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Figure 7. Joint placement timeline

As shown in Figure 7, joint placement started from the south side of Joint 7 on the east side of
the bridge and continued to the joints on the west side. In the end, Joint 1 was placed before Joint
2, and Joint 2 was the last joint to be poured.

Consistent with the work conducted by Liu (2018), the shrinkage-compensating concrete was
developed based on the standard lowa DOT C4 concrete mix design, with 15% of the traditional
portland cement replaced by Type K shrinkage-compensating cement (as shown in Table 1) to
minimize or eliminate the shrinkage typically associated with normal concrete. Table 1 shows
the mix design for the lowa DOT C4 concrete and the shrinkage-compensating concrete. Note
that the amount of shrinkage or expansion can be controlled by adjusting the amount of the
portland cement replaced by Type K cement.
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CHAPTER 3. EARLY-AGE PERFORMANCE MONITORING

The results from the Phase | work (Phares 2017, Liu 2018) indicated that cracking tends to
initiate during the early age of the joint concrete. For this reason, the early-age joint behavior
was closely monitored for the first seven days after construction.

3.1 Instrumentation Design

The early-age joint behavior was monitored with a focus on the bridge’s transverse behavior,
since the Phase | study indicated that most of the cracking in the joint or debonding at the
interface forms in the longitudinal direction. Figure 9 shows the instrumentation plan for early-
age monitoring. Two joints were selected for the instrumentation: Joint 1 and Joint 4. In total, 24
vibrating wire strain gauges were utilized, with 16 embedded in the box girders and 8 embedded
in the joints.

Joint 2 Joint 3

(a) Mid-span section

B4-B{E B5-B-E

Beam A Beam B Beam C Beam D Beam E

(b) End-span section
Figure 9. Early-age monitoring instrumentation plan

This instrumentation plan was configured such that the data could be used to study and report on
the condition and behavior of the bridge during the early age of the joint material. Strain in the
box girders and longitudinal joints is induced by early-age changes in the material’s volume and
temperature. Vibrating wire strain gauges were placed at the top and near the bottom of the
girders and joints under observation.
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(a) Strain gauge attached to a piece of rebar (b) Strain gauge at the top of a box girder

(c) Strain gauge at the bottom of a box girder (d) Testing of the strain gauges
Figure 11. Embedded strain gauges in a box girder

The strain gauges in the joints were placed using a similar approach. Figure 12a and Figure 12b
show the gauges embedded in a joint near the top and bottom, respectively.
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(a) Strain gauge placed at the top of a joint  (b) Strain gauge placed at the bottom of a joint
Figure 12. Embedded strain gauges in a longitudinal joint

All of the strain gauges were connected to the Campbell Scientific CR1000 data logger, as
shown in Figure 13a, and the whole data acquisition system was powered by a solar panel, as
shown in Figure 13b.

(b) Solar panel

Figure 13. Data acquisition system

The data logger and the solar panel were placed on the bank by the north abutment, as shown in
Figure 14.
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N e .
~ Side view
(b) Elevation view
Figure 14. Data logger location

3.2 Monitoring Results

Temperature and strain data were collected during the early-age monitoring. Each vibrating wire
strain gauge was equipped with an embedded thermistor. The data collected from this thermistor
were used to complete the temperature correction on the strain data and establish a temperature
field for each instrumentation section. The field-captured temperature and strain data are
presented and discussed in Sections 3.2.1 and 3.2.2.

Data collection started immediately after joint concrete placement at 12:20 p.m. on October 7,
2020, and ended when the joint was seven days old. Data were collected at a frequency of 10
minutes.

3.2.1 Temperature Data

Figure 15 shows the temperatures measured from the vibrating wire strain gauges embedded in
the box girders. See Figure 9 for the gauge locations.

17



— — -T_B2BM

— —-T_B2T™M

T_B1TM

100

90

o
(<]

o o o o
© N < o

(4) @4anyesadwa

o
~N

o
—

Date

o

00:0 020Z/¥1/0T

00:0 020Z/€T/0T

00:0 0202/TT/0T

00:0 020Z/TT/0T

00:0 020Z/0T/0T

00:0 0202/6/0T

00:0 0202/8/0T

00:0 020¢/L/0T

(a) Temperature data from gauges B1TM, B2TM, B1BM, and B2BM

T_B2BE

— — -T_B2TE

T_BITE

100

o
(o))

80

70

60
0
0
0

(4) @aniesadwa]

20

10

Date

o

00:0 0202/¥1/0T

00:0 020Z/€1/0T

00:0 020z/TT/0T

00:0 020Z/TT/0T

00:0 020Z/0T/0T

00:0 020Z/6/0T

00:0 0202Z/8/0T

00:0 020Z/L/0T
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Figure 15. Early-age girder temperature
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Similar to the strain data collected from the box girders, the strain measured at the ends of the
joints was also affected by the construction of the abutment. This effect is also positive and
reduces the transverse strain at the ends of the joints.

3.3 Material Property Tests

In order to perform a qualitative evaluation of the joint concrete, multiple material property tests
were conducted with a focus on capturing the time-dependent compressive strength, splitting
tensile strength, and self-volume change (expansion). Concrete samples were cast for the
material used in Joints 1 and 4, where the strain gauges were located, to account for any potential
material differences due to delivery in separate trucks. See Figure 7 for joint material placement
details.

Shrinkage testing was conducted following the methods prescribed in ASTM C157, Standard
Test Method for Length Change of Hardened Hydraulic-Cement Mortar and Concrete. This test
method determines changes in length in hardened hydraulic cement mortar and concrete that are
produced by causes other than externally applied forces and temperature changes. For each truck
material (Truck 1 and Truck 2), three specimens (shown in Figure 19a) were cast and then cured
at room temperature, or about 24°C (75°F), with 100% humidity. For each test, the mold was
removed 6 hours after pouring, and the first data were measured immediately after removal of
the mold. Shrinkage data were collected at 12 hours, 1 day, 2 days, 3 days, 7 days, 14 days, and
28 days.

The average shrinkage of the concrete from each truck is shown in Figure 20a. For both trucks,
values of 200 to 310 microstrain were measured during the first 24 hours. These values match
the findings from the field-measured strain data, where most of the concrete expansion occured
during the first 24 hours after placement. In addition, the magnitude of the expansion (310
microstrain in Joint 1 and 200 microstrain in Joint 4) shows agreement with the expansion
measured in the field joints, where more expansion occurred in Joint 1.

Compressive strength was tested following the methods prescribed in ASTM C39, Standard Test
Method for Compressive Strength of Cylindrical Concrete Specimens, and splitting tensile
strength was tested following the methods prescribed in ASTM C496, Standard Test Method for
Splitting Tensile Strength of Cylindrical Concrete Specimens. For each truck of concrete, 24
concrete cylinders with a diameter of 4 in. and a length of 8 in. were cast, with half of the
cylinders used for the compressive strength tests (Figure 19c) and the other half used for the
splitting tensile strength tests (Figure 19d). In order to capture the time-dependent material
properties, the compressive strength and the tensile strength were tested when the material age
was 6 hours, 1 day, 7 days, and 28 days.

Figure 20b and Figure 20c show the material test results for compressive strength and tensile
strength, respectively. The results show that the concrete from both trucks had similar
compressive strength values on the 28th day of 5.2 to 5.8 ksi. These values are higher than the
required compressive strength (4 ksi) for the joint material per the construction documents. For
the tensile strength, similar strength values of 0.4 ksi on the 28th day were measured for the
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concrete in both trucks. The time-dependent behavior of the material indicated that Type K
cement concrete underwent a significant strength increase during the first 24 hours.
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(@) Concrete samples for shrinkage testing (b) Shrinkage test machine

(c) Compressive strength test (d) Splitting tensile strength test
Figure 19. Material property tests
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Figure 20. Material property test results
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CHAPTER 4. LONG-TERM PERFORMANCE EVALUATION

The main objective of the long-term performance evaluation was to investigate the performance
of the longitudinal joints with respect to crack resistance and transverse load distribution. To
complete this objective, three live load field tests and four visual deck/joint concrete crack
inspections were completed.

The live load tests were conducted with a focus on identifying any changes in lateral load
distribution characteristics over time. The bridge was opened to traffic in early November 2020,
and the first load test was conducted on November 18, 2020. The second and third tests were
performed on October 7, 2021, and August 16, 2022, respectively, approximately one and two
years after construction. During the live load tests, a data acquisition system was used to collect
strain and displacement data from the bridge at specific designated locations so the data could be
analyzed and compared to determine any differences in behavior. Specifically, any changes in
lateral live load distribution characteristics were of particular interest.

The visual inspections principally focused on assessing the condition and performance of the
joints, with particular attention paid to the development of any cracking.

4.1 Live Load Tests

Three live load tests were conducted throughout the project in November 2020, October 2021,
and August 2022. To aid in the interpretation of the data, the research team used controlled live
load testing, where a known load crosses the bridge at predetermined locations. The live load
was a three-axle truck (with wheel spacing depicted in Figure 21) with a total weight of 64,630
Ib. The truck was driven across the bridge from north to south at a crawl speed (approximately 5
mph) to induce a pseudo-static load on the bridge.

Front axle Back axle
18.5 kips 11 kips 35 kips
15ft-7in. 5ft-10in. 5ft

Figure 21. Truck configuration and axle loads

Considering that the bridge had a limited width of 32 ft and only two traffic lanes, three load
cases (LCs) were performed during each load test. Figure 22 shows the truck’s position for each
LC relative to the box girders in the bridge’s transverse direction. For LC1, the truck was driven
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with the centerline of the passenger’s side wheel offset by 2 ft from the bridge centerline. For
LC2, the truck was driven with the centerline of the truck on the centerline of the bridge. For

LC3, the truck was driven with the centerline of the driver’s side wheel offset by 2 ft from the
bridge centerline.

LC2 I
| s
l LC3 l‘—>|‘—>l Lc1 I
Joint 1 Joint 2 Joint 3 Joi.t4 Joint 5 Joint 6 Joint 7
Beam A Beam B Beam C Beam D . Beam E Beam F Beam G Beam H

Figure 22. Live load cases

During testing, the strain data were marked at 10 ft intervals as the truck traveled longitudinally
down the bridge. Marking the data allowed the timestamp to be converted to truck position and
ensured that the collected time-domain data matched the physical truck position. Figure 23
shows one of the live load tests being completed.

Figure 23. Live load test
4.2 Instrumentation Plan

Before the beginning of the live load tests, the bridge was instrumented with eight BDI strain
gauges and six displacement transducers. The instrumentation plan was designed with the goal of
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collecting sufficient data to qualitatively evaluate the load distribution and any changes in
performance that might have occurred between tests.

Figure 24 shows the instrumentation plan used during the live load tests. All of the gauges were
installed at mid-span on the bottom surface of the superstructure. One BDI strain gauge was
attached at the middle of the bottom surface of each box girder (SA to SH in Figure 24) to
measure the strain in the bridge’s longitudinal direction. Three displacement transducers (DA,
DD, and DH) were placed underneath Beam A, Beam D, and Beam H to measure the vertical
displacement at the mid-span. Another three displacement transducers (DAB, DBC, and DCD)
were placed in the bridge’s transverse direction to measure any separation between the adjacent
girders.

Beam A Beam C Beam E Beam G
North Beam B Beam D Beam F Beam H
SA SB SC SD SE SF SG SH
I O I O O I I I
DCD
A4 44 KA
DA DAB DBC DD DH

0 Strain gauge

A Displacement gauge

Figure 24. Instrumentation plan for live load tests (bottom surface of superstructure)

Figure 25 shows photographs of the on-site instrumentation placement.
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Figure 25. Live load test instrumentation placement
4.3 Test Results

In this section, the data collected from each year’s load test are analyzed and presented with
respect to the load distribution characteristics.

Equation 1 was used to calculate the load distribution for each box girder.
LDF ="fsn o (1)

where g; is the strain collected from the ith box girder and LDF; is the load distribution factor
(LDF) for the ith box girder.

Utilizing the strain values to estimate the load distribution is valid because the load distribution
reflects the distribution of moment over the girders and because the longitudinal strain at the
bottom of the mid-span is linearly related to the moment, as shown in Equation 2.

M;
€ = E_Iy (2)

where M; is the moment carried by the ith box girder, E is the Young’s modulus of the material,
1 is the moment of inertia, and y is the distance from the neutral axis to the strain measurement
location.

The vertical displacement data were used to determine the overall general response and
symmetry of performance. Additionally, the mid-span displacement values were compared to the
maximum recommended displacement values prescribed by the American Association of State
Highway and Transportation Officials (AASHTO) Load and Resistance Factor Design Bridge
Design Specification (LRFD BDS), Section 2.5.2.6.2. The horizontal displacement between
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girders was evaluated at three locations, and the results showed that no relative movement was
measured at those locations. Therefore, the horizontal displacement data are not presented
herein.

4.3.1 2020 Load Test

For brevity, despite the fact that a total of three load cases were performed, only the complete
data from LC3, when the driver’s side wheel of the truck was positioned 2 ft west of the
centerline of the bridge, are presented as an example. The data from the other two load cases
were also processed, and the results do not change the overall evaluation of performance.

Figure 26 shows the vertical displacement at mid-span from LC3. All three displacement
transducers (Girders A, D, and H) show a similar magnitude of displacement ranging from 0.08
to 0.10 in, with the westernmost displacement being the greatest. This indicates that the load
distribution is fairly uniform across the bridge, assuming approximately uniform transverse
stiffness of the box girder assembly. Overall the structure is rather stiff, considering that the
maximum displacement of approximately 0.10 in. is smaller than the maximum recommended
AASHTO LRFD BDS value of 1.05 in., calculated as 1/800th of the bridge length (70 ft).

Truck front wheel position (ft)
0 .
I I
? A 40 60 | 80 100 120
— -0.03 | I 7
£ t | i
z ! !
g | |
€ -0.06 .
g | ——DA
o | Beginning of End of
2 { . .4«— £tndo N
0 -0.09 | bridge | bridge bb
- : DH
! !
012 ! :

Figure 26. Vertical displacement results from LC3 (2020)

Figure 27 shows the strain data collected during LC3. The maximum strain ranges from 15 to 34
microstrain. In general, this strain is small compared to the concrete cracking strain of 132
microstrain as calculated by 7.5 \/f/ /57,000 /£ (ACI Committee 318 2011).
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Figure 27. Strain results from LC3 (2020)

Figure 28 shows the peak strain distribution in the transverse direction for all three load cases,
which provides a better illustration of the load distribution. The results indicate that all girders
are engaged and resisting load regardless of the truck’s transverse position. The maximum strain
from all three LCs is about 38 microstrain, which is not significant for prestressed concrete
girders.

—LC1 —LC2 LC3
50 -
<
© 40
%
o
0 L
s 30
£ I ————
o 20
17
4
m©
Q 10 -
0

SA SB SC SD SE SF SG SH

Figure 28. Peak strain distribution in the transverse direction (2020)

The load distribution factors for each girder were calculated utilizing the field-collected strain
data and equation (1). This calculation assumes that the stiffness of all girders is the same. Table
2 shows the load distribution factors from the 2020 test. The maximum calculated LDF is 0.17
for the interior girder and 0.18 for the exterior girder. Both cases occurred during LC1, when the
centerline of the passenger’s side wheel was offset by 2 ft from the bridge centerline.
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Table 2. Load distribution factors from 2020 load test

A B C D E F G H
LC1 0.11 0.10 0.11 0.10 0.09 0.14 0.17 0.18
LC2 0.14 0.13 0.13 0.12 0.10 0.13 0.14 0.12
LC3 0.17 0.16 0.15 0.12 0.08 0.11 0.11 0.11

4.3.2 2021 Load Test

Consistent with Section 4.3.1, only the complete data from LC3, when the driver’s side wheel of
the truck was positioned 2 ft west of the centerline of the bridge, are presented in this section as
an example. The data from the other two load cases were also processed, and the results do not
change the conclusions.

Figure 29 shows the vertical displacement at mid-span from LC3. All three displacement
transducers (Girders A, D, and H) show a similar magnitude of displacement ranging from 0.05
to 0.09 in., which, as in the first load test, indicates that the load distribution is fairly uniform
across the bridge, assuming approximately uniform transverse stiffness of the box girder
assembly. Additionally, the displacement data show that no appreciable change in the structure
occurred between the first and second load tests. The maximum displacement captured by gauge
DH is about 0.09 in., which is only slightly less than the maximum displacement (0.10 in.)
captured during the 2020 load test (see Figure 26). It is possible that there was a slight increase
in structural stiffness due to the aging concrete. However, the difference in maximum deflection
is deemed insignificant.

Truck front wheel position (ft)

0 | s
q 120 140
= -0.03 I
- |
2 '
e |
o -0.06 |
o |
© L
g‘ | Beginning of i
-0.09 | bridge ! bridge —DA
! | ——DD
! i
-0.12 - : DH

Figure 29. Vertical displacement results from LC3 (2021)

Figure 30 shows the strain data collected during LC3. The maximum strain ranges from 15 to 31
microstrain, which is only slightly less than the measured strain range in 2020 (15 to 34
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microstrain). In general, this strain is small compared to the concrete cracking strain of 132
microstrain as calculated by 7.5 /£//57,000 \/f; (ACI Committee 318 2011).

—SA ——SB SC SD SE —SF —SG ——SH
0 |
40 | Beginning | End of
c I < of bridge bridge
O
[%] .
S |
L 20
2 |
10 |
0 |

0 20 40 60 80 100 120
Truck front wheel position (ft)

Figure 30. Strain results from LC3 (2021)

Figure 31 shows the peak strain distribution in the transverse direction for all three load cases.
The results indicate that all girders are engaged in carrying the load regardless of the truck’s
transverse position. No significant load concentration (on a single beam) was apparent by
observation. The maximum strain from all three LCs is about 31 microstrain, which is not
significant for prestressed concrete girders.

LC1 — LC2 — LC3
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Figure 31. Peak strain distribution in transverse direction (2021)

Table 3 shows the load distribution factors for each girder from the 2021 load test calculated
utilizing the field-collected strain data and equation (1). The maximum LDF is 0.15 for the
interior girder and 0.17 for the exterior girder. Both cases occured during LC1, when the
centerline of the passenger’s side wheel was offset by 2 ft from the bridge centerline. Compared
to the results from the 2020 load test, the maximum LDFs are slightly smaller. This may also be
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a result of increased stiffness due to the aging concrete. Generally, the results indicate that no
noteworthy change in structural performance occurred in the joints during the first year in service
and that the bridge superstructure remained in overall good condition.

Table 3. Load distribution factors from 2021 load test

A B C D E F G H
LC1 0.12 0.11 0.11 0.11 0.10 0.14 0.15 0.17
LC2 0.14 0.12 0.13 0.12 0.10 0.12 0.12 0.15
LC3 0.16 0.14 0.15 0.12 0.09 0.11 0.11 0.13

4.3.3 2022 Load Test

Consistent with Section 4.3.1, only the complete data from LC3, when the driver’s side wheel of
the truck was positioned 2 ft west of the centerline of the bridge, are presented in this section as
an example. The data from the other two LCs were also processed, and the results indicated no
significant difference in overall performance.

Figure 32 shows the vertical displacement at mid-span from LC3. All three displacement
transducers (girders A, D, and H) show a similar magnitude of displacement ranging from 0.05
to 0.10 in., which is consistent with the results of the previous two load tests and is
demonstrative of the load distribution performance of the superstructure. The maximum
displacement captured by gauge DH is about 0.10 in., which is similar to the maximum
displacement values (0.09 to 0.10 in.) measured during the 2020 and 2021 load tests. In every
case, the displacement magnitude is well below the recommended maximum prescribed in the
AASHTO LRFD BDS of 1/800th of the bridge length, or 1.05 in.

Truck front wheel position (ft)

40 60

80 120

!
-0.03 !
I

Displacement (in)
o
o
(e)]

—DA

Beginning . End of
-0.09 of bridge | bridge ——DD
| DH

-0.12

Figure 32. Vertical displacement results from LC3 (2022)
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Figure 33 shows the strain data collected from gauges SA to SG during LC3. During the 2022
load test, the strain gauge below Girder H (SH) malfunctioned, and no data were collected from
this gauge. The maximum strain ranges from 15 to 29 microstrain, which is consistent with the
strain range observed during the 2021 load test (15 to 31 microstrain). As previously noted, these
strain values are small compared to the concrete cracking strain of 132 microstrain as calculated
by 7.5 /f/57,000 /f. (ACl Committee 318 2011).

o

20 40 60 80 100 120
Truck front wheel position (ft)

Figure 33. Strain results from LC3 (2022)
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Figure 34 shows the peak strain distribution in the transverse direction for all three load cases.
Consistent with the results from previous years’ load tests, the data indicate that all girders are
engaged with respect to load resistance regardless of the truck’s transverse position. As in
previous load tests, no girders were observed to carry a comparatively high amount of the total
load, which further demonstrates the good load distribution in the transverse direction. The
maximum strain from all three LCs is approximately 30 microstrain, which is not significant for
prestressed concrete girders.
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Figure 34. Peak strain distribution in transverse direction (2022)
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