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Abstract 

This study evaluates the behavior of three bridges supported by piles and one by 

geosynthetic reinforced soils (GRS) by analyzing the effect of service and environmental loading 

conditions. The pile-supported bridges are located just northeast of Madison, Dane County, 

Wisconsin, and have different span lengths, pile lengths, and subsurface conditions, but share 

similar service and environmental loads. The GRS bridge is located south of Bloomer, Chippewa 

County, Wisconsin, and has different subsurface and environmental conditions with respect to 

the pile-supported bridges. The behavior of these bridges was analyzed by monitoring their 

vertical deformations over time and performing numerical analyses. The pile-supported bridges 

show general deformation trends similar to the temperature changes, contracting and expanding 

as temperature falls and rises. The GRS bridge is also affected by temperature changes but in a 

different way, as this bridge crosses a stream. As temperatures fall below the freezing point, the 

water present in the foundation soil and embankment freezes, causing the soils and structure to 

heave. As temperatures rise and the soil thaws, settlement occurs as the shear strength and 

stiffness in the soil decrease due to water content increase. Service loading conditions are found 

to have a lesser impact on the general behavior of the structures as the deformation versus time 

results do not show consistent settlement trends. The results indicate that the bridges are 

performing adequately but environmental loads should be considered while assessing the design 

and behavior of highway bridges. 
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CHAPTER 1: !Introduction 

1.1! Motivation 

Transportation structures, highway bridges among these, must comply with serviceability 

and strength design specifications throughout their service life, with the serviceability criteria 

usually being more critical. Because of the importance of the deformation of bridges, monitoring 

of these over time is critical to evaluate their behavior, determine maintenance operations, and 

establish service life among other operations needed to manage transportation assets. Monitoring 

the behavior of foundation systems is an important part of this process. The type of foundation 

implemented at a bridge site have a big impact on the overall response of bridges. This is 

important because the response to different loads depends on the combination and response of 

soils and foundation systems. In this research the deformation over time and due to 

environmental factors for four bridges in the state of Wisconsin is investigated to determine their 

behavior.  

 

1.2! Objectives and Hypothesis 

The main objective of this research is to evaluate the deformation of bridges supported by 

different foundation systems such as piles and Geosynthetic Reinforced Soil – Integrated Bridge 

System (GRS-IBS) under traffic and environmental loads, and to determine if their deformations 

fall under the design specifications for highway bridges. More specific objectives are the 

monitoring of the bridges’ deformations over time, to determine trends that would correlate with 

any of the considered loads, and the use of numerical models to generalize their response to 

different loading scenarios for traffic and environmental loads, and compare these with the 

monitoring results. To accomplish these objectives, monitoring of their movements over time, 
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and numerical modeling were performed on three pile-supported bridges north-east of Madison, 

Wisconsin, and one GRS-IBS bridge southwest of Bloomer and north of Howard in Chippewa 

County, Wisconsin.  

The hypothesis explored in this thesis is that the effects of environmental and seasonal 

changes (loads), and associated phenomena (temperature, moisture content, etc.) can be more 

important on the deformation of bridges than just the effects of service (traffic) loads. 

 

1.3! Thesis Organization 

This thesis document is organized and presented in the form of draft manuscripts for journal 

publication submission, and some general chapters summarizing the motivation, objectives and 

results of this research. Chapter 1 provides a general introduction to the research motivation and 

objectives, and thesis organization. Chapter 2 is a manuscript focusing on the deformation (from 

field and numerical data) of three pile-supported bridges. Chapter 3 is a manuscript focusing on 

the field deformation results for the GRS-IBS bridge. Chapter 4 is a manuscript focusing on the 

numerical modeling of the GRS-IBS bridge under different traffic and environmental loads. 

Literature review is presented in the introduction of each of the manuscripts. Chapter 5 

summarizes the findings and conclusions of this research. The last section of the thesis contains 

the appendices, presenting data and supplemental material that were not included in the main 

body of the document. 
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CHAPTER 2: !Monitoring and Modeling of Deep Foundation Bridges Under 

Different Subsurface Conditions and Temperature Changes 

 

Maximiliano Garnier-Villarreal1; and Dante Fratta1 
 

Abstract: This study assesses the performance of three deep foundation bridges located along a 

4-km stretch of US Highway 51, northeast of Madison, in south-central Wisconsin. While their 

design layout and subsurface conditions are different (i.e., different spans, pile lengths 

supporting the abutments and central columns, and thickness and type of supporting layers); they 

undergo similar service and environmental loads. Their performance was evaluated by surveying 

the deformation of several different elements in the bridges and assess their response by 

numerically modelling the action and responses. Results show that bridges are influenced by 

temperature changes as the different parts of the bridge structure contract and expand. The 

deformation monitoring was complemented with a finite element analysis, using ANSYS, to 

assess the behavior of the studied structures based on their different supporting element lengths, 

difference in supporting layers, and multiple temperature loading cases. Results from design 

traffic loads show that the system with longer piles and resting on the stiffer stratum experience 

less deformation than the system with shorter piles and less stiff stratum. Temperature loads 

results show a relationship between temperature changes and deformations experienced by the 

bridges. From the results not only a relationship between deformation and temperature can be 

observed, but also the measured deformations fall within the AASHTO requirements for 

serviceability limits.  

                                                
1 Geological Engineering. University of Wisconsin-Madison. Madison, WI 53706. USA. Emails: 
garniervilla@wisc.edu  and fratta@wisc.edu.  
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Keywords: Deep foundations; Temperature change; Finite element analysis; Field monitoring; 

Deformation  

 

2.1! Introduction 

Foundation systems and structural systems experience deformations caused by dead and 

service loads (including time-dependent effects) and by environmental actions. These 

deformations include rotation, lateral displacements, and vertical settlements. The design of 

foundation systems for bridges in transportation structures must comply with serviceability and 

strength limit states requirements (AASHTO 2012). The AASHTO (2012)’s LRFD Bridge 

Design Specifications provide limits of deformations that must be fulfilled by the in service 

bridge (i.e., 10 cm for vertical displacements and 5 cm for horizontal displacements). The 

specifications also provide limits for load capacity based on the Load Resistance Factor Design 

(LRFD) approach. This design approach gives different weight factors to both acting forces and 

resistance parameters based on the likelihood of occurrence of the acting forces and on the 

reliability of the resistance parameters (Salgado 2006). While the reliability of the structural 

resistance parameters is relatively high, the characterization of mechanical parameters for the 

foundation soils is often suspect due to poor sampling (e.g., disturbed vs. undisturbed sample – 

Peck et al. 1974; Rogers 2006), testing protocols (e.g., Standard Penetration Test – Rogers 2006; 

Mahmoud 2013), data interpretation (e.g., cohesive soils – Santamarina 1997; Schofield 1998), 

and model of behavior (e.g., small vs. large strain behavior; elastic vs. plastic behavior – Cho et 

al. 2006; Diaz-Rodriguez et al. 2009). Furthermore, there are few systematic measurements of 

performance after the structure is complete. 
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Movements of foundation systems have been monitored and studied by different engineers 

and researchers. Moulton and Kula (1980) and Moulton et al. (1985) studied the movements of 

over 300 bridges in 39 different states and the District of Columbia (among these states were 

Connecticut, Idaho, Indiana, Iowa, Kansas, Maine, Michigan, Minnesota, Missouri, New Jersey, 

New York, North Dakota, Ohio, Oregon, South Carolina, Utah, Virginia, Washington, 

Wisconsin, West Virginia and Wyoming). They found that no matter the type of foundation 

(shallow or deep) movements occur. Shallow foundations tend to experience larger movements 

than deep foundations, and in general larger deformations happened when the foundation soil 

comprised mostly of fine-grained materials; the same deformation pattern has been described by 

other researchers, as follow.  

Settlements of shallow foundations can range between less than 1 cm to up to 100 cm in 

some extreme cases with highly compressible soils (i.e. deltaic fine-grained deposits, peat 

deposits, and silt and clay foundation soils) with high water content and shallow water tables (< 

1 m) (Bauer and Felio 1985; Bertok 1987; Felio and Bauer 1994; Karim et al. 2004; Anderson 

and LaFronz 2007; Jilin et al. 2007; Tarawneh et al. 2013). Settlement of deep foundations has 

been reported to be typically less than 3 cm, with the larger deformations occurring when 

shallow water table and fine-grained soils are present, as in the case of bridges crossing rivers or 

streams (Aziz and Ma 2012; Chen et al. 2011; Ma et al. 2014; Xue et al. 2011). Moreover, even 

though bridge abutments might be resting over deep foundations the approach embankments rest 

over compressible layers and the settlement of the approach embankment can resemble those of 

shallow foundations (Lin and Wong 1999; Robison and Luna 2004; Sallam and Jammal 2010). 

In the case of deep foundation systems, settlements are considered to be negligible if the piling 

system lies over a very dense soil or rock (end bearing pile), but if the piles transmit the loads 
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mainly through skin friction, minor settlements (< 2.54 cm) are expected to occur (Helwany et al. 

2007). Elastic settlement estimations for both end bearing and frictional piles have been 

proposed by Poulos and Davis (1980) and Poulos (1989) based on factors such as stiffness of the 

foundation soil, length, diameter and stiffness of the piles. 

Environmental loads and conditions (e.g., temperature, water table fluctuation, freezing and 

thawing, precipitation, etc.) also have an effect on the behavior of foundations and structures 

they support. In the case of concrete structures these can experience shrinkage and creep during 

the early stages of their service life (Mehta and Monteiro 2006). Li et al. (2013) found from an 

experimental program on clay specimens that larger water contents result in larger cumulative 

deformations under low-level repeated cyclic loading. Moreover, seasonal changes 

(precipitation, temperature) can affect the shear modulus of the soil (decreasing it as the water 

content increases), thus affecting deformations in foundation soils, even under constant loads 

(Kim et al. 2003). 

Michal and Urban (2015) found that bridges deform as temperature changes but these 

deformations have a time delay with respect to the ambient temperature of between 5 to 8 hours. 

This time delay is required to allow for the heat to diffuse into the foundation soil and structure. 

Similar observations were made by Cao et al. (2010) who found delays between 5 and 6 hours 

for the deformation on a bridge in the inner gulf in south China to follow changes in air 

temperature. Thermal cracking in flexible pavements and concrete surfaces can be another effect 

of temperature changes, which will happen as the surface expands and contracts due to 

temperature changes over time (Helwany et al. 2007). 

Lateral movements of the abutments are also affected by temperature changes, and in some 

cases these changes can have a larger effect than just the action of active earth pressures (Lawver 
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et al. 2000). During the warmer months of the year the lateral displacement of the abutment walls 

tends to be outwards (away from the backfill), while during the colder seasons the lateral 

displacement tends to be inwards (towards the backfill). Reported values range from 1.3 cm for 

expansion to -1.5 cm for contraction. These results are related to wall height, and bridge length, 

as all the abutments are supported by pile elements. The heights of the reported walls range 

between 1.8 m to 5.8 m, while their lengths range between 19 to 128 m, with the highest walls 

and longer bridges, usually, experiencing the largest movements (Lawver et al. 2000; DeJong et 

al. 2004; Civjan et al. 2004; Shoukry et al. 2008; Davids et al. 2010; Ooi et al. 2010; Kim and 

Laman 2012; Civjan et al. 2013; Razmi et al. 2014; Huntley and Valsangkar 2013). No studies 

have been found about the effect of freezing and water expansion on lateral displacements of 

abutment walls, although these displacements should be expected to be significant.   

Moulton et al. (1985) studied tolerable movements under serviceability considerations of 

highway bridges. These researchers suggested that distortions (settlement over span length) 

smaller than 0.004 radians (1/250) are considered acceptable. Differential movements occur 

between different parts and structural elements of a bridge (i.e., deck and approach), and when 

differential movements reach values of 1.3 cm to 2.5 cm it becomes noticeable, raising concerns 

about the condition of the system (Wahls 1990; Long et al. 1998). According to AASHTO 

(2012), rideability and safety should also be taken in consideration when determining the 

serviceability of a structure, as it has been found to cause discomforts to riders and to create 

costly maintenance operations for Departments of Transportation (DOTs – Briaud et al. 1997).  

Wahls (1990), Long et al. (1998), and White et al. (2007) recapped some of the major causes 

for differential settlement at the deck and road approach as follows: poor compaction of backfill, 

erosion of backfill material, poor drainage management in backfill, creep, consolidation of 



 8 

foundation soil, and poor construction practices. Long et al. (2007) also indicated that 

embankment heights can be a factor on the development of differential settlement. Taller 

embankments (i.e., more than 8 m in height) yield greater overburden pressures and are more 

prone to settlements than shorter embankments (i.e., less than 3 m in height). 

The objective of this study is to evaluate the behavior of pile-supported transportation 

structures by studying their response to design traffic loads and environmental loads. To 

accomplish this, monitoring of their vertical movements over time, and finite element analysis 

were performed on three different bridges north-east of Madison, Wisconsin, with the three 

bridges having differences in their span length, pile lengths, subsurface conditions while they 

undergo similar service and environmental loads. 

 

2.2! Studied Bridges and Monitoring Approach 

2.2.1! Bridges description 

The studied bridges are located on United States Highway (USH) 51, northeast of Madison 

in Dane County, Wisconsin (Figure 2.1). Pictures of the finished bridges are shown in Figure 2.2. 

The north bound bridges were built over Bear Tree Road, Windsor Road, and Vinburn Road. The 

bridges over Bear Tree and Windsor roads were opened to traffic on June 23rd, 2013, while the 

bridge over Vinburn road was opened to traffic on August 29th, 2014. Concrete girders were used 

for all bridges. 

The abutments of the bridge over Bear Tree Road are supported by H-piles 4.6 m long. The 

deck (superstructure) is 32.5 m long by 13.5 m wide. The subsurface exploration for this bridge 

(Figure 2.3) shows predominantly sandstone and gravel with a single clay layer 1.3 m thick 

under the north abutment. 
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The south and north abutments of the bridge over Windsor Road are supported by H-piles 

driven to 9.1 m and 12.2 m, respectively. The deck is 49.1 m long by 13.3 m wide. The bridge is 

supported by abutments at the two ends and a set of three columns at mid-span. The columns are 

supported by H-piles 4.6 m long under a square pile cap of 2.74 m per side and 0.76 m thick. The 

columns are 5.9 m apart from each other (center-to-center), and are 4.8 m tall. Subsurface 

exploration for this bridge (Figure 2.4) shows the presence of a clay/sandy clay layer at depths 

between 0.6 m and 2.1 m, with the rest of the soil profile corresponding to sand, gravel and 

sandstone. All of the piles for this bridge are supported by the underlying sandstone layer. 

The south and north abutments of the bridge over Vinburn Road are supported by H-piles 

10.7 m and 7.6 m long respectively. The bridge deck is 34 m long by 13.3 m wide. Similar to the 

bridge over Bear Tree Road, the subsurface layers consist predominantly of sand and gravel, 

with sparse clay layers around 1 m thick (Figure 2.5). 

The studied bridges are located in an area of Wisconsin that has experienced glaciation 

(Mickelson 1983), therefore the foundation soils in the area should be considered to be dense or 

overconsolidated. This observation agrees with the SPT values presented in the soil exploration 

studies and results by studies presented by Peck et al. (1974) and Terzaghi et al (1996), 

classifying the soils in the area as medium to dense. 

 

2.2.2! Monitoring approach 

Conventional surveying techniques were implemented to monitor the deformation of all the 

bridges over different driving seasons. Total station, prism, and reflecting surveying targets were 

used. The slope-distance, vertical and horizontal angles were measured using a total station. The 

accuracy of the instrument is given by (modified from GLM-Laser, 2015): 
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    (2.1) 

where D is the total station-prism horizontal distance. 

The location and layout of the surveying points for the bridges are documented in Figure 

2.6. The surveying points on the deck are approximately 0.5 m from the edge of the deck, and the 

middle one at the midpoints along each side of the deck bridge decks. The surveying points on 

the approaching road start 1.8 m from the edge of the deck, and are 5 m apart from each other. A 

bench mark was installed for each bridge to use as reference. 

 

2.3! Field Monitoring of Deep Foundation Bridges 

2.3.1! Bridge over Bear Tree Road 

The results from the deformation monitoring are shown in Figure 2.7. The data summarize 

the vertical deformation of the abutment walls, which show a clear downward trend, with a 

maximum deformation of less than 1.6 cm. The results for the deck and road are shown in 

Appendix A. 

A simple estimation of elastic settlement for a single friction (floating) pile, and assuming 

homogeneous conditions, can be performed (Poulos 1989): 

   (2.2) 

 

where P is the applied load, d is the diameter of the pile, ES is the soil’s elastic modulus, and I is 

the settlement factor that depends on the length and diameter of the pile, the stiffness of the pile 

(EP), and the stiffness of the soil.  

Using a load of 160 kN (Davids et al. (2010) estimated that a single pile can carry up to 25% 

of a two truck load, with a total load of 640 kN), a length of 4.6 m, a diameter of 0.26 m 
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(approximate diameter of H-pile), a elastic modulus of the foundation soil ranging between 22-

70 MPa (From average SPT values and correlations for sands from Kulhawy and Mayne (1990), 

and Bowles (1997)), and a pile with stiffness 1000 times greater than the stiffness of the 

foundation soil, the estimated settlement of a single pile range between 0.1 and 0.32 cm. This 

value appears to explain, in part, the measured deformation after the bridge was opened to traffic 

(~ 0.6 cm – Figure 2.7).  

The wall deformations show that after the bridge was open to traffic the settlement became 

more noticeable (Figure 2.7), suggesting that for this bridge the traffic loads had an effect on the 

deformations after it was opened to traffic. As shown by Poulos and Davis (1980), Poulos 

(1989), and Li and Zhang (2009), under the same load shorter piles experience larger 

deformations than longer piles. Thus this bridge, as the one with the shortest piles of the three, 

would be more susceptible to deform under the same service loading conditions than other 

bridges supported by longer piles, as it is the case for the other two bridges in this stretch of USH 

51. If the subsurface were only comprised of sand and gravel the settlement due to service loads 

would be expected to be immediate, but since there was about 5 months until the bridge reaches 

a steady settlement, it could be inferred that there might be small pockets or lenses of fine-

grained material that consolidated over this period of time, as shown by the subsurface 

exploration data on the southeastern wall. Also, the presence of a clay layer would explain that 

the southern wall settlement is approximately 0.5 cm larger than the northern wall, if this layer 

were to be present not only at the location of the boring, and were to be more spread out through 

the site.  

Thermal related loads are also considered to affect the behavior of the structure, as the 

deformation of the bridge emulates the temperature trend. Once the bridge reached a steady 
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settlement the temperature effects are not as predominant, but there is still some correlation 

between the temperature change and the deformations experienced by the bridge. As this bridge 

is supported by the shorter piles, the expansion and contraction of these due to temperature 

changes would be expected to be less than for longer piles as their volume is  smaller than that of 

the longer piles, thus the lesser effect of temperature loads. 

 

2.3.2! Bridge over Windsor Road 

The results from the monitoring of the deformation of the abutment walls are shown in 

Figure 2.8 (The results for the deck and road are shown in Appendix A). The main difference for 

this bridge is that the piles reach the sandstone bedrock (Figure 2.4), which is a much stiffer 

material than the sand and gravel layers where the piles are supported under the other two 

bridges. The reported Young’s modulus for sandstone lies between 10 and 58 GPa, with most of 

the reported values around 20 GPa (i.e., Chen 2007; Ko 2008; Walsri 2009; Fintland 2011; 

Hassanzadegan et al. 2012).  

A similar estimation for the settlement can be performed for this bridge, using equation 2.3 

from Poulos and Davis (1980): 

     (2.3) 

where P = axial load (kN), d = pile diameter (m), Es = soil’s Young’s modulus (kPa), and I = 

settlement influence factor for an end-bearing pile (Ib), and depends on the factor for 

incompressible pile in a semi-infinite mass (I0), pile’s compressibility (RK) Poisson’s ratio (Rv), 

and stiffness of bearing layer (Rb). Using the same values from equation 2.2 for P, d, ES and EP, 

but pile lengths of 9 and 12 m and a Poisson’s ratio of 0.3, the expected settlement would range 

between 0.03 and 0.08 cm. 
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This bridge does not show a downward trend as the one over Bear Tree Road (Figure 2.7) 

once it was open to traffic (Figure 2.8). The bridge shows a settlement of approximately 0.8 cm 

right after being open to traffic. After the initial deformation the bridge shows and up and down 

behavior that resembles the temperature record when compared to it. This behavior could be the 

response of the steel piles expanding and contracting, since they are resting in the sandstone they 

can not easily deform (expand or contract) at their base, thus their thermal deformation would 

tend to push or pull into and from the bottom of the abutment walls when expanding or 

contracting. Also, since the piles here are longer than at the other two bridges, their volumetric 

change would be more, thus requiring to accommodate more deformation. 

 

2.3.3! Bridge over Vinburn Road 

The results from monitoring the abutment walls are shown in Figure 2.9 (The results for the 

deck and road are shown in Appendix A). As the piles supporting this bridge are longer than the 

ones at the bridge over Bear Tree Road, and the foundation soils are similar in this this bridge to 

the foundation soils under the bridge over the Bear Tree Road, the expected settlement would be 

less. Using pile lengths of 7.6 m and 10.7 m in equation 2.2, the resulting settlement would range 

between 0.06 and 0.25 cm. When comparing the temperature record to the deformation results 

over time (Figure 2.9), the two records follow similar trends. These results show that long term 

deformation experienced by this bridge is mainly controlled by environmental loads, in particular 

by temperature changes; as these piles are longer their volumetric expansion would be more, 

resulting in larger deformations due to temperature loads.  

For all these bridges temperature is considered the predominant environmental factor, as 

deformation does not follow precipitation trends. Figure 2.10 shows the vertical deformation for 

the NE surveying point for each of the three bridges versus rain, cumulative amount over the past 
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month, previous to the field visit. This would indicate that the effects of matric suction and water 

table changes are less than like the effects of temperature. 

 

2.4! Pile Modelling and Finite Element Analysis Validation 

An elastic validation was implemented to validate the use of the general purpose finite 

element package ANSYS and to confirm the proper modeling of pile elements to be used in the 

finite element analysis of the bridges on Highway 51. The validation was carried out using the 

ANSYS, using the analytical solution from Poulos and Davis (1980) to compare with our results. 

Equation 2.4 is used to calculate the settlement of a single pile, as shown below: 

 

  (2.4) 

where P = axial load (kN), d = pile diameter (m), Es = soil’s Young’s modulus (kPa), and I = 

settlement influence factor for either a floating pile (If) or an end-bearing pile (Ib), and depends 

on the factor for incompressible pile in a semi-infinite mass (I0), pile’s compressibility (RK), 

depth of the layer (Rh), Poisson’s ratio (Rv), and stiffness of bearing layer (Rb). 

Different cases where analyzed for a floating pile, using different loads (64-320 kN – Figure 

2.11) and different diameters (0.2-2.5 m – Figure 2.12). The values used for the analysis were P 

= 320 kN (approximate truck load, when changing diameter), length of 5 m, diameter of 0.2 m 

(when changing load), pile stiffness of 60 GPa, and soil stiffness of 60 MPa (typical value for 

sands and gravels).  

The approach that yielded the best results to model the pile-soil interaction was to have the 

pile and soil share nodes at their interface (Results shown in Figures 2.11 and 2.12), as this 

approach resulted in the best agreement with the proposed solution by Poulos and Davis (1980). 
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The use of contact elements between the pile and soil was analyzed but yielded larger settlement 

values than the expected ones and than the node-sharing approach. 

 

2.5! Deep Foundation Bridges Modeling 

Three bridges with different designs and subsurface conditions were modeled and analyzed 

using the finite element package ANSYS. The finite element model was a 3D linear elastic 

transient model, as the properties of the materials are not well known (estimated from 

correlations or general known values). The model consists of 8-node brick elements with 3 

translational degrees of freedom (dof) for the regular shape solid bodies, 10-node brick elements 

with 3 translational dof for the irregular shape solid bodies, 2-node beam elements with 6 dof 

(rotational and translational) for the girders, and contact elements to model the interaction 

between the different parts and elements. A section was defined for the girders to match their 

geometry and take full advantage of the beam elements.  

The deck was modeled with the 8-node brick elements and a bonded contact was used 

between the deck and girders. A bonded contact was also used between the top of the piles and 

bottom of the abutment walls. The rest of the contacts in the model were frictional with a friction 

coefficient µ=0.5. The piles were modeled as cylinder elements with a diameter of 0.26 m (i.e., 

the approximate equivalent diameter of the H-pile in the bridges on USH 51). The interaction 

between pile and soil was modeled with the pile and soil sharing nodes at their interface, as this 

was the approach that yielded the best results during the pile modeling validation analysis. 

All of the models’ base was put at 14 m below the abutment wall (~ 4 m in height), this was 

done so all the models would have similar geometries, with the difference between them being 
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the length and width of the deck, the length of the piles, and the thickness of the sand and gravel, 

and sandstone layers. 

The foundation soils and bedrock were constrained at their bottom on the vertical direction, 

and normal to its sides on the lateral directions; for the beam elements their rotation was 

constrained (rotation equals zero) on the direction perpendicular to the abutment walls. The 

foundation soils and bedrock are modeled as homogeneous, as the subsurface data are very 

localized and the presence of fine-grained soil layers could be in the form of lenses and not 

extended layers. The loads for service and temperature are described in their respective sections. 

The material parameters used in the models are shown in Table 2.1. 

One of the major differences between the three bridges is the pile length used under their 

abutment walls, and also that the foundation piles in the bridge over Windsor Road are resting on 

sandstone while the other two bridges are being supported by floating piles in sand and gravel. 

The bridges are subjected to service (i.e., traffic) loads and environmental loads (only 

temperature effects are considered), to study the response of the foundation and structures of the 

bridges to different types of loads. 

 

2.5.1! Service (Traffic) loading 

An overall uniform load of ~103 kN (250 kip) was applied uniformly to the nodes on the 

bridge deck as this corresponds to the largest design load (Wisconsin Standard Permit Vehicle) 

according to WisDOT’s bridge manual (WisDOT 2015). This load was the same for all three 

bridges, resulting in pressures of 2.52 kPa, 1.68 kPa, and 2.34 kPa, for the bridges over Bear 

Tree, Windsor, and Vinburn roads respectively. The results from applying the service (traffic) 

load to the bridge’s deck are shown in Table 2.2, showing the vertical deformation at the NE 

abutment wall, yielding larger deformation values for the bridge with shorter piles and smaller 
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deformation values for the bridge with longer piles and supported by a stiffer layer, showing the 

relationship between pile length and deformation (Numerical model results are shown in 

Appendix B). 

 

2.5.2! Thermal validation 

A transient heat transfer model validation was performed to confirm accurate modeling of 

heat transfer problems. The validation corresponded in simulating the result from example 2.11 

from Kreith et al. (2011). The problem asks to find the depth at which the temperature will be 0 

°C, when the soil has a uniform temperature of 20 °C and the ground surface has been exposed to 

a temperature of -15 °C for 60 days. The thermal properties of the soil are: ρ=2050 kg/m3, 

k=0.52 W/m-K, and c=1840 J/kg-K. The solution by Kreith et al. (2011) for this example is 

given as 0.68 m below the ground surface. 

To model this problem a 2D transient heat transfer model was implemented using ANSYS, 

with the given thermal properties, and employing a 4-node thermal plane element with 

temperature as its dof. The step size used was 1 day (86400 s), with a total duration of 60 days 

(5184000 s). As mentioned in the example, a uniform temperature of 20 °C was applied to the 

entire soil area, and a temperature boundary condition of -15 °C was applied to the top of the 

model. The result of this analysis is shown in Figure 2.13, where the arrow on the right points to 

the 0 °C isotherm at a depth of 0.68 m, same as the analytical solution by Kreith et al. (2011), 

thus showing the ability of ANSYS to solve for this type of problem.  

 

2.5.3! Temperature loading 

For the temperature loads two identical models were used for each of the bridges: first, one 

transient heat transfer analysis and second, a structural analysis. The transient heat transfer 
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analysis’ results (heat distribution) were used as input for the structural analysis. The temperature 

over time for each node is determined by the heat transfer analysis, this nodal temperature is then 

assigned to the corresponding node for the structural analysis as a loading condition. To account 

for the transient thermal effects density, specific heat and thermal conductivity were used as 

material properties. For the models a time step of one day (86400 s) was used. For all of these 

bridges an initial uniform temperature of 9.7 °C was applied to the entire model, representing a 

time when the air temperature and soil temperature were the same. This value (9.7 °C) represents 

an average ground temperature at approximately 18 m below the surface (bottom of the models) 

for this area of Wisconsin (WGNHS 2016). The thermal properties used in the analysis are 

shown in Table 2.3. Temperatures, based on times when field measurements were taken, were 

then used as boundary conditions for the outer areas of the model (top of deck, girders, abutment 

walls, top of road) to simulate the effect of air temperature changes over time, ranging from -13 

°C to 31 °C.!

To reduce computer time just a few points from all the visits to the field were chosen to be 

modeled to obtain a general idea of the behavior of the structures at different temperatures. A 

total of 12 temperatures (approximately one month apart each) were used to represent an annual 

thermal cycle of the temperatures experienced by the structures. Figures 2.14 to 2.16 show the 

comparison between the vertical field deformations and the results from the finite element model 

as function of temperature for the NE walls for each of the three bridges (The results for the deck 

and road are summarized in Appendix B). From these results it can be interpreted that the 

deformations experienced by the bridges are related to changes in temperature, as the field and 

model deformations have similar trends. Average day temperatures (from a nearby weather 

station – Madison Airport) were used for the comparison. It is important to consider the 
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limitations of using average day temperatures. Cao et al. (2010) and Michal and Urban (2015) 

showed in their research, that the deformation due to temperature changes usually manifests 

itself with a delay between 5 to 8 hours from the maximum or minimum temperatures, thus the 

field measurements presented here may or may not be capturing this behavior. The intent of the 

modeling presented in this paper is to show seasonal variations in the deformation and not hourly 

or even daily changes. The different scales in the measurements added noise to the modeling 

results and to the scatter behavior of the field measurements. 

 

2.6! Modeling and Response Discussions 

Foundation Soils. As shown by the figures comparing the field deformations versus the 

model deformations (Figures 2.14 to 2.16), the general trend of these deformations seems to 

agree in part with the effects of temperature changes. The up and won behavior of the modeled 

results is attributed to the transient effects of temperature changing over time, transitioning from 

hot to cold and from cold to hot. The field deformations when plotted against time (Figures 2.7 

to 2.9) do not seem to follow the seasonal temperature cycle, with Figure 2.7 showing little 

seasonal variation and Figures 2.8 and 2.9 showing a higher frequency in the displacements as 

compared to the temperatures. This difference in phase between the two data sets could be a 

factor of measurement error for some of the measurements, other factors rather than just 

temperature are affecting the behavior of the structures, and also the lack of measurements 

during several periods of time do not help in the comparison as more evenly distributed 

measurements would show a clearer pattern. 

The deformation of structures can be affected by other factors, including environmental 

conditions. Concrete structures will experience shrinkage due to loss of water and creep due to 
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constant applied stress (Mehta and Monteiro 2006). Other factors such as changes in moisture 

content in the soil and cyclic deformations cause changes in the shear strength and stiffness of 

the foundation soils (Kim et al. 2003; Okur and Ansal 2007), which will have an effect on the 

deformation the soil experiences. Also, soil heterogeneity and the presence of fine-grained soil 

layers can cause the system to deform non-uniformly, as fine-grained soils are more susceptible 

to changes in water content (Mitchell and Soga 20015; Li et al. 2013), and can also give place to 

larger and differential deformations when present in the foundation soils (Moulton and Kula 

1980; Moulton et al. 1985; Wahls 1990; Long et al. 1998; White et al. 2007).  

The presence and/or fluctuation of moisture at the field sites is not well characterized, 

making difficult to take this in consideration when analyzing the field results. Both of the factors 

mentioned above are difficult to account for in the finite element models. However, these effects 

of moisture decrease with increasing confinement. This is because strength and stiffness in soils 

is controlled by both net stresses (caused by self-weight) and matric suction (caused by 

moisture); as depth increases net stresses increase because the weight of the soil column 

increases and matric suction decreases (as the moisture of the soil decreases). 

Given the very localized subsurface explorations and uncertainty on how the layers extend 

laterally, the soils in the models were idealized as homogeneous. This generalization and the 

uncertainty on the properties of the soils could be a reason for the discrepancy between the finite 

element results and the field measurements.  

Surveying factors. There are several factors in the field that can have an effect on the 

surveying measurements. The assumption that the reference points used in the field is not 

moving might not be completely accurate, as these can also be experiencing slight deformations 

due to changes in temperature and moisture, thus carrying an error into the field measurements or 
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exaggerating the measurements. Also, as pointed by Kavanagh (2009) as the vertical angle 

between the surveying equipment and the target increases a slight error in the measurement can 

be introduced. As the vertical angle between the total station and the different surveying points 

was not the same (ranging between 4-40 degrees) a slight error could be affecting the measured 

deformations. Beshr and Elnaga (2011) and Elhassan and Ali (2011) described how the accuracy 

of the measurements depends on the distance between the equipment and the target, decreasing 

with distance, as shown by equation 2.1. Beshr and Elnaga (2011) also studied the effects of 

surveying towards (front) and against (back) the sun, battery capacity, inclination of target, and 

reflecting surface. They found that surveying against the sun results in more accurate readings; 

as the battery capacity decreases the accuracy of measurements decreases; the inclination of the 

target surface decreases the accuracy. All of the factors mentioned here can add up to errors in 

the field measurements, consequently these factors could be affecting the measurements 

presented in this study. 

 

2.7! Conclusions 

From the field monitoring and numerical modelling of the deep foundation bridges on H51 

the following conclusions can be made: 

•" The bridge over Bear Tree Road appears to be the one affected by both traffic loads and 

temperature loads, as this bridge is being supported by the shortest piles, giving place to 

larger deformations due to service loads. 

•" All three surveyed bridges show a deformation pattern that can be linked or explained by the 

changes in temperature between measurements, as one of the major factors affecting the 

behavior of the bridges.  
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•" The pile length is a factor affecting the deformation due to temperature changes, as the 

longer piles experience a larger volumetric change for the same temperature change than 

shorter piles. 

•" Factors such as moisture changes and presence of fine-grained soils could explain 

deformations that are not fully explained by the temperature changes. The difficulty to 

account for both of these in the field measurements and the finite element model results can 

be a reason for the behavior of some of the recorded deformations. Other factors like 

concrete creep and shrinkage could also account for part of the deformations. 

•" The assumption that the reference point is static and not affected over time might not be 

realistic, this combined with other several factors can add up to errors while taking field 

measurements, thus affecting the results from the surveying campaign. 
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Tables 

 

Table 2.1. Material properties used for the service (traffic) loading models. 

Section 
Young’s modulus 

[MPa] 
Poisson’s ratio 

Road (Asphalt) 1 2·103 0.2 

Piles (Steel) 2 200·103 0.3 

Walls, deck and girders (Concrete) 2 25·103 0.2 

Backfill 3 70 0.3 

Foundation soil (Sand and gravel) 4 60 0.3 

Bedrock (Sandstone) 5 20·103 0.3 

1 From Tarefder et al. (2010)  

2 From Razmi et al (2014) 
3 Value for dense sands from Bowles (1997) 
4 From SPT correlations and typical Poisson’s ratio for soils 
5 From Chen (2007), Ko (2008), Walsri (2009), Fintland (2011), and Hassanzadegan et al. (2012) 
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Table 2.2. Summary of vertical deformations from service (traffic) loads. 

Bridge Subsurface conditions 
Pile length 

[m] 

Vertical deformation on NE 

wall [cm] 

Bear Tree Sand and gravel 4.6 -0.91 

Windsor Sand and gravel, and sandstone 9 to 12 -0.57 

Vinburn Sand and gravel 7.6 to 10.7 -0.86 
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Table 2.3. Material properties used for the temperature loading models. 

Section 
Density 

[kg/m3] 

Specific heat 

[J/(kg °K)] 

Thermal 

conductivity 

[W/(m °K)] 1 

Thermal expansion 

coefficient 

[1/°K] 
Road (Asphalt) 2100 1 920 3 0.75 4·10-5 § 

Piles (Steel) 7800 1 460 1 14 1.2·10-5 † 

Walls, deck and girders (Concrete) 2300 1 880 1 1.2 1·10-5 † 

Backfill 1937 2 830 1 0.7 3·10-5 ‡ 

Foundation soil (Sand and gravel) 1937 2 830 1 0.7 3·10-5 ‡ 

Bedrock (Sandstone) 2200 1 710 1 1.8 1.2·10-5 ¶ 

1 From Thomas (1992) 
2 Based on unit weight value of 19 kN/m3 fro sands and gravels from Bowles (1997) 
3 Chadbourn et al. (1996) 

§ From Mamlouk et al. (2005) 

† Modified from Razmi et al (2014) 

‡ From Mitchel and Soga (2005) and Thomas (1992)  

¶ From Skinner (1966) 
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Figures 

 
Figure 2.1. Location of the deep foundation bridges. The red circle indicates the location of the bridges. 
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 (a) 

 (b) 

 (c) 
Figure 2.2. Pictures of the finished bridges on USH51: (a) Bridge over Bear Tree Road, (b) Bridge 

over Windsor Road, and (c) Bridge over Vinburn Road. 
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Figure 2.3. Subsurface exploration data for the bridge over Bear Tree road. 
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Figure 2.4. Subsurface exploration data for the bridge over Windsor road. 
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Figure 2.5. Subsurface exploration data for the bridge over Vinburn road. 
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  (a) 
 

  (b) 
Figure 2.6. Relative location of the surveying points at (a) Bridge over Bear Tree Road and Bridge over Windsor 

Road bridges and (b) Bridge over Vinburn Road. 
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Figure 2.7. Bridge over Bear Tree Road. Relative vertical deformation on the abutment walls with respect to the 

reference point. Positive values correspond to upward movement. Vertical dashed line corresponds to the opening 
date to traffic. 
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Figure 2.8. Bridge over Windsor Road. Relative vertical deformation on the abutment walls with respect to the 

reference point. Positive values correspond to upward movement. Vertical dashed line corresponds to the opening 
date to traffic. 
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Figure 2.9. Bridge over Vinburn Road. Relative vertical deformation on the abutment walls with respect to the 

reference point. Positive values correspond to upward movement. Vertical dashed line corresponds to the opening 
date to traffic. 
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Figure 2.10. Vertical deformation versus rain for the NE surveying point for all three bridges. 
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Figure 2.11. Settlement of a pile under different axial loads, comparing the finite element results to the analytical 

solution from Poulos and Davis (1980). 
  

0.0

0.5

1.0

1.5

2.0

2.5

0 50 100 150 200 250 300 350

Se
tt

le
m

en
t [

m
m

]

Load [kN]

Poulos and Davis (1980)
ANSYS



 44 

 

 
Figure 2.12. Settlement of a pile under different pile diameters, comparing the finite element results to the analytical 

solution from Poulos and Davis (1980). 
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Figure 2.13. (a) Transient heat transfer model results for example 2.11 from Kreith et al. (2011). The arrow on the 
right and black dashed line represent the 0 °C isotherm at 0.68 m below the ground surface, same as the analytical 

solution. (b) Solution by Kreith et al. (2011) as function of depth. 
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Figure 2.14. Bridge over Bear Tree Road. Comparison between field measurements and finite element model results 

for the NE wall. Error bars are +- 0.5 cm instrument accuracy. 
  

-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

-15 -10 -5 0 5 10 15 20 25 30 35

A
N

SY
S 

ve
rt

ic
al

 d
ef

or
m

at
io

n 
[c

m
]

Fi
el

d 
ve

rt
ic

al
 d

ef
or

m
at

io
n 

[c
m

]

Temperature [°C]

Field Wall NE

ANSYS Wall NE



 47 

 

 
Figure 2.15. Bridge over Windsor Road. Comparison between field measurements and finite element model results 

for the NE wall. Error bars are +- 0.5 cm instrument accuracy. 
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Figure 2.16. Bridge over Vinburn Road. Comparison between field measurements and finite element model results 

for the NE wall. Error bars are +- 0.5 cm instrument accuracy. 
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CHAPTER 3: !Geosynthetic-Reinforced Soil Bridge Deformation due to 

Environmental Loading - From Field Monitoring 

 

Maximiliano Garnier-Villarreal1; Dante Fratta2; and Michael Oliva3 
 

Abstract: This study documents the performance of a Geosynthetic Reinforced Soil – Integrated 

Bridge System (GRS-IBS) located in Chippewa County, Wisconsin. This type of bridge 

construction system possesses some advantages over conventional, rigid foundation systems as it 

alleviates differential settlement between road embankment and bridge deck; reduces 

construction times; and is cost effective for small, rural bridges. Under operation, the bridge in 

our study was influenced by environmental loads much more than service loads. Observations in 

this study show that different sections of the structure undergo seasonal temperature contraction 

and expansion and also experience frost heave and thawing deformations. When temperatures 

fall below the freezing point, the deformation is controlled by heaving as water in the pores turns 

to ice. When the temperatures rise above freezing point, the deformations are controlled by 

settlement due to a decrease in the stiffness of the soil, and an increase in effective stresses as 

pore pressure dissipates. The study shows that the performance of the bridge is acceptable but 

designers and transportation officials should consider environmental loads to assess and control 

accumulation of deformations. Also, designer must follow design specifications, as in this case a 
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3 Emeritus Professor. Civil and Environmental Engineering. University of Wisconsin-Madison. Madison, Wisconsin 
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joint-sealing layer was not implemented here, resulting in differential settlements between road 

and deck due to frost heave as water infiltrated into the backfill. 

 

Keywords: GRS-IBS; Shallow foundation; Temperature changes; Frost-heave; Field monitoring; 

Deformation. 

 

3.1! Introduction 

Movements of foundation systems can be rotational, lateral and/or vertical (settlement). 

These movements can be caused by dead, service and/or environmental loads. The design of 

foundation systems for bridges in transportation structures should comply with serviceability and 

strength limit states requirements. (AASHTO 2012). Serviceability requirements for bridges 

require deformation limits to be less than 10 cm (3.94 in) for vertical displacements and 5 cm 

(1.97 in) for horizontal displacements (Moulton et al. 1995; Wahls 1990). 

Differential settlement between the bridge deck and approaching road has been found to 

cause discomfort to riders and to create costly maintenance operations for Departments of 

Transportation (DOTs – Briaud et al. 1997). This problem is also known as the “bump at the end 

of the bridge.” When the differential displacement reaches 1.3-2.5 cm (0.5-1 in.) it is considered 

to become noticeable (Wahls 1990; Long et al. 1998). According to AASHTO (2012), rideability 

and safety should also be taken in consideration when determining the serviceability of a 

structure. Moulton et al. (1985) studied tolerable movements of highway bridges under 

serviceability considerations, proposing that a distortion (differential settlement over span 

length) smaller than 0.004 radians (1/250) may be considered acceptable.  
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Briaud et al. (1997) reported that approximately 25% of the bridges around the United States 

have suffered differential settlements, and the cost to repair and maintain these bridges was 

estimated to be $100 million per year. Long et al. (1998) found that around 27% of the inspected 

bridges showed differential settlement. This problem also affects up to 50% of the railway 

bridges (Nicks and Briaud 2007). 

Some of the major causes for differential settlement in transportation structures as follow 

(Figure 3.1a - Wahls 1990; Long et al. 1998; and White et al. 2007): poor compaction of backfill, 

erosion of backfill material, poor drainage management in backfill, creep, consolidation of 

foundation soil, and poor construction practices. Long et al. (2007) also indicated that 

embankment height can be another cause of differential settlement, as taller embankments (i.e., 

more than 8 m - 26.25 ft in height) generate greater pressures and are more prone to deform than 

shorter embankments (i.e., less than 3 m - 9.84 ft height). 

To prevent some of these problems in small, rural road bridges, the FHWA has been 

implementing a new construction methodology: Geosynthetic Reinforced Soil – Integrated 

Bridge System (GRS-IBS). This type of bridge is a support system that merges the approaching 

road with the bridge deck.  The system is built to create a jointless boundary between approach 

road, abutment and the bridge deck, as the deck rests directly on top of the abutment. 

 

3.1.1! Deformation of Bridge Foundations: Mechanical and Environmental Causes 

For bridges supported by shallow foundations, settlements usually control the serviceability 

design (Lambe and Whitman 1969). Foundation settlement has three stages: immediate or 

elastic, primary consolidation, and secondary compression or creep. Immediate or elastic 

settlement happens soon after construction. For coarse-grained foundation soils the elastic 

deformation correspond to most of the settlement (Helwany et al. 2007). Primary consolidation 
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refers to the process settlement caused by the dissipation of excess pore water over time. Finally, 

secondary compression refers to the deformation under constant loading (creep). Both primary 

consolidation and secondary compression comprise most of the settlement for fine-grained soils 

(Helwany et al. 2007). The long-term impacts are controlled by relative ratio of live over dead 

loads and the rate of excess pore pressure dissipation during dynamic loading conditions 

(Helwany et al. 2007). 

Environmental conditions (e.g., temperature, precipitation, water table changes, freezing and 

thawing, etc.) can also have an effect on the behavior of foundations and structures they support. 

Ma et al. (2011) studied the behavior of embankments with respect to ground temperatures. 

When the mean annual ground temperature was -1.5 °C (29.3 °F) or less, embankments 

experienced frost heave during the colder seasons and settlement during the warmer seasons.  

Li et al. (2013) studied the effect of freeze-thaw cycles, cyclic stress amplitude, confining 

pressure, moisture content, and number of loading cycles on the strain of clays under low stress 

level (< 0.3 MPa) repeated mechanical cyclic loading conditions. Li and co-workers found that 

the larger deformation occurs after the first freeze-thaw cycle, however this effect is reduced 

with consecutive cycles. They also found that larger water contents result in larger cumulative 

strains. Also, heaving of soils with a nearby water supply (i.e., creeks, streams, etc.) will occur 

when the soil reaches 90% saturation. When soils are not near a water supply, localized heaving 

can occur due to lenses in the soil mass (Shoop and Bigl 1997).  

Freezing and thawing of soils is a transient heat-moisture process, as liquid water transforms 

into solid ice while giving up heat (i.e., latent heat effect). Two types of frozen soil fabrics can 

form: homogenous, layered (ice lenses), or both (Farouki 1981). The homogenous fabric occurs 

when the freezing rate is fast, not allowing for water migration, thus only the water present in the 
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pores gets frozen (Farouki 1981). The layered fabric occurs when the freezing rate is slow, 

allowing for water to migrate to form the ice lenses (Farouki 1981; Shoop and Bigl 1997; 

Mitchell and Soga 2005; Holts et al. 2011; Ming and Li 2016).  

Ice lens formation and frost heave can occur under the following conditions: frost-

susceptible soil, freezing temperatures, and water supply (Mitchell and Soga 2005; Holts et al. 

2011). Soils with more than 3 percent of fine-grained particles are considered to be frost 

susceptible. The thickness of the ice lenses can range between millimeters to centimeters 

(Mitchell and Soga 2005), and the lenses tend to become thicker and more separated with depth 

(Farouki 1981; Mitchell and Soga 2005). 

In coarse-grained soils all water is frozen and this occurs over a small temperature range, 

while in fine-grained soils (typically more frost susceptible) not all water freezes, some remain 

as thin films on the grains surface, and freezing occurs over a large temperature range (Farouki 

1981; Mitchell and Soga 2005; Zhang and Michalowski 2015; Bao et al. 2016). Ice lens 

formation occurs as it is easier to draw water to ice than to propagate ice through the pore space 

(Mitchell and Soga 2005). Desiccation at the freezing front causes a suction effect due to 

remaining water films, this suction and the thermal gradient at the freezing front is what causes 

water to migrate towards the freezing zone (Farouki 1981; Mitchell and Soga 2005). As the 

water supply below the freezing front becomes more limited the freezing front moves downward 

until it can start forming new lenses (Farouki 1981; Mitchell and Soga 2005). The soil thermal 

properties get affected by temperature changes; as the soil freezes and ice forms the soil’s 

thermal conductivity increases and its heat capacity decreases (Farouki 1981; Bao et al. 2016). 

Frost heave happens as water freezes ice forms and expands (~ 9%), resulting in an increase 

of the void space and thus the porosity of the soil (Farouki 1981; Mitchell and Soga 2005; Özgan 
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et al. 2015; Zhang and Michalowski 2015).  As the mechanical, hydraulic and thermal properties 

of the soil are affected by freezing and thawing (Farouki 1981; Qi et al. 2008; Mitchell and Soga 

2005; Özgan et al. 2015; Wang and Liu 2015; Zhang and Michalowski 2015), the ice-bonding 

effect makes the soil experience an increase in stiffness and a reduction in its compressibility and 

permeability below the freezing point (Wang and Liu 2015; Zhang and Michalowski 2015).  

Freezing and thawing cycles can have either a cumulative heave effect on the deformation 

of the soils or add to the settlement of the soils experiencing these cycles. If the soils comprise 

mostly of fine-grained particles or have large over-consolidation ratios they would tend to have a 

cumulative heave effect (Ma et al. 2011; Li et al. 2013; Zhang and Michalowski 2015), but if the 

soils are mostly coarse-grained or normally consolidated they would tend to experience extra 

settlement (Özgan et al. 2015; Zhang and Michalowski 2015). 

Thaw settlement occurs as temperatures rise, this increase in temperature causes the ice and 

lenses to melt, increasing the water content of the soil, resulting in a weaker soil with increased 

permeability (larger voids). Under constant load and drained conditions the thawed soil may be 

re-arranged into a denser state than before freezing (Farouki 1981; Kim et al. 2003; Md. Noor et 

al. 2008; Qi et al. 2008; Mitchell and Soga 2005; Holtz et al. 2011; Özgan et al. 2015; Shahriar et 

al. 2013; 2015; Zhang and Michalowski 2015). 

Helwany et al. (2007) also shows that volumetric changes due to freeze/thaw cycles could 

cause the soil to deform, increasing the stress on the pavement of approaching roadways and 

abutment walls. Another effect of temperature changes can be the generation of thermal cracking 

in flexible pavements and concrete surfaces; cracking can happen as a response to thermal 

gradients occurring in the structure due to repeated contraction and expansion as temperature 

changes. Thermal changes can happen in matter of hours, as Michal and Urban (2015) reported, 
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bridges deforms as the temperature changes but with a delay between 5 to 8 hours after the 

maximum or minimum temperature, allowing for the heat to diffuse into the structure and 

foundation soils. 

Water table changes can also affect the behavior of foundation soils. As water level declines 

the pore pressure decreases thus the effective stress felt at a certain point below the water table 

increases. This increase in effective stress causes the pore space to decrease, resulting in 

settlement or subsidence (Md. Noor et al. 2008; Anochikwa et al. 2012; Loáiciga 2013). 

Deformation over time will depend on the water content, as soils with higher water contents will 

take longer time for the pore pressure to dissipate, thus deformation will occur over a longer 

period of time (Kim 2000; Qi et al 2013; Wang and Liu 2015).  Settlement due to water table rise 

has also been discussed in relation to the soil stiffness, as water table rises and water contents 

increase the stiffness of the soil decreases, affecting the soil deformation (Kim et al. 2003; Md. 

Noor et al. 2008; Shahriar et al. 2013; 2015). 

 

3.1.2! Geosynthetic Reinforced Soil – Integrated Bridge System  

In this type of bridges, the structure comprises of reinforced abutment, foundation, and 

approach roadway. The reinforced abutment consists of layers of compacted backfill between 

layers of geosynthetic reinforcement and provides the support to the bridge deck. The reinforced 

foundation increases the bearing capacity of the foundation system. When GRS-IBS is used over 

waterways, the use of scour protection is required to avoid erosion at its bottom of the abutment-

foundation system (Adams et al. 2011- Figure 3.1b). 

GRS-IBS systems have been used since the late 1990s, offering some advantages over the 

more conventional rigid foundations (i.e., shallow and deep foundation systems). These 

advantages include cost effective construction (up to 30% savings), rapid and easy construction, 
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and good seismic performance. Also, GRS-IBS systems can be implemented in remote areas, 

may be used to reconstruct bridges after natural disasters, and can be built on top of stiff to soft 

soils as the unit behaves as a whole distributing the load in a uniform way (Adams et al. 1999; 

Abu-Hejleh et al. 2002; Helwany et al. 2003; Keller and Devine 2003; Mohamed et al. 2011).  

One of the main disadvantages of GRS-IBS is the susceptibility of erosion on the face and 

footing of the abutment, thus mitigation techniques, such as embedment, riprap, cellular 

confinement system, or segmental blocks, should be implemented to avoid scouring of the 

foundation (Mohamed et al. 2011). Another disadvantage is that GRS-IBS can only be used in 

small bridges (span less than about 40 m – Adams et al. 1999). Abu-Hejleh et al. (2002) 

emphasize that with the use of GRS-IBS in a bridge, supported on claystone bedrock, this bridge 

did not suffer differential settlement even after three years of surveying, with the majority of the 

settlement happening the first year. 

Viswanadham and König (2009) used a centrifuge experiment to study the behavior of a 

GRS system on a yielding foundation. They observed that even at larger differential settlements 

(1 m over 18 m - 3.3 ft over 59 ft - in length, in prototype dimensions) the reinforced 

embankment does not reach failure and its lateral deformation is approximately 1.6% of the 

slope height. The effect of a yielding foundation was also studied by Skinner and Rowe (2005), 

finding that the yielding of the foundation can cause or add to the differential settlement on an 

abutment, but its effect can be reduced by the use of the GRS system, especially by increasing 

the length and stiffness of the bottom most reinforcement layer. 

The specifications for the implementation of GRS-IBS were proposed by Adams et al. 

(2011). They specified a height of less than 9.1 m (30 ft), a deck span less than 42.6 m (140 ft), a 

bearing stress less than 191.5 kPa (27.8 psi), and a separation of the geosynthetic reinforcement 
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of 30 cm (12 in) or less. GRS-IBS perform better with shorter reinforcement separation and less 

tensile strength in comparison with higher tensile strength and larger reinforcement separation 

(Adams et al. 1999). 

The objective of this study is to evaluate the behavior of a GRS-IBS system by studying 

their response to design traffic loads and environmental loads. To accomplish this, monitoring of 

its movements over time, and finite element analysis were performed on a bridge in Bloomer, 

Wisconsin. 

 

3.2! Studied bridge and monitoring approach 

3.2.1! Bridges description 

The studied Geosynthetic Reinforced Soil – Integrated Bridge System (GRS-IBS) is located 

on State Highway (STH) 40, southwest of the City Bloomer and north of the Town of Howard in 

Chippewa County, Wisconsin, and it crosses over Hay Creek (Figure 3.2). The deck is 12.2 m 

(40 ft) long by 11.7 m (38.4) wide. The bridge deck is directly supported by the geosynthetic 

reinforced backfill. The geosynthetic used as reinforcement for the soil is a biaxial woven 

polypropylene with a wide width tensile strength of 70 kN/m (4800 lb/ft), with layers spaced 20 

cm (7.87 in) near the bottom and 10 cm (3.94 in) near the top. The length of the reinforcing 

layers’ ranges between 1.8 to 4.3 m (5.9 to 14.1 ft), from bottom to top. Also, riprap protection 

was used to prevent scouring, and masonry-facing elements were used to protect the reinforced 

soil abutment. The structure was founded on the natural soil. Subsurface exploration shows that 

the soil consists predominantly of sand layers with some traces of clay and silt (Figure 3.3). This 

area hosts sand quarries to produced silica sand used in shale hydraulic fracturing operations. 

Thus a great portion of the traffic correspond to trucks transporting sand for this purpose 

(maximum allowed weight is 355 kN - 80 kip – AASHTO 2012). Due to this added traffic, 
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WisDOT have been required to upgrade maintenance operations in rural roads in the country and 

region. The GRS-IBS bridge was built to replace an old bridge that was supported on timber 

piles. Because of the presence of a previous structure and that glaciers covered this area 

thousands of years ago (Syverson 2007), the foundation soils in this area can be considered to be 

either dense or over-consolidated. 

 

3.2.2! Monitoring approach 

Conventional surveying techniques were implemented to monitor the deformation of the 

bridge, using a total station, with the accuracy of the instrument given by (GLM-Laser, 2015): 

    (3.1) 

where D is the total station-prism horizontal distance. 

The location and layout of the surveying points for the bridges is shown in Figure 3.4. The 

surveying points on the deck, close to its edge, are approximately 0.5 m (16 ft) from the edge of 

the deck, and the middle ones at the midspan of the deck. The surveying points on the 

approaching road start 1.8 m (5.9 ft) from the edge of the deck, and are 5 m (16.4 ft) apart from 

each other. Settlement plates have been used to monitor the deformation of the foundation. On 

the north abutment wall these are connected to a rebar encased in pipe, while on the south 

abutment wall there are no rebars. A benchmark was installed to use as reference far from the 

bridge site but within the right of way. 

There are several factors that can have an effect on the surveying measurements in the field. 

First, the assumption that the reference point used in the field is not moving might not be 

completely accurate, as this point, as the rest of the surveying points, can also be experiencing 

slight deformations due to changes in temperature (heaving and compression during summer and 

winter seasons), carrying an error into the field measurements or exaggerating them. Second, as 

/ = ±(0.0055 + 3 ∙ 109: ∙ ;) 
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far as the instrumentation goes it has been reported that the accuracy of the measurements 

depends on the distance between the equipment and the target, decreasing with distance 

(Equation 1 - Beshr and Elnaga 2011; Elhassan and Ali 2011). Lastly, other factors such as the 

effects of surveying towards (front) and against (back) the sun, battery capacity, inclination of 

target, and reflecting surface also affect the accuracy of the measurements. Beshr and Elnaga 

(2011) report that surveying towards the sun, with a battery with lower capacity, a larger 

inclination of the target surface, and darker targets, results in less accurate measurements. 

 

3.3! Geosynthetic Reinforced Soil-Integrated Bridge System Deformations 

The results from monitoring the vertical deformation of the bridge are shown in Figures 3.5 

to 3.8 (The rest of the monitoring results are shown in Appendix C). Figure 3.5 summarizes the 

vertical deformation of the settlement plates over time and versus temperature. In general, the 

foundation has experienced slight deformation, 0.5 cm (1.6 in) or less. Given that the foundation 

soils in the area are likely dense or over-consolidated, the induced traffic load imposed on the 

system might be less than what the maximum effective stresses the soils have experienced 

before. Such effect has been documented in bridges in colder environments than Wisconsin (Ma 

et al. 2011). A hypothesis on what could cause these deformations is that the environmental 

conditions (mostly temperature) might be controlling the deformation for the structure. 

Figure 3.6 shows the vertical deformation of the abutment walls over time and versus 

temperature. The fact that all the displacement trends are closely together indicates that the 

abutment walls are moving uniformly as a unit, meaning that no section is undergoing more or 

less deformation than any other. The data indicate a general upward trend, with some periods of 

downward movement. This trend could be due in part to environmental factors; as the 



 60 

temperature and moisture content changes, the structure could be showing a response to these 

changes. The structure and soils can expand and contract during hot and cold periods, but also 

the soils can experience heave due to freezing of water in the pore space, with a general effect of 

cumulative deformation due to freezing and thawing (Ma et al. 2011; Li et al. 2013). 

Figure 3.7 shows the vertical deformation on the bridge deck over time and versus 

temperature. The figure presents a general downward trend with respect to temperature. The 

general deformations could be due in part to the system’s response to environmental (i.e., 

temperature) changes. Moreover, as for the design of GRS-IBS bridges the deck is resting 

directly on the reinforced backfill, the deformation could also be a result of poorly compacted 

backfill (White et al. 2007), due to the loss of the strength in the backfill due to the infiltration of 

water (Li et al. 2013; Kim et al. 2013), or due to the use of a geosynthetic with not enough 

strength and stiffness. 

Figures 3.8 describes the vertical deformation of the South and North approaching roads 

over time and versus temperature. The behavior of these points shows an upward trend during 

the winter season, a downward trend during the transition to and from winter, and a more or less 

steady behavior the rest of the time. These deformations could be attributed to the effect of frost 

heave and then thawing on the soil underneath the road.  

To assess the potential effect of frost-heave the following scenario can be considered. A 

fine-grained soil under a foundation is expected to freeze 1 m (3.3 ft) below the foundation. The 

soil is saturated and has a void ratio of 0.6. The volume of voids (and water as S=100%) can be 

found using equation 3.2: 

VV = eVT
1+ e           (3.2) 

where VV is the volume of voids, VT is total volume, and e is the void ratio of the soil. 
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Assuming a total volume of 1 m3 that the volume of water before freezing occurs is 0.38 m3; 

then after freezing occurs the volume of ice becomes 0.42 m3 (density of ice = 0.9 kg/m3), 

resulting in a frost-heave of 4 cm (1.6 in). Ma et al. (2011) and Li et al. (2013) mention that frost 

heave could have a larger cumulative effect than the settlement or deformation due to thawing, 

which could explain the upward trend shown by the approaching roads. A more comprehensive 

and general explanation of the observed deformations is presented in the Section 3.5 Field 

Monitoring Response Discussion later in this chapter. 

Visual inspection of the deck and approaching road in March 2013 revealed a relative 

displacement of -1.2 cm (-0.5 in.) and -3 cm (-1.2 in) between the bridge deck and the 

approaching road level, in between the traffic lanes. At the corners of the deck no deformation 

was observed. During the April and May 2013 visits, visual inspection revealed that the deck and 

approaching road were at the same level, no difference was observed at the joint of these two 

sections, but a crack (25.5 cm – 10 in long) was observed on the southeast section of the road 

(Figure 3.9a). In March of 2013 the southeast traffic lane section of the deck was 3 cm (1.2 in) 

below the roadway, while the other three traffic lane sections were 2 cm (0.8 in.) or less. The 

crack could have been formed as a response of the pavement/embankment to the temperature 

change between March and April, and the leveling of the deck and approaching road during this 

period of time, as mentioned by Helwany et al. (2007) thermal cracking on pavements and 

concrete surfaces can happen due to temperature changes.  

During June 2013 the southwest and northeast sections of the deck moved up approximately 

2 cm (0.8 in.), with respect to the approach road and since the previous month visit (May 2013), 

while the southeast and northwest traffic lane sections stayed level. This behavior has remained 

the same between July 2013 and March 2014. The last set of measurements, May and August 
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2014, indicates that all the approaching road corners, in between the traffic lanes, have moved up 

with respect to the bridge deck. In March 2014 another crack (31.4 cm – 12.4 in long) was 

observed (Figure 3.9b) next to the one that first appeared in May 2013, probably due to the same 

factors as the first crack, changing temperature during the transition between seasons. 

During the winter months, snow accumulated on the bridge deck and approaching roadway. 

As the temperature rose and the snow melted away, the resulting water ponded around the deck 

and approaching road joint. The general GRS-IBS design specification (Adams et al. 1999) calls 

for a layer of pavement on top of the deck and approaching road to create a continuous and 

smooth surface and a jointless transition. The pavement layer was not implemented on this 

bridge, leaving a joint between the deck and road exposed, thus allowing for water to infiltrate 

and accumulate inside the reinforced backfill, making this joint exposed to environmental 

conditions and the corresponding effects on the structure. The implementation of the pavement 

layer could have diminished the environmental effects and improve the behavior of the system. 

As discussed by Wahls (1990), deformations are expected to occur on shallow foundations. 

As a response to these deformations the GRS-IBS system is expected to deform and match these 

deformations instead of resisting them. As soils are not homogeneous they can deform in a non-

uniform way and this deformation can be transferred to the structure being supported by the soil, 

thus causing differential deformations. 

 

3.4! Freeze-Thaw Experiment on Sand-Silt Mixtures 

To provide a better understanding of the behavior of sand and silt mixtures under freezing 

and thawing cycles, two samples were subjected to freezing and thawing. The two samples 

comprise of sand and silt with different percentages: sample A had 90% sand and 10% silt, and 
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sample B had 50% sand and 50% silt. The samples were consolidated to 100 kPa (14.5 psi) and 

then unloaded to 25 kPa (3.6 psi) to create dense, over-consolidated soil specimens, with these 

two stages taking a total time of 48 hours. The freezing and thawing cycles were started after the 

loading-unloading of the samples, with each cycle lasting 48 hours (24 hours for freezing, 24 

hours for thawing), keeping the vertical pressure constant at 25 kPa (3.6 psi), and the samples 

saturated at all times. The displacement of the samples was recorded using a Linear Variable 

Displacement Transducer (LVDT) and the temperature of each sample was recorded using a 

thermocouple placed at the middle of the sample. The samples were placed inside an open chest 

freezer for the loading-unloading part of the test. To freeze the samples, the freezer turned on and 

closed, and to thaw the samples the freezer was turned off and open. A set up of the experiment 

is shown in Figure 3.10a. Based on the setup of the experiment (fast freezing rate and continuous 

water supply) and the soils’ composition (more than 3% of fine grained soil) a homogeneous 

freezing fabric would be expected to occur. 

Figure 3.10b shows the results of the freeze and thaw experiment. It can be seen that the soil 

sample with a higher content of silt (sample B) experienced larger compression during the 

loading-unloading stage, with sample A changing height by 1% and sample B changing height 

by 3.5%. This behavior would be expected as a soil with higher content of fine-grained particles 

is more compressible than a soil with a higher content of coarse-grained particles (Mitchell and 

Soga 2005). After 16 freeze-thaw cycles both samples have experienced extra compression, once 

again with sample B recording a larger deformation. Sample A has changed (reduced height) 

0.43%, while sample B has changed (reduced height) 0.63%. Similar observations were made by 

Özgan et al. (2015), reporting consolidation test results of clayey sand samples after 30 freeze-

thaw cycles resulted in an increase of 23% in the compression of the soil with respect to samples 
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before freezing and thawing. Their results are consistent with the remarks from Zhang and 

Michalowski (2015), stating that coarse-grained soils or normally consolidated soils tend to 

experience extra compression due to the effects of freezing and thawing.  

Figure 3.10c shows the change in height for each freeze-thaw cycle, showing how the 

magnitude of the deformation for each cycle remains pretty much the same for sample A (90% 

sand), but for sample B (50% sand) the magnitude of the deformation increases as the number of 

cycles increase, resulting in a cumulative effect of the freezing and thawing for the sample with 

higher fine particles content, as previously reported by Ma et al. (2011), Li et al. (2013), and 

Zhang and Michalowski (2015).  

The tests results indicate that the soil composition will not only have an effect on the initial 

compression due to added load, fine-grained soils will compress more, but will also have an 

effect on the response to freezing and thawing, with fine-grained soils being more susceptible to 

freezing and thawing effects than coarse-grained soils. 

 

3.5! Field Monitoring Response Discussion 

Foundation Soils. The deformation of structures can be affected by environmental factors, 

other than temperature changes, such as changes in moisture content and cyclic loading, causing 

changes in the shear strength and stiffness of the soil (Kim et al. 2003; Okus and Ansal 2007). 

Additionally, soil heterogeneity and the occurrence of fine-grained soil layers can cause the 

system to deform in a non-uniform way. Fine-grained soils, in particular clays, are more 

predisposed to changes in moisture content (Mitchell and Soga 20015; Li et al. 2013), resulting 

in larger deformations when present in foundation soils (Moulton and Kula 1980; Moulton et al. 

1985; Whals 1990; Long et al. 1998; White et al. 2007). 
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 The presence and/or fluctuation of moisture in the field is not known, making difficult to 

account for this effect when analyzing the field results; with the only exception of the reinforced 

foundation, which can be assumed to be saturated as the bridge crosses a creek. Given the very 

localized subsurface explorations and uncertainty on how the layers extend laterally and specific 

percentages of the different particle fractions, the response of the soils based on their 

composition can only be generalized and speculated. As shown by the freezing and thawing 

experiment results, the soils composition has a direct impact on the response of these to the 

different loading conditions. 

Conceptual model for deformations. As water in the pore space freezes ice forms and 

expands, causing the soil to heave, resulting in an increase of the void space and thus the 

porosity of the soil (Farouki 1981; Mitchell and Soga 2005; Özgan et al. 2015; Zhang and 

Michalowski 2015).  As the properties of the soil are affected by freezing and thawing (Farouki 

1981; Qi et al. 2008; Mitchell and Soga 2005; Özgan et al. 2015; Wang and Liu 2015; Zhang and 

Michalowski 2015), the foundation experiences an increase in stiffness and a reduction in its 

compressibility below the freezing point due to ice-bonding. Because of this behavior, frost 

heave is considered to be the driving mechanism for the deformation of the foundation soils 

below freezing temperatures, as captured by the field results from the different surveyed 

sections. The long-term behavior of the bridge shows cumulative heave effect, which would 

indicate that the foundation soils have a significant fraction of fine-grained soils and/or are 

heavily over-consolidated, and this behavior has been described under similar conditions by 

other researchers (Ma et al. 2011; Li et al. 2013; Zhang and Michalowski 2015). 

As temperature rises the ice present in the voids starts to melt, thus increasing the water 

present in the soil, weakening the soil and resulting in thaw settlement or shrinkage. As water 
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migrates (this can contribute to the lowering of the water table) pore pressure starts to dissipate, 

as pore pressure dissipates the effective stresses increase, and the void space starts to shrink (Md. 

Noor et al. 2008; Anochikwa et al. 2012; Ming et al. 2012; Loáiciga 2013). As the field results 

show, when plotted against temperature (Figures 3.5-3.8), there is a downward deformation trend 

with increasing temperature; this trend is attributed to the lowering of the water table as the soils 

dry with an increase in temperature, leading to an increase on the effective stress and therefore 

resulting in settlement or shrinkage of the soils.  

As an example of this mechanism, a quick estimation of settlement, on an over-consolidated 

or dense soil, can be performed using the following equation: 

/ =
C

1+D0
∙ EF ∙ log

JK)
′

JKM
′         (3.3) 

where δ is settlement, H is thickness of the soil, e0 is initial void ratio, Cr is the re-compression 

index, σvf' is final effective vertical stress, and σvi' is initial effective vertical stress.  

Assuming H = 5 m (16.4 ft), e0 = 0.6, Cr = 0.05, γdry = 18 kN/m3 (114.6 lb/ft3), γsat = 20 

kN/m3 (127.3 lb/ft3), initial water table at 2 m (6.6 ft) below the surface, and final water table at 3 

m (9.8 ft) below the surface, the estimated settlement due to a 1 m (3.3 ft) lowering of the water 

table is 0.75 cm (0.3 in), which is in the same order of magnitude that the field results show. This 

calculation shows that lowering of the water table could contribute to the settlement of the 

foundation soils as these become drier as temperatures rise. Furthermore, the settlement may be 

even higher as the matric suction increases during the lowering of the water table.  
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3.6! Conclusions 

From the field monitoring of the GRS-IBS bridge in Bloomer the following conclusions can 

be made: 

•" The bridge at Bloomer has experienced deformations due predominantly to environmental 

factors, such as temperature and water content changes, as these factors have been known to 

affect the properties of the soils (stiffness, compressibility, etc.). 

•" During winter when temperatures fall below freezing, the soils freeze and experience 

heaving, transferring this effect to the structure. The deformations show a general upward 

trend, as the cumulative effect of frost heave seems to be greater than settlement from 

thawing. 

•" As temperatures rise above freezing, ice starts to melt and the water content increases the 

soils become weaker, yielding to thaw settlement. Settlement can also be affected by a 

decline in the pore pressure, resulting in an increase of the effective stresses. 

•" Differential settlement has occurred between the approaching road and deck, the main 

reason for this being probably the lack of the joint-sealing layer over the structure, as water 

is believed to infiltrate into the backfill, giving room for erosion and the generation of ice 

lenses. 

•" Soil composition plays a significant factor on the soil’s response to freezing and thawing, as 

the laboratory test showed, a soil with higher content of coarse-grained particles does not 

seem to be affected as much as a soil with higher content of fine-grained particles, as the 

soil with higher fine-grained content experiences larger deformations. 
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Figures 

 

 (a) 

 (b) 
Figure 3.1. (a) Typical cross-section of a deep foundation system and causes for differential settlement. (b) Typical 

cross-section of a Geosynthetic Reinforced Soil-Integrated Bridge System (GRS-IBS). 
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 (a) 

 (b) 
Figure 3.2. (a) Location of the GRS-IBS bridge. The red circle indicates the location of the bridge. (b) Picture of the 

GRS-IBS bridge. 
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Figure 3.3. Subsurface exploration data for the GRS-IBS bridge at Bloomer 
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Figure 3.4. Location of the surveying points at the bridge in Bloomer. 
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(a) 

 (b) 
Figure 3.5. (a) Relative vertical deformation of settlement plates with respect to the reference point. Positive values 
correspond to upward movement. (b) Vertical deformation of NE settlement plate versus temperature, separated by 

temperature cycles. Warm periods correspond to minimum temperatures above zero and cold periods are the 
opposite. 
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 (a) 

 (b)  
Figure 3.6. (a) Relative vertical deformation on the reinforced abutment walls with respect to the reference point. 

Positive values correspond to upward movement. (b) Vertical deformation of NE wall versus temperature, separated 
by temperature cycles. Warm periods correspond to minimum temperatures above zero and cold periods are the 

opposite. 
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 (a) 

  (b)  
Figure 3.7. (a) Relative vertical deformation on the bridge deck with respect to the reference point. Positive values 

correspond to upward movement. (b) Vertical deformation of NE deck versus temperature, separated by 
temperature cycles. Warm periods correspond to minimum temperatures above zero and cold periods are the 

opposite. 
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 (a) 

 (b) 

 (c)  
Figure 3.8. Relative vertical deformation on the (a) south approaching road and (b) north approaching road with 

respect to the reference point. Positive values correspond to upward movement. (c) Vertical deformation of SE road 
versus temperature, separated by temperature cycles. Warm periods correspond to minimum temperatures above 

zero and cold periods are the opposite. 
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 (a) 

 (b) 
Figure 3.9. (a) Crack observed in May of 2013 at the edge between the deck (bottom) and approaching road (top) at 

the south-east end. (b) New crack observed in March 2014 right next to the old one. 
  



 83 

 (a) 

 (b) 

 (c) 
Figure 3.10. (a) Set up for the freezing and thawing experiment. (b) Results of the freezing and thawing experiment 

on two different sand-silt mixtures, sample A is 90% sand and 10% silt and sample B is 50% sand and 50% silt. 
Black arrow marks the end of unloading, magenta arrow marks end of unloading and start of freeze-thaw cycles. 
The 32 days of measurements correspond to the 16 freeze-thaw cycles on Figure 3.10c. (c) Change in height for 

each freeze-thaw cycle for both samples, with the 16 cycles corresponding to the 32 days of measurements on Figure 
3.10b.
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CHAPTER 4: !Finite Element Modeling of a Geosynthetic-Reinforced Soil Bridge – 

Service and Temperature Loads 

 

Maximiliano Garnier-Villarreal1; Dante Fratta2; and Michael Oliva3 
 

Abstract: Geosynthetic Reinforced Soil systems have been implemented in different types of 

structures to improve their performance regarding deformations and bearing capacity. 

Geosynthetic Reinforced Soil – Integrated Bridge System (GRS-IBS) has been specifically 

implemented in transportation structures as an alternative to costlier, time consuming typical 

deep foundations. GRS-IBS helps to alleviate the issue with differential settlements between 

road and deck. This study focuses on the numerical modeling of a short span GRS-IBS bridge 

that replaced an old bridge going over a seasonal creek. The numerical modeling considers 

several loading scenarios, including different traffic and thermal loads, looking also at the 

structural integrity of the deck for cracking. The results of the traffic load analyses show that 

none of the considered scenarios would cause a deformations or stresses large enough that would 

reach the specified limits for critical deformation or stress. The thermal load analyses show how 

the structure is affected by temperature as it experiences frost heave when the water in the pore 

space freezes, but mechanical and hydrological mechanisms are expected to control the 

deformations as temperatures rise. In conclusion, the structure shows good response to traffic 

loads and seems to be influenced by environmental factors as temperature changes. 
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Keywords: GRS-IBS; Shallow foundation; Temperature; Frost-heave; Finite element analysis. 

 

4.1! Introduction 

Geosynthetic Reinforced Soils (GRS) have been used in different types of structures to 

improve their performance, including reinforced flexible pavements, soils supporting structures 

with shallow foundations, and abutment and embankments for highway structures (Erickson and 

Drescher 2001; Skinner and Rowe 2003; Siriwardane et al. 2008; Al-Azzawi 2012; Belal et al. 

2015). More specifically Geosynthetic Reinforced Soil – Integrated Bridge Systems (GRS-IBS) 

have been used in transportation structures to alleviate the differential settlement issue between 

road and deck, known as the “bump at the end of the bridge”. These systems also offer 

advantages over more conventional supporting systems, including cost, construction time, and 

ease of implementation in remote areas (Adams et al. 1999; Abu-Hejleh et al. 2002; Helwany et 

al. 2003; Keller and Devine 2003; Mohamed et al. 2011). Main disadvantages include the small 

size of these structures (spans less than 42.6 m (140 ft)) and the need of special consideration for 

prevent erosion of the reinforced soils when the structures run across creeks or small rivers. 

Adams et al. (1999) provide the rest of the specifications needed for implementing this type of 

construction on bridges, including a height of less than 9.1 m (30 ft), a separation of the 

geosynthetic reinforcement of 30 cm (12 in) or less, a deck span less than 42.6 m (140 ft), and a 

bearing stress less than 191.5 kPa (27.8 psi). 

Figure 4.1a shows a typical cross section for a GRS-IBS system. In general, the system 

consists of a reinforced abutment, foundation, and approach roadway. The design also creates a 

jointless transition between the approaching roadway, abutment, and bridge deck. The deck is 
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supported by the reinforced abutment, which consists of lifts of compacted backfill with layers of 

geosynthetic reinforcement in between. The foundation is sometimes also reinforced with 

geosynthetic to provide a higher bearing capacity for the system. Both surface scour and internal 

erosion has to be considered and taken care of when the system is to go over small rivers or 

creeks (Adams et al. 1999). 

Finite element analysis has been used to model GRS structures to try to understand and 

extrapolate the behavior of the reinforced soil as part of the IBS structure. Emphasis was placed 

on how reinforcement relates to design properties (i.e., geosynthetic spacing and length) and 

material parameters (i.e., geosynthetic, backfill, and facing stiffness) and how design parameters 

influence the behavior of bridge. 

As mentioned by Adams et al. (1999) the use of small separation between geosynthetic 

layers has a more significant effect than using fewer layers with stiffer geosynthetic layers. This 

statement has been corroborated by other researchers (Helwany et al. 2007; Liu et al. 2009; Belal 

et al. 2015), finding that decreasing the separation between reinforcement layers reduces the 

deformations of the system (Helwany et al. 2007). Also, it has been presented that increasing the 

length or width of the reinforcing layers improves the performance of the system, by reducing 

the deformations and increasing the bearing capacity, but only up to a certain point. When the 

embedment length reaches 75% of the embankment span the deformation becomes constant 

(Ling et al. 1995; Liu et al. 2009; Belal et al. 2015).  

The properties of other materials (e.g., soils, wall facing elements, pavement), not only the 

geosynthetic, also have an important impact on the behavior of the system. As the stiffness of the 

different materials (e.g., backfill and facing blocks) increase, the deformations experienced by 

the system overall decrease. Similar to the length of the reinforcement, there is a point that 
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increasing the stiffness, specially of the geosynthetic material result in minimal return in the 

decrease of the deformations (Ling et al. 1995; Wathugala et al. 1996; Erickson and Drescher 

2001; Han and Gabr 2002; Skinner and Rowe 2005; Helwany et al. 2007; Huang et al 2009; Liu 

et al 2009; Belal et al 2015). Another property that has been consider of lesser importance, until 

recent studies, is the creep of the reinforced soil. In some cases, especially for fine-grained soils, 

soil creep can control the long-term deformation of the system, even more than the creep of the 

reinforcement. Therefore, when dealing with fine-grained soils creep has to be considered 

(Helwany and Wu 1995; Liu et al. 2009). 

The effects of the foundation soil supporting these structures have been investigated by 

Skinner and Rowe (2003; 2005) and Viswanadham and König (2009). The researchers studied 

specifically the effects of yielding (soft, viscous) foundations. Their results show that when a 

structure is resting on a yielding foundation differential settlements tend to occur, but the use of 

reinforcement layers can help decrease the magnitude of these deformations and also avoid 

failure of the foundation. 

Environmental factors also influence the deformation of foundation soils and the structures 

these support (e.g., temperature, moisture content changes, freezing and thawing, etc.). The 

effect of temperature changes and the resulting freezing and thawing on foundation soils has 

been documented and studied by several researchers. Freezing and thawing cycles can affect the 

arrangement and density of soils, densifying loose soil and loosening dense soils (Qi et al. 2008). 

Frost heaving can happen as water in the pore space freezes causing the soils to expand, and once 

the ice melts and thaws the soil will experience settlement or shrinkage (Ma et al. 2011; Ming et 

al. 2012; Zhang and Michalowski 2015). Depending on the composition and particle distribution 

of the soil, foundations behave differently under freezing and thawing. Fine-grained soil can 
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experience a cumulative heave over time, as they are more susceptible to water content changes 

(Mitchell and Soga 2005), while coarse-grained soils may experience settlement over time (Ma 

et al. 2011; Li et al. 2013; Özgan et al. 2015; Zhang and Michalowski 2015). Moreover, these 

temperature changes can also affect the properties of soils, making them stronger, stiffer, and 

less permeable as freezing of the pore fluid occurs, and the changes of these properties are 

reverse as the ice melts and thaws (Özgan et al. 2015; Qi et al. 2008; Wang and Liu 2015; Zhang 

and Michalowski 2015).  

The objective of this study is to systematically evaluate the behavior of the structural and 

geotechnical elements of a GRS-IBS system by modelling their response to design traffic loads 

and environmental (i.e., temperature) loads, making use of the general purpose finite element 

package ANSYS, and compare some of the numerical results with field data. 

 

4.2! Studied bridge 

The studied bridge is located near the City of Bloomer, Chippewa County in the State of 

Wisconsin (Figure 4.2). The road serves the farming community in the area and recently is being 

used by large trucks hauling silica sand used in fracking operations in the oil patch. The design 

traffic for this bridge is HL-93 (AASHTO 2012) and Wisconsin Standard Permit (WisDOT 

2015). The deck is 12.2 m (40 ft) long by 11.7 m (38.4) wide, and it is supported by a 

geosynthetic reinforced soil. The reinforced soil acts as the abutment for the bridge deck. The 

geosynthetic layers are a biaxial woven polypropylene with a wide width tensile strength of 70 

kN/m (4800 lb/ft), spaced 20 cm (7.87 in) near the bottom and 10 cm (3.94 in) near the top, with 

different lengths (1.8 to 4.3 m or 5.9 to 14.1 ft), not covering the whole area of the backfill (see 

Figure 4.1b). Foundation soils comprise mostly of sandy soils with presence of clay and silt 
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mixed with the sand or as separate layers (Figure 4.3). The foundation soils in the area are 

considered as dense or over-consolidated, as this new structure is replacing an old bridge and the 

area was covered by most recent glaciation (Syverson 2007). 

 

4.3! Validation of Finite Element Analysis 

The finite elements analysis package ANSYS was used in this study to analyze the response 

of the bridge to a number of different loading and design condition scenarios. However, before a 

full analysis was performed, a validation was used to determine if the results obtained using the 

general purpose finite element software ANSYS are in agreement with analytical solutions of 

known elastic problems commonly used in geotechnical problems. 

 

4.3.1! Elastic problem to analyze 

The problem to solve corresponded to a case presented by Poulos et al. (1972) in relation to 

the deformation that a homogeneous embankment experience due to self-weight loading. Poulos 

et al. (1972) present dimensionless solutions for five different cases, going from a lift height (h) 

to final height (H) ratio equal to 0.2 to h/H equal to 1, which would represent a triangular 

embankment; these solutions use an assumption of a slope angle equal to β=30°, and a Poisson’s 

ratio equal to ν=0.3. For each case Poulos et al. (1972) present solutions for displacements in the 

horizontal and vertical directions. The case of h/H=0.6 was chosen as the one to replicate using 

ANSYS. The solutions for the chosen case are shown in Figure 4.4 for a set of properties 

presented in Table 4.1. 
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4.3.2! Finite element analysis validation 

The finite element model, as well as the analytical solutions, make use of symmetry, thus 

only half of the embankment was modeled. The selected finite element consists of 8-node 

quadrilateral elements with 2 degrees of freedom (dof), horizontal and vertical translation, with 

the plane strain option. The boundary conditions were defined as a horizontal constrain at the 

right and bottom edges and a vertical constrain at the bottom edge this to simulate the rough rigid 

base assumed by Poulos et al. (1972) in their solutions. The applied loads correspond to the self-

weight of the structure. 

The results from the analysis and their comparison with the analytical solutions are shown in 

Figures 4.5 and 4.6 as nodal solutions and contour plots comparison. The analytical solutions 

from Poulos et al. (1972) are compared to the ANSYS solution at nodal locations (Figures 4.5a 

and 4.6a). For the vertical displacement case nodal solutions at the center of the embankment 

(right boundary) were taken where the analytical contour plots intersect with the boundary. For 

the horizontal displacement case nodal solutions where the analytical contour plots intersect at 

mid-height and across the length of the embankment were taken. Also, by superimposing the 

analytical contour plots on top of our ANSYS solutions (Figures 4.5b and 4.6b) a general 

comparison can be drawn. From this finite element analysis, it can be concluded that both 

analytical and numerical solutions, the nodal solution at the model boundaries and the contour 

plots, show good agreement for the specific case presented by Poulos et al. (1972). The results 

from this validation analysis shows that ANSYS can provide good approximate solutions for 

known problems with the understanding that an error would usually be associated with any 

numerical simulation solution.  
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4.4! Geosynthetic-Reinforced Soil Bridge Modeling 

The finite element model used in this study is a 3D linear elastic model of the geosynthetic-

reinforced bridge. The different elements of the finite element model consist of 8-node brick 

elements with 3 translational degrees of freedom (dof) for the solid bodies, 4-node shell elements 

with 6 dof (rotational and translational) for the geosynthetic layers, and surface-to-surface 

frictional contact elements to model the interaction between the different parts and elements, 

with a friction coefficient µ=0.5. The membrane option was chosen to model the shell elements, 

resulting in elements with only 3 translational dof, as rotation is not expected to play a 

significant role in the deformations. The backfill and foundation soil are modeled as 

homogeneous elements. The model is constrained vertically at its bottom and laterally at its ends. 

The properties of the materials used in this study are shown in Table 4.2. The first part of the 

analysis focuses in the backfill-geosynthetic interaction and the effect of the geosynthetic 

properties and friction angle of backfill soil. Finally, the full model is analyzed under different 

loading cases (traffic and temperature) to study the behavior of the whole system. 

 

4.4.1! Effect of geosynthetic elastic properties 

To understand the effect of the stiffness of the geosynthetic layers on the deformations, a 

small model was setup, and different stiffness values were assigned to the geosynthetic layers, 

using a friction coefficient of µ=0.5 between the backfill soil and geosynthetic layers. The model 

was vertically constrained at its bottom and fully constrained at its back. A uniform load of 1100 

kN (250 kips) was used as the design load and applied uniformly to the nodes at the top of the 

model. Four different stiffness values were analyzed (0.49 GPa, 7 GPa, 70 GPa, and 700 GPa). 

The first value corresponds to the stiffness of the geosynthetic used at the bridge in Bloomer. 

According to the geosynthetic specification sheet, the tensile stress of the geosynthetic at 
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different strain levels were plotted and fitted using a linear regression (R2=0.992). The slope of 

this fit corresponds to the tensile modulus (T = 983.98 kN/m (67 400 lb/ft)). The Young’s 

modulus (E = 492 MPa (71.3 ksi)) was obtained using Equation 4.1, for an assumed geosynthetic 

thickness of t = 2 mm (0.08 in). 

& =
N

O
          (4.1) 

The last three stiffness values that are analyzed correspond to 100, 1000, and 10000 times 

the stiffness of the backfill material (70 MPa (10.1 ksi)). A summary of the results is shown in 

Figure 4.7a. The numerical results show that by increasing the geosynthetic stiffness, from the 

stiffness used in the field, both vertical and horizontal deformations decrease. For the highest 

geosynthetic stiffness analyzed here the vertical and horizontal deformations decreased by 12% 

and 32% respectively. These results show the effect of increasing the stiffness of the 

geosynthetic. As the objective of adding reinforcements is to alleviate or reduce the deformations 

on the backfill (to reduce differential settlement) it is important to establish the necessary 

properties to address the desired problem. Please note that these results indicate that greatly 

increasing stiffness only marginally decrease the deformation indicating that there is point of 

diminishing return. 

 

4.4.2! Effect of friction angle and shear intercept 

The effects of the backfill’s friction angle and shear intercept (cohesion) were analyzed to 

evaluate the stability of the system. When using friction angle as a material property a shear 

intercept must be used in the analysis (it can not be zero) to provide stability during the 

numerical modelling. When changing the friction angle a shear intercept of 5 kPa was used 

during the analysis while the friction angle was varied between 25 and 60 degrees. When 



 93 

changing the shear intercept a friction angle of 40 degrees was used while the shear intercept was 

varied between 3 and 20 kPa. A friction coefficient of µ=0.5 was used between the backfill soil 

and geosynthetic layers, and the model was vertically constrained at its bottom and fully 

constrained at its back. The geosynthetic had a stiffness of 492 MPa, corresponding to the value 

used at the bridge in Bloomer. 

Figures 4.7b and 4.7c show the results of varying the friction angle and shear intercept. The 

friction angle and shear intercept should not affect the deformation of the system, as deformation 

depends only on Young’s modulus and Poisson’s ratio, but they can have an effect on the 

stability of the system, as these are strength parameters. Therefore, the larger deformations at the 

lower friction angles and shear intercepts probably indicate that the system was in an unstable 

condition. The results indicate that for the applied load a friction angle of 30 degrees or more and 

a shear intercept of 6 kPa or more would be necessary for the system to be in a stable condition. 

Helwany et al. (2007) studied the effect of backfill soil type, using different soils with different 

friction angles and different stiffness, correlating stiffer soils with higher friction angles. As they 

changed both properties the effect of friction angle can not be singled out, but as it would be 

expected the soil they assigned the higher stiffness and friction angle experiences lesser 

deformations. 

 

4.4.3! Service (Traffic) loading 

Different service (traffic) loading cases were analyzed to study the behavior of the structure 

under such different conditions. The traffic loading cases were: uniform load distribution, 

induced differential settlement, truck load, and truck load plus induced differential settlement. 

The analyses were performed by comparing the resulting stresses in the superstructure (deck) to 

the cracking stress of the concrete. The calculated cracking stresses for concrete was 3.3 MPa 
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(475 psi), modified after ACI (2011) specifications (Equation 4.2). The results were used to 

compare the integrity of the deck under the loading cases. This study was performed because the 

road right next to the deck of the bridge in Bloomer experienced cracking and it was important to 

evaluate if the crack was not related to traffic loads. A summary of the results from the different 

loading cases is shown in Table 4.3. The results of the different loading cases are shown in the 

figures in Appendix D. 

JPFQPR = 0.06234MPa
X>∙BY
-Z

       (4.2) 

where fc is the compressive strength of concrete, Pa is the reference pressure and is taken equal 

to the atmospheric pressure of 0.1 MPa. 

For the first case, a uniform load of 1100 kN (250 kips) was applied to the nodes of the 

deck, as this corresponds to the design traffic load (Wisconsin Standard Permit Vehicle - 

WisDOT 2015). This loading condition was achieved by calculating the equivalent pressure for 

the area of the deck, which turned out to be 7.68 kPa (1.1 psi). Results show that the largest 

vertical deformation happens at the middle of the deck as it would be expected for a simple 

supported beam.  

Next, differential settlement, under the foundation, was simulated using what ANSYS calls 

“kill” elements (Figure 4.8a). “Killed” elements are assigned a low stiffness factor (e.g., 10-6 Pa) 

to simulate a soft spot or completely remove their effect in the analysis. By “killing” just some 

elements at the bottom of the foundation and by leaving the rest as active elements the effect of 

differential settlement can be simulated. As the location and dimensions of soft spots or layers 

can vary, the chosen number of “killed” elements and size of the removed patch represent a 

possible scenario, in this case approximately one-third of the length of the foundation and the 

bottom most elements. Two locations were chosen to simulate differential settlement: South-East 
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corner and North-East corner. For this loading case the load was kept uniformly distributed on 

the deck. 

After simulating the differential settlements, the maximum deformations, granted that these 

occur at different locations, yielded larger values than when no differential settlement was 

induced. These results show that depending on the location of a soft spot the maximum 

deformations will happen at or near where the soft spot was located, and these deformations will 

result in not only localized deformations but also their magnitude will be greater.  

Lastly, a truck load of 355 kN (80 kips) was applied over and area of approximately 6.1 m 

by 2.4 m, based on the truck design used by AASHTO (2012) and maximum allowable weight 

for Wisconsin (WisDOT 2015). This is strictly a static loading and the dynamic effects were 

ignored. Differential settlements were also simulated for one of the cases. The load was 

positioned at different locations on the deck (Figure 4.8b). In general, when the truck loads (355 

kN per truck) were located at the corners of the deck the deformation was smaller than for 

previous cases, which could be expected as the load was less than the full, uniformly distributed 

design traffic load. The largest deformation and stress happened for the case where settlement 

was induced with two trucks close to the center of the deck (Figure 4.9), with the largest vertical 

deformation happening where the settlement was induced, as the stiffness of this area is smaller 

than any other are in the model. 

In summary, none of the loading cases yielded signs that the deck would suffer from 

cracking due to traffic loads, as the largest deviatoric stress experienced by the structure was 

smaller than the cracking stress by a factor of 3 (3.3 MPa/1.08 MPa = 3.1). Additionally, the 

maximum vertical deformation experienced by the system, for the studied cases and conditions, 
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was less than 1.3 cm (0.5 in), which is considered a threshold for differential settlement to start 

becoming a problem (Wahls 1990). 

 

4.4.4! Thermal validation 

A transient heat transfer model validation was performed to confirm accurate modeling of 

heat transfer problems. The validation corresponded in simulating the result from example 2.11 

from Kreith et al. (2011). The problem asks to find the depth at which the temperature will be 0 

°C, when the soil has a uniform temperature of 20 °C and the ground surface has been exposed to 

a temperature of -15 °C for 60 days. The thermal properties of the soil are: ρ=2050 kg/m3, 

k=0.52 W/m-K, and c=1840 J/kg-K. The solution by Kreith et al. (2011) for this example is 

given as 0.68 m below the ground surface. 

To model this problem a 2D transient heat transfer model was implemented using ANSYS, 

with the given thermal properties, and employing a 4-node thermal plane element with 

temperature as its dof. The step size used was 1 day (86400 s), with a total duration of 60 days 

(5184000 s). As mentioned in the example, a uniform temperature of 20 °C was applied to the 

entire soil area, and a temperature boundary condition of -15 °C was applied to the top of the 

model. The result of this analysis is shown in Figure 4.10, where the arrow on the right points to 

the 0 °C isotherm at a depth of 0.68 m, same as the analytical solution by Kreith et al. (2011), 

thus showing the ability of ANSYS to solve for this type of problem.  

 

4.4.5! Temperature loading 

For the temperature loads two identical models were used for each of the bridges: first, one 

transient heat transfer analysis and second, a structural analysis. The transient heat transfer 

analysis’ results (heat distribution) were used as input for the structural analysis. The temperature 
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over time for each node is determined by the heat transfer analysis, this nodal temperature is then 

assigned to the corresponding node for the structural analysis as a loading condition. To account 

for the transient thermal effects density, specific heat and thermal conductivity were used as 

material properties. For the analyses a time step of one day (86400 s) was used. An initial 

uniform temperature of 12 °C was applied to the entire model, representing a time when the air 

temperature and soil temperature were approximately the same. This value (12 °C) represents an 

average ground temperature at approximately 4.7 m below the surface (bottom of the model) for 

this area of Wisconsin (WGNHS 2016). The thermal properties used in the analysis are shown in 

Table 4.4. To simulate the effect of changing air temperature on the system, temperatures 

ranging from -13 °C (8.6 °F) to 21 °C (70 °F) were used as boundary conditions for the outer 

areas of the model (top of deck, abutment walls, top of road).  

To model the thermal behavior of a frozen soil and its corresponding phase change, the 

effects of latent heat (heat gain or loss) were considered by calculating the enthalpy of the soil-

water system as a function of temperature (Figure 4.11) using Equation 4.3.  

C = [4 ∙ \4 ∙ 273 + ^ + +4 ∙ _` 4 ∙ [`       (4.3) 

where H is the enthalpy in J/m3, ρ and ρw are the the densities of the soil and water respectively 

in kg/m3, c is the specific heat of the soil in J/kg-°K (830 for dry/frozen soil, 1500 for wet/thaw 

soil – Farouki 1981; Thomas 1992), T is temperature in °C, L is the latent heat of water 334000 

J/kg, and θw is the volumetric water content (0.3 for the foundation and 0.07 for the backfill). 

For the structural part of the analysis, the soil’s thermal expansion coefficient was set as a 

function of temperature (Figure 4.12). When the ambient temperature was below freezing point, 

the expansion coefficient was calculated using Equation 4.4. For temperatures above freezing a 

thermal expansion coefficient of 1·10-5 °C-1 was used (Khalili et al. 2010). 



 98 

a =
bc

N9Ndec
+ a>          (4.4) 

where α is the thermal expansion coefficient, εF is the strain due to ice formation (frost heave), T 

is the temperature, TREF is the reference temperature (12 °C), and α0 is the linear thermal 

expansion coefficient for temperatures above 0 °C. 

The strain due to frost heave (εF) was calculated using Equation 4.5, assuming a total 

volume of 1 m3, a porosity of 0.33, desired saturation condition (0.9 for the foundation and 0.2 

for the backfill), and deformation in just the vertical direction. 

fg = hi ∙ 0.09          (4.5) 

where Vw is the volume of water, and 0.09 is the change in volume due to ice expansion (9%). 

A complete presentation and description of the field measurements for this bridge is 

presented in Chapter 3. The measurements were taken using a total station, prism, and reflective 

targets mounted on the abutment walls, and were always made with respect to a reference point 

of known elevation assumed to not experience movement, and with respect to the first 

measurement, which was taken on a day with an average temperature of 17 °C. To reduce 

computer time just a few points from all the visits to the field were chosen to be modeled to 

obtain a general idea of the behavior of the structures at different temperatures. A total of 12 

temperatures (approximately one month apart each) were used to represent an annual thermal 

cycle of the temperatures experienced by the structure. Field observations are then compared to 

nodal solutions from the finite element models, corresponding to nodes close to the location of 

some of the surveyed points (Figures 4.13-4.16). Figure 4.17 shows examples of the vertical 

deformation results for the temperature induced deformations when the air temperature was the 

coldest (-13 °C / 8.6 °F) and warmest (21 °C / 70 °F). An interpretation of the results is presented 

in the following section. 
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4.5! Modeling and Response Discussions 

The results indicate that the deformations experienced by the system are related in some part 

to temperature changes, specially for the subfreezing temperatures, as the deformation from the 

numerical model shows a similar pattern to the field deformations. The up and down behavior of 

the different sections of the model was the result of the transient temperature effects over time. A 

period of a year of temperatures (12 points) was used to model the behavior, from Summer to 

Summer. As temperatures decrease and Summer transitions into Fall and Winter the soils 

contract. As the temperatures fall below zero and the water turns into ice it expands, causing the 

heaving as expected from the thermal expansion coefficient function (Equation 4.4, Figure 4.12). 

As temperatures rise from Winter to Spring and Summer the soil has a residual effect of the 

heaving as the expansion coefficient for temperatures below zero is larger (in magnitude) than 

for temperatures above zero and not all of the soil has thawed, thus it takes longer for the soil to 

feels the effect of the rising temperatures. 

In the model the average day temperature was used during the analysis. This is important to 

consider because as Michal and Urban (2015) have shown that the deformation due to 

temperature changes usually expresses itself with a delay between 5 to 8 hours from the peak 

temperature. The field measurements may or may not be capturing this time delayed response, 

which could be a factor when comparing measurements over time and with the results from finite 

element analysis, thus adding to the discrepancy of the observed results and to the spread 

behavior of the field measurements. 

Figures 4.10 to 4.13 show the comparison between the vertical field deformations and the 

results from the finite element model versus temperature. The results for the NE surveying points 
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are shown but other surveying points show similar patterns. In general, the different parts of the 

system experience frost heave when the temperatures fall below freezing, as shown also by the 

finite element model, indicating a response to the temperature changes experienced by the 

system. Not only do the soils heave but foundation and reinforced soil elements become stiffer 

and stronger as temperatures drop (Özgan et al. 2015; Qi et al. 2008; Wang and Liu 2015; Zhang 

and Michalowski 2015), which would make the effects of traffic load less significant, as the soils 

are less compressible due to ice-bonding.  

In Chapter 3 a conceptual description is proposed, a hypothesis based on the observed data, 

of the response of the full system as follows. In addition to the frost heave when temperatures 

fall below zero, they propose the deformations as temperature increases to be due to thaw 

settlement, as the soil weakens due to a higher water content from ice melting, and changes in 

effective stresses as the water table lowers and soils become drier. As the water table lowers pore 

pressure decreases thus effective stress increase and the soils shrink/settle; as the pore space 

could have been increased due to water expansion when changing to ice, pushing the soil grains 

apart.  

Other factors, such as moisture change and heterogeneity of the subsurface soils (specially 

the presence of fine-grained soils), can have also an effect on the deformations; as moisture 

increases the soils become weaker, becoming more prone to deformations (Moulton and Kula 

1980; Moulton et al. 1985; Wahls 1990; Long et al. 1998; Kim et al. 2003; White et al. 2007; Li 

et al. 2013; Mitchell and Soga 2015).  

The modeled soils were considered as homogeneous and linear-elastic for a couple of 

reasons. First, the subsurface exploration data shows predominantly coarse-grained soils, but also 

the data points are very sparse and localized, making it difficult to interpolate or extend the 
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presence of different layers. Second, the material parameters used in the analysis were taken 

from general sources or weak correlations (SPT to Young’s modulus – Kulhawy and Mayne 

1990; Bowles 1997). A more complex model, than the linear-elastic implemented here, would be 

more appropriate to model the soils, as soils are inherently non-linear and non-elastic, but the 

parameters used in any of these type of models require to be obtained through extensive field 

sampling and laboratory testing, which were not possible for this study. Since the scope of the 

analysis was to compare trends more than specifically match results, this was achieved by using 

the simpler linear-elastic model. 

 

4.6! Conclusions 

The analysis of the finite element modelling of the GRS-IBS bridge in south of Bloomer, WI 

allows drawing the following conclusions: 

•" Stiffness of the geosynthetic is a critical factor in the design of GRS structures, reducing 

the vertical and horizontal deformations as its stiffness increases, but having a larger 

impact on the horizontal deformations. 

•" The use of friction angle as material property for the backfill showed that larger 

deformations occur when low values are used, usually less than 30 degrees, which would 

suggest the system is in an unstable condition for the applied load. 

•" From the different loading cases applied here none of them seemed to cause high enough 

stresses in the deck, for this one to experience cracking, as the cracking stress for the 

deck was found to be 3 times greater than the maximum stress from the finite element 

models. 
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•" The maximum deformations from the different loading cases also did not exceed the 

established threshold for differential settlement to be consider critical (> 1.3 cm). 

•" The bridge at Bloomer, and its foundation soil, has experienced deformations due in great 

part to environmental factors, especially temperature. As the water in the pore space 

freezes the soil will tend to expand due to frost heave. As ice melts and thaws the soil 

will experience settlement due to weakening at first, as water content increases, followed 

by increases in effective stresses as soils become drier. 
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Tables 

 

Table 4.1. Embankment properties for the case h/H=0.6 
 Property Value 

Young’s modulus [MPa] 70 

Poisson’s ratio [-] 0.3 

Unit weight [kN/m3] 19 

Final height [m] 5 

Lift height [m] 3 

Base length [m] 8.66 

Slope angle [°] 30 
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Table 4.2. Material properties used in the GRS-IBS model. 
Section Young’s modulus [MPa] Poisson’s ratio 

Road (Asphalt) 1 2·103 0.2 

Deck (Concrete) 2 25·103 0.2 

Geosynthetic 3 500 0.1 

Walls (Masonry) 4 600 0.15 

Backfill 5 70 0.3 

Foundation 6 40 0.3 

1 From Tarefder et al. (2010)  

2 From Razmi et al (2014) 
3 Young’s modulus of geosynthetic used in the field, Poisson’s ratio from 

Wathugala et al. (1996) 
4 From Narayanan and Sirajuddin (2013) 
5 Value for dense sands from Bowles (1997) 
6 From SPT correlations (Kulhawy and Mayne 1990; Bowles 1997) and 

typical Poisson’s ratio for soils 
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Table 4.3. Summary of the results for the different loading cases. 

Load case 
Vertical 

deformation 

[cm] 

Horizontal 

deformation 

[cm] 

Deviatoric stress 

[MPa] 

Uniform 0.249 0.048 1.00 

Non-uniform 0.110 0.020 0.37 

Induced differential settlement SE + uniform 0.356 0.228 1.00 

Induced differential settlement NE + uniform 0.424 0.222 1.00 

Truck load SE-NW 0.131 0.040 0.38 

Truck load SE-NE 0.196 0.049 0.33 

Truck load NE-SW close to the center 0.201 0.034 1.06 

Truck load NE-SW close to the center with 

settlement on NE 
0.317 0.165 1.08 
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Table 4.4. Material properties used for the temperature loading models. 

Section 
Density 

[kg/m3] 

Specific heat 

[J/(kg °K)] 

Thermal 

conductivity  

[W/(m °K)] 

Thermal expansion 

coefficient  

[1/°K] 
Road (Asphalt) 2100 a 920 g 0.75 a 4·10-5 § 

Deck (Concrete) 2300 a 880 a 1.2 a 10-5 † 

Geosynthetic 910 f 1580 e 0.4 b 1.5·10-5 ^ 

Walls (Masonry) 1700 a 837 a 0.65 a 6·10-6 * 

Backfill 1937 d 830-1500 a, c 0.7 a -4.2·10-4 to 10-5 ‡ 

Foundation 1937 d 830-1500 a, c 0.7 a -1.9·10-3 to 10-5 ‡ 

a From Thomas (1992) 
b From Singh and Bouazza (2013) 
c From Farouki (1981) 
d Based on unit weight value of 19 kN/m3 fro sand from Bowles (1997) 
e From Weidenfeller et al. (2004) 
f From INEOS (2014) 
g Chadbourn et al. (1996) 

§ From Mamlouk et al. (2005) 

† From Razmi et al (2014) 

^ Modified after Pelte et al. (1994) 

* From Brosnan et al. (2011) 

‡ From Khalili et al. (2010) and Equation 4.4 in this document 
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Figures 

 

 (a) 

(b) 
Figure 4.1. (a) Typical cross-section of a Geosynthetic Reinforced Soil-Integrated Bridge System (GRS-IBS). (b) 

Dimensions of the GRS-IBS at Bloomer, WI. 
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 (a) 

 (b) 
Figure 4.2.  (a) Location of the GRS-IBS bridge. The red circle indicates the location of the bridge. (b) Picture of 

the GRS-IBS bridge. 
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Figure 4.3. Subsurface exploration data for the GRS-IBS bridge at Bloomer 
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Figure 4.4. Dimensionless solutions for horizontal and vertical displacements for the case where h/H=0.6 (Modified 

after Poulos et al. 1972). 
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 (a) 

 (b) 
Figure 4.5. (a) Vertical displacement plot comparing the analytical and finite element nodal solutions along the 

middle of the embankment (right boundary), vertical edge. (b) Vertical displacement contour plot from ANSYS. The 
black lines correspond to the contours from the analytical solution. 
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 (a) 

 (b) 
Figure 4.6. (a) Horizontal displacement plot comparing the analytical and finite element nodal solutions at mid-

height of the embankment. Horizontal displacement contour plot from ANSYS. (b) The black lines correspond to the 
contours from the analytical solution. 
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 (a) 

 (b) 

 (c) 
Figure 4.7. (a) Deformation as function of geosynthetic stiffness, with a friction coefficient of 0.5. (b) Deformation 

as a function of backfill’s friction angle. (c) Deformation as a function of backfill’s shear intercept. 
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 (a) 

 (b) 
Figure 4.8. (a) Location of “killed” elements (red elements) to simulate differential settlement. (b) Sketch of the 

location of the analyzed truck loads. Scenario 1: Opposing corner, SE-NW. Scenario 2: Same side corner, SE-NE. 
Scenario 3: NE-SW close to the center.   
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 (a) 

  (b) 
Figure 4.9. (a) Vertical displacement and (b) deviatoric stress finite element analysis results for the most critical 

service loading case: truck load on NE-SW close to the center with induced settlement on NE corner. 
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Figure 4.10. (a) Transient heat transfer model results for example 2.11 from Kreith et al. (2011). The arrow on the 
right and black dashed line represent the 0 °C isotherm at 0.68 m below the ground surface, same as the analytical 

solution. (b) Solution by Kreith et al. (2011) as function of depth. 
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Figure 4.11. Enthalpy as function of temperature. 
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Figure 4.12. Thermal expansion coefficient as function of temperature. 
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Figure 4.13. Comparison between field measurements and finite element model results for the NE and NW 

settlement plate (foundation). 
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Figure 4.14. Comparison between field measurements and finite element model results for the NE and NW wall. 
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Figure 4.15. Comparison between field measurements and finite element model results for the NE and NW deck. 
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Figure 4.16. Comparison between field measurements and finite element model results for the NE and NW road. 
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 (a) 

 (b) 
Figure 4.17. Finite element analysis results (vertical displacement) for the temperatures induced deformations for 

the cases were air temperature was (a) coldest at-13 °C and (b) warmest at 21 °C. 
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CHAPTER 5: !Summary 

In this thesis are presented the results from studies considering the effect of different loading 

conditions on bridges with different foundation types, environmental conditions, and subsurface 

conditions. Monitoring of the deformations over time and numerical modeling of the different 

structures were performed to determine how the different loads affect the behavior of these 

structures.  

 

From the field monitoring and finite element modelling of the deep foundation bridges on 

H51 the following conclusions can be made: 

•" Bear Tree bridge seems to be the one affected by both traffic loads and temperature loads, as 

this bridge is being supported by the shortest piles, giving place to larger deformations due 

to service loads. 

•" The three bridges show a deformation pattern that can be linked or explained by the changes 

in temperature between measurements, as one of the major factors affecting the behavior of 

the bridges.  

•" The pile length could be a factor affecting the deformation due to temperature changes, as 

the longer piles would experience a larger volumetric change for the same temperature 

change than shorter piles. 

•" Other factors such as moisture changes and presence of fine-grained soils could explain 

deformations that are not fully explained by the temperature changes. The difficulty to 

account for both of these in the field measurements and the finite element model results, can 

be a reason for the behavior of some of the recorded deformations. Factors such as creep and 

shrinkage of concrete can have an effect on the deformations of the system. 
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•" The assumption that the reference point is static and not affected over time might not be 

realistic, this combined with other several factors can add up to errors while taking field 

measurements, thus affecting the results from the surveying campaign. 

 

From the field monitoring of the GRS-IBS bridge in Bloomer the following conclusions can 

be made: 

•" The bridge at Bloomer has experienced deformations due predominantly to environmental 

factors, such as temperature and water content changes, as these factors have been known to 

affect the properties of the soils (stiffness, compressibility, etc.). 

•" During winter when temperatures fall below freezing, the soils freeze and experience 

heaving, transferring this effect to the structure. The deformations show a general upward 

trend, as the cumulative effect of frost heave seems to be greater than settlement from 

thawing. 

•" Settlement can also be affected by a decline in the pore pressure, resulting in an increase of 

the effective stresses. 

•" Differential settlement has occurred between the approaching road and deck, the main 

reason for this being probably the lack of the joint-sealing layer over the structure, as water 

is believed to infiltrate into the backfill, giving room for erosion and the generation of ice 

lenses. 

•" Soil composition plays a significant factor on the soil’s response to freezing and thawing, as 

the laboratory test showed, a soil with higher content of coarse-grained particles does not 

seem to be affected as much as a soil with higher content of fine-grained particles, as the 

soil with higher fine-grained content experiences larger deformations. 
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The analysis of the finite element modelling of the GRS-IBS bridge in south of Bloomer, WI 

allows drawing the following conclusions: 

•" Stiffness of the geosynthetic is a critical factor in the design of GRS structures, reducing the 

vertical and horizontal deformations as its stiffness increases, but having a larger impact on 

the horizontal deformations. 

•" The use of friction angle as material property for the backfill showed that larger 

deformations occur when low values are used, usually less than 30 degrees, which would 

suggest the system is in an unstable condition for the applied load. 

•" From the different loading cases applied here none of them seemed to cause high enough 

stresses in the deck, for this one to experience cracking, as the cracking stress for the deck 

was found to be 3 times greater than the maximum stress from the finite element models. 

•" The maximum deformations from the different loading cases also did not exceed the 

stablished threshold for differential settlement to be consider critical (> 1.3 cm). 

•" The bridge at Bloomer, and its foundation soil, has experienced deformations due in great 

part to environmental factors, specially temperature. As the water in the pore space freezes 

the soil will tend to expand due to frost heave. As ice melts and thaws the soil will 

experience settlement due to weakening at first, as water content increases, followed by 

increases in effective stresses as soils become drier. 

 

In general, and from all the studies presented here, the deformation experienced by the 

structures and results from the numerical models follow a trend in relation with temperature and 

environmental changes and not a steady deformation due to service loads, indicating that the 
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behavior of these structures is being controlled by these environmental loading conditions more 

than the service loading conditions. 
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Appendices 

"Deep foundation bridges monitoring results 

 
 Figure A.1. Bridge over Bear Tree Road. Relative vertical deformation on the deck with respect to the reference 
point. Positive values correspond to upward movement. Vertical dashed line corresponds to the opening date to 

traffic. 
 

 
Figure A.2. Bridge over Bear Tree Road. Relative vertical deformation on the north approaching road with respect 

to the reference point. Positive values correspond to upward movement. Vertical dashed line corresponds to the 
opening date to traffic. 

 

-30

-20

-10

0

10

20

30

-4

-3

-2

-1

0

1

2

3

4

3/17/13 6/25/13 10/3/13 1/11/14 4/21/14 7/30/14 11/7/14 2/15/15 5/26/15 9/3/15

T
em

perature [°C
]

R
el

at
iv

e v
er

tic
al

 d
ef

or
m

at
io

n 
[c

m
]

Time [mm/dd/yy]

BNE BSE BNW BSW BE BW Average Temperature

-30

-20

-10

0

10

20

30

-4

-3

-2

-1

0

1

2

3

4

5/6/13 8/14/13 11/22/13 3/2/14 6/10/14 9/18/14 12/27/14 4/6/15 7/15/15 10/23/15

T
em

perature [°C
]

R
el

at
iv

e v
er

tic
al

 d
ef

or
m

at
io

n 
[c

m
]

Time [mm/dd/yy]

RNE1 RNE2 RNE3
RNE4 RNW1 RNW2
RNW3 RNW4 Average Temperature



 135 

 
Figure A.3. Bridge over Bear Tree Road. Relative vertical deformation on the south approaching road with respect 

to the reference point. Positive values correspond to upward movement. Vertical dashed line corresponds to the 
opening date to traffic. 

 

 
Figure A.4. Bridge over Windsor Road. Relative vertical deformation on the deck with respect to the reference point. 

Positive values correspond to upward movement. Vertical dashed line corresponds to the opening date to traffic. 
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Figure A.5. Bridge over Windsor Road. Relative vertical deformation on the north approaching road with respect to 

the reference point. Positive values correspond to upward movement. Vertical dashed line corresponds to the 
opening date to traffic. 

 

 
Figure A.6. Bridge over Windsor Road. Relative vertical deformation on the south approaching road with respect to 

the reference point. Positive values correspond to upward movement. Vertical dashed line corresponds to the 
opening date to traffic. 
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Figure A.7. Bridge over Vinburn Road. Relative vertical deformation on the deck with respect to the reference point. 

Positive values correspond to upward movement. Vertical dashed line corresponds to the opening date to traffic. 
 

 
Figure A.8. Bridge over Vinburn Road. Relative vertical deformation on the north approaching road with respect to 

the reference point. Positive values correspond to upward movement. Vertical dashed line corresponds to the 
opening date to traffic. 

-30

-20

-10

0

10

20

30

-5
-4
-3
-2
-1
0
1
2
3
4
5

1/26/13 6/25/13 11/22/13 4/21/14 9/18/14 2/15/15 7/15/15 12/12/15

T
em

perature [°C
]

R
el

at
iv

e v
er

tic
al

 d
ef

or
m

at
io

n 
[c

m
]

Time [mm/dd/yy]

BNE BSE BE BW BNW BSW Average Temperature

-30

-20

-10

0

10

20

30

-5
-4
-3
-2
-1
0
1
2
3
4
5

7/30/14 11/7/14 2/15/15 5/26/15 9/3/15 12/12/15

T
em

perature [°C
]

R
el

at
iv

e  
ve

rt
ic

al
 d

ef
or

m
at

io
n 

[c
m

]

Time [mm/dd/yy]

RNE1 RNE2 RNE3
RNE4 RNW1 RNW2
RNW3 RNW4 Average Temperature



 138 

 
Figure A.9. Bridge over Vinburn Road. Relative vertical deformation on the south approaching road with respect to 

the reference point. Positive values correspond to upward movement. Vertical dashed line corresponds to the 
opening date to traffic.  
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"Deep foundation bridges numerical modeling results 

 
Figure B.1 Bridge over Bear Tree Road vertical deformation finite element results, in meters. 

 

 
Figure B.2 Bridge over Windsor Road vertical deformation finite element results, in meters. 
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Figure B.3 Bridge over Vinburn Road vertical deformation finite element results, in meters. 

 

 
Figure B.4. Bridge over Bear Tree Road. Vertical deformation comparison between field measurements and finite 

element model results for the NE deck. Error bars are +- 0.5 cm instrument accuracy. 
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Figure B.5. Bridge over Bear Tree Road. Vertical deformation comparison between field measurements and finite 

element model results for the NE road. Error bars are +- 0.5 cm instrument accuracy. 
 

 
Figure B.6. Bridge over Windsor Road. Vertical deformation comparison between field measurements and finite 

element model results for the NE deck. Error bars are +- 0.5 cm instrument accuracy. 
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Figure B.7. Bridge over Windsor Road. Vertical deformation comparison between field measurements and finite 

element model results for the NE road. Error bars are +- 0.5 cm instrument accuracy. 
 

 
Figure B.8. Bridge over Vinburn Road. Vertical deformation comparison between field measurements and finite 

element model results for the NE deck. Error bars are +- 0.5 cm instrument accuracy. 
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Figure B.9. Bridge over Vinburn Road. Vertical deformation comparison between field measurements and finite 

element model results for the NE road. Error bars are +- 0.5 cm instrument accuracy.  
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"GRS-IBS monitoring results 

 
Figure D.1 Relative vertical deformation on the southwest (SW P) settlement plate with respect to the reference 

point. Positive values correspond to upward movement. The large deformation recorded from January to May of 
2013 is considered to be accumulation of ice and/or snow inside the pipe used to reach the settlement plate. 
 

 
Figure D.2. Relative vertical deformation on top of the abutment walls’ corners with respect to the reference point. 

Negative values correspond to downward movement. 
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Figure D.3. Relative vertical deformation of surveying points on the creek with respect to the reference point. No 
data were collected either because of snow cover or because the creek was flooded. Positive values correspond to 

upward movement. 
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"GRS-IBS numerical modeling results 

 
Figure D.1. Vertical deformation (left) and deviatoric stress (right) results for the uniform loading case, in meters 

and Pascals, respectively. 
 

 
Figure D.2. Vertical deformation (left) and deviatoric stress (right) results for the non-uniform loading case, in 

meters and Pascals, respectively. 
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Figure D.3. Vertical deformation (left) and deviatoric stress (right) results for the South-East corner induced 

settlement loading case, in meters and Pascals, respectively. 
 

 
Figure D.4. Vertical deformation (left) and deviatoric stress (right) results for the North-East corner induced 

settlement loading case, in meters and Pascals, respectively. 
 

  
Figure D.5. Vertical deformation (left) and deviatoric stress (right) results for the truck loads on opposing corners, 

in meters and Pascals, respectively. 
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Figure D.6. Vertical deformation (left) and deviatoric stress (right) results for the truck loads on same side, in 

meters and Pascals, respectively. 
 

 
Figure D.7. Vertical deformation (left) and deviatoric stress (right) results for the truck loads close to the center, in 

meters and Pascals, respectively. 
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