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Abstract. This paper presents analysis and interpretation of monitored vertical
settlements and pressures of a rehabilitated bridge approach slab located in
Johnson County, Texas. Four horizontal inclinometer casings and pressure cells
(equipped with thermometers) were installed at the test site during the rehabili-
tation process. In this paper, collected data from the inclinometers, pressure cells,
and thermometers were employed in an attempt, to understand the effect of
climate changes on the vertical settlements and pressures of the approach slab. It
has been observed that with an increase in temperature, the bridge structure
enforced the movements of the geofoam blocks causing vertical settlement.
Whereas, the bridge structure movements after a temperature decrease, induced
vertical swelling at the top of the geofoam blocks. The pressure cells that were
installed at the top and bottom of the geofoam embankment revealed that the
stresses observed at the top of the geofoam were significantly reduced. Also, the
pressure cells installed at the sides of the bridge and geofoam structure to eval-
uate the lateral pressure response lost contact and provided negative results. The
loss of contact can be a response to the movement of the structure with respect to
thermal changes in the structure. This research highlights the important obser-
vations of a bridge structure and its approach soil-geofoam embankment
movements with respect to temperature and precipitation variations.
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1 Introduction

The differential settlement between bridge approach and bridge deck, also known as
‘bump phenomenon’ is a common problem faced by approximately 25% of the
600,000 bridges across the United States [1, 2]. Millions of dollars are spent annually
in an attempt to repair these bridges [1]. Recent studies on bridge infrastructure
demonstrated that more than 28 states in the United States use an approach slab as an
interface to the pavement and bridge deck. In a survey conducted in Texas, it was
estimated that it costs annually more than 100 million dollars for the Texas Department
of Transportation (TxDOT) to repair the bridges with bump problem in Texas [3–5].
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Several researchers have tried to determine the probable causes of bump phe-
nomenon at bridge approaches [3, 6–19]. Based on the previous literatures, the primary
factors causing the approach bump problem include consolidation settlement of
foundation soil, poor embankment soil compaction close to the bridge approach, poor
drainage system and soil erosion due to the age of the bridge, types of bridge abutment,
and traffic volume.

In the past decade, extensive studies were performed to identify the causes of the
bump phenomenon and several techniques have been proposed to mitigate the problem
[8, 9, 12, 14, 15, 20–22]. Some of the widely-accepted techniques to resolve differential
settlement problem include excavation and replacement, deep soil mixing (DSM)
column, geosynthetic reinforcement, mechanically stabilized earth (MSE) wall, effec-
tive drainage, and erosion control method and use of lightweight materials to decrease
the effective overburden pressure.

Thermally induced displacements generally occur at integral abutment bridges due
to seasonal temperature changes [23–29]. These long-term deformations mainly take
place because of the continuity of superstructure and substructure of bridges with
integral abutment systems and can make a progressive contribution to accelerating the
development of bump phenomenon. As per the seasonal temperature variations, lateral
interaction at the studied bridge structure and the integrated hybrid soil-geofoam
approach embankment system was monitored and presented.

In this research study, lightweight geofoam blocks were used in place of the top
1.83 m (6 ft) of the soil in order to reduce the approach slab-bridge deck differential
settlement. The geofoam blocks despite being 100 times lighter than the soil, can
provide comparable strength and stiffness properties as soils. Effect of temperature and
precipitation was studied to monitor the performance of a Geofoam-soil hybrid system
installed at a site which was facing the menace of the “bump phenomenon”. The
following sections provide the details of the instrumentation and analysis.

2 Site Description

The US 67 bridge over SH 174, located at Johnson County, Cleburne, Texas was
constructed in 1995. The approach slab was constructed on the 12.2 m (40 ft) mod-
erately high plastic clay embankment which was laterally supported by concrete
retaining walls. More than 406.4 mm (17 in.) settlement was experienced by the
approach slab over a period of 16 years. Excessive settlement happened primarily due
to the consolidation settlement of the embankment soil, insufficient compaction of soils
near the abutment and erosion [11]. During this period, several soil improvement
techniques include soil nailing, grout injections, and hot mix overlays were tried but
none of the applied techniques were found to be effective to mitigate the differential
settlements at the bridge approach slab.

In January 2012, the Texas Department of Transportation (TxDOT) replaced the
top 1.83 m (6 ft) of the embankment soil by the lightweight EPS 22 Geofoam. In order
to monitor the long-term vertical deformations of the Geofoam layer under diverse
environment and loading conditions, four horizontal inclinometer casings (US67 -1,
US67 -2, US67 -3, US67 -4) were installed on the top of the Geofoam layer during the
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construction. Data monitoring in two years depicted a differential settlement of less
than 38.1 mm (1.5 in.). This was considered as the allowable design settlement to
evaluate long-term performance of the rehabilitation technique [11]. In addition, four
pressure cells were installed at the top and bottom of the Geofoam layer to assess the
lateral and vertical pressures transferred to and from the EPS Geofoam layer respec-
tively (see Fig. 1). Figure 1(a) and (b) presents the pressure cells installed on top and
bottom of the geofoam blocks for monitoring vertical pressures that were transferred
from pavement layers. Whereas, Fig. 1(c) and (d) depicts the pressure cells installed
laterally on the retaining wall and attached to the Geofoam blocks to monitor the lateral
pressure that is subjected onto geofoam blocks. The laterally installed pressure cell at
the top side of the bridge structure and geofoam interface as shown in Fig. 1(c) showed
occasional negative values. This led us to analyze the role of thermal expansion and
contraction of the bridge structure on the Geofoam material.

3 Data Analysis and Interpretation

The data of two pressure cells installed vertically at the top and bottom of the Geofoam
blocks were used to analyze the performance of the Geofoam layer under dynamic
traffic loadings, temperature variations, and precipitation. Figure 2 shows a typical
monthly (a) and daily (b) pressure diagram at the top and the bottom of the Geofoam
layer for a given month and day respectively.

The recorded pressures include the dynamic traffic loading in addition to the static
overburden pressure of 0.61 m (2 ft) rigid pavement. A significant decrease of the
average pressure from the top (35.8 kPa) to the bottom (12.4 kPa) of the Geofoam
layer is evident from both plots (Fig. 2(a) and (b)). However, no time-dependent
viscous behavior can be observed under the combination of static and dynamic load-
ings in the either plots. Although Geofoam material has good damping characteristics,
it was observed that the amplitude of recorded pressure by the bottom pressure cell was
higher than that recorded by the ones at the top (Fig. 2(a)). This can be attributed to the
stronger pressure cell rigid soil base at the bottom as opposed to the Geofoam blocks at
the top.

Fig. 1. Four pressure cells installed on the top and bottom of the geofoam layer
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3.1 Influence of Temperature Variation on Lateral Pressures

The temperature and pressure data were collected from the installed pressure cell
(equipped with the thermometer) at the top side of the geofoam layer and the bridge
structure interface (retaining wall). Because of the integral bridge-approach embank-
ment system of the infrastructure, thermally induced lateral pressure interaction was
recorded at the bridge and the approach embankment interface. Figure 3 shows the
variation of temperature and pressure versus time at the top of the Geofoam layer. In
the following plots, the left vertical axis represents the temperature variations and the
right vertical axis depicts the lateral pressure changes. It should be noticed that both
parameters (temperature and lateral pressure) were recorded simultaneously each
15 min’ time intervals. It can be observed from the Fig. 3 that a consistent trend of
lateral pressure variations was observed with change in temperature for the years 2012
and 2013. From January 2012, the lateral pressures increased gradually with the rise in
temperature till the end of June 2012 and reached their peak magnitudes (see Fig. 3(a)).

As long as the retaining wall and the Geofoam layer were in contact, the lateral
dynamic response to the traffic loading was amplified. Whereas, with a slight decrease
in the temperature in July 2012, a rapid drop in lateral pressures was recorded which
finally reached negative values at a temperature of 28.8 °C. In other words, with a
decrease in temperature, bridge started to move back to its initial position. However,
the difference in thermal induced stress-strain behavior of the concrete and Geofoam
materials caused a quick decline on the lateral pressures in July 2012. Figure 3(b),
shows a similar trend of the lateral pressure fluctuations with the seasonal temperature
variations for 2013. This pattern reveals important information about the physical
interaction between the bridge structure and the geofoam layer due to the seasonal
temperature changes.

(a) (b)

8/29/12 9/8/12 9/18/12 9/28/12

Time (mm/dd/yy)

0

20

40

60
Pr

es
su

re
 (k

Pa
)

PC1-Top
PC2-Bottom PC1-Top

PC2-Bottom

4:48:00 AM 2:24:00 PM 12:00:00 AM

Time (hours)

0

20

40

60

Pr
es

su
re

 (k
Pa

)

35
.8

12
.4

Fig. 2. (a) Typical monthly and (b) daily vertical pressures
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3.2 Influence of Temperature Variation on Vertical Pressures

This section presents the influence of temperature variations on the vertical pressure at
the top and bottom of the Geofoam layer. The temperature variations recorded by the
top pressure cell was negligible since the vertically installed pressure cell was wrapped
in geomembrane and embedded in the Geofoam, a material with negligible thermal
conductivity (see Fig. 1a). Therefore, the variation in the recorded pressure data was
due to the dynamic traffic loading rather than changes in temperature. However, the
pressure cell at the bottom of the Geofoam layer (see Fig. 1b), has recorded reasonable
temperature variations.

Figure 4(a) and (b) depicts vertical pressure changes and deformations corre-
sponding with the thermal fluctuations at the bottom of the Geofoam layer. The
behavior of Geofoam under the seasonal temperature changes can be better assessed at
the soil-Geofoam interface due to the thermal insensitivity of the soil. Hence, a similar
trend was observed for both vertical pressure change and temperature variation at the
bottom of the Geofoam layer (see Fig. 4a and b). The effects of seasonal temperature
variations were also studied on the collected vertical deformations at the top of the
Geofoam blocks (Fig. 4(b)). It was observed that by increasing the temperature, set-
tlements were raising up and by decreasing the temperature, swelling behavior was
observed in the average vertical deformations.

3.3 Precipitation Effect

This section presents the effect of precipitation on the vertical settlements obtained
from the inclinometer data. Precipitation data were obtained from database recorded
from U.S. Climate Data. Figure 5 presents the precipitation data for 2012 and 2013.
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Fig. 3. Lateral pressure changes with temperature variations (a) 2012 (b) 2013.
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Preliminary analysis of the data showed no immediate effect of precipitation on the
vertical deformations in two years. This could be due to the very low permeability of
the high plasticity clayey soil present in the embankment. A close study on the plots
depicted the swell and shrink cycles after heavy rainfall and dry periods respectively
[30]. However, a more detailed analysis is required before attributing the effects of
precipitation on vertical deformation.
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4 Conclusion

• Vertical pressure cell data at the bottom of the Geofoam shows a considerable
decrease in the average vertical pressures. This is due to the stress absorption of the
geofoam material. The dynamic response from the traffic loading was studied,
where the stress amplitude was increased due to the stronger rigid soil base at the
bottom as opposed to the Geofoam blocks at the top.

• Analysis of the seasonal temperature variation on vertical deformations and lateral
pressure showed that the Geofoam blocks were laterally pushed by the thermal
expansion of the bridge structure. Also, it has been observed that the variation in the
vertical deformation was consistent with the temperature variation.

• The effect of the precipitation data on the vertical settlement was studied for two
years and no immediate effect was observed. This could be due to the low per-
meability of the embankment soils present in the considered test section and also the
geomembrane wrapped around the geofoam block which provides an impermeable
interface.
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