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EXECUTIVE SUMMARY

The purpose of sawing in a pavement construction project is to produce weak cross-sections and
allow portland cement concrete (PCC) to crack at the designed/sawed locations, thus reducing
random cracks caused by concrete shrinkage. Early entry sawing, a relatively new technique that
applies sawing earlier and more shallowly than conventional sawing, is believed to increase
sawing productivity and reduce the cost of the joint sawing operations. However, in some
instances early entry sawing joints (transverse joints) in the state of lowa were found to
experience delayed cracking, including lengthy delays greater than 30 days. A concern is
whether the early entry sawing technique would lead to late-age random cracking.

The present study investigated the effects of different sawing methods on random cracking in
PCC pavements. The approach was to assess the cracking potential at sawing joints by
measuring the strain development of the concrete at the joints using concrete embedment strain
gages. In the present study, ten joints were made with the early entry sawing method to a depth
of 1.5 in., and two strain gages were installed in each of the joints. Another ten joints were made
with the conventional sawing method, five of which were sawed to a depth of one-third of the
pavement thickness (3.3 in.), and the other five of which were sawed to a depth of one-quarter of
the pavement thickness (2.5 in.). One strain gage was installed in each of the joints made with
the conventional sawing method. In total, 30 strain gages were installed in 20 joints.

The results from the present study indicate the following:

1. All 30 joints cracked within 25 days after paving. No random cracking was observed in the
test section two months after construction.

2. Most joints made with the early entry sawing method cracked later than the joints made with
the conventional sawing method. The average joint cracking time for early entry sawing was
12.3 days, while the average joint cracking time for the joints made with the conventional
sawing method was 2.2 days for joints sawed to a depth of one-quarter of the pavement
thickness and 0.6 days for joints sawed to a depth of one-third of the pavement thickness.
The joint crack times (or crack initiation time) measured by the strain gages were generally
consistent with the visual observations.

3. The strain gages used were capable of monitoring the deformations at the joints. The
deformations were in the ranges of 0.0055-0.0622 in., 0.0012—0.0410 in. and 0.042—0.0458
in., respectively, for the early entry, one-quarter pavement thickness, and one-third pavement
thickness sawings.

4. After the joints cracked, the pavement expanded or shrank according to the daily ambient
temperature. The average length change of a 20 ft long concrete slab was 0.025 in. due to the
ambient temperature effect.

5. Although the tested pavement section was closed to traffic during the project, it was reported
by the lowa Department of Transportation inspection staff that the test sections were
prematurely loaded by the contractor’s equipment. It was uncertain how this premature
loading affected the joint cracking.

x1



Only one concrete mix was studied in the present project, and the shrinkage behavior of the
concrete prior to cracking was not evaluated. These shall be considered in future studies of
pavement strain development and cracking potential.
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1. INTRODUCTION
1.1 Background

Random cracking in portland cement concrete (PCC) pavement is primarily controlled by two
important factors: (1) concrete shrinkage behavior and (1) restraint condition. Saw cutting is the
most effective way to reduce the random cracking of concrete because saw cuts or joints allow
concrete segments to deform or move freely, thus lowering the level of stresses built up in the
concrete. Depending on sawing time, space, and depth, the sawing operation may or may not
reduce or eliminate random cracking. Most engineers believe that the saw cutting time should be
neither too soon, which may cause concrete raveling, nor too late, which may lead to residual
stress development in the concrete. The sawing space commonly varies from 15 to 20 ft (18 ftis
the common practice in the state of [owa). For a conventional sawing operation, the depth of saw
cuts is one-third or one-fourth of the pavement thickness. For early entry sawing, the depth is
about one inch or slightly deeper (Zollinger et al. 1994; Zollinger 2001).

Early entry sawing is commonly operated with a lightweight sawing machine that can get onto
the pavement at a very early age (1 to 4 hours after paving) and cut the concrete to a shallow
notch, 1.0 to 1.5 in. (Taylor et al. 2006). Compared to a sawing depth of approximately one-third
to one-quarter of the pavement thickness and a joint sawing window between 4 to 12 hours (see
Figure 1, adopted from Rasoulian et al. 2006), this new technique is believed to increase sawing
productivity and reduce the cost of the joint sawing operation.

_» _”?ul..t:’b'h"r‘."
Wy [

(a) Conventional (b) Early entry sawing

Figure 1. Contrast in joints with different saw cut depths

Since early entry sawing is conducted at a very early age, usually 1 to 4 hours after paving, when
the concrete is relatively soft and weak, the sawing operation is expected to proceed rapidly and
the requirements for manpower and blade wearing resistance are low. Early entry sawing was
commercially introduced to the pavement industry in 1988 (Concrete Construction 1988), and it
has been increasingly used in the state of lowa since 1995. Early entry sawing has been proved to
be successful in Texas (Zollinger et al. 1994), Missouri (Chojnacki 2001), lowa (Steffes and



Siljenberg 2003), and Sweden (Lofsogard 2004). Some post-construction evaluations have
indicated that early entry sawing joints generally crack and that no random cracking is observed.
Only recently, a study conducted by the Louisiana Transportation Research Center (Rasoulian et
al. 2006) revealed that crack development at the early entry sawing joints was very slow. The
researchers believed that the slow crack development was due to the use of slag in the concrete
mixes. Then, in order to ensure the joint cracking, the early entry sawing joint depth was
increased from 1.0 in. to 1.5 and 2.5 in.; as a result, all the joints were cracked approximately
after one month.

Generally, the objective of pavement sawing is to produce a plane of weakness that allows
concrete to crack at the desired (sawed) location, thus reducing the random cracks caused by
concrete shrinkage. Joint cracking is generally observed within several days after sawing, when
conventional sawing, which is one-quarter to one-third of the pavement thickness, is applied.
Unexpectedly, in the state of lowa, many early entry sawing joints (transverse joints) in PCC
pavement do not crack for a long time, in some cases for months, after sawing. In a project
constructed late October 2004 on US 34 (District 5), early entry sawing was employed for a
pavement made with a ternary mix (20% slag, 20% fly ash, 60% portland cement). Only a few
joint cracks (approximately 1 per every 20 joints) were found nine months after the paving and
sawing operations. It is not clear whether the uncracked joints resulted from the reduced drying
shrinkage of the concrete mix (i.e., ternary cementitious materials and well-graded aggregate) or
from the insufficient depth of the saw cuts. An urgent concern is whether there will be late-age
random cracking in these early entry sawing pavements or not. In some early entry sawing
projects, the contractors had to repeat the sawing a few weeks after the construction because they
did not see cracks at the sawing joints.

Apparently, most of the reported concrete research and practice until now still implies that early
entry sawing joints should and do crack. However, no study has addressed whether delayed
random cracking occurs in early entry sawing pavements when few or no joint cracks form
several months after construction.

1.2 Objectives

The goal of the present study is to investigate whether delayed random cracking may occur in
early entry sawing pavements. Since cracking is related to stress development in concrete, the
specific objective of this study is to examine the levels of stress that develop at the early entry
sawing joints of pavements. The results of the study, therefore, will help assess the risk of late-
age random cracking in early entry sawed pavements.

The results of the present study can be used by the lowa Department of Transportation (Iowa
DOT) and the paving industry to identify potential late-age random cracking problems (if any) in
pavements constructed using an early entry sawing operation. The results can also provide the
Iowa DOT and paving contractors with insight about modifications for the current early entry
operations, such as changing the sawing depth and joint spacing for low-shrinkage concrete mix
pavements.



2. RESEARCH APPROACH

A pavement project located in Fairfield, lowa, was selected, and a side-by-side comparison of
two different concrete sawing methods (early entry sawing and conventional sawing) was
performed. Strain gages were installed at the sawing joints, and strain developments in the
concrete and visual evidence of joint cracking were monitored. The results from the early entry
sawing and conventional sawing pavement segments were compared and used to assess the risk
of random cracking in the pavement. The study included four major tasks, as described below.

2.1 Task 1: Equipment Selection

An investigation was performed to choose the appropriate type of strain gage and data logger for
the study. A concrete embedment Geokon 4200 vibrating wire (VW) strain gage and LC-2 4-
channel and 16-channel data loggers were selected based on performance and cost.

2.2 Task 2: Field Project Preparation

A full-depth PCC paving project on a US 34 bypass in Fairfield, lowa, was chosen for the
present study. The investigators worked closely with the lowa DOT and the project contractor on
the issues related to sawing operations, strain gage installation, and data collection. An
appropriate method for installing the strain gages was also determined. The contractor used its
common practice (i.e., equipment and operation methods) for the early entry and conventional
sawing applications. The investigators were in charge of strain gage installation and data
collection.

2.3 Task 3: Field Testing (Strain Gage Installation and Data Collection)

In order to monitor the strain development and joint cracking formation, strain gages were
installed at the joints formed using different sawing techniques. A total of 30 gages were
installed: 20 gages for the 10 early entry sawing joints, and 10 gages for the conventional sawing
joints. Three data loggers were used to collect the strain data from the gages. Furthermore, basic
concrete data (i.e., mix proportion, strength, and modulus of elasticity) were also collected to
supplement the strain data analysis.

2.4 Task 4: Data Analysis

The strain data collected in Task 3 was analyzed to assess the risk of random cracking
development in early entry sawing pavements.



3. EQUIPMENT AND PROCEDURES
3.1 Equipment
3.3.1 Strain Gages

Prior to selecting equipment for this project, an investigation was performed to compare
appropriate strain gages for the present study. Concrete strain gages from CTL Group, a VW
embedment strain gage from Gage Technique, a VW embedment jointmeter from Slope
Indicator Company, a PML-60 model concrete embedment strain gage from Tokyo Sokki, a
Model 5110 VW strain gage from Geotechnical Systems Australia Pty Ltd., and a 4200 VW
strain gage from Geokon were among those gages being considered. The 4200 VW concrete
embedment strain gage from Geokon, shown in Figure 2, was chosen based on price and
configuration, including effective gage length and maximum deformation.

Figure 2. Geokon 4200 vibrating wire strain gage

The 4200 VW strain gage has a 152 mm gage length and a 1 micro-strain (pe) sensitivity and is
commonly used for strain measurements in foundations, piles, bridges, dams, tunnel linings, etc.
Detailed specifications, according to the product manual from the manufacturer (Geokon 2008a),
can be found in Table 1.

The mechanism of this strain gage is shown in Figure 3 (adopted from Geokon 2008). The strain
gage operates on the principle that a tensioned wire, when plucked, vibrates at a frequency that is
proportional to the strain in the wire. The gage is constructed so that a wire is held in tension
between two end flanges. Loading of the concrete structure changes the distance between the two
flanges and results in a change in the tension of the wire. An electromagnet is used to pluck the
wire and measure the frequency of vibration. Strain is then calculated by applying calibration
factors to the frequency measurement.



Table 1. Specification of strain gages

Specification Values

Range (nominal) 3000 pe

Resolution 1.0 pe

Active Gage Length 153 mm

Calibration Accuracy 0.1%FSR

Batch Factor Accuracy 0.5%FSR

System Accuracy 2.0%FSR

Stability 0.1%FS/yr

Linearity 2.0%FSR

Thermal Coefficient 12.2 ue /°C

Frequency Range 450-1200Hz

Dimensions (gage), Length x Diameter 6.125%0.750” (155%19mm)
Dimensions (coil) 0.875%0.875” (22%22mm)
Coil Resistance 150Q2

Temperature Range -20 to + 80 °C

Instrument Cable
Coil & Thermistor Housing (4 conductor, 22 AWG)

\rng Sealed End Block
O-ring Sealed End Block Thermistor Pluck & Read Coils ™ \

/ \

) . / Protective Tube ) .
Wire Grip I;"J (encased with shrink tube) \ Wire Grip
— |

T Wire T
[ Gage Length 2|
(6", 152 mm)

Figure 3. Internal view of 4200 vibrating wire strain gage

The primary means of gage placement is direct embedment in concrete by pre-attaching the gage
to rebar or tensioning cables, pre-casting the gage into a concrete briquette that is subsequently
cast into the structure, or grouting the gage into boreholes in the concrete. Strains are measured
using the vibrating wire principle: a length of steel wire is tensioned between two end blocks that
are firmly in contact with the mass concrete. Deformations in the concrete cause the two end
blocks to move relative to one another, altering the tension in the steel wire. This change in
tension is measured as a change in the resonant frequency of vibration of the wire.
Electromagnetic coils that are located close to the wire accomplish excitation and the readout of
the gage frequency. The strain gage is designed to be embedded inside concrete, and, since the
strain was measured through the frequency of the vibrating wire, no calibration is needed for
different cable lengths.



3.3.2 Data Logger

Upon deciding the type and number of strain gages, a data logger was chosen accordingly in
order to store the strain reading from strain gages. A Geokon model LC-2X16 16-channel data
logger and a model LC-2X4 4-channel data logger were chosen based on the strain gages’ layout,
number of channels, price, and size of memory. The data loggers are shown in Figure 4.

(a) LC-2X4

Eokon

®

(b) LC-2X16
Figure 4. LC-2 4-channel and 16-channel data logger

The model LC-2X16 16-channel data logger and model LC-2X4 4-channel data logger are low-
cost, battery-powered, and easy-to-use measurement instruments designed to read up to 16 or 4
vibrating wire sensors equipped with thermistors. The 320K standard memory provides storage
for 3,555 or 10,666 data arrays for 16- and 4-channel data loggers, respectively. Each array
consists of an optional data logger ID string (16 characters maximum) and a time stamp
consisting of the year, date (Julian day or month/day format), time (hh/mm or hours/minutes
format), and seconds when the reading was taken. Also included in the data are the internal 3V
(or external 12V) battery voltage level, the data logger temperature, the vibrating wire readings,
and the temperature at the transducers.



3.2 Paving Profile and Concrete Mix Design

A full-depth PCC paving project (Ilowa DOT project number NHSN-34-8(80)-2R-51) on a US 34
bypass in Fairfield, Jefferson County, lowa, was chosen for the present study. The pavement
section from the beginning of the paving project (station number 19+00) to Filbert Avenue
(station number 30+00), as shown in Figure 5, was chosen as the test section. The test section
was paved on June 23, 2008.

TA. 4+ ¥
N

T| "
UL/ STA 59+98.954 (BK) =
STA. 59+36.539 (AH)

STA. 87+00.000

| [eoemEcT

T-728

R-11W ~R-10W
LOCATION MAP SCALE
¢ 5 1.0 15 g 25

KROMETERS

Figure S. Site map of selected field site

The pavement design is based on plans from the lowa DOT’s Office of Design Standards, “Road
Plans RH-53: Four-Lane Divided Roadway 26 ft. P.C. Concrete Pavement,” as shown in Figure
6. The pavement thickness at the testing section is 10 in. (260 mm), and the width of the
pavement is 12 ft + 14 ft (3.6 m + 4.2 m), with a typical joint space of 20 ft (~6 m).
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A quality management concrete (QMC) mix with a water-to-cement ratio of 0.40 was used in the
paving project. The design slump and air content are 1.5 in. and 6 %, respectively. The concrete
mix design is summarized in Table 2. Detailed information about the mix design and physical
properties of the raw materials can be found in Table A.1 and A.2 in Appendix A.

Table 2. Concrete mix proportion

Materials Weight (lb/yd3)
Cement 443

Fly ash 111
Water 222

Fine aggregate 1282
Coarse aggregate 1315
Intermediate aggregate 564




3.3 Test Setup
3.3.1 Equipment layout

In order to compare the performance of joints cut with different sawing methods, a testing
section that included 35 joints, out of which 20 were instrumented for strain measurement, was
selected for the present study. The instrumentation order in the direction of paving is 5 one-third
conventional sawing, 5 blank (no strain gage), 5 one-fourth conventional sawing, 5 blank, and 10
early entry sawing. The blanks were left to minimize the edge effect. The layout of the
instrumentation is shown in Figure 7. As shown in Figure 7(a), Part I of the testing section
included 10 early entry sawing joints; 20 embedded VW strain gages were installed, two for each
joint (one at approximately 1 ft away from the edge and another in the middle approximately 11
ft away from the edge). All 20 strain gages were connected to two data loggers (Logger A with
16 channels and Logger B with 4 channels) through cables. In Part II of the test section, two
depths of conventional joint sawing (one-third and one-quarter of the pavement thickness) were
utilized in order to compare the performance of conventional sawing. The arrangement of strain
gages are shown in Figure 7(b). One gage, which is located at approximately 1 ft away from the
pavement edge, was put in the conventional sawing joints.

3.3.2 Installation of Strain Gages

In order to avoid disturbance/damage from possible external forces during concrete paving and
to ensure the correct orientation, the concrete embedment strain gages were installed prior to the
concrete placement. As shown in Figure 8, two short pieces of steel rebar were tied to the
existing dowel bars using nylon tie-wraps. The strain gages were then tied to the short pieces of
rebar, again using nylon tie-wraps. The gages were located approximately at the middle height of
pavement thickness (4 % in.). Special care was paid to ensure that the strain gages are located
across the joints and lined up perpendicular to the joints.

Prior to connecting the strain gages to the data loggers, an initial strain reading, a “zero reading,”
was taken using the CK-404 vibrating wire readout on each of the gages in order to ensure the
proper functioning of the gages (Figure 9). The readings provide necessary voltage pulses to
pluck the wire and convert the measured frequencies so as to display the reading directly in
micro-strain units (pe). The results indicated that all gages but one were working properly after
installation.
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Figure 9. CK-404 vibrating wire readout

Depending on the location of the strain gages, the length of the cable for wiring the gages to the
logger ranges from 35 to 175 ft. The information about lengths of cable for individual strain
gages can be found in Table A.3 in Appendix A. In order to protect the cable from damage
during concrete paving, all cables running underneath the pavement, as shown in Figure 7, were
buried inside small trenches approximately one inch deep. The cable from the strain gages
located 11 ft away from the pavement edge were run inside the dowel baskets and met with the
cable over the edge of the pavement. The trenches were then backfilled so that the cables were
completely buried. Pictures of the cable setup can be found in Figure 10. It appeared that there
was no obvious disturbance on the base surface caused by the installation of the strain gages and
cables.

11



_ Cables after installation
Figure 10. Setup of cables for strain gage

3.3.3 Setup of Data Loggers

Two LC-2X16 16-channel data loggers and one LC-2X4 4-channel data logger were used to
collect strain and temperature readings from the 30 gages. The layout of the arrangement of
strain gages and the corresponding data logger are shown in Figure 7. In order to protect the data
loggers from weathering and water, the investigators developed a setup for the data loggers’
storage. As shown earlier, the testing section was basically divided into two parts: Part I with 20
strain gages on 15 early entry joints, as shown in Figure 7(a), and Part II with 10 strain gages on
10 conventional joints (5 with one-third of the pavement thickness and 5 with one-quarter of the
pavement thickness), as shown in Figure 7(b). In each of these two parts, all cables were run
together and met at about the middle point, and the cables were then bound together and run
toward a 50 gallon steel barrel approximately 15 ft away from the pavement edge. The cables
were buried approximately 1 ft deep and enclosed by 1.5 in. PVC pipe so as to prevent damage
during construction. The cables were then run into the steel barrels through a specially designed
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“U shape” tube to protect them from damage and prevent water getting inside the barrels. Both
steel barrels were half-buried and locked for security reasons (Figure 11).

All strain gages were lightning protected through a ground connection made possible by the earth
grounding of the data loggers (as shown in the green cables in Figure 11). Grounding cable was
used to divert the energy from a lightning strike safely to ground. The grounding rod was driven
as close to the data logger as possible and to a depth of approximately three feet. A copper
grounding lug was supplied on the exterior of the LC-2X16 and LC-2X4 enclosure to provide
connection to this wire from the grounding cable.

A . i

Figure 11. Setup of data loggers
3.3.4 Paving and Sawing

The test section was paved on June 23, 2008 in the afternoon. The paving time through each joint
was recorded and is shown in Table A.4 in Appendix A. The strain gages and cables during
paving are shown in Figure 12. It appeared that both strain gages and cables were well protected
against the paving process. The air content was also measured on site during paving: air contents
0f 9.6% and 6.9% were recorded before and after paving, respectively.
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Figure 12. Strain gages during paving

The weather profile of the paving site was obtained from lowa Environmental Mesonet (IEM) of
the Iowa State University Department of Agronomy. The data was accessed by Automated
Weather Observing System (AWOS) sensors managed by the lowa DOT. Weather data from a
weather station at latitude 41.05 and longitude -91.98 located in Fairfield, lowa, was used in the
present study. The weather information during paving and sawing is shown in Figure 13. It
appeared that, due to the summer construction, the air temperature remained relatively high,
while wind speed was negligible and no precipitation was observed during the paving and
sawing period.

120 +
PAVING SAWING

100 - -~
12:01 15:15 18:15 20:52

80 A

60 -

Temperature

12:00 14:00 16:00 18:00 20:00

. H Air temp., oF
Time
H Dew point temp, oF

Figure 13. Weather condition during paving and sawing

14



PAVING SAWING
6 .
12:01 15:15 18:15 20:52
5 .
®
g
g 3
()]
[
2 .
1 .
0
12:00 14:00 16:00 18:00 20:00

B Wind speed, knots
Time
B Hourly precipitation, in.

Figure 13. Weather condition during paving and sawing (continued)

In order to compare the effect of different sawing types and depths, two different types of sawing
equipment were used in this study. A GX-4200 Soff-Cut was used for early entry sawing (see
Figure 14[a]) and conventional sawing with the depth of one-quarter of pavement thickness
(T/4). A Diesel conventional sawing machine (Figure 14[b]) was used for conventional sawing
with the depth of one-third of the pavement thickness (T/3). The sawing information regarding
blade types and joint depths were provided by the contractor and are summarized in Table 3. The
pavement joints with . "

(a) Early entry sawing

Figure 14. Sawing equipment
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(b) Conventional sawing

Figure 15. Sawing equipment (continued)

Table 3. Sawing information

Sawing Type Saw Type Blade Type  Joint Depth (in.) Joint Width (in.)

Early entry Soft-Cut Diamond 1.5 0.25
T/4 Soff-Cut Diamond 2.5 0.25
T/3 Diesel Abrasive 33 0.25

Due to the differences in joints and sawing machines, joints were sawed at different periods after
paving. The early entry sawing was performed at approximately 5.1 hours after paving, and the
conventional sawing was performed a little later, at approximately 6.6 hours after paving. More
detailed sawing information can be found in Table A.4 in Appendix A.

(a)T/3 (b) T/4 (c) Early entry

Figure 16. Joints with different sawing depths in the test sections
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4. TEST RESULTS
4.1 Mechanical Properties

In order to study the mechanical properties of the concrete mix used in the present study, 4x8 in.
cylinders were cast at the site producing the job mixture. The 3- and 7-day specimens were
brought back and cured at the laboratory (in plastic molds), whereas the 28- and 56-day cylinders
were left at the site for curing and collected at the time of testing. Compressive strength, splitting
tensile strength, and modulus of elasticity were measured at different ages. The results are
summarized in Table 4.

Table 4. Mechanical properties of the concrete

Specimen . (psi) E’c(ksi) g, (psi)

3-day 3241 -

7-day 4575 4125 -
28-day 6155 5322 495
56-day 6759 5210 -

The results show that the compressive strength, splitting tensile strength, and modulus of
elasticity are consistent with the database of PCC pavement mechanical tests in the state of lowa
(Wang et al. 2008a).

4.2 Environmental Profile

As mentioned above, the weather profile of the paving site was obtained from [EM of the lowa
State University Department of Agronomy. The weather profiles of the first 30 days after paving
are shown in Figure 17. The daily high and low temperature profiles for the first 30 days after
paving show that the temperatures were in a band of 55 °F to 95 °F and were cycling between
daytime and nighttime relatively constantly. The difference between the low and high peaks of a
cycle can be up to 30°F, which might have significantly affected the joint cracking development
and pavement deformation, while a relatively low wind speed and precipitation accumulation
should not have had a major effect.
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4.3 Joint Cracking and Strain Development

Based on the database of lowa PCC pavement mechanical properties (Wang et al. 2008a), the
following two equations were used to predict splitting tensile strength and modulus of elasticity
of concrete at different ages:

E.=80,811xf 046> (1)
£=1.019%£ 070 2)

The results, as shown in Table 5, indicate that the predicted splitting tensile strength and
modulus of elasticity at different ages are consistent with the available measured data shown in
Table 4.

Table 5. Simple prediction of strain and deformation level for cracking

Measured Predicted
f'c (psi) f'sp (psi) E'c (ksi) Max. Strain (ng) Max. Deformation (in.)
3-day 3241 309 3492 88.4 0.0212
7-day 4575 394 4101 96.0 0.0230
28-day 6155 486 4708 103.2 0.0248
56-day 6759 519 4918 105.5 0.0253

The maximum strain level inside the concrete under tension stress was indirectly estimated based
on the calculated splitting tensile strength and elastic modulus:

Maximum Strain = f*,/E’¢ 3)

The corresponding deformations of a 20 ft. concrete slab under different stress levels at different
ages were calculated accordingly. The results of the estimated splitting tensile strength, modulus
of elasticity, strain, and deformation level in terms of initial cracking at different ages are
summarized in Table 5. The results show that, depending on the age of the concrete, the
pavement might start to crack when the strain reaches approximately 88.4 pe with a deformation
0f0.0212 in.

According to the calibration factor from the strain gage manufacturer (Geokon, 2008a), the
theoretical strain can be calculated based on the following:

ue theory:G xR (4)
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where G is the theoretical gage factor (equal to gage factor times batch factor, or “3.304 x 0.96 =
3.1718” for strain gages used in the present study) and R is the direct reading from the Geokon
data logger.

A corrected strain can be calculated based on the difference between the current reading and the
zero reading before the strain gage is embedded in the concrete:

ue corrected=0 % (Rl 'RO) (5)

Since the temperature will affect the strain reading from the strain gages due to the difference in
thermal expansion between the concrete and the steel wire, as shown in Figure 3, the following
equation was used to calculate the true strain inside the gage based on the temperature-corrected
strain:

1E rue=GX(R1-Ro)H(T1-To)*(Ci-Cy) (6)

where T and Ty are the current temperature (°C) and temperature at zero reading (°C),
respectively, C; is the CTE of steel (microstrain/°C), and C; is the CTE of concrete. According to
the database of the thermal properties of lowa PCC pavement (Wang et al. 2008b), a CTE value
of 10.25 microstrain/°C was used based on the coarse aggregate type.

By using Equation 6, the true strain of the strain gages can be calculated. An example of the
difference between the direct strain gage reading and the calculated strain in the gage (Joint 7,
logger number B1) for 30 days after paving is shown in Figure 19(a) and (b). A zero reading of
862.0 and a temperature of 17.2 °C at zero reading was used in Equation 6 for the calculation of
true strain in this strain gage.
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(a) Direct reading from strain gage

Figure 18. Example of strain calculation (Joint 7)
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Figure 19. Example of strain calculation (Joint 7)

The deformation of the 20 ft concrete slab was calculated accordingly based on the effective
strain gage length of 152 mm (see Figure 3). Since the deformation of the strain gage is caused
by the expansion or shrinkage of the concrete pavement, the deformation of the concrete
pavement and the strain level inside the pavement can be calculated accordingly. Figure 20
presents an example (Joint 7, logger number B1) of the deformation calculation for the strain
gage (pavement) and the strain inside the pavement.

The dramatic increase of the strain and deformation indicated that the strain level increases
significantly during a very short period of time after paving, usually within hours. This first
dramatic increase of strain and deformation inside the pavement was considered to be the
initiation of joint cracking. The periodic decrease and increase of the deformation after cracking,
however, is considered to be caused by the thermal deformation of the concrete slab due to daily
temperature variation, which includes approximately one cycle per day. The maximum daily
length change of a 20 ft long concrete slab due to thermal effect is calculated based on the
temperature data, as shown in Figure 21. Based on the available temperature data, the theoretical
free expansion due to the daily temperature differences can range between 0.011 and 0.033 in.
The values calculated from the strain gage measurements fall in this range, as shown in Figure
20.
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Figure 20. Example of pavement strain and deformation calculation
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Based on the same procedure presented in Figure 20, the strain and deformation levels for all 30
strain gages and the corresponding pavement deformation and strain level were calculated.
Examples of the deformation of a 20 ft PCC pavement slab with early entry sawing (Joint 7,
logger number B1, and Joint 6, logger number A6) and conventional sawing (T/4 — Joint 13,
logger number C3, and T/3 — Joint 20, logger number C10) under different periods are presented
in Figure 22 and Figure 23. Results show that the strain (deformation) development generally
showed two different styles: a few of the strain gages stopped taking readings after a drastic
increase in strain, and most of the gages showed a cycling strain development with periodic
increases and decreases. The former situation probably indicates that the crack width falls out of
the strain gage measurement range, and the latter shows that the crack width fluctuation due to
temperature cycling occurs in the measurement range.
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Figure 22. Examples of stress development of early entry sawing
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Figure 23. Example of stress development of early entry sawing

In the present study, the time at which the first significant peak observed from the strain gage
readings (with a deformation larger than 0.005 in.) was considered to be the joint cracking time
(or crack initiation time). Table 6 shows the joint crack times for all the joints studied with early
entry sawing. The table illustrates that the crack times measured from the two strain gages
installed at a given early entry sawing joint are the same or very close, indicating a good
reliability for the strain gages. The average time is 12.3 days, and the range is 1.4 to 24.1 days.
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The table also shows that 2 out of 10 joints cracked much earlier than others. If these joints are
excluded, the average crack time is 15 days. The joints that cracked early also have much larger
deformation (up to 0.0622 in.) than the joints that cracked later (as low as 0.0055 in.). However,
the average deformation or strain value measured is close to those estimated in Table 5.

Table 6. Early entry sawing joint crack time and strain deformation resulting from strain
gage measurements

Joint crack  Strain from gage Deformation at the Strain in concrete at

Joint time, day reading, pe crack time, in. the crack time, pe
1* 17.5 17.6 1434 1487 0.0086 0.0089 35.8 37.1
2% 240 241 1659 1815 0.0099 0.0109 414 453
3* 17.6  17.6 1414 1671 0.0085 0.0100 353 41.7
4 10.6 10.6 5705 5107 0.0341 0.0306 142.3 127.3
5* 17.6  17.6 1200 1662 0.0072 0.0099 29.9 41.4
6 1.4 1.4 9692 10177  0.0580 0.0609 241.7 253.8
7 11.6  11.6 988 1095 0.0059 0.0066 24.6 27.3

8 10.5 10.5 1210 1337 0.0072 0.0080 30.2 333

9 10.5 10.5 914 1435 0.0055 0.0086 22.8 35.8

10 2.1 2.2 10393 10096  0.0622 0.0604 259.2 251.7
Range 1.4-24.1 914 -10393 0.0055 - 0.0622 22.8-259.2
Avg. 12.3 3525 0.0211 87.9

* Due to an unknown reason, probably a malfunction of the data logger, discontinuities were observed in the data
and some of the joint crack initiations occurred in these intervals. Joint crack times are considered as the mid-point
of this no-data logging period.

Table 7 demonstrates the joint crack time and deformations resulting from the conventional
sawing method. As expected, the conventional sawing generally resulted in much earlier joint
cracking: for the sawing to one-third of the pavement thickness, the average crack time is 0.6
days and the corresponding range is 0.2 to 2.2 days. The average crack time for the sawing to
one-quarter of the pavement thickness is 2.2 days with a range of 0.2 to 6.5 days. Similarly, the
variation in the strain gage measurements of the five joints made with the same sawing method
was also large. The large variations may be attributed to various factors, such as time and
location of sawing, uniformity of the concrete slab, etc. However, the data is consistent with the
common knowledge that the deeper the cut, the earlier the joint cracking.
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Table 7. Conventional sawing joint crack time and strain deformation resulting from strain
gage measurements

Joint Time start Strain from Deformation at Strain in concrete at
# cracking, day gage reading, pe  the crack time, in.  the crack time, pe
11 6.5 6125 0.0372 206.6
12 0.2 340 0.0020 11.3
13 0.4 5999 0.0359 199.4
T/4 14 2.0 680 0.0041 22.6
15 2.0 200 0.0012 6.6
Range 0.2-6.5 200 - 6125 0.0012 - 0.0410 6.6 - 206.6
Avg. 2.2 2687 0.0161 89.3
16 0.2 2687 0.0042 23.5
17 1.1 706 0.0091 50.4
18 1.1 1516 0.0342 189.7
T/3 19 0.2 5707 0.0070 38.9
20 0.2 7653 0.0458 23.5
Range 02-2.2 706 - 7653 0.0042 - 0.0458 23.5-189.7
Avg. 0.6 3350 0.0200 254.4

* Due to an unknown reason, probably a malfunction of the data logger, discontinuities were observed in the data
and some of the joint crack initiations occurred in these intervals. Joint crack times are considered as the mid-point
of this no-data logging period.

Table 7 demonstrates the joint crack time and deformations resulting from the conventional
sawing method. As expected, the conventional sawing generally resulted in much earlier joint
cracking: for the sawing to one-third of the pavement thickness, the average crack time is 0.6
days and the corresponding range is 0.2 to 2.2 days. The average crack time for the sawing to
one-quarter of the pavement thickness is 2.2 days with a range of 0.2 to 6.5 days. Similarly, the
variation in the strain gage measurements of the five joints made with the same sawing method
was also large. The large variations may be attributed to various factors, such as time and
location of sawing, uniformity of the concrete slab, etc. However, the data is consistent with the
common knowledge that the deeper the cut, the earlier the joint cracking.

Based on the estimation of cracking data, as shown in Table 6 and Table 7, the percentage of
cracked joints at different ages was calculated by dividing the number of cracked joints by the
total number of joints with certain types of sawing (5 joints with conventional sawing or 10
joints with early entry sawing). For example, two out of five joints (40%) with T/4 conventional
sawing cracked within one day and two more joints cracked between one to two days, which
means four out of five joints (80%) cracked within two days, and all five (100%) cracked with
seven days. The results are summarized in Figure 24, which shows that most of the joints formed
with conventional sawing cracked within 5 days and that the percentage reaches to 100% at less
than 10 days. The figure also shows that only approximately 20% of the joints formed with early
entry sawing cracked at the age of 10 days and that the percentage reaches 100% by
approximately 25 days.
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Figure 24. Percentage of joint cracking at different ages

The relationship between the time of crack initiation and the deformation at that point was also
studied. The results, as shown in Figure 25, indicate that, in early entry sawing, early cracking is
usually associated with a higher deformation level, which is reasonable because a higher
concentration of stress should likely result in an earlier crack initiation. However, no obvious
relation between deformation and time of crack initiation was found in the joints formed with
conventional sawing.
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Figure 25. Relation between crack time, initiation time, and deformation at the joints

A daily inspection was performed during the first 4 days following paving in order to compare
the visual evidence of the cracking with the strain gage data. Further observations were also
made during site visits for data collection 22 and 48 days after the paving operation. Table 8
compares the measured joint crack time from the strain gage results to the observed crack time
from visual inspection (Table A.5 in Appendix A). Although visual observation was not able to
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be performed daily after 4 days of paving, a very good match was found between observed and
measured joint crack time on most of the joints, which indicates good consistency between visual
observation and strain gage measurement.

Table 7. Comparison of observed and measured joint crack time

Early Entry Sawing

Joint # 1 2 3 4 5 6 7 8 9 10
Observed crack time, day  4-22 22-48 4-22 4-22 4-22 1-2 4-22 4-22 422 23
Measured crack time, day  17.5 24.1 176 106 17.6 14 11.6 10.5 105 2.1

Conventional Sawing (T/4) Conventional Sawing (T/3)

Joint # 11 12 13 14 15 16 17 18 19 20
Observed crack time, day 4-22 0-1 01 O0-1 12 01 01 01 0-1 0-1
Measured crack time,day 6.5 02 04 20 20 02 1.1 1.1 02 02

Sawing depths and widths were also measured on June 27, 2008, four days after paving. More
detailed information about all three joint types after sawing is shown in Table A.6 in Appendix
A. Based on the measurements, the average depth of early entry sawing is 1.5370 in., with an
average joint width of 0.3023 in.. The average depths of conventional sawing methods are
2.6729 in, and 2.9381 in., with average sawing widths of 0.3305 in. and 0.3213 in. for one-
quarter sawing and one-third sawing, respectively. The measured joint depth and width are
consistent with the information about sawing provided by the contractor, shown in Table 3.
Furthermore, there was no observation of random cracking approximately two months after
construction when the investigators visited the site to remove the instrumentation.
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5. CONCLUSIONS
Based on the results of the present study, the following conclusions can be drawn:

1. All 30 joints cracked within 25 days after paving. No random cracking was observed in
the test section 2 months after construction.

2. Most joints made with the early entry sawing method cracked later than the joints made
with the conventional sawing method. The average joint cracking time for early entry
sawing was 12.3 days, while it is 2.2 days for the conventional sawing method sawed to
one-quarter of the pavement thickness and 0.6 days for the conventional sawing method
sawed to one-third of the pavement thickness. The joint crack times (or crack initiation
times) measured by the strain gages were generally consistent with those from visual
observations.

3. The strain gages used were capable of monitoring the deformations at the joints. The
deformations were in the ranges of 0.0055-0.0622 in., 0.0012—0.0410 in., and 0.042—
0.0458 in. for the early entry, one-quarter pavement thickness, and one-third pavement
thickness sawings, respectively.

4. After the joints cracked, the pavement expanded or shrank according to the daily ambient
temperature. The average length change of the 20 ft long concrete slab was 0.025 in. due
to the ambient temperature effect.

5. Although the tested pavement section was closed to traffic during the project, it was
reported by the lowa DOT inspection staff that the test sections were prematurely loaded
by the contractor’s equipment. It was uncertain how this premature loading affected the
joint cracking.

6. Only one concrete mix was studied in the present project, and the shrinkage behavior of
the concrete prior to cracking was not evaluated. These shall be considered in future
studies of pavement strain development and cracking potential.
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APPENDIX A. SUPPLEMENTAL INFORMATION

Table A.1. Concrete raw material properties and mix design

DATE:
PROJECT:
PROJECT TITLE:
MIX TYPE:

MIX NUMBER:

Type

Source

Specific Gravity

Abs. Volume Of Cement

Class
Source
Specific Gravity

% Substitution By Weight Of Cement

Class/Grade
Source
Specific Gravity
% Substitution By Weight Of Cement

Source
Specific Gravity
% of Total Aggregate

Source
Specific Gravity
% Coarse in Coarse Fraction

% of Total Aggregate

Source
Specific Gravity
% Intermediate in Coarse Fraction
% of Total Aggregate

Brand

Brand
0z/100 Ibs cementitious

2/20/2008

FF-By-Pass

I(SM)

2 (enter as yd/yd3)

Headwaters Ch

illicothe: ot

= (enter O if none is used)

“ (enter O if none is used)

(calculated)
___(calculated)

(calculated)
(calculated)

1.0

: (enter O if none is used)

0z/100 Ibs cementitious

- (enter O if none is used)

40

: (enter O if none is used)

_ (enter O if none is used)

= (enter O if none is used)
= (enter as in)

(enter as %)

* (enter as ft3)




Table A.2. Concrete mix design worksheet

GENERAL INFORMATION

PROJECT FF By-Pass

PROJECT TITLE: 0

MIX TYPE: QAMC

MIX NUMBER: Mix 3-5 2008

DATE: 2/20/2008

MATERIALS Source Type/Class SPG  Percent Percent Abs. Vol
CEMENT: La Farge I(EM) 31 0.085
FLY ASH: Headwaters Chillicothe C 273 20.00 0.024
MINERAL ADIMIXTURE: 0.00 0
WATER {w/c ratio): 0.4 1.00 0132
AIR CONTENT 6.0 0.0860
FiNE AGGREGATE. Winn 26856 4100 0288
COARSE AGGREGATE: Woyna 27 4130 7000 0.289
INTERMEDIATE AGGREGATE:  Moyna 27 17.70 30,00 0124
AR ENTRAINING AGENT: a Totat 1.000
RETARDER: Paste 0.301
WATER REDUCER: Euchon Agg 0.689
SUFPER WATER REDUCER!

ACCELERATOR

DESIGN SLUMWP: 15

QUANTITIES {absolute volume method in SSD candition)

Volurme Volume Weight Weight Weight
ft3 ft3 lbs Ibs Ibs
Batch Size Batch Size Batch Size Batch Size Lab Bateh Size
1.0 yd3 1.0 ft3 1.0 ft3 1.0 yd3 4.00
CEMENT 0.085 2.30 X 310 X 624 = 16.4 443 626
FLY ASH: 0.024 0.65 X 273 X 62.4 = 4.1 111 16.4
MINERAL ADMIXTURE: 0.000 0.00 0.00 0o 0.0 0 0
WATER 0.132 3.56 X 1.00 X 624 = 8.2 222 328
FINE AGGREGATE: 0.286 7.2 X 2.66 X 624 = 47.5 1282 138.8
COARSE AGGREGATE: 0.288 7.80 X 2.70 X 624 = 487 1315 1948
INTERMEDIATE AGGREGATE: 0.124 335 X 2.70 X 62.4 = 208 564 838
AR 0.060 1.62 X 0.00 X 62.4 = 0.0 Q 0.0
Summation 1.0000 27.00 145.8 3937 583.2
Paste Content 24.1
Meortar Content {abs vol) 58.7
idortar Content (% pass) 55.6
CHEMICAL ADMIXTURES
Rate Rate Rate
ml m| ml
Rate Batch Size Batch Size  Lab Batch Size
0z/100 Ibs cementitious 1.0 {3 1.0 vd3 4.0
AIR ENTRAINING AGENT 1.0 2050 X 0.01 X 2957 = 6.1 1637 243
RETARDER
WATER REDUCER: 4.0 2050 X 0.04 X 29.57 = 243 B854 8 7.0
SUPER WATER REDUCER
ACCELERATOR




Table A.3. Record of cable lengths and strain gages

ID Cable length (ft) Data Logger = Channel

la 125 A 1
2a 105 A 2
3a 85 A 3
4a 65 A 4
S5a 45 A 5
6a 45 A 6
7a 65 A 7
8a 85 A 8
9a 105 A 9
10a 125 A 10
1b 115 A 11
2b 95 A 12
3b 75 A 13
4b 55 A 14
5b 35 A 15
6b 35 A 16
7b 55 B 1
8b 75 B 2
9b 95 B 3
10b 115 B 4
11b 175 C 1
12b 155 C 2
13b 135 C 3
14b 115 C 4
15b 95 C 5
16b 95 C 6
17b 115 C 7
18b 135 C 8
19b 155 C 9
20b 175 C 10
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Table A.4. Paving and sawing time on individual joints

Concrete Start End Time period
Joint  Dumping Paving Sawing Sawing between paving
# Time Time Time Time and sawing (hours)
1 2:49 PM 3:15 PM
2 2:39 PM 2:48 PM
50 3 2:34 PM 2:44 PM
=
% 4 2:31 PM 2:40 PM
' 5 2:17 PM 2:36 PM
= 6:28PM  8:52 PM 5.1
8 6 2:16PM  2:25PM
£ 7 2:12PM  2:20PM
Mg 2:07PM  2:17PM
9 2:05 PM 2:13 PM
10 2:02 PM 2:09 PM
11 1:22 PM 1:35 PM
=T ) .
5 E 12 1:20 PM 1:32 PM
§ 'gﬂ 13 1:12 PM 1:27 PM
SZ 14 1:09PM  1:19PM
O
15 12:54 PM 1:02 PM
6:15PM  8:38 PM 6.6
16 12:18 PM 12:26 PM
END
5 E 17 12:13 PM 12:23 PM
§ & 18 12:12 PM 12:19 PM
2 19  12:04PM  12:14PM
O
20 12:01 PM 12:11 PM
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Table A.5. Visual inspection of joint cracking

Visual Inspection Crack
Day 1 Day 2 Day 3 Day 4 Width (in.)

Joint# (6/24/2008)  (6/25/2008)  (6/26/2008) (6/27/2008)  Day 4

1 N N N N NA

_ 2 N N N N NA

% 3 N N N N NA

o 4 N N N N NA

§ 5 N N N N NA
2 6 N Y Y Y 0.1085

& 7 N N N N NA

= 8 N N N N NA

. 9 N N N N NA
10 N N Y Y 0.0700

_ 11 N N N N NA
g g 12 Y Y Y Y hairline
w13 Y Y Y Y 0.0830
‘E 14 Y Y Y Y hairline
e 15 N Y Y Y hairline
_ 16 Y Y Y Y 0.0810
g2 17 Y Y Y Y hairline
g § 18 Y Y Y Y hairline
g E 19 Y Y Y Y 0.0890
© @ 20 Y Y Y Y hairline
SC % Crack 0% 10% 20% 20% 0.0893
T/4 % Crack  60% 80% 80% 80% 0.0830
T/3 % Crack  100% 100% 100% 100% 0.0850
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Table A.6. Inspection of sawing depth and width

Joint Measurement (6/27/2008)

Joint# Joint Depth (in.) Joint Width (in.)

I 1.4575 0.2895

_ 2 14410 0.2905
2 3 15020 0.2790
2 4 1.5700 0.2745
E 5 1.5710 0.2840
- 6 1.5365 0.4090
g 7 15440 0.2795
Z 8 1.5720 0.2860
= 9 1.5880 0.2730
10 1.5875 0.3575

_ 1 2.7400 0.3330
£ X 12 2.9700 0.3640
R 13 2.6680 0.3620
£k 14 2.6745 0.3050
O 15 23120 0.2885
_ 16 2.7580 0.3105
£ 2 17 3.0190 0.2905
g s 18 2.8980 0.3135
22 19 3.0360 0.3115
©e 20 2.9795 0.3805
SC Avg. 1.5370 0.3023
T/4 Avg. 2.6729 0.3305
e Avg. 2.9381 0.3213
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