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Abstract: 

This paper presents an experimental study of the dynamic response of a 
half-scale geosynthetic-reinforced soil (GRS) bridge abutment system using 

a shaking table. Experimental design of the model specimen followed 
established similitude relationships for shaking table tests of reduced-scale 
models in a 1g gravitational field, including scaling of model geometry, 
geosynthetic reinforcement stiffness, backfill soil modulus, bridge load, and 
characteristics of the earthquake motions. The 2.7 m-high GRS bridge 
abutment was constructed using well-graded sand backfill, modular facing 
blocks, and uniaxial geogrid reinforcement with a vertical spacing of 0.15 
m in both the longitudinal and transverse directions. A bridge beam was 
placed on the GRS bridge abutment at one end and on a concrete support 
wall resting on a sliding platform off the shaking table at the other end. 
The GRS bridge abutment system was subjected to a series of input 

motions in the longitudinal direction. Results indicate that the testing 
system performed well, and that the GRS bridge abutment experienced 
small deformations. For two earthquake motions, the maximum 
incremental residual facing displacement in model scale was 1.0 mm, and 
the average incremental residual bridge seat settlement in model scale was 
1.4 mm, which corresponds to a vertical strain of 0.7%.  
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ABSTRACT 6 

This paper presents an experimental study of the dynamic response of a half-scale geosynthetic-7 

reinforced soil (GRS) bridge abutment system using a shaking table. Experimental design of the 8 

model specimen followed established similitude relationships for shaking table tests of reduced-9 

scale models in a 1g gravitational field, including scaling of model geometry, geosynthetic 10 

reinforcement stiffness, backfill soil modulus, bridge load, and characteristics of the earthquake 11 

motions. The 2.7 m-high GRS bridge abutment was constructed using well-graded sand backfill, 12 

modular facing blocks, and uniaxial geogrid reinforcement with a vertical spacing of 0.15 m in 13 

both the longitudinal and transverse directions. A bridge beam was placed on the GRS bridge 14 

abutment at one end and on a concrete support wall resting on a sliding platform off the shaking 15 

table at the other end. The GRS bridge abutment system was subjected to a series of input 16 

motions in the longitudinal direction. Results indicate that the testing system performed well, and 17 

that the GRS bridge abutment experienced small deformations. For two earthquake motions, the 18 

maximum incremental residual facing displacement in model scale was 1.0 mm, and the average 19 

incremental residual bridge seat settlement in model scale was 1.4 mm, which corresponds to a 20 

vertical strain of 0.7%.  21 

Keywords 22 

Shaking table test, reduced-scale model, geogrid, geosynthetic-reinforced soil, bridge abutment  23 
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INTRODUCTION 25 

Physical model testing is an important method to investigate the dynamic response of 26 

reinforced soil structures, such as slopes, retaining walls and bridge abutments. Such tests are 27 

typically performed using large-scale shaking tables in the laboratory or small-scale shaking 28 

tables mounted on a geotechnical centrifuge. Although some shaking tables are sufficiently large 29 

to accommodate full-scale reinforced soil structures with the actual materials and construction 30 

techniques used in the field (Ling et al. 2005, 2009, 2012; Fox et al. 2015), the significant time 31 

and cost involved with such tests generally preclude parametric evaluations. Geotechnical 32 

centrifuge testing, on the other hand, uses much smaller physical models and permits general 33 

parametric studies under realistic stress conditions; however, the materials and soil preparation 34 

techniques often differ from those used in practice (Casey et al. 1991; Sakaguchi 1996; Howard 35 

et al. 1998; Nova-Roessig and Sitar 2006; Siddharthan et al. 2004; Liu et al. 2010). An 36 

alternative approach is to perform tests on reduced-scale models using large 1g shaking tables in 37 

the laboratory; however, this requires special considerations of similitude relationships to ensure 38 

that the stress-strain response is similar to the full-scale prototype structure.  39 

Geosynthetic-reinforced soil (GRS) bridge abutments have been widely adopted as a 40 

result of construction, performance and cost advantages over traditional pile-support designs, and 41 

significant experimental and numerical modeling research has been conducted for static loading 42 

conditions (Wu et al. 2001, 2006; Helwany et al. 2007; Nicks et al. 2013, 2016; Zheng and Fox 43 

2016, 2017). However, seismic events represent a severe loading condition and there is some 44 

reluctance to use this technology in high seismic areas without further testing and evaluation. 45 

Seismic compression of the abutment and associated bridge seat settlement is of particular 46 

concern. The shaking table tests conducted by Helwany et al. (2012) on a 3.6 m-high GRS bridge 47 

abutment indicated no significant distress for horizontal accelerations up to 1g. Based on the 48 

success of these tests, more investigations are warranted on the seismic response of GRS bridge 49 

abutments for various configurations and loading conditions. This paper presents the 50 

experimental design for a dynamic testing program conducted on half-scale GRS bridge 51 

abutment specimens using a large laboratory shaking table. The similitude relationships are 52 

discussed, materials and instrumentation are described, and results from a typical test are 53 

presented to highlight the testing approach and demonstrate the response of the testing system 54 

and a GRS bridge abutment specimen for different input motions. 55 
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 56 

BACKGROUND 57 

Reduced-scale model tests provide a more economical option than tests on full-scale 58 

prototype structures and have been widely used in geotechnical engineering to investigate the 59 

behavior of complex systems. Richardson and Lee (1975) pioneered the use of 1g shaking table 60 

tests to investigate failure modes for 0.3 m-high soil walls reinforced with aluminum strips and 61 

subjected to sinusoidal motions. Small-scale shaking table tests also have been conducted to 62 

evaluate the dynamic response of GRS walls with various facing types (Sakaguchi 1996; Koseki 63 

et al. 1998; Matsuo et al. 1998; Latha and Krishna 2008; Krishna and Latha 2009). However, as 64 

these studies did not include scaling of model geometry or material properties, the results may be 65 

less representative of the actual response of prototype structures.  66 

For shaking table tests on reduced-scale models in a 1g gravitational field, similitude 67 

relationships must be considered to produce similar response between model and prototype 68 

structures. The similitude relationships proposed by Iai (1989) have been widely used for 1g 69 

shaking table tests, including tests for GRS walls (El-Emam and Bathurst 2004, 2005, 2007; 70 

Guler and Enunlu 2009; Sabermahani et al. 2009; Guler and Selek 2014; Latha and 71 

Santhanakumar 2015; Panah et al. 2015). Iai (1989) hypothesized that the moduli of materials in 72 

the model should be reduced so that the reduced-scale model will have a similar stress-strain 73 

response under lower stress conditions as the prototype structure. Theoretical scaling factors for 74 

the similitude relationships are summarized in Table 1.  75 

El-Emam and Bathurst (2004, 2005, 2007) performed fourteen shaking table tests on 1 76 

m-high, 1/6-scale GRS walls with a full-height rigid facing panel, low stiffness geogrid (90 77 

kN/m), and no surcharge load. The model walls were subjected to a stepped-amplitude sinusoidal 78 

motion with a predominant frequency of 5 Hz. Experimental results showed that facing 79 

displacements could be reduced by using a smaller facing panel mass, an inclined facing panel, 80 

longer reinforcement, stiffer reinforcement, and smaller vertical reinforcement spacing. Guler 81 

and Selek (2014) reported a series of reduced-scale shaking table tests on GRS walls with 82 

modular block facing and no surcharge load to investigate the effects of various factors, 83 

including peak ground acceleration (PGA), reinforcement length and spacing, model scale, and 84 

grouting of the top two courses of facing blocks. Earthquake motions also were scaled to match 85 

the Iai (1989) similitude relationships. Results indicated that accelerations were not affected by 86 
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model scale, but facing displacements for the prototype structure increased with decreasing 87 

model scale. Ling et al. (2005, 2012) reported a series of large-scale shaking table tests for 2.8 88 

m-high GRS walls with modular block facing and no surcharge load using both sand and silty 89 

sand backfill soils. Performance was improved by increasing reinforcement length for top layers 90 

and reducing reinforcement vertical spacing. The unsaturated conditions for the silty sand 91 

backfill also improved performance. Fox et al. (2015) conducted a full-scale shaking table test on 92 

a 6.1 m-high GRS wall with modular block facing using a large soil confinement box. The 93 

confinement box had a fundamental frequency of 22 Hz, which is above the normal operating 94 

frequency band of the shaking table. Accordingly, the box moved in phase with the table and 95 

provided a rigid boundary condition. The GRS wall experienced a permanent displacement of 56 96 

mm at the top after the completion of the testing program, which may be attributed to the 97 

relatively large reinforcement vertical spacing of 0.6 m. The ultimate state of the GRS wall 98 

indicated moderate damage, including two significant cracks in the backfill soil with a width of 99 

more than 30 mm - one at the back of the reinforced soil zone and one near the rear boundary - 100 

but no collapse.  101 

Helwany et al. (2012) reported the only shaking table tests on a large-scale GRS bridge 102 

abutment. The abutment model had a total height of 3.6 m, including a 3.2 m-high lower wall 103 

and 0.4 m-high upper wall, with an average applied vertical stress of 111 kPa from a concrete 104 

footing that supported individual steel bridge beams. The other ends of the bridge beams were 105 

supported on rollers. The GRS bridge abutment was reinforced using a woven polypropylene 106 

geotextile with a vertical spacing of 0.2 m. The backfill soil was poorly-graded gravel with sand 107 

and clay, and had a friction angle of 44°. The abutment model was subjected to a series of 108 

horizontal sinusoidal motions with increasing amplitude. No damage was observed until the 109 

acceleration reached 0.67g, and no significant distress occurred for accelerations up to 1g. The 110 

bridge seat experienced an incremental settlement of 50 mm when the acceleration was increased 111 

from 0.67g to 1g. 112 

 113 

114 
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EXPERIMENTAL PROGRAM 115 

UCSD Powell Structural Laboratory Shaking Table  116 

 The indoor shaking table at the University of California, San Diego (UCSD) Powell 117 

Structural Laboratory has dimensions of 5 m × 3 m and a maximum payload capacity of 356 kN. 118 

The table slides horizontally on two stationary shafts and is driven by a servo-hydraulic actuator 119 

with a static capacity of 490 kN, dynamic capacity of 405 kN, and maximum stroke of ± 150 mm. 120 

The shaking table was refurbished prior to this study to increase the fidelity of dynamic motion 121 

(Trautner et al. 2017).  122 

 123 

Similitude Considerations 124 

The Iai (1989) similitude relationships (Table 1) were used in the current study. 125 

Considering the size and payload capacity of the shaking table, a length scaling factor of λ  = 2 126 

was chosen, and is defined as the ratio of prototype length to model length. A GRS bridge 127 

abutment with a total height of 5.4 m and a typical bridge clearance height of 4.5 m was selected 128 

as the prototype structure. Therefore, a half-scale GRS bridge abutment model with a total height 129 

of 2.7 m and a clearance height of 2.25 m was constructed and tested on the shaking table. Model 130 

geometry, geosynthetic reinforcement stiffness, backfill soil modulus, bridge load, and 131 

characteristics of the earthquake motions were scaled accordingly using the factors given in 132 

Table 1.  133 

 134 

Test Configuration 135 

The shaking table test configuration for the bridge system in the longitudinal direction is 136 

shown in Figure 1. The bridge beam has dimensions of 6.4 m × 0.9 m × 0.45 m (length × width × 137 

height), and is placed on a bridge seat that rests on the GRS bridge abutment at one end and on a 138 

concrete support wall that rests on a sliding platform at the other end. The bottom of the concrete 139 

support wall is rigidly connected to the shaking table using steel beams and experiences the same 140 

motion as the table. The bridge beam represents a longitudinal slice of a prototype bridge 141 

superstructure whose length was selected to accommodate the available laboratory space. 142 

Elastomeric bearing pads (model NEOSORB, Voss Engineering, Inc.) with plan dimensions of 143 

0.45 m × 0.9 m, thickness of 25 mm, and elastic modulus of 3.6 MPa were placed under both 144 

ends of the bridge beam. The seismic joint (i.e., gap) between the bridge beam and vertical back 145 
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wall of the bridge seat is 25 mm wide. During shaking, the bridge beam interacts with the GRS 146 

bridge abutment and support wall through friction developed on the bearing pads and potentially 147 

contacts (i.e., impacts) with the back wall of the bridge seat. The clear distance between the top 148 

of the wall facing and bottom of the bridge beam is 0.15 m.  149 

The self-weight of the concrete bridge beam is 65 kN, and additional dead weights (steel 150 

plates) of 33 kN are evenly distributed and rigidly attached to the beam to produce the desired 151 

total bridge weight (98 kN) while keeping the mass center of the beam relatively low to 152 

minimize rocking. The total weight of the beam and dead weights produces an average vertical 153 

stress of 121 kPa on top of the bridge seat. The bridge seat has a self-weight of 7 kN and a 154 

bottom surface with plan dimensions of 0.65 m × 1.3 m. The average vertical stress on the 155 

backfill soil from the bridge seat is 66 kPa, which corresponds to a prototype vertical stress of 156 

132 kPa and is in the typical range for GRS bridge abutments in the field (Adams et al. 2011).  157 

The GRS bridge abutment has modular block facing on three sides, including a front wall 158 

facing perpendicular to the longitudinal direction and two side wall facings perpendicular to the 159 

transverse direction. The back of the GRS bridge abutment is supported by a rigid reaction wall 160 

consisting of a steel frame with plywood face. The reaction wall was designed to be sufficiently 161 

stiff to provide at-rest conditions during construction and experience minimal deflections during 162 

shaking. Although the reaction wall moves in phase with the shaking table and thus does not 163 

reproduce the deformation boundary condition of a retained soil mass in the field, this simple 164 

configuration can be readily incorporated into numerical simulations for calibration purposes. To 165 

reduce effects of the reaction wall on the abutment response, the length of the retained soil zone 166 

was maximized within the geometry and payload constraints of the table. The total weight of the 167 

entire bridge system is 450 kN.  168 

The GRS bridge abutment model has a total height of 2.7 m, consisting of a 2.1 m-high 169 

lower GRS wall and a 0.6 m-high upper wall, resting on a 0.15 m-thick foundation soil layer 170 

placed directly on the shaking table. A top view diagram is shown in Figure 2(a) and cross-171 

sectional view diagrams in the longitudinal and transverse directions are shown in Figures 2(b) 172 

and 2(c), respectively. The abutment has plan dimensions of 2.35 m × 2.10 m, including wall 173 

facing blocks. The bridge seat rests on top of the backfill soil for the lower GRS wall and has a 174 

setback distance of 0.15 m from each of the three wall facings. The lower GRS wall was 175 

constructed in fourteen 0.15 m-thick soil lifts. Each lift includes uniaxial reinforcement layers in 176 
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the longitudinal direction (i.e., direction of shaking), and the transverse direction. Uniaxial 177 

geogrids were selected for this study as they are commonly used in GRS bridge abutments, even 178 

though they posed a challenge due to the narrow width of the model abutment considered in this 179 

study compared to the width of typical GRS bridge abutments. The longitudinal reinforcement 180 

layers are frictionally connected to the front wall facing and extend 1.47 m into the backfill soil 181 

while the transverse reinforcement layers are frictionally connected to each side wall facing and 182 

extend 0.8 m into the backfill soil, and meet (but are not connected) at the center. The transverse 183 

reinforcement layers and side wall facing blocks are offset by 25 mm vertically from the 184 

longitudinal reinforcement layers and front wall facing blocks to avoid direct contact. Although 185 

longitudinal and transverse reinforcement layers are in close proximity vertically, the maximum 186 

particle size of the backfill soil is sufficiently small to permit typical soil-reinforcement 187 

interaction. The length of the retained soil zone between the reinforced soil zone and reaction 188 

wall is 0.63 m. Transverse reinforcement layers support the side walls in the retained soil zone 189 

and are not connected to transverse reinforcements in the reinforced soil zone.  190 

The support wall for the other end of the bridge beam rests on a sliding platform, as 191 

shown in Figure 3. Based on the low friction boundary concept developed by Fox et al. (1997, 192 

2006), this platform consists of 273 rolling stainless steel balls (diameter = 19 mm) sandwiched 193 

between two stainless steel plates (thickness = 6 mm). The steel balls are placed inside a plastic 194 

guide plate (thickness = 13 mm) with 273 oversized holes (diameter = 25 mm) to keep the balls 195 

orderly during shaking tests. A 13 mm-thick rubber sheet is placed between the sliding platform 196 

and the support wall to reduce stress concentrations on the sliding platform. The base of the 197 

support wall is connected to the shaking table using steel beams to transmit table motions and 198 

ensure that the entire system is shaken uniformly. 199 

 200 

Materials 201 

The backfill soil has the particle size gradation curve shown in Figure 4(a), coefficient of 202 

uniformity uC  = 6.1, coefficient of curvature zC  = 1.0, and is classified as well-graded sand 203 

(SW) according to the Unified Soil Classification System (USCS). Soil properties are 204 

summarized in Table 2. After application of the similitude relationships (λ  = 2) in Table 1, the 205 

mean particle size 50D  of 0.85 mm corresponds to a prototype value of 1.7 mm, which still falls 206 

within the sand-size range. The specific gravity is 2.61, and the maximum and minimum void 207 
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ratios are 0.853 and 0.371, respectively. Inspection of the standard Proctor compaction curve 208 

shown in Figure 4(b) indicates that compaction water content does not have a significant effect 209 

on dry unit weight for this sand (i.e., the curve is essentially flat).  210 

Target soil compaction conditions for construction of the GRS bridge abutment model 211 

were gravimetric water content cw  = 5% and relative density rD  = 70%. The target relative 212 

density was selected to meet the similitude relationships and to obtain reproducible densities 213 

using a vibrating plate compactor. With regard to the similitude criterion, a series of triaxial 214 

compression tests were conducted on dry sand specimens with different relative densities and 215 

yielded a secant modulus at 0.5% axial strain for rD  = 70% and confining stress σ  = 34 kPa 216 

that was approximately one-half that for rD  = 85% and σ  = 69 kPa. A relative density of 85% 217 

corresponds to a relative compaction of 98% for standard Proctor effort and is within the typical 218 

range of field compaction requirements for in-service GRS bridge abutments. For rD  = 70%, the 219 

dry backfill sand has a peak friction angle pφ′  = 51.3° and zero cohesion.  220 

A hanging column test was performed on a sand specimen with rD  = 70% to measure the 221 

soil water retention curve (SWRC) for both drying and wetting paths. The SWRC data was fitted 222 

using the van Genuchten (1980) model: 223 

( ) ( )[ ] 







−−

+−+= vG
vG NN

vGrr

1
1

max 1 ψαθθθθ  
(1) 

where θ  is the volumetric water content (volume of water/volume of soil), ψ  is the matric 224 

suction, maxθ is the volumetric water content at zero matric suction for either path, rθ  is the 225 

residual saturation, and vGα  and vGN  are the van Genuchten (1980) SWRC model parameters.  226 

The geosynthetic reinforcement is a uniaxial high density polyethylene (HDPE) geogrid 227 

(Tensar LH800). Tensile tests on single rib specimens were conducted in the laboratory 228 

according to ASTM D6637 (2015). For a strain rate of 10%/min, the geogrid has a secant 229 

stiffness at 5% strain 5%J  = 380  N/m and an ultimate strength ultT  = 38 kN/m in the machine 230 

direction. In the cross-machine direction, the geogrid has a secant stiffness of 5%J  = 80 kN/m 231 

and an ultimate capacity of ultT  = 4 kN/m, both of which are much lower than the values in the 232 

machine direciton. Using the similitude relationship in Table 1, the tensile stiffness of the 233 

uniaxial geogrid in the machine direction yields a value of 1520 kN/m for the prototype geogrid, 234 
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which is in the typical range for uniaxial geogrids used in field structures.  235 

Facing elements for GRS bridge abutments vary with the particular application, and 236 

reinforcement-facing connections also change with the type of facing. To meet the similitude 237 

relationships, concrete modular facing blocks from Keystone, Inc., with dimensions of 0.3 m × 238 

0.25 m × 0.15 m were selected. A layer of geogrid reinforcement was sandwiched between each 239 

course of blocks and connected using fiberglass pins through the geogrid apertures.  240 

 241 

Construction 242 

A 0.15 m-thick foundation sand layer was first placed within the edge containment of the 243 

shaking table and at a higher relative density ( rD  = 85%) than the backfill sand in order to 244 

provide a firm base for the GRS bridge abutment. The table surface has transverse shear fins to 245 

transfer motion to the foundation layer with minimal slippage. The first course of facing blocks 246 

was placed and leveled on the foundation layer, with the side wall blocks offset vertically by 25 247 

mm from the front wall blocks. This offset was needed to avoid direct contact between 248 

longitudinal and transverse geogrid layers and maintain interaction with the backfill soil. 249 

Although not used in actual GRS bridge abutments, this technique was necessary for the current 250 

study due to width constraints of the shaking table. As a result of the 25 mm offset, the side wall 251 

and front wall facing blocks could not be interlocked in a typical masonry pattern at the corners.  252 

Longitudinal and transverse reinforcement layers were placed horizontally within the 253 

backfill soil from the block contact interfaces and are shown in Figures 5(a) and 5(b), 254 

respectively. The transverse reinforcement would not be expected to significantly affect 255 

abutment behavior in the longitudinal direction because geogrid stiffness in the cross-machine 256 

direction is much lower than in the machine direction; however, the effect of transverse 257 

reinforcement should still be included when using results from this test for numerical model 258 

validation. During construction, geogrids were placed between the blocks for over 80% of the 259 

block-to-block contact surface and the blocks were aligned using fiberglass pins. Although 260 

typically grouted together in the field (Helwany et al. 2012), the upper course of blocks remained 261 

ungrouted for this test. After construction of the lower GRS wall, the bridge seat was placed on 262 

top of the backfill soil for the lower wall and the 0.6 m-high upper wall was constructed in four 263 

lifts with only transverse reinforcement layers (Figure 2b). Finally, the concrete bridge beam 264 

with additional dead weights was placed on the bridge seat and support wall. A bridge beam is 265 
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typically placed prior to construction of upper wall in the field; however, the beam was added 266 

last in the current study for convenience. 267 

Values of relative density for the compacted backfill sand, as measured by sand cone, 268 

range from 54% to 68%, with an average of 64%. The measured gravimetric water content 269 

profile for the backfill sand is shown in Figure 6(a) and indicates values ranging from 3.2% to 270 

6.3%. Considering that the compaction curve is relatively flat for this sand, the variation in water 271 

content is unlikely to significantly affect compacted dry unit weight. The gravimetric water 272 

content profile can be combined with the SWRC to estimate the apparent cohesion ac  using the 273 

suction stress concept of Lu et al. (2010): 274 

'tan'tan φψφσ e

s

a Sc ==  (2) 

where sσ  = suction stress, ψ  = matric suction, and eS  = effective saturation, defined as: 275 

res

res
eS θθ

θθ
−

−
=

max

 (3) 

Matric suction values interpreted from the SWRC range from 3 to 10 kPa and yield the 276 

calculated profiles of apparent cohesion for drying and wetting conditions shown in Figure 6(b). 277 

Apparent cohesion is essentially uniform at approximately 2 kPa for both conditions. Apparent 278 

cohesion can have an important effect on the ultimate state of GRS walls (Vahedifard et al. 2014, 279 

2015), and unsaturated conditions can have a significant effect on the stiffness of sand (Khosravi 280 

et al. 2010).  281 

 282 

INSTRUMENTATION AND INPUT MOTIONS 283 

Instrumentation 284 

Specimen data was collected using an automatic data acquisition system with 160 285 

channels and a simultaneous sampling rate of 256 Hz during shaking. Sensors include string 286 

potentiometers (Model P-5A/15A/25A/30A/40A Rayelco, PATRIOT Sensors and Controls 287 

Corp.), linear potentiometers (Model 606, BEI sensors), accelerometers (Model CXL02LF1, 288 

Crossbow), total pressure cells (Model SPT-3K/6K, AFB Engineered Test System), load cells 289 

(Model 1220BF-50K, Interface Inc.), and geogrid strain gauges (KFG-2-120-C1-11, Kyowa 290 

Americas, Inc.).  291 

Instrumentation for the longitudinal centerline section (distance from the west side wall 292 
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facing wy  = 0.8 m) and transverse section under the bridge seat (distance from front wall facing 293 

x  = 0.48 m) are shown in Figure 7. Horizontal displacements for the front wall facing blocks at 294 

different elevations, bridge seat, reaction wall, bridge beam, and support wall in the longitudinal 295 

direction were measured using string potentiometers, and horizontal displacements of the side 296 

wall facing blocks were measured using linear potentiometers. Horizontal displacements of the 297 

front wall facing for an off-centerline section in the longitudinal direction were also measured 298 

(not discussed in this paper). String potentiometers were used to measure settlements at the four 299 

corners of the bridge seat. String potentiometers were mounted on rigid reference frames apart 300 

from the shaking table and had sufficient tension to measure dynamic motions for the frequency 301 

band of the test. The string potentiometer measurements were corrected using measured 302 

horizontal displacements of the shaking table in the longitudinal direction to yield relative 303 

displacements with respect to the table. Accelerometers were attached on the wall facing and 304 

placed within the reinforced and retained soil zones to measure horizontal accelerations in the 305 

longitudinal direction. Earth pressure cells were seated into 38 mm-thick PVC plates with plan 306 

dimensions of 127 mm × 203 mm for horizontal orientation and 203 mm × 203 mm for vertical 307 

orientation. The PVC plates provide a flush surface to improve measurements of vertical and 308 

horizontal total stresses. Two load cells were embedded in the south end of the bridge beam to 309 

measure potential contact forces between the bridge beam and bridge seat during shaking. 310 

Geogrid tensile strains were measured using strain gauges mounted in pairs at the mid-point of 311 

longitudinal ribs, with one gauge on top and the other on bottom to correct for rib bending 312 

(Runser et al. 2001; Bathurst et al. 2002). Considering that strain gauge measurements may be 313 

affected by attachment technique and non-uniform stiffness along a rib (Bathurst et al. 2002), 314 

tensile tests were conducted to obtain a correction factor (CF), defined as the ratio of global 315 

strain to gauge strain. Calibration results for loading rates of 1%/min, 10%/min, and 100%/min 316 

are shown in Figure 8. The data indicate that CF has an average value of 1.1 and is not 317 

significantly affected by loading rate. All measured geogrid strains were corrected using this CF 318 

value. Within the GRS bridge abutment specimen, strains were measured at 4 points along each 319 

of 5 geogrid layers.   320 

 321 

Input Motions 322 

A series of motions, including white noise, earthquake, and sinusoidal, were applied to 323 
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the GRS bridge abutment system in the longitudinal direction. The shaking table was operated in 324 

acceleration-control mode for white noise motions and displacement-control mode for 325 

earthquake and sinusoidal motions. A summary of the first five input motions, alternating 326 

between white noise and earthquake, is presented in Table 3.  327 

White noise motions were used to characterize natural frequencies of the bridge system, 328 

and identify any changes in system response (i.e., modulus and damping) due to strains incurred 329 

from previous shaking. The nominal white noise motion has a peak acceleration of 0.1g, a root-330 

mean-square (RMS) acceleration of 0.025g, and frequency content ranging from 0.1 to 50 Hz. 331 

Shaking tests were conducted using motions scaled from the strike-slip 1940 Imperial Valley 332 

earthquake (El Centro station) and the subduction zone 2010 Maule earthquake (Concepcion 333 

station) records. Acceleration and displacement time histories for the original Imperial Valley 334 

record are shown in Figure 9, and indicate a PGA of 0.31g and peak ground displacement (PGD) 335 

of 130.4 mm. To obtain the input acceleration time history for the shaking test, also shown in 336 

Figure 9(a), acceleration amplitudes of the original record were not scaled and frequencies were 337 

scaled (increased) by a factor of 2  (Table 1). The scaled displacement time history is shown in 338 

Fig. 9(b) and was obtained by double integration of the scaled acceleration time history. The 339 

displacement motion indicates PGD = 65.2 mm, which is one-half of the PGD for the original 340 

record. Scaled input motions for the Maule earthquake record were obtained similarly and yield 341 

PGA = 0.40g and PGD = 108 mm. The time increments for the scaled Imperial Valley and 342 

Maule input motions are 0.00707 s and 0.00354 s, respectively.  343 

 344 

RESULTS 345 

Test results, including testing system performance, bridge system identification, facing 346 

displacements, bridge seat and bridge beam displacements, acceleration response, and 347 

reinforcement strains, during the application of a series of white noise and earthquake input 348 

motions in the longitudinal direction are presented. Reported values correspond to model scale, 349 

and should be adjusted using the similitude relationships in Table 1 to obtain values for the 350 

prototype structures. Horizontal displacements and accelerations in the north direction (Figures 2 351 

and 7), and outward displacements of wall facings are taken as positive. This paper focuses 352 

primarily on deformations and acceleration response of the GRS bridge abutment to the two 353 

scaled earthquake motions. 354 
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 355 

Testing System Performance 356 

Measured displacement time histories for the shaking table, reaction wall, and support 357 

wall, are shown in Figure 10(a) for the Imperial Valley motion and essentially are in identical 358 

agreement with the target input motion. This indicates that (1) the shaking table performed well 359 

in displacement-control mode for earthquake motions; (2) the reaction wall is sufficiently stiff 360 

and moved essentially in phase with the shaking table; and (3) the steel connection beams and 361 

sliding platform successfully transmitted table motions to the base of the support wall. The 362 

corresponding measured acceleration time history for the shaking table, shown in Fig. 10(b), 363 

contains some high frequency noise but generally matches well with the target input acceleration. 364 

The measured PGA of the table is 0.42g at 1.6 s, which is larger than the target value of 0.31g. A 365 

comparison of the response spectra (5% damping) for the shaking table and target input motions 366 

is shown in Figure 10(c). The measured pseudo-spectral accelerations for the shaking table agree 367 

well with the target values except for some deviations at frequencies between 6 Hz and 9 Hz. 368 

This indicates that the shaking table accurately reproduced the salient characteristics of the target 369 

motion.  370 

 371 

Bridge System Identification 372 

 System identification tests were conducted using the white noise motions at different 373 

stages of the shaking program. The first such test was conducted on the reaction wall itself prior 374 

to construction of the GRS bridge abutment. Amplitudes of the horizontal acceleration transfer 375 

functions (i.e., output divided by input in frequency domain) of the reaction wall with respect to 376 

the shaking table are shown in Figure 11(a). The reaction wall has a fundamental frequency of 377 

37.5 Hz, which is well above the operating frequency band of the shaking table and fundamental 378 

frequency of the GRS bridge abutment. Therefore, the reaction wall is not expected to resonate 379 

during shaking and should move essentially in phase with the shaking table, which is consistent 380 

with Figure 10(a).  381 

White noise tests also were conducted before and after each earthquake motion to detect 382 

changes in fundamental frequency for the bridge system. Horizontal acceleration transfer 383 

functions for the bridge beam and bridge seat with respect to the shaking table in the longitudinal 384 

direction for the initial white noise test (Shaking event 1) are shown in Figure 11(b). The results 385 
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indicate fundamental frequencies of 5.5 Hz and 11.9 Hz for the bridge beam and bridge seat, 386 

respectively. Horizontal acceleration transfer functions for the backfill soil with respect to the 387 

shaking table, measured at x  = 0.48 m, z  = 1.875 m inside the GRS bridge abutment, for white 388 

noise tests before and after the earthquake motions are shown in Figure 11(c). The GRS bridge 389 

abutment has the same fundamental frequency as the bridge seat (11.9 Hz) before the Imperial 390 

Valley motion. After the Imperial Valley motion, the fundamental frequency of the abutment 391 

decreased from 11.9 to 11.3 Hz, and then decreased further to 10.9 Hz after the Maule motion. 392 

These decreases are attributed to shear modulus reduction for the backfill soil during successive 393 

shaking events.  394 

 395 

Facing Displacements 396 

Time history plots of incremental facing displacements in the longitudinal direction for 397 

the front wall facing blocks at selected locations along the centerline section are shown in Figure 398 

12(a) for the Imperial Valley motion. Maximum (i.e., during shaking) and residual (i.e., after 399 

shaking) displacements at the top generally are larger than at the bottom. The maximum 400 

displacement at elevation z  = 1.875 m is 3.7 mm ( t  = 1.6 s) and the residual displacement is 0.9 401 

mm. For z  = 0.075 m, the bottom of the wall had dynamic displacements of ±1 mm.  402 

Profiles of incremental maximum and residual outward facing displacements of the front 403 

wall in the longitudinal direction for the Imperial Valley and Maule motions are shown in Figure 404 

12(b). During shaking, maximum displacements for the Maule motion are larger than for the 405 

Imperial Valley motion, with values of 4.9 and 3.7 mm at the top of the wall, respectively. These 406 

displacement profiles correspond to the specific times associated with maximum displacement 407 

measurements (i.e., t  = 1.6 s for Imperial Valley and t  = 18.0 s for Maule). Fig. 12(b) also 408 

shows that the incremental residual displacement profiles are similar for the two earthquake 409 

motions.  Residual values range from 0.2 to 1.4 mm and generally increase toward the top of the 410 

wall. Visual comparison of the maximum and residual profiles clearly indicates that dynamic 411 

facing displacements are largely recovered after shaking, especially for the upper sections of the 412 

wall. Outward displacement profiles for the west side wall facing in the transverse direction are 413 

shown in Figure 12(c) and indicate similar trends. The maximum and residual displacement 414 

profiles are similar for the two earthquake motions and increase almost linearly with increasing 415 

elevation, with a maximum displacement of 4 mm and residual displacements less than 1 mm. 416 
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Figure 12(c) also indicates that shaking in the longitudinal direction induces facing 417 

displacements in the transverse direction for the side walls, which is attributed to a Poisson effect 418 

associated with bridge seat settlement as discussed in the next section.   419 

 420 

Bridge Seat and Bridge Beam Displacements 421 

Settlements of the bridge seat were measured at the four corners (Fig. 2a) and the 422 

corresponding incremental time histories for the Maule earthquake motion are presented in 423 

Figure 13(a). The bridge seat tilted toward the west during shaking, which is consistent with an 424 

initial larger settlement on the same (west) side observed during bridge load application. Average 425 

bridge seat settlements for the Maule motion, taken as the average of the four measurements at 426 

each time, are shown in Figure 13(b).  During shaking, the maximum value is 7.0 mm and the 427 

minimum value is -0.2 mm (i.e., uplift). The average residual settlement is 1.4 mm, which 428 

corresponds to a vertical strain of 0.07% for the 2.1 m-high lower GRS wall. Average 429 

incremental bridge seat settlements for both earthquake motions are summarized in Table 4. For 430 

the Imperial Valley motion, the bridge seat had maximum and minimum dynamic settlements of 431 

3.1 mm and -0.1 mm, respectively. The residual settlements were 1.4 mm for both motions, 432 

which corresponds to 2.8 mm at prototype scale. Such settlement likely would not be a 433 

significant concern for most bridge structures.  434 

Horizontal displacements were measured in the longitudinal direction for the bridge beam 435 

and for the bridge seat at the two locations shown in Figure 2(c). Corresponding displacement 436 

time histories for the Maule motion are presented in Figure 14. Displacements at the east and 437 

west sides of the bridge seat are shown in Figure 14(a) and are similar with respect to both trend 438 

and magnitude. This indicates essentially uniform translational movement of the bridge seat in 439 

the longitudinal direction during shaking. Maximum and minimum dynamic displacements of the 440 

bridge seat are 5.9 and -5.1 mm, respectively. Figure 14(b) indicates that the bridge beam 441 

experienced larger dynamic displacements with maximum and minimum values of 13.1 mm and 442 

-13.5 mm, respectively. Figure 14(c) presents differential displacements of the bridge beam 443 

relative to the bridge seat and indicates a range of approximately ±10 mm and essentially no 444 

residual after shaking. These relative displacements are smaller than the initial width of the 445 

seismic joint (25 mm), so joint closure and beam-seat contact did not occur during shaking. Final 446 

inspection revealed significant slide marks on both sides of the elastomeric bearing pad, which 447 
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suggests that relative displacements between the bridge beam and bridge seat occurred primarily 448 

as a result of sliding on the pad and not shear deformation of the pad itself.  449 

 450 

Acceleration Response 451 

Time histories of horizontal acceleration in the longitudinal direction for the support wall, 452 

bridge seat, and bridge beam during the Imperial Valley motion are shown in Figure 15. As in 453 

Figure 10(a), the acceleration response of the support wall closely followed the acceleration of 454 

the shaking table, which confirms the successful synchronization of the two ends of the bridge 455 

system; however, the motion of the support wall also included some additional high frequency 456 

response. The bridge seat had a peak acceleration of 0.63g, while the bridge beam had a smaller 457 

peak acceleration of 0.53g and contained less high frequency response. This is attributed to the 458 

isolation effect of the elastomeric bearing pad between the bridge seat and bridge beam. 459 

Horizontal acceleration time histories at selected elevations within the reinforced soil 460 

zone under the bridge seat ( x  = 0.48 m in Figure 2b) are shown for the Imperial Valley motion 461 

in Figure 16(a). Similar to the facing displacements in Figure 12(a), soil accelerations increase 462 

with elevation and thus indicate increasing amplification toward the top of the GRS bridge 463 

abutment. The RMS method can be used to mitigate effects of high frequency noise and also 464 

characterize amplitude and frequency content in a measured response (Kramer 1996; El-Emam 465 

and Bathurst 2005). Figure 16(b) shows the profile of RMS acceleration ratio within the 466 

reinforced soil zone ( x  = 0.48 m) for the Imperial Valley motion, where the RMS acceleration at 467 

each location is normalized by the shaking table RMS acceleration. Acceleration ratio increases 468 

essentially linearly with elevation for the three sections and again indicates increasing 469 

amplification toward the top of the abutment. Maximum acceleration ratios were measured at the 470 

highest elevation ( z  = 1.875 m), and are equal to 1.56, 1.57, and 1.59 for the retained soil zone, 471 

reinforced soil zone, and front wall facing, respectively.  472 

 473 

Reinforcement Strains 474 

 Reinforcement tensile strains in the longitudinal direction at three elevations under the 475 

bridge seat ( x  = 0.45 m) are shown in Figure 17 for the Imperial Valley motion. All strain values 476 

remained positive (i.e., tensile) during the test. Measured strains for the top and bottom strain 477 

gauges are in close agreement at z  = 0.075 and z  = 0.975 m, and show a similar trend but 478 
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different magnitudes at z  = 1.875 m. This indicates bending of the geogrid at z  = 1.875 m 479 

during construction and highlights the importance of installing top and bottom gauges at each 480 

strain measurement location. Maximum dynamic reinforcement strains in the middle geogrid 481 

layer are higher than in the upper and lower geogrid layers for this test. 482 

Distributions of tensile strain along five reinforcement layers at different elevations 483 

within the longitudinal section are shown in Figure 18(a) for the Imperial Valley motion. Each 484 

measurement represents the average from a pair of top and bottom gauges and corresponds to an 485 

initial (before shaking), maximum (during shaking), minimum (during shaking), or residual 486 

(after shaking) value. Zero strain at the free end of each reinforcement layer is also plotted. The 487 

distributions of initial reinforcement strain show peak values near the facing connection ( x  = 488 

0.10 m) for lower layers 1, 4, and 7, and under the bridge seat ( x  = 0.45 m) for upper layers 10 489 

and 13. Similar to data reported by Runser et al. (2001) for a tall retaining wall with steel strip 490 

reinforcements, initial strains at the connections increase and then decrease with depth after 491 

construction. During shaking, maximum strains also are highest near the connections for lower 492 

layers and under the bridge seat for upper layers, whereas minimum strains generally are close to 493 

the initial values. The maximum dynamic values indicate increased strains near the connections, 494 

which is attributed to inertial forces of the facing blocks. Except for the bottom reinforcement 495 

layer, residual strains near the connections increased only slightly as compared to initial values 496 

and indicate that the majority of dynamic reinforcement strains were recovered at the facing. 497 

Residual strains under the bridge seat increased significantly, especially for upper reinforcement 498 

layers. 499 

Strain distributions along three reinforcement layers in the transverse section are shown 500 

in Figure 18(b) for the Imperial Valley motion. Similar to reinforcement in the longitudinal 501 

section, high initial and residual strains occur near the connections for layers 1 and 7, and under 502 

the bridge seat for layer 13. During shaking, minimum strains are close to the initial values and 503 

maximum strains are close to the residual values. Thus, dynamic strains generally were not 504 

recovered after shaking for the transverse reinforcement. As a result, for example, the strain in 505 

layer 13 under the bridge seat ( wy  = 0.33 m) increased approximately 0.1% due to shaking, 506 

which is substantially higher than the corresponding increase of approximately 0.04% ( x  = 0.45 507 

m) at the same elevation in the longitudinal direction. The data of Figure 18(b) indicate that 508 

shaking caused significant increases in strain for the transverse reinforcement, which suggests 509 
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that, in addition to longitudinal reinforcement analysis, analysis of transverse reinforcement is 510 

important for seismic design. 511 

 512 

SUMMARY AND CONCLUSIONS 513 

This paper presents an experimental study of the dynamic response of a half-scale GRS 514 

bridge abutment system using a shaking table. Experimental design of the model specimen 515 

followed established similitude relationships for shaking table tests of reduced-scale models in a 516 

1g gravitational field, including scaling of model geometry, geosynthetic reinforcement stiffness, 517 

backfill soil modulus, bridge load, and characteristics of the earthquake motions. The 2.7 m-high 518 

GRS bridge abutment was constructed using well-graded sand backfill, modular facing blocks, 519 

and uniaxial geogrid reinforcement with a vertical spacing of 0.15 m in both the longitudinal and 520 

transverse directions. The GRS bridge abutment model corresponds to a prototype GRS bridge 521 

abutment with a total height of 5.4 m and a bridge clearance height of 4.5 m. A bridge beam was 522 

placed on the GRS bridge abutment at one end and on a concrete support wall resting on a 523 

sliding platform off the shaking table at the other end. The bottom of the concrete support wall 524 

was rigidly connected to the shaking table using steel beams to transmit horizontal table motions. 525 

The bridge system was subjected to a series of input motions in the longitudinal direction, 526 

including white noise motions for system identification and scaled motions from the 1940 527 

Imperial Valley and 2010 Maule earthquakes.  528 

Experimental results indicate that the shaking table performed well in displacement-529 

control mode and the steel connection beams and sliding platform successfully transmitted 530 

motions from the table to the base of the support wall. Results also indicate that the GRS bridge 531 

abutment experienced small deformations. After each of the Imperial Valley and Maule motions, 532 

incremental residual facing displacements in model scale were as large as 1.0 mm for both the 533 

longitudinal and transverse sections, and incremental residual bridge seat settlements in model 534 

scale were 1.4 mm, which yields a vertical strain of 0.7% for the GRS bridge abutment. The 535 

acceleration ratio for the wall facing and within the backfill soil increased essentially linearly 536 

with elevation, indicating progressive motion amplification toward the top of the abutment. 537 

Residual strains in the geogrid reinforcements increased slightly near the facing connections and 538 

increased significantly under the bridge seat in the longitudinal direction due to dynamic loading. 539 

The increase of residual reinforcement strains in the upper layer in the transverse section is 540 
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substantially higher than the corresponding increase at the same elevation in the longitudinal 541 

direction, which indicates that the analysis of transverse reinforcements is important for seismic 542 

design of these structures.  543 

It is important to acknowledge that the testing program and results presented in this study 544 

are limited by the size and payload capacity of the shaking table. In particular, GRS bridge 545 

abutments in the field have a much larger retained soil mass behind the reinforced soil zone, 546 

which may increase wall facing displacements, abutment settlement, and reinforcement strains. 547 

Also, the width of the GRS bridge abutment model in this study is smaller than a proportionally-548 

scaled GRS bridge abutment in the field, which likely changes the 3D aspects of the dynamic 549 

response. In particular, the small width the GRS bridge abutment model required overlap of 550 

geogrid reinforcements in the transverse and longitudinal directions and may have produced an 551 

overall stiffer response than a scaled GRS bridge abutment in the field where such an overlap 552 

would be limited to the regions near the side walls. Nonetheless, results of this study provide 553 

valuable insights into the seismic behavior of GRS bridge abutments and experimental data that 554 

can be used for calibration of numerical models. 555 
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TABLE AND FIGURE CAPTIONS 703 

TABLE 1 Similitude relationships for 1g shaking table tests (Iai 1989). 704 

TABLE 2 Backfill soil properties. 705 

TABLE 3 Input motions for shaking table. 706 

TABLE 4 Average incremental bridge seat settlements for two earthquake motions. 707 

FIG. 1 Shaking table test configuration for bridge system in the longitudinal direction. 708 

FIG. 2 GRS bridge abutment model: (a) top view; (b) longitudinal cross-sectional view; (c) 709 

transverse cross-sectional view. Note:  dashed lines indicate reinforcement layers 710 

perpendicular to diagram. 711 

FIG. 3 Bridge support wall: (a) end view; (b) low-friction sliding platform. 712 

FIG. 4 Backfill soil properties: (a) particle size gradation curve; (b) standard Proctor compaction 713 

curve. 714 

FIG. 5 Construction of GRS bridge abutment: (a) longitudinal reinforcement layer; (b) 715 

transverse reinforcement layer. 716 

FIG. 6 Soil profile information for GRS bridge abutment: (a) gravimetric water content; (b) 717 

calculated apparent cohesion. 718 

FIG. 7 Instrumentation: (a) longitudinal section (yw = 0.8 m); (b) transverse section (x = 0.48 m). 719 

FIG. 8 Calibration relationship for strain gauge measurements. 720 

FIG. 9 Original records and scaled motions for the 1940 Imperial Valley earthquake (El Centro 721 

station): (a) acceleration time history; (b) displacement time history. 722 

FIG. 10 Imperial Valley motion: (a) displacement time history; (b) acceleration time history; (c) 723 

response spectra (5% damping). 724 

FIG. 11 Horizontal acceleration transfer function amplitudes from white noise tests: (a) reaction 725 

wall only; (b) bridge seat and bridge beam with respect to shaking table for initial white noise 726 

motion (Shaking event 1); (c) GRS bridge abutment (x = 0.48 m, z = 1.875 m) before and 727 

after two earthquake motions (Shaking events 1, 3, 5). 728 

FIG. 12 Facing displacements: (a) time histories for front wall in longitudinal section for the 729 

Imperial Valley motion; (b) profiles for front wall in longitudinal section; (c) profiles for side 730 

wall in transverse section (note: sensor at z  = 1.575 m non-responsive). 731 

FIG. 13 Time histories of bridge seat settlement for the Maule motion: (a) four corner 732 

measurements; (b) average values. 733 
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FIG. 14 Time histories of horizontal displacement in the longitudinal direction for the Maule 734 

motion: (a) bridge seat; (b) bridge beam; (c) bridge beam relative to bridge seat. 735 

FIG. 15 Time histories of horizontal acceleration for the Imperial Valley motion: (a) support 736 

wall; (b) bridge seat; (c) bridge beam.  737 

FIG. 16 Horizontal acceleration response for the Imperial Valley motion: (a) time histories in 738 

reinforced soil zone; (b) RMS acceleration ratio profiles for three sections. 739 

FIG. 17 Time histories of reinforcement tensile strain in the longitudinal direction at three 740 

elevations for the Imperial Valley motion. 741 

FIG. 18 Distributions of reinforcement strain for the Imperial Valley motion: (a) longitudinal 742 

section; (b) transverse section. 743 

744 
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TABLE 1 Similitude relationships for 1g shaking table tests (Iai 1989). 745 

Variable 
Theoretical 

scaling factor 

Scaling factor 

for λ  = 2 

Length λ  2 

Material density 1 1 

Strain 1 1 

Mass 3λ  8 

Acceleration 1 1 

Velocity 1/2λ  1.414 

Stress λ  2 

Modulus λ  2 

Stiffness 2λ  4 

Force 3λ  8 

Time 1/2λ  1.414 

Frequency 1/2λ −  0.707 

746 
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 747 

TABLE 2 Backfill soil properties. 748 

Property Value  

Specific gravity, sG  2.61 

Coefficient of uniformity, uC  6.1 

Coefficient of curvature, zC  1.0 

Maximum void ratio, maxe  0.853 

Minimum void ratio, mine  0.371 

Peak friction angle, 
'

pφ  (°) 51.3 

van Genuchten (1980) SWRC model parameter, vGα  (kPa
-1
) 0.5 

van Genuchten (1980) SWRC model  parameter, vGN  2.1 

Drying curve volumetric water content at zero suction, dθ  (m
3
/m

3
) 0.32 

Wetting curve volumetric water content at zero suction, wθ  (m
3
/m

3
) 0.20 

Residual volumetric water content, rθ  (m
3
/m

3
) 0.00 

749 
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 750 

TABLE 3 Input motions for shaking table. 751 

Shaking 

event  
Motion 

Model-scale 

duration  

(s) 

Target 

PGA  

(g) 

Actual 

PGA  

(g) 

Target 

PGD  

(mm) 

Actual 

PGD  

(mm) 

1 White noise 60.0 0.10 0.17 2.7 5.6 

2 Imperial Valley 28.3 0.31 0.42 65.2 65.2 

3 White noise 60.0 0.10 0.16 2.7 5.9 

4 Maule 100.4 0.40 0.58 108.0 108.0 

5 White noise 60.0 0.10 0.15 2.7 5.8 

752 
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 753 

TABLE 4 Average incremental bridge seat settlements for two earthquake motions. 754 

Earthquake motion 

Maximum dynamic 

settlement  

(mm) 

Minimum dynamic 

settlement  

(mm) 

Residual  

settlement 

(mm) 

Imperial Valley 3.1 -0.1 1.4 

Maule 7.0 -0.2 1.4 

 755 
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FIG. 1 Shaking table test configuration for bridge system in the longitudinal direction. 
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(a) 

 

          (b)                      (c) 

FIG. 2 GRS bridge abutment model: (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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         (a)                        (b) 

FIG. 3 Bridge support wall: (a) end view; (b) low-friction sliding platform. 
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(b) 

FIG. 4 Backfill soil properties: (a) particle size gradation curve; (b) standard Proctor compaction 

curve. 
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(a)                       (b) 

FIG. 5 Construction of GRS bridge abutment: (a) longitudinal reinforcement layer; (b) 

transverse reinforcement layer. 
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FIG. 6 Soil profile information for GRS bridge abutment: (a) gravimetric water content; (b) 

calculated apparent cohesion. 
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(a) 

 

(b) 

FIG. 7 Instrumentation: (a) longitudinal section (yw = 0.8 m); (b) transverse section (x = 0.48 m). 
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FIG. 8 Calibration relationship for strain gauge measurements. 
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FIG. 9 Original records and scaled motions for the 1940 Imperial Valley earthquake (El Centro 

station): (a) acceleration time history; (b) displacement time history. 
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FIG. 10 Imperial Valley motion: (a) displacement time history; (b) acceleration time history; (c) 

response spectra (5% damping). 
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FIG. 11 Horizontal acceleration transfer function amplitudes from white noise tests: (a) reaction 
wall only; (b) bridge seat and bridge beam with respect to shaking table for initial white noise 
motion (Shaking event 1); (c) GRS bridge abutment (x = 0.48 m, z = 1.875 m) before and after 

two earthquake motions (Shaking events 1, 3, 5). 
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FIG. 12 Facing displacements: (a) time histories for front wall in longitudinal section for the 

Imperial Valley motion; (b) profiles for front wall in longitudinal section; (c) profiles for side 

wall in transverse section (note: sensor at z  = 1.575 m non-responsive). 
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FIG. 14 Time histories of horizontal displacement in the longitudinal direction for the Maule 

motion: (a) bridge seat; (b) bridge beam; (c) bridge beam relative to bridge seat. 
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(c) 

FIG. 15 Time histories of horizontal acceleration for the Imperial Valley motion: (a) support 

wall; (b) bridge seat; (c) bridge beam.  
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FIG. 16 Horizontal acceleration response for the Imperial Valley motion: (a) time histories in 

reinforced soil zone; (b) RMS acceleration ratio profiles for three sections. 
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FIG. 17 Time histories of reinforcement tensile strain in the longitudinal direction at three 

elevations for the Imperial Valley motion. 
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         (a)                             (b) 

FIG. 18 Distributions of reinforcement strain for the Imperial Valley motion: (a) longitudinal 

section; (b) transverse section. 
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