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INTRODUCTION 

Background 

The application of accelerated bridge construction (ABC) has increased significantly due to the 

unique advantages of bridges built using ABC techniques, including the short duration of 

construction and the high quality of prefabricated bridge elements and systems (PBES) 

commonly used in ABC. Because the bridge components are built outside of the construction 

area, transported to the site, and then rapidly installed, the time required for concrete placement 

and curing as well as formwork erection and removal is significantly reduced. By decreasing the 

construction time from months to days, ABC techniques contribute to work zone safety by 

minimizing the on-site activities that can cause accidents for construction workers and motorists. 

Moreover, the use of PBES improves quality control, as bridge elements are built in a controlled 

environment. The improved product quality achieved through PBES enhances the durability and 

performance of bridges during their design life.  

Despite major advances in the design and construction of the prefabricated bridge elements for 

ABC applications, the long-term performance and durability of bridges constructed using ABC 

techniques remain a concern because of the expansion joints used to connect the high-quality 

bridge elements. These expansion joints play a critical role in accommodating unrestrained 

deformations in adjacent spans due to thermal expansion and traffic loads. The existing types of 

expansion joints, however, deteriorate rapidly and require significant maintenance effort. While 

various strategies have been successfully developed to improve the integral abutments used for 

ABC applications, no established approach is available that can replace the current expansion 

joints used between bridge spans. One approach to address this issue is to eliminate expansion 

joints through revised design strategies. A key strategy that has gained significant attention is the 

use of link slabs to eliminate expansion joints.  

Scope and Objectives 

This project followed a systematic plan to develop a short course module on link slabs. The 

course builds on the outcome of experimental tests and numerical simulations performed on link 

slabs at Iowa State University for a previous ABC-UTC-sponsored research project (Shafei et al. 

2018, Karim and Shafei 2021a) to explain their structural performance under various loading 

conditions. 

The course provides the design guidelines and practical recommendations necessary to properly 

implement link slabs in jointless bridges. The course covers a range of material and structural 

aspects, including alternative concrete and rebar choices, crack criteria, bonding/debonding 

requirements, and reinforcement details. The course thus creates a unique resource for a wide 

group of practicing bridge engineers, researchers in the bridge engineering domain, and graduate 

and undergraduate students. 

This report presents the content of the short course module developed for this project.  
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EXPANSION JOINTS VERSUS LINK SLABS 

Expansion Joints 

Expansion joints are commonly included in bridge structures to accommodate thermal 

movements and release stresses resulting from possible support constraints. 

The following problems are associated with expansion joints (Lárusson 2013, Ho and 

Lukashenko 2011): 

• Significant maintenance effort and cost required for expansion joints 

• Corrosion of substructure, including girder ends, bearings, and piers (Figures 1 and 2) 

• Possible bridge closures, traffic disruptions, and indirect costs and consequences 

 
Ho and Lukashenko 2011 (from Lárusson 2013) 

Figure 1. Corroded substructure under an expansion joint 

 
The Crittenden Press 2012 (from Lárusson 2013) 

Figure 2. Corroded expansion joint from the bottom 
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Link Slabs 

Link slabs, an example of which is illustrated in Figure 3, are included in bridge decks to 

eliminate expansion joints and create a continuous deck system. 

 

Figure 3. Link slab 

Link slabs include the following regions: 

• Debonded Region. A link slab’s length of 2.5% to 10.0% (of the adjacent span) is often 

debonded from the underlying deck to evenly distribute the bending moment. Based on the 

literature, the recommended debonded length is 5.0%. Debonding is provided by either a 

plastic sheet or a roofing paper, depending on the surface type. 

• Bonded Region. This refers to a portion of a link slab that has a dense reinforcement with no 

debonding. The rebar density helps with transferring the strains/stresses from the deck to the 

link slab’s debonded region. 

• Transition Zone. This refers to the bonded region, plus the region through which the link 

slab’s rebars are extended to the bridge deck. 
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MATERIAL SELECTION 

Expected Material Characteristics 

The material choices appropriate for link slabs include various cementitious materials. 

Specifically, engineered cementitious composite (ECC), ultra-high performance concrete 

(UHPC), and fiber-reinforced concrete (FRC) are promising choices.  

In terms of key material characteristics, it is desirable to use a cementitious material that can 

deliver minimal cracks with crack bridging capabilities under external loads. Additionally, a 

material with high ductility and tension stiffening properties is a suitable choice. 

As for embedded reinforcement, both steel and glass fiber-reinforced polymer (GFRP) bars can 

be considered.  

The remainder of this chapter offers more detail about the three cementitious materials noted 

above and the considerations related to embedded reinforcement.  

Cementitious Materials 

Engineered Cementitious Composites 

After the use of conventional concrete with embedded steel reinforcement in very first link slabs 

(e.g., Wing and Kowalsky 2005), ECC was considered (e.g., Li and Lepech 2009) due to the 

following advantages (Figure 4): 

• Reduction in the number of rebars required 

• Improvement in the main durability properties 

• Provision of strain hardening capabilities 

• Formation of fine cracks instead of large ones 

• Delivery of an ultimate strain as high as 5% 
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1 MPa = 0.145 ksi; 100 µm = 0.004 in 

Li 2007 

Figure 4. Tensile stress and crack width versus strain for ECC 

Investigations performed on ECC link slabs (e.g., Kim et al. 2005, Li and Lepech 2009) have 

found the following: 

• Under monotonic loads, strains in concrete link slabs were higher than those in ECC link 

slabs. This was primarily attributed to strain hardening and microcracking in ECC. 

• Under cyclic loads, both concrete and ECC link slabs showed no degradation in stiffness 

after 100,000 cycles. However, the crack widths in concrete link slabs were (on average) 10 

times larger than those in ECC link slabs (Figure 5). 
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Li et al. 2003 

Figure 5. Crack widths in concrete link slab (top) versus ECC link slab (bottom) 

Ultra-High Performance Concrete 

UHPC is known to offer superior mechanical and durability properties (Graybeal 2013, Karim et 

al. 2019). The use of UHPC for link slabs can deliver well-distributed microcracks, further to 

crack bridging capabilities, owing to the presence of steel fibers (Figure 6). 

UHPC has a compressive strength in the range of 150 MPa (22 ksi) and can offer an ultimate 

strain capacity of 0.007 to 0.010. 
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Russell and Graybeal 2013 

Figure 6. Uniaxial tensile stress versus uniaxial tensile strain for UHPC 

Investigations performed on UHPC link slabs have found the following: 

• The New York State Department of Transportation (NYSDOT) has experimented with the 

use of UHPC in link slabs. 

• Link slabs made with UHPC have been performing well, with no visible cracks (Figure 7). 

• The durability and resistance against chloride ions and deicing agents offer additional value 

to the use of UHPC for link slabs. 

 
After Royce 2016, with annotations added 

Figure 7. Use of UHPC in link slabs 
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Fiber-Reinforced Concrete 

Adding discontinuous fibers to concrete results in a composite material with improved properties 

in both fresh and hardened states. The use of synthetic fibers in FRC helps reduce their cost and 

increase their corrosion resistance compared to metallic fibers. 

Among the variety of synthetic fibers available, polypropylene (PP), alkali-resistant (AR) glass, 

and polyvinyl alcohol (PVA) fibers are deemed promising choices (Dopko et al. 2018, Shafei et 

al. 2021). These types of fibers are shown in Figure 8.  

   

Figure 8. PP fibers (left), AR glass fibers (center), PVA fibers (right) 

Shafei et al. (2018) tested the flexural performance of FRC mixtures containing different 

volumes of PP, AR glass, and PVA fibers. Three beam specimens were cast and tested for each 

mixture, and average performance parameters were computed. The testing apparatus is shown in 

Figure 9, cracked beam specimens are shown in Figure 10, and an example of the results is 

shown in Figure 11.  
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Shafei et al. 2018, Bridge Engineering Center 

Figure 9. Testing apparatus for flexural strength of beam specimens 

  
Shafei et al. 2018, Bridge Engineering Center 

Figure 10. Single crack (left) and double crack (right) in beam specimens 

 
Shafei et al. 2018, Bridge Engineering Center 

Figure 11. Flexural strength testing results for mixture containing 1.0% AR glass fibers 

As illustrated in Figure 11, first peak strength describes a material’s flexural capacity prior to 

crack formation, while toughness describes the area under the load-deflection curve.  
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The main observations were as follows: 

• First peak strength was not significantly affected by fiber type or volume (Figure 12). 

• Toughness was increased by increasing the fiber volume percentage for all the tested fibers. 

The highest toughness was provided by AR glass fibers, followed by PP and PVA fibers 

(Figure 13). 

 
Shafei et al. 2018, Bridge Engineering Center 

Figure 12. First peak strength for mixtures containing different fiber types and volumes 

 
Shafei et al. 2018, Bridge Engineering Center 

Figure 13. Toughness for mixtures containing different fiber types and volumes 
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It is interesting to note that the first peak strength trends are opposite for mixtures with 0.5% 

fiber content compared to mixtures with 1.0% and 1.5% fiber contents. This could be due to 

dispersion issues with the PVA and high-strength polyethylene (HSPE) at higher volumes, 

forming weak spots in the cross section. However, the 1.5% PVA mixtures showed relatively 

high first peak strengths despite fiber clumping issues. 

Embedded Reinforcement 

The role of embedded reinforcement in link slabs can be summarized as follows:  

• Link slabs provide continuity over the piers. Thus, unlike the rest of the deck, link slabs often 

experience notable tensile stresses under flexure. 

• The reinforcement embedded in link slabs is intended to resist the negative moment and keep 

the cracking width below the code-specified limits (Figure 14). 

 
After Ho and Lukashenko 2011 

Figure 14. Areas of cracking in link slabs 

Nonmetallic reinforcement materials such as fiber-reinforced polymer (FRP) products can be 

used instead of steel rebar in link slab reinforcement (Figure 15). These materials have the 

following advantages:  

• Nonmetallic (i.e., noncorrosive) 

• High strength 

• Light weight 
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Shafei. Bridge Engineering Center 

Figure 15. Nonmetallic reinforcement before concrete placement 

Figures 16 and 17 illustrate the characteristics of GFRP rebar.  

  
Shafei et al. 2020 

Figure 16. GFRP rebar before (left) and after (right) failure 
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Shafei et al., Bridge Engineering Center 

Figure 17. Stress versus strain for GFRP rebar  
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DESIGN CONSIDERATIONS 

Design of Link Slabs According to Caner and Zia 1998 

The main assumptions of the design methodology by Caner and Zia (1998) are as follows:  

• Girders underneath the link slab are simply supported. 

• No rigidity is induced by the link slab.  

• The target end rotation due to live load (𝛳𝐿𝐿) is determined from structural analysis based on 

the uncracked properties of the deck and the girder. 

These assumptions are illustrated in Figure 18.  

 

Figure 18. Assumptions of the design methodology by Caner and Zia 1998 

The target end rotation is employed to find the end live load moment capacity by the following 

equation: 

𝑀𝐿𝐿 =
2𝐸𝑐𝐼𝑙𝑠𝛳𝐿𝐿

𝐿𝑑𝑙𝑠
  

where 

𝑀𝐿𝐿 = moment induced by end rotation 

𝐸𝑐 = link slab’s elastic modulus 

𝐼𝑙𝑠 = link slab’s gross moment of inertia 

𝐿𝑑𝑙𝑠 = link slab’s debonded length 

Using the 𝑀𝐿𝐿 moment, the required steel rebar area is calculated, following the conventional 

reinforced concrete (RC) design equations available for rectangular cross sections (Figure 19). 
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Figure 19. Bridge deck cross section and stress and strain diagrams 

The strain and stress in embedded rebars are also calculated for serviceability checks. 

Serviceability Control 

To meet serviceability requirements, the crack width must remain less than 0.013 in. Thus, the 

crack width control criterion, 𝑧, is checked: 

z = 𝑓𝑠(𝑑𝑐𝐴)
1/3 < 130 kip/in. for severe exposure and 170 kip/in. for moderate exposure 

where 𝑓𝑠 = stress in steel, which has to be less than 0.4𝑓𝑦, in which 𝑓𝑦 is the steel’s yield 

strength; 𝑑𝑐 = depth of rebars from the compression face; and 𝐴 = effective area around each 

rebar. 

The crack width can be, alternatively, predicted from the following equation: 

𝜔 = 0.076𝛽𝑓𝑠(𝑑𝑐𝐴)
1/3 

where 𝛽 = distance from the tension face to the neutral axis divided by the distance from the 

steel centroid to the neutral axis. 

Expected Loads 

Further to the consideration of rotations due to live loads, the design of link slabs should 

consider temperature-induced rotations and rotations from the combined effect of creep and 

shrinkage. 

The corresponding end rotations can be obtained from AASHTO LRFD Bridge Design 

Specifications for (1) temperature effects, and (2) shrinkage and creep effects.  

According to a field study conducted by Wing and Kowalsky (2005), the temperature-induced 

rotations can exceed those due to live loads. If this is observed to be the case, the design process 

should be checked and repeated (if needed). 
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Design of Link Slabs According to Okeil and ElSafty 2005 

Okeil and ElSafty (2005) modified the three-moment equation to more accurately determine the 

moments experienced by link slabs, depending on their support conditions. The proposed 

methodology considers two support conditions: 

• Both supports under the link slab are pinned, while the end supports are rollers (Figure 20, 

left). 

• Both supports under the link slab are roller, while the end supports are pinned (Figure 20, 

right). 

 
Okeil and ElSafty 2005, ©ASCE 2005, used with permission 

Figure 20. Pinned supports under the link slab (left) and roller supports under the link slab 

(right) 

Three-Moment Equation 

The base three-moment equation: 

𝑀0
𝐿𝐿

(𝐸𝐼)𝐿
+ 2𝑀1 [

𝐿𝐿

(𝐸𝐼)𝐿
+

𝐿𝑅

(𝐸𝐼)𝑅
] + 𝑀2

𝐿𝑅

(𝐸𝐼)𝑅
= −6[

𝑟1𝐿

(𝐸𝐼)𝐿
+

𝑟1𝑅

(𝐸𝐼)𝑅
]  

Modified equation for two pin supports under the link slab:  

𝑀0
𝐿𝐿

𝐸𝑔𝐼𝑔𝐿
+ 2𝑀1 [

𝐿𝐿

𝐸𝑔𝐼𝑔𝐿
+

𝐿𝑅

𝐸𝑔𝐼𝑔𝑅
+ 3

𝐿𝑙𝑖𝑛𝑘

ℎ2𝐸𝑠𝐼𝑠
] + 𝑀2

𝐿𝑅

𝐸𝑔𝐼𝑔𝑅
= −6[ 

𝑟1𝐿

𝐸𝑔𝐼𝑔𝐿
+

𝑟1𝑅

𝐸𝑔𝐼𝑔𝑅
 ]  

Modified equation for two roller supports under the link slab:  

𝑀0
𝐿𝐿

𝐸𝑔𝐼𝑔𝐿
+ 2𝑀1 [

𝐿𝐿

𝐸𝑔𝐼𝑔𝐿
+

𝐿𝑅

𝐸𝑔𝐼𝑔𝑅
+ 3

3

ℎ2
(

𝐿𝐿

𝐸𝑔𝐴𝑔𝐿
+

𝐿𝑅

𝐸𝑔𝐴𝑔𝑅
+

𝐿𝑙𝑖𝑛𝑘

𝐸𝑠𝐴𝑠
)] + 𝑀2

𝐿𝑅

𝐸𝑔𝐼𝑔𝑅
= −6[ 

𝑟1𝐿

𝐸𝑔𝐼𝑔𝐿
+

𝑟1𝑅

𝐸𝑔𝐼𝑔𝑅
 ]  



17 

Calculation of Moment Demand 

The following parameters, illustrated in Figure 21, are used in three-moment equations:  

• 𝑀0 = moment at the left end of Span 1 

• 𝑀1 = continuity moment  

• 𝑀2 = moment at the right end of Span 2 

• 𝐿𝐿 = left span’s length 

• 𝐿𝑅 = right span’s length 

• 𝐿𝑙𝑖𝑛𝑘 = link slab’s length 

• 𝐸𝑔𝐼𝑔𝐿 and 𝐸𝑔𝐼𝑔𝑅 = flexural rigidity of left and right span, respectively 

• 𝐸𝑠𝐼𝑠 = link slab’s flexural rigidity 

• 𝑟1𝐿 and 𝑟1𝑅 = reaction forces  

• ℎ = distance from the bottom of the girder to the link slab’s centroid 

 

Figure 21. Parameters used in three-moment equations 

Design Example 1 

Scenario and Parameters 

Design a link slab for a bridge with AASHTO type IV girder under the combined loading of 

dead load, lane load of 0.64 k/ft, and HL-93 truck load with impact.  

The bridge properties are as follows: 

• Span length = 60 ft 

• Expansion joint = 2 in. (usually in the range of 1 to 3 in.) 

• Concrete’s compressive strength = 6.5 ksi 

• Steel’s modulus of elasticity = 29,000 ksi 

• Width of deck (and link slab) = 12 ft 

• End rotation = 0.0034 rad 

The bridge properties are illustrated in Figure 22, and an AASHTO Type IV girder modeled in 

SAP2000 is shown in Figure 23.  
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Figure 22. Bridge properties in Design Example 1 

 

Figure 23. AASHTO Type IV girder modeled in SAP2000 

The end rotation values are determined at girder ends, assuming girders are simply supported. A 

structural analysis software product, e.g., SAP2000 or RISA 2D/3D, can be used for this 

purpose. 

The structural analysis setup includes the deck and the girder. The end rotation under dead load, 

service load for HL-93 truck, and lane load is obtained. 

A link slab’s unit section has a 12 in. width with a depth equal to the deck’s depth. The link 

slab’s main reinforcement is provided at the top of the section. The link slab section and strain 

distribution are illustrated in Figure 24.  

 

Figure 24. Link slab section (left) and strain distribution (right) 
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Steps and Calculations 

Step 1. Determine the required properties. 

• 𝐸𝑐 = 57000√𝑓𝑐
′ = 4,595,487 psi = 4,595.5 ksi 

• 𝑓𝑟 = 7.5√𝑓𝑐
′ = 605 psi = 0.605 ksi 

Step 2. Determine the debonded length. 

The commonly recommended debonded length is 5%. 

• Debonded Length = 𝐿𝑑𝑙𝑠 = (5% of span length) × 2 + expansion joint  

• Debonded Length = 0.05 × (2 × 60 × 12) + 2 = 74 in 

Step 3. Determine the link slab’s gross moment of inertia. 

• 𝐼𝑙𝑠 = 𝐼𝑔 =
𝑏ℎ3

12
 = 

12×83

12
 = 512 in4 

Step 4. Determine the applied moment. 

• 𝑀𝑎 =
2𝐸𝑐𝐼𝑙𝑠𝛳𝐿𝐿

𝐿𝑑𝑙𝑠
 = 

2×4595.5×512×0.0034

74
 = 216.2 kip.in = 18.01 kip.ft 

Step 5. Determine the cracking moment. 

• 𝑀𝑐𝑟 =
𝑓𝑟𝐼𝑔

𝑦
 = 

0.605×512

(
8

2
)

 = 77.44 kip.in = 6.45 kip.ft 

Step 6. Determine the ratio of 𝑴𝒄𝒓/𝑴𝒂. 

• 𝑀𝑐𝑟/𝑀𝑎= 
6.45

18.01
 = 0.35   

This can be used to directly evaluate 𝑓𝑠. 

Step 7. Select a trial rebar size and spacing. 

Try #8 rebars at 5 in. center-on-center (c/c) spacing. 

• 𝜌 =
Area of rebar 

spacing × γh
 = 

0.79

5×6
 = 0.0263 
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• 𝑛 =
𝐸𝑠

𝐸𝑐
 = 

29000

4595
= 6.31 

Step 8. Find the stress in embedded rebars (𝒇𝒔). 

Use the equation below: 

• 𝑀𝑎 =
𝑓𝑠

𝑓𝑟
⁄ (6𝑀𝑐𝑟𝜌𝛾

2{1 +
𝑛𝜌

3
− 0.333√[(𝑛𝜌)2 + 2𝑛𝜌]}) 

• 𝑓𝑠 = 22.24 ksi < 0.4𝑓𝑦 = 0.4(60) = 24 ksi 

This confirms that the stress in the rebars remains lower than the conservative yield strength 

considered. This can also help confirm that the crack width parameter determined using the 

obtained 𝑓𝑠 will be than the threshold z value. 

Step 9. Check the crack width. 

• z = 𝑓𝑠(𝑑𝑐𝐴)
1/3=𝑓𝑠(𝑑𝑐2𝑦(

𝑏

𝑠
))1/3 (Figure 25) 

• z = 22.24 × (2 × 2 × 2 × 12/5)
1/3

 

• z = 59.50 kip/in. < 130 kip/in. 

 

Figure 25. Crack width parameters 

The design satisfies the crack width control criteria. 

Step 10. Check that the design meets strength and serviceability requirements. 

If the design does not meet either strength or serviceability requirements, Steps 7 through 9 

should be repeated. 

Check the design for temperature, shrinkage, and creep-induced rotations as well. If those 

rotations are higher than the rotations obtained for live loads, Steps 7 through 9 should be 

repeated. 
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Design Revision: Design of Link Slabs According to Au et al. 2013 

The moment demand equation proposed by Caner and Zia (1998) was suggested to be modified 

to consider the relative movement of the girder and the link slab because of debonding. For this 

purpose, the following multiplier, 𝛼𝑟, was introduced: 

𝛼𝑟 =
4

(1+ 
3𝑒

𝐿𝑑𝑙𝑠
)
  

where 𝑒 is the support to support distance at the pier location under the link slab and 𝐿𝑑𝑙𝑠 is the 

link slab’s debonded length. 

Design Example 2 

Scenario and Parameters 

For the same link slab designed following the procedure proposed by Caner and Zia (1998), the 

design is modified to include the effect of the link slab’s debonded length, following Au et al. 

(2013). The modified bridge properties are illustrated in Figure 26.  

 

Figure 26. Modified bridge properties in Design Example 2 

Steps and Calculations 

Steps 1 through 3. The first three steps remain similar to those in Design Example 1. 
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Step 4. Determine the applied moment. 

• 𝑀𝑎 =
2𝐸𝑐𝐼𝑙𝑠𝛳𝐿𝐿

𝐿𝑑𝑙𝑠
 𝛼𝑟 

where 𝛼𝑟 =
4

(1+
3𝑒

𝐿𝑑𝑙𝑠
)
 

Assuming that the bearing pads are placed at 6 in. from the edge of the support: 

• 𝑒 = 6 + 6 + 2 = 14 in 

• 𝛼𝑟 =
4

(1+
3𝑒

𝐿𝑑𝑙𝑠
)
 = 

4

(1+
3×14

74
)
 = 2.55 

• 𝑀𝑎 =
2𝐸𝑐𝐼𝑙𝑠𝛳𝐿𝐿

𝐿𝑑𝑙𝑠
 𝛼𝑟= 

2×4595.5×512×0.0034

74
 × 2.55 = 551.34 kip.in. = 45.95 kip.ft 

Step 5. Determine the cracking moment. 

• 𝑀𝑐𝑟 =
𝑓𝑟𝐼𝑔

𝑦
 = 

0.605×512

(
8

2
)

 = 77.44 kip.in. = 6.45 kip.ft 

Step 6. Determine the ratio of 𝑴𝒄𝒓/𝑴𝒂. 

• 𝑀𝑐𝑟/𝑀𝑎 = 
6.45

45.95
 = 0.14 

Step 7. Select a trial rebar size and spacing. 

Try #11 rebars at 3.5 in. c/c spacing. 

• 𝜌 =
Area of rebar 

spacing × γh
 = 

1.56

3.5×6
 = 0.0743 

• 𝑛 =
𝐸𝑠

𝐸𝑐
 = 

29000

4595
= 6.31 

Step 8. Find the stress in embedded rebars (𝒇𝒔). 

Use the equation below: 

• 𝑀𝑎 =
𝑓𝑠

𝑓𝑟
⁄ (6𝑀𝑐𝑟𝜌𝛾

2{1 +
𝑛𝜌

3
− 0.333√[(𝑛𝜌)2 + 2𝑛𝜌]}) 

• 𝑓𝑠 = 21.54 ksi < 0.4𝑓𝑦 = 0.4(60) = 24 ksi 

This confirms that the stress in the rebars remains lower than the conservative yield strength 

considered. 
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Step 9. Check the crack width. 

• z = 𝑓𝑠(𝑑𝑐𝐴)
1/3=𝑓𝑠(𝑑𝑐2𝑦(

𝑏

𝑠
))1/3 

• z = 21.54 × (2 × 2 × 2 × 12/3.5)
1/3

 

• z = 57.71 kip/in. < 130 kip/in. 

The design satisfies the crack width control criteria. 

Step 10. All design requirements are met. 

A comparison between Design Example 1 and 2 shows that the steel required after the 

consideration of the link slab’s debonded length can increase by up to two times. This highlights 

the need to appropriate structural analyses, paired with engineering judgement, to decide on the 

best design strategy for link slabs. 
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DETAILING REQUIREMENTS 

The structural details are critical to ensure that the strength and durability of link slabs are 

maintained during the expected service life of bridges. Among the main structural details are 

debonded length, rebar material, and rebar spacing used in the link slab.  

A set of laboratory tests was performed at Iowa State University to shed light on the contribution 

of the main design variables to the overall performance of link slabs (Shafei et al. 2018, Karim 

and Shafei 2021a). The laboratory testing setup is shown in Figures 27 and 28.  

 

Figure 27. Link slab setup for laboratory testing 

 

Figure 28. Exposed link slab reinforcement  

Material and Geometric Properties of Laboratory Specimens 

The material properties of the laboratory specimens were as follows: 

• FRC for link slabs: 𝑓𝑐
′ = 7.5 ksi 

• Embedded reinforcement: steel rebar in LS-1 and GFRP rebar in LS-2 
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The geometric properties were as follows:  

• Steel girders: W21X55  

• Two spans, each 21 ft 

• Slab width: 63 in. 

• Slab thickness: 8 in. 

The material and geometric properties are illustrated in Figures 29 and 30.  

 

Figure 29. Diagram of laboratory link slab specimen 

 

Figure 30. Three-dimensional rendering of laboratory link slab specimen 

Construction of Laboratory Specimens 

The steps involved in construction of the laboratory specimens are shown in Figures 31 through 

34.  
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Figure 31. Steel girder surrounded by wooden framework to support a laboratory 

specimen 

 

Figure 32. Wooden floor and form where laboratory specimen will be cast, with steel girder 

running through the center 

 

Figure 33. Steel reinforcement placed within the wooden form where laboratory specimen 

will be cast 
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Figure 34. Laboratory specimen with freshly poured concrete within the wooden forms 

Reinforcement Details and Construction of Link Slabs 

The reinforcement details of Link Slab 1 (LS-1) and Link Slab 2 (LS-2) are shown in Figures 35 

and 36, respectively. LS-1 was reinforced with steel rebar, and LS-2 was reinforced with GFRP 

rebar. In both figures, the main rebar embedded in the link slabs is shown in blue, and the deck 

reinforcement is shown in green. In Figure 35, the supplementary rebars included in LS-1 are 

shown in red. 

 

Figure 35. Steel rebar layout in LS-1  
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Figure 36. GFRP rebar layout in LS-2 

During construction of both link slabs, dense instrumentation was included on the rebar and 

surface to capture all the strains in the rebar and on the face of the bonded and debonded regions.  

The construction steps for LS-1 are shown in Figures 37 through 40.  

 

Figure 37. Exposed rebar in LS-1 before construction 
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Figure 38. Instrumentation attached to rebar in LS-1 

 

Figure 39. Freshly poured concrete in LS-1 

 

Figure 40. Hardened concrete in LS-1 with patches marking instrumentation locations  

The construction steps for LS-2 are shown in Figures 41 through 44.  
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Figure 41. Wooden forms and rebar for second laboratory specimen before concrete 

pouring 

 

Figure 42. Wooden forms and rebar for LS-2 

 

Figure 43. Rebar for LS-2 after pouring adjacent slabs 
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Figure 44. Freshly poured concrete in LS-2 

Both link slabs were loaded at the mid-span of each girder, as shown in Figure 45.  

 

Figure 45. Link slab loading setup 

Relationship between Load-Deflection and Strain 

The load-deflection curves were found to follow a similar trend overall, as shown in Figure 46. 

At the maximum load, concrete crushing was noted under the two loading points, in addition to 

the formation and propagation of cracks in the link slab.  
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Figure 46. Load-deflection curves for LS-1 and LS-2 

A comparison of strains generated in the bottom rebars of the concrete deck at the loading points 

highlights a smooth loading and unloading process in both link slabs, as shown in Figure 47. 

 

Figure 47. Load versus strain for LS-1 and LS-2 in the bottom rebar at the loading points 

Under an external load of 444.8 kN (100 kip), in which the linear range ends, the steel rebars 

embedded in the debonded region of the LS-1 experience a strain of less than 700 microstrain, 

while the GFRP rebars embedded in the debonded region of the LS-2 undergo a strain of 3,000 

microstrain (Figure 48).  
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Figure 48. Load-strain curves obtained for the rebar in the debonded region 

The comparison of strains, stresses, and forces clearly show how the embedded steel and GFRP 

rebar contribute to the load-bearing capacity of the link slabs. 

It is noted that, under similar loading magnitudes, the GFRP rebar in LS-2 experiences smaller 

strains compared to the steel rebar in LS-1, given that the modulus of elasticity of GFRP is only 

a fraction of that of steel. 

This observation highlights that the rebar in the bonded region of LS-1 experience greater 

stresses than the GFRP rebar in LS-2. This is further supported by the fact that LS-1 experienced 

higher deflections than LS-2. 

Cracking Patterns 

The crack patterns in LS-1 under ultimate load are shown in Figure 49.  



34 

 

 

Figure 49. Crack patterns in LS-1: top view (top) and side view (bottom) 

The crack patterns in LS-2 under ultimate load are shown in Figure 50.  
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Figure 50. Crack patterns in LS-2: top view (top) and side view (bottom) 

A comparison of crack widths revealed the following:  

• The main cracks were formed in the debonded length of the tested link slabs. 

• The first crack in LS-2 reached the AASHTO limit before the first crack in LS-1. 

Cracks widths are compared in Figures 51 through 53.  
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Figure 51. Crack width versus load in DCDT-1 

 

Figure 52. Crack width versus load in DCDT-2 
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Figure 53. Crack width versus load in DCDT-3 

Rebar Spacing 

In link slabs, the rebar spacing is often decided such that the crack width remains less than the 

AASHTO-specified limit of 0.013 in. 

From the finite element (FE) simulations reported in Karim and Shafei (2021a), strains in the 

link slabs with the maximum center-on-center rebar spacing were highest, while their variations 

became more pronounced as the magnitude of the applied load was increased. In particular, after 

the formation of first cracks, strains began to vary, depending on rebar spacing (Figure 54).  

 

Figure 54. Load versus strain for various rebar spacings 
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ADDING LINK SLABS TO BRIDGES 

Support Conditions 

The consequences of adding link slabs to bridge structures can vary, depending on support 

conditions underneath them. The support conditions can also result in variations in the demand 

that the individual link slabs experience themselves. This is a critical aspect, particularly because 

the condition of bearing pads placed under the girders (Figure 55) often witnesses a transition 

from a roller to a pinned connection, due to wear and tear over time. 

 

Figure 55. Elastomeric bearing pad  

The LS-1 test setup discussed in the previous chapter (Shafei et al. 2018, Karim and Shafei 

2021a) was investigated at the service limit for the effect of support conditions. The loading 

procedure was as follows: 

• The setup was loaded up to 20 kips at mid-span of both spans. 

• After reaching 20 kips, the setup was unloaded.  

• The elastic response was recorded for various support conditions, including RPPR, PRRP, 

and PRPR, where R stands for roller support and P stands for pin support (Figure 56).  

  

Figure 56. RPPR support configuration 
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An examination of the surface strains at the top of the debonded region revealed the following:  

• All the load-strain curves were found to follow a similar trend, leading to a maximum strain 

in the range of 700 to 780 microstrain when the maximum load of 20 kip was reached.  

• The RPPR support configuration presented the highest demand and the PRRP support 

configuration led to the lowest demand. 

These findings are illustrated in Figure 57.  

 

Figure 57. Applied load versus strain at the top of the debonded region for various support 

configurations 

An examination of the strains in the rebar embedded in the debonded region revealed that the 

strains measured under the applied loads were consistently lowest for the PRRP support 

configuration and highest for the RPPR support configuration (Figure 58). 
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Figure 58. Applied load versus strain in the rebar embedded in the debonded region for 

various support configurations 

Noting that the average maximum strain recorded in the top rebars changes from 140 to 230 

microstrain, it is critical to design a link slab in such a way that the maximum strain can be 

accommodated without the formation of cracks, especially under service loads. 

An examination of the vertical deflections revealed the following: 

• With changing the support configuration from RPPR to PRRP, the maximum recorded 

deflection increases by up to 42%.  

• The reported trend also indicates that the link slab setup with the RPPR support configuration 

provides the highest stiffness among the support configurations investigated in this study, 

while the PRRP support configuration provides the lowest stiffness. 

These findings are illustrated in Figure 59.  
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Figure 59. Vertical deflection versus girder length for various support configurations 

This trend can be explained by the physical fact that the two pinned supports under the link slab 

in the RPPR support configuration do not move, and thus, directly contribute to increasing the 

setup’s overall stiffness. 

Full Bridge Structure 

Bridge Model 

To understand how the addition of link slabs can change the loading demand that bridge super 

and substructure components experience, a representative multi-span bridge was modeled and 

evaluated (Figure 60).  

 

Figure 60. Diagram of modeled multi-span bridge  
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The bridge was modeled with the following features:  

• Total length of 812 ft 

• Nine spans 

• Eight piers and four expansion joints 

• Expansion joints at the abutments and above Piers 3 and 6 

• Link slab proposed to be placed over Piers 3 and 6  

A three-dimensional rendering of the bridge is shown in Figure 61.  

 

Figure 61. Three-dimensional rendering of the modeled bridge 

Applied Loads and Simulations 

The loads used in the evaluation were as follows:  

• Dead load was accounted for the entire model. 

• Based on a preliminary structural analysis, an HL-93 truck was placed at the locations that 

caused maximum moments in the link slabs.  

• Temperature load captured a gradient of 50°F and 75°F.  

The simulations used for the evaluation were as follows:  

• Reaction forces and moments were determined at the base of the bridge piers.  

• Bending moments and axial forces were estimated in the link slabs and in the deck. 

• Comparisons were made between the bridge models with and without link slabs, taking into 

consideration various support configurations. 
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Link Slab Response 

The following was found regarding the axial force in the link slab:  

• For a debonded length of 2.5% and a temperature variation of 50°F, the axial force in the link 

slab was found to be maximum for the PRRP and PPPP support configurations and minimum 

for the RPPR support configuration. 

• In the RPPR support configuration, the movements of the end rollers allow the release of the 

axial stresses, while in the PRRP and PPPP support configurations, the axial stresses 

developed in the superstructure is entirely transferred to the link slab. 

These findings are shown in Figure 62.  

 

Figure 62. Axial force in the link slab for various support configurations, temperature 

variations, and debonded lengths 

The following was found regarding the bending moment in the link slab: 

• For the 2.5% debonded length, the PRRP and RPPR support configurations experienced the 

highest and lowest maximum bending moments under the 50°F temperature variation. 

• With increasing the link slab’s debonded lengths to 5.0% and 7.5%, however, the reported 

trend reverses, as the RPPR support configuration witnesses the highest maximum bending 

moment and the PRRP support configuration undergoes the lowest maximum bending 

moment. 

These findings are shown in Figure 63.  
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Figure 63. Bending moment in the link slab for various support configurations and 

temperature variations 

The bridge’s deflection profile for various support configurations is illustrated in Figure 64. 

 

Figure 64. Bridge deflection profiles for three support configurations 
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Response of Substructure 

The following responses were observed in the piers: 

• The addition of link slabs results in an increase in the reaction moments generated in all the 

eight piers. The highest moments are generated in the end piers (i.e., Piers 1 and 8) for the 

RPPR support configuration.  

• The highest increase in the reaction moments (i.e., by up to 11 times) is recorded in Piers 2 

and 7 for the RPPR configuration.  

• The reaction moments for the piers under the link slabs (i.e., Piers 3 and 6) are found to be 

maximum for the RPPR support configuration. 

These findings are shown in Figure 65.  

 

Figure 65. Reaction moment in piers with different support configurations 

  

-6000

-4000

-2000

0

2000

4000

6000

8000

10000

12000

P1 P2 P3 P4

R
e

a
c
ti

o
n

 M
o

m
e

n
t 

(k
ip

.f
t)

Pier

PPPP without Link Slabs

RPPR without Link Slabs

PRRP without Link Slabs

PPPP with Link Slabs

RPPR with Link Slabs

PRRP with Link Slabs



46 

SUMMARY AND CONCLUSIONS 

Selection of Materials 

• The cementitious materials considered for link slabs include conventional concrete, FRC, 

ECC, and UHPC. For reinforcement materials, steel and GFRP rebars are the commonly-

used choices. 

• The cementitious material of choice for link slabs is expected to have the ability to 

experience multiple small cracks, while the maximum crack width is limited. 

• The laboratory tests and field implementation of ECC link slabs have reported great 

performance. Similarly, the laboratory experiments on FRC link slabs have shown that 

desirable performance can be achieved with a good distribution of several narrow cracks. 

Field implemented UHPC link slabs have also been promising with no structural degradation 

during service. 

• The GFRP rebars can be utilized in link slabs instead of steel rebars. Owing to their 

(relatively) high tensile strength and low elastic modulus, they can result in multiple, well-

distributed cracks, further to offering appropriate corrosion resistance. 

Design Considerations 

• Beyond the choice of materials, the link slab’s debonded length and rebar spacing are among 

the main design variables that need to be decided for maximum performance. 

• The link slab’s debonded length has been recommended to be 5% of its adjacent span length. 

A debonded length higher than 5% can result in a higher construction cost, while a debonded 

length lower than 5% can result in higher continuity moments. 

• A combination of dead and live loads should be considered for the design of link slabs, 

following the code-specified requirements. Aspects associated with temperature-induced 

effects, as well as creep and shrinkage, should be also induced, especially for predicting end 

rotations. 

• The rebar spacing is decided not only based on strength requirements but also taking into 

account crack width criteria. In particular, the rebar spacing should be sufficient to resist the 

girder’s end moments generated by service loads. 
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Detailing Requirements 

• The rebar spacing in the debonded region should be enough to keep the crack width below 

the code-specified limits. For example, AASHTO LRFD Bridge Design Specifications 

recommends a crack width of 0.012 in or the crack width parameter of z = 130 kip/in. 

• The rebar spacing needs to meet the criteria for minimum rebar spacing to allow the flow of 

aggregates and vibrating equipment through the rebars. 

• The transition from the deck to the link slab’s debonded length is provided by a bonded 

region. Strategies, such as rebar extension, including dowels, and providing additional rebars, 

have been tested. Including dense rebars in this region has been found to be effective in 

keeping the connection between the link slab and the concrete deck intact with no 

macrocracks. 

• The debonding necessary between the link slab and the concrete deck can be achieved by 

using a plastic sheet, while that between the deck and the steel girder is maintained by a 

roofing paper. 

Adding Link Slabs to Bridges 

• From the field surveys, it was found that superstructure supports can change from roller to 

pinned connections over time, mainly because of the wear and tear that the bearing pads 

undergo. 

• The experimental tests and supporting numerical simulations have demonstrated that the 

support condition has a significant effect on the strains and stresses developed in link slab(s).  

• The changes in the loading demand should be evaluated not only in superstructure but also in 

substructure components. This is critical to ensure that the combined effects of dead, live, 

and thermal loads are properly accommodated. 

• A holistic investigation of the entire structure is necessary to ensure the safety and 

performance of all the bridge components, including link slab(s). This will maximize the 

advantages associated with the elimination of expansion joints, especially for long bridges.
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