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SG10-S is the gauge located on the center tie bar of the south approach slab. The plot of strains
in SG10-S versus temperature in Figure 4.39 shows a curve very similar in shape to the one
produced by the crackmeter joint measurements seen previously. A comparison with the strain
data taken from the finite element modeling activities is available in Chapter 5.
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Figure 4.39. Story County 118—SG10-S measured strains
4.3.5. Story County 118 Construction Issues

Several issues arose during the construction of the Story County 118 bridge that were observed
while installing sensors both during construction and after opening of the bridge. The many
issues apparent during construction of the bridge give credence to claims that poor approach slab
performance in terms of settlement is commonly due to poor construction (Yasrobi et al. 2016,
Dupont and Allen 2002). Improperly constructed bridge elements do not develop problems over
time; rather, the problems are present from the very beginning and can impact service life
immediately.

In the case of Story County 118, a section of the concrete barrier rail was placed on the approach
slab to allow for drainage continuity and to direct water away from the bridge abutments and
deck joints. The plans show the concrete curb formed up to the end of the barrier to create a
continuous vertical surface. However, it appears that the formwork used for the barrier end has
left a gap in the curb where it meets the barrier at each of the four corners of the bridge (Figure
4.40). Water will run through this gap into the embankment closer to the abutment than desired
and avoid erosion control measures.
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Figure 4.40. Story County 118—curb gap at the barrier end (typical)

The Story County 118 bridge was opened to traffic with an open joint lacking joint filler at each
end of both barriers, as shown in Figure 4.41. However, the bridge plans indicate an E joint in
the concrete barrier wall between the main section and the approach slab section (Figure 4.42).
Crackmeters were installed at these locations since it was apparent that no further work would be
completed. The open joints will allow snow and ice to fill the gaps, possibly expanding and
damaging the surrounding concrete. The longitudinal rebar in the barrier appeared to be
continuous across the joint in multiple locations, likely due to shifting during formation of the
barrier. Vertical cracking appeared one month after bridge opening in the barrier near the joint
location.
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Figure 4.41. Story County 118—open barrier joint (typical)
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The approach slabs were poured directly onto the modified subbase fill without the use of the 4
mil polyethylene sheeting specified in the approach plans (Figure 4.43). Due to the large
aggregate used for the modified subbase, there is a concern the concrete has penetrated the voids
around the individual pieces and will cause an interlocking effect when the slab attempts to slide.
This potential issue will become more apparent as time goes on and the tied approach connection
is forced open by a slab that will not move as it was designed.
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Figure 4.43. Story County 118—approach slab modified subbase condition immediately
before concrete pouring

The cause for most concern was a large void under the south abutment discovered in January

2019 while attaching wires to the bridge exterior (Figure 4.44). A large portion of soil support
under the northwest corner of the south abutment had eroded, leaving a large space many feet
deep in the abutment footprint and at least 1 ft tall.

Sl e,
P -

Figure 4.44. Story County 118—Ilarge void under the south abutment corner
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Rebar was clearly visible protruding from the bottom of the abutment, along with one of the
foundation piles (Figure 4.45). A ribbed drainpipe ended directly at the void location, but it was
unclear where it came from or if it was the reason for the erosion. The lowa DOT was notified of
the issue and inspected the area of concern.
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Figure 4.45. Story County 118—visible exposed rebar and foundation pile
4.4. Polk County 120

Polk County 120 is a reconstruction bridge located in Polk County, lowa, and was chosen for
monitoring due to its tied approach slabs. The improvement work was for outside widening and
repairs to the westbound of existing twin 710 ft 6 in. long by 62 ft 4 in. wide prestressed concrete
bridges on 1-80/1-35 over the Des Moines River. The skew angle of the bridge is 15 degrees.
Also, the bridge uses semi-integral abutments at both ends, with approach slabs attached using
tie bars. Each approach slab is supported by an inverted-T sleeper slab at the other end (Figure
4.46). The sleeper slabs exist to support the end of the approach slab away from the deck and
minimize the effects of settlement of fill below the slab.
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Figure 4.46. Polk County 120—approach slab section and dimensions

The instrumentation plan can be seen in Figure 4.47. Both the west and east end of the bridge
were outfitted with identical sensors. Due to the symmetric nature of the bridge, it was expected
that the behavior at both ends would be identical. Strain gauges were placed throughout the slab
across the width and at both ends near the abutment. These gauges were expected to capture

axial strain and force in the slab due to temperature effects, along with any bending.
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Figure 4.47. Polk County 120—approach slab instrumentation plan

| Crackmeter

Two strain gauges were also placed on the tie bars connecting the approach slab to the abutment
in an attempt to capture the axial forces in those bars, as shown in Figure 4.48. A total of eight
strain gauges were placed in each approach slab. Two crackmeters were installed at each bridge
end to measure joint movement of both the abutment-to-approach-slab joint and the approach-

slab-to-sleeper-slab joint.
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Figure 4.48. Polk County 120—strain gauges in tie

4.4.1. Polk County 120 Strain Gauge Installation Process

Strain gauges were installed in a layout similar to that of the previous bridges. Eight strain
gauges were zip-tied to longitudinal bars to measure strains in the longitudinal direction. Two
gauges were placed on the bars tying the approach slab to the bridge abutment. The tie bars are
bent where they exit the abutment, and strain gauges were attached as close to the joint as
possible to measure axial strains in the bars (Figure 4.49).

. /

3 Y5 ‘ -
Figure 4.49. Polk County 120—strain gauges installed on the longitudinal rebar and tie
bars
4.4.2. Polk County 120 Crackmeter Installation Process

Four crackmeters were placed over the joints between the approach slab and the abutment
(Figure 4.50). The installation process consisted of placing a foam block prior to the concrete
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pour to create a pocket so that the crackmeter could be placed later. A metal cover was used to
close the pocket and protect the crackmeter after installation.

'3 S T & 5L G A 4 . < ¥ s i
(a) Foam placed for crackmeter installation (b) Crackmeter installation

Figure 4.50. Polk County 120—crackmeter installation across the abutment-to-approach-
slab joint

4.4.3. Polk County 120 Datalogger Installation

After all of the instrumentation was installed, the wires from all sensors were tacked to the
bridge to organize them, and the lengths were cut at a central location that would be the future
location of the datalogger. The datalogger was installed on November 19, 2020, in reasonable
temperatures and without any precipitation.

4.4.4. Polk County 120 Data Collection and Processing

Data were retrieved from the datalogger on March 19, 2023. Air temperatures were taken by the
datalogger itself, which was placed on the abutment face, protected from sunlight. The minimum
air temperature reached was -8°F on February 16, 2021, and the maximum air temperature of
91°F was reached on July 23, 2022 (Figure 4.51). Concrete temperatures in the east and west
ends were taken by averaging the strain gauge temperatures and are included in the plot with the
air temperatures. Concrete has a thermal lag due to its insulation properties and does not react to
changes in air temperature immediately. The maximum temperature in the approach slab was
97°F, 6°F higher than the maximum air temperature; the minimum temperature in the approach
slab was 10.5°F, 18.5°F higher than the minimum air temperature.
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Figure 4.51. Polk County 120—air and concrete slab temperatures

Figure 4.52 and Figure 4.53 show joint expansion versus concrete temperatures to visualize joint
movement with expansion and contraction of the bridge. Positive values correspond to bridge
contraction, in which the approach slab pulls away from the sleeper slab. As can be seen in the
figures, overall the joints between the approach slabs and sleeper slabs appear to be functioning
correctly in terms of the movement that is supposed to be accommodated at those locations. The
movement between the approach slab and the abutment was found to be significantly low,
indicating a good connection. A strong linear relationship with temperature for gauges EAC4 and
WAC4 indicates that the joint opens and closes depending on expansion and contraction of the

bridge. As the temperature decreases, the bridge contracts and pulls on the approach slab,
inducing tension.

Joint Expansion

Joint expansion (in)

Temprature (°F)

Figure 4.52. Polk County 120—measured longitudinal bridge expansion at east end
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Figure 4.53. Polk County 120—measured longitudinal bridge expansion at west end

Plots of data from each gauge are not included here for the sake of brevity, but a representative
set of data from gauges EA5 and EAG at the east and west abutments can be seen in Figure 4.54
and Figure 4.55. It was found that the recorded strains ranged from -150 to 160 pe.
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Figure 4.54. Polk County 120—measured strains, EA5 and EA6

132



Strain at center near the abutment
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Figure 4.55. Polk County 120—measured strains, WA5 and WAG

A linear trend was found between strains and temperatures, which was also observed for the
gauges in other locations (Figure 4.56 through Figure 4.59).
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Figure 4.56. Polk County 120—measured strains, EA7 and EA8
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Strain at center close to single reinforcement region
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Figure 4.57. Polk County 120—measured strains, WA7 and WAS8
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Figure 4.58. Polk County 120—measured strains, EA10 and EA11
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Strain at outer edge close to abutment
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Figure 4.59. Polk County 120—measured strains, WA10 and WA11

The plots of strains versus temperatures in the abutment ties can be seen in Figure 4.60 and

Figure 4.61. As can be observed in the figures, the strains ranged from -135 to 155 pg, indicating
a good connection between the abutment and the approach.
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Figure 4.60. Polk County 120—measured strains in the ties, EA4 and EA9
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Figure 4.61. Polk County 120—measured strains in the ties, WA4 and WA9
4.5. Butler County 118

Butler County 118 is a new construction bridge located on IA 3 over the West Fork Cedar River
in Butler County, lowa. The bridge is 498 ft long and 44 ft wide with five spans and a skew
angle of 15 degrees. It was selected for monitoring due to the adjusted design used for one of the
abutments.

In this bridge, the west abutment was designed as an integral abutment, while the east abutment
was constructed as a semi-stub abutment. In the design process, the second pier was fixed such
that the presumed thermal expansion length to the east abutment was 325 ft. If this bridge were
symmetrical with respect to the fixed pier/east abutment, the bridge length would equal 2 x 325
ft = 650 ft, which, according to current practice, would require stub abutments. However, the
design team wanted to choose an abutment type for the east side of the Butler County 118 bridge
that had the potential to replace stub abutments for even longer structures (e.g., +1,000 ft bridge
lengths). Therefore, they developed the semi-stub abutment for this purpose featuring the
following details:

e The approach slab is tied.

e Aninverted-T sleeper slab is used similar to that used in Road Design Standard BR-205. The
sleeper slab has a spread footing with no pile support.

e The expansion joint at the sleeper slab is a preformed, precompressed, self-expanding sealant
system with a silicone precoated surface.

e The abutment wings are pushed out, and the barrier rail is mounted on the approach slab
rather than the wings.

e The gap between the abutment diaphragm and backwall is 7 in. to provide some working
room for the contractor, considering the total estimated thermal movement of 2.5 in.

e The approach slab was designed not to bear on the backwall. This should help to prevent a
pivot point that would be detrimental to the approach slab tie bar and would likely open the
gap between the approach slab and the bridge deck, creating more leakage. Two layers of 1
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in. by 2 ft wide resilient joint filler for the full width of the approach slab are incorporated to
maintain the gap between the top of the backwall and the approach slab.

e The backwall is simply designed to keep earth pressure off of the superstructure, which
should help prevent ratcheting for skewed bridges.

e Ataminimum, the backwall is designed for at-rest horizontal earth pressure and a horizontal
live load surcharge (even though it is unlikely that a live load surcharge would ever be
present).

e To prevent fill from spilling from between the top of the backwall and the approach slab onto
the beam seat, a butyl rubber membrane was fastened with waterproof adhesives to the soil
surface of the backwall all the way to the bottom of the resilient joint filler.

e Hooked bars in the joint filler and butyl membrane were used to attach those components to
the embankment fill so they would not be displaced when the approach slab concrete was
poured.

The overall configuration of the east approach slab as well as the east and west abutment sections
are provided in Figure 4.62.
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Figure 4.62. Butler County 118—approach slab section and dimensions
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The instrumentation plan can be seen in Figure 4.63. Both the west and east ends of the bridge
were outfitted with identical sensors. Six strain gauges were placed throughout the slab across
the width and at each end near the abutment. Another four strain gauges were placed close to the
approach-slab-to-sleeper-slab joint at each end. These gauges were expected to capture axial
strain and force in the slab due to temperature effects, along with any bending. A total of ten
strain gauges were placed in each approach slab. Two crackmeters were also installed at each
bridge end to measure movement in the approach-slab-to-abutment joint.
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Figure 4.63. Butler County 118—approach slab instrumentation plan

4.5.1. Butler County 118 Strain Gauge Installation Process

Strain gauges were installed in a layout similar to that used for the previous bridges. Ten strain
gauges were zip-tied to the top and bottom longitudinal bars to measure strains in the
longitudinal direction. Figure 4.64 shows some photographs from the strain gauge installation
process on the Butler County 118 bridge.
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East side West side

Figure 4.64. Butler County 118—strain gauges installed on the longitudinal rebars
4.5.2. Butler County 118 Crackmeter Installation Process

Two crackmeters were placed over the joints between the approach slab and the abutment
(Figure 4.65). The installation process consisted of placing a foam block prior to concrete
placement to create a pocket so that the crackmeter could be placed later. A wooden cover was
used to close the pocket and protect the crackmeter after installation.

3

Foam placed for crackmeter installation Crackmeter installation

Figure 4.65. Butler County 118—crackmeter installation across the abutment-to-approach-
slab joint

4.5.3. Butler County 118 Datalogger Installation

After all of the instrumentation was installed, the wires were run though the bridge ends to
dataloggers placed at west and east ends. The dataloggers were installed on October 21, 2021, in
reasonable temperatures and without any precipitation.
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4.5.4. Butler County 118 Data Collection and Processing

Data were retrieved from the datalogger on May 30, 2023. Air temperatures were taken by the
dataloggers, which were placed on the abutment faces, protected from sunlight. The minimum air
temperature reached was -10°F on January 26, 2022, and the maximum air temperature of 88°F
was reached on May 12, 2022 (Figure 4.66). Concrete temperatures in the east and west ends
were taken by averaging the strain gauge temperatures and are included in the plot with the air
temperatures. Concrete has a thermal lag due to its insulation properties and does not react to
changes in air temperature immediately. The maximum temperature in the approach slab was
98°F, 10°F higher than the maximum air temperature; the minimum temperature in the approach
slab was 2.8°F, 12.8°F higher than the minimum air temperature.
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Figure 4.66. Butler County 118—air and concrete slab temperatures

Figure 4.67 and Figure 4.68 show approach-slab-to-bridge-deck joint expansion versus concrete
temperatures to visualize joint movement with expansion and contraction of the bridge. Positive
values correspond to bridge contraction, in which the approach slab pulls away from the sleeper
slab. The movement between the approach slab and the abutment is between -1.2 to 1.0 in. at the
east side and between -0.3 to 0.8 in. at the west side. A strong linear relationship with
temperature indicates that the joint opens and closes with the movement of the bridge.
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Figure 4.67. Butler County 118—measured longitudinal bridge expansion at east end
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Figure 4.68. Butler County 118—measured longitudinal bridge expansion at west end

Figure 4.69 shows the strain versus temperature plots of the sensors close to the approach-slab-
to-sleeper-slab joints. All of the graphs follow an almost linear trend, indicating high tensile
strains corresponding to low temperatures and high compressive strains corresponding to high
temperatures. The strain recordings in the middle part of the joint and the corners cover similar
ranges from -160 pe to 130 pe.
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Figure 4.69. Butler County 118—measured strains at the approach-slab-to-sleeper-slab
joint
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The strain data versus temperature plots at the joints between the approach slab and the bridge
deck for the middle part of the approach slabs are shown in Figure 4.70. The bottom bars at both
ends show normal behavior, with linear trends that correspond reasonably to high and low
temperatures. The east side bottom bars show strains ranging from -80 pe to 180 pe, which is a
slightly larger range compared to the west side bottom bars.
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Figure 4.70. Butler County 118—measured strains at the approach-slab-to-bridge-deck
joint, middle

Figure 4.71 presents the same plots for the acute and obtuse corners of the approach slabs. The
east side corners show different patterns with respect to temperature. The top and bottom bars at
the acute corners show almost linear behavior. The bottom bars mainly show compressive strains
after the first cycle of cold and warm temperatures, while the top bars are mainly in tension even
at high temperatures. As such, the strains in the bottom and top bars of the acute corners range
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Figure 5.51. Shelby County 118—model geometry and boundary conditions
5.4.2. Shelby County 118 FE Results

The objective of the Shelby County 118 FE analysis was to further examine the effect of skew on
a tied approach connection. As described in Section 6.2.3, a parametric study was completed
using the Story County bridge as a base model and analyzing skews of 0, 15, and 30 degrees. It
was found that the forces and stresses in the tie bars are, in general, distributed evenly across the
tied joint for a rectangular slab with no skew. As the skew increases, the force distribution shifts
and a gradient forms across the joint. The Shelby County 118 FE analysis examined the same
concept for an extreme case of skew of 55 degrees.

The load-displacement curve presented in Figure 5.52 shows that the total force required to pull
the slab during bridge contraction is 240 kips. The maximum shear force in any single one of the
22 tie bars is 16.8 kips, and the minimum is 4.1 kips. As expected, the maximum shear force
occurs in the end bar at the acute bridge corner.
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Figure 5.52. Shelby County 118—load displacement plot

The maximum principal concrete stress in the surface of the approach slab is shown in the
contour plot in Figure 5.53. The contours follows the trends seen in the parametric study on skew
angle for the Story County bridge. The maximum value occurs along the side of the slab on the
longer side corresponding to the acute slab corner. The stress of 235 psi does not exceed the
rupture modulus of 480 psi per the AASHTO LRFD Bridge Design Specifications.
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Figure 5.53. Shelby County 118—maximum principal stress
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Trends in the force required to pull the slab are generally evident in the von Mises stress
experienced by the tie bars. In the case of vertical bars, the shear force in the longitudinal
direction accounts for the majority of the total stress. The von Mises stress distribution for all 22
bars is presented in Figure 5.54.
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Figure 5.54. Shelby County 118—von Mises stress distribution

The stress distribution shows that the stress after the application of gravity to the model (the first
loading step) is under 5 ksi for every bar. Some axial force remains in the bars during bridge
contractions, as the maximum axial force in any single bar reached 8.7 kips. The transverse shear
in the direction perpendicular to the bridge centerline shows opposite signs for bars at either end
of the joint, since the slab contracts and attempts to pull the bars toward the middle. The von
Mises stress in the bars ranges from 27.8 ksi to 1 ksi, illustrating a significant difference in
magnitudes among the bars across the joint. Although the magnitudes observed in the Story
County and Shelby County bridge models are not directly comparable due to differences in slab
size and the number of tie bars used, the distribution plots for the Story County 30 degree skew
model and the Shelby County 55 degree skew model both show that bar stresses are distributed
throughout the range between maximum and minimum stresses.

5.5. Washington County FE Model
5.5.1. Purpose and Background

An important aspect of determining future changes to design details is the review and monitoring
of previously built structures. During the routine inspections performed each year on lowa’s
bridges, it has been noted that the approach slabs for a specific bridge in Washington County,
lowa, are experiencing issues such as spalling. As this bridge, which consists of precast approach
slabs tied to an integral abutment, fits the scope outlined for this project, it was identified as a
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useful subject for further inspection. As shown in Figure 5.55, the approach slabs for this bridge
have experienced severe spalling directly above the tied connection dowels between the
abutment and the approach slab.

POCKET , 6 FILL £1* OPENING WITH
JOINT SEALANT MATERIAL

......

.......

Figure 5.55. Washington County—south approach slab spalling location

The information found in the literature review indicates that this type of concrete failure at the
connection point is possibly due to excess settlement. As the slab settles, it begins to rotate
around the corner of the abutment seat. It is theorized that this behavior creates tensile stresses
within the embedded connection dowels as the dowels attempt to hold the two pieces of concrete
together. In turn, this could possibly create areas of high tensile stress concentration, which may
result in concrete failure and pull-out of the connection dowels from the concrete. It was
determined that a finite element investigation into the impact of settlement on this failure area
may provide insight into why this failure occurred.

5.5.2. Design Details

Bridge 606890, the subject of this study, is a pretensioned prestressed concrete beam bridge with
a total span length of 180 ft 6 in. and a width of 40 ft. The location is shown in Figure 5.56.

201



DESIGN NO. 210

T-74N

S ) P 7

WOUIsA CO

.;".1 " | LOCATION MAP
Figure 5.56. Bridge 606890 location map

The bridge was originally built in 1997 with integral abutments following lowa DOT design 296.
In 2012, the current tied approach slabs were installed following lowa DOT design 210. The
approach slab itself features six precast slabs connected to one another via dowels (Figure 5.57),

and the slab adjacent to the abutment is connected to the integral abutment via angled dowels
(Figure 5.58).
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Figure 5.58. Washington County—Ilayout of precast panels at abutment

There is no sleeper slab present in this design, and the slab is intended to slide across the
underlying subbase as the bridge expands and contracts throughout the year. It is important to
note that the design details utilized for this approach slab are not completely indicative of the
standard design details used in most lowa DOT approach slabs. Compared to those used in the
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Story County and Jasper County models, these approach slabs use fewer connection dowels, a
stronger (5 ksi) precast concrete, and a subbase consisting of a 2 in. sand cushion, which may be
subject to higher levels of settlement compared to the standard modified subbase used for most
approach slabs.

The tied dowels consist of eighteen 3/4 in. stainless steel bars embedded at an angle into both the
approach slab and the abutment paving notch, and the approach slab itself rests upon a 2 in. sand
cushion (Figure 5.59). The tied dowels are specified as having a 7 in. embedment into the
approach slab and a 10 in. embedment into the abutment. The exact angle of the dowel itself is
not given in either this plan set or the lowa DOT design standard and was assumed based on the
angle used in the Story County bridge. The required cover for the tied dowels is also not
specified; it was assumed to be 2 in. per the standard cover specified in the general notes of the
plan set. The abutment consists of 3.5 ksi concrete, and the precast approach slab panels consist
of 5 ksi concrete.
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LONGITUDINAL SECTION OF APPROACH PAVEMENT Pﬁ.NEL SOUTH ABUTMENT

Figure 5.59. Washington County—Ilongitudinal section of approach and abutment

All reinforcing steel for the bridge, abutment, and approach slab is indicated as 60 ksi steel
(Figure 5.60). Connecting each of the precast panels is a set of EF joints with 1 1/2 in. plain
round dowels with an expansion tube.
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Figure 5.60. Washington County—rebar layout for Panel 1A
5.5.3. Finite Modeling Procedure

A base finite element model for the tied approach slabs in Bridge 606890 was created following
the correlations and precedents set by the previous studies described in Sections 6.1 through 6.3
comparing field data to finite element models. By following a similar set of finite element
modeling procedures and design considerations, it is reasonable to assume that, should these
models exhibit behavior and stress distributions similar to those observed in the previous studies,
the values given in the output should be an accurate representation of this approach slab. The
goal of this study was to simulate and investigate the effect of the approach slab’s settlement on
the performance of the approach slab. Specifically, a key area of focus was the joint connecting
the approach slab to the abutment, where clear signs of concrete failure occurred. Keeping with
the previous studies, these models and their subsequent analyses were created and run in
ABAQUS.

Instead of modeling the entire bridge, an effort that would drastically increase the runtime of the
analysis, the base model for this approach slab consisted of the approach slab, the uppermost part
of the abutment, the longitudinal and transverse slab reinforcement, the sand cushion beneath the
slab, and the tied dowels connecting the abutment and the approach slab. The sand cushion was
modeled via a thin shear layer and a series of linear springs, as with the Jasper County and Story
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County models. The purpose of this model was to represent the approach slab, abutment, and
connection as they were installed and currently operate in the field. Therefore, all approach slab
elements were drawn with respect to the approach’s plan set, and the abutment dimensions were
obtained from the bridge’s original plan set.

To simplify the geometry of this model, approach slab segments 1A, 2A, and 1S and the two
shoulder slabs were drawn as one uniform mass. Since the segments were designed to function as
a continuous slab following installation, this was intended to give an accurate representation of
the approach slab’s geometry. In addition, the shape of the complete slab was approximated with
all sides at right angles to allow for better meshing. Because the main concerns of this model
were the concrete and tied dowels near the slab-abutment connection, the precast segments on
the other side of the EF joint were ignored, as a majority of the critical stress in the model should
be a result of the applied movement from the bridge deck. The final shape of the approach slab is
41 ft 10 in. wide and 15 ft 8 1/2 in. long at the EF joint with a depth of 10 in. throughout the slab.

As noted above, the abutment geometry was drawn based on the original plan set from 1997. In
an effort to simplify the model, the abutment geometry focused on the integral section and the
approach slab seat; the abutment was cut below these areas of study and replaced with a
boundary condition to simulate the support its embedment in the soil would provide.

To fully represent the impact of the reinforcing steel, all reinforcement was drawn with wire-
truss elements to allow for a more useful model of stress distribution throughout the slab (Figure
5.61). In addition, each of the 18 connection dowels were modeled as wire-beam elements to
allow for the full transmission of forces between the integral abutment and the approach slab.

Figure 5.61. Washington County—rebar and connection dowels
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Per the 2012 plan set for the approach slab, the compressive strength for this concrete was
modeled as 5,000 psi. In addition, a Young’s modulus of 3,605 ksi and a Poisson’s ratio of 0.3
were used for linear-elastic behavior, and a density of 150 pcf was used for the slab concrete. Per
the original plan set from 1997, concrete with a compressive strength of 3,500 psi was used for
the modeled abutment. The material properties for the sand were determined based on standard
values used by the lowa DOT and numbers found in other literature.

To further cut down on analysis runtime, each model part was meshed separately (Figure 5.62).
In addition, this allowed for the areas of particular interest (the approach slab and the dowels) to
be meshed finer than the rest of the model, creating a more accurate representation of the internal
stresses and strains within these critical parts. The connection dowels and concrete slab were
meshed on a 1 in. grid, the abutment on a 4 in. grid, and the sand layer on a 2 in. grid.

Figure 5.62. Washington County—general layout and meshing of model components

Loading for this model consisted of gravity and the maximum number of HL-93 load trucks that
the approach slab would experience in the field. In this case, the maximum loading scenario for
this approach slab would consist of two HL-93 trucks driving across the approach slab
simultaneously. Each truck was modeled as two distributed strip loads of 36 kips each, totaling
72 kips for each truck (Figure 5.63). By evenly distributing these loads across the entire length of
the slab, the analysis results were expected to be more representative of a slab settling slowly
over time. Utilizing the same approach for the Jasper County and Story County models, a bed of
linear springs was used to model the settlement of the slab as the loading condition was applied.
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Figure 5.63. Washington County—Iloading scenario

5.5.4. Finite Element Study and Results

As with the previous analyses, an initial baseline model was run to determine how the model
would behave assuming appropriate soil stiffness and minimal settlement. Following the stiffness
values used for the previous models, a modulus of subgrade reaction of 250 pcf was used to
calibrate the linear springs underneath the slab. This baseline model was run utilizing
ABAQUS’s Concrete Damaged Plasticity behavior to document any failures within the concrete.

As expected, this model displayed behavior similar to that of the Jasper County model. Because
there is no sleeper slab to support the far end of the approach slab, the forces within the
connection joint start to increase as soon as the slab begins to settle. Although the complete
vertical displacement for this model only resulted in 0.014 in. at the far end of the slab, the
maximum concrete tensile stresses within the connection joint were recorded as 181 psi (Figure
5.64). Due to the fact that the concrete used in this approach slab has a strength of 5 ksi
compared to the lower strength of 4 ksi for the concrete used in the previous two models, it was
expected that the Washington County model would reach a higher tensile value prior to cracking
or damage.
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S, Max. Principal
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Figure 5.64. Washington County—stress concentrations on bottom of slab

Peak stresses of note elsewhere in the model occurred in the concrete along the top surface of the
slab (Figure 5.65), likely as a result of the connection dowels attempting to restrict the rotation of
the slab at the abutment seat. However, the highest stress value reached was only 43 psi.

S, Max. Principal
{Awg: 75%)
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+5.000e+01
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+2.500e4+01
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-1.667e+01
-2,500e+01
-3.333e+01
-4.167e4+01
-5.000e+01

Figure 5.65. Washington County—areas of tensile stress on top surface of approach slab

Following the establishment of this base model, the stiffness value of the linear springs was
reduced to simulate soil settlement in the model. However, as with the Jasper County model, the
stress concentrations at the connection dowels led to failure at a mere 0.052 in. of settlement with
a peak tensile stress of 524 psi (Figure 5.66). These results imply that significant forces are
created in the connection joint should any settlement of the slab occur. This comes as a stark
contrast to the voiding scenario observed with the Story County model, which is assumed to be

supported on the far end by the sleeper slab.
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Stress in Concrete at Connection Joint vs. Max Slab Displacement
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Figure 5.66. Concrete failure in Washington County connection joint

The stress concentrations and damage output provided by this FE model (Figure 5.67) may
provide some insight into the failure observed in the Washington County field approach slabs.

y --,I'I_ll ot

Figure 5.67. Washington County—stress concentrations in dowels and precast panels
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While this model appears credible given the similarity of the failure observed in the model to the
failure exhibited in the field, it is important to consider how the stress distributions in the
approach slab would have developed in other circumstances. It is entirely possible that the stress
concentrations displayed in the connection joint for the FE model are higher than those in the
field slab. Unfortunately, the addition of damage parameters to the FE model creates an
instability once several parts of the model begin to fail, and this leads to convergence issues.

Because these convergence issues do not allow the model to continue applying load after these
failures, one option to further investigate stress distributions is to change the model to assume
that the concrete in the slab exhibits linear-elastic behavior. Doing so would allow the model to
continue to run following the point where the previous model failed due to tensile cracking. By
noting the point at which different parts of the model reach appropriate levels of stress and strain
to facilitate cracking, it is still possible to infer the point at which this approach slab begins to
experience cracking at the connection joint.

After reformatting the model to assume a linear-elastic concrete, no other convergence issues
were noted. The linear springs were calibrated with the applied load to provide a theoretical
settlement of 1 in. to match the assumed settlement that the Washington County approach slab
underwent prior to being mudjacked back to its original height. Following the completion of the
simulation, the far, unsupported end of the slab settled 0.96 in. (Figure 5.68). The maximum
principal stresses occurred in the same areas as those in the original iteration of the model.

U, Magnitude
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+3.218e-01
+2.417e-01
+1.617e-01
+3.167e-02
+1.632e-03

Figure 5.68. Washington County—approach slab settlement
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Aside from the stress concentrations observed at the connection joint, 1 in. of settlement resulted
in a concrete tensile stress of 475 psi in the area above the paving notch, where cracking was
observed in the field (Figure 5.69). The high amount of tensile stress in this area is likely a result
of the connection dowels restricting rotation of the slab. As the slab settles on one side and the
connection dowels prevent this rotation, the top of the slab is put in flexure and subject to stress
concentrations.

S, Max. Principal

{Avg: 75%)
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-2.500e+01
-2.513e+02

Figure 5.69. Washington County—stress concentrations after approach slab settlement

Based on the results presented for the FE models of the Washington County approach slabs, it
appears that excessive settlement played a role in the premature tensile cracking observed at the
tied connection joint between the approach slab and the integral abutment. As the approach slab
settled during its first year or two of service, the portion of the slab sitting on top of the paving
notch attempted to rotate and move upward from the face of the abutment seat. Due to the
restraint placed on this rotation by the steel dowels embedded in the concrete of both the
approach and the abutment, stress concentrations formed in two areas. The first of these forces
was the result of the embedded dowel pulling on the underside of the slab as it attempted to
rotate upward. The results of the FE modeling indicate that the forces due to this behavior
became evident quickly, which may provide evidence as to why this approach slab connection
experienced such significant cracking so soon after its initial construction. The second set of
forces, again resulting from the embedded dowels, did not become especially notable until the
slab had settled a maximum of approximately 1 in. Again, these forces appeared roughly in the
same area as the spalled concrete in the field slab. As such, it is likely that the combination of
excessive settlement and the resistance provided by the connection dowels created high stress
concentrations that resulted in the concrete cracking observed in the field slab.
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

The objectives outlined in Chapter 1 provide a path to make important conclusions based on the
completed work. The conclusions presented in this chapter are separated by the research task for
which they were completed.

6.1. Literature Review

Much of the literature documented innovative approach slab and abutment details studied by
other investigators with the goal of providing state DOTs and other transportation agencies with
valuable information on the performance of said details. The main conclusions drawn from the
comprehensive literature review described in this report are summarized below.

Many states are currently attempting to find ways to achieve the benefits of integral and semi-
integral abutments while avoiding the issues associated with long bridges or high skew angles.
One such example is the so-called Virginia Abutment used by VDOT, which employs an integral
backwall separated from another backwall by a large void. A joint is placed at the end of the
bridge, but the design prevents any water from reaching the bearings. The separation of the first
backwall from the soil backfill eliminates most of the issues associated with integral abutments,
especially for long bridges or those with high skews. The large void between the double
backwalls allows easy drainage and maintenance, since it is large enough and open on the sides
of the bridge to allow for clearing of debris. The concept of the Virginia Abutment would
improve performance for bridges with conventional bearings, but it would not be necessary for
situations where other abutment types would be acceptable that have less complexity in terms of
constructability.

The deck-over-backwall concept is another abutment and approach slab detail that aims to
realize the benefits of integral construction, including the elimination of a traditional joint at the
deck end while also trying to eliminate the expansion of the bridge into the backfill. Research
conducted by MDOT provides an example of deck-over-backwall construction that uses a layer
of expanded polystyrene between the backwall top surface and the approach slab. The Butler
County 118 demonstration bridge documented in Section 5.5 incorporates the deck-over-
backwall concept at the east abutment.

VDOT uses an abutment type hierarchy for new bridge designs. Based on length and skew
limitations, the process prioritizes integral abutments, semi-integral abutments, the deck-over-
backwall concept, and finally the Virginia Abutment. The lowa DOT provides a set of
limitations on the use of integral abutments, but development of a similar hierarchy after
finalizing investigation of new abutment details would prove beneficial in ensuring that a
consistent and effective abutment type is chosen for a given project.

Corbels used to support the approach slab should be avoided if possible. The use of a corbel
increases the difficulty of attaining proper backfill compaction next to the abutment, a key
component of minimizing approach slab settlement. The lowa DOT J-series bridge standards are
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an example of the use of a paving notch as a part of the abutment. However, Story County 118
and the lowa DOT H-series bridge standards include the use of a corbel. Corbels may not be
eliminated easily for semi-integral abutment conversions in which the footing width of the
existing abutment is predetermined.

Inclined tie bars are recommended for use with semi-integral abutments to allow approach slab
rotation at the tied joint. Backfill settlement under the approach slab inevitably leads to a rotation
at the end of the slab, which is best accommodated by inclined bars that do not transfer moment.

Buttresses and other bridge end guidance methods restrict thermal expansion to the longitudinal
axis. Skewed bridges experience lateral earth pressure forces that cause rotation of the entire
bridge superstructure after repeated thermal loading cycles. Transverse displacement complicates
the behavior of tied approach slabs and other detailing aspects that may best be controlled by
restricting expansion to the longitudinal axis.

The lowa DOT BR-205 Standard Road Plan includes the use of a sleeper slab to support one end
of the approach slab. A perforated subdrain is used under the EF joint in one direction from the
sleeper slab and behind the abutment in the other direction from the sleeper slab. A joint exists
between the approach slab and sleeper slab for which there is no subdrain. The formed curb at
the side of the approach slab and sleeper slab is not continuous over the joint. An example from
the literature shows drain collector pipes placed at the base of the sleeper slab. The lack of a
subdrain at the sleeper slab for a tied approach slab conflicts with the design intent of having the
entire bridge expansion accommodated at that location. The large movements expected at this
location increase the possibility of surface water infiltration over time.

Approach slabs are designed to span the distance between the abutment and sleeper slab should a
loss of support from the backfill occur. Sleeper slabs are placed on the same backfill material, so
it follows that they may be susceptible to similar issues with settlement. It has been shown that a
thicker approach slab (e.g., 16 in.) and sleeper slab supported by soil reinforced with two geogrid
layers improved the road profile. Settlement of sleeper slabs was not found to be a critical
parameter, but improvement of the soil support for the sleeper slab may be an option should the
issue arise.

The abutment backfill details for the bridges assessed during the field monitoring portion of this
research use a geotextile layer placed behind the abutment before filling with porous backfill.
The geotextile is described as “permeable” per lowa DOT IM 4196.01, which would allow for a
hydraulic short circuit should drainage become blocked. Water would make its way underneath
the abutment, possibly reaching the foundation piles. A geomembrane has been used in a similar
manner to prevent such a hydraulic short circuit. However, the design choice of a geotextile may
have been made in anticipation of blocked drainage to prevent accumulation of water behind the
abutment. The choice of material should be evaluated with regard to the design intent.
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6.2. Inspections

Seven different bridge designs that used tied approach slabs, including nine different structures,
were inspected for condition as it relates to service life. The 1/4 in. preformed tied approach
joints used at every location measured between 3/8 in. and 1 5/8 in. The joints were found to be
opening over time and not performing as intended. Decreased joint widths at the opposite ends of
the approach slabs highlight the fact that the approach slabs are shifting away from the tied
connection. Multiple bridges using the lowa DOT BR-205 Standard Road Plan have been let
within the past few years. The road plan includes the use of a tied approach with vertical paving
notch dowels. Future inspections should be completed to determine the effectiveness of the tied
approach joints. Ideally, inspections would take place at least one year after initial construction
to allow the bridges to experience one full seasonal temperature cycle.

The condition and performance of the joints between the wingwalls and the approach slab curbs
appeared unsatisfactory on multiple occasions. Noted problems included a 6 in. deep void at the
intersection of the approach to the deck joint and wingwall, separation of the approach slab and
wingwall and opening of the joint, concrete cracking at the beginning of the approach slab curb,
and frequent poor drainage resulting in buildup of debris at the beginning of the curb. The poor
performance of the joints between the wingwalls and the approach slabs together with
recommendations made based on a review of the literature indicate that barrier rails should be
placed on top of the approach slab when the approach slabs are tied to the abutments. Strip seals
are recommended for new construction of integral and semi-integral abutments. An example of a
curb “kick-up” detail is provided, and a similar detail would be required to accommodate the
continuous curb on the sleeper slab.

Abutment drainage was largely free of debris and able to drain water from behind the abutments
should it infiltrate the deck joints. A single bridge, 310 Jasper Southbound (reconstructed in
2010), had drain exits for which the openings were reasonably close to the abutment and blocked
by soil.

6.3. Field Monitoring

Field monitoring was completed for four different bridges in lowa. The first was Jasper County
118, a 184x28 ft bridge with a 45 degree skew. The Jasper County 118 semi-integral abutment
conversion was designed with the intent that the west abutment would be fixed and the east
abutment would be moveable. Bridge displacement data captured by displacement transducers
show movements of similar magnitudes for both abutments. Displacement transducers installed
perpendicular to the bridge centerline measured transverse displacements equal to 81% and
120% of the longitudinal displacements for the semi-integral abutment bridge with a 45 degree
skew.

Earth pressure sensors installed on the Jasper County 118 semi-integral abutment backwall just
under the approach slab provided the range of pressures. The maximum pressure reached the
calculated passive pressure value. A full yearly temperature cycle would prove invaluable for
monitoring earth pressures during a warming period of bridge expansion.
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The second bridge included for monitoring was Story County 118, a 375x60 ft integral abutment
bridge with a 15 degree skew. Superstructure expansion of the Story County 118 bridge was
captured using crackmeters installed at the tied approach joints and the approach-slab-to-sleeper-
slab joints at both ends of the bridge. Displacement transducers require a fixed reference point,
which would have been difficult to provide in this case given the fact that the Story County 118
bridge was new construction and embankment settlement can alter displacement readings. By
assuming that the sleeper slabs are fixed in place, all expansion of the sleeper slabs and the
superstructure was accounted for.

Crackmeters mounted on the Story County 118 bridge barrier rails measured movement in the
tied approach slab joints without placing sensors on the road surface. While the initial data show
that the joints experience cyclic opening and closing due to bridge expansion, the behavior is not
simply a linear response. It is postulated that long-term monitoring may reveal additional joint
expansion.

The third bridge included for monitoring was Polk County 120 over the Des Moines River that
featured a 710.5x62 ft bridge deck with a skew angle of 15 degrees. The concrete temperatures
in the east and west ends taken by averaging the temperatures measured by the strain gauges
were plotted against the air temperatures measured by the datalogger. Joint expansion versus
concrete temperature was also plotted, with positive values corresponding to bridge contraction,
in which the approach slab pulls away from the sleeper slab. The movement between the
approach slab and the abutment was found to be significantly low, indicating a good connection.
A strong linear relationship with temperature indicates that the joint opens and closes depending
on expansion and contraction of the bridge. As the temperature decreases, the bridge contracts
and pulls on the approach slab, inducing tension.

The fourth bridge included for monitoring was Butler County 118, a new construction bridge
located in Butler County, lowa, with improved design features in its abutments. The bridge is
498 ft in length and 44 ft in width with five spans and a skew angle of 15 degrees. The west
abutment was designed as an integral abutment, while the east abutment was constructed as a
semi-stub abutment. This design decision was made to explore the potential for using semi-stub
abutments in longer structures, possibly exceeding 1,000 ft in length.

Strain gauges were placed throughout the approach slab to measure strains induced by
temperature effects and bending. Crackmeters were also installed to measure movement in the
approach-slab-to-bridge-deck joint. Data collected from the bridge revealed patterns, particularly
in the behavior of the top bars of the east approach slab. The joint expansion between the
approach slab and the bridge deck showed a strong linear relationship with temperature. Also,
the approach-slab-to-sleeper-slab joint graphs showed almost linear trends, indicating high
tensile strains corresponding to low temperatures and high compressive strains corresponding to
high temperatures.

The strain gauges close to the approach-slab-to-bridge-deck joint in the middle part of the
approach slabs showed normal behavior in the bottom bars at both ends of the approach slabs,
but the top bars on the east side exhibited high tensile strains, especially during warm weather.
The strain plots for the acute and obtuse corners of the approach slabs indicated different patterns
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on the east side, with the top bars at the acute corners consistently in tension and the bottom bars
at the obtuse corners exhibiting normal behavior. The behavior recorded for the top bars in the
east approach slab might be due to several factors, such as the presence of a minor transverse
crack at the joint with the abutment and the working room gap between the abutment diaphragm
and the backwall. The working room gap could possibly lead to a detrimental pivot point and
crack development, which may be exacerbated by live loads and settlement effects.

6.4. Finite Element Analysis

Finite element models of bridge ends were developed to study the effect of bridge thermal
movement and the response of the approach slabs. Various parameters, such as approach slab
friction, soil stiffness, tie bar style, and bridge skew, were systematically investigated through FE
simulations.

Load-displacement curves produced for the Jasper County bridge approach slab with a tied
connection show a lateral force in the tied joint of a similar magnitude to the longitudinal force.
The force develops very quickly, with only a fraction of the maximum displacement required to
realize the movement of the slab in both directions. Tied joint design should therefore account
for large lateral forces. As mentioned previously, limiting bridge expansion in the transverse
direction using buttresses could eliminate transverse displacement of the slab. Moreover, the
results of additional models indicated that there were stress concentrations at this connection
point. However, this was not deemed concerning because the stress levels were still reasonably
low.

Comparisons of the Story County bridge model with field monitoring data show similar
magnitudes of strain induced in the tie bars. However, tied approach joint expansion was slightly
underestimated in the model. The model shows a deformation in the tie bars before the strain
reaches a plateau and the entire approach slab begins sliding. In contrast, continuous opening of
the joint was observed in the instrumentation data.

Furthermore, a series of FE models was generated to investigate how the Story County approach
slabs would accommodate settlement and voiding conditions. A range of lengths, i.e., 5, 8, 10,
13, and 16 ft, were used to gain insight into how the approach slab would fare when forced to
span a variety of settlement trenches. The analysis revealed that the erosion void does not
produce significant increases in tensile stress within the slab until the length reaches
approximately 6 ft. Following this point, the results of the investigation determined that the
approach slab would possibly experience tensile cracking at the connection joint with a
settlement void length of 11 ft. It was also observed that transverse cracking would possibly
begin to occur in the bottom of the slab with a void length of 16 ft. However, based on the void
lengths observed in past studies, it is likely that the approach slab would be able to adequately
span the voiding conditions typically observed in the field.

Increasing the coefficients of friction between the concrete approach slab and soil only served to
increase the total force required to pull the slab. The stresses in the tie bars also increased
proportionally, while the force distribution across the bars remained relatively unchanged. The
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uncertainties involved in estimating approach slab friction were shown to have minimal effect on
how forces are carried by the bars.

While soil stiffness did not affect the concrete or tie bar stresses during bridge contraction, it was
found that stiffer soil can considerably increase concrete and tie bar stresses (i.e., maximum
values) at the full range of thermal expansion. Inclined tie bars experienced lower stresses than
vertical tie bars during bridge contraction while pulling the approach slab. Concrete stresses
showed no notable trends with regard to bar orientation.

Skew drastically changes the stress distribution in the tie bars across the tied approach joint.
Force is shifted towards the acute approach slab corner/obtuse bridge corner. Stresses were
simultaneously lowered in the obtuse slab corner, resulting in a greater range of stresses for
increased skew angles. These results were consistent with the case of an extreme skew angle of
55 degrees (which exceeds the current lowa DOT skew limit of 45 degrees), for which the
Shelby County bridge model exhibited a similar variation in stress in the tie bars across the width
of the tied approach joint during bridge contraction.
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