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ABSTRACT 

 

Integral abutment bridges (IABs) eliminate the joints between the bridge deck and abutments and 

hence have become more prevalent in the United States due to lower maintenance costs and longer 

service life. However, approach slab cracking, which requires maintenance, repair, and even 

premature replacement, has been a recurring issue for IABs that are owned and maintained by the 

Illinois State Toll Highway Authority. An agency survey conducted across the U.S. indicates that 

many states are experiencing similar approach slab cracking issues. Field inspections done on 

existing bridges in Illinois suggest that there are some shared crack patterns among the mainline 

interstate highway bridges and cross-road bridges. To further study the long-term behavior of IAB 

approach slabs, a four-lane cast-in-place approach slab and a three-lane precast approach slab were 

instrumented during construction.  

 

Over several years, changes in concrete strain and temperature at different locations in plan and 

through the slab depth were measured, along with global longitudinal displacements of the slabs. 

The field results indicate that the deformations and stresses in the slabs have a strong correlation 

to temperature. Different from free expansion and contraction, the slabs have restraints at the 

bottom surfaces and at the ends, which may vary due to seasonal effects and other time-dependent 

conditions, such as the settlement of the embankment. The two instrumented slabs experience 

similar ambient environmental conditions and traffic loading. The temperature at the top 

reinforcement mat is more sensitive to ambient environmental changes. The load-related strains at 

the gage locations for the cast-in-place slab ranged from approximately 200 ÕŮ in compression to 

200 ÕŮ in tension, while for the precast slab, the range was from approximately 200 ÕŮ in 

compression to 240 ÕŮ in tension. The field data suggest that there are several locations at the 

bottom of the slabs with a potential risk of cracking. However, only one very small crack was 

observed at the entrance side of the ramp for the cast-in-place slab. Voids were observed at the 

north and south (shoulder) boundaries of the slabs in 2019. Field measurements indicate that there 

is moderate in-plane clockwise rotations at the precast slab. Static truck testing was conducted to 

study live load effects and then compare them to thermally-induced effects. Corresponding 

numerical modeling was conducted, and the numerical results provided reasonable agreements to 

the field data. It is noted that the parapet of the approach slab at the shoulders affects the bending 

behavior of the slab as it provides additional stiffness to the slab. Short-term thermal behavior 

during the truck test days suggests that solar radiation has significant impact on the thermal stresses 

in the slab.  

 

Numerical simulations and a parametric study were conducted for the approach slabs considering 

various geometric configurations, live load cases, thermal load cases, and boundary conditions. 

The principal stresses generally follow a decreasing trend when the bridge skew increases due to 

the two-way slab bending and the more direct load path to the supports for larger skew. The IL-

120 truck, mild skews (10°) , more loaded traffic lanes, and reduced support from the subbase 

together contribute to the critical principal stress in the approach slab (>550 psi). Thermal analysis 

suggests that overall temperature changes in the slab, temperature gradients through the slab 

thickness, differences in temperature distribution between the approach slab and supports 

(abutment and pile bent), and restraint of the supports can significantly affect the critical stresses 

in the approach slab. Hypothetical cases in the parametric study indicate that with an overall 
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change of -72°F in slab temperature, a +1.26°F/inch temperature gradient, no temperature change 

in the supports, and full restraint of translation at the slab support locations, the critical stresses 

can be greater than 2 ksi. 

 

For the two monitored approach slabs, the current Tollway approach slab details (both cast-in-

place and precast) appear to be performing well with almost no evidence of cracking. For future 

designs, longitudinal reinforcement for the bottom mat at the middle lanes could be increased for 

extra robustness against high truck load demands, especially for wide approach slabs. A well-

compacted subbase is observed to help reduce the stress demand due to the truck loads for both 

cast-in-place and precast approach slabs. However, a well-compacted subbase is only realistic for 

partial-length approach slab support due to granular backfill behind the integral abutment. In 

addition, partially releasing lateral restraint between the approach slab and the integral abutment 

through modified details will  allow the approach slab to expand and contract with less restriction. 

Analyses of approach slabs indicate that this increased flexibility in the transverse direction is 

expected to reduce the potential risk of cracking due to thermal effects.  
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1  Introduction 

This chapter provides essential background on concepts closely related to the research: bridge 

abutments, integral abutment bridges (IABs), and approach slabs. Various types of abutments that 

are adopted in bridge design are covered in section 1.1. The advantages and challenges associated 

with IABs, a subset of jointless bridges, due to their structural characteristics and behavior are 

discussed in section 1.2. Section 1.3 provides an overview of bridge approach slabs. Lastly, section 

1.4 describes the scope and primary tasks of this study. 

 

1.1  Bridge Abutment Types 

A bridge abutment transfers the structural loads from the superstructure to the bridge foundation. 

The abutment, as well as the wingwalls, if there are any, retains the embankment (Xanthakos 1994, 

Briaud et al. 1997). Xanthakos (1994) specified the primary loads that bridge abutments withstand: 

1. Dead load from the weight of abutment and bridge superstructure. 

2. Live load on the superstructure or on the approach slab, if any. 

3. Transverse wind forces and longitudinal forces when bearings are fixed, and longitudinal 

forces due to friction or shear resistance at expansion bearings. 

4. Centrifugal forces for curved bridges. 

5. Earth pressures. 

 

There are various ways to categorize bridge abutments (Briaud et al. 1997, IDOT 2012); however, 

certain abutment types are shared among them: closed, open, and vaulted.  

 

The closed (high) abutment is a relatively old design solution and has a wall that extends down to 

the foundation, as shown in Figure 1.1. Such an abutment must be constructed before the 

embankment and is subjected to higher earth pressure than other types of the abutment. The 

embankment fill near the abutment is difficult to compact owing to the limited space (Briaud et al. 

1997). Due to the high cost and construction challenges, closed abutments are rarely adopted in 

current practice. The Illinois State Toll Highway Authority ï ISTHA, referred to herein as the 

Illinois Tollway (2019) ï generally does not allow closed abutments to be used to support new or 

replacement structures unless specifically authorized if integral or semi-integral abutments are not 

feasible. 

 
Figure 1.1 Typical closed abutment (Briaud et al. 1997). 
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Open abutments have also been referred to as pile bent or spill through abutments (IDOT 2012). 

Such abutments generally have less height of wall compared to closed abutments. If an open 

abutment is designed in an old fashion, supported on columns as seen in Figure 1.2, it must be 

constructed before the embankment. It is challenging to compact the embankment fill between the 

columns. However, if the abutments become so-called ñstub typeò, they can be supported on 

shallow foundations or piles, which makes it possible to be constructed after the embankment is 

filled up to the height corresponding to the bottom of the abutment. As a result, the compaction of 

embankment fill is simplified (Briaud et al. 1997).  

 

 

Figure 1.2 Typical spill-through abutment supported on columns (Briaud et al. 1997). 

 

Vaulted abutments include filled and unfilled. The standard vaulted abutment in Illinois uses 

precast, prestressed beams to support the abutment span, as illustrated in Figure 1.3. This type of 

abutment is used when the abutment design span at right angles is larger than 6.4 m (21 ft). Similar 

to closed abutments, vaulted abutments are not allowed by the Illinois Tollway (2019) for new or 

replacement structures unless specifically authorized. 
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Figure 1.3 Typical section through filled vaulted abutment (IDOT 2012). 

 

Per recent design practice, open abutments include integral, semi-integral, and stub abutments 

(IDOT 2012). The typical sections through integral and semi-integral abutments are shown in 

Figures 1.4 and 1.5, respectively (IDOT 2019). An integral abutment allows the structure to be 

connected rigidly to the abutment so that the bridge acts as a single structural unit. The key 

difference between a semi-integral abutment bridge and an IAB is that there is generally a joint 

with a flexible bearing surface in the semi-integral abutment allowing shear, but not moment, to 

be transferred from the upper part of the abutment to the pile cap. Thus, for a semi-integral 

abutment subjected to lateral cyclic loading due to the thermal deformation of the bridge, rotation 

may be allowed at its connection to the pile cap so as to reduce the lateral displacement of piles 

(Soltani and Kukreti 1992, Arsoy et al. 2004). There are expansion joints between the bridge 

abutments and superstructure for stub abutment bridges. 
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Figure 1.4 Typical section through integral abutment (IDOT 2019). 

 

 
Figure 1.5 Typical section through semi-integral abutment (IDOT 2019). 

 

In Illinois, integral abutments are preferred if: 1) the bridge skew is no more than 30̄; 2) total 

bridge length for steel structures is less than or equal to 94.5 m (310 ft); 3) total bridge length for 
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concrete structures is no more than 125 m (410 ft); 4) the bridge girders are not curved; 5) the 

abutments and piers are parallel; and 6) a single row of certain permitted vertical H-piles or Metal 

Shell piles are used (IDOT 2012). The Illinois Tollway (2019) has also placed IABs at the top of 

their option list for new grade separation structures and stream and railroad crossings. The first 

five IDOT conditions (IDOT 2012) also apply to the use of semi-integral abutments in Illinois 

when the soil conditions require two or more rows of piles to support the loads (Illinois Tollway 

2019). In addition, stub abutments with expansion joints shall be selected when the skew or bridge 

length cannot meet the requirements for integral and semi-integral abutments. Two or more rows 

of piles shall also be used with stub abutments (Illinois Tollway 2019).  

 

1.2  Integral Abutment Bridges (IABs) 

Bridges with expansion joints have long been used to accommodate the thermal movements of 

bridges as the temperature changes. Nonetheless, bridge engineers and state agencies found 

expansion joints and expansion bearings unfavorable for several important reasons (Greimann et 

al. 1987, Soltani and Kukreti 1992, Wasserman and Walker 1996, Lawver et al. 2000, Kunin and 

Alampalli 2000, Horvath 2000, Thippeswamy et al. 2002, Barker and Puckett 2013). Wasserman 

and Walker (1996) provided the following summary: 

 

1. Joints are costly to buy, install, maintain, and repair. Sometimes repair can be as expensive 

as replacement. Joints intended to be waterproof can leak, allowing water to pour through 

the joint and thus accelerating deterioration to girders, bearings, abutments, and piers. 

Accumulated dirt, rocks, and trash filling elastomeric glands can lead to failure. Joint 

hardware can be damaged or loosened by snowplows as well as heavy traffic. 

2. Bearings are expensive to purchase, install, and even replace. Steel bearings may tip over 

and/or seize up, whereas elastomeric bearings can split and rupture. 

3. Joints and malfunctioning expansion bearings can lead to unexpected structural damage. 

 

Since Hardy Cross introduced the moment distribution method in 1932 to simply analyze 

continuous beams and frames (Cross 1932), continuous bridges and bridges with more than one 

continuous unit, including jointless bridges, began to be adopted in design practice. Wolde-Tinsea 

and Klinger (1987) classified jointless bridges into four groups: flexible arch bridges, slip joint 

bridges, abutment-less bridges, and integral bridges.  

 

Examples of components of a typical integral abutment bridge (IAB), a subset of jointless bridges, 

are shown in Figure 1.6 (Arsoy et al. 1999) for a single span and in Figure 1.7 (Kong et al. 2015) 

for multiple spans. Basically, an IAB consists of a bridge system and an approach system. In the 

bridge system, the superstructure of a bridge is the portion of the structure that acts as the span and 

directly supports the traffic loads. It consists of a deck and girders. Under the superstructure, there 

is the substructure that transfers the loads applied to the superstructure and the self-weight of the 

superstructure, as discussed in section 1.1. In an IAB, the superstructure is rigidly connected to the 

abutments, which are supported in part by the foundation (usually piles). The approach system, 

consisting of the backfill, approach fill, and soil foundation, provides a transition from the bridge 

abutment to the pavement. Approach slabs, if there are any, are placed between the bridge deck 

and roadway pavement, with one end supported by the abutment and the other end supported by a 

sleeper pad/slab or pile bent. These approach slabs are designed as structural elements to span 
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without support from the underlying soil. Transition slabs are pavement elements that connect the 

approach slabs (and therefore the whole bridge) to the standard roadway pavement. 

 

 
Figure 1.6 Simplified components of an IAB (Arsoy et al. 1999). 

 

 
 

Figure 1.7 Typical IAB with two spans (Kong et al. 2015). 

 

As the use of continuous structural components expanded in a general sense, the use of integral 

abutments also advanced. In the 1930s and 1940s, Ohio, South Dakota, and Oregon pioneered the 

use of jointless concrete bridges. California also started to adopt IABs in the mid-1950s. By the 

mid-1960s, Tennessee and five other states had chosen continuous bridges with integral abutments 

as standard construction (Wasserman and Walker 1996). The New York State Department of 

Transportation (NYS-DOT) started using IABs from the late 1970s (Kunin and Alampalli 2000). 

In addition, Kunin and Alampalli (2000) document the 31 states/provinces in the U.S. and Canada 

with the year of first use of IABs and number of IABs built up through 1996.  

 

The popularity of IABs can be attributed to the following advantages: 

1. Lower construction costs due to elimination of joints (Greimann et al. 1987, Soltani and 

Kukreti 1992, Wasserman and Walker 1996, Lawver et al. 2000, Kunin and Alampalli 

2000, Horvath 2000, Burdette et al. 2004, Barker and Puckett 2013). 
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2. Lower maintenance costs because of no need of joint repair (Greimann et al. 1987, Soltani 

and Kukreti 1992, Hoppe and Gomez 1996, Oesterle et al. 1999, Lawver et al. 2000, Kunin 

and Alampalli 2000, Breña et al. 2007). 

3. Reduced substructure costs (Kunin and Alampalli 2000). 

4. Improved seismic performance thanks to the rigid connection between the bridge deck and 

abutment; increased redundancy for catastrophic events (Hoppe and Gomez 1996, 

Wasserman and Walker 1996, Oesterle et al. 1999, Kunin and Alampalli 2000). 

5. Only one row of piles for the abutment; i.e., fewer piles are needed (Soltani and Kukreti 

1992, Hoppe and Gomez 1996). 

6. Simple and rapid construction (Wasserman and Walker 1996). 

7. The bridge deck is more aesthetically pleasing, and the vehicular riding quality is improved 

(Soltani and Kukreti 1992, Oesterle et al. 1999, Kunin and Alampalli 2000, Breña et al. 

2007, Barker and Puckett 2013). 

8. Lower impact load and reduced snowplow damage (Oesterle et al. 1999, Kunin and 

Alampalli 2000). 

9. Better design efficiency, as IABs can reduce the load distribution longitudinally and 

transversely;. the lateral and longitudinal loads applied to the superstructures of IABs are 

distributed to the abutment embankments (Burke 1993, Wasserman and Walker 1996). 

10. Enhanced load distribution for girders at bridge ends thanks to the continuous and full-

depth diaphragm at bridge ends (Wasserman and Walker 1996). 

11. Improved protection for weathering girders (Wasserman and Walker 1996). 

12. Greater end span ratio ranges due to the weight of abutment and uplift capacity of piling 

(Wasserman and Walker 1996). 

 

However, there are also problems and uncertainties with IABs: 

1. Settlement of approach fill caused by thermal displacement of the abutment leading to a 

void developed behind the abutment (Wolde-Tinsea and Klinger 1987, Hoppe and Gomez 

1996). Settlement of approach fill can also be caused by traffic loads (Wolde-Tinsea and 

Klinger 1987). Thus, proper compaction of the embankment backfill is essential (Soltani 

and Kukreti 1992). 

2. Secondary forces due to shrinkage, creep, settlement, temperature, and earth pressure can 

lead to cracks in concrete abutments (Wolde-Tinsea and Klinger 1987). The effect of 

elastic shortening after post-tensioning for prestressed concrete girders need to be 

considered carefully (Soltani and Kukreti 1992). 

3. Skewed IABs tend to rotate due to the cyclic changes in earth pressure on the abutment 

backwall (Hoppe and Gomez 1996, Oesterle et al. 1999). 

4. Limitations of use: weak embankments or subsoil is not favorable to integral abutments, 

and IABs can only be used for limited bridge lengths (Wasserman and Walker 1996). 

5. Horvath (2000) argued that structural component damage caused by the abutment 

movements inflate the true life-cycle cost of IABs, making the maintenance costs of IABs 

comparable to jointed bridges. Hoppe and Gomez (1996) mentioned that some 

maintenance problems in IABs were shifted from the bridge structure to the embankments. 

 

The temperature-related behavior of IABs not only includes expansion and contraction of the 

superstructure, which leads to abutment displacements but also contains the secondary bending 

moments due to temperature gradients through the depth of the bridge deck and girders. (The 
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relationship between the cyclic displacement of abutments, movements of embankment backfill, 

and associated problems with approach slabs will be discussed in section 2.1.) The cause of such 

secondary bending moment is that the centroid of the temperature distribution curve and the 

centroid of the (typically composite) cross-section of the girders may not coincide (Arsoy et al. 

1999). Emerson (1977), Hoffman et al. (1983), Imbsen et al. (1985), and Potgieter and Gamble 

(1989) all studied the temperature distribution through bridge girders. Oesterle et al. (1999) 

conducted an experimental study for composite bridge sections in Illinois and monitored a heavily 

skewed steel IAB in Tennessee. The most critical factors identified in the study are the maximum 

temperature differential and the distribution of the differential through the depth of the section 

(Oesterle et al. 1999). It can be observed that the temperature differential changes more drastically 

in the bridge deck than through the depth of the bridge girders. Thippeswamy et al. (2002) stated 

that the temperature gradient is a major contributor to total stress in a bridge superstructure. 

Consequently, the distribution of temperature should be considered in a bridgeôs design. Details 

of the findings regarding the temperature gradients of bridge superstructure will be presented in 

section 2.1. Based on the reviewed studies, Arsoy et al. (1999) assessed that the moments caused 

by the thermal gradient are similar to those caused by creep and shrinkage. 

 

Another potential effect that needs to be considered in the design of IABs is pavement growth. 

There is accumulated thermal expansion (growth) of the pavement due to friction between the 

pavement and subbase after repeated temperature cycles. Such pavement growth may need to be 

considered in bridge design in the form of longitudinal compression. Burke (1993) found that the 

pavement growth at the pressure relief/expansion joint can be rapid and incremental. James et al. 

(1991) observed cracking and dislocation of backwalls of reinforced concrete abutments. The 

distress is attributed to the longitudinal growth of the reinforced concrete pavement. 

 

Soltani and Kukreti (1992) conducted a survey of all 50 states in the U.S. to primarily learn the 

maximum IAB length, design details, and problems associated with thermal movement. 

Wasserman and Walker (1996) documented that previous surveys among 28 states in the U.S. 

showed that 11 states limited the maximum length for IABs to 91.4 m (300 ft); 7 states limited it 

to 76.2 m (250 ft); and 3 states permitted bridge lengths up to 212.9 m (400 ft). Kunin and 

Alampalli (2000) also summarized the maximum allowable limits for IABs, such as thermal 

movements, bridge total length, skew, and abutment dimension among 28 states in the U.S. as of 

1996. Most responding states, including Illinois, limited any skew to no more than 30̄ . 

 

1.3  Overview of IAB Approach Slabs 

Approach slabs are structural components used as a transitional span between the road pavement 

and a bridge superstructure. In the past few decades, the approach systems of bridges have oftern 

suffered from the ñbumpò problem at the end of the abutment due to settlement (Hopkins 1969, 

Hu et al. 1979, Allen 1985, Laguros et al. 1990, Wahls 1990, Kramer and Sajer 1991, Briaud et al. 

1997, Long et al. 1998, Hoppe 1999, Seo et al. 2002, Bowders et al. 2003, White et al. 2005, White 

et al. 2007, Breña et al. 2007, Puppala et al. 2009, Martin and Kang 2013). This has especially 

been the case when approach slabs were not used. Hence, approach slabs as a solution to alleviate 

the differential settlement at the approach system were introduced. Figure 1.8 shows a typical 

elevation view of approach slabs used in Illinois. The approach slabs in Illinois are generally 9.1 

m (30 ft) long and reinforced with both top and bottom rebar mats. One row of vertical anchor 
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rods is used to connect the abutment and the approach slab. On the other side of the approach slab, 

it is supported by a pile bent or a sleeper slab. An expansion gap is placed at the interface of the 

approach slab and the transition slab, which is typically 21.3 m (70 ft) long. 

 

 
Figure 1.8 Elevation view of a typical IAB approach slab (Illinois Tollway 2015). 

 

Briaud et al. (1997) summarized the primary functions of an approach slab: 

1. To span the void that may develop below the slab. 

2. To minimize slab deflection, which could result in settlement near the 

abutment. 

3. To provide a ramp for the differential settlement between the embankment 

and the abutment; this function is affected by the length of the approach slab 

and the magnitude of differential settlement. 

4. To provide a better seal against water percolation and erosion of the 

embankment. 

 

Approach slabs have proven effective for minimizing the bump problem related to differential 

settlements in the approach system, and they have been used by almost every highway department 

in the U.S. (Kramer and Sajer 1991). However, the settlement problem still existed even when 

approach slabs were used, and distress of the approach slabs was reported. According to Kramer 

and Sajer (1991), sometimes, the use of approach slabs simply moves the bump problem from the 

abutment-approach interface to the approach slab-pavement interface. Kunin and Alampalli (2000) 

reported that all 50 IABs built in Arizona needed expensive repair of approach slabs. Kramer and 

Sajer (1991) also suggested that structural damage to approach slabs can be difficult  and expensive 

to repair. 

 

The Illinois Tollway observed significant cracking in IABs constructed in 2013 and 2014, and 

found cracking to be a concern for mainline interstate bridges in Illinois. Approach slabs with high 

skew angles were reported to have a large number of cracks, while slabs with low skew angles 

were generally observed to incur fewer cracks. The Illinois Tollway has used precast slabs to 

reduce cracking, but some cracks have been observed on the precast slabs as well.  

 

Though many efforts have been made to study the behavior of approach slabs and improve their 

design, which will be discussed in detail in chapter 2, the design of approach slabs and IABs are 

still empirical to some extent, and there are still unresolved issues with approach slabs. Studies on 

the thermal behavior of IABs appear more extensive than those of approach slabs. Consequently, 
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it is necessary to further study the factors that affect IAB approach slab performance and the 

behavior of the approach slabs under primary and secondary loads. 

 

1.4  Approach slab investigation 

This research project was funded by the Illinois Tollway to investigate cracking that has been 

observed in bridge approach slabs, particularly at integral abutment bridges, with the goals of 

understanding the mechanism of approach slab cracking, improving performance, and reducing 

maintenance at bridge approach slabs on the Tollway.  The results of this research project will 

contribute to improved ride quality, reduced approach slab repair/replacement costs, and efficient 

future approach slab construction. The primary tasks undertaken by the research team from the 

University of Illinois Urbana-Champaign were: 

¶ Literature review; 

¶ Agency survey; 

¶ Review and synthesis of prior approach slab field inspections (crack surveys); 

¶ New approach slab field inspections (crack surveys); 

¶ Field instrumentation of two Tollway approach slabs, 

¶ Long-term data collection and evaluation of traffic and thermal effects, 

¶ Short-term static truck loading tests and evaluation of thermal effects, 

¶ Numerical simulations, including parametric studies, of approach slab behavior under 

traffic and thermal effects. 
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2  Literature Review, Agency Survey, and Crack Survey 

A summary of the reviewed literature pertaining to select studies of IABs is given in this chapter 

to provide context and background information for the present research in comparison with 

previous studies. The literature review covers topics related to design, performance issues and 

possible mitigation strategies, field monitoring of IAB approach slabs, and numerical modeling of 

approach slabs.  

 

A transportation agency survey and a field crack survey conducted by the research team are also 

briefly described at the end of this chapter. 

 

2.1  Literature Review 

2.1.1  Select Studies of IABs 

The behavior of IABs is not the primary focus of this study. However, due to the fact that integral 

abutments and approach slabs are generally connected and move together as the temperature 

changes, it is valuable to review the behavior of integral abutments and the temperature profiles of 

IABs as a reference for the analysis of approach slabs. 

 

2.1.1.1 IAB Behaviour Due to Temperature Change 

Representative studies of IAB behavior ï in the form of field monitoring and numerical modeling 

ï provide useful observations and findings. 

 

Hoppe and Gomez (1996) instrumented an integral backwall (semi-integral) bridge in Virginia 

during construction and monitored it for 2.5 years, from the summer of 1993 to January 1996. The 

instrumentation included strain gages, temperature probes, and earth pressure cells that measured 

stresses at the bottom flange of steel girders and soil pressures behind the backwall and the 

abutment. Data were collected by three Campbell Scientific CR-10 dataloggers at the interval of 

20 minutes.  The results showed that the integral backwall bridge performed satisfactorily in the 

2.5-year monitoring period. Settlement of bridge approaches was the dominant maintenance 

problem and was most likely magnified by cyclic movements of the integral backwall. Hoppe and 

Gomez (1996) suggested that the thermal movements of the superstructure need to be effectively 

accommodated in the adjacent embankment without causing undue settlement and distress in the 

bridge approach. Some horizontal rotation of the skewed bridge superstructure caused by non-

collinear resultant soil forces at each abutment backwall was detected (Hoppe and Gomez 1996). 

 

Arsoy et al. (1999) conducted finite element analysis to model a 302-ft (92-m) long, 82-ft (25-m) 

wide integral bridge with W44x285 steel girders using SAGE (Static Analysis of Geotechnical 

Engineering Problems). The bridge superstructure, abutment, approach fill, foundation piles, and 

the foundation soil are considered as a plain strain problem with simplification using symmetry. 

In addition to gravity load, the loads applied to the abutment represent the forces due to the 

superstructure thermal deformations. The study suggested that there was accumulated thermal 

expansion (growth) of the pavement due to the friction between pavement and subbase after 

repeated temperature cycles. Such pavement growth may need to be considered in bridge design 
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in the form of longitudinal compression.  James et al. (1991) also conducted finite element analysis 

considering the longitudinal growth of the reinforced concrete pavement and concluded that such 

behavior can cause excessive pressure on the abutments. 

 

A non-skewed IAB in Massachusetts was monitored for a period of three years (Breña et al. 2007). 

The bridge is 270 ft (82.3 m) long, with three spans: 80 ft (24.4 m) for exterior spans and 110 ft 

(33.5 m) for the interior span. The superstructure consists of a 8 in. (200 mm) concrete deck and 

four 48 in. (1,220 mm) deep steel girders. Longitudinal and transverse displacements of the bridge 

at the abutments, earth pressures behind the abutment walls, strains in flanges of exterior piles, 

and temperatures were measured and collected. Figure 2.1 presents the measured displacement 

components at the abutment-pile system. 

 

 
Figure 2.1 Displacement component at the abutment and piles (Breña et al. 2007). 

 

Breña et al. (2007) found that the average thermal response of the bridge followed the ambient 

temperature variations closely. The trends of the longitudinal displacements of the abutments are 

approximately linear. Rapid and large temperature variations in early spring led to sudden bridge 

displacements and high backfill pressures. The abutment displacements and rotations affect the 

backfill pressures, pile moments, and superstructure stresses. The north abutment top displacement 

indicated negligible longitudinal restraint from the backfill, whereas higher longitudinal restraint 

was found at the south abutment, according to the abutment top displacement ï temperature change 

relationship, as shown in Figure 2.2. Since the equivalent coefficients of thermal expansion for the 

north and south abutments were different, 6.0³10ī6/ °F vs. 5.0³10ī6/ °F (10.8³10ī6/ °C  vs. 

9.0³10ī6/ °C ), an elastically restrained bar model, shown in Figure 2.2, was used to estimate the 

backfill soil stiffness.  
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Figure 2.2 Temperature change vs. top displacement of south abutment (Breña et al. 2007). 

 

Three years of the south abutment base displacement data might indicate that the initial differences 

in longitudinal restraints at abutment base due to different compaction conditions after 

construction were eliminated gradually (Breña et al. 2007). Tilt meter data showed accumulated 

rotation at zero temperature change, which may be attributed to backfill shifting into the void 

created by abutment movements during the bridge contraction phase. Data also indicated that after 

the longitudinal displacement of the abutment reached certain limits, the abutment rotations 

increase without an increase in longitudinal displacement near the abutment base. Inclinometer 

readings indicated that after the peak thermal contraction, abutment top displacement was 

controlled mainly by abutment rotation, which may be explained by the backfill falling into the 

void created by the bridge contraction restrained the rotations in the winter (Breña et al. 2007).  

  

Horizontal extensometers, tiltmeters, and a total station were used to measure the abutment 

movements of a non-skewed IAB. This IAB, near Rochester, Minnesota, with 216.5 ft (66 m) total 

length and three spans, was monitored from the start of construction through several years of 

service. The bridge consists of four prestressed concrete girders. Lawver et al. (2000) claimed the 

bridge behavior was affected by the changes in air temperature and solar radiation. Different from 

the findings of Breña et al. (2007), readings taken bi-weekly indicated that the superstructure 

expansion and contraction were primarily accommodated by the horizontal translation of 

abutments, but not by abutment rotations (Lawver et al. 2000). The seasonal rotation of the 

abutment was measured to be as small as 0.06.̄ The double curvature of the piles was given as an 

explanation for the small rotation of the abutments. 

 

There was an accumulated inward displacement of the abutments over time (Lawver et al. 2000). 

The inward movement in the first year could be attributed to the shrinkage of the deck. It was not 

certain why the inward displacement continued after the first year, but the possible explanation 

could be soil collection and compaction behind the abutments during winter, trapping of debris in 

the expansion joints of the approach slabs, or continued cambering of the superstructure. A 

coefficient of thermal expansion of 5.8³10ī6/ °F (10.5³10ī6/°C ) was used to anticipate the bridge 

superstructure movements, leading to a 0.75 in. (19 mm) expected movement for the first six 
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months of monitoring, which was close to the measured displacement 0.71 in. (18 mm). The spot-

weldable steel reinforcement strain gages at the interface between the abutment and the approach 

slab measured the change in strain of the reinforcement, which was controlled by seasonal 

superstructure movements. It was observed that in the summer, solar radiation influenced the 

bridge more significantly than the surrounding air by creating a thermal gradient across the width 

and depth of the bridge. However, in the winter, the solar radiation placed a smaller effect on the 

bridge due to the lower angle of the sun in the sky (Lawver et al. 2000). 

 

Abendroth et al. (2007) reported that field monitoring data indicated a reasonable correlation 

between the change in bridge length and the average bridge temperature. However, the 

displacements of the abutments of the 110-ft (33.5-m) long, 30-ft (9.1-m) wide, single-span 

prestressed concrete girder IAB were different: almost all longitudinal displacements for the 

superstructure were from the east abutment. Since the soil backfill condition seemed to be the same 

for the abutments, it was believed that such differential abutment displacement was attributed to 

the 4.25 in. (108 mm) decrease in elevation for the east abutment, making the bridge pitched to the 

east abutment. The magnitude of these longitudinal movements fell into the lower bound of the 

predicted range for a bridge of this length. The change in position of the abutment consists of two 

parts: (1) the volume change of the concrete in the pile cap and abutment due to temperature 

variations, and (2) rigid-body translation and rotation of the abutment due to the thermal 

movements of the superstructure for a skewed IAB (Abendroth et al. 2007).  

 

McBride (2005) validated the assumption of free of constraint for IAB subjected to thermal 

movements. Thermal effects on the superstructure stresses of the Evansville Bridge in Preston 

County, WV were investigated as well. Finite element modeling and field monitoring of the 

Evansville Bridge, a three-span IAB, indicated that full composite behavior was not achieved by 

the shear studs. IABs are not free to expand and contract fully with changes in temperature due to 

the constraints introduced by soil backfill, shear studs, and corrugated stay-in-place forms. The 

temperature-induced stresses, as well as stresses caused by constrained drying shrinkage, can 

increase the stress to a level indicating more cracks in the bridge deck. 

 

Thippeswamy et al. (2002) conducted an analytical simulation of five jointless bridges considering 

various combinations of primary and secondary loads as well as a field monitoring of a three-span 

177-ft (53.9-m) long jointless bridge in West Virginia. The results indicated that temperature 

gradient is the major contributor to total stresses in bridge superstructure. Concrete creep is helpful 

to reduce induced stresses in the superstructure. Shrinkage relieves creep partially.  

 

The changes in temperature not only affect the bridge superstructure as well as the abutments, but 

also result in the volumetric changes and displacements of the backfill soil of the embankment that 

is behind the abutments. 

 

In each annual (seasonal) cycle of temperature, when the temperature increases, the superstructure 

expands, pushing the abutments outward to the retained backfill soil; when the weather becomes 

colder, the superstructure contracts moving the abutments away from the backfill soil that the 

abutments retain, leading to the development of void at the interface of abutment and the backfill 

soil. Figure 2.3 illustrates the development of void near the abutment due to thermal movements 

of the IAB (Arsoy et al. 1999). 
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Figure 2.3 Void between the abutment and backfill soil due to abutment movement (Arsoy et al. 

1999). 

 

Different from the assessment made by Breña et al. (2007) that both the abutment translation and 

rotation have nonnegligible contributions to the movement of an abutment and the one stated by 

Lawver et al. (2000) that abutment movement primarily is made up of horizontal translations, 

Horvath (2000) suggested that the primary component of abutment movement is rotation about the 

bottom of the abutment. Horvath (2000) also mentioned that there is usually a net inward 

movement of the abutments that is away from the retained soil, as shown in Figure 2.4. Such net 

displacement is exacerbated when the girders of the superstructure are made of Portland cement 

concrete due to the inherent post-construction shrinkage effect (Horvath 2000). The net 

displacement is due to the nonlinear soil wedging and can lead to increasingly large horizontal 

earth pressure as much as the theoretical passive state (Horvath 2000). This behavior was referred 

to as ñratchetingò, according to Horvath (2000). 

 

 
Figure 2.4 Abutment movement due to temperature changes (Horvath 2000). 
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2.1.1.2 Temperature Profiles of IABs 

Studies on the temperature changes and distributions in IABs were conducted either with dedicated 

experiments or as a part of the field monitoring of IABs. 

 

Emerson (1977) estimated the temperature distribution through the depth of concrete bridge decks 

and the concrete deck slabs of composite bridge based on empirical methods as well as field data. 

The study suggested that temperature differences will always exist in the deck slabs except during 

prolonged periods of overcast or during wet weather. The temperature distribution is attributable 

to the type of construction, the time of day, the time of year, the section depth, surfacing, and 

possibly the weather conditions of the previous one or two days for concrete structures. Figure 2.5 

illustrates how the environmental factors affect the temperature distribution.  

 
Figure 2.5 Temperature distribution of a bridge superstructure and controlling environmental 

conditions (Emerson 1977). 

 

Oesterle et al. (1999) carried out experiments to address thermal movements and stresses, 

including creep and shrinkage movements. The concept of effective bridge temperatures is defined 

as the uniform temperature that would lead to the same change in bridge length as the nonlinear 

temperature distribution. The considered temperature variations included the effects of annual 

(seasonal) variation on the total bridge length and the effects of diurnal (daily) variation on the 

thermal gradient. It was found that the extreme effective temperatures can be effectively 

approximated by extreme shade air temperatures. The American Association of State Highway 

and Transportation Officials Load and Resistance Factor Design (AASHTO LRFD) specifications 

provides a more conservative estimate of extreme temperature gradient compared to experimental 

measurements. Tests also suggested that environment-dependent creep and shrinkage of concrete 

generally contributes to the relief of thermal stresses, by an average of 12% for nonwinter weather 

and 3% during winter (Oesterle et al. 1999).  

 

In addition, a 415.9-ft (126.8-m) steel integral abutment bridge (the longest at the time) with a 59° 

skew in Tennessee was instrumented and monitored. The seasonal and diurnal thermal strain 
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changes were small compared to strains corresponding to the design allowable stresses (Oesterle 

et al. 1999). 

 

According to Soltani and Kukreti (1992), Tennessee DOT claimed that the temperature cycling of 

concrete bridges seemed to reach lower peaks than steel bridges. Thippeswamy et al. (2002) 

suggested that a bilinear gradient with 30°F (16.7°C) at the top of the deck, 5°F (2.8°C ) at the 

bottom of the deck, and 0°F (0°C) at the bottom of girders for summer conditions and a bilinear 

gradient -15°F (-8.3°C ) at the top of the deck, 5°F (-2.8°C ) at the bottom of the deck, and 0°F (0°C) 

at the bottom of girders for winter conditions can be used (all temperatures are compared to the 

ambient temperature). Abendroth et al. (2007) found that the measured thermal gradient through 

the depth of superstructure for the coldest day was stable and similar to the recommend thermal 

gradient in AASHTO. 

 

2.1.2  Approach Slab Design, Problems, and Mitigation Methods 

Just as the application of IABs has advanced, the design and performance of approach slabs have 

also changed over time. This section provides a review of the prevalent issues that the approach 

slabs or approach systems are facing, the findings of previous surveys and studies, and the potential 

mitigation methods for the problems. 

 

2.1.2.1 Design Practice of Approach Slabs 

There are several studies that contain the responses of agency surveys (Allen 1985, Kramer and 

Sajer 1991, Hoppe 1999, Kunin and Alampalli 2000, Greimann et al. 2008) or synthesize 

previously conducted surveys (Wahls 1990, Maruri and Petro 2005, White et al. 2005, Martin and 

Kang 2013) concerning the design practice and performance of approach slabs.  

 

Allen (1985) found that among the 41 states responding to the survey, 34 states use reinforced 

approach slabs, and 26 among them rated the performance as good. The length of reinforced 

approach slabs ranges from 10 to 120 ft (3 to 36.6 m) with an average of 33 ft (10 m). Wahls (1990) 

reported that the approach slabs used by most state agencies are of uniform thickness, but some 

sections are thicker near the abutment to provide more flexural resistance. Hoppe (1999) 

synthesized survey responses from 39 states regarding the design, maintenance, and settlement 

problems of bridge approach slabs. Almost every state DOT utilizes a unique standard for the 

design, construction, and use of bridge approach slabs. The survey showed that 71% of responding 

states use mechanical connections between the approach slab and the integral abutment. Half of 

the respondents commonly make the slab length 20 ft (6.1 m), with an average thickness of 12 in. 

(0.30 m). Martin and Kang (2013) summarized the design practice for approach slabs among 21 

states. The approach slab length ranges from 6.6 to 60 ft (2 to 18.3 m), with a majority between 20 

to 30 ft (6.1 to 9.1 m). The thickness of the approach slab varies from 9.4 to 17 in. (240 to 432 

mm), most of which are around 12 in. (305 mm).  

 

The amount of reinforcement varies with the design loads and slab length. Most approach slab 

designs have top and bottom mats and are one-way slabs without intermediate support (Wahls 

1990). Martin and Kang (2013) found that the longitudinal reinforcement ratio ranges from 0.55% 

to 1.23% among the 21 states in the U.S. 
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Approach slabs are attached rigidly to the abutment with a moment connection or only by a pinned 

connection (Oesterle et al. 1999). Similarly, Kunin and Alampalli (2000) mentioned three options 

for the approach slab-integral abutment interface: one uses reinforcement to connect the approach 

slab and the deck; another has reinforcing steel connecting the lip or the corbel of the abutment 

and the approach slab; the last does not use any connection. Seo et al. (2002) introduced approach 

slab design practice in Texas, where most bridges have stub abutments, and the approach slab is 

supported by the abutment backwall and the approach backfill.  Greimann et al. (2008) conducted 

a survey on the specific practices of the approach slab among 8 states in the Midwestern United 

States. Seven out of the nine states used either horizontal or diagonal connections between the 

approach slab and the abutment. Only Illinois reported a transverse cracking problem with the 

approach slab.  

 

The state agencies place the expansion joint at the far (pavement) end of the approach slab or 

between the abutment and approach slab, while other approach slabs have no expansion joints. 

The type of expansion joint is selected based on durability, movement capacity, easy maintenance, 

resistance to damage from snowplows, bridge length, and cost (Kunin and Alampalli 2000). An 

agency survey conducted by Maruri and Petro (2005) confirmed that 31% of the respondents used 

sleeper slabs, 26% did nothing but resting the slab on the fill, and 30% did both. It was found that 

approach slabs are tied to the abutment for most of the states, and sleeper slabs with an expansion 

joint are used on the pavement end of the approach slabs (Martin and Kang 2013).  

 

2.1.2.2 Problems with Approach Slabs 

White et al. (2007) summarized the frequent problems of approach systems observed at bridge 

sites in Iowa, as shown in Figure 2.6. The field study included 74 bridges in Iowa. At 25% of the 

bridges, thirteen of which were IABs, severe void development problems were observed. It was 

found that void development commonly occurs within one year of bridge approach slab 

construction. Severe soil erosion under the approach slab and around the bridge was observed at 

about 40% of the 74 bridges, fourteen of which were IABs (White et al. 2007). 

 

 
Figure 2.6 Frequent problems with approach system in Iowa (White et al. 2007). 
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One of the common problems that bridge approach systems face ï regardless of the use of approach 

slabs ï is the settlement and associated bump. Allen (1985) reported that 15 out of 41 states 

considered the settlement of the bridge approach as a major problem. Briaud et al. (1997) reported 

that about 150,000 bridges, 25 percent of all bridges, in the United States had approach settlement, 

leading to at least $100 million repair cost every year. In Texas, the state that has the highest 

number of bridges, 30 percent of bridges experienced the distress of settlement. Hoppe (1999) also 

reported that the majority of state DOTs consider bridge approach slab settlement as a serious and 

persistent maintenance problem. Seo et al. (2002) suggested that the bump problem due to 

settlement at the end of the bridge costs Texas DOT $7.0 million each year. 

 

Briaud er al. (1997) ranked the factors that cause the bump problem in the order of importance: 

1. Compression of the fill material (Hopkins 1969, Kramer and Sajer 1991, Arsoy et al. 1999, 

Puppala et al. 2009). 

2. Settlement of the natural soil under the embankment (Hopkins 1969, Wahls 1990). Hopkins 

(1969) stated that such settlement can be attributed to (a) shear distortion, (b) bearing 

capacity failure, (c) compression or consolidation of the soil.  

3. Poor construction practice (Long et al. 1998, White et al. 2007). White et al. (2007) found 

that the poor construction practices included poor approach pavement and paving notch 

construction, not using specified backfill materials, placing granular backfill in too thick 

of lifts and within the bulking moisture content range, and not placing the approach slab 

reinforcement steel as specified in the design. 

4. High traffic loads (Laguros et al. 1990, Seo et al. 2002, Lenke 2006, Puppala et al. 2009). 

Seo et al. (2002) conducted a scaled circular track test with repeated vehicle load, 

concluding that the bump size is proportional to the number of load cycles on a log-log 

plot, and soil with higher compaction help reduce the bump effects. Lenke (2006) 

suggested that the bump problem increases with vehicle weight, vehicle velocity, and the 

number of load cycles. However, Hopkins (1969) stated that suggestive evidence indicates 

that traffic is not a major factor responsible for the settlement of bridge approaches. Field 

evaluation conducted by Bakeer et al. (2005a) suggested that speed limit and traffic may 

not have a significant impact on the performance of pile-supported approach slabs. 

5. Poor drainage (Hoppe 1999, Puppala et al. 2009). 

6. Poor fill material. 

7. Loss of fill by erosion (Long et al. 1998, White et al 2007, Puppala et al. 2009).  

8. Poor Joints. 

9. Temperature cycles (Smith 1985, James et al. 1991, Burke 1993, Arsoy et al. 1999, Horvath 

2005, White et al. 2005, Bakeer et al. 2005b). Smith (1985) claimed that cracking and 

bulking at the approach pavement are caused by lateral cyclic movement of the abutment 

from thermal movement-induced stresses at the bridge decks. Arsoy et al. (1999) and 

Horvath (2005) provide detailed explanations of how IAB thermal movements lead to void 

and approach slab distresses, as discussed in section 2.1.1. James et al. (1991) and Burke 

(1993) show a potential risk of pavement growth to the damage of approach slabs and 

abutments, as discussed in section 1.2.  

 

Figure 2.7 also summarizes the factors that may contribute to the bump problem (Briaud et al. 

1997). 
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Figure 2.7 Factors that may contribute to the bump problem (Briaud et al. 1997). 

 

In addition, the height of the embankment can also affect the approach settlement (Laguros et al. 

1990). 

Puppala et al. (2009) mentioned the following factors that are also relevant to the approach 

settlement:  

1. Abutment type. 

2. Age of approach slab (Laguros et al. 1990, Bakeer et al. 2005, Lenke 2006). Bakeer et al. 

(2005) inspected approach slabs built in the 1960s, 1970s, 1980s, and 1990s and found that 

generally newer pile- and soil-supported approach slabs were in better condition than the 

older ones. 

3. Design of approach slabs. The difference in support method for both ends of approach slabs 

and insufficient length of approach slabs can result in the destruction of the approach slabs 

(Wahls 1990, Briaud et al. 1997). 

4. Bridge skew (Laguros et al. 1990, Hoppe and Gomez 1996, Nassif 2002, Abendroth et al. 

2007). Horizontal rotations of the abutment were observed, as discussed in section 2.1.1 

(Hoppe and Gomez 1996, Abendroth et al. 2007). Nassif (2002) compared the performance 

of skewed and non-skewed approach slabs under the same truck load using finite element 

analysis. The results suggested that tensile stresses on the skewed approach slabs were 20 

to 40 percent higher than those on un-skewed approach slabs. 

 

Long et al. (1998) conducted a visual (drive-by) survey during the summer of 1994 on 1,191 bridge 

approaches in Illinois to evaluate the differential approach settlement. 27 percent of the inspected 

approaches exhibited a significant differential settlement at the approach embankment-bridge 

interface. Adjacent states, including Iowa, Wisconsin, Michigan, Ohio, Indiana, Missouri, and 

Kentucky, showed a similar percentage of approach embankment-bridge distress. It was found that, 

in Illinois, the differential settlement occurred at the approach embankment-abutment interface, at 
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the end of the approach slab, or at a break or crack in the approach slab. The authors believed the 

following factors are major causes of differential movement in Illinois: (1) local compression or 

erosion of soil at the approach embankment-abutment interface, (2) a broken approach slab, (3) 

compression of foundation soils, (4) compression or internal erosion of embankment soils, (5) poor 

construction grade control, and (6) areal distortion of foundation soils due to mine subsidence. It 

was also noted that structural distress such as cracked approach slabs can be caused by excessive 

traffic loads (overloads) when traffic volume or weight exceeds the originally intended service 

loading. Vertical movement, horizontal movement, and tilting of abutments can also lead to 

significant approach distress. 

 

Martin and Kang (2013) summarized the structural problems of approach slabs based on reviewed 

agency surveys, as shown in Table 2.1. Kunin and Alampalli (2000) stated that transverse or 

longitudinal cracking and cracks in asphalt overlays at the end of approach slabs are also common 

problems of approach slabs. The performance of the approach slabs was found to depend on (1) 

the approach slab dimensions, (2) the steel reinforcement, (3) the use of a sleeper slab, (4) the type 

of connection between the approach slab and the bridge (White et al. 2005). 

 

 

Table 2.1 Structural problems and their causes for approach slabs (Martin and Kang 2013). 

Structural Problem Causes 

Concrete spalling of the approach slab 

Poor construction 

Lack of tie between abutment and 

approach slab 

Excessive deflection of the approach slab leading 

to an unsmooth transition to the bridge 
Approach slab is not stiff enough 

Water intrusion of approach slab and/or backfill 

material 

Approach slab has excessive cracking 

Expansion joints are not properly 

maintained 

 

2.1.2.3 Mitigation Methods 

Based on the problems noted above for approach slabs, various efforts have been made to improve 

their performance. 

 

Briaud et al. (1997) suggested that settlement calculations and corresponding design 

considerations are necessary for bridge approach system/slab. Hoppe (1999) recommended to 

design the approach slabs with a full width of the roadway and determine the length based on the 

expected settlement. Seo et al. (2002) determined the optimum width of the sleeper slab and 

support slab to be 1.5 m (5 ft), based on numerical analyses. A new approach slab design with 6 

m (20 ft) length and 330 mm (13 in.) thickness was recommended (Seo et al. 2002). An expansion 

joint and a sleeper slab at the approach pavement interface were recommended to allow for thermal 

expansion (Briaud et al. 1997, Bakeer et al. 2005b). White et al. (2005) suggested to connect the 

approach slab to the abutment and support the approach slab on the pavement end with a 50.8 mm 
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(2 in.) sealed joint. A rubber V-shaped gland joint sealing system was recommended (White et al. 

2005).  

 

Bowders et al. (2003) investigated and evaluated a new approach slab design adopted in Missouri. 

The approach slab was 9 m (30 ft) long and supported by the bridge abutment and sleeper slab. A 

grid of holes was included in the slabs for pressure grouting (mudjacking) after some settlement 

was observed. However, the results showed that such a new design was not an effective solution. 

 

Martin and Kang (2013) stated that although many bridge approach problems are due to 

geotechnical issues, appropriate structural design can elongate the service life and reduce 

maintenance costs. An anchor bar connection introduced by Greimann et al. (2008) was believed 

to be the most proper solution since such connection accommodates the rotation of the approach 

slab better when differential settlement is a concern, leading to less stress at the interface.  

 

Puppala et al. (2009) summarized the ways of improving the performance of approach slabs in the 

aspect of embankment foundation and bridge design, which is presented in Table 2.2. 
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Table 2.2 Mitigation methods for approach settlement. 

Embankment Soft Foundation Improvement 

Techniques 

 

Design Improvements 

Mechanical 

Excavation and 

Replacement 

 

Bridge 

Foundation 

Shallow 

Foundation 
Spread Footings 

Preloading and 

Surcharge 

 Deep 

Foundation 

(more 

preferred) 

Driven Piles and 

Drilled Shafts 

Dynamic Compaction 
 

Integral 

Abutment 

Compressible Elastic Materials 

behind Abutment 

Hydraulic 

Sand Drains  
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Flowable Fill        
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2.1.3  Field Monitoring of Approach Slabs 

2.1.3.1 Rutgers University Study 

Researchers at Rutgers University (Nassif et al. 2007) instrumented six approach slabs on the 

Doremus Avenue Bridge in Newark, New Jersey, and tested them prior to opening to traffic. The 

research aimed to recommend new design details based on static testing and long-term monitoring 

of approach slabs. The layout of the approach slabs at the Doremus Avenue Bridge is shown in 

Figure 2.8. The slabs were constructed such that they have varying lengths to study the effect of 

length of the slab while the thickness was kept constant at 18 in. The slabs were instrumented with 

up to 20 sensors of various types: strain gauges, thermistors, dynamic strain gages, pressure cells, 

settlement sensors, and deformation sensors. The 96 channels of data were collected every hour 

with data loggers. The maximum and minimum values incurred during each hour were also 

recorded. More sensors were provided at critical sections identified by prior 3-D FE analysis 

(Nassif et al. 2002) and near the abutment, as it had been observed that most of the approach slab 

cracking takes places near abutments. 

 

 

Figure 2.8 Layout of approach slabs on the bridge under investigation (Nassif et al. 2007). 

 

The study showed that the approach slab strains exhibit a sharp initial decrease that is not recovered 

afterward. This strain change is attributed to the shrinkage of concrete. However, after the initial 

strain change, subsequent strain changes are observed to be proportional to the temperature of the 

slab. Typical strain and temperature response histories are shown in Figure 2.9. 
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Figure 2.9 Approach slab strain and temperature profile with time (Nassif et al. 2007). 

 

Static testing was performed on three slabs by placing a 3-axle truck on the slab at various positions, 

traveling in both directions. The strain data obtained from the static testing was used to calibrate 

the companion 3-D FE models. 

 

2.1.3.2 Iowa State University Study 

Researchers at Iowa State University instrumented two 3-span concrete girder bridges constructed 

in 2006 on the Iowa Highway 60 bypass in Sheldon, IA (Greimann et al. 2008). The objective of 

the study was to evaluate approach slab performance and the effects of connecting it integrally to 

the bridge. The northbound bridge has a 76 ft - 11 in. long precast approach slab, while the 

southbound bridge uses a 29 ft ï 6 in. long cast-in-place approach slab. Both instrumented 

approach slabs have a 30º skew and 12 in. thickness.  The support conditions for the two slabs 

differed significantly, with the precast slab supported continuously with a modified subbase used 

all along the bottom surface, while the cast-in-place slab is supported only at the ends, using a 

sleeper slab. The precast approach slab and cast-in-place approach slab are shown in Figures 2.10 

and 2.11, respectively.  Along with the approach slabs, other structural components, including the 

deck and piles, were also instrumented on the two bridges.  

 



42 

 

 

Figure 2.10 Plan view of northbound bridge precast approach slab (Greimann et al. 2008). 

 

Figure 2.11 Plan view of southbound bridge cast-in-place approach slab (Greimann et al. 2008). 

 

The strains were collected using strain gages installed along the middle of the approach slab 

arranged along the skew (northbound) and uniformly distributed in the slab (southbound). These 

were then averaged and elastic behavior of the slab was assumed to calculate slab forces. Both 

approach slabs showed long-term cyclic variation with each season while also exhibiting smaller 

short-term cycling behavior due to daily temperature variation, as observed in other studies. As 

shown in Figures 2.12 and 2.13, the average force in the precast slab was observed to have a clear 

proportional trend with temperature, but the cast-in-place approach slab showed no clear trend 

with average temperature, suggesting that the cast-in-place approach slab does not develop any 

load related strains. This phenomenon can be a result of a lack of restraints to the slab (Greimann 

et al. 2008).  
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Figure 2.12 Northbound bridge precast approach slab average force (kips) with respect to slab 

temperature (ºF) (Greimann et al. 2008). 

 

Figure 2.13 Southbound bridge cast-in-place slab average force (kips) with respect to slab 

temperature (ºF) (Greimann et al. 2008). 

 

The precast approach slab was instrumented with displacement transducers installed across 5 joints 

(abutment to slab, Panel 1 to 2, Panel 2 to 3, Panel 3 to 4, and expansion joint between Panel 4 and 

pavement) along with strain transducers in the slab. It was observed that the longitudinal abutment 

displacement for the northbound bridge was lower than that of the southbound bridge (Farris 2009). 

This phenomenon was attributed to the difference in the length of approach slabs and the resulting 

difference in resistance to movement and rotation. However, the transverse abutment displacement 

for the northbound bridge was found to be higher (almost double) than that of the southbound 

bridge, and they were observed to have different trends over the year. The reason for this 

phenomenon was not resolved definitively. The displacement transducers also show negligible 

relative movement between the panels and between abutment and panels, while the maximum 

relative movement at the expansion joint was about 1 in. as shown in Figure 2.14 (Farris 2009). 

The expansion joint movement range for the cast-in-place slab was found to be slightly higher than 

that of the precast slab, but both slabs follow similar trends in joint opening with time (Greimann 

et al. 2008).  
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Figure 2.14 Northbound bridge approach slab joint movements (Farris 2009). 

 

In another study (Nadderman and Greimann 2010), researchers at Iowa State University 

instrumented approach slabs on a bridge on U.S. 63, west of Denver, Iowa. The three-span concrete 

girder bridge was 161 ft  40 ft (49 m  12.2 m), with a skew of 2Ü29ô52ò. The approach slab 

used both precast and cast-in-place shoulder sections. The study aimed to evaluate the performance 

of approach slabs along with a determination of forces that should be considered during the design 

of IAB approach slabs.  Each approach slab consists of eight 12 in. (304.8 mm) thick precast 

prestressed panels, except at the abutment where the thickness was reduced to 9.5 in. The four 

panels at the bridge end of the approach slab are trapezoidal, while the ones at the pavement end 

are rectangular and dowelled to the pavement. The approach slab was monitored using 32 sensors 

(24 strain gages and 8 displacement transducers) to record the variation of strain in the approach 

slab along with the relative movement of approach slab joints. The approach slab dimensions and 

instrumentation scheme are shown in Figure 2.15. 
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Figure 2.15 Instrumentation plan used for bridge on U.S. 63 near Denver, Iowa (Nadderman and 

Greimann 2010). 

 

The research team defined load strain as the strain caused in the concrete by an applied load or 

restraints to expansion and calculated it by subtracting the strains caused by thermal 

expansion/contraction of the slab from the total strain observed at the sensors. They observed that 

as the temperature decreases, the load strain observed in the slab increases, such that the load strain 

moves towards compression in the summer season and tension in winter. The load strains vs. time 

observed for all the working gauges are shown in Figure 2.16. 

 

 

Figure 2.16 Load strain with respect to time for instrumented bridge (Nadderman and Greimann 

2010). 
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The average load strain was calculated by averaging the load strains at each of the working sensors, 

which was in turn used to calculate the average slab force. This was plotted against the average 

temperature of the slab, and it was observed that the average slab force follows a cyclic pattern. 

The change in force in the slab ranged from -1166 kips in the summer to 2996 kips in the winter 

(where tension is negative), showing significant forces applied due to live load and constraints 

from the boundary conditions, as shown in Figure 2.17. 

 

             

(a)                                                                    (b) 

Figure 2.17 (a) Average slab force with respect to average temperature; (b) Legend (Nadderman 

and Greimann 2010). 

 

2.1.3.3 Penn State University Study 

Researchers instrumented 4 IABs and installed a weather station in central Pennsylvania, and then 

monitored the bridges over a period of seven years (from 2002-2009) to record the long-term 

behavior of the IABs. Details of the instrumented bridges are given in Table 2.3. The study 

archives long-term IAB response data and trends for abutment displacement, backfill pressure, 

abutment rotation, girder rotation, girder bending moment, girder axial force, pile moment, pile 

axial force, and approach slab strains. 

 

Table 2.3 Details of instrumented bridges (Kim and Laman 2014). 

 

For this study, we can focus on the approach slab strain data and trends. The researchers observed 

that approach slab strain decreases initially (by approximately 100 ÕŮ), likely caused by the actions 

of creep and shrinkage. This decrease in strain was not recovered, however as the time went by 
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the compressive strains decreased, as seen especially prominently for Bridge 203, which was 

designed and constructed following AASHTO specifications and had only one end of the bridge 

with an integral abutment. This phenomenon was much less pronounced in other bridges, with 

both sides having integral abutments. Approach slab strains for the 4 bridges are shown in Figure 

2.18. 

 

 

Figure 2.18 Approach slab strains near abutment 2: (a) bridge 109; (b) bridge 203; (c) bridge 

211; (d) bridge 222 (Kim and Laman 2014). 

 

2.1.3.4 University of Illinois Study 

The structural response of IAB superstructures and substructures was studied at the University of 

Illi nois (LaFave et al. 2016, 2017). The field monitoring program included collecting data about: 

(a) global bridge movements; (b) pile, deck, girder, and approach-slab strains; and (c) rotations at 

different abutment interfaces. The superstructure and substructure of the Union Pacific Railroad 

(UPRR) and Kishwaukee River bridges (I-90 mainline bridges) were instrumented with strain 

gages on girders and piles, tiltmeters, and displacement transducers. The instrumentation plan used 

for the longer bridge in the study is given in Figure 2.19. 
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Figure 2.19 Instrumentation plan for Kishwaukee River Bridge (LaFave et al. 2017). 

 

Displacement transducer data showed that the change in length of the joints followed a linear trend 

with respect to the temperature of the slab, as seen in Figure 2.20. The approach slab-transition 

slab interface showed the largest displacement magnitudes, as expected, as it is the location of the 

expansion joint where relative displacements are intended to occur. The data can be observed to 

follow distinct lines with almost the same slope but a significant shift, which happened after a full 

year of data collection. This was attributed to the bridge overcoming some resistance and thus 

closing the joint to a new permanent displacement. The other end of the slab (at the abutment) 

showed a much lower magnitude of relative displacement, which was expected due to reinforcing 

steel continuity across this construction joint. 

 

 

Figure 2.20 Kishwaukee River Bridge displacement transducer data (LaFave et al. 2017). 

 

The strain developed in the approach slab was observed to be highly correlated to the temperature 

variation, which follows the findings of previous studies covered in this chapter. The variation of 

strain with change in temperature is shown in Figure 2.21. 
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Figure 2.21 Variation of approach slab gauge strain and temperature with time for the 

Kishwaukee River Bridge (LaFave et al. 2017). 

 

The slab was assumed to be in the elastic regime, and using the recorded strains, the load related 

stresses were calculated for the approach slab. The stress was observed to follow a different trend 

for the first four months of data collection. This was attributed to the construction activity. In 

subsequent months, the data followed a linear trend with a change in temperature. However, the 

slope of the stress vs. temperature plot decreased after each summer. The decrease in slope 

signified the approach slab becoming less constrained, likely due to soil settlement causing a 

friction reduction beneath the slab (LaFave et al. 2017). Figure 2.22 shows the stress calculated in 

the slab with respect to the slab temperature. 

 

Table 2.4 summarizes the related field monitoring studies. The research affiliation, year of 

publication, site conditions, means of monitoring, and significant results are provided as essential 

information. 
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Figure 2.22 Kishwaukee River Bridge approach slab stress with respect to change in temperature 

(LaFave et al. 2017). 

Table 2.4 Summary of field monitoring studies 

Research 

Group 

Location 

Year 
Site 

Conditions 
Monitoring Approach Important Results 

Rutgers 

University 

(Nassif et al. 

2007). 

2007 

Six approach 

slabs with 

varying 

lengths and 

skew angles 

20 sensors of various 

types: strain gauges, 

thermistors, dynamic 

strain gauges, pressure 

cells, settlement sensors, 

and deformation sensors 

placed in critical areas.  

 

Data collected for a year 

An initial drop in strains 

observed, caused by 

shrinkage 

 

After the initial drop, strain 

is proportional to the 

temperature  

 

Iowa State 

University 

(Greimann et 

al. 2008) and 

(Nadderman 

and 

Greimann 

2010). 

2008 

Precast 

approach 

slab: 77 ft 

long 

 

Cast in place 

slab: 30 ft 

long 

 

Skew for 

both  

the slabs: 30º 

Embedded strain gages 

placed in the approach 

slab along with deck 

and piles. 

 

Displacement 

transducers placed at 

each joint in the precast 

slab. 

 

Data collected for a 

year. 

Along with the long-term 

cycle, stress developed in 

the slabs also follows short-

term cycles, attributed to 

friction ratcheting. 

 

Negligible movement in 

joint on the abutment side 

and between the panels of 

the precast slab. Expansion 

joint movements were 

highly related to 

temperature, with a 
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maximum magnitude of 

about 1 in. 

 

2010 

Precast 

approach slab 

constructed 

using 8 12 in 

precast panels 

and one 9.5 

in one with a 

skew of about 

2Ü29ô52ò. 

Embedded strain gages 

placed towards the 

boundaries of the slab. 

 

Displacement 

transducers placed at 

each corner of the slab. 

The load caused by 

restraints was defined and 

observed to be tensile in 

Winter and compressive in 

the Summer season. 

 

Average Slab force was 

defined and observed to 

have long- and short-term 

cycles. 

 

Pennsylvania 

State 

University  

(Kim and 

Laman 2014) 

 

2014 

Four bridges 

of different 

specifications 

Instrumented the bridge 

to find abutment 

displacement, backfill 

pressure, abutment 

rotation, girder rotation, 

girder bending moment, 

girder axial force, pile 

moment, pile axial 

force, and approach slab 

strains. 

 

Data collected for 7 

years. 

 

An initial increase in 

compressive strain was 

observed. 

 

For the IAB approach slab, 

the strain follows the 

change in temperature and 

does not recover the initial 

change.  

However, for the bridge 

with one end fixed instead 

of integral, the compressive 

strain was recovered by the 

end of 7 years. 

University of 

Ill inois 

Urbana-

Champaign 

(LaFave et al. 

2016, 2017) 

2017 

30ft approach 

slab with a 

skew of 30º  

6 embedded strain gages 

placed uniformly in the 

slab. 

4 displacement 

transducers at each 

corner of the slab. 

The change in length of the 

joints at the ends of the 

approach slab follows a 

linear trend with respect to 

the temperature of the slab. 

 

Strain highly dependent on 

temperature. 

 

The slope of strain vs. 

temperature decreases each 

summer, caused by the 

removal of some restraint 

due to possible settlement 
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2.1.4  Numerical Modelling of Approach Slabs 

2.1.4.1 Rutgers University Study  

Nassif et al. (2007) aimed to find the possible causes of cracking, the location of cracks, and factors 

influencing crack development in approach and transition slabs. A 3-D model was developed using 

typical NJ specifications with the approach slab shaped like a parallelogram with a length of 25 ft (7.62 

m) and a width of 12 ft (3.66 m). The transition slab is modeled as a trapezoid with a smaller base of 

30 ft (9.14 m) and a width of 12 ft (3.66 m). The reinforced concrete slab is modeled using a four-node, 

reduced integration shell element (S4R). The soil underneath the approach and transition slab is 

modeled using Spring 1 type elements (linear elastic springs with constant stiffness), and the boundary 

condition at abutment and approach slab are taken as simply supported, as shown in Figure 2.23. The 

soil was assumed to be silty medium dense sand with stiffness of 0.092 kip/in/in2 (25000 kN/m/m2). 

Figure 2.24 shows the plan view of the spring elements in the FE model. 

 

 
Figure 2.23 The approach slab with edge springs for soil-structure interaction (Nassif et al. 2007). 

 
Figure 2.24 Plan view of the spring elements representing soil-structure interaction (Nassif et al. 

2007). 

 
The slab was subjected to multiples of HS-20 bridge design truck loading, which has three axles and 

a Gross Vehicle Weight of 72 kips (320.27 kN). If the truck enters from pavement to bridge, the 

required load for first cracking is 1.66 times the HS-20 design truck, but it increases to 4.3 times the 

design truck load if the truck exits the bridge. It was found that a thicker slab helps increase the 

strength of the slab, so a heavier load is required to crack the approach slab. Additionally, since the 

slab is skewed, the distribution of the axle loads is uneven. The pinned connection at the edge of the 

approach slab prevents any displacement along the edge, increasing the strength in this region.  

 

The effects of skew angle were also examined in the study. For the same loading conditions and at the 

same location, a skewed approach slab has higher tensile stresses than a straight slab. Parametric study 

for skewed slabs showed that 1) increasing the concrete compressive strength increases the cracking 
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load capacity, but not very efficiently; 2) increasing the steel reinforcement yielding stress or area has 

no effect on neither cracking load capacity nor the stresses in the critical elements; 3) increasing the 

thickness of approach slab is an effective way to improve the cracking load capacity. 

 

2.1.4.2 Louisiana State University Study  

The study conducted by researchers at Louisiana State University (Cai et al. 2005) focused on the 3-D 

finite element analysis of approach slabs. For this study 20, 40, and 60 ft (6.1, 12.19, and 18.29 m) 

long approach slabs were studied. The width of the slab is 40 ft (12.19 m). A sleeper slab, which 

provides an additional transition to the roadway pavement, as shown in Figure 2.25, is used in this 

model to minimize the possibility of differential settlement at the approach slab-roadway interface. 

The dimension of the embankment and natural soil L5, W2, and H5 are determined through a finite 

element analysis, particularly to reduce the sensitivity of the approach slab analysis to these parameters. 

For the sensitivity analysis, two truckloads on two lanes and slab self-weight were applied to the 

approach slab, and values of L5, W2, and H5 (see Figure 2.18) were found so that the effect of these 

parameters is minimized in the system. 

 

 

 
Figure 2.25 Elevation and section view of the abutment (Cai et al. 2005). 

 
The 3-D finite element model was developed, as shown in Figure 2.26. Eight-node hexahedron 

elements (ANSYS Solid 45) were used to form the finite element mesh. A contact and target pair 

surface element was used to help simulate the real interaction between slab and soil. The dead load 

(DL) was applied first, and the dead load and live load were applied together. It was reported that the 

deflections and internal moments of the beam, and reaction of the beam at the sleeper beam 

corresponding to maximum moment increase with the increase of the embankment settlement. The 
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boundary condition of the slab changes from ñfully supported across the spanò to ñsimply supportedò. 

Figure 2.27 shows the distribution of the coefficient for maximum bending moments in the slab. 

 

 
Figure 2.26 Typical finite element mesh (Cai et al. 2005). 

 

 
Figure 2.27 Design equations based on parametric study (Cai et al. 2005). 

 

2.1.4.3 University of Missouri-Columbia Study  

The study conducted by the researchers at the University of Missouri-Columbia focused on the 

development of equations for the uniaxial and biaxial bending behavior of a slab on elastic soil support. 

The wash-out of soil, which is similar to void development, was considered in the research. The 

approach slab was modeled as a 38 ft  25 ft (11.58 m  7.62 m) plate and discretized into 0.5 ft  

0.5 ft (0.15 m  0.15 m) elements. Figure 2.28 shows the approach slab model. For a simply-supported 

edge, bending moment perpendicular to the edge and displacement is zero; for a soil supported edge, 

bending moment and shear are zero; for corner nodes, the twisting moment is zero. 
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Figure 2.28 Plan view of the approach slab model (Ma 2011). 

 
Lane load, design truck, and design tandem in AASHTO specification were used. Two tandem loads 

were applied because there were two lanes in the slab (Ma 2011). Two kinds of soil washout were 

considered: strip washout simulating a strip through the width of the slab and circular washout 

simulating localized voids, which have been observed at many approach slab sites. It was concluded 

that the finite difference method could effectively analyze the behavior of the approach slab with 

unsymmetrical cases and washouts. The uniaxial bending solutions are generally more conservative 

when compared to biaxial bending. Finite element analysis of approach slabs was conducted in the 

study using SAP 2000. 

 

Thiagarajan et al. (2010) used 3-D FE analysis to come up with structural solutions for approach slabs 

for typical approach slab specifications in the state of Missouri. The typical approach slab in the state 

of Missouri is 25 ft (7.62 m) long, 12 in (304.8 mm) thick. The total width of the slab model was 38 ft 

(11.58 m), including 2-12 ft (2-3.66 m) lanes, 4 ft (1.22 m) wide inside shoulder, and 10 ft (3.05 m) 

wide outside shoulder. Simple support, slab on grade, and washout boundary conditions were 

considered. No sleeper beam with full slab on grade support was also considered. Figure 2.29 shows 

the detailed boundary conditions of all models. 
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Figure 2.29 Finite element model matrix (Thiagarajan et al. 2010). 

 
A very poor soil condition with subgrade modulus of 18.4 lb/in/in2 (2.89 kN/m/m2) was selected. The 

loading of the model was based on AASHTO LRFD specifications. The design truck with three axles 

and a gross weight of 72 kips (320.27 kN) was considered along with the design lane load. The tandem 

load was also considered along with the lane load. The design truck was 6 ft wide, and the distance 

between the front axle and middle axle was 14 ft (4.27 m). The distance between the middle axle and 

the rear axle was considered as 14 ft (4.27 m) as the span of the approach slab modeled was either 20 

ft (6.1) or 25 ft (7.62 m). The loading has been applied in steps, with three design trucks entering the 

slab at the slab-pavement end and then traversing the slab. Figure 2.30 shows the location of critical 

loads with simply supported boundary conditions. 

 



57 

 

 
Figure 2.30 Load locations for maximum bending moment in simply supported slabs 

(Thiagarajan et al. 2010). 

 
It was reported that the maximum deflection at the center for the Standard Missouri approach slab is 

0.63 in. for the simply supported case, whereas the maximum deflection of modified Missouri approach 

slab is 0.68 in (16 mm). It can be found that Idaho slab deflection was found to be 0.36ò for simply 

supported condition. The maximum deflection value for slab on grade with a given percentage of voids 

was observed to be 0.3 in (7.62 mm). The maximum moment for the simply supported condition was 

observed to be 134.52 kipsÖft/ft  (598.37 kNÖm/m) for the standard MO-BAS. In contrast, the maximum 

moment for the slab on grade option was found to be 63.15 kipsÖft/ft (280.91 kNÖm/m). For all the 

models, the rebar bottom and rebar top stresses are observed to be much lower than the yield limits of 

the reinforcement. The values for concrete and rebar stresses for slab on grade conditions seemed to 

be lower than that of simply-supported conditions. 

 

In all, the discussed prior relevant work carried out by other research groups is summarized in Table 

2.5 with locations, year of publication, approach slab conditions, modeling approach, and important 

results included. 
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Table 2.5 Summary of analytical studies 

Research 

Group 

Location 

Year Conditions Modeling Approach Important Results 

Louisiana 

State 

University 

(Cai et al. 

2005) 

2005 

20, 40, and 60 

ft approach 

slabs modeled 

with a width of 

40 ft. 

Eight-node 

hexahedron elements 

in ANSYS were 

used. 

Contact target pair 

used to model soil-

structure interaction. 

Increasing the thickness of the slab 

and reinforcement reduces the 

cracking in the slab. 

 

The use of ribbed slabs (similar to 

slab-on-beam bridge decks) was 

recommended for better performance 

than a flat slab. 

Rutgers 

University 

(Nassif et al. 

2007) 

2007 

Approach Slab 

modeled as a 

parallelogram 

of dimensions 

25 ft 12 ft. 

S4R elements were 

used to model the 

slab in ABAQUS. 

 

Soil structure 

interaction modeled 

using linear elastic 

spring elements. 

 

Loading is done 

using HS-20 truck 

load, applied in the 

middle of the lane 

The load required to induce a crack 

is 2.5 times higher if the truck is 

leaving the bridge than when the 

truck is entering from the pavement 

of the bridge. 

 

Skewed approach slabs have higher 

tensile stress than straight slabs. 

 

Increasing the slab thickness was 

identified as the most effective way 

to reduce cracking. 

 

University of 

Missouri-

Columbia 

(Thiagarajan 

et al. 2010) 
and 

(Ma 2011) 
 

2010 

Typical 

approach slabs 

used in 

Missouri used. 

(20 to 25 ft 

long with low 

skew) 

 

Simple support, slab 

on grade, and 

washout boundary 

conditions were 

studied. 

 

Loading is done 

using the HL-93 

design truck. 

For all the models, the rebar bottom 

and rebar top stresses are observed to 

be much lower than the yield limits 

of the reinforcement. 

 

Deflection of the slab in simply 

supported conditions is about 0.63 in 

while that in case of slab on grade 

condition becomes 0.3 in. 

2011 

Focused on 

developing 

uniaxial and 

biaxial bending 

behavior of 

slab on elastic 

soil support. 

 

Soil washout 

also considered 

The approach slab is 

modeled as a 38 ft  

25 ft plate in 

SAP2000. 

 

The ends of the slab 

were assumed to be 

simply supported, 

and soil support was 

assumed to be 

continuous. 

 

Loading done using 

the HL-93 truck. 

A span of 20 ft with a thickness of 

12 in was recommended to be 

optimal design configuration. 

 

Pretensioned precast approach slabs 

with transverse ties were 

recommended. 
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2.2  Agency Survey and Crack Survey 

To gain the most current understanding of the relevant approach slab behavior, design, and 

construction practices at the start of the present study, the research team conducted a nationwide 

transportation agency survey. Key responses are summarized below.  

 

Only Illinois, Nebraska, and Vermont have used precast and cast-in-place approach slabs in both 

conventional bridges and IABs. Texas has used cast-in-place, and precast approach slabs in 

conventional bridges but did not comment on the type of approach slab used in the 1% of bridges 

that are IABs in Texas. Out of these four states that have used precast approach slabs, only 

Vermont did not have any issues with approach slab cracking. However, pavement cracking at the 

end of the approach slab is still present in Vermont.  

 

Illinois, Missouri, North Dakota, New Jersey, and Iowa indicated that approach slab cracking is 

an issue in their state and that they have instrumented or studied approach slabs. The survey 

indicated that 50% or more of bridges in Illinois, Missouri, and New Jersey exhibit approach slab 

cracking. Oklahoma, Nebraska, Michigan, Nevada, Delaware, Texas, Minnesota, and Indiana all 

indicated cracking as a primary issue, but they have not instrumented or studied approach slabs. 

Ohio, Louisiana, and Wisconsin did not indicate approach slab cracking as a primary problem, but 

approach slab cracking is still present.  

 

There are no major patterns across many states that would clearly relate bridge parameters and 

approach slab cracking. Designs for bridges in one state may be prone to cracks, whereas cracking 

may not be present in another state using a seemingly similar design. For example, aside from 

South Dakota, Alabama, and Montana, all the other states that have used sleeper slabs as the 

support type for the transition/pavement end of the approach slab have had problems with approach 

slab cracking. However, one clear pattern across states with approach slabs that are at least 30 feet 

in length is that they have issues with approach slab cracking. An increase in reinforcement is the 

most common method among the states to minimize cracks in approach slabs.  

 

The structural drawings and available field inspection photos of approach slab cracking for 46 

Illinois Tollway bridges were studied to identify cracking patterns and bridge design and 

construction parameters that may influence approach slab cracking. The generally observed 

patterns are as follows: 

 

1. For skew less than 30°, mainline bridge approach slabs have cracks near the corners and 

shoulders, whereas crossroad bridge approach slabs have cracks in the travel lanes that 

propagate in the direction of traffic. 

2. For skew of 30° and greater, many diagonal cracks extend out of the obtuse corners and 

across the acute corners of approach slab travel lanes and shoulders, and other cracks 

originate from both the expansion and construction joints (roughly perpendicular to those 

joints). 

 

The severity of cracking for the inspected approach slabs at a particular bridge can be categorized 

as follows: 
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¶ Severe: there are on average 3 or more cracks per approach slab; 

¶ Moderate: there are on average 1 or 2 cracks per approach slab; 

¶ Uncracked: there are no cracks. 

 

By looking at design and construction parameters among these different categories of bridge 

approach slabs in terms of cracking, it is found that skew over 20°, staged construction, and 

presence of wingwalls may be linked to severe cracking on approach slabs of mainline bridges. 

Even so, nearly half of all surveyed mainline bridges had uncracked approach slabs, whereas all  

mainline bridges with greater than 46° skew had severe approach slab cracking. For crossroad 

bridges, severe cracking was observed more frequently at IABs and approach slabs with wingwalls. 

 

More details of the transportation agency survey and field inspection (crack survey) can be found 

in Appendix A and Appendix B, respectively. 
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3  Bridge Descriptions and Instrumentation Details 

The details of the two instrumented bridges for the present research, as well as the data acquisition 

method, are presented in this chapter. The instrumentation employs many sensors, which are all 

discussed in detail in the following sections. 

 

3.1  Instrumented Bridge Approach Slabs 

Approach slabs at two mainline IABs on Illinois Route 390 in Itasca, IL, were instrumented for 

long-term strain and global movement monitoring. The Eastbound-West (EB-W) approach slab of 

the Illinois Route 390 Bridge over Arlington Heights Road and Eastbound-East (EB-E) approach 

slab of the Illinois Route 390 Bridge over Prospect Avenue were chosen. Details of the bridge and 

approach slab geometry are given in Table 3.1. 

 

Table 3.1 Bridge and approach slab details 

Parameter Arlington Heights Road Prospect Avenue 

Spans 129ô-11 ıò 124ô-6ò ï 103ô-1ò (West to East) 

Total Length 133ô-8 1ù8ò 227ô-7ò 

Width 100ô-8 ıò at approach slab Varies 66ô-10ò to 67ô-3 3ù8ò 

Abutment Skew 10ę40ô22ôô 16ę9ô32ôô 

Approach Slab Type Cast-in-place Precast 

App. Slab Thickness 15ò 16ò 

App. Slab Length 30ô 30ô 

Expansion Joint 3ò opening at transition slab side 2.5ò opening at transition slab side 

Support at Exp. Joint Pile bent under the slab Pile bent under the slab 

 

 

The geometry of the precast EB-E approach slab of the Illinois Route 390 Bridge over Prospect 

Avenue is similar to the EB-W approach slab of the Illinois Route 390 Bridge over Arlington 

Heights in terms of width, skew magnitude, and thickness. The support under the slab at the 

expansion joint is a pile bent, which is widely applied in the mainline bridge approach slabs in 

Illinois. The fabrication of the precast slab began in April 2017, allowing the research team to 

install all the embedded strain gages.  

 

In addition to the geometric similarities between the approach slabs at Prospect Avenue and at 

Arlington Heights Road, several bridge parameters were taken into consideration in selecting a 

bridge with cast-in-place approach slabs for instrumentation. The key reasons why this structure 

was preferred over the other candidate, IL-23 over I-90 (structure number 605), were that the 

approach slabs at Arlington Heights were not staged constructed slabs and the construction 

schedule for the EB Illinois Route 390 Bridge over Arlington Heights Road was more favorable 

for the research group to install all sensors in the slab. Moreover, the EB Illinois Route 390 Bridge 

over Arlington Heights Road was connected in series to the EB Illinois Route 390 Bridge over 

Prospect Avenue, where both structures will experience similar loading conditions. Furthermore, 

the support of the IL-23 approach slab at the expansion joint is an approach footing rather than an 
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approach bent, making a direct comparison between precast and cast-in-place slabs difficult. Lastly, 

the IL-23 Bridge is a crossroad bridge where the width and loading conditions differ more from 

the EB Illinois Route 390 Bridge over Prospect than the EB Illinois Route 390 Bridge over 

Arlington Heights Road. 

 

The EB-W approach slab of the Illinois Route 390 Bridge over Arlington Heights Road (cast-in-

place) was selected for instrumentation; the location of the slab is highlighted in Figure 3.1. This 

approach slab consists of seven sections: North Shoulder (NS), Lane 1 (L1), Lane 2 (L2), Lane 3 

(L3), Gore (G), Ramp (R), and South Shoulder (SS). Concrete for all sections of the slab was 

poured integrally.  

 

 

Figure 3.1 Instrumented EB-W approach slab at Arlington Heights Road (cast-in-place). 

 

The EB-E approach slab of the Illinois Route 390 Bridge over Prospect Avenue (precast) was also 

selected for instrumentation; the location of the slab is highlighted in Figure 3.2. The approach 

slab consists of 5 sections: North Shoulder (NS), Lane 1 (L1), Lane 2 (L2), Lane 3 (L3), and South 

Shoulder (SS). The slab was constructed with five precast concrete sections connected with tie 

bars along the longitudinal joints, as shown in Figure 3.3. 
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Figure 3.2 Instrumented EB-E approach slab at Prospect Avenue (precast). 

 

 

 

(a) Plan view of longitudinal joint (b) Section view of longitudinal joint 

Figure 3.3 Longitudinal joint of EB-E approach slab at Prospect Avenue (precast). 
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There is a granular subbase under both instrumented approach slabs between the abutment support 

and pile bent, as shown in Figure 3.4. The granular subbase of the cast-in-place slab is 4 inches 

thick, whereas the thickness of that for the precast slab is uncertain on the design drawing. Note 

that after placement of the precast slab sections, grout injections were employed under the slab in 

order to fill the potential gaps between the slab and subbase. 

 

 

 
(a) Arlington Heights Road (cast-in-place) 

 

 
 

(b) Prospect Avenue (precast) 

Figure 3.4 Longitudinal cross-sections of instrumented approach slabs. 

 

3.2  Instrumentation Goals 

The instrumentation aims to develop an understanding of global approach slab behavior, which 

includes the stresses developed in the slab at different positions, as well as global approach slab 

movement. Moreover, the field monitoring can also validate the numerical approach slab models.  

 

The strain in the concrete slab is one of the most significant concerns in the study because it relates 

to the live loads applied to the slab and the thermal stresses developed in the slab due to its thermal 

deformation and restraints. Embedded gages were deliberately distributed in each lane/panel of the 

slab at different locations. Each embedded gage can provide the concrete strain in one direction 

and the temperature. A temperature compensation beam was utilized to measure the coefficient of 

thermal expansion for each slab.  
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Thermal expansion or contraction of each component of the bridge structure, such as the deck, 

abutment, and approach slab, will produce volumetric changes and lead to an overall approach 

slab displacement in the longitudinal direction. The global movement is accommodated by the 

expansion joint between the approach slab and transition slab. Displacement transducers or 

ñcrackmetersò placed at the abutment-approach slab and approach slab-transition slab interfaces, 

help measure these overall movements. Note that since there is no fixed reference point selected 

for the bridge and slab, the measurements are the relative displacement between the two ends of 

the displacement transducer. 

  

3.3  Equipment Description 

Based on the performance of similar instruments (from Geokon, Inc.) used in a previous IAB 

project (LaFave et al. 2016), all instruments and data acquisition equipment in this project were 

procured from Geokon, Inc. as well. The basic specifications of the instruments used, such as 

model number, range, resolution, and accuracy, are tabulated in Table 3.2.  

 

Table 3.2 Basic specifications of the instruments 

Instrument Name 
Model 

Number 
Range Resolution Accuracy 

Vibrating Wire (VW) Strain 

Gage 
4200 3000 ɛŮ 1.0 ɛŮ +/- 0.5% 

Displacement Transducer 4420 +/- 6ò 0.025% +/- 0.1% 

Displacement Transducer 4420 +/- 3ò 0.025% +/- 0.1% 

Datalogger 8600-1 N/A 0.001 Hz RMS +/ 0.013% 

Multiplexer 8032-16 
Can connect 16 instruments with 

temperature reading 

Multiplexer 8032-32 
Can connect 32 instruments without 

temperature reading 

 

3.4   Instrumentation Layout 

3.4.1  Gage Orientations 

The embedded gages were installed in three different configurations ï namely, longitudinal top 

(T), longitudinal bottom (B), and transverse top (R). A longitudinal top gage is installed at the top 

mat of reinforcement under a longitudinal reinforcing bar; a longitudinal bottom gage is installed 

at the bottom mat of reinforcement above a longitudinal reinforcing bar; a transverse top gage is 

installed at the top mat of reinforcement under a top transverse rebar. In this study, five possible 

combinations of the configurations described above were used at various locations, as indicated in 

Figure 3.5.  
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Figure 3.5 Symbol of gage location combinations. 

 

A star combination includes one top longitudinal gage, one bottom longitudinal gage, and a 

transverse gage at the top. There is one top longitudinal gage and one bottom longitudinal gage in 

a pentagon combination. The square configuration consists of a top longitudinal gage and a 

transverse gage. The triangle indicates the installation of one longitudinal top gage. Lastly, a circle 

means there is only a transverse gage. Figure 3.4 shows the cross-sectional views for each of the 

four gage combinations. Note that the first four combinations are the ways in which gages were 

installed, but the additional circle is a result of the longitudinal top (T) gage, which is L1-3-1T at 

Prospect Avenue (precast), from a ñTRò combination malfunctioning. Figure 3.6 shows the cross-

sectional view for each of the five gage combinations. 

 

 

  

 

 

 

Figure 3.6 Gage configuration combinations. 

- 2 longitudinal (TB), 1 transverse (R) 

- 2 longitudinal (TB) 

- 1 longitudinal (T), 1 transverse (R) 

- 1 longitudinal (T) 

- 1 transverse (R) 

-   
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3.4.2   Sensor Locations 

Forty-three vibrating wire embedded strain gages from Geokon Inc. were installed in the EB-E 

approach slab on the bridge over Arlington Heights Road. The layout of the gages is shown in 

Figure 3.7. Strain gages were placed along two longitudinal lines in the NS and SS sections and 

one longitudinal line in the L1, L2, L3, G, and R sections. The longitudinal lines in each section 

were at approximately either the third points or the middle point of the section width. For each 

longitudinal line, the gages were placed approximately at the quarter points along the length of the 

slab, numbered from 1 to 3, beginning from the west side of the slab to the east side of the slab. A 

displacement transducer was installed at each corner of the approach slab (4 in total), and the data 

acquisition instruments were mounted on two posts on the north side of the slab.  

 

Similarly, for the approach slab at the bridge over Prospect Avenue, forty-four vibrating wire 

embedded strain gages from Geokon Inc. were used to monitor strains in the slab. These were used 

in all 5 panels of the approach slab, and the layout of the gages is shown in Figure 3.6. Strain gages 

were placed along two longitudinal lines in the NS and SS panels and one longitudinal line in the 

L1, L2, and L3 sections. The longitudinal lines in each section were at either approximately the 

third points or the middle point of the section width. For each longitudinal line, the gages were 

placed approximately at the 1/5th points along the slab length, numbered from 1 to 4, beginning 

from the west side of the slab to the east side of the slab. A displacement transducer was installed 

at each corner of the approach slab. 

 

In addition, the selection of certain sensors to read temperature is made to measure the temperature 

in as wide a range of the slab plan as possible, in conjunction with several top and bottom pairs at 

the same plan locations to monitor the temperature difference in the slab thickness direction. The 

north and south displacement transducers at the abutment side of the slab were selected to measure 

the temperature outside the concrete (assumed as the ambient temperature on both sides of the 

slab). All sensors selected to record temperature data are highlighted with solid symbols and names 

in Figures 3.7. Note that to keep the annotations in Figure 3.7 (a) and (b) as similar size, the plans 

of the two slabs are not on the same scale. The spans of the two slabs are both about 30 feet. 
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 (a) (b) 

Figure 3.7 Instrumentation plan for approach slabs at (a) Arlington Heights Road; (b) Prospect 

Avenue. 

 

3.4.3  Naming Convention for Sensors 

The naming convention for each gage location follows the rule of ñpanel-longitudinal line (row 

number in the layout)-longitudinal position (column number in the layout)-T/R/B.ò For example, 

NS-1-3T means the embedded gage located in the north shoulder, on the first longitudinal line 

(row 1), in the third longitudinal position (column 3), and attached to the top mat of reinforcement 

in the longitudinal direction (as shown in Figures 3.7). The displacement transducers were named 

according to the direction of the corner where they are installed, followed by CM (for crackmeter). 

Thus, the displacement transducer at the northeast corner of the slab is represented as NE CM. 

Tables 3.4 and 3.5 detail all the sensors used in the cast-in-place and precast slabs, respectively. 

 

Table 3.3 Instrument details for cast-in-place slab (Arlington Heights Road) 

Location Instrument ID Type Remarks 

 NE CM Crackmeter 
Temperature data recorded as 

well 

 NW CM Crackmeter  

North 

Shoulder 

NS-1-1T VW strain gage  

NS-1-1B VW strain gage  

NS-1-1R VW strain gage  

NS-1-2T VW strain gage 
Temperature data recorded as 

well 
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NS-1-2B VW strain gage 
Temperature data recorded as 

well 

NS-1-3T VW strain gage  

NS-1-3B VW strain gage  

NS-1-4T VW strain gage  

NS-1-4B VW strain gage  

NS-1-4R VW strain gage  

NS-2-3T VW strain gage  

Lane 1 

L1-3-1T VW strain gage 
Temperature data recorded as 

well 

L1-3-2T VW strain gage  

L1-3-2B VW strain gage  

L1-3-3T VW strain gage 
Temperature data recorded as 

well 

Lane 2 

L2-4-1T VW strain gage 
Temperature data recorded as 

well 

L2-4-1R VW strain gage  

L2-4-2T VW strain gage  

L2-4-2B VW strain gage  

L2-4-3T VW strain gage  

L2-4-3R VW strain gage  

Lane 3 

L3-5-1T 
VW strain gage 

Temperature data recorded as 

well 

L3-5-1B VW strain gage  

L3-5-2T VW strain gage  

L3-5-2B 
VW strain gage 

Temperature data recorded as 

well 

L3-5-3T 
VW strain gage 

Temperature data recorded as 

well 

L3-5-3B VW strain gage  

Gore 
G-6-2T 

VW strain gage 
Temperature data recorded as 

well 

G-6-2B VW strain gage  

G-6-2R VW strain gage  

Ramp 

R-7-1T 
VW strain gage 

Temperature data recorded as 

well 

R-7-1R VW strain gage  

R-7-2T VW strain gage  

R-7-2B VW strain gage  

R-7-3T 
VW strain gage 

Temperature data recorded as 

well 

R-7-3R VW strain gage  

South 

Shoulder 

SS-8-1T VW strain gage  

SS-9-1T VW strain gage  

SS-9-1B VW strain gage  

SS-9-1R VW strain gage  
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SS-9-2T VW strain gage  

SS-9-2B 
VW strain gage 

Temperature data recorded as 

well 

SS-9-3T VW strain gage  

SS-9-3B VW strain gage  

SS-9-3R VW strain gage  

SE CM 
Crackmeter 

Temperature data recorded as 

well 

SW CM Crackmeter  

Near 

North 

Shoulder  

Temp Beam VW strain gage 
Temperature data recorded as 

well 

 

Table 3.4 Instrument details for precast slab (Prospect Avenue) 

Location Instrument ID Type Description 

 NE CM Crackmeter  

 NW CM Crackmeter 
Temperature data recorded as 

well 

North 

Shoulder 

NS-1-1T VW strain gage  

NS-1-1B VW strain gage  

NS-1-1R VW strain gage  

NS-1-2T VW strain gage  

NS-1-2B VW strain gage  

NS-1-3T VW strain gage  

NS-1-3B VW strain gage  

NS-1-3R VW strain gage  

NS-2-1T VW strain gage 
Temperature data recorded as 

well 

NS-2-1B VW strain gage 
Temperature data recorded as 

well 

NS-2-2T VW strain gage  

NS-2-3T VW strain gage  

NS-2-4T VW strain gage 
Temperature data recorded as 

well 

NS-2-4B VW strain gage 
Temperature data recorded as 

well 

NS-2-4R VW strain gage  

Lane 1 

L1-3-1T VW strain gage 
Malfunctioned, no data 

available 

L1-3-1R VW strain gage  

L1-3-4T VW strain gage 
Temperature data recorded as 

well 

L1-3-4R VW strain gage  

Lane 2 L2-4-2T VW strain gage 
Temperature data recorded as 

well 
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L2-4-2B VW strain gage 
Temperature data recorded as 

well 

L2-4-4T VW strain gage  

L2-4-4B VW strain gage  

Lane 3 

L3-5-1T 
VW strain gage 

Temperature data recorded as 

well 

L3-5-1R VW strain gage  

L3-5-3T VW strain gage  

L3-5-3R VW strain gage  

South 

Shoulder 

SS-6-1T 
VW strain gage 

Temperature data recorded as 

well 

SS-6-1B 
VW strain gage 

Temperature data recorded as 

well 

SS-6-2T VW strain gage  

SS-6-3T VW strain gage  

SS-6-4T 
VW strain gage 

Temperature data recorded as 

well 

SS-6-4B 
VW strain gage 

Temperature data recorded as 

well 

SS-7-1T VW strain gage  

SS-7-1B VW strain gage  

SS-7-1R VW strain gage  

SS-7-2T VW strain gage  

SS-7-2B VW strain gage  

SS-7-3T VW strain gage  

SS-7-3B VW strain gage  

SS-7-4T VW strain gage  

SS-7-4B VW strain gage  

SS-7-4R VW strain gage  

SE CM Crackmeter  

SW CM 
Crackmeter 

Temperature data recorded as 

well 

Near 

North 

Shoulder  

Temp Beam VW strain gage 
Temperature data recorded as 

well 

 

3.5  Installation Details 

3.5.1  Temperature Beam 

Two temperature compensation beams were fabricated as the bridges were constructed, as shown 

in Figure 3.8. The 6 in. × 6 in. × 30 in. beams have a longitudinal bottom #8 bar, similar to the 

reinforcement used in the slabs. The temperature beams were cast with an embedded strain sensor 

mounted on the reinforcement to record the strain and temperature of the beam. These beams were 

used to estimate the coefficient of thermal expansion of both slabs. 
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(a) (b) 

Figure 3.8 (a) Temperature beam with embedded gage and reinforcement bars; (b) the 

temperature compensation beams being cast. 

 

3.5.2  Strain Gage Installation 

Both cast-in-place and precast approach slabs were instrumented with embedded strain gages 

having top, bottom, and transverse orientations, as indicated in Figure 3.9 (a), which shows an 

instance in a precast section. To place the gages in the desired positions, all the gages were 

mounted with the help of stackable chairs from Polylok Inc., as shown in Figure 3.9 (b), which 

was taken from the cast-in-place approach slab. Note that the zip tie tails seen in Figure 3.9 (b) 

were eliminated and disposed of before the concrete pour. 

 

  

(a) (b) 

Figure 3.9 (a) Plastic chairs used in all three gage locations at NS-1-4 (precast); (b) Plastic chairs 

used in all three gage locations at NS-1-4 (precast). 

 

3.5.3  Displacement Transducers 

Four displacement transducers were installed on each bridge ï one at every corner. These 

displacement transducers were designed to be installed at mid-depth of the approach slab, ideally 

using groutable anchors on both ends of the sensor. One end should be mounted onto the approach 

Bottom 

Top

op 

Transverse 

Top

op 

 Top 

Bottom Transverse 
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slab, whereas the other end should be mounted onto the transition slab or the abutment, which was 

achieved at most of the locations. Cover plates were used to keep these sensors from any physical 

damage, as shown in Figure 3.10. A gap between the two plates allows them to move freely with 

respect to one another as the slab expands or contracts. However, due to the actual condition of 

each corner of the slabs, the following modifications were made: 

¶ At the North side of the approach slab for the Arlington Heights Road bridge, a regular 

Tollway asphalt shoulder was constructed on the other side of the expansion joint. 

Therefore, the displacement transducer (6 in. range) at the northwest end was anchored to 

the slab, and the pile bent. 

¶ At the southwest corner of the slab for Arlington Heights Road Bridge, the approach slab 

was not accessible for instrumentation. Therefore, the displacement transducer was 

anchored at the barrier of the approach slab and moment slab. 

 

 

   

(a) (b) 

Figure 3.10 (a) Installation of NW displacement transducer (Arlington Heights Road); (b) Cover 

plates of NW displacement transducer (Arlington Heights Road). 

 

3.5.4  Data Collection and Transmission 

A datalogger, two multiplexers, and a solar panel were installed on posts at each bridge, using the 

same installation plan for both slabs. Two multiplexers were mounted below the datalogger, which 

was under the solar panel. The terminal boxes were mounted on three pieces of 4 in. by 6 in. 

pressure-treated lumber, as shown in Figure 3.11. The solar panel was installed at the top of one 

post, with the tilt of the panel set to be approximately equal to the latitude at the location (about 

41.9°) in order to yield the maximum solar energy throughout the year. The temperature 

compensation beam was placed on top of gravel between the posts at each bridge. All wires were 

connected to two multiplexers based on the selection of certain sensors to also provide temperature 

readings. The modem for remote communication was installed in the datalogger box, as shown in 

Figures 3.12. 

 

 

Slab 

Pile Bent 

Cover plates 
Crackmeter 
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(a) (b) 

Figure 3.11 (a) The multiplexer, datalogger, solar panel and temperature beam at Arlington 

Heights Road (cast-in-place); (b) The multiplexer and datalogger at Prospect Avenue (precast). 

                           

(a)  (b)  

Figure 3.12 (a) Inside of datalogger after modem was installed at Arlington Heights Road (cast-

in-place); (b) Inside of datalogger after the modem was installed at Prospect Avenue (precast). 
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4  Field Monitoring Results 

4.1  Approach Slab Temperature 

Strains in an IAB approach slab can be affected by temperature change in the slab (LaFave et al. 

2016), and so temperatures in both monitored slabs were recorded at 15 strain gage locations 

(including 2 crackmeters), where sensors with both strain and temperature gaging capabilities were 

installed.  Temperatures were also recorded at strain gages placed in the supplementary beams 

located at both bridges (referred to as ñtemperature beamsò).  

 

As a reference for the temperatures in the slab and ambient temperature near the bridges, data from 

the NOAA weather database were collected as well. The specific station is the Chicago OôHare 

International Airport station, of which the latitude is 41.96019°, the longitude is -87.93162°, and 

the elevation is 201.8 m. It is located approximately 4 miles from the bridges, as shown in Figure 

4.1. 

 

Figure 4.1 Location of monitored bridges and Chicago OôHare International Airport temperature 

station. 

The data indicate that temperatures obtained from the sensors generally share similar trends with 

the dry-bulb temperature readings from the OôHare station. The dry-bulb temperature is usually 

thought of as being the measured air temperature. Figures 4.2 and 4.3 present the differences 

between each set of 16 temperature readings and the OôHare station readings, for Arlington 

Heights Road and Prospect Avenue, respectively. There are a few gaps with no data in both Figures 

4.2 and 4.3; during these periods of time, data collection was interrupted for either all (micro-strain 

and temperature) channels or just the channels that collect temperature readings. Since the 

temperature is such a significant factor in this study, estimated temperature data will be used to 

replace those missing data, as discussed in detail later in this chapter. 

 

For the cast-in-place approach slab at Arlington Heights Road, the temperature beamôs recorded 

temperature did not track well with the data obtained by other sensors from roughly January to 

March of 2018, as it was accidentally buried in the ground. However, after the beam was uncovered, 

its temperature reading started to again track well with the other sensors (as well as with ambient 

temperature).   
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Figure 4.2 Difference between sensor temperatures and OôHare station dry-bulb temperature 

(Arlington Heights Road). 

 

Figure 4.3 Difference between sensor temperatures and OôHare station dry-bulb temperature 

(Prospect Avenue). 

To better learn how frequently the various magnitudes of temperature difference occur, the 

estimated probability density function of such differences for each sensor at the two monitored 

slabs is shown in Figures 4.4 and 4.5. These distributions are obtained solely from valid data (not 

including any missing / replacement data). For embedded gages in the slabs, most of the difference 

remains in the range of ±10 ºF, with a slight (less than 3 ºF) positive bias. For temperatures 

measured from crackmeters and the temperature beams, the difference is more densely distributed 

around 0 ºF, which is attributed to more direct exposure to the air and solar radiation.  
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Figure 4.4 Distribution of difference between sensor temperatures and OôHare dry-bulb 

temperature (Arlington Heights Road).  

 

 

Figure 4.5 Distribution of difference between sensor temperatures and OôHare dry-bulb 

temperature (Arlington Heights Road). 
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In-plane spatial variation of temperature is relatively small; the coefficients of correlation for 

temperatures measured at the same vertical position (T or B) are generally greater than 0.98, 

suggesting strong agreement of the temperature trends from these two differently-positioned sets 

of gages with respect to time.  

 

However, the temperatures from top gages were observed to change more drastically when the 

ambient environmental conditions changed ï two instances are shown in Figures 4.6 and 4.7, 

which present the time history of all measured temperatures from embedded gages at the 

instrumented approach slabs from 12:00 PM on 10/29/2017 to 12:00 PM on 10/30/2017. The 

higher temperature position through the slab thickness alternated during the day. Generally, the 

temperatures at top gages get higher than the bottom ones in the afternoon. Hence, the temperatures 

measured from top gages appear to be more sensitive to ambient conditions such as solar radiation, 

wind, and precipitation. 

  

 

Figure 4.6 Temperature history from noon on 

10/29/2017 to noon on 10/30/2017 (Arlington 

Heights Road). 

 

Figure 4.7 Temperature history from noon 

on 10/29/2017 to noon on 10/30/2017 

(Prospect Avenue). 

To compare the top and bottom gage temperatures, the difference in temperature between the top 

and bottom gages at the same plan locations can be used. A positive difference in temperature 

means the measured temperature is higher at the top gage than at the bottom, and vice versa for a 

negative difference. If the temperature variation through the thickness of the slab is investigated 

by computing the top-bottom temperature difference vs. time (in the range from 12:00 AM to 11:59 

PM), the trends of the temperature difference between top and bottom gages during a day can be 

obtained, as shown in Figures 4.8 and 4.9, where the lines represent averages of temperature 

difference. The shaded areas behind the lines are the regions within ±2 standard deviations.  

 

It can be observed that the temperature difference for most top-bottom gage pairs in the 

instrumented slabs exhibits similar trends during a day ï top gages generally measure higher 

temperatures than bottom gages from 12:00 PM to 8:00 PM. Magnitudes of the standard deviations 
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are comparable to the averages due to the fact that such top-bottom temperature differences can 

vary significantly in different weather conditions or seasons. The upper and lower bounds of the 

enveloped areas can be employed as worst-case temperature gradients in the numerical modeling 

of these approach slabs, which will be discussed later in this report. 

 

 

Figure 4.8 Top-bottom temperature difference trend (Arlington Heights Road). 

 

Figure 4.9 Top-bottom temperature difference trend (Prospect Avenue). 
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Due to high similarities among embedded gage temperatures in the same vertical position (T or B) 

and apparent difference between top and bottom gage temperatures, average slab temperatures for 

top and bottom gages, which are denoted as ñT_MEANò and ñB_MEANò in the figures, are 

calculated respectively by averaging all valid gage temperature readings from the same vertical 

positions, as shown in Figures 4.10 and 4.11. The gaps in the time history plots reflect the missing 

data due to data collection interruptions. For both monitored slabs, top average temperature tracks 

bottom average temperature during most of the time when there are valid readings. Nevertheless, 

the top average temperature is more likely to be the local maxima and minima among the two 

average temperatures.  

 

As representative variables, average top and bottom temperatures for embedded gages are used in 

many ways. For example, they provide a simplified manner to develop a regression relationship 

between sensor temperature readings and the OôHare station data, which can be utilized to get 

estimated temperatures as an alternative to those missing temperature data. Moreover, average top 

and bottom temperatures are simple but reasonable metrics to find the timestamps of hottest and 

coldest weather. 

 

Figure 4.10 Top and bottom average temperature time history (Arlington Heights Road). 
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Figure 4.11 Top and bottom average temperature time history (Prospect Avenue). 

 

As indicated by the gaps in Figures 4.10 and 4.11, there are time periods when there were no valid 

temperature readings, especially for the instrumented slab at Prospect Avenue. However, lack of 

temperature readings from Prospect Avenue does not necessarily indicate there were no data 

collected at all. In fact, for many of the time windows when there were no temperature readings, 

there were stable strain readings from most of the embedded gages, as well as the crackmeters. 

The mix of missing temperatures and valid gage strain or displacement readings emphasizes the 

need to recover those missing temperatures since relationships between temperature and 

strains/stresses, as well as displacements, are important in this study. 

 

The missing top and bottom temperature readings are estimated by a regression model between 

the top or bottom average temperature and the OôHare station data, including dry-bulb temperature, 

precipitation, relative humidity, wind speed, visibility, and station pressure. The regression model 

is trained by all valid temperature readings collected from the embedded gages. In comparison to 

Figures 4.2 and 4.3, Figures 4.12 and 4.13 are the temperature time histories with the estimated 

temperature readings included for time periods where temperature measurements are missing. 
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Figure 4.12 Time history of temperatures with estimated temperature data filling gaps (Arlington 

Heights Road). 

 

Figure 4.13 Time history of temperatures with estimated temperature data filling gaps (Prospect 

Avenue). 

4.2  Coefficient of Thermal Expansion 

The coefficient of thermal expansion was calculated using the strain and temperature readings 

obtained from the temperature beams for both bridges. The strain was plotted against temperature, 

and the slopes of the plots were calculated, which gives the thermal expansion coefficient. The 

coefficient estimated using the temperature beam data from Arlington Heights Road and Prospect 
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Avenue is 11 ÕŮ/ÜC (see details in Appendix D). These results agree reasonably well with the 

commonly accepted thermal expansion coefficient of concrete, which is 10 ÕŮ/ÜC. 

 

4.3  Approach Slab Strains 

Strain readings for all slab gages were collected every 10 minutes for most of the monitoring 

program. This interval was decreased to 2 and 3 minutes during static load testing and then restored 

after completion of those tests. The raw data that were obtained were post-processed to estimate 

the change in strain with respect to a reference time, which is 12:00 AM 10/30/2017, due to thermal 

effects as well as live loads and restraints caused by boundary conditions. The main reason such 

reference time is selected is that stable data collection from both instrumented slabs started shortly 

before the reference time. Figures 4.14 and 4.15 prove that the micro-strain readings from the 

embedded gages were stable at the reference time for both monitored slabs. Strain in this report 

refers to strain in the longitudinal direction unless stated otherwise. 

 

Figure 4.14 Raw data response history from 12 

hours before to 12 hours after the reference 

time (Arlington Heights Road). 

 

Figure 4.15 Raw data response history from 

12 hours before to 12 hours after the 

reference time (Prospect Avenue). 

 

Reliable data were collected from the approach slab at Arlington Heights Road, with several 

exceptions: 1) channel L1-3-2B worked well until July 2018, after which no data were collected; 

2) channel R-7-2T stopped recording readings in January 2019; 3) all channels were interrupted 

from mid-November 2019 to January 2020 due to an issue with the solar panel; 4) there are 

occasional outliers from many channels for both strain/displacement and temperature readings and 

these outliers were removed through filtering. The raw micro-strain readings from all embedded 

gages without the apparent outliers are shown in Figure 4.16. 

 

For Prospect Avenue, data collection was interrupted for about a month during the summer season 

of 2018 due to a damaged circuit board in the data acquisition system, which was replaced. The 

channel of L1-3-1T stopped collecting strain and temperature data during data collection, while 
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the sensor at SS-6-4B only provided temperature data. The raw micro-strain readings from all 

embedded gages are shown in Figure 4.17. 

 

Figure 4.16 Raw data time history from 

embedded gages (Arlington Heights Road). 

 

Figure 4.17 Raw data time history from 

embedded gages (Prospect Avenue). 

 

4.3.1  Actual Strains  

Actual strain is defined as the strain (unit change in length) observed in the slab due to all the 

effects in the slab. The actual strains were calculated from the raw data of the gages using the 

formula below: 

 

Ὑ Ὑ ὄ Ὕ Ὕ ὅ 

where: 

R0 is the initial (reference) strain gage reading;  

R1 is the current strain gage reading;  

B is the batch gage factor supplied by Geokon; 

T0 is the initial (reference) temperature; 

T1 is the current temperature; and 

C1 is the coefficient of thermal expansion of steel (12.2 ÕŮ/ÜC). 

This correction to get actual strain from raw measured strain accounts for the change in length of 

the vibrating wire within the strain gage. This strain represents a value that would be obtained by 

an instrument attached to the concrete surface. For example: 

¶ In a case where there is no external load or restraint, eactual will be the unrestrained 

thermal expansion/contraction of the slab. 

¶ In a case where there is no external load and the slab is restrained between rigid 

blocks, eactual will be zero. 
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4.3.1.1  Lane-wise variation of actual strains 

The actual strain change for both the cast-in-place (Arlington Heights Road) and precast (Prospect 

Avenue) slab was observed to be closely affected by the change in temperature, as the strain 

variations in both slabs in general track proportionally with temperature change, which can be 

readily observed in Figures 4.18 and 4.19, respectively. All the magnitudes reflect the relative 

change compared to the fixed reference time, which means everything starts as zero at the reference 

time. 

 

Tensile strain is represented as positive, while a compressive strain is presented as negative in the 

figures. The actual strain was observed to become more compressive as the temperature decreased, 

and vice versa. This trend was consistent for top longitudinal, bottom longitudinal, and transverse 

gages. Magnitudes of actual strain change at most of the corresponding locations were observed 

to be similar for the two approach slabs. The actual strain change in all panels/sections have similar 

ranges of magnitude for each instrumented approach slab, with the exception of the sensor located 

at SS-9-3R (Figure 4.18 (g)) at Arlington Heights Road, which showed a sudden jump in strain 

change shortly after the reference time. No evidence of physical phenomenon was observed to 

cause such a change in strain at this location, and thus the change may be attributed to initial 

spurious readings.  From Figure 4.18 (b), it can also be observed that the gage L1-3-2B at Arlington 

Heights Road malfunctioned during the summer of 2018 with a large decrease in actual strain and 

stopped recording data afterward, as highlighted in the figure. In addition, one exception in the 

range of strain change at Prospect Avenue is gage NS-1-2B, which is more tensile than the other 

gages in the slab, as shown in Figure 4.19 (a). 

 

Plots of individual actual strain change time history for all embedded gages at both instrumented 

slabs are included in the appendix.  

 

Figure 4.18 (a) Arlington Heights Road, North Shoulder 


















































































































































































































































































































































































































