.5,1, 5,12, 24, 48, 96 hours, then a 96 hour intervals after that) water
was removed from the surface of the disks, the surface was toweled dry (to achieve
saturated surface dry conditions), and the mass of the specimen was recorded. After
the mass was recorded, water was immediately reintroduced to the top of the
specimen and remained on the surface until the next measurement was performed.
This testing procedure was used to define the total amount of water that has been
absorbed in the concrete as well as the rate of absorption (sorptivity) as described
later in this paper.

In addition, experiments were conducted using laboratory-cured specimens to
evaluate how damage influences the short-term sorptivity of concrete and how
damage and air content influence the long-term sorptivity of concrete. Concrete
prisms (76 x102 x406 mm) were prepared using a concrete with compositions similar
to that used for concrete pavements in Indiana (cement: crushed limestone: natural
river sand: water by mass = 1:2.85:2.37:0.42). The concrete was cast into the steel
molds, compacted on a vibrating table, and stored in a moist and sealed environment
for 24 hours. The specimens were then demolded and cured in a moist room (greater
than 98% relative humidity) for 13 months. After curing, each concrete prism was
cut into two small prisms (76 x102 x202 mm). These prismswere dried in an oven at
50°C for 3 weeks and then saturated with water under vacuum treatment. After
vacuum saturation, all the specimens were adjusted to individual degrees of saturation
by drying them in air at 23°C and 50% relative humidity for different times typically
from 2 hours to 3 days. After a desirable degree of saturation was reached, the
specimen was exposed to freezing and thawing with one cycle per day to induce
damage. Resonant frequency was used to monitor the damage development during
freezing and thawing. The relative dynamic modulus (E/Ep) was calculated following
ASTM E1870 and used as a damage index to indicate different freeze and thaw
damage levels. After a desirable freeze and thaw damage was induced, the specimen
was cut into 76 x102 x51 mm slices and then dried in an oven at 50°C for 2 weeks.
After drying, all the concrete slices were used for sorptivity test following the
procedures described previously. Detailed information on the materials properties,
mixture proportions, vacuum saturation, and freeze and thaw testing was described in
Y ang (2004).

Strength Evaluation. After the water absorption tests were completed, splitting
tensile tests were performed on the 51 mm (2 in) sections of the core following the
approach outlined in ASTM C 496 (1996) with a loading rate of 0.69 MPa/min (100
psi/min). For each core, a total of three specimens were tested. These specimens
were collected at an average depth of 38 mm (1.5 inches), 114 mm (4.5 inches), and
191 mm (7.5 inches).

Experimental Results and Discussions
Visual Inspection. No visible cracking or segregation was observed in the majority of

the cored cylinders. It should however be noted that one specimen taken from [-65-U
section was partially cracked. In addition, as shown in Figure 3, evidence of
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construction defects in the form of irregular voids up to 25 mm (1 in) in diameter
were observed at the depth about 127 mm (5 inches) below the top surface in the I-
465 pavement. These voids appear to be remnants of an unfilled vibrator trail.
Further discussion of the 1-65 and 1-465 cores is provided in microscopic
investigation section of this paper.

Ultrasonic Pulse Velocity (UPV). Figure 4a shows the result of UPV measurements
for cores from each site as a function of pavement depth (distance from pavement
surface). The average UPV value of the five locations of the selected slab from each
site was used. However, the cracked core from [-65-U section was not included in
calculating the average. It can be seen that the UPV values range from 4600 m/s to
4900 m/s (251 ft/min to 268 ft/min) for the uncracked cores which is consistent with
what would be expected in these concretes. Figure 4b shows a comparison of UPV
measurements for cracked and uncracked cores from [-65-U. It can be seen that the
presence of visible cracks resulted in a dramatic reduction in the wave speed.

127mm —I

Figure 3. Photograph showing construction defects below surface of an 1-465
pavement section

At this time it should be noted that many factors may affect the UPV
measurements, including specimen dimension and geometry, properties of constituent
materials, and degree of saturation. However, only large internal flaw or significant
changes in uniformity will have noticeable influence on UPV (Suaris and Fernando
1987 and Popovics et al. 1990). Air voids, especially entrapped air, and presence of
microcracks may reduce the UPV somewhat, but not significantly. This can be
further confirmed by comparing Figures 4a and 4b. While some changes in the
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average values of UPV were observed for cores with no visible cracks (Figure 4a),
mostly reflecting variability in age, air contents and microcracks, the truly significant
drop in UPV was associated with the presence of visible cracks. This indicates that
UPV techniques may be useful for locating the cracks in PCC pavements, however
the size of the flaw that can be detected must be sufficiently large (i.e., of the size that
it would approach being visible cracking).
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Figure 4. Variation of ultrasonic pulse velocity with pavement depth, (a) average of
five cores for all pavement sections, and (b) two cores from 1-65-U

Microscopic Examination. The parameters associated with the air void system
evaluated during the microscopic examination of the specimens included the
volumetric percentage of air voids, specific surface area, and spacing factor. In
addition, the paste and aggregate content were also determined.

The air void contents were found to vary from top to bottom of each
pavement, and from one pavement to another. Figure 5a illustrates the variation in
hardened air content as a function of pavement depth for the two cores from the
newly constructed pavement section of 1-465. It can be seen that the air contents vary
from 4.9% to 13.1% with an average total air content of 9.8%. Very high air content
was observed near the mid-depth of the pavement due to the presence of very large
irregular entrapped-air voids ranging from 2.5 mm (0.1 inches) to 17 mm (0.7 inches)
in diameter which may suggest that insufficient vibration occurred in this pavement.
On the contrary, low air content near the top surface was observed (4.9 %), which
may be attributed to the over-vibration of some portions of the surface during
construction. Paste and aggregate contents were also estimated for the same two
cores. The volume of paste was found to be in the range from 18.9% to 23.8% and the
volume of aggregate was in the range from 65.4% to 72.8%. It should also be noted
that the distribution of the paste and aggregate fractions were relatively uniform
throughout the depth of the pavement.
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Figure 5b shows a comparison of the overal trend in the average value of air
content for all the pavement sections investigated in thisresearch. The air contents of
three pavement sections (I-65-T, 1-465, and 1-65-U) are all relatively high. The
sections from [-469 and 1-70 appeared to have relatively typical air contents (5.0% to
7.6%). Concrete with an appropriate air void size and distribution can resist the
freezing and thawing damage. Table 2 separates entrained air from entrapped air
based on the size and shape of the air void using microscopic examination. It can be
seen that the entrained air content varies from 3.4% to 7.3% in the pavement sections
investigated. As the air content increases, the freeze-thaw resistance is typically
thought to improve, however a reduction in strength is typically observed. Concrete
with unevenly distributed air or large volumes of entrapped air may be susceptible to
freezing and thawing attack. However, other than the sections that appeared to be
over vibrated (I 465), the air void spacing was uniform and consistent with acceptable
spacing (ASTM STP169C 1999).
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Figure 5. Variation in total hardened air contents in pavements, (a) two cores (#1 and
#2) from 1-465 section, and (b) average of five cores from five pavement sections
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Typical cracking patterns showed cracks that developed at the interface
between the aggregate and the paste, in the paste, or through the weak aggregates.
Figure 6a shows examples of the cracked aggregate and paste. It can be seen that
crack propagated through both the fine aggregate and the paste implying that cracking
occurred at later age, and was possibly induced by traffic or environmental attacks
such as freeze and thaw cycles. Figure 6b provides an illustration of paste cracking,
in which cracks extended to the void. Figure 6c illustrates interface cracking. This
type of cracking is typically associated with damage that occurs due to loading as a
result of dissimilar strains that develop between the aggregate phase and the paste
phase.
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Table 2. Parameters of Air Void System

Pavement Air Void System
Section " Average Air Content (vol. %) | Specific Surface Area* | Spacing Factor
Total | Entrained | Entrapped | mm?/mm?® (in.%/in.%) mm (in.)

65T | 96 73 23 12.3 (313.0) 0.267 (0.0105)
1-460 | 7.3 21 3.2 9.5 (240.3) 0.356 (0.014)
1-70 46 34 12 14,5 (369.4) 0.330 (0.013)
1-465 | 115 7 45 8.3(209.6) 0.244 (0.0096)

165U | 9.3 6 33 10.2 (258.7) 0.356 (0.014)

* Specific surface area was calculated based on the total air content (entrapped and entrained)

Water Absorption and Sorptivity. A typical plot of the change in mass of the samples
due to water absorption per unit area of the surface that was exposed to water was
plotted as a function of the square root of time and is shown in Figure 7. It can be
seen that this graph contains four main regions: 1) the region of short-term water
absorption, 2) transition region, 3) the region of long-term water absorption, and 4)
the total absorption at a specific time (368 hours). The slopes of the curveinregion 1
and 3 describe the rate of cumulative water absorption per unit area at short and long
terms respectively. This water absorption was fitted using linear regression and the
equation obtained was used to describe capillary actions at both short and long terms
(Bentz et al. 2001).

In this paper the short-term rate of water absorption (i.e., initial sorptivity or short-
term sorptivity) was determined based on the initial seven hour water absorption. It is
thought to be a measure of how quickly the water fills capillary pores (Marchand et
al. 1997 and Martys and Ferraris 1997) and cracks. It is dependent on the
preconditioning (initial water content and drying) and pore size and distribution of
concrete. Cracks may permit an increase in water ingress. As aresult, concretes with
higher degree of deterioration tend to have higher short-term sorptivity values.
Figure 8 shows the results of how freeze and thaw deterioration influences the short-
term sorptivity of concrete using laboratory-cured specimens in this study. It can be
seen that the short-term sorptivity increases with a decrease in the relative dynamic
modulus (or an increases in the freeze and thaw damage). However, two slopes were
observed with a knee point occurring when the relative dynamic modulus reached
approximately 0.42. Below this point, the short-term sorptivity increased slowly with
an increase in the freeze and thaw damage. Above this point, a dramatic increase in
the short-term sorptivity was observed as the freeze and thaw damage increased. The
presence of the knee point can be explained by two considerations. First, a sudden
increase in crack width might occur, leading to a substantial increase in water
absorption. It was visually noticed during freeze and thaw testing that the knee point
(i.e., E/Ex=0.40) corresponded to a specific deterioration level at which visible
cracking occurred. However, previous study indicated that when the relative
dynamic modulus approximately reduced to 0.4, the crack width was typically
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(a) 60X

(b) 170X

Figure 6. Examples of typical crack patterns, (a) crack through both aggregate and
paste (I-70, 6 years), (b) crack through air voids (1-65-T, 25 years), and (c) crack
through interface and paste (1-65-U, 25 years)
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between 1 um to 10 um (Yang et al. 2004). As aresult, there would be substantial
changes in crack width (from 10 um to that that is visible to naked eyes) when the
relative dynamic modulus approached 0.4. Second, the change in transport
mechanisms in cracks may contribute to the formation of knee point. Water transport
in unsaturated micro-cracks (e.g., crack width<10 um) was primarily controlled by
capillary effects while the gravitational effects would dominate the water transport in
unsaturated visible cracks.

The long-term rate of water absorption (i.e., long-term sorptivity) was
determined based on the water absorption between 50 hours and 368 hours while the
total absorption ssimply describes the total volume (or mass) of water that has been
absorbed by the concrete after 368 hours of water ponding.. The long-term sorptivity
and total absorption can play akey role in determining how long a concrete pavement
may take to reach a critical degree of saturation that appearsto be related to the onset

I | I | I | |

(1) Short-term Water Absorption

(2) Transition Region

(3) Long-term Water Absorption

- (4) Total Water Absorption at a (4) =
Specific Time

12

®

Cumulative Water Absorbed
per Unit Area (mm3/mm?)

0 40 80 120 160 200
Square Root of Time (min.*?)

Figure 7. Typical result of water absorption as afunction of square root of time

8" International Conference on Concrete Pavements « Colorado Springs, Colorado, USA ¢ August 14-18, 2005
140



] 1 1 | 1 |

Hardened Air: 10% Vol.

o
w

Short-term Sorptivity, mm*mm2.min."?
= o
. >
| 1

o
]
|

0 0.2 0.4 0.6 0.8 1
Relative Dynamic Modulus, E/E,

Figure 8. Effects of freeze and thaw damage on short-term sorptivity of concrete

of freeze and thaw deterioration. The long-term sorptivity is commonly thought of as
a measure of how quickly and easily the water fills the air voids and large pores
(Wilson et al. 1999). Itisclosely related to characteristic of air void system (e.g., air
content and air void size, distribution, spacing, and specific surface area) and degree
of damage. Concrete with higher amount of small and well-distributed air voids
tends to have higher long-term sorptivity. Cracks may reduce the resistance to
diffusion, absorption, and permeation and facilitate the transport of both air and water
in concrete. As a result, the presence of cracks in concrete would increase its long-
term sorptivity.

Figure 9 shows how freeze and thaw damage and air content influence the
long-term sorptivity of concrete using laboratory-cured specimens. It can be seen
that concrete that had 10% air content showed higher long-term sorptivity than that
which had 6.8% air content. It should be noted that the size, shape, and distribution
of the air void system in these specimens (i.e., two air contents) were similar. Asa
result, concrete that has higher air content would have more air voids and surface
areas avallable for ar-water exchange, which would result in higher long-term
sorptivity. It can also be seen that the freeze and thaw damage influenced the long-
term sorptivity of concrete. When the relative dynamic modulus decreased, the long-
term sorptivity was observed to decrease and then to increase. The transition
occurred at the point where the relative dynamic modulus was equal to 0.75.
Previous study showed that this transition point corresponded to the formation of
well-connected crack network (Yang et a. 2004). This can be explained by the fact
that cracks influence the rate of pore saturation, the diffusion resistance, and the
permeability of concrete. Before the formation of well connected crack network
(E/Ep>0.75), long-term water absorption is controlled by both the pore saturation and
the gradual filling of air voids. When the freeze and thaw damage increases, the rate
of pore saturation would increase due to the fact that cracks facilitate the water
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movement in concrete. This suggests that the contribution of pore saturation to the
long—term water absorption would decrease. As a result, the long-term sorptivity
would decrease assuming that isolated cracks do not significantly influence the
gradual filling of air voids. After the formation of well connected crack network
(E/Eo<0.75), concrete pores can be saturated in much shorter time and the long-term
water absorption is primarily dominated by the gradual filling of air voids. When the
freeze and thaw damage increases, the air-water exchange would increase due to the
fact that cracks may facilitate the diffusion of air and the permeation of water in
concrete. Asaresult, the long-term sorptivity would increase.
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Figure 9. Effects of freeze and thaw damage on long-term sorptivity of concrete

Figure 10 presents the sorptivity results of one pavement section (1-65-T) to
illustrate the comparison of sorptivity values that were measured at different locations
in the dlab. It is clearly seen that cores taken from the joint and edge of the slab
behave differently from cores taken from the mid-panel (center) of the dlabs. Higher
values of sorptivity (including both short-term and long-term) were observed at the
middle depth for joints and edges and at the top surface of mid-panel suggesting that
more damage may be developing at these locations. The locations close to the joint
demonstrate a higher overall sorptivity thereby suggesting that the damage was more
uniform at the joints and corners. The reasons for the differences between the
behavior of the dab at the center and at the corners may be explained by two
considerations. First, at the joint the dowel bars transfer load more uniformly
throughout the edge section and may transfer substantial stresses which may result in
microcracks due to the restraint of moisture and thermal movements. Second, the
joints and edges of the slab are more susceptible to water penetration during rainfall
and may be more susceptible to the effects of freezing and thawing.
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Figure 11a shows a comparison of the short-term sorptivity that was obtained
by averaging the sorptivty of cores from the center, the wheel path, and the shoulder
for pavements from various sections. It can be seen that two sections (I-65-T and I-
70) demonstrate a substantially higher short-term sorptivity at the surface than in the
middle or bottom of the specimen. This again is consistent with the damage
development at the top of the pavement in sections that are showing signs of
deterioration (i.e., microcracking was observed under microscopic examination).

An assessment of the influence of traffic loading on the cumulative damage in
PCC pavements can be made by comparing the pavement section that was exposed to
traffic and the environment (1-65-T) with the section that was only exposed to the
environment (I-65-U). In the section exposed to traffic (I-65-T) the short-term
sorptivity at the top of the pavement is 54% higher than the short-term sorptivity at
the bottom of the core. However, the untrafficed section only showed an increase of
short-term sorptivity of 5%. Thisimplies that the combination of traffic loading and
environmental attack can accelerate the deterioration since both sections are of the
same age and were under essentially the same environment.

In addition, the short-term sorptivity appears to be somewhat related to the
age of the specimen. The oldest pavement section (I-65) shows the highest short-
term sorptivity, while the short-term sorptivity of new pavement section (1-465) is the
lowest. This may be due to an improvement in the mixture proportions/placement
procedures over time that has resulted in a tighter, less porous system. In addition to
pavement age, damage may aso play a part in increasing the short-term sorptivity.
For example, although the cores taken from 1-70 represent a pavement that is
“younger” than the pavement 1-469, it has higher sorptivity. This may be explained
by the fact that pavement 1-70 had started deteriorating based on the microscopic
examination, whereas, no cracks were observed in pavement 1-469. Thisis consistent
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with the results from laboratory-cured specimens (Figure 8) which described that
short-term sorptivity of concrete increased with the degree of damage.
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Figure 11. Change of sorptivity (center, wheel path, and shoulder cores only) with
pavement depth for all pavement locations, (a) Short-term sorptivity, and (b) Long-
term sorptivity

Figure 11b shows the long-term sorptivity of all pavement sections. Based on
the laboratory investigation (as shown in Figure 9), the long-term sorptivity is
influenced by the pore structure, air content, and freeze and thaw damage. The
interaction between capillary pores, air voids, and damage is complicated due to the
fact that the concrete micro-structures and air void systems in these pavements are
quite different based on the microscopic examination. Table 3 lists severa of the
main factors that were measured in these pavements that may be related to the long-
term sorptivity. Damage is only identified qualitatively as cracked or uncracked
based on microscopic examination. The results in Figure 11b reflect the combined
effects of pores, air void system, and damage on the long-term sorptivity. It can be
seen from Figure 11b that a good concrete (uncracked 1-469) showed higher long-
term sorptivity than a cracked concrete (I-70) (Table 3). This agrees well with the
results from laboratory-cured specimens (Figure 9), in which a sound concrete
(E/Eg=1.0) shows the highest long-term sorptivity. The long-term sorptivity
decreased with an increase in the freeze and thaw damage when relative dynamic
modulus was above 0.75.
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Table 3. Factors That Contribute to Long-Term Sorptivity

Pavement | Long Time | Microscopic | Air Void System

Section Sorptivity | Investigation ["Ajr Content Specific Surface Area*
of Damage | (g4\/0l) mm?mm? (in.%in.)

[-65-T 0.001 Cracked 9.6 12.3(313.1)

1-469 0.0018 Uncracked 7.3 9.5 (240.3)

[-70 0.0009 Cracked 4.6 14.5 (369.4)

[-465 0.00025 Uncracked | 11.5 8.3 (209.6)

1-65-U 0.0037 Cracked 9.3 10.2 (258.7)

Splitting Tensile Strength. The split cylinder test was used to provide an indication
of the mechanical properties of the concrete pavements. Figurel? shows the splitting
tensile strength that was obtained from the cores taken from each of the pavement
sections. It can be seen that the splitting tensile strength ranges from 3.1 MPa (450
psi) to 4.3 MPa (630 psi). The new pavement section (I-465) has the highest value,
while the 1-65-U that is 25 years old shows the lowest value. This may reflect the
fact that the variation of splitting tensile strength with depth or pavements can be
mainly linked to the age, air voids, and damage of the pavement sections.
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Figure 12. Splitting tensile strength of all pavement sectionsin this study
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Conclusions

This paper has reported the results of field condition assessment of selected concrete
pavements in the state of Indiana. Specifically, this work was intended to provide a
better understanding of the damage that is present in existing pavements for use in
life-cycle modeling. Based on the results obtained from cores taken from several
pavements, the following conclusions can be drawn:

. Typical cracks observed in the pavements occur at the aggregate-paste
interface, through weak aggregates, and in the paste. While the exact cause of this
cracking is not completely known, it is hypothesized that this cracking is due to a
combination of loading and environmental effects.

" The average total hardened concrete air contents for these pavements were
found to vary widely from approximately 4.0% to 13.0%. Entrapped air may
comprise relatively large portions of the total air (from 1.2% to 4.5%). In one
pavement relatively large entrapped air voids (up to 25 mm in diameter) were found
which could be aresult of insufficient closing of the paste after vibration.

" It was observed from laboratory-cured specimens that the short-term
sorptivity increases with the freeze and thaw damage in a bilinear fashion while the
long-term sorptivity was found to correlate with the freeze and thaw damage and air
content. In pavements that are known to be performing poorly (microcracking was
observed under microscopic examination) it was observed that the short-term
sorptivity near the surface of the pavement was substantially higher (up to 54%) than
that in the middle or bottom of the pavement. This indicates that microcracking
occurs at the surface of concrete pavements which results in more rapid water
transport and absorption. In addition, higher short-term sorptivity was observed in
older pavements indicating that damage had been developed and accumulated in
these pavements.
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