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ABSTRACT 
 
Geosynthetic reinforced soil (GRS) abutments offer many advantages over traditional concrete 
abutment walls.  Three notable ones include: (1) elimination of the need to form, pour and wait 
for concrete abutments to cure resulting in accelerated bridge construction and savings in time 
and cost; (2) abutment construction is within its footprint and a deep foundation is not needed 
resulting in cost and environmental advantages and (3) quality abutment construction can be 
achieved since backfill is placed in thin lifts between the closely-spaced geosynthetics.  An 
integral bridge system in Lahaina on the island of Maui, Hawaii founded on GRS abutments will 
be shown to react to thermal effects during a 4-day period despite the mild Hawaiian climate.  
The 109.5-ft-long superstructure was instrumented to measure strains, and the GRS abutments 
were instrumented to measure vertical pressures below the footing, lateral pressures behind the 
back-wall and GRS facing, and lateral displacements of the GRS facing. 
 
INTRODUCTION 
 
A geosynthetic reinforced soil abutment and integrated bridge system (GRS-IBS) consists of an 
integral abutment or jointless bridge founded on two GRS abutments.  The GRS abutment is 
usually constructed using alternating layers of compacted granular fill and ≤ 12-inch (typically 8-
inch)-spaced layers of geosynthetic reinforcement (Adams and Nicks, 2017).  Every layer of 
reinforcement is frictionally connected to the facing, which is conventionally made up of 
concrete masonry unit (CMU) blocks.  Advantages of GRS-IBS are quite well known.  Three 
notable ones include: (1) elimination of the need to form, pour and wait for concrete abutments 
to cure resulting in accelerated bridge construction and savings in time and cost; (2) abutment 
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construction is within its footprint and a deep foundation is not needed resulting in cost and 
environmental advantages and (3) quality abutment construction can be achieved since backfill is 
placed in thin lifts between the closely-spaced geosynthetics.   

The design of this GRS-IBS was an integral type abutment but included a detail that 
connected the wings walls on the road approach to the abutment back-wall with cast in-place 
concrete.  A bridge superstructure has a tendency to expand and contract with fluctuations in 
ambient temperature depending on the details of the superstructure/substructure design, bridge 
geometry and other details of the approach.  Possible thermal behavior for this bridge ends may 
include: 

 
1. Translation of the footings and back-walls; 
2. Rotation of the footings and back-walls 
3. Combination of these effects 
 
The degree to which these behaviors occur can be equal at both ends or more dominant at 

one end of the bridge.  Superstructure/substructure interactions depend on the details of the back- 
wall design.  The objective of this paper is to present the behavior due to daily thermal cycles for 
a GRS-IBS in Hawaii. The integration of cast in place concrete wing-walls to the abutment back-
walls is believed to have produced some unique footing pressure fluctuations due to the thermal 
activity of the superstructure.  Nevertheless, the bridge is reported to have good performance. 
 
PROJECT DESCRIPTION AND SUBSURFACE STRATIGRAPHY 
 
The Kauaula Stream Bridge is located on a new access road east of Lahaina, Maui.  The single 
span bridge is 109.5 ft long, skewed (31˚), super-elevated (4% slope) and slopes (0.5%) from 
Abutment 1 down to Abutment 2.  The main load-carrying elements of the superstructure consist 
of 3-precast concrete tub girders, connected at the top by precast concrete planks and a 5-inch-
thick cast-in-place concrete top deck (Figure 1).  The stress due to dead load on each abutment 
due to the weight of the superstructure and footing (≈ 550 tons) was estimated to be 4030 psf.  
Two wing-walls founded on 8-ft-wide spread footings were also cast to the ends of both 
abutment back-walls creating a full moment connection between the superstructure, sub-structure 
and wing-walls (Figure 2).  During bridge construction beginning in January 2012, monitoring 
instruments were installed and the construction documented. 

The 6.35-ft high GRS backfill consists of a basalt aggregate meeting the specifications of 
a base course gradation (Hawaii Department of Transportation, 2005).  The backfill D60 = 0.37 
in, D30 = 0.13 in, D10 = 0.021 in, Cu = 17.6, Cc = 2.2 and % fines = 3% implying a GW and A-1-a 
based on the USCS and AASHTO soil classification systems, respectively. 

A woven polypropylene geotextile with an ultimate wide-width tensile strength of 4800 
lbs/ft in both the machine and cross-machine directions served as the reinforcement.  Geotextile 
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spacing in the bottom 5 and top 5 CMU courses were approximately 8 inches and 4  inches, 
respectively. 

The CMU facing wall units were 8-in-high x 12-in-deep x 16-in-long hollow tile concrete 
blocks with a weight of approximately 75 lbs. 

Borings drilled at the abutments indicate that the soils at the site consists of medium stiff 
to stiff reddish brown clayey silt and silty clay (ML) extending from 1 to 4.5 feet, which in turn 
was underlain by older alluvium (cobbles and boulders) extending to a depth of at least 85 feet 
(Hirata and Associates, Inc., 2009).  The geotechnical report indicated that the cobbles and 
boulders were hard and densely packed in a matrix of silt, sand and gravel. 

 
 

 
Figure 1. Strain gage layout at the third point of the tub girders closer to Abutment 2. 

 
Figure 2. Wing-walls emanating from bridge back-wall. 

Strain gages discussed herein 

4 ft 7 in 
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Figure 3. Abutment 2 instrument layout along the bridge centerline. 

 
MONITORING INSTRUMENTS 
 
The superstructure was instrumented to measure concrete strains, and the GRS abutments were 
instrumented to measure vertical pressures below the footing, lateral pressures behind the back-
wall and GRS facing, and lateral displacements of the GRS facing.  The instrument types are 
summarized in Table 1. 

Strain gages were installed at the third points along the superstructure.  Only strain gages 
at the third point closest to Abutment 2 in the middle tub girder (circled in Figure 1) will be 
discussed herein.  Instrumentation installed along the bridge centerline of Abutment 2 is 
presented in Figure 3.  All vibrating wire instruments were connected to a data acquisition 
system for remote monitoring.  The whole system was powered by 12V batteries charged by 
solar panels during the day.  Instrument readings were recorded every 4 hours. 
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Table 1.  Monitoring instruments. 
Instrument Purpose is to Measure Make Model 

Earth pressure 
cell 

Footing bearing pressure on GRS along bridge 
centerline 

Geokon 4800 earth 
pressure (EP) cell 

Inclinometer Lateral deflection of facing blocks along 
bridge centerline 

Geokon 6300 in-place 
inclinometer (I) 

Lateral 
pressure cell 

1. Horizontal stresses acting on facing blocks 
along bridge centerline 

2. Horizontal stresses acting on bridge back- 
walls along bridge centerline 

Geokon 4810 lateral earth 
pressure (or 

“fatback”, FB) 
cell 

Strain gage Strains in superstructure along bridge 
centerline 

Geokon 4200 concrete 
embedded strain 

gage (SG) 
 
INSTRUMENT RESULTS 
 
Discussed herein is a representative sample of daily thermal bridge behavior during a 4-day span 
in July 2013 to illustrate the substructure/superstructure interaction.  The following plots versus 
time are contained in Figure 4: (a) Superstructure temperature from concrete embedded strain 
gages and ambient air temperature downloaded from the NOAA (2016) website for Kapalua 
airport, which is approximately 8 miles north of the bridge site; (b) Superstructure strain; (c) 
Vertical footing pressure; (d) Lateral facing pressure; (e) Lateral back-wall pressure; and (f) 
Lateral facing displacement. Vertical gridlines are drawn at 8-hour intervals (midnight, 8 a.m. 
and 4 p.m.) to enhance clarity when discussing trends in the peaks and troughs. 

Temperature 

During these 4 days, ambient air temperatures at Kapalua airport varied from 72 to 86°F while 
measured temperatures in the superstructure were higher due to radiant heat. Temperatures 
varied from 84 to 102°F in the top deck surface, 85 to 98°F in the precast planks, 85 to 90°F at 
the top of the tub girder walls and 81 to 85°F in the tub floor indicating a temperature gradient 
decreasing from the top to the bottom of the superstructure. 
 At 8 a.m. and 4 p.m., the recorded deck surface temperatures are at their minimum and 
maximum, respectively (Figure 4a).  Due to exposure to direct sunlight, the temperature 
fluctuations were greatest in the top deck surface of the bridge followed by the precast plank, 
while those in tub girder fluctuated the least.  There was also a lag in the temperature fluctuation 
of the top bridge components with respect to the bottom tub girders; e.g.; the tub girder walls 
were at their approximate lowest temperature when the top of the bridge was at its peak 
temperature. 
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Figure 4.  (a) Temperature; (b) Strain; (c) Footing vertical pressure; (d) CMU lateral 
pressure; (e) Back-wall lateral pressure; and (f) CMU lateral displacement vs time. 

Superstructure Strains 

The strain in the concrete superstructure cycled daily with temperature.  As the temperature 
increases, the superstructure expands causing a decrease in compressive (negative) strain.  When 
the temperature decreases, concrete compresses causing an increase in compressive strain.  
Change in strain as a result of temperature fluctuations are reflected in Figure 4b.  The 
magnitude of “peak to trough” strain fluctuations in the deck, precast plank and tub girder were 
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40 to 57 µε, 39 to 55 µε and 15 to 23 µε, respectively.  As expected, the bridge top (deck and 
planks) were affected more by the ambient temperature while the tub girders below and in the 
shade were affected to a lesser degree.  In terms of strain magnitude, the largest compressive 
strains were observed in the tub girder floor.  The strains decreased towards the top and are least 
in the top deck surface.  In the tub girder floor, the large compressive strains are due to the 
effects of post-tensioning and due to the fact that the bottom element has to support the weight of 
the elements above. 
 Larger variabilities in strain in the deck/plank and smaller variabilities in strain in the tub 
girder suggests that the superstructure may be experiencing bending (cycles of hogging and 
sagging) as a result of thermal expansion and contraction.  Furthermore, it is believed that the 
superstructure is significantly restrained by the large wing-wall pairs cast into the abutment 
back-wall, and this restraint is causing large vertical footing pressure fluctuations as described 
below. 
 

Footing Pressure 

Three earth pressure cells were installed beneath the footing along the center line of the abutment 
(Figure 3).  Earth pressure cell EP1 is closest to the abutment face while EP3 is located at the 
back of the footing closest to the abutment back-wall.  Figure 4c shows the recorded pressure for 
EP1, EP2 and EP3, the average of all 3 EP cell readings and the estimated average vertical 
pressure (4030 psf) calculated from the bridge dead load.  The measured vertical footing 
pressures are generally highest at 8 a.m. when the bridge temperature is close to the minimum 
and lowest at 4 p.m. when the bridge temperature is close to the maximum.  Also, the footing 
pressure fluctuation is greatest in EP1 and least in EP3.  From these observations, the following 
can be surmised: 

1. The superstructure expands when hot (4 p.m.) and contracts when cold (8 a.m.).  Because 
the strain fluctuations are highest at the top of the superstructure and lowest at the 
bottom, rotation of the superstructure and substructure occurs.  A high temperature causes 
expansion whereby some of the load is transferred from the back-wall onto the approach 
fill and some of the load is transferred via the wing-walls to the approach fill on the sides 
and to the GRS below the wing-wall footings.  A low temperature causes contraction 
whereby the footing bottom rotates toward the face of the GRS abutment.  A schematic 
illustrating the fluctuation in vertical pressure for the 3-earth pressure cells is shown in 
Figure 5. 

2. It is theorized that the center of rotation is somewhere within the wing-walls located 
behind the back-wall because the three EP cells are in phase and the magnitude of the 
pressure fluctuation decreases with increasing distance from the abutment face.  Also, the 
average recorded pressure of the 3 EP cells changes with each thermal cycle.  The weight 
of the bridge is a constant.  If the point of rotation lies within the footing, the average 
pressure should theoretically be constant.  This stress signature implies that the center of 
rotation must lie somewhere in the wing-walls rather than within the footing. 

3. When it is coldest (8 a.m.), the superstructure contracts and sags and the footing load 
transfers back onto the GRS causing an increase in vertical pressure (closer to the dead 
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load magnitude).  The magnitude of the daily peak-to-trough EP-1 vertical pressure 
varies between approximately 2500 and 5000 psf, and is probably exacerbated by the fact 
that the 16.3-ft-long wing-walls on both bridge ends extend the effective span length of 
the bridge to beyond 109.5 ft. 

 

Figure 5.  Illustration of bridge behavior during thermal expansion and contraction. 
 
Facing Lateral Pressure 
 
The lateral pressure on the back of the CMU facing blocks (Figure 4d) is in phase with the 
footing pressure.  The facing lateral pressures are highest at 8 a.m. when the temperature is close 
to the minimum (superstructure contraction) and the vertical footing pressure is at a maximum.  
This is logical since bridge contraction moves the superstructure toward the abutment face, 
thereby increasing the lateral pressure on the abutment face.  However, they are lowest at 8 p.m. 
instead of 4 p.m. when the footing pressure is a minimum.  This suggests that the minimum 
facing pressures are controlled by a lag in the warming of the tub girders.  The tub floor 
temperature is highest (Figure 4a) at 8 p.m. instead of 4 p.m.  However, it should be noted that 
the difference in facing lateral pressure at 4 p.m. and 8 p.m. is quite minimal. 
 
End (Back) Wall Lateral Pressure 
 
From Figure 4e, the back-wall lateral pressures (FB-10, 11 and 12) are in phase with temperature 
and out of phase with the vertical pressures.  This is reasonable because when the superstructure 
expands, the back-wall will rotate/push into the GRS approach fill resulting in an increase in 
“passive” lateral pressure against the back-wall.  Conversely, the lateral pressures drop when the 
superstructure contracts, causing the back-wall to move away from the GRS approach fill.  The 
peak-to-trough back-wall lateral pressures (250 to 300 psf) are one order of magnitude lower 
than those for the vertical footing pressure. 
 

Footing

Planks
Deck

Tub Girders

FB10
FB11
FB12

CIP Wing Wall

Footing

Planks
Deck

Tub Girders
Expansion

Assumed Location of 
Center of Rotation

FB10
FB11
FB12

EP1    EP2    EP3

CIP Wing WallContraction

Abutment End Wall Abutment End Wall



1037 
 

Facing Lateral Deflection 
 
The string of in-place inclinometers (IPIs) was installed such that positive deflection indicates 
movement of the facing towards the backfill and vice versa.  Figure 4f shows that the facing 
moves towards the backfill when the temperature is high (vertical footing and facing lateral 
pressures decrease) and towards the abutment face when the temperature is low (vertical footing 
and facing lateral pressures increase). 
 Figure 6 compares the peak-to-trough facing lateral deflection of the top IPI sensor (I-8), 
(∆IPI) to the estimated change in superstructure length (∆SG-21) based on the change in strains in 
the deck (∆SG-21 = ∆εSG-21 x L/2, where L = bridge span length and ∆ε SG-21 = change in strain in 
the top deck).  The agreement between the calculated expansion of the deck based on strain and 
the measured displacement of the top IPI is good.  The magnitude of the daily superstructure 
expansion and contraction is about 0.03 inch. This suggests the abutment face moves with the 
superstructure due to thermal effects.  

 

Figure 6.  Comparison of top IPI (I-8) measured movement vs. calculated strain gauge (SG-
21) thermal movement. 

CONCLUSION 
 
Monitoring of the first GRS-IBS in Hawaii constructed across the Kauaula Stream in Lahaina on 
the island of Maui, Hawaii was facilitated with the aid of a comprehensive instrumentation 
system.  Vibrating wire instruments were placed in the GRS abutments and superstructure to 
monitor the: (1) strains in the bridge superstructure, (2) vertical stresses imposed on the GRS 
under the bridge footing, (3) lateral earth pressures on the CMU facing and bridge back-walls 
and (4) lateral displacement of the CMU facing blocks.  All vibrating wire instruments were 
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connected to a data acquisition system for remote monitoring.  The following conclusions are 
offered as a result of this study: 

1. The temperature in the bridge deck surface was most variable and most affected by the 
sun while the tub girder, being below and in the shade, was least affected.  As the 
temperature increases, the concrete superstructure expands decreasing compressive strain 
and vice versa when the temperature decreases.  Strain fluctuations in the deck surface 
and precast plank were greatest and most affected by environmental effects while those in 
the tub girder were least affected.  The large and small strain variabilities at the top and 
bottom, respectively suggests that the superstructure may be experiencing bending 
(cycles of hogging and sagging) as a result of thermal expansion and contraction.  
However, the bridge ends are significantly restrained from rotation by the pair of wing-
walls that run longitudinally at the ends of the bridge. 

2. The measured vertical pressures cycled daily.  As the temperature increased, the bridge 
superstructure expands and hogs causing the footing to rotate about a transverse axis 
whereby the facing-side portion of the footing “lifts off” the most.  The vertical EP cell 
closest to the facing experienced the largest daily pressure (2500 to 5000 psf) fluctuation 
while the one farthest from the facing saw the smallest.  Also, the average of the 3 
measured vertical pressures fluctuates during each thermal cycle and does not remain 
constant at the stress corresponding to the bridge dead load (4030 psf).  This stress 
signature implies that the point of rotation must lie somewhere in the wing-walls rather 
than within the footing, and that some of the bridge dead load is being transferred to the 
wing wall since the mean of the average measured pressure (green dashed line in Figure 
4c) is less than the estimated vertical pressure due to the bridge dead load (orange line in 
Figure 4c). 

3. The lateral pressures on the abutment face exhibit a daily cyclic trend that peaked when 
cold and troughed when hot, and follows the same trend as the vertical footing pressure 
and lateral facing displacement. 

4. The back-wall lateral pressures peak when hot because the superstructure expands and 
pushes against the approach fill thereby increasing the passive lateral pressure and vice-
versa when cold. 

5. The abutment face moves outward and inward in correlation with increased and 
decreased vertical footing pressure.  The peak-to-trough facing lateral deflection 
measurements agree very well with the estimated change in superstructure length based 
on deck strain measurements (≈ 0.03 inch) suggesting that there is a fair amount of 
translation as well as rotation in the abutment back-wall due to thermally induced 
hogging and sagging of the superstructure.   
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