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Abstract: This paper presents experimental results from physical model tests on four half-scale

geosynthetic reinforced soil (GRS) bridge abutment specimens constructed using well-
graded angular backfill sand, modular facing blocks, and uniaxial geogrid
reinforcement to investigate the effects of applied surcharge stress, reinforcement
vertical spacing, and reinforcement tensile stiffness for working stress, static loading
conditions. Facing displacements increased for the upper section of the walls after the
application of surcharge stress and were greater for larger reinforcement vertical
spacing and reduced reinforcement tensile stiffness. Bridge seat settlements were
proportional to the applied surcharge stress, strongly affected by larger reinforcement
vertical spacing, and only slightly affected by reduced reinforcement tensile stiffness.
Measured vertical and lateral soil stresses generally were lower than calculated values
for static loading conditions. The maximum tensile strain in each reinforcement layer
occurred near the facing block connection for lower layers and under the bridge seat
for higher layers. A companion paper presents experimental results for the same GRS
bridge abutment specimens under dynamic loading conditions.
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Physical Model Tests of Half-Scale Geosynthetic Reinforced

Soil Bridge Abutments. |: Static Loading

Yewei Zheng, A.M.ASCE?; Patrick J. Fox, F.ASCE?; P. Benson Shing®, M.ASCE; and
John S. McCartney, F.ASCE*

Abstract: This paper presents experimental results from physical model tests on four half-scale
geosynthetic reinforced soil (GRS) bridge abutment specimens constructed using well-graded
angular backfill sand, modular facing blocks, and uniaxial geogrid reinforcement to investigate the
effects of applied surcharge stress, reinforcement vertical spacing, and reinforcement tensile
stiffness for working stress, static loading conditions. Facing displacements increased for the
upper section of the walls after the application of surcharge stress and were greater for larger
reinforcement vertical spacing and reduced reinforcement tensile stiffness. Bridge seat settlements
were proportional to the applied surcharge stress, strongly affected by larger reinforcement vertical
spacing, and only slightly affected by reduced reinforcement tensile stiffness. Measured vertical
and lateral soil stresses generally were lower than calculated values for static loading conditions.
The maximum tensile strain in each reinforcement layer occurred near the facing block connection
for lower layers and under the bridge seat for higher layers. A companion paper presents
experimental results for the same GRS bridge abutment specimens under dynamic loading

conditions.
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loading.
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Introduction

In recent years, geosynthetic reinforced soil (GRS) retaining walls have been adapted to
serve as bridge abutments with bridge structure loads applied directly on top of the reinforced soil
mass. This technology offers many advantages over traditional pile-supported designs and is
becoming widely used for transportation infrastructure applications. Several case histories have
been reported for in-service GRS bridge abutments and indicate good performance in terms of
facing displacements and bridge seat settlements (Won et al. 1996; Wu et al. 2001; Abu-Hejleh et
al. 2002; Adams et al. 2011a; Budge et al. 2014; Saghebfar et al. 2017).

Many experimental studies, including physical model tests and instrumented field
structures, have been conducted for GRS walls under static loading conditions (e.g., Runser et al.
2001; Bathurst et al. 2006, 2009; Ehrlich et al. 2012; Ehrlich and Mirmoradi 2013; Allen and
Bathurst 2014a, 2014b; Jiang et al. 2016, Mirmoradi and Ehrlich 2017). However, experimental
studies on the static behavior of GRS bridge abutments are limited. For example, Abu-Hejleh et
al. (2002) measured the field response of the Founders/Meadows GRS bridge abutment in Castle
Rock, Colorado, and reported good performance during construction and under service conditions.
Similarly, Saghebfar et al. (2017) reported small facing displacements and bridge seat settlements
for a GRS-IBS abutment in Louisiana during construction and service. Although these
investigations have indicated good field performance of GRS bridge abutments, controlled
laboratory tests are needed to evaluate the effects of different design parameters in a systematic
manner.

This paper presents experimental results on the static response of four half-scale GRS
bridge abutment specimens constructed using well-graded backfill sand, modular facing blocks,

and uniaxial geogrid reinforcement to understand the effects of applied surcharge stress,
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reinforcement vertical spacing, and reinforcement tensile stiffness for working stress, static
loading conditions. Wall facing displacements, bridge seat settlements, soil stresses, and
reinforcement tensile strains were measured for different instrumented sections to evaluate multi-
directional response. The data illustrate behavior of these structures under service load conditions
and can be used for validation of three-dimensional (3D) numerical models. A companion paper
(Zheng et al. 2019) presents the dynamic response of the same GRS bridge abutment specimens

from shaking table tests for a series of scaled earthquake motions in the longitudinal direction.

Background

Field and laboratory loading tests have been conducted on GRS bridge piers and abutments,
and generally indicate relatively small deformations under service load conditions and large
bearing capacity (Adams 1997; Gotteland et al. 1997; Ketchart and Wu 1997; Wu et al. 2001, 2006;
Lee and Wu 2004; Adams et al. 2011b; Nicks et al. 2013, 2016; Adams et al. 2014; Iwamoto et al.
2015; Xu et al. 2019). Lee and Wu (2004) reviewed the results of several loading tests and
suggested that bearing capacity can be as high as 900 kPa for closely spaced geosynthetic
reinforcement and well-graded, well-compacted backfill soil. Wu et al. (2006) reported results for
full-scale loading tests on a GRS bridge abutment with two instrumented sections in a back-to-
back configuration. The two sections were reinforced using woven geotextiles with ultimate
strengths of 70 kN/m and 21 kN/m, and the measured abutment compressions were 40 mm and 72
mm, respectively, under an applied vertical stress of 200 kPa. The section with stronger
reinforcement did not reach failure for applied vertical stresses in excess of 800 kPa, while the
other section with weaker reinforcement experienced excessive deformations for an applied

vertical stress of approximately 400 kPa. Nicks et al. (2013, 2016) conducted a series of loading
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tests on 2 m-high GRS mini-piers and found that reinforcement vertical spacing and reinforcement
strength have the most important effects on the deformation response and ultimate bearing capacity.

Numerical studies also have been conducted for GRS bridge piers and abutments, and
generally indicate relatively small facing displacements and bridge seat settlements (e.g., Helwany
et al. 2003, 2007; Ambauen et al. 2015; Leshchinsky and Xie 2015; Zheng and Fox 2016, 2017,
Ardah et al. 2017; Rong et al. 2017; Abu-Farsakh et al. 2018; Zheng et al. 2018a, 2018b; Shen et
al. 2019). Parametric studies indicate that the relative compaction of backfill soil, reinforcement
vertical spacing, reinforcement tensile stiffness, and bridge load have the most significant effects
on the performance of GRS bridge abutments under static loading (Helwany et al. 2007; Zheng
and Fox 2016, 2017). Helwany et al. (2003) found that facing displacements, bridge seat
settlements, and differential settlements between the bridge and approach roadway were
acceptable for sand and medium-to-stiff clay foundation soils. Zheng and Fox (2016) simulated a
full bridge system with GRS bridge abutments on both ends and found that lateral restraining
forces due to friction at the bridge structure-bridge seat interface can have an important effect on
abutment deformations. Rong et al. (2017) conducted a 3D numerical simulation for a GRS bridge
abutment and found that the application of bridge surcharge stress produced multi-directional
deformation, including outward displacements of the front wall facing and smaller outward

displacements of the side wall facings.

Experimental Program
The experimental program consisted of four GRS bridge abutment specimens, including a
baseline case specimen (Specimen 1), a specimen with lower surcharge stress (Specimen 2), a

specimen with larger reinforcement vertical spacing (Specimen 3), and a specimen with reduced
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reinforcement tensile stiffness (Specimen 4). Details are provided in Table 1, along with the global
stiffness of each GRS bridge abutment specimen, as calculated using the method of Bathurst et al.
(2009). Values of global stiffness for Specimen 3 and Specimen 4 are approximately equal and

one-half of the corresponding value for Specimen 1 and Specimen 2.

Specimen Configuration

The GRS bridge abutment specimens were constructed on the indoor uniaxial servo-
hydraulic shaking table in the Charles Lee Powell Structural Research Laboratory at the University
of California, San Diego (UCSD), which was refurbished prior to this study to increase the fidelity
of dynamic motion (Trautner et al. 2017). Details of the experimental design and specimen
construction are provided by Zheng et al. (2018c). The configuration of the GRS bridge abutment
system is shown in Figure 1. A concrete beam represents a longitudinal slice of a prototype bridge
structure, and rests on a GRS bridge abutment with a concrete bridge seat at one end and on a
concrete support wall at the other end. The abutment has modular block facing on three sides,
including facing on the front wall (perpendicular to the bridge beam) and the two side walls
(parallel to the bridge beam). The back of the abutment specimen was supported by a reaction
wall consisting of a steel frame with plywood facing, which was designed to be sufficiently stiff
to maintain at-rest lateral earth pressures during construction (Zheng et al. 2018c).

Top and cross-sectional views for the GRS bridge abutment baseline case specimen
(Specimen 1) are shown in Figure 2. Horizontal coordinate x is measured toward the south from
the back of the front wall facing in the longitudinal section (Figure 2b), horizontal coordinate y is
measured toward the east from the back of the west side wall facing in the transverse section

(Figure 2c), and vertical coordinate z is measured upward from the top of the foundation soil. The
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abutment specimen has plan dimensions of 2.35 m x 2.10 m. The bridge seat has plan dimensions
of 0.65 m x 1.30 m on the bottom surface and a setback distance of 0.15 m from each of the three
wall facings. The GRS bridge abutment specimen has a total height of 2.7 m, consisting of a 2.1
m-high lower GRS fill and a 0.6 m-high upper GRS fill, and was constructed on a 0.15 m-thick
foundation soil layer placed directly on the shaking table (Zheng et al. 2018c, 2018d). The lower
GRS fill consists of fourteen 0.15 m-thick soil lifts, with each lift including reinforcement layers
in both the longitudinal and transverse directions. The longitudinal reinforcement layers extend
1.47 m from the front wall facing into the backfill soil. The transverse reinforcement layers extend
0.8 m from each side wall facing to meet, without connection, at the center. The transverse
reinforcement layers and side wall facing blocks for each lift are offset by 25 mm vertically from
the longitudinal reinforcement layers and front wall facing blocks. Limited by geometry and
payload constraints of the shaking table, the retained soil zone (i.e., from the end of longitudinal
reinforcement layers to the reaction wall) has a length of 0.63 m and reinforcement layers only in
the transverse direction. The upper GRS fill consists of four 0.15 m-thick soil lifts with
reinforcement layers only in the transverse direction.

The concrete beam has a weight of 65 kN and dimensions of 6.4 m x 0.9 m x 0.45 m (length
x width x height), and the bridge seat has a weight of 7 kN. Additional dead weights (steel plates)
equal to 33 kN were evenly distributed and rigidly attached to the concrete beam to produce a total
weight of 98 kN. Elastomeric bearing pads with plan dimensions of 0.45 m x 0.90 m and a
thickness of 25 mm were placed under both ends of the beam (Zheng et al. 2018c, 2018d). For
Specimens 1, 3, and 4, the total weight of the bridge beam and dead weights produced an average
applied surcharge stress of 66 kPa (Table 1) on the lower GRS fill (contact area = 0.85 m?). For

Specimen 2, the concrete beam was used with no additional dead weights and the average applied
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surcharge stress on the lower GRS fill was 43 kPa. These surcharge stresses are at the lower end
of the typical range, yet representative of service load conditions for GRS bridge abutments
supporting a single-span bridge. For example, the GRS-IBS abutment for the Huber Road Bridge

reported by Adams et al. (2011a) has a similar applied surcharge stress of 73 kPa.

Soil and Reinforcement
The soil used for construction of the GRS bridge abutment specimens is a clean angular

sand, consisting primarily of crushed rock, with no gravel and a low fines content. The sand has
coefficient of uniformity C, = 6.1 and coefficient of curvature C, = 1.0 and is classified as
well-graded sand (SW) according to the Unified Soil Classification System (USCS). The specific

gravity G, = 2.61, the fines content (passing No. 200 sieve) = 2.5%, and the maximum and

minimum void ratios are €, = 0.853 and e, = 0.371, respectively (Zheng 2017, Zheng et al.

2018c, 2018d). This sand satisfies the AASHTO and FHWA backfill material requirements for
GRS bridge abutments (AASHTO 2012; Adams et al. 2011b). For construction of the GRS bridge

abutment specimens, the target backfill soil compaction conditions were gravimetric water content
w, = 5% and relative density D, = 70%. This target relative density was selected to meet

similitude relationships for 1g shaking table testing, as described in the companion paper (Zheng
et al. 2019).

Consolidated-drained triaxial compression tests were performed on dry sand specimens

compacted at D, = 70% for effective confining stress o; = 13.8, 34.5, and 69.0 kPa, and the
results are shown in Figure 3. The sand has a peak friction angle of ¢r§ = 51.3° and no cohesion.

Based on volumetric strains from the point of maximum contraction to an axial strain of 5%, the
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average dilation angle ,, = 13° (Zheng et al. 2018c, 2018d). A summary of soil properties is

provided in Table 2.
To construct the GRS bridge abutment specimens, the soil was compacted in the
unsaturated condition. Unsaturated conditions produce apparent cohesion, which was estimated

using the soil-water retention curve (SWRC) and the suction stress concept of Lu et al. (2010). A
hanging column test was performed on a sand specimen with D, = 70% to measure the drying and

wetting path SWRCs, which were fitted using the van Genuchten (1980) model:
N 0
020, + (O —0.) [ 1+ (cte8) " | M 1)
where @ = volumetric water content (volume of water/volume of soil), s=matric suction, 6, =

volumetric water content at zero matric suction for either path, 6 = residual saturation, and «, g

and N,; = model parameters. The measured SWRC data and fitted relationships are shown in

Figure 4.
A uniaxial high-density polyethylene (HDPE) geogrid (Tensar LH800) was used as soil
reinforcement. Tensile tests were conducted on single rib specimens at a strain rate of 10%/min

according to ASTM D6637. Results are shown in Figure 5 and indicate that the geogrid has secant

stiffness at 5% strain Jg,, = 380 kN/m and ultimate strength T,, = 38 kKN/m in the machine
direction, and J,, =80 kN/m and T,, =4 kKN/m in the cross-machine direction. For Specimens
1, 2, and 4, reinforcement was placed with each soil lift to give a vertical spacing S, = 0.15 m.

For Specimen 3, reinforcement layers were placed with every other soil lift to give S, = 0.3 m.
For Specimen 4, every other rib of the geogrid in the transverse direction was removed to yield a

reduced secant stiffness of J.,, =190 kN/m and reduced T, =19 kKN/m.
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Construction

A foundation sand layer with a thickness of 0.15 m was first compacted within a perimeter
wooden frame on the shaking table and at a higher relative density (D, = 85%) than the backfill

sand to provide a firm base for the GRS bridge abutment. Facings for the front and side walls
consisted of concrete modular blocks with plan dimensions of 0.30 m x 0.25 m and a height of
0.15 m. The first course of the front wall facing blocks was placed and leveled on the foundation
layer, with the side wall blocks offset vertically by 25 mm above the front wall blocks. This offset
allowed for the placement of a thin (25 mm-thick) soil lift and avoid direct contact between the
longitudinal and transverse geogrid layers. This technique was needed to support the front and side
walls with uniaxial geogrid, which is generally preferred over biaxial geogrid in seismic regions
due to the higher tensile stiffness. As a result of the 25 mm offset, the side wall and front wall
facing blocks were not interlocked in a typical masonry pattern at the corners. Geogrid layers were
placed between facing blocks with frictional connections and extended horizontally into the
backfill soil. Fiberglass pins were used between the blocks for alignment purposes. Although
typically grouted in the field (Helwany et al. 2012), the upper course of blocks for each wall
remained ungrouted in the current study. The bridge seat was placed on the lower GRS fill and the
upper GRS fill was constructed in four lifts using only transverse geogrid layers. Finally, the
concrete beam, with or without additional dead weights, depending on the abutment specimen,
was placed on the bridge seat and support wall.

Sand cone tests were performed on the compacted backfill soil for selected lifts to measure
gravimetric water content and dry unit weight, and random soil samples were collected from each
lift to measure gravimetric water content. Resulting profiles of relative density and gravimetric

water content are shown in Figure 6, with target values indicated using dashed lines. Relative
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densities range from 54% to 86%, relative compactions range from 87% to 97%, and gravimetric
water contents range from 3.2% to 9.1%. Table 3 provides average soil properties for each GRS
bridge abutment specimen and indicates that average relative density ranges from 64% to 73% and
average gravimetric water content ranges from 4.3% to 6.7%, which are generally close to the

corresponding target values (D, = 70% andw, = 5%). Considering that the compaction curve is

essentially flat for this sand (Zheng et al. 2018c), the variation in water content is unlikely to
significantly affect the compacted dry unit weight.

Apparent cohesion for unsaturated soils can have a significant effect on soil shear modulus
(Khosravi et al. 2010) and the stability of GRS walls (Vahedifard et al. 2014, 2015). The

gravimetric water content profile in Figure 6(b) can be combined with the SWRCs in Figure 4 to

calculate a range of apparent cohesion ¢, as (Lu et al. 2010):
c,=oc"tang' =S stang’ (2)

where o° = suction stress, S, =(6-6,)/(6,. —6,) = effective saturation, and & is calculated

ax
from Equation (1). For the abutment specimens, matric suction ranges from 3 kPa to 10 kPa and
corresponding values of apparent cohesion are relatively uniform with elevation and have an

average of 2 kPa.

Instrumentation
Instrumentation for the abutment specimens included string potentiometers, linear
potentiometers, accelerometers, total pressure cells, strain gauges, and load cells. Figure 7 shows

typical instrumentation layouts for the longitudinal centerline section L1, located at distance y =
0.8 m from the west side wall facing, longitudinal off-centerline section L2, located at y = 0.35

m, and transverse section T1 under the bridge seat, located at distance x = 0.48 m from the front
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wall facing, as indicated in Figure 2(a). Horizontal displacements for the front wall facing blocks
were measured using string potentiometers and horizontal displacements for the west side wall
facing blocks were measured using linear potentiometers. String potentiometers were used to
measure settlements at the four corners of the bridge seat (Figure 2a). Accelerometers were
attached to the facing blocks, placed within the backfill soil, and attached to structural components
to measure horizontal accelerations in the longitudinal direction. Earth pressure cells were placed
in the backfill soil to measure vertical and lateral total stresses. Reinforcement tensile strains were
measured using strain gauges mounted in pairs at the mid-point of longitudinal ribs of the geogrid,
with one gauge mounted on top and the other on the bottom to correct for bending (Runser et al.
2001; Bathurst et al. 2002). Tensile strains were measured along five geogrid layers for section L1
(Figure 7a) and three geogrid layers for section L2 (Figure 7b) in Specimens 1, 2, and 4, and were
measured along seven layers for section L1 and one layer at mid-height for section L2 in Specimen
3. All measured geogrid strains were adjusted using a correction factor (CF), defined as the ratio
of global strain to gauge strain. Based on laboratory tensile test results for the same geogrid, CF =

1.1 for the current study and is not significantly affected by strain rate (Zheng et al. 2018c).

Experimental Results

Experimental results are presented for three instrumented sections (L1, L2, and T1) of each
GRS bridge abutment specimen to evaluate static loading response during construction, including
wall facing displacements, bridge seat settlements, soil stresses, and reinforcement tensile strains.
The data from each section are evaluated after construction of the lower GRS fill (Stage 1), after
placement of the bridge seat and construction of the upper GRS fill (Stage 2), and after placement

of the bridge beam (Stage 3). Outward displacements for the front wall and side wall facings and
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downward displacements (i.e., settlements) for the bridge seat are defined as positive.

Facing Displacements

Profiles of wall facing displacement for longitudinal sections L1 and L2, and transverse
section T1 after the three stages of construction are shown in Figures 8 and 9, respectively, and
the maximum value from each profile is presented in Figure 10. Maximum displacements for
sections L1 and L2 were similar at corresponding stages of construction. The only exception is
the value of maximum displacement for Specimen 4, section L1, at elevation Z =0.975 m, which
appears to be anomalous and is not included in Figure 10. For each abutment specimen, Figure 8
shows similar profile shapes for sections L1 and L2, with maximum displacements measured near
the mid-height of the wall for Stages 1 and 2 and near the top for Stage 3. Facing displacements
increased slightly due to placement of the bridge seat and construction of the upper GRS fill (Stage
2), and increased more significantly due to placement of the bridge beam (Stage 3). For Stage 3,
Specimen 1 experienced larger displacements in the upper section of the wall than Specimen 2 due
to the higher applied surcharge stress. The data also show that, compared to the baseline case
(Specimen 1), facing displacements generally increased with larger reinforcement vertical spacing
(Specimen 3) and reduced reinforcement tensile stiffness (Specimen 4). This finding is consistent
with numerical simulation results reported by Helwany et al. (2007), Ambauen et al. (2015), Zheng
and Fox (2016, 2017), and Zheng et al. (2018a).

Corresponding profiles of wall facing displacement for transverse section T1 are shown in
Figure 9. Although the specimen configuration in Specimens 1 and 2 was the same for Stages 1
and 2, displacements in Specimen 2 were larger than those in Specimen 1. This may be attributed

to greater compaction of the backfill soil near the side walls for Specimen 2. Similar to Figure 8,
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facing displacements for section T1 in Specimens 3 and 4 were larger than in Specimen 1 after
placement of the bridge beam (Stage 3) due to the effects of larger reinforcement vertical spacing
and reduced reinforcement tensile stiffness, respectively.

Total facing displacements, as presented in Figures 8 to 10, may reflect unintended
variations during construction and instrumentation of the GRS bridge abutment specimens. To
eliminate these effects, incremental facing displacements due to placement of the bridge beam (i.e.,
from Stage 2 to Stage 3) are plotted in Figure 11 for all three sections. The incremental
displacement profiles show better consistency and provide clearer information than the total
displacement profiles. In Figure 11(a) for the front wall and section L1, the profiles show
consistent trends for the four specimens, with displacements increasing with elevation and
maximum values measured near the top of the wall. Incremental displacements for the upper
section of the wall in Specimen 1 were larger than those in Specimen 2 due to the higher applied
surcharge stress. Incremental displacements for Specimen 4 were substantially larger than for
Specimen 1, and were consistently the largest for Specimen 3, with a maximum value of 2.0 mm
at z = 1.575 m. Figure 11(b) shows similar trends for longitudinal section L2 with a maximum
value of 2.8 mm for Specimen 3. For the west side wall and section T1, Figure 11(c) also indicates
similar trends and generally smaller values with a maximum of 1.3 mm for Specimen 3. Figure
11 shows that incremental facing displacements increased with higher surcharge stress and were
consistently larger for Specimen 3 than for Specimen 4. Thus, for the conditions tested, larger
reinforcement vertical spacing had a greater effect on facing displacements than reduced

reinforcement tensile stiffness.
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Bridge Seat Settlements

Time histories of the settlements measured at the four top corners of the bridge seat during
placement of the bridge beam (Stage 3) for Specimen 1, along with the average settlement, are
presented in Figure 12. The string potentiometer on the southeast (SE) side of the bridge seat
malfunctioned for this stage and was replaced prior to the shaking table tests described in the
companion paper (Zheng et al. 2019). Bridge seat settlements occurred immediately on placement
of the bridge beam and experienced a small amount of creep with time. After 92 hours, the average
settlement on the west side of the bridge seat (NW and SW) was 3.1 mm, and the settlement on
the east (NE) was 0.7 mm. This indicates tilting of the bridge seat toward the west side due to
placement of the bridge beam. The final average bridge seat settlement was 2.3 mm based on the
three measurements, which corresponds to a vertical strain of 0.11% for the 2.1 m-high lower GRS
fill.

Final values of average bridge seat settlement due to placement of the bridge beam for each
GRS bridge abutment specimen are provided in Table 4. Specimen 2 vyielded the smallest
settlement (1.5 mm) due to the lower applied surcharge stress. Interestingly, the ratio of settlement
for Specimens 2 and 1 (1.5 mm/2.3 mm = 0.652) is equal to the ratio of applied stress (43 kPa/66
kPa = 0.652), which indicates a linear relationship between bridge seat settlement and applied
surcharge stress of 0.035 mm/kPa for these working stress conditions. This linearity would not be
expected to hold for higher applied surcharge stress conditions approaching failure (Zheng et al.
2018a). The bridge seat for Specimen 3 experienced the largest average settlement (3.5 mm) due
to the larger reinforcement vertical spacing. The ratio of settlement in this case (3.5 mm/2.3 mm
= 1.52) is not proportional to the spacing ratio of 2.0, and suggests that the backfill soil carried a

greater fraction of the applied stress for Specimen 3 as compared to Specimen 1. The average
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settlement of the bridge seat for Specimen 4 (2.4 mm) was only slightly larger than for Specimen
1 (2.3 mm), which indicates that reduced reinforcement tensile stiffness had only a small effect on

bridge seat settlement for the current study.

Soil Stresses

Profiles of vertical soil stress behind the front wall facing for longitudinal centerline section
L1 after Stage 1 and Stage 3 are shown in Figure 13 for the four abutment specimens. Vertical
stress profiles obtained from the AASHTO (2012) method also are shown for comparison, in which
values for Stage 1 were calculated using soil self-weight and values for Stage 3 were calculated
using soil self-weight plus a fraction of the applied surcharge stress from a 2:1 stress distribution.
Figure 13(a) shows that measured vertical stresses for Stage 1 increased with depth and were
similar for the four specimens. The measurements are in close agreement with AASHTO (2012)
calculated values near the top of the fill and progressively diverge toward lower values at the
bottom. The difference is attributed to friction developed at the back of facing blocks and partial
support of backfill soil weight from reinforcement near the facing, similar to the findings of Runser
etal. (2001).

Measured vertical stress profiles for Stage 3, after placement of the bridge beam, are shown
in Figure 13(b). Values are similar at lower elevations and then diverge significantly near the top.
The highest value (70.1 kPa, Z = 1.875 m) was measured for Specimen 1 and is nearly equal to
the applied surcharge stress (66 kPa) plus the small additional vertical stress (3.9 kPa) due to the
thin (0.225 m) layer of cover soil. Values at the top for Specimens 3 and 4 were lower than for
Specimen 2, even though the applied surcharge stress for Specimens 3 and 4 (66 kPa) was higher

than for Specimen 2 (43 kPa). The discrepancies in measured vertical stress near the top are
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attributed to variability in placement of pressure cells and bridge seats during construction and
irregularities in contact stress between the bridge seats and backfill soil (McCartney et al. 2018).
Measured vertical stresses for Stage 3 were generally larger than AASHTO (2012) values for Stage
1 and smaller than AASHTO (2012) values for Stage 3, with the exception of Specimen 1 at the
top. The assumed 2:1 stress distribution used in the AASHTO (2012) method is a first
approximation and does not account for lateral distance from the wall facing, which affects the
stress state near the top of the lower GRS fill for the abutment specimens.

Corresponding profiles of measured and calculated lateral soil stress behind the front wall
facing are shown in Figure 14. To obtain the AASHTO (2012) calculated values, the AASHTO
(2012) vertical stress profiles in Figure 13 were multiplied by the Rankine active earth pressure

coefficient K, (= 0.12). In Figure 14(a), measured lateral stresses for Stage 1 were smaller than

5 kPa and show a general but inconsistent trend of increasing magnitude with depth. Measured
lateral stresses near the top of the wall were larger than the AASHTO (2012) values, which is
attributed to the effects of soil compaction, and smaller than the AASHTO (2012) values near the
bottom, which is attributed to reduced vertical stress in Figure 13(a). For Stage 3 in Figure 14(b),
measured lateral stresses increased near the top of the wall due to placement of the bridge beam
and generally were larger at top and bottom than at mid-height, which is similar to the trend of
AASHTO (2012) calculated lateral stress profiles. All measured lateral stresses behind the wall
facing were smaller than AASHTO (2012) calculated values, and thus indicates that the AASHTO

(2012) lateral stress profiles for Stage 3 static loading are conservative for this study.
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Reinforcement Strains

Distributions of measured reinforcement tensile strain for the three instrumented sections
of Specimen 1 are shown in Figure 15. Zero strain at the free end of each reinforcement layer is
also plotted. For longitudinal section L1 and Stage 1, maximum tensile strains occurred near the
facing block connections in layers 1, 4, and 7, and at a distance of x = 0.8 m from the facing in
layer 10. Tensile strains in layer 13 were small and do not indicate a clear maximum. Strains
increased slightly due to placement of the bridge seat and construction of the upper GRS fill (Stage
2), and then increased substantially due to placement of the bridge beam (Stage 3). For Stage 3,
the maximum tensile strain occurred near the facing connections in lower layers 1, 4, and 7, and
under the bridge seat in upper layers 10 and 13.

Reinforcement tensile strains for longitudinal section L2 are shown in Figure 15(b) and
display similar magnitudes and trends for Stages 1 and 2. For Stage 3, tensile strains were similar
to the L1 values in layers 1 and 7 and much larger than the L1 values in layer 13 under the bridge
seat. This is attributed to tilting of the bridge seat toward the west side of the abutment (i.e., section
L2) for Stage 3, as indicated in Figure 12. Reinforcement tensile strains for transverse section T1
are shown in Figure 15(c). Similar to the observations for sections L1 and L2, the maximum tensile
strain in each reinforcement layer for Stage 1 occurred near the facing connection in layers 1 and
7, and the strains were generally small in layer 13. For Stage 3, the application of surcharge stress
caused a significant increase in tensile strain for layers 7 and 13. Interestingly, the two points of
maximum strain for the uppermost reinforcement layers in sections T1 and L2 (i.e., 0.14% at X =
048m,y =033m,z =198 mforT1, and 0.15% at x =0.45m, y =0.35m, Z = 1.95 m for
L2), were nearly co-located within Specimen 1 and indicate essentially the same tensile strain

values in both longitudinal and transverse directions.
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Similar to Figure 11, plots of incremental strain provide clearer information. Distributions
of incremental reinforcement tensile strain due to placement of the bridge beam (i.e., from Stage
2 to Stage 3) for longitudinal section L1 are shown in Figure 16(a) for the four abutment specimens.
The trends are consistent with previous plots. The effect of applied surcharge stress was most
clearly observed for layer 7, in which incremental strains for Specimen 1 were larger than for
Specimen 2 near the wall facing, and incremental strains for Specimen 4 were larger than for
Specimen 1 and largest for Specimen 3. For the conditions tested, larger reinforcement vertical
spacing had a more significant effect than reduced reinforcement tensile stiffness. Similar trends

are observed for section T1, as shown in Figure 16(b).

Conclusions

This paper presents experimental results from physical model tests on four half-scale
geosynthetic reinforced soil (GRS) bridge abutment specimens constructed using well-graded
backfill sand, modular facing blocks, and uniaxial geogrid reinforcement for working stress, static
loading conditions. The specimens included a baseline case (Specimen 1), lower surcharge stress
(Specimen 2), larger reinforcement vertical spacing (Specimen 3), and reduced reinforcement
tensile stiffness (Specimen 4). Results are presented after construction of the lower GRS fill (Stage
1), after placement of the bridge seat and construction of the upper GRS fill (Stage 2), and after
placement of the bridge beam (Stage 3). The following conclusions are reached for the conditions
of the study:

1. The abutment specimens experienced similar profiles of wall facing displacement, with
maximum displacements measured near the mid-height for Stages 1 and 2 and near the top

for Stage 3. For the front wall and Stage 3 loading, incremental displacements increased
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with elevation along the wall, higher surcharge stress, reduced reinforcement tensile
stiffness, and larger reinforcement vertical spacing. Corresponding incremental facing
displacements for the west side wall were smaller in magnitude and showed similar trends.

2. Bridge seat settlements occurred immediately on placement of the bridge beam and
experienced a small amount of creep with time. Settlement was proportional to the applied
surcharge stress, strongly affected by larger reinforcement vertical spacing, and only
slightly affected by reduced reinforcement tensile stiffness.

3. Measured vertical and lateral soil stresses behind the wall facing generally were lower than
values calculated using the AASHTO (2012) method for Stage 1 and Stage 3. Lateral soil
stresses increased near the top of the wall due to placement of the bridge beam, and were
larger at top and bottom sections of the wall than at mid-height.

4. Tensile strains increased significantly in the higher reinforcement layers during Stage 3
loading. The maximum tensile strain occurred near the facing block connection for lower
reinforcement layers and under the bridge seat for higher layers in both longitudinal and
transverse sections. Incremental reinforcement tensile strains due to placement of the
bridge beam increased with larger reinforcement vertical spacing and reduced

reinforcement tensile stiffness.
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438
439  Notation
440  The following symbols are used in this paper:

441 ¢, = apparent cohesion
442  C, = compression index

443  C, = recompression index
444 C, = coefficient of uniformity
445  C, = coefficient of curvature
446 D, = mean particle size

447 D, = relative density

448 e, = initial void ratio

449 e, = maximum void ratio
450 e, = minimum void ratio
451 G, = specific gravity of solids
452  h = height of lower GRS fill

453  J.,, =secant stiffness of reinforcement at 5% tensile strain

454 J, =tensile stiffness of the i reinforcement layer in the longitudinal direction
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K, = Rankine coefficient of active earth pressure

n = number of reinforcement layers in the longitudinal direction
N, = van Genuchten (1980) SWRC model parameter

s = matric suction

S, = effective saturation

S, = reinforcement vertical spacing

T, = ultimate strength of reinforcement

W, = gravimetric water content

x = distance from front wall facing
y = distance from west side wall facing

Z = elevation above foundation soil

a,s = van Genuchten (1980) SWRC model parameter
yd = dry unit weight

¢, = peak friction angle

o, = minor principal effective stress

o® =suction stress
@ = volumetric water content

6, = drying curve volumetric water content at zero suction
0..x = volumetric water content at zero matric suction
g, = residual volumetric water content

6, = wetting curve volumetric water content at zero suction
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w = dilation angle
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Table 1. Experimental program.

Reinforcement Reinforcement

Average vertical tensile Global
Specimen Variable surcharge stress . it stiffness
(kPa) spacing stiffness (kN/m) 2

(m) (KN/m)
1 Baseline case 66 0.15 380 2352
9 Reduced surcharge 43 0.15 380 9352
stress
3 Increase_d relnfor_cement 66 0.30 380 1267
vertical spacing
4 Reduced reinforcement 66 0.15 190 1176

tensile stiffness

n
2 defined as 1ZJi, where J; = tensile stiffness of the i reinforcement layer in the longitudinal direction, n =

i=1

number of longitudinal reinforcement layers, and h = height of lower GRS fill (after Bathurst et al. 2009).
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Table 2. Soil properties.

Property Value
Specific gravity, G, 2.61
Coefficient of uniformity, C, 6.1

Coefficient of curvature, C, 1.0

Mean particle size, D, (mm) 0.85
Compression index, C, 0.10
Recompression index, C, 0.025
Maximum void ratio, €, 0.853
Minimum void ratio, €, 0.371
Peak friction angle, ¢, (°) 51.3
Dilation angle, v (°) 13.0




Table 3. Average soil properties for GRS bridge abutment specimens.

Average

Average Average Average . .
. o9 . . . . gravimetric water
Specimen  dry unit weight  relative compaction  relative density content
3 0, 0

(kN/m®) (%) (%) (%)
1 16.6 90 64 4.7
2 17.1 93 73 6.7
3 17.1 93 73 55
4 16.7 91 67 4.3




Table 4. Average values of bridge seat settlement due to placement of bridge beam.

Average vertical strain

_ Average surcharge Average settlement )
Specimen of lower GRS fill
stress (kPa) (mm)
(%)
1 66 2.3 0.11
2 43 1.5 0.07
3 66 3.5 0.17
4 66 2.4 0.11
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Figure 1. Configuration of GRS bridge abutment system for Specimen 1.
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Figure 2. Specimen 1: (a) top view; (b) longitudinal cross-sectional view; (c) transverse cross-

sectional view. Note: dashed lines indicate reinforcement layers perpendicular to diagram.
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Figure 3. Experimental results from consolidated-drained triaxial compression tests on well-

graded angular sand: (a) deviator stress; (b) volumetric strain.
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Figure 6. Soil property profiles for GRS bridge abutment specimens: (a) relative density; (b)

gravimetric water content.
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https://www.editorialmanager.com/jrngteng/download.aspx?id=463053&guid=fadb326a-fc0a-4255-be7a-bf964d1f5748&scheme=1
https://www.editorialmanager.com/jrngteng/download.aspx?id=463053&guid=fadb326a-fc0a-4255-be7a-bf964d1f5748&scheme=1

Figure 9 Click here to access/download;Figure;Figure_9.pdf =

2.0

Iy
n

U SR ST T NN SN SN TN T (N TRNNY TN U T [N S S S S |

Elevation, z (m)
—
—J
———T———7r———r7————

Stage 1
—S— Specimen 1
0.5 —H+— Specimen 2
—<— Specimen 3
Z~— Specimen 4
0 PRI T S [ S U S [N S TR S T SN T ST S S [N S SN S [ SO N S
0 1 2 3 4 5 6
Facing Displacement (mm) (a)
T T T T T
20 - 1
1.5 1
E L
(=]
5" L
= 1.0 -
g L
2 Stage 2
= 4
—S— Specimen 1
05 —— Specimen 2 |
—<— Specimen 3
[ 7“— Specimen 4 ]
0 PRI S S [N SR T S S [N T T S T (N T S T S [N ST S S S N S S S
0 1 2 3 4 5 6
Facing Displacement (mm) (b)
T T T T T
2.0 - 1
1.5 1
E | :
(34 o 4
g’ 3 ]
= 1.0 b
g L ]
3 L Stage 3 E
= L & J
F —S— Specimen 1
0.5 i —FE— Specimen2 ]
3 —<>— Specimen 3 4
: —— Specimen 4 :
0 PRI T S [N S ST S [N S TN S T SN T ST S S [T SO S S [ SO T S
0 1 2 3 4 5 6
Facing Displacement (mm) (C)

Figure 9. Profiles of facing displacement for west side wall and transverse section T1: (a) Stage

1; (b) Stage 2; (c) Stage 3.
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Figure 11. Profiles of incremental facing displacement due to placement of bridge beam: (a) L1,

front wall; (b) L2, front wall; (c) T1, west side wall.
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Figure 13. Profiles of vertical soil stress near front wall facing for longitudinal section L1: (a)

Stage 1; (b) Stage 3.
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Stage 1; (b) Stage 3.
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Figure 15. Distributions of tensile strain in reinforcement layers for Specimen 1: (a) L1; (b) L2; (c) T1.
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Figure 16. Distributions of incremental tensile strain in reinforcement layers due to placement of

bridge beam: (a) L1; (b) T1.
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