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Abstract 

Integral abutment bridges have become popular worldwide by eliminating movable shoes 

which are expensive to purchase, install, and maintain in conventional bridges. However, the 

behavior of bridge abutments subjected to air temperature changes for integral bridges is different 

from that of conventional bridges. Expansion and contraction of bridge girders due to temperature 

variations are accommodated by joints between bridge girders and abutments for conventional 

bridges. Expansion of bridge girders at high temperatures moves the integral bridge abutment 

toward its backfill, causing high lateral earth pressures behind the abutment, while contraction of 

bridge girders at low temperatures moves the integral bridge abutment away from its backfill, 

causing backfill surface settlements. The backfill behind the abutment cannot maintain its stability 

after the integral abutment moves away so that the backfill material within the upper portion 

slumps and moves downward and toward the abutment. Cyclic movements of the integral 

abutment due to temperature changes disturb the backfill and further reduce its self-stability when 

the integral abutment moves away from the backfill in the next cycle. In addition, soil erosion and 

compression of backfill and foundation soil can aggravate the backfill surface settlements for both 

integral bridges and conventional bridges. An approach slab is commonly used to provide a smooth 

transition between the backfill and the bridge abutment. The approach slab may lose some support 

from the backfill as the backfill surface settles. Consequently, more traffic loads on the approach 

slab are transferred to the end of the approach slab near the adjacent pavement, resulting in a 

differential settlement at the joint between the approach slab and the adjacent pavement. A sleeper 

slab has been proposed for placement underneath the joint between the approach slab and the 

adjacent pavement, thus minimizing this differential settlement. However, an excessive gradient 

may still develop for the approach slab due to the differential settlement between two ends of the 

approach slab. This situation may be aggravated by the concave deformation of the approach slab 

due to traffic loading. Therefore, backfill surface settlements and traffic loading are the two main 

causes for the distresses of the approach slab. These distresses may be mitigated by the use of 

geosynthetic reinforcement because it is expected to increase the stability of the backfill and reduce 



vi 

the settlement of the sleeper slab. However, the benefits of the geosynthetic reinforcement for this 

application are not well investigated and confirmed. 

Six physical model tests were conducted in this study to investigate the benefits of geogrid 

reinforcement in reducing the settlements of the backfill surface and the sleeper slab. In the 

physical models, a manual jack was used to push and pull the integral abutment to simulate the 

expansion and contraction of bridge girders due to temperature increase and decrease, respectively. 

In addition, a hydraulic cylinder was adopted to simulate traffic loading on the approach slab at 

four positions (Position I to Position IV) of the model abutment top related to the four seasons 

(spring to winter) in a year. Test results show that both the simulated seasonal temperature change 

and traffic loading induced backfill surface settlements. Geogrid reinforcement increased the 

stiffness of the soil under the sleeper slab and enhanced the sleeper slab to carry more traffic load 

transferred, thus reducing the traffic load transferred to the backfill behind the abutment. 

Consequently, the geogrids under the sleeper slab reduced the backfill surface settlements due to 

traffic loading. Horizontal geogrids in the backfill increased the backfill surface settlements near 

the abutment but reduced the settlements of the backfill away from the abutment. Geogrids with 

wrap-around facing significantly reduced the backfill surface settlements due to the seasonal 

temperature changes and traffic loading. An increase of the top geogrid length with wrap-around 

facing further reduced the backfill surface settlement.   
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Chapter 1: Introduction 

This chapter provides a brief introduction about the justification for this research and the 

structure of this report. Integral abutment bridges have become popular around the world because 

it requires less cost to construct and maintain than conventional bridges with movable shoes and 

joints between bridge girders and bridge abutments. However, movements of integral bridge 

abutments due to expansion and contraction of bridge girders cause backfill surface settlements, 

resulting in differential settlement between the abutment and the backfill. The backfill settlements 

may cause an abrupt change of the gradient from the pavement to the bridge even if an approach 

slab and a sleeper slab are included in design to provide a smooth transition between the backfill 

and the abutment. To mitigate the backfill surface settlements and the abrupt change of the road 

gradient, geosynthetic reinforcement is proposed to improve the self-stability of the backfill and 

increase the stiffness of the soil under the sleeper slab. For easy presentation, the backfill behind 

the abutment is referred to as “backfill” while the backfill below the sleeper slab is referred to as 

“soil” in this report. 

1.1 Background 

For a conventional bridge, bridge girders are supported by bridge abutments or piers using 

hinged or moveable shoes. The joints between the bridge girders and the bridge abutment at both 

ends of the bridge girders accommodate relative movements between the abutment and the girders 

due to temperature changes, bridge girder creep, and shrinkage of concrete. However, the 

moveable shoes and joints can pose some problems for the conventional bridge. First, product and 

installation of the moveable shoes are expensive. Second, water infiltration through the joints, 

especially when water is contaminated by deicing salt in winter, corrodes the moveable shoes, 

resulting in costly maintenance. Finally, soil particles falling into the joints during contraction at 

colder temperatures may damage the bridge girders or the abutment when the bridge girders 

expand at high temperature. 

To mitigate these problems associated with the conventional bridges, the bridge girders are 

integrated structurally with the bridge abutment in the so-called “integral abutment bridge” (IAB). 

The IABs have several advantages over the conventional bridges. First, elimination of moveable 
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shoes reduces a bridge’s cost because the product, installation, and maintenance of the moveable 

shoes are expensive and not required for IABs. Second, seismic stability of the IABs is higher than 

that of the conventional bridges because the bridge girders, the bridge abutment, and the backfill 

integrated as an entire structure better resist the forces induced by an earthquake. Third, the effect 

of the wind load is less significant for the IABs than that for the conventional bridges because 

thinner bridge decks are required for the IABs than for the conventional bridges. Consequently, 

the IABs have been increasingly used worldwide. 

1.2 Problem Statement 

Bridge abutments are typically supported by pile or drilled shaft foundations to rock, and 

the settlements of bridge abutments are insignificant as a result. However, the backfill and 

foundation soil are prone to settle due to several factors, such as temperature changes, soil erosion, 

and traffic loading, resulting in differential settlement at the interface between the abutment and 

the backfill (Liu, Han, Jawad, & Parsons, 2020). The bridge girders expand or contract at high or 

low temperature, but the response of the bridge abutment to expansion and contraction of the 

bridge girders is different between the IABs and the conventional bridges. For the conventional 

bridges, expansion and contraction of the bridge girders are accommodated by the joints between 

the bridge girders and the bridge abutment. However, expansion and contraction of the bridge 

girders due to daily and seasonal temperature changes cause cyclic movements of integral bridge 

abutments. Expansion and contraction of the bridge girder in IABs move the bridge abutment 

toward and away from the backfill, respectively. Movements of the integral bridge abutment (IBA) 

toward the backfill due to expansion of the bridge girders increase the lateral earth pressures behind 

the abutment. However, the backfill slumps downward and toward the abutment when the 

abutment moves away from the backfill due to contraction of the bridge girders, thus resulting in 

backfill surface settlements. The reason for the backfill surface settlements induced by the 

abutment top movement cycles is that the backfill (commonly cohesionless soil) cannot maintain 

its stability as the abutment top moves away from the backfill. The backfill material moving 

downward from the upper portion increased the resistance at the abutment bottom. Consequently, 

each cycle of bridge girder expansion and contraction (i.e., abutment top movement cycle) results 
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in a net outward movement of the abutment toe away from the backfill. In addition, the backfill 

surface settlements increase with the number of abutment top movement cycles due to temperature 

changes. 

To ensure a smooth transition between the backfill and the bridge abutment, an approach 

slab with one end supported on the integral abutment, and the other end supported on the backfill, 

is commonly used. The cyclic movements of the abutment cause backfill surface settlements. As 

the backfill near the abutment settles, the approach slab loses some support from the backfill and 

may create voids between the approach slab and the backfill as a result. More traffic load is 

transferred to the end of the approach slab near the pavement so that the end of the approach slab 

near the adjacent pavement settles more than the adjacent pavement, resulting in a differential 

settlement at the joint between the approach slab and the adjacent pavement. The differential 

settlement between the two ends of the approach slab results in an abrupt change of the road 

gradient from the pavement to the bridge. The approach slab under traffic loads with no or limited 

support from the backfill deforms concavely and increases the degree of the gradient change. 

To mitigate the above problems, internal geosynthetic reinforcements (e.g., geogrid and 

woven geotextile) may be used to reinforce the backfill for its self-stability when the abutment 

moves away from the backfill due to contraction of girders. A sleeper slab may be placed under 

the joint to mitigate the differential settlement between the approach slab and the pavement. To 

increase the bearing capacity and reduce the settlement of the sleeper slab, geosynthetic 

reinforcement may be used to reinforce the soil below the sleeper slab. However, the benefits of 

the geosynthetic reinforcement for improving the self-stability of the backfill, increasing the 

bearing capacity, and reducing the settlement of the soil under the sleeper slab are not well 

investigated and confirmed. 

1.3 Research Objective 

The objective of this research was to evaluate the benefits of internal reinforcement using 

geogrids to mitigate approach slab distresses through physical model testing in the laboratory. In 

this research, the backfill surface settlements induced by seasonal temperature changes were 

investigated by a physical model test. Then another physical model test considering the seasonal 
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temperature changes and traffic loading was conducted to investigate the effects of traffic loading 

on the backfill surface settlements. Finally, this research evaluated the benefits of placing geogrid 

reinforcements in the backfill and in the soil under the sleeper slab to mitigate the distresses of the 

approach slab (i.e., settlements of the backfill surface and the sleeper slab). 

1.4 Research Methodology 

This research investigated the benefits of geogrid reinforcement to mitigate the distresses 

of approach slabs through literature review and laboratory tests. The literature review first 

describes the reasons for the backfill surface settlements, and the research findings about the 

influence factors including the air temperature changes and traffic loading, and then discusses the 

past research using geogrid reinforcements to reduce the backfill surface settlements and the 

settlements of sleeper slabs. The laboratory tests included the property tests and the physical model 

tests. Direct shear tests and triaxial compression tests were conducted to determine the peak and 

residual friction angles of the Kansas River sand as the backfill material in this research. Pullout 

tests were performed to evaluate the interface properties between the geogrid and the Kansas River 

sand. Physical model tests were conducted to simulate bridge abutments subjected to seasonal 

temperature changes and traffic loading. The movements of the abutment and the lateral earth 

pressures behind the abutment during backfill placement and compaction were measured and 

analyzed. The effects of seasonal temperature changes and traffic loading on the backfill surface 

settlements, and the mitigation benefits of geogrid reinforcements in the backfill and the soil under 

the approach slab were investigated using the physical model tests. 

1.5 Report Organization 

This report consists of six chapters. Chapter 1 introduces the background, problem 

statement, research objective, research methodology, and report organization. Chapter 2 presents 

the literature review about the reasons for backfill surface settlements, including temperature 

changes and traffic loading, and the measures (i.e., geogrid reinforcements) used to mitigate 

settlements of backfill and sleeper slabs. Chapter 3 introduces the test setup designed for this 

research and the results of property tests, including direct shear tests and triaxial compression tests 

of the Kansas River sand, and pullout tests of geogrids in the Kansas River sand. Chapter 4 presents 
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the test results and analysis of the abutment movements, and the lateral earth pressures behind the 

abutment induced by backfill placement and compaction. Chapter 5 presents the test results and 

analysis focused on the effects of seasonal temperature changes and traffic loading on backfill 

surface settlements, and the benefits of geogrid reinforcements in the backfill and in the soil under 

the sleeper slab to mitigate the distresses of the approach slabs. 
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Chapter 2: Literature Review 

This chapter provides a review of the reasons for the backfill surface settlements, discusses 

previous research about problems induced by air temperature changes for integral bridges, and 

reviews previous research about the effects of traffic loading on backfill surface settlements and 

the benefits of using geosynthetics to reinforce the backfill and the soil under the sleeper slab. To 

the authors’ best knowledge, no published results of physical model tests have been found with 

regard to the investigation of the combined effect of seasonal temperature changes and traffic 

loading. In addition, no published results have been found on physical model tests used to 

investigate the benefits of geosynthetic reinforcements in backfill and soil under sleeper slabs at 

the same time. 

2.1 Reasons for Backfill Settlement 

Bridge abutments are typically supported by pile or drilled shaft foundations to rock; 

therefore, the abutment is often not susceptible to significant settlement. However, pavements on 

top of the backfill near the abutment can settle due to seasonal temperature changes and 

compression of the backfill and the foundation soil. As a result, differential settlement at the 

interface between the abutment and the adjacent pavement can develop, and this differential 

settlement is referred to as “the bump at the end of the bridge” problem. A number of researchers 

have investigated the causes for the bump problem (Hoppe, 1999; Schaefer & Koch, 1992; Briaud, 

James, & Hoffman, 1997; Abu-Hejleh, Hanneman, White, Wang, & Ksouri, 2006) and identified 

the main contributing factors for the bump problem including (1) compression of foundation and 

backfill soils; (2) poor compaction of backfill soil; and (3) poor drainage and soil erosion. Liu, 

Han, Jawad, and Parsons (2020) classified the causes into three groups: (1) internal factors; (2) 

external factors; and (3) other factors related to construction, design, and inspection. Based on 

typical components of bridges, internal factors include embankment and foundation, drainage 

system, approach and sleeper slabs, connection/joint, abutment, and superstructure, while the 

external factors mainly include traffic volume and climate condition (e.g., rainfall, seasonal and 

daily temperature changes). 
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2.1.1 Internal Factors 

2.1.1.1 Embankment and foundation 

At bridges, approach embankments are commonly constructed behind abutments over 

foundation soils. Foundation soils are subjected to the weight of the embankment and traffic loads. 

The embankment can settle due to its own weight and the traffic loads. The settlements of the 

embankment and the foundation soil consist of three parts. First, immediate compression of soils 

happens during construction. This induced settlement is typically immediate and small as 

compared with that due to consolidation; therefore, it has almost no contribution to the bump 

problem (Hopkins & Deen, 1970). Puppala, Saride, Archeewa, Hoyos, and Nazarian (2009) 

pointed out that unsaturated soils have less contribution to the initial compression than saturated 

soils. The immediate settlement is followed by primary consolidation that is induced by drainage 

of water out of soil voids. Primary consolidation involves dissipation of excess pore water pressure 

and the rate of water pressure dissipation depends on soil properties (e.g., compressibility, 

permeability, stress history, and void ratio). Primary consolidation can last from a few months for 

granular soils to a few years for clays. Secondary consolidation takes place after primary 

consolidation due to the adjustment of soil fabrics under applied stresses. For some soft, plastic 

and organic clays, the magnitude of settlement induced by secondary consolidation can be as large 

as that induced by primary consolidation.  

2.1.1.2 Drainage system 

A drainage system for pavements/bridge structures consists of surface and subsurface 

drainage. The surface drainage component is used to divert surface water away from the structure 

as soon as possible and prevent formation of ponding water or delayed runoff of water. The 

subsurface drainage component is used to collect and remove infiltrated water into embankments 

through cracks or joints so that water-induced softening and deterioration of backfill soils can be 

avoided. A properly designed and installed subsurface/surface drainage system can prevent or 

minimize the problems associated with increased soil water content (e.g., reduction of soil strength 

and modulus and increase of deformation) and water flow through in backfill soils (e.g., soil 

erosion). 
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2.1.1.3 Approach/sleeper slab 

Approach slabs are often used to create a smooth transition between bridge abutments and 

adjoining pavements. Wong and Small (1994) indicated that constructing the approach slab at an 

angle to the horizontal and sloping down into the pavement could reduce surface gradient and 

provide smooth riding. Smooth rides, reduced impacts on back walls, and enhanced drainage 

control are three key advantages of approach/sleeper slabs, while increased initial cost and 

construction time are their disadvantages (Briaud et al., 1997; Hoppe, 1999).  

2.1.1.4 Connection and joint 

The connection between an approach slab and an abutment can affect the performance of 

the approach slab. Two typical types of connections are used (White, Sritharan, Suleiman, 

Mekkawy, & Chetlur, 2005). The first type is to extend longitudinal steel reinforcements from the 

bridge deck to the approach slab or use steel bars connecting the approach slab to the corbels of 

the bridge. The second type is to place the approach slab on the abutment as a joint opening of 2 

to 3 in. (50 to 75 mm). The approach slab can rotate around the abutment if there is a gap between 

the approach slab and the backfill. Rupturing and cracking of concrete near the connection between 

the approach slab and the bridge abutment may occur if they are connected mechanically. To 

accommodate expansion and contraction of bridge girders, expansion joints are necessary between 

bridge girders/abutment, abutment/approach slab, and approach slab/adjoining pavement. Soil 

particles may fall into the joints during contraction cycles caused by cold temperature and cause 

damage to concrete during expansion cycles caused by hot temperature if the joints are not sealed 

correctly. Additionally, water infiltration through the joints may corrode bearings, or soften and 

carry away soil particles from the backfill if water is not handled properly. Therefore, joints should 

meet the requirements for durability, movement, maintenance, and resistance to damage from 

snow-removal operations with moderate cost (Kunin & Alampalli, 2000). 

2.1.1.5 Abutment 

Four types of abutments are commonly used in practice (Puppala et al., 2009): (a) close 

and high abutment, (b) stub or perched abutment, (c) pedestal or spill-through abutment, and (d) 

integral abutment. The close and high abutment (U-type) has two side walls and a front wall, which 
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rest on spread footings embedded in natural ground. For the areas near the walls where it is difficult 

for a large compactor to reach, the uniformity of compaction cannot be guaranteed. For this type 

of abutment, the walls are subjected to large lateral earth pressures. The stub or perched abutment 

includes a cap back wall and wing walls on the top of piles driven through compacted fill. Aside 

from the quality of compaction, the differential settlement between this type of abutment and its 

backfill is often significant. The pedestal or spill-through abutment is supported on columns; 

therefore, compaction of the backfill material between columns and near the abutment is limited. 

Integral abutments are connected to bridge girders mechanically; therefore, the piles supporting 

the abutment are subjected to lateral loads induced by expansion and contraction of bridge girders. 

This type of abutment is more sensitive to temperature variations. 

2.1.1.6 Skewness of superstructure 

Skewness of bridges to the centerline of the road makes uniform compaction of backfill 

much more difficult, thus aggravating the bump problem in skewed bridges. 

2.1.2 External Factors 

2.1.2.1 Climate 

Seasonal temperature changes can result in contraction and expansion of bridge girders. 

For Integral Abutment Bridges (IABs), during summer, temperature increases lead to expansion 

of the bridge girders, and movement of the bridge abutment toward the backfill of the approach 

embankment. Therefore, lateral earth pressures behind the abutment increase. During winter, 

contraction of bridge girders causes the bridge abutment to move away from the backfill of the 

embankment. As a result, a wedge-shaped portion of the embankment moves toward the bridge 

abutment. This wedge cannot be pushed back to the original position, mainly due to the non-linear 

behavior of soils (Horvath, 2005). The net movement between the bridge abutment and the wedge-

shaped portion of the retained soil in winter increases after each cycle of temperature change, thus 

creating voids under the pavement. Precipitation (rainfalls and snowfalls) can produce water 

infiltrating through joints and cracks that induces soil erosion and/or increases water content of 

soils if the drainage system is not effective. 
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2.1.2.2 Traffic volume 

Traffic volume, including velocities of vehicles and magnitudes and repetitions of traffic 

loads, can all influence the settlement of the approach pavement. Laguros, Zaman, and Mahmood 

(1990) concluded that the traffic volume has an impact on the bridge approach settlement. Briaud 

et al. (1997) concluded that high traffic load is one of the factors causing the bump. Based on a 

model test, Seo (2003) found that the number of vehicular loading cycles is one of the predominant 

factors contributing to the development of bumps, and that the velocity and weight of the travelling 

wheel have an impact on the total settlement under approach slabs. 

2.1.3 Other Factors Related to Construction, Design, and Inspection 

Hopkins (1985) and Briaud et al. (1997) indicated that poor compaction of the approach 

embankment (Wahls, 1990) and improper backfill material are two of the key factors contributing 

to the settlement of approach pavements. Kramer and Sajer (1991) pointed out that design 

problems (e.g., improper lift thickness of embankment fill and unsatisfied compaction 

requirements), construction problems (e.g., improper equipment, over-excavation of abutment 

construction, and survey errors), and inspection problems (e.g., lack of knowledge and improper 

training of inspectors) can all contribute to the bump problem. Additionally, construction sequence 

may influence the approach slab settlement. 

2.2 Research about Temperature Change 

As stated previously, expansion of bridge girders at high temperatures moves the integral 

bridge abutment toward the backfill, resulting in increased lateral earth pressures behind the 

abutment. Contraction of bridge girders at low temperatures moves the integral bridge abutment 

away from the backfill so that the backfill slumps downward to fill the gaps created, densifying 

the backfill right behind the abutment bottom. Consequently, the densified backfill behind the 

abutment bottom restrains the abutment bottom from moving back to its previous position. The 

net displacements of the abutment toe away from the backfill, the lateral earth pressures behind 

the abutment at high temperatures, and the backfill surface settlements accumulate over years. A 

number of researchers have investigated the effects of seasonal and/or daily temperature changes 
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on integral abutment bridges through physical model tests, numerical analysis, and field 

monitoring. 

2.2.1 Physical model test and numerical analysis 

Table 2.1 lists a few physical model tests and numerical analyses conducted by different 

researchers to investigate the effects of temperature changes on integral abutments available in the 

literature. These researchers focused on two main problems related to lateral earth pressures behind 

the abutment and backfill surface settlements (Liu, Han, Jawad, & Parsons, 2021). Some 

researchers (e.g., Wood & Nash, 2000) also investigated the bending moment in the abutment 

caused by air temperature changes. Past research investigated the effects of magnitude of 

temperature change, backfill density, wall stiffness, interface roughness between the abutment and 

the backfill, and initial direction of the abutment movement on the backfill surface settlements. 

The investigated abutments can be grouped into three types: abutments supported by spread 

footings, base-hinged abutments, and embedded abutments. The hinged-base abutment was the 

most popular abutment used in recent physical modeling (Tatsuoka et al., 2009; Lehane, 2011; 

Havinga, Tschuchnigg, Marte, & Schweiger, 2017).  

2.2.2 Field monitoring 

Behavior of integral abutment bridges due to air temperature changes has been investigated 

through field monitoring. Table 2.2 contains a summary of the information on 30 monitored 

bridges. Figure 2.1 shows the distribution of the number of field studies in terms of total length of 

the bridge, material of bridge girders, and type of footings supporting the abutment of the bridges 

listed in Table 2.2. The numbers of bridges with the total length of no longer than 200 ft, 200 to 

333 ft, 333 to 667 ft, and not shorter than 667 ft were 15, nine, three, and two, respectively. The 

bridge girders in 18 bridges were made of concrete while those in eight bridges were made of steel. 

Of the 30 bridges, 18 bridges used steel H-piles to support the integral bridge abutments because 

the H-piles would supply little resistance to the abutment movement, and rotate in response to 

bridge expansion and contraction. In addition, the weak axis of the H-piles was orientated along 

the expansion and contraction direction of some bridges to further reduce the resistance to 

movement of the integral bridge abutment from the steel H-piles. It appears that some integral 
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bridge abutments were supported by spread footings before 2001, but integral bridge abutments 

supported by flexible deep foundations (e.g., steel H-piles) became more popular worldwide 

afterwards.  

 
Table 2.1: Physical Model Tests and Numerical Analyses in the Literature 

Reference Key objectives Method of study Foundation type Key variables 

Springman, 
Norrish, and Ng 

(1996) 

To evaluate influence of 
ΔT, backfill density and wall 

stiffness 

Centrifuge test and 
FEA 

Embedded and 
spread-base walls 

ΔT, backfill density, 
interface roughness, 
initial direction and 

wall flexibility 

Cheng (1999) 
To analyze centrifuge test 

data and numerical 
simulation 

Centrifuge test and 
FD Spread-base walls 

ΔT, backfill density, 
interface roughness 
and wall flexibility 

England, Tsang, 
and Bush (2000) 

To examine limits of K 
escalation and settlement 

Small-scale model 
tests and numerical 

analysis 

Simplified base-
hinged rigid walls 

ΔT, void ratio, initial 
direction, inclusion of 

daily cycles 

Wood and Nash 
(2000) 

To evaluate wall pressure 
and bending moment 

during monotonic deck 
expansion 

FD using FLAC Simplified base-
hinged rigid walls 

Soil strength and 
relative soil/wall 

stiffness 

Carder and Hayes 
(2000) 

To evaluate behavior of 
idealized soil element 

below spread-base integral 
abutments 

Literature review 
and cyclic samples 

using a triaxial 
apparatus 

Spread-base walls Soil grading and soil 
type 

Tan (2007) 

To investigate mechanisms 
of shakedown and failure 

mechanism behind integral 
wall 

Small scale model 
tests and FEA 

Embedded and 
spread-base walls 

(rod model) 

ΔT, wall embedment 
depth, initiation 

direction, vertical 
load, joint rotational 

stiffness, wall 
flexibility 

Tatsuoka et al., 
(2009) 

To verify a new type of 
integral bridge 

Small scale model 
tests 

Simplified base-
hinged wall 

supported by piles 
and full height rigid 
wall not supported 

by pile 

Initiation direction 

Lehane (2011) 
To estimate lateral stresses 

on deep integral bridge 
abutments. 

Centrifuge test Simplified base-
hinged rigid walls 

ΔT, backfill density, 
backfill particle shape, 

abutment height, 
depth of abutment's 

effective rotation point 

Havinga et al., 
(2017) 

To determinate backfill 
settlement and investigate 

lateral earth pressure 
change 

Small-scale, mid-
scale model tests 

and DEM 

Simplified base-
hinged rigid walls 

ΔT, backfill density, 
initiation direction, 

Note: ΔT = temperature difference; K = lateral earth pressure coefficient; FEA = finite element analysis;  
FD = finite difference. 
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Table 2.2: Summary of Instrumented IABs in Field  
(Continued to next page) 

References Length 
(ft) 

Skew angle 
(degrees) 

Span length 
(ft) Girder type Pile type and 

bending orientation 
Bridge 

width (ft) 

Elgaaly, Sandford, and 
Colby (1992) 168 20 168 Five inverted U 

steel frames Shallow foundation 37.7 

Darley and Alderman 
(1995) 189 -- 2@94.5 Reinforced 

concrete deck shallow foundation 32.5 

Darley and Alderman 
(1995) 160 -- 2@80 Reinforced 

concrete deck shallow foundation 41.3 

Darley, Carder, and 
Barker (1998) 200 -- -- -- shallow foundation -- 

Barker and Carder 
(2001) 167 -- 87.7, 79.7 12 PPC beams 

spread bases 
(abutment socketed 

in the bases) 
60.3 

Frosch, Chovichien, 
Durbin, and Fedroff 

(2006) 
367 8 62, 3@81, 62 Five PPC girders CFT 48 

Muraleetharan, Miller, 
Kirupakaran, Krier, and 

Hanlon (2012) 
167 0 51.7, 63.3, 

51.7 
Reinforced 

concrete deck CFT 36.7 

Ooi, Lin, and Hamada 
(2010) 81.3 0 81.3 12 PC voided 

planks Drilled shafts 56.7 

Huffaker (2013) 324.5 Curved 85.8, 152.8, 
85.8 Eight PC girder Driven piles 71 

Kong, Cai, and Kong 
(2015) 4007 Curved -- -- PPC piles 50 

Abendroth, Greimann, 
and LaViolette (2007) 110 20 110 Five PC girders PC piles 30.3 

Jorgenson (1983) 450 0 6@75 Five PC box 
girders 

HP 250 × 62  
(weak axis) 32 

Girton, Hawkinson, and 
Greimann (1991) 324.5 45 80, 2@82.3,80 PC girders 

(C80R) -- 40 

Girton, Hawkinson, and 
Greimann (1991) 320 30 98, 124, 98 steel girder HP (strong axis) 32 

Lawver, French, and 
Shield (2000) 220 0 3@73.3 

Four PPC bridge 
girders  

HP 310 × 79  
(weak axis) 40 

Civjan, Breña, Butler, 
and Crovo (2004); 

DeJong et al. (2004); 
Breña, Bonczar, Civjan, 

Delong, and Crovo 
(2007) 

274.3 0 81.3, 111.7, 
81.3 

Four steel plate 
girders 

HP 250 × 85  
(weak axis) 32.7 

Khodair and Hassiotis 
(2005) -- -- -- -- HP 360 × 152 -- 

mailto:2@24
mailto:3@22
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Table 2.2: Summary of Instrumented IABs in Field (Continued) 

References Length 
(m) 

Skew 
angle 

(degrees) 
Span length (m) Girder type 

Pile type and 
bending 

orientation 

Bridge 
width (m) 

Frosch et al. (2006) 990 13 
86.7, 3@98.3, 

114.7, 4@101.7, 
86.7 

Four PC 
girders 

HP 360 × 132 
(strong axis) 35.7 

Shoukry, William, and 
Riad (2006) 149.3 55 49.3, 50.8, 49.3 -- HP 310 ×79 44.7 

Huntley (2009); Huntley 
and Valsangkar (2013); 
Huntley and Valsangkar 

(2014) 

253.3 0 2@126.7  

Eight PC 
girders  HP 310 ×132 58.7 

Kalayci, Civjan, and Breña 
(2012) 225.3 Curved 2@112.7 Five steel 

plate girders HP 360 ×174 37.7 

Kim and Laman (2012) 426.7 0 89.3, 2@124, 
89.3 

Four PC 
girders 

HP 310 ×110  
(weak axis) 43 

Kim and Laman (2012) 174.7 0 47.7, 89.3, 37.7 Four PC 
girders 

HP 310 ×110  
(weak axis) 45.3 

Kim and Laman (2012) 115.7 0 115.7 Four PC 
girders 

HP 310 ×110  
(weak axis) 45.3 

Kim and Laman (2012) 63 0 63 Four PC 
girders 

HP 310 ×110  
(weak axis) 45.3 

Kirupakaran (2013) 210 10 60, 90, 60 Four PC 
girders 

HP 250 × 62  
(weak axis) 24 

Kalayci et al. (2012); 
Civjan, Kalayci, Quinn, 
Brena, and Allen (2013) 

123.3 15 123.3 Five steel 
plate girders HP 310×125 47.3 

Kalayci et al. (2012); 
Civjan et al. (2013) 143.3 0 143.3 Five steel 

plate girders HP 310×125 34 

Deng, Phares, Greimann, 
Shryack, and Hoffman 

(2015) 
327.7 Curved 86.3, 151.3, 86.3 Four I-shaped 

plate girders 
HP 250 × 85  
(weak axis) 26.3 

Note: PC = prestressed concrete; PPC = prestressed precast concrete; CFT = concrete-filled steel tube;  
HP = steel H-pile. 

  

mailto:2@38
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a. Total length of integral bridge 

 
b. Material for bridge girders 

 
c. Type of footing to support integral abutment 

Figure 2.1: Integral Bridges Monitored in Field 
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Based on the field monitoring results of the integral bridges, the following conclusions can 

be made (Liu, Han, & Parsons, 2021b):  

(a) Frame abutment bridges as an alternative for IABs should not exceed 200 ft in length. 

Over-lengthening and large restraint from backfill would over-stress bridge girders and decks at 

high temperatures. 

(b) Measures have been used in the field to prevent failures of abutments and piles, such 

as a pressure relief system behind the abutment; non-rigid connections between the bridge girders 

and the abutment, or between the bridge abutment and the piles; and placement of compressible 

material (e.g., sand and aggregate) around H-piles.  

(c) Effective bridge temperature (EBT) estimated based on air temperature can be used to 

predict the maximum bridge length change, but air temperature cannot represent the entire bridge 

temperature due to planar and vertical temperature gradients in the bridge. 

(d) Abutment movement modes depend on several factors, such as abutment type, bridge 

length, and abutment height. For frame bridge abutments, expansion and contraction of the bridge 

have little effect on the bottom of the abutment. For tall H-pile-supported abutments, rotational 

movement of the abutment is likely the primary movement mode due to temperature changes. 

(e) Pile axial load fluctuation with temperature change can be caused by redistribution of 

dead loads in the continuous frame structure due to temperature gradient and change of the vertical 

portion of the force from the backfill (i.e., larger uplift forces during bridge expansion, but smaller 

down-drag forces during bridge contraction). In addition, the bending moment perpendicular to 

the traffic moving direction on top of H-piles varies with bridge expansion and contraction. 

(f) Mode and magnitude of abutment movement can affect the magnitude and distribution 

of lateral earth pressures behind the abutment. Earth pressure ratcheting was observed in some 

experimental studies but did not always occur in the field, due to the difference in the primary 

movement mode of the abutment.  

(g) The skew effect on IAB behavior should be taken into account for design if the skew 

angle exceeds 10°. It is likely that the obtuse side of the abutment in a skewed bridge moves more 

into the backfill than the acute side when the bridge expands, and this skew effect diminishes with 

time. 
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2.3 Past Research about Traffic Loading 

To mitigate the effects of the differential settlement at the interface between the abutment 

and the backfill on moving vehicles, an approach slab is commonly used to provide a smooth 

transition between the backfill and the bridge abutment. Figure 2.2 shows the approach slab 

distresses when an approach slab is adopted. As the backfill settles, the approach slab loses some 

support from the backfill, and more traffic load is transferred to the end of the approach slab near 

the adjacent pavement. Consequently, the end of the approach slab settles more than the adjacent 

pavement, generating a differential settlement (δ) at the joint between the approach slab and the 

adjacent pavement. A sleeper slab may be placed underneath the joint to mitigate the differential 

settlement between the approach slab and the adjacent pavement. In addition, the differential 

settlement between the two ends of the approach slab forms an abrupt change of the road gradient 

from the pavement to the bridge. Furthermore, the concave deformation of the approach slab due 

to traffic loading can aggravate this abrupt change of the road gradient. Reinforcing the soil under 

the sleeper slab with geosynthetics can increase the stiffness of the soil under the sleeper slab, thus 

reducing the differential settlement between the two ends of the approach slab. This technique will 

be discussed further in the following section. 

 

 
Figure 2.2: Approach Slab Distress  
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parameters, including the type of approach slab (one-span or two-span), length of approach slab, 

soil type, velocity, and weight of the vehicle on the bump developed. From the test results, the 

following conclusions can be made: (a) good compaction of soil during construction could 

minimize the bump significantly and (b) the velocity as well as the weight of a vehicle could 

contribute to bump development.  

2.4 Geosynthetic Reinforcement 

Daily and seasonal temperature changes are a natural phenomenon, and therefore problems 

for integral abutment bridges due to expansion and contraction of bridge girders are inevitable and 

unavoidable (Horvath, 2000, 2004, 2005). Horvath (2000, 2005) suggested that effective 

mitigation measures for the temperature-induced problems for integral bridge abutments include 

(a) increasing the self-stability of the backfill when the abutment moves away from the backfill 

due to bridge girder contraction, thus reducing the backfill surface settlement and (b) placing a 

vertical layer of compressible inclusion between the back of the abutment and the backfill, thus 

reducing the relative movement between the abutment and the backfill when the abutment moves 

toward the backfill due to bridge girder expansion. Horvath (2000) conducted numerical analyses 

to study the mitigation measures for IBAs under four conditions: (a) unreinforced backfill; 

(b) Expanded Polystyrene (EPS) geofoam inclusion with unreinforced backfill; (c) EPS geofoam 

inclusion with reinforced backfill; and (d) EPS geofoam inclusion and EPS lightweight fill. 

Tatsuoka et al. (2009) conducted physical model tests and found that the backfill with horizontal 

geogrids not connected to the abutment reduced the backfill settlement, but increased the lateral 

earth pressures behind the abutment when no compressible inclusion was placed between the 

abutment and the backfill. Liu, Han, and Parsons (2021a) conducted six physical model tests to 

investigate the mitigation effects of EPS foam and geogrid reinforcements in the backfill to reduce 

the backfill surface settlements. EPS foam and geogrids with wrap-around facing could mitigate 

the lateral earth pressures behind the abutment and the backfill surface settlements. In addition, 

geogrid reinforcements under the sleeper slab could reduce the settlement of the sleeper slab and 

reduce the differential settlements between the two ends of the approach slab as a result. Chen and 

Abu-Farsakh (2016) investigated the effects of geogrid reinforcement on the backfill settlements 
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and contact stresses under the approach slab and the sleeper slab caused by a static 20-ton large 

cone truck in a field case study.  

However, these numerical analyses, physical model tests, and the field case study had some 

limitations. First, the constitutive models used for the numerical analyses might not have 

accurately simulated the real behavior of materials including backfill and geosynthetics. Second, 

the pile-supported abutment was assumed to rotate only about its base, which might be different 

in the field (Darley, Carder, & Barker, 1998; Huntley & Valsangkar, 2013, 2014; Lawver, French, 

& Shield, 2000). Third, to the authors’ best knowledge, no physical model tests were done to 

investigate the combined effects of temperature changes and traffic loading, and the mitigation 

benefits of geosynthetics to reduce backfill surface settlement.  
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Chapter 3: Physical Model Tests 

This chapter first introduces a dimensional analysis of physical model tests and then 

describes the physical model tests including the test setup, plan, construction and testing procedure, 

and monitoring system. This chapter also describes the property tests for the materials (Kansas 

River sand and geogrid) used in this study. 

3.1 Dimensional Analysis 

Before the selection of dimensions of the model and magnitude of traffic load, a 

dimensional analysis was performed in this study. The scale factor for the model dimensions was 

selected as 1/5 to the dimensions of a typical bridge abutment in field as a prototype model (i.e., 

18.3 ft high). The model dimensions were selected according to this scale factor. Details about 

these dimensions will be presented in the next section. A similar scale factor was used by other 

researchers at the University of Kansas for other geosynthetic-reinforced retaining wall studies 

using the same test box (e.g., Jawad, Han, Al-Naddaf, & Abdulrasool, 2020; Kakrasul, Han, & 

Rahmaninezhad, 2020). The same type of geogrid as that used in Jawad et al. (2020) and Kakrasul 

et al. (2020) was used in this study as well. 

To determine the magnitude of the traffic load needed for this study, the first step of 

dimensional analysis was to define the variables affecting the settlements of the backfill and the 

sleeper slab. Since displacement of abutment top (δ), abutment bending stiffness (E1I1, E1 is 

concrete elastic modulus and I1 is abutment moment of inertia), abutment thickness (D1), abutment 

height (H), approach slab stiffness (E2I2, E2 is concrete elastic modulus and I2 is approach slab 

moment of inertia), approach slab thickness (D2), backfill Young’s modulus (E3), backfill depth 

(D3) and traffic load (f) all affect the backfill surface settlements and the settlements of the sleeper 

slab, they were considered as parameters as listed in Table 3.1. 

After defining these parameters, they were grouped into three groups including the force 

group (i.e., F Group), the time group (T Group), and the length group (L group) as did by Seo 

(2003). Then a variable was selected from each group as the repeating variable, and the rest of the 

variables were termed as nonrepeating variables. In this study, the traffic load (f), the approach 

slab thickness (D1), and the gravity (g) were chosen to be repeating variables. Dimensional analysis 
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requires that the product of power of repeating variables and each nonrepeating variable becomes 

one (i.e., the product should be dimensionless). Table 3.2 lists the group and its corresponding 

variables and repeating variables. 

 
Table 3.1: Parameters and Dimensions 

Quantity Parameters Dimension 
Abutment top displacement Δ L 
Abutment bending stiffness E1I1 FL2 

Abutment thickness D1 L 
Abutment height H L 

Approach slab bending stiffness E2I2 FL2 
Approach slab thickness D2 L 
Backfill Young's modulus E3 F/L2 

Backfill height D3 L 
Traffic load f FT2/L 

Gravity G L/T2 

 
Table 3.2: Group and Variables 

Group Variables Repeating Variable 
F Group E1I1, E2I2, E3, f f 
L Group δ, D1, H, D2, D3 D1 
T Group G g 

 

Equation 3.1 through Equation 3.6 show the calculation procedure and the result of the 

Young’s modulus of the backfill as an example: 

𝜋1 = 𝐸3
𝑎𝑓𝑏𝐷1

𝑐𝑔𝑑 → (
𝐹

𝐿2
)

𝑎

(
𝐹𝑇2

𝐿
)

𝑏

(𝐿)𝑐 (
𝐿

𝑇2
)

𝑑

= 1                 

Equation 3.1 

𝐹𝑎 ∙ 𝐹𝑏 → 𝑎 + 𝑏 = 0 
Equation 3.2 

𝐿−2𝑎 ∙ 𝐿−𝑏 ∙ 𝐿𝑐 ∙ 𝐿𝑑 → 𝑐 + 𝑑 − 2𝑎 − 𝑏 = 0 
Equation 3.3 

𝑇2𝑏 ∙ 𝐿−2𝑑 → 2𝑏 − 2𝑑 = 0 
Equation 3.4 
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If 𝑎 = 1, then 𝑏 = −1, 𝑑 = −1, and 𝑐 = 2 

𝜋1 =
𝐸3𝐷1

2

𝑓𝑔
  

Equation 3.5 

The dimensions for the model could be determined from the following equation: 

(𝜋1)𝑝𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒 = [
𝐸3𝐷1

2

𝑓𝑔
]

𝑝𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒

= (𝜋1)𝑚𝑜𝑑𝑒𝑙 = [
𝐸3𝐷1

2

𝑓𝑔
]

𝑚𝑜𝑑𝑒𝑙

 

Equation 3.6 

In the same manner, Equation 3.7 through Equation 3.12 were obtained and used for the 

dimensional analysis: 

𝜋2 = 𝛿𝑎𝑓𝑏𝐷1
𝑐𝑔𝑑 → 𝜋2 =

𝛿

𝐷1
 

Equation 3.7 

𝜋3 = (𝐸1𝐼1)𝑎𝑓𝑏𝐷1
𝑐𝑔𝑑 → 𝜋3 =

𝐸1𝐼1

𝑓𝐷1
2𝑔

 

Equation 3.8 

𝜋4 = 𝐻𝑎𝑓𝑏𝐷1
𝑐𝑔𝑑 → 𝜋4 =

𝐻

𝐷1
 

Equation 3.9 

𝜋5 = (𝐸2𝐼2)𝑎𝑓𝑏𝐷1
𝑐𝑔𝑑 → 𝜋5 =

𝐸2𝐼2

𝑓𝐷1
2𝑔

 

Equation 3.10 

𝜋6 = 𝐷2
𝑎𝑓𝑏𝐷1

𝑐𝑔𝑑 → 𝜋6 =
𝐷2

𝐷1
  

Equation 3.11 

𝜋7 = 𝐷3
𝑎𝑓𝑏𝐷1

𝑐𝑔𝑑 → 𝜋7 =
𝐷3

𝐷1
 

Equation 3.12 

Because the 28-day compressive strength of concrete (fc) used in this study was 5.9 ksi, its 

elastic modulus was 4351 ksi according to 𝐸𝑎 = 57000√𝑓𝑐  (ACI Committee 318, 2008). The 

integral abutment, the approach slab, and the sleeper slab in the prototype were assumed to be 

made of the same concrete material as the one in this study. In addition, the typical Young’s 

modulus of the backfill material in the prototype was assumed to be approximately 5.8 ksi (Caristo, 
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Barnes, & Mitoulis, 2018). According to AASHTO (2012), the maximum axle load of the H-20 

design truck is 32 kips and the typical lane width is approximately 10 to 12 ft; therefore, the wheel 

load of 16 kips is applicable to one half of a lane (5 ft). According to the dimensional analysis 

results, a traffic load of 0.7 kips was needed, but a load of 674 lb was selected in this study for 

convenience in the physical model tests to represent a 32-kip axle load of the H-20 design truck 

on a lane in real projects. Table 3.3 shows the dimensional analysis results and the parameters 

adopted in this study. 

 
Table 3.3: Dimensional Analysis Results 

Quantity Symbol Prototype Model 
(Target) 

Model 
(actual) 

Abutment top displacement (in) δ 6 1.2 1.2 
Abutment bending stiffness (lb·ft2) E1I1 1.96×109 3.15×106 3.15×106 

Abutment thickness (in) D1 24 4.8 4.8 
Abutment height (ft) H 18.3 3.66 3.66 

Approach slab bending stiffness (lb·ft2) E2I2 1.42×108 2.27×105 2.27×105 
Approach slab thickness (in) D2 10 2 2 

Backfill Young’s modulus (ksi) E3 5.80 5.80 1.45 
Backfill height (ft) D3 17.5 3.5 3.5 
Traffic load (lb) f 1.6×104 639 661 
Gravity (ft/sec2) g 32.14 32.14 32.14 

3.2 Test Setup 

Figure 3.1 shows the main components of the test setup for a physical model used in this 

study including the abutment, the manual jack, the vertical cylinder, the backfill, the approach slab, 

the sleeper slab, and the adjacent pavement. Wooden plates with a thickness of 2 inches were 

bolted to the test box frame which was built by welding steel tube beams together to form the rear, 

bottom, and right sides of the test box. For ease of construction, the front side of the test box was 

built by placing three Plexiglas plates with steel angles from the bottom to the top during backfill 

placement. To ensure the rigidity of the front side, one tube beam was placed beside the steel angle 

of each Plexiglas plate and was bolted to the test box frame. In addition, the test box frame was 

fixed to a reaction frame to prevent movement of the test box. A manual jack was utilized to push 

the abutment toward the backfill and pull the abutment away from the backfill to simulate 
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expansion and contraction of bridge girders, respectively. One end of the manual jack was 

connected with the reaction frame and the other end was connected to the abutment top (at the 

height of 39 inches) by a hinge and a load cell. The hinge eliminated any moment to be applied to 

the abutment top, while the load cell measured the force required to push and pull the abutment 

top. After the abutment top was displaced to simulate seasonal temperature changes, the manual 

jack was used to simulate the bridge girder to investigate the performance of the abutment under 

traffic loading. The hydraulic cylinder was used to apply loads on the approach slab 2 ft away from 

the back facing of the abutment to simulate traffic loading. The top end of the cylinder was fixed 

to the test box frame, while the bottom end was connected with a strip footing by a hinge and a 

small load cell. The steel strip footing was 12 in. long, 4 in. wide, and 0.4 in. thick. Because the 

top surface of the pre-cast approach slab was not finished perfectly smooth during its casting, a 

rubber plate with dimensions of 12 in. long, 6 in. wide, and 0.2 in. thick was attached to the bottom 

of the steel strip footing to improve the contact between the strip footing and the approach slab 

during traffic loading.  

 

 
Figure 3.1: Test Setup of the Physical Model Test (modified from Liu et al., 2021a) 

2″

8″

58.4″

H=42″

Depth (inch)
Load cell

Horizontal 
displacement

Hinge support

Two swivel studs

Box width: 12″

4.8″

39.6″

Manual Jack

6″

6″ 20″ 28 33″ 41″

39.2″

Square steel tube

Steel plate

Three bolts

Footing Connection

2″ thick

Hydraulic cylinder

Footing

24″

Approach slab Pavement
Sleeper slab

Pressure cell

Displacement 
transducer

16″

24″

32″



25 

The height of an integral bridge abutment could be as high as 20 ft (Horvath, 2000; Kim & 

Laman, 2012), and the thickness of a 20 ft high integral abutment could be 2 ft (Horvath, 2000). 

Different state Departments of Transportation (DOTs) used different specifications for dimensions 

of the approach slabs and the sleeper slabs. The shortest and longest lengths of approach slabs 

were 10 ft and 40 ft, respectively, while the thickness of approach slabs ranged from 8 in. for a 15 

ft long slab to 17 in. for a 30 ft long slab (Hoppe, 1999; Thiagarajan et al., 2010). A sleeper slab 

is commonly placed underneath the joint between the approach slab and the adjacent pavement to 

reduce the differential settlement between them. According to Chen and Abu-Farsakh (2016), two 

thirds of the sleeper slab was placed underneath the approach slab, while the rest was placed 

underneath the adjacent pavement.  

For this study the physical model was designed at a ratio of 1/5 to the prototype model. 

The prototype integral abutment adopted in this study was 18.3 ft high and 2 ft thick (3.7 ft high 

and 4.8 in. thick for the model integral abutment). The approach slab, the sleeper slab, and the 

concrete pavement in the prototype were 10 in. thick (2 in. thick for the model slabs and pavement), 

and the approach slab and the sleeper slab were 16.7 ft and 5.0 ft long (3.3 ft long for the model 

approach slab and 1 ft long for the model sleeper slab), respectively. The left end of the approach 

slab with a length of approximately 1 in. was supported by the bridge abutment, while the right 

end of the approach slab with a length of approximately 8 in. was placed on top of the sleeper slab. 

The bottom of the sleeper slab was 3.3 ft above the bottom of the backfill. Joints with a width of 

approximately 0.2 in. between the approach slab and the bridge abutment, between the approach 

slab and the adjacent pavement, and between adjacent pavement and the right side of the text box 

were included for the abutment top cyclic movements and traffic loading. 

The five abutment blocks of the abutment, the approach slab, the adjacent pavement, and 

the sleeper slab were pre-cast using a quick concrete mix and its compressive strengths measured 

at 7 and 28 days were 4.7 and 5.9 ksi, respectively. A short-threaded rod with two nuts was pre-

cast into the top block to serve as a connector with the hinge, while two coupling nuts were pre-

cast into the bottom block to serve as the connectors between the abutment and the two swivel 

studs. In addition, three holes were blocked out in the bottom block for tightening the three nuts 

on the threaded rods. Furthermore, three holes were blocked out in all the five concrete blocks for 
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the three thread rods to go through during abutment construction. To reinforce the top and bottom 

blocks, a layer of steel rebar mesh was placed in the middle of each concrete block. The assembled 

abutment was 3.7 ft high, 4.8 in. wide, and 12 in. thick. 

Double plastic sheets with grease between were placed between the backfill material and 

the front, rear, and bottom sides of the test box to reduce the boundary effects. Since the right side 

of the test box was 39 inches away from the potential Rankine active failure plane, no measures 

were taken to mitigate the boundary effects between the backfill material and the right side of the 

test box. For the approach slab supported by the integral bridge abutment, the backfill material, 

and the sleeper slab, the traffic load transferred to the abutment was expected to decrease but the 

traffic load transferred to the sleeper slab was expected to increase as the traffic load moved away 

from the back facing of the abutment. The distance between the center of the strip footing (i.e., 

traffic load) and the back facing of the abutment (2 ft) was chosen as 2 ft (i.e., two times the length 

of the sleeper slab (1 ft)); therefore, most of the traffic load was expected to transfer to the backfill 

and the sleeper slab. Considering a combined behavior of translation and rotation for integral 

bridge abutments in response to seasonal temperature changes (Darley et al., 1998; Lawyer et al., 

2000), a special footing connection, as shown in Figure 3.1, was adopted to allow limited 

translation of the abutment toe without preventing the abutment from free rotation. 

According to Younan and Veletsos (2000), relative flexibility (𝑑𝑤 ) of a wall was the 

primary parameter affecting the response of a wall-soil system. Since an integral abutment 

functions as a retaining structure to retain the backfill, the relative flexibility of the abutment can 

be defined as follows: 

𝑑𝑤 = 12(1 − 𝑣𝑎
2)

𝐺𝑏

𝐸𝑎
(

𝐻

𝑡𝑎
)

3

=
6𝐸𝑏(1 − 𝑣𝑎

2)

𝐸𝑎(1 + 𝑣𝑏)
(

𝐻𝑏

𝑡𝑎
)

3

 

Equation 3.13 
Where: 

𝐸𝑎 & 𝐸𝑏 = Young’s moduli of the abutment and the backfill, respectively, 

𝑡𝑎 = the thickness of the abutment (4.8 in. in this study), 

𝐻𝑏 = the backfill height (42 in. in this study), 

𝑣𝑎 & 𝑣𝑏 = Poisson’s ratios of concrete (0.20) and the backfill, respectively, and  

𝐺𝑏 = the shear modulus of the backfill. 
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The 28-day compressive strength (𝑓𝑐 ) of the concrete was 5.9 ksi; therefore, Young’s 

modulus of the abutment was 4351 ksi based on the equation 𝐸𝑎 = 57000√𝑓𝑐 (ACI Committee 

318, 2008). According to Al-Naddaf (2019), the Young’s modulus and Poisson’s ratio of the 

backfill (dense sand) were estimated as 3.6 ksi and 0.3, respectively. Therefore, the relative 

flexibility of the abutment was 2.47, indicating the abutment was rigid (Ertugrul & Trandafir, 2013, 

2014). 

3.3 Test Plan 

Table 3.4 lists the plan of the six model tests conducted in this study and Figure 3.3 shows 

their cross sections. Test T1 investigated the effects of seasonal temperature changes on backfill 

surface settlements and lateral earth pressures behind the abutment, while Test T2 investigated the 

combined effects of seasonal temperature changes and traffic loading on backfill surface 

settlements and lateral earth pressures behind the abutment. Test 3 used geogrids to reinforce the 

soil under the sleeper slab to reduce traffic loading-induced settlements of the sleeper slab and the 

backfill surface settlement, while Test T4 and Test T5 used horizontal geogrids and geogrids with 

wrap-around facing to reduce the backfill surface settlement induced by seasonal temperature 

changes and traffic loading, respectively. However, since the geogrids in Test T4 and the 

horizontal portion of the geogrids in Test T5 were 2.5 ft long (i.e., the rear end of the geogrids in 

Test T4 and Test T5 was 31 in. away from the back facing of the abutment) and the left end of the 

sleeper slab was 31 in. away from the back facing of the abutment. The geogrids in Test T4 and 

Test T5 only provided lateral restraint to the soil under the left side of the sleeper slab. In Test T6, 

the length of the horizontal portion of the top two geogrid layers with wrap-around facing was 

increased to 54 in. so that the top two geogrid layers could also reinforce the soil under the right 

side of the sleeper slab. 

 
Table 3.4: Test Plan 

Test No. Reinforcement of backfill Reinforcement under sleeper slab Traffic loading 
T1 NO NO NO 
T2 NO NO YES 
T3 NO YES YES 
T4 Horizontal geogrids NO YES 
T5 Wrap-around geogrids NO YES 
T6 Wrap-around geogrids YES YES 
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a. Test T1  b. Test T2 

 
c. Test T3  d. Test T4 

 
e. Test T5  f. Test T6 

Figure 3.2: Cross Sections of Model Tests 
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3.4 Backfill and Geogrid 

3.4.1 Kansas River sand 

Kansas River sand was chosen as the backfill material and its properties are provided in 

Table 3.5. Han, Wang, Al-Naddaf, and Xu (2017) reported that the coefficients of uniformity (Cu) 

and curvature (Cc) of this sand were 3.18 and 0.99, respectively, and its minimum and maximum 

dry unit weights were 102 and 120 pcf, respectively. The backfill was compacted by a hand tamper 

to a relative density (Dr) of 75% (dry unit weight of 115 pcf) using the mass-volume control 

method in the model tests. 

 
Table 3.5: Parameters of Kansas River Sand 

Parameter Value 

Coefficient of uniformity, Cu 3.18 

Coefficient of curvature, Cc 0.93 

Mean particle size, D50 0.236 in 

Classification (USCS) Poorly graded sand (SP) 

Maximum dry weight, γdmax 120 pcf 

Minimum dry weight, γdmin 102 pcf 

Relative density, Dr 75% 

Unit weight at Dr=75%, γ 115 pcf 

 

Figure 3.3 shows the results of four direct shear tests conducted for the Kansas River sand 

at Dr=75% under the normal stresses of 7.3, 14.5, 21.8, and 29.0 psi. Figure 3.4 shows the results 

of triaxial compressive tests of this sand under the confining stresses of 8.3, 15.4, and 22.6 psi. 

The direct shear tests showed that the peak and residual friction angles of this sand were 42.1° and 

33.6°, respectively, while the triaxial compression tests indicated that the peak and residual friction 

angles of this sand were 40.7° and 36.3°, respectively. 
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a. Shear stress versus shear displacement 

 
b. Peak and residual strength envelops 

Figure 3.3: Direct Shear Test Results 
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a. Deviator stress versus axial strain 

 
b. Peak and residual strength envelops 

Figure 3.4: Triaxial Compressions Test Results 
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geogrid made of polypropylene that was modified by cutting of two out of every four ribs to 

simulate the uniaxial geogrid. The modified geogrid is referred to as the model uniaxial geogrid in 

this report. Table 3.6 shows that the ultimate tensile strength of the biaxial geogrid in the cross-

machine direction was 1.3 kip/ft while Figure 3.5 shows that the ultimate tensile strength of the 

geogrid in the cross-machine direction after ribs were removed was 1.2 kip/ft (i.e., slightly 

reduced).  

 
Table 3.6: Properties of Biaxial Geogrid 

Index properties MD XMD 

Aperture dimensions (in) 1.0 1.3 

Minimum rib thickness (in) 0.03 0.03 

Tensile strength at 2% strain (lb/ft) 281 452 

Tensile strength at 5% strain (lb/ft) 582 918 

Ultimate tensile strength (lb/ft) 850 1302 
  Note: MD = machine direction and XMD = cross-machine direction 

 

 
Figure 3.5: Tensile Force versus Strain of the Model Uniaxial Geogrid 

 

Figure 3.6 shows the pullout test results of the geogrid after removal of ribs under normal 

stresses of 0.5, 1.1, and 1.6 psi, showing that the interface friction angle between the geogrid and 

the Kansas River sand at Dr=75% was 31.7°. Given that the peak friction angle of the sand was 
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42.1° from the direct shear tests, the interaction coefficient or reduction factor ( 𝑅𝑖𝑛𝑡 =

𝑡𝑎𝑛31.7°/𝑡𝑎𝑛42.1°) between the geogrid and the sand was 0.68. 

 

 
a. Force versus front displacement 

 
b. Peak shear stress versus normal stress 

Figure 3.6: Pullout Test Results of the Model Uniaxial Geogrid in the Sand 

3.5 Construction and Instrumentation 

Before placement of the backfill, the abutment was supported by the footing connection 

and the manual jack. Two displacement transducers (DT) (i.e., the top DT at the height of 39 in. 
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and the bottom DT at the height of 6 in.) were fixed onto the test box frame to measure the abutment 

movements. Four earth pressure cells were attached onto the back face of the abutment, after which 

the double plastic sheet was placed around the rear, bottom, and front sides of the test box. In Test 

T5, the front portion of a first geogrid layer was placed vertically and leaned against the back face 

of the abutment after the first lift (2 in. thick) of sand was placed and compacted. After the second 

lift (4 in. thick) of the backfill was placed and compacted, the front geogrid portion was wrapped 

around the second lift of the backfill and then pulled back a little to create a gap between the wrap-

around face and the back face of the abutment to be filled with sand later. A small piece (10 in. 

wide and 14 in. long) of nonwoven geotextile was placed between the wrap-around facing of the 

geogrid layer and the backfill to prevent the sand from flowing through the geogrid apertures. The 

same process was repeated until the last layer of geogrid was installed. The earth pressure cells in 

the backfill and under the sleeper slab were installed during the placement of the last lift of the 

backfill. After placement and compaction of the backfill, the approach slab and the adjacent 

pavement were placed on top of the backfill surface and the sleeper slab, and then six DTs were 

installed on the text box frame to measure the settlements of the backfill surface and the sleeper 

slab using tell-tales. All other test models were constructed in a similar way with some exceptions 

for Test T1, Test T2, and Test T3. The thickness of the uppermost lift of the backfill in Test T1 to 

Test T3 and the bottom (first) lift in Test T4 to Test T6 was 2 in., and no wrap-around facing was 

used in Test T4. Before starting the test, all readings of the load cells, the earth pressure cells, and 

the displacement transducers were zeroed out to focus on the effects of temperature changes and 

traffic loading. Figure 3.7 shows the construction and instrumentation of the model for Test T4. 
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 (a)  (b) 

  
 (c)  (d)  

Figure 3.7: Model Construction and Instrumentation in Test T4 
(a) Placement of horizontal geogrid, (b) Placement of earth pressure cells, (c) Leveling of 

backfill surface, (d) Installation of DTs to measure backfill surface settlement 

3.6 Testing Procedure 

In each test, the abutment had four positions as shown in Figure 3.8 to simulate the 

abutment at four different seasons in one year. The abutment was assumed to construct in the 

spring as Position I. Position II, Position III, and Position IV represented the abutment at the 

positions in the summer, fall, and winter. 
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 a. Position I  b. Position II 

 
 c. Position III  d. Position IV 

Figure 3.8: Positions of the abutment during each seasonal temperature change: (a) 
Position I; (b) Position II; (c) Position III; and (d) Position IV 

 

Figure 3.9 shows the abutment top cyclic movements and traffic loading. After 

construction of each physical model, the manual jack pushed the abutment top at the height of 

39 in. toward the backfill from Position I (δT=0.00 in.) to Position II (δT=0.12 in.) to simulate the 

temperature increase from the spring to the summer, after which the manual jack pulled the 

abutment top from Position II to Position III (δT=0.00 in.) and then to Position IV (δT=-0.12 in.) 

for simulations of the temperature decrease from the summer to the fall and then to the winter. 

Finally, the manual jack pushed the abutment top back to Position I to complete a seasonal 

temperature change cycle. In total, 10 abutment top movement cycles were applied to investigate 

the behavior of the backfill due to seasonal temperature changes. For each abutment top movement 

cycle, there were four positions (from Position I to Position IV) to simulate the four seasons (from 

the spring to the winter). In Test T2 through Test T6, 100 cycles of traffic loading were applied on 
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the approach slab at each position of every abutment top movement cycle; therefore, each position 

of abutment top in the Test T2 through Test T6 could be divided into three phases: before traffic 

loading, during traffic loading, and after traffic loading. 
 

 
a. Abutment top cyclic movement 

 
b. Traffic loading (if any) at each position of abutment top 

Figure 3.9: Test Procedure 

3.7 Monitoring 

In addition to the two load cells (LCs) used to measure the horizontal force to hold the 

abutment in place and the vertical (traffic) load, 14 earth pressure cells (EPCs) and eight 

displacement transducers (DTs) were used in each test. Four EPCs were attached to the back face 

of the abutment to measure lateral earth pressures behind the abutment at depths of 8, 16, 24 and 

32 in. from the top, respectively; while another 10 EPCs were placed horizontally under the 

approach slab to monitor contact stresses caused by traffic loading at different distances from the 

back face of the abutment. Two DTs (top DT at the height of 39 in. and bottom DT at the height 

of 6 in.) were used to control and record the abutment movements, while the other six DTs were 

used to monitor the backfill surface settlements at distances of 2, 6, 20, 28, 33 and 41 in. from the 

back face of the abutment, respectively, through tell-tales. The readings of the two DTs at distances 

of 33 and 41 in. away from the back face of the abutment were the settlements at the left and right 

sides of the sleeper slab.  
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Chapter 4: Test Results and Analysis of Physical Models 
during Construction 

This chapter presents the analysis of the data obtained from the earth pressure cells, the 

load cell, and the displacement transducers during placement and compaction of the backfill in all 

the physical model tests. The effects of horizontal geogrid reinforcements and geogrid wrap-

around facing on the measured lateral earth pressures and displacements are examined. 

4.1 Lateral Earth Pressure 

Before examining the measured lateral earth pressures in each model in this study, it is 

important to understand the effect of compaction on the distribution of lateral earth pressures 

behind a wall. Duncan, Williams, Sehn, and Seed (1991) found that when a backfill was compacted 

against a non-yielding structure, the residual lateral earth pressure in the compacted soil could be 

higher than that in the uncompacted soil, and it even approached the passive earth pressure of the 

backfill near the surface. The higher lateral earth pressure and coefficient are credited to the higher 

over-consolidation ratio (OCR) of the backfill after compaction. Mayne and Kulhawy (1982) 

developed a relationship between the at-rest earth pressure coefficient K0 and the OCR of a soil as 

shown in Equation 4.1 and K0 can be calculated using the internal friction angle (φ) and OCR of 

the soil: 

𝐾0 = (1 − 𝑠𝑖𝑛𝜑) ∙ 𝑂𝐶𝑅𝑠𝑖𝑛𝜑 
Equation 4.1 

Based on the friction angle of the Kansas River sand (i.e., φ = 42.1° from the direct shear 

tests), K0 was calculated as 0.33. 

For some numerical analyses (e.g., Hatami & Bathurst, 2006; Guler, Hamderi, & Demirkan, 

2007; Huang, Han, Parsons, & Pierson, 2013), a uniform surcharge pressure was applied on the 

top of each backfill lift to simulate compaction. The magnitude of the surcharge pressure depends 

on compaction equipment. A surcharge pressure of 8 kPa has been commonly used to simulate 

typical compaction equipment in field (e.g., Hatami & Bathurst, 2006; Guler et al., 2007). 

Considering lower compaction energy was used in the laboratory tests in this study, a surcharge 
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pressure of 0.29, 0.58, or 1.16 psi was evaluated. It is assumed that this surcharge pressure results 

in an over-consolidated condition at a depth from the backfill surface with an OCR value as follows: 

OCR = (γz + p)/(γz) 
Equation 4.2 

Where: 

 = the unit weight of the backfill, 

z = the depth from the backfill surface, and  

p = the surcharge pressure due to compaction. 

Figure 4.1 shows the calculated coefficient of lateral earth pressure behind the abutment 

during the backfill placement using Equation 4.1 and Equation 4.2. The coefficient of lateral earth 

pressure decreased as the depth from the backfill surface increased and then approached the 

normally-consolidated at-rest coefficient (OCR=1). The depth at which the coefficient of lateral 

earth pressure decreased close to the normally-consolidated at-rest coefficient is referred to as the 

influence depth due to compaction. Figure 4.1 indicates that the influence depth and the lateral 

earth pressure coefficient within this influence depth increased as the surcharge pressure increased. 

In addition, the lateral earth pressure coefficient below the influence depth converged to the 

normally-consolidated at-rest coefficient, which was also found by Chen and Fang (2008). 
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a. 18-in. high backfill 

 
b. 26-in. high backfill 

Figure 4.1: Calculated Lateral Earth Pressure Coefficients Considering Surcharge 
Pressure 

(Continued to next page) 
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c. 34-in. high backfill 

 
d. 42-in. high backfill 

Figure 4.1: Calculated Lateral Earth Pressure Coefficients Considering Surcharge 
Pressure (Continued) 
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regard to the abutment toe to the moment induced by the linearly distributed lateral earth pressures 

using a constant lateral earth pressure coefficient with regard to the abutment toe. Figure 4.2 shows 

the variation of the calculated equivalent constant lateral earth pressure coefficient, Ke, behind the 

abutment as the height of the backfill surface increased when a surcharge pressure of 0.29, 0.58 or 

1.16 psi was used to simulate compaction. Figure 4.2 shows that the equivalent constant lateral 

earth pressure coefficient decreased as the height of the backfill surface increased and/or the 

magnitude of the surcharge pressure decreased. 

 

 
Figure 4.2: Equivalent Constant Lateral Earth Pressure Coefficient after Backfill 

Placement and Compaction 

 

If the backfill was assumed to be normally consolidated and the movement of the abutment 

was not allowed, the lateral earth pressure coefficients at rest and the active state were 0.33 and 

0.20, respectively, based on the measured friction angle (42.1°) by direct shear tests in this study. 

The lateral earth pressure coefficient (K) after backfill placement and compaction in each test 

could be calculated using the readings from the earth pressure cells behind the abutment by 

Equation 4.3: 
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𝐾 =
𝜎ℎ

𝛾𝑧
  

Equation 4.3 
Where: 

𝛾 = the unit weight of the backfill (115 pcf), 

z = the depth of an earth pressure cell from the backfill surface, and 

𝜎ℎ = the lateral earth pressure measured by the earth pressure cell. 

Unlike the non-yielding wall, the abutment in this study was supported by the manual jack 

and the footing connection that allowed the abutment to have limited movement during backfill 

placement and compaction. Since Test T1 to Test T3 did not have any geogrid reinforcement in 

the backfill near the abutment, Test T2 was chosen to represent the tests without any geogrid 

reinforcement. Figure 4.3 shows the lateral earth pressure coefficients calculated using the 

readings from the earth pressure cells while Figure 4.4 shows the displacements of the abutment 

calculated using the readings of the top and the bottom DTs in Test T2, Test T4, Test T5, and Test 

T6. In general, the lateral earth pressure coefficient decreased as the backfill surface approached 

the final height of the abutment (42 in.) in Test T2, and this finding is consistent with that shown 

in Figure 4.1. After the backfill placement and compaction, the lateral earth pressure coefficient at 

the elevation of 10 in. even decreased to below the normal-consolidated at-rest earth pressure 

coefficient (0.33) in Test T2. The lateral earth pressure coefficient lower than 0.33 at the elevation 

of 10 in. in Test T2 might be attributed to the outward movement of the abutment from the backfill. 

This outward movement (i.e., negative displacement) increased as the backfill surface approached 

the height of 42 in. in Figure 4.4(a). 

Horizontal geogrids were adopted to reinforce the backfill in Test T4. Since the geogrids 

could restrain lateral spreading of the backfill due to compaction, compaction had less effect on 

the abutment in Test T4 than that in Test T2. Therefore, the abutment in Test T4 had smaller 

outward movements than Test T2, as shown in the comparison between Figure 4.4(b) and Figure 

4.4(a). The coefficient of lateral earth pressure behind the abutment at a given height was affected 

by two mechanisms. First, compaction of backfill could increase this coefficient due to the induced 

over-consolidation, which decreased as the height of the backfill surface increased. Second, this 

coefficient decreased as the abutment moved away from the backfill because of creating an active 

state. The magnitude of the outward movement of the abutment was also affected by backfill 



44 

placement and compaction. Geogrids with wrap-around facing were utilized in Test T5 and Test 

T6. A comparison between Test T4 and Test T5 indicates that horizontal geogrid reinforcements 

in the backfill reduced the outward movements of the abutment from the backfill but increased the 

lateral earth pressures behind the abutment as compared with the geogrid reinforcements with 

wrap-around facing. The top two geogrid layers in Test T6 were longer than those in Test T5. 

Figure 4.3(c) and Figure 4.3(d) show that the lateral earth pressure coefficient at an elevation of 

34 in. was lower in Test T6 than that in Test T5 after the backfill placement and compaction, while 

Figure 4.4(c) and Figure 4.4(d) show that the abutment movements in Test T5 and Test T6 were 

almost the same after backfill placement and compaction. This comparison indicates that the 

longer length of the top geogrids might reduce the compaction energy applied to the backfill below 

the reinforcement so that the lateral earth pressure coefficient decreased. 
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a. Test T2 

 
b. Test T4 

Figure 4.3: Coefficient of Lateral Earth Pressure behind the Abutment  
(Continued to next page) 
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c. Test T5 

 
d. Test T6 

Figure 4.3: Coefficient of Lateral Earth Pressure behind the Abutment (Continued) 
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a. Test T2 

 
b. Test T4 

Figure 4.4: Abutment Movement in Physical Model Tests 
(Continued to next page) 
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c. Test T5 

 
d. Test T6 

Figure 4.4: Abutment Movements in Physical Model Tests (Continued) 
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shown in Figure 4.5. During the backfill placement and compaction, the force (F) to hold the 

abutment was monitored. The equivalent constant lateral earth pressure coefficient, Ke, could be 

calculated based on the moment, MP, induced by the linearly increasing lateral earth pressures on 

the abutment with regard to the abutment toe equal to the moment, MF, provided by the force to 

hold the abutment in place with regard to the abutment toe during the backfill placement and 

compaction as shown in Equation 4.4. When the height of the backfill is ℎ, a resultant force from 

the lateral earth pressures behind the abutment is applied at the height of ℎ/3 and the moment 

induced by this resultant force can be calculated using Equation 4.5. The moment provided by the 

force to hold the abutment in place can be calculated using Equation 4.6. By replacing MP and MF 

in Equation 4.3 with Equation 4.4 and Equation 4.5, the equivalent constant lateral earth pressure 

coefficient (Ke) can be calculated. 

𝑀𝑃 − 𝑀𝐹 = 0 
Equation 4.4 

𝑀𝑃 = 𝑃 ×
ℎ

3
= 𝐾𝑒𝛾ℎ ∙

ℎ

2
∙ 𝐵 ∙

ℎ

3
= (𝐾𝑒𝛾ℎ3𝐵)/6 

Equation 4.5 

𝑀𝐹 = 𝐹 ∙ ℎ𝑇 
Equation 4.6 

Where: 

B = the width of the backfill (i.e., 12 in. in the model test), 

F = the force to hold the abutment, and 

hT = the height of the manual jack (i.e., 39 in.). 

When the height of the backfill was low, the equivalent constant lateral earth pressure 

coefficient, Ke, calculated using the readings from the load cell was not consistent because the 

measured values were small. Figure 4.5 shows the equivalent constant lateral earth pressure 

coefficient, Ke, calculated using the readings from the load cell when the height of the backfill 

reached above 20 in. The calculated Ke values depended on the reinforcement method of the 

backfill and the movement of the abutment in this study. Figure 4.5 indicates that the Ke value 

decreased as the height of the backfill increased, which is consistent with what is shown in Figure 

4.2. As the height of the backfill increased, the lateral earth pressures at the greater depth, due to 

compaction, were equal or close to the normally-consolidated at-rest lateral earth pressures as 
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shown in Figure 4.1 and Figure 4.3. As a result, the compaction effect on the Ke value decreased 

as the height of the backfill increased. In addition, Test T4 to Test T6 had higher Ke values than 

Test T2 because of their smaller outward movements of the abutment thanks to the geogrid 

reinforcements. 

 

 
Figure 4.5: Equivalent Lateral Earth Pressure Coefficient Calculated Using the Readings 

of the Load Cell 
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Chapter 5: Test Results and Analysis of Physical Models 
Subjected to Seasonal Temperature Changes and Traffic 

Loading 

This chapter presents the test results of six physical model tests and evaluates the 

performance of the abutment subjected to simulated seasonal temperature changes and traffic 

loading. The evaluations were performed based on the analysis of their effects on abutment 

movements, backfill surface settlements, and additional lateral earth pressures behind the abutment. 

This chapter also examines the benefits of geogrid reinforcements in the backfill behind the 

abutment and in the foundation soil under the sleeper slab. 

5.1 Effects of Seasonal Temperature Change 

5.1.1 Abutment movement  

Movement of the abutment at any elevation can be estimated based on the following 

derived formula when the movements of the abutment at two specific heights are measured: 

𝛿ℎ =
𝛿𝑇(ℎ − ℎ𝐵) + 𝛿𝐵(ℎ𝑇 − ℎ)

ℎ𝑇 − ℎ𝐵
 

Equation 5.1 
Where: 

𝛿𝑇, 𝛿𝐵 = the measured movements of the abutment at the two heights (ℎ𝑇 is 39 

in. at the top and ℎ𝐵 is 6 in. at the bottom in this study), respectively, and  

𝛿ℎ = the movement of the abutment at a height of h. 

The movement of the abutment at the toe was calculated as h was set to zero. All these 

abutment movements were assumed to be positive when the abutment moved toward the backfill. 

In this study, the abutment top was pushed and pulled by the manual jack to simulate 

seasonal temperature changes while the hydraulic cylinder was used to apply traffic loading. The 

DTs to measure abutment movements, the backfill surface settlements, and the settlements of the 

sleeper slab were zeroed out before the abutment top cyclic movement and traffic loading (if any). 

Figure 5.1 shows the measured abutment top movements and the calculated abutment toe 

movements using Equation 5.1 in Test T1. The abutment toe moved toward the backfill when the 

abutment top moved away from the backfill (from 0.12 in. to -0.12 in.), and the abutment toe 
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moved away from the backfill when the abutment top moved toward the backfill (from -0.12 in. 

to 0.12 in.). In addition, the outward movement of the abutment toe away from the backfill 

increased at a decreasing rate with the number of the abutment top movement cycles. The abutment 

top movement toward the backfill disturbed the stress state within the upper portion of the backfill. 

At the same time, the abutment bottom moved away from the backfill when the abutment top 

moved toward the backfill. As a result, the backfill within the lower portion moved laterally toward 

the abutment due to less resistance from the abutment bottom. The upper portion of the backfill 

yielded progressively and slumped downward and toward the bottom of the abutment as the 

abutment top moved away from the backfill. Simultaneously, the abutment bottom compressed the 

lower portion of the backfill as the abutment bottom moved toward the backfill. The cyclic 

movements of the abutment allowed the backfill to slump from the upper portion to the lower 

portion and densified the backfill within the lower portion, thus increasing the resistance from the 

backfill when the abutment bottom moved back. Consequently, the abutment toe had an 

accumulated net movement away from the backfill after the abutment top movement cycles. As 

the number of the abutment top movement cycles increased, a lesser amount of sand slumped 

downward from the upper portion to the lower portion, thus reducing the rate of the outward 

movement of the abutment toe away from the backfill. 

 

 
Figure 5.1: Abutment Top and Toe Movements in Test T1 
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5.1.2 Additional lateral earth pressure behind abutment 

The readings of the load cell used to measure the force required to hold the abutment top 

in place and the four earth pressure cells behind the abutment changed during backfill placement 

and compaction. Their readings were zeroed out before the abutment top cyclic movements and 

traffic loading (if any) to examine the effects of temperature changes and traffic loading. In this 

report, their readings are referred to as the measured additional forces (i.e., the readings from the 

load cell) and the measured additional lateral earth pressures (i.e., the readings from the pressure 

cells). Figure 5.2 shows the measured additional lateral earth pressures behind the abutment in 

Test T1. Their values at four elevations were positive when the abutment top was at Position I or 

Position II. When the abutment top was at Position III, however, the measured additional lateral 

earth pressures were positive only at the elevation of 10 in. (i.e., the depth of 32 in. from the 

abutment top). 

 

 
Figure 5.2: Measured Additional Lateral Earth Pressures at Different Elevations in Test T1 
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stable value. When the abutment top was at Position II, the additional lateral earth pressures at 

elevations of 10 and 18 in. increased with the number of the abutment top movement cycles. At 

the same position, the additional lateral earth pressure at the elevation of 26 in. decreased first and 

then increased from the second abutment top movement cycle, while the additional lateral earth 

pressure at the elevation of 33 in. decreased to a stable value with the number of the abutment top 

movement cycles. As discussed in Chapter 3, compaction by the hand tamper during backfill 

placement resulted in an over-consolidated state within the upper portion of the backfill. The 

abutment top movement cycles disturbed the over-consolidated stress state within the upper 

portion of the backfill, thus reducing the additional lateral earth pressures at elevations of 26 and 

33 in. when the abutment top was at Position II. Slumping of the backfill material from the upper 

portion downward resulted in accumulation of the material and densified the backfill at elevations 

of 10, 18, and 26 in., thus increasing the additional lateral earth pressures at these elevations. With 

an increase of the number of the abutment top movement cycles, a lesser amount of material could 

enter these lower elevations; therefore, the rate of the additional lateral earth pressure increase 

decreased. 

Figure 5.4 shows the measured additional forces required to push and pull the abutment 

top. The force required to hold the abutment top at Position II increased with the number of the 

abutment top movement cycles at a decreasing rate. The changes of the additional forces to hold 

the abutment top at Position II agreed well with the changes of additional lateral earth pressures 

behind the abutment at Position II with the number of the abutment top movement cycles as shown 

in Figure 5.3(b).  
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a. Position I 

 
b. Position II 

Figure 5.3: Variations of Measured Additional Lateral Earth Pressures in Test T1 
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Figure 5.4: Additional Forces to Push and Pull the Abutment Top in Test T1 
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a. Backfill surface settlement near the abutment 

 
b. Backfill surface settlement away from the abutment 

Figure 5.5: Backfill Surface Settlements due to Abutment Top Cyclic Movements in Test 
T1 
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Figure 5.6: Potential Influence Ranges under Active Movement 
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5.2 Combined Effects of Seasonal Temperature Change and Traffic Loading 

5.2.1 Abutment movement 

In addition to the effects from the abutment top movements due to seasonal temperature 

changes in Test T1, the effect of traffic loading was considered in Test T2. As stated before, each 

abutment top movement cycle due to simulated temperature changes was divided into four 

positions (Position I to Position IV) that represent the four seasons in a year. At each position of 

the abutment top, traffic loading was applied and divided into three phases: before traffic loading, 

during traffic loading, and after traffic loading. Figure 5.7 shows the first abutment top movement 

cycle in Test T2. At each position of the abutment top, the test lasted for approximately 20.7 min, 

which included 2 min for before traffic loading, 16.7 min (100 × 10 s=1000 s) for during traffic 

loading, and 2 min for after traffic loading. Then the abutment top moved from the current position 

to the next position within 1 min. Therefore, each abutment top movement cycle totally lasted for 

approximately 86.8 min as shown in Figure 5.6. In addition, the large changes of the movements 

were induced by the simulated temperature changes while the small changes of the movements 

were caused by traffic loading. Figure 5.8 shows the measured abutment top movements and the 

calculated abutment toe movements in Test T2 due to simulated temperature changes and traffic 

loading. Although the abutment was supported by the footing connection and the manual jack, 

traffic loading still could induce small movements of the abutment for three reasons. First, the 

supports to the abutment by the manual jack and the footing connection were not perfectly rigid. 

Second, the traffic load was partially transferred to the abutment because one end of the approach 

slab was supported on the abutment. Finally, contact stresses between the approach slab and the 

backfill generated additional lateral earth pressures behind the abutment, which could move the 

abutment. The contact stress effect will be discussed further in a later section. Figure 5.8 shows 

that the traffic load applied on the approach slab moved the abutment top and the abutment toe, 

and then the abutment top and toe moved back as the traffic load on the approach slab was released. 

As a result, the abutment had permanent movements after 100 cycles of traffic loading. 
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Figure 5.7: The First Abutment Top Movement Cycle including Traffic Loading 
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bottom to move back. As a result, the outward movement of the abutment toe from the backfill in 

Test T2 was larger than that in Test T1. 

 

 
Figure 5.9: Movements of the Abutment Toe in Test T1 and Test T2 before Traffic Loading 
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the backfill material underneath the approach slab. In addition, the small abutment movements due 

to traffic loading as shown in Figure 5.7 compressed and densified the backfill material right 

behind the abutment. As a result, the abutment top movement at Position II induced higher 
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additional lateral earth pressures behind the abutment in Test T2 than that in Test T1. However, 

the additional lateral earth pressures at elevations of 18, 26, and 33 in. at Position II were lower in 

Test T2 than those in Test T1 in the sixth and tenth abutment top movement cycles. After some 

abutment top movement cycles, the backfill surface settlements, especially near the abutment, 

became large due to accumulated effects of the simulated temperature changes and traffic loading. 

As a result, the approach slab near the abutment lost the support from the backfill near the abutment 

because a void developed between the approach slab and the backfill as indicated by zero or nearly 

zero contact stresses as shown in the later section. Therefore, traffic loading could no longer 

compact the backfill near the abutment. In addition, the over-consolidated stress state in the upper 

portion of the backfill was disturbed by the simulated temperature changes and traffic loading after 

some abutment movement cycles, and shear bands may occur in the upper portion of the backfill. 

Consequently, the additional lateral earth pressures at Position II within the upper portion of the 

backfill were lower in Test T2 than in Test T1 during the sixth and tenth abutment top movement 

cycles. 

 

 
Figure 5.10: Additional Lateral Earth Pressures behind the Abutment at Position II in Test 

T1 and Test T2 
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5.2.3 Backfill surface settlement 

Figure 5.11 shows the backfill surface settlements at distances of 2 and 6 in. from the back 

face of the abutment. Traffic loading increased the backfill surface settlements near the abutment 

significantly. The backfill surface settlements at distances of 2 and 6 in. in Test T2 with traffic 

loading were almost twice those at the same distances in Test T1 without traffic loading. The 

contact stresses induced by traffic loading compressed the backfill material near the abutment until 

a void developed between the approach slab and the backfill as discussed later. Additionally, traffic 

loading-induced abutment movements resulted in additional backfill material slumping downward 

from the upper portion in Test T2. Consequently, traffic loading significantly increased the backfill 

surface settlements at distances of 2 and 6 in. in Test T2. 

 

 
Figure 5.11: Backfill Surface Settlements near the Abutment in Test T1 and Test T2 

before traffic loading 
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settlements at distances of 20 and 28 in. than that at the distance of 6 in. in the second abutment 

top movement cycle. The abutment movements due to the simulated temperature changes and 

traffic loading had more effects on the backfill surface settlements at the distance of 6 in. than 

those at distances of 20 and 28 in. Consequently, the backfill surface settlements at the distance of 

6 in. were larger than those at distances of 20 and 28 in. in the sixth and tenth abutment top 

movement cycles. In addition to the contact stresses between the approach slab and the backfill at 

the distance of 28 in., the traffic load transferred to the sleeper slab at the distance of 28 in. 

increased the settlement at that distance than that at the distance of 20 in. In addition, the traffic 

load transferred to the sleeper slab resulted in the settlement of the sleeper slab. 

 

 
Figure 5.12: Backfill Surface Settlements at Position II in Test T1 and Test T2 during the 

Second, Sixth, and Tenth Abutment Movement Cycles 
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positions (Position I to Position IV) before traffic loading at each position in Test T2 and Test T3. 

The abutment toe in Test T3 with the geogrid reinforcements under the sleeper slab had more 

outward movements from the backfill than that in Test T2 due to the increased resistance from the 

lower portion of the backfill reinforced by the geogrid layers. 

 

 
Figure 5.13: Movements of the Abutment Toe in Test T2 and Test T3 
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slab in Test T3, more traffic load was transferred to the sleeper slab, but less traffic load was 

transferred to the backfill under the approach slab.  

 

 
a. Second abutment top movement cycle 

Figure 5.14: Contact Stresses under the Approach Slab and the Sleeper Slab in Test T2 
and Test T3 
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b. Sixth abutment top movement cycle 

 
c. Tenth abutment top movement cycle 

Figure 5.14: Contact Stresses under the Approach Slab and the Sleeper Slab in Test T2 
and Test T3 (Continued) 
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The traffic load of 674 lb applied on the approach slab was supported by the abutment, the 

backfill under the approach slab, and the sleeper slab. Figure 5.13 shows that the traffic load 

transferred to the backfill under the approach slab was more in Test T2 than in Test T3. The sleeper 

slab in Test T3 carried slightly more load than that in Test T2. Since the approach slab in Test T3 

received much less support from the backfill and slightly more support from the sleeper slab, more 

traffic load was transferred to the abutment in Test T3 than that in Test T2. The farther movements 

of the abutment toe away from the backfill in Test T3 than that in Test T2, as shown in Figure 5.13, 

might contribute to less support from the backfill, thus leading to more traffic load transferred to 

the abutment in Test T3 than in Test T2. The contact stresses within a distance of 12 to 20 in. away 

from the back face of the abutment were much higher in Test T2 than in Test T3, especially during 

the second and sixth abutment top movement cycles. These higher contact stresses in Test T2 

aggravated the failure of the upper portion of the backfill near the abutment (within the distance 

of 12 in. away from the abutment). 

5.3.3 Additional lateral earth pressure behind abutment 

Figure 5.15 shows the additional lateral earth pressures behind the abutment at Position II 

before traffic loading at that position in Test T2 and Test T3 for the second, sixth, and tenth 

abutment movement cycles. The patterns of additional lateral earth pressures along the abutment 

in the sixth and tenth abutment top movement cycles were different from those during the second 

cycle in Test T2 and Test T3. Disturbance of the consolidated-stress state within the upper portion 

of the backfill by the abutment top movement cycles and traffic loading changed the patterns of 

additional lateral earth pressures along the abutment in Test T2 and Test T3. However, the 

additional lateral earth pressures at Position II in Test T3 were higher than those in Test T2 in the 

second, six, and tenth abutment top movement cycles, especially at elevations of 26 and 33 in.; 

although the two tests had similar patterns of additional lateral earth pressures along the abutment. 

The three geogrid layers under the sleeper slab were at elevations of 30, 33, and 37 in., and the left 

end of the geogrid layers was 19 in. away from the back face of the abutment. Since these geogrids 

increased the stiffness of the soil under the sleeper slab, it provided more resistance to the abutment 

movement toward the backfill, thus resulting in higher additional lateral earth pressures at the 
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elevations of 26 and 33 in. at Position II in Test T3. The overall higher additional lateral earth 

pressures behind the abutment in Test T3 than in Test T2 will be further discussed in later sections 

of this report. 

 

 
Figure 5.15: Additional Lateral Earth Pressures behind the Abutment at Position II in Test 

T2 and Test T3 

5.3.4 Backfill surface settlement 

Figure 5.16 shows the backfill surface settlements at the four positions (Position I to 

Position IV) of the abutment top before traffic loading at each position at distances of 2 and 6 in. 

(near the abutment) in Test T2 and Test T3. Test T3 had smaller backfill surface settlements at 

these distances than those in Test T2. As discussed earlier, the geogrid layers under the sleeper 

slab in Test T3 provided more support to the approach slab; therefore, lower contact stresses 

developed between the approach slab and the backfill near the abutment due to traffic loading in 

Test T3 than in Test T2. As a result, smaller settlements occurred in Test T3 than in Test T2. 
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Figure 5.16: Backfill Surface Settlement near the Abutment in Test T2 and Test T3 

 

Figure 5.17 shows the backfill surface settlements behind the abutment at Position II before 
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distortion of the sleeper slab due to traffic loading. 
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Figure 5.17: Backfill Surface Settlements behind the Abutment at Position II before Traffic 

Loading in Test T2 and Test T3 
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abutment bottom from the backfill in Test T5 and Test T6 than that in Test T2. However, the 

geogrid reinforcements in Test T5 and Test T6 increased the resistance to the abutment bottom. 

As a result, the combined resistance to the abutment bottom was less in Test T5 and Test T6 than 

that in Test T2. Therefore, the abutment toe movement away from the backfill was less in Test T5 

and Test T6 than that in Test T2. 

 

 
a. Abutment toe movement 

 
b. Abutment top movement 

Figure 5.18: Abutment Movements in Test T2, Test T4, Test T5, and Test T6  
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5.4.2 Contact stresses under sleeper slab and approach slab 

The traffic load on the approach slab was supported by the abutment, the backfill under the 

approach slab, and the sleeper slab. Figure 5.19 shows that the contact stresses near the abutment 

decreased to zero or nearly zero during traffic loading after the abutment top movement. The zero 

or nearly zero contact stress indicates that the approach slab lost support from the backfill due to 

the excessive settlement of the backfill under the approach slab. Test T5 and Test T6 had smaller 

ranges of the backfill behind the abutment that did not provide support than Test T2 and Test T4, 

indicating the wrap-around facing maintained the stability of the backfill behind the abutment 

better than no reinforcement or horizontal reinforcement only. Figure 5.19 shows that the contact 

stresses under the approach slab and the sleeper slab decreased with the number of the abutment 

top movement cycles. This phenomenon indicates that more backfill settlement developed during 

the abutment cyclic movement and more traffic load was transferred to the abutment. 
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a. Second abutment top movement cycle 

 
b. Sixth abutment top movement cycle 

Figure 5.19: Contact Stresses due to Traffic Loading at Position II in Test T2, Test T4, 
Test T5, and Test T6 

(Continued to next page) 
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c. Tenth abutment top movement cycle 

Figure 5.19: Contact Stresses due to Traffic Loading at Position II in Test T2, Test T4, 
Test T5, and Test T6 (Continued) 
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portion of the backfill in Test T2, thus reducing the additional lateral earth pressure at the elevation 

of 33 in. in the sixth and tenth abutment top movement cycles as shown in Figure 5.20(b) and 

Figure 5.20(c). 

In general, the additional lateral earth pressures behind the abutment at Position II before 

traffic loading at that position were higher in Test T4 than those in Test T2. Since the horizontal 

geogrid reinforcements increased the strength and modulus of the backfill, the same displacement 

of the abutment toward the backfill induced higher additional lateral earth pressures in Test T4 

than in Test T2. In addition, the difference in the additional lateral earth pressures at the elevation 

of 10 in. between Test T2 and Test T4 became smaller as the number of abutment top movement 

cycles increased. At the lower elevation (e.g., 10 in.), the overburden stress was higher and the 

backfill had a higher modulus; therefore, its deformation was smaller, and the geogrid 

reinforcement was less mobilized and beneficial. 
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a. Second abutment top movement cycle 

 
b. Sixth abutment top movement cycle 

Figure 5.20: Lateral Earth Pressures behind the Abutment at Position II before Traffic 
Loading in Test T2, Test T4, Test T5, and Test T6 

(Continued to next page) 
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c. Tenth abutment top movement cycle 

Figure 5.20: Lateral Earth Pressures behind the Abutment at Position II before Traffic 
Loading in Test T2, Test T4, Test T5, and Test T6 (Continued) 
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5.4.4 Backfill Surface Settlement 

Figure 5.21 shows the backfill surface settlements at Position II of the abutment before 

traffic loading at that position under the approach slab and the sleeper slab in the second, sixth, 

and tenth cycles of the abutment movement. The backfill surface at a distance of 2 in. from the 

back face of the abutment in Test T4 settled more, while the backfill at distances of 20 and 28 in. 

settled less, than that in Test T2. As the abutment moved away from the backfill, the backfill 

yielded progressively. Since the horizontal geogrids improved the stability of the backfill in Test 

T4, the yield zone in Test T4 was smaller than that in Test T2 when the abutment top had the same 

movement away from the backfill. Because the gap created between the backfill and the abutment 

was almost same for Test T2 and Test T4, the backfill material in the smaller yield zone in Test 

T4 would settle more than that in the larger yield zone in Test T2. In addition, since the geogrids 

increased the stability of the backfill in Test T4, the backfill at distances of 20 and 28 in. had 

smaller settlement in Test T4 than that in Test T2. Geogrids with wrap-around facing in Test T5 

and Test T6 reduced the backfill surface settlement significantly because the wrap-around facing 

could effectively hold the backfill in place when the abutment top moved away from the backfill. 

In addition, the top two geogrid layers with a longer length in Test T6 further reduced the backfill 

surface settlements. 
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a. Second abutment top movement cycle 

 
b. Sixth abutment top movement cycle 

Figure 5.21: Backfill Surface Settlements before Traffic Loading at Position II in Test T2, 
Test T4, Test T5, and Test T6  

(Continued to next page) 
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c. Tenth abutment top movement cycle  

Figure 5.21: Backfill Surface Settlements before Traffic Loading at Position II in Test T2, 
Test T4, Test T5, and Test T6 (Continued) 
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Chapter 6: Conclusions and Recommendations 

Expansion and contraction of bridge girders due to seasonal temperature changes push and 

pull an integral bridge abutment, resulting in high lateral earth pressures and backfill surface 

settlements behind the abutment. An approach slab is commonly utilized to provide a smooth 

transition between the integral bridge abutment and its adjacent pavement. When the backfill 

behind the abutment settles, it may provide less or no support to the approach slab. As a result, 

more traffic load is transferred to the end of the approach slab near the adjacent pavement. 

Furthermore, one end of the approach slab usually seated on a sleeper slab settles more than the 

other end of the approach slab supported by the integral abutment. This differential settlement may 

create an abrupt change of the gradient for the approach slab. 

Seasonal temperature change and settlement of the approach slab due to traffic loading are 

the two main reasons for the distresses of the approach slab in integral abutment bridges. In this 

study, two physical model tests were conducted to investigate the effects of seasonal temperature 

changes and traffic loading on the distresses of the approach slab. An additional four physical 

model tests were conducted to determine the effect of geogrid reinforcements in the backfill and 

in the soil under the sleeper slab to mitigate the distresses of the approach slab. 

6.1 Conclusions 

Based on the test results of these six physical model tests, the following conclusions can 

be made: 

1. The abutment toe moved away from the backfill when the abutment 

top moved toward the backfill due to the simulated temperature 

increase, and the abutment toe moved toward the backfill when the 

abutment top moved away from the backfill due to the simulated 

temperature decrease. Without geogrid wrap-around facing, the 

backfill material from the upper portion slumped downward and 

toward the abutment and accumulated within the lower portion 

when the abutment top moved away from the backfill. The 

accumulated backfill within the lower portion was densified during 
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the abutment cyclic movements, thus increasing resistance to the 

abutment bottom from the backfill and resulting in increasing 

outward movements of the abutment toe with the number of the 

abutment top movement cycles. 

2. The accumulated backfill followed with densification within the 

lower portion increased the lateral earth pressures within the lower 

portion of the backfill with the number of the abutment top 

movement cycles toward the backfill. However, disturbance of the 

backfill in the over-consolidated stress state within the upper portion 

caused by the abutment top movement cycles reduced the lateral 

earth pressures within the upper portion of the backfill. 

3. The backfill surface moved upward when the abutment top moved 

toward the backfill, while the backfill surface moved downward 

when the abutment top moved away from the backfill. The effect of 

abutment top movement cycles on the backfill surface settlement 

decreased as the distance from the back face of the abutment 

increased. 

4. Traffic loading-induced abutment movement increased the backfill 

surface settlement behind the abutment and the outward movement 

of the abutment toe from the backfill. The contact stress under the 

approach slab and the sleeper slab induced by traffic loading 

significantly increased the settlements of the backfill away from the 

abutment and the sleeper slab. 

5.  Geogrid reinforcements increased the stiffness of the foundation 

soil that provided support to the sleeper slab. As a result, more traffic 

load was transferred to the sleeper slab and the abutment. In addition, 

geogrid reinforcements under the sleeper slab reduced the contact 

stress and the backfill surface settlement under the approach slab 

due to traffic loading. 
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6. Horizontal geogrid reinforcements in the backfill behind the 

abutment increased the backfill surface settlements near the 

abutment but reduced the settlements of the backfill surface away 

from the abutment. In addition, the horizontal geogrid 

reinforcements increased the lateral earth pressures behind the 

abutment. 

7. Geogrids with wrap-around facing significantly reduced the backfill 

surface settlement induced by simulated seasonal temperature 

changes and traffic loading and increased the support from the 

backfill to the approach slab under traffic loading as a result. 

Geogrids with wrap-around facing reduced the range of the backfill 

under the approach slab to develop voids. An increase of the 

reinforcement length of the top geogrid layers with wrap-around 

facing was beneficial in reducing the backfill surface settlements. 

6.2 Recommendations 

Based on this research, it is recommended that geogrids with wrap-around facing, and 

longer top reinforcements should be used behind the abutment and horizontal geogrid layers should 

be used under the sleeper slab to provide stiffer support and minimize the distresses of the approach 

slab. 

This research also has some limitations, and the researchers recommend the following 

studies in the future: 

1. The findings from this laboratory study should be verified through 

field studies with instrumentation. 

2. Compressible layers may be used between the abutment and the 

wrap-around facing of the geogrid-reinforced backfill to minimize 

higher lateral earth pressures behind the abutment. 

3. Different types of geosynthetics should be evaluated for this 

application.  
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