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NS 674 – Bridge Deck Cracking and Tension: Literature Search 
Monday, July 18, 2022 

Prepared for: Marcus Bekele 

Prepared by: Jim Byerly, Electronic Resources Librarian 

Resources searched: EBSCO, Transport Database, TRID, MnDOT Library Catalog 

Summary: Results are compiled from the databases named above.  Links are provided for full-text, if 
applicable, or to the full record citation.  I completed my searches using the following terminology: bridge deck, 
concrete, tension. 

Results 
 
Hamid, Waleed K; Steinberg, Eric  P; Khoury, Issam; Walsh, Kenneth  K; Semendary, Ali; Ahmed, Safiya. 
Determination of concrete shrinkage initiation in internally cured and conventional concrete decks. Journal of 
Testing and Evaluation, Volume 50, Issue 2, 2022, 10p 
https://trid.trb.org/view/1897034 
Abstract: The extended performance of the concrete bridge deck depends on the concrete’s ability to resist 
early-age cracks, which are primarily induced by self-desiccation shrinkage. Several studies have been 
conducted to study the effect of shrinkage on the development of early-age cracks. When concrete shrinkage 
occurs, its magnitude may account for tensile stresses developing in the concrete deck over time. Therefore, 
determining when shrinkage stress initiates in concrete is critical to precisely predict and analyze early-age 
cracking. The main objective of this research was to determine the appropriate time at which shrinkage initiates 
at early age for various concrete mixtures under field conditions. To achieve this objective, two adjacent 
bridge decks, one with internally cured concrete (ICC) and one with conventional concrete, were constructed 
and instrumented to measure concrete strains and the temperature in both bridge decks during the first 30 h 
after concrete placement. The results of the field study were also compared with previous studies. Besides, a 
new approach to determine shrinkage initiation at early age depending on the strains of the free and restrained 
shrinkage was used in this research. The results showed that the time of concrete shrinkage initiation in both 
concrete decks was identical. For each deck, this time was approximately 5 h after concrete casting. The 
results showed that the time of the shrinkage development initiation in the ICC was consistent with the initial 
setting time. 
  
  
Zhang, Xiang; Yan, Quan-Sheng; Jia, Bu-Yu; Yang, Zheng; Zhao, Ying-Hao; Yu, Xiao-Lin. An analytical 
method for full-range mechanical behavior of continuous slab-deck in multi-span simply supported concrete 
bridges. Advances in Structural Engineering, Volume 25, Issue 1, 2022, pp 98-116 
https://trid.trb.org/view/1887044 
Abstract: Connecting the ends of girders with a continuous slab-deck to make a multiple-span simply 
supported girder bridge provides many benefits, but there is no suitable nonlinear analysis model which 
considers continuous slab-deck cracking under tension and bending. In this article, the rotational spring model 
is further refined to replace the restraining effects at both ends of the girder by the simplified mechanical model 
associated with axial stiffness, bending stiffness, and shear stiffness. Then, it is introduced into the analysis of 
continuous slab-deck. The more accurate rotations and displacements of both ends of continuous slab-deck 
are obtained to investigate the more precise moment and tension of the continuous slab-deck. Furthermore, 
this article presents an improved nonlinear analysis model of continuous slab-deck based on a detailed 
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boundary rotational spring model. The displacements of important positions and the strain of key components 
in continuous slab-deck after cracking are investigated by numerical analysis and full-scale model test to verify 
the accuracy of the proposed nonlinear analysis model. The result shows that the nonlinear analysis model 
presented in this article could successfully evaluate the depth of cracks and the stress of rebars in continuous 
slab-deck, and it is instructional in predicting the cracking state of the continuous slab-deck and the 
reinforcement design. 
  
  
Ge, Xiaomeng; Munsterman, Keaton; Deng, Xianjue; Reichenbach, Matt; Park, Sunghyun; Helwig, Todd; 
Engelhardt, Michael D; Williamson, Eric; Bayrak, Oguzhan. Designing for Deck Stress Over Precast Panels in 
Negative Moment Regions.  University of Texas, Austin; Texas Department of Transportation; Federal 
Highway Administration, 2021, 201p 
https://trid.trb.org/view/1904379 
Abstract: With increases in the use of precast concrete panels (PCPs) in Texas bridges, ensuring acceptable 
deck cracking behavior is of paramount importance to avoid long-term maintenance problems. The purpose of 
this study is to understand the cracking behavior of reinforced concrete bridge decks with precast concrete 
panels in the negative moment regions of continuous girders under service loading and to develop 
comprehensive guidelines for reinforcing steel details in the bridge decks in the negative moment regions of 
bridges utilizing PCPs. A major focus of the study is the influence of the reinforcing details on the control of 
deck crack width. Four concrete bridges were monitored during the construction period. Texas Department of 
Transportation (TxDOT) Implementation Project 5-6909-01 is focused on the instrumentation and monitoring of 
the continuous steel bridge in Bastrop to further evaluate deck reinforcement requirements. Concrete early-
age shrinkage is the dominant reason for deck cracking. Increasing reinforcement ratio and decreasing rebar 
spacing showed some benefits. Through large-scale laboratory testing on composite Tub girders, the surface 
crack widths generally matched the predictions from the American Association of State Highway and 
Transportation Officials (AASHTO) crack width equation correlating with the maximum rebar stress, and 
concrete tension stiffening effect was also observed in the concrete specimen direct tensile tests. The 
numerical parametric studies confirmed that the deck reinforcement ratio is the critical factor for the maximum 
rebar stress. Finally, a design procedure is proposed for the longitudinal deck reinforcement in the negative 
moment regions. In most cases, using #4 bars spaced at 9-in. plus #5 bars spaced at 9-in. (ρ=1.1%) or #5 bars 
spaced at 6-in.(ρ=1.1%) reinforcing steel in the top mat, the maximum rebar stress can be limited to no more 
than 36-ksi under Service I load combination, and crack width can be limited to approximate 0.012 in. 
  
  
Toledo, William K; Alvarez, Andres; Newtson, Craig M; Weldon, Brad. Effects of Substrate Texture and 
Moisture Conditions on Overlay Bond Strength. Tran-SET 2021, American Society of Civil Engineers, 2021, pp 
79-85 
https://trid.trb.org/view/1892829 
Abstract: Laboratory direct tension (pull-off) tests were conducted to supplement field implementation of a 
non-proprietary ultra-high performance concrete (UHPC) overlay on an existing normal strength concrete 
(NSC) bridge deck in Socorro, New Mexico, USA. A mock placement of the UHPC overlay prior to 
construction revealed that improper surface preparation of the substrate concrete resulted in lack of bond. To 
demonstrate the importance of surface preparation to the contractor, a series of pull-off tests were performed 
on overlaid laboratory slabs. The NSC laboratory slabs had surface moisture conditions that included pre-
wetted and dried prior to overlay application. Pre-wetted slab specimens had a tined, tined-light sand blasted, 
or tined-medium sand blasted substrate surface texture. The dried slab specimens had either a tined or an 
exposed aggregate substrate surface texture. Pre-wetted specimens with tined, tined-light sand blasted, and 
tined-medium sand blasted surface textures achieved average direct tension bond strengths of 134 psi (0.924 
MPa), 211 psi (1.45 MPa), and 283 (1.95 MPa), respectively. Specimens with dried substrate surface 
conditions prior to overlay placement had zero bond strength. Results from this study showed that pre-wetting 
was essential for achieving adequate overlay bond. Tined-light sand blasted specimens with proper pre-wetting 
achieved adequate bond strengths, and properly pre-wetted, tined-medium sand blasted specimens produced 
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excellent bond strengths. This type of information allows specific guidance to be provided to contractors and 
communicates the consequences of not following best practices. 
  
  
2290 Bond Behavior of Epoxy Coated Reinforcement Bars in Non-Proprietary UHPC. [Project].  Oklahoma 
Department of Transportation. Start date: 1 Oct. 2021. 
https://trid.trb.org/view/1896745 
Description: This project will develop non-proprietary ultra-high performance concrete (UHPC) mixtures using 
Oklahoma Department of Transportation (ODOT) specified materials along with comparisons with other non-
proprietary UHPC mixtures developed for bridge deck applications. Mixtures will be used to construct pull-out 
and beam-splice specimens for testing to investigate the effects of bar size and spacing, splice/embedment 
length, cover, fiber content, compressive strength, and bar coatings, including a new textured coating, on the 
bond strength between reinforcing bars and non-proprietary UHPC mixtures. A performance-based tension 
test using a notched specimen will be evaluated to determine applicability for use in design. Test results will be 
used to develop guidelines for splice design, with special emphasis on using UHPC in closure strips between 
reinforced concrete members. 
  
  
Henkhaus, Rachel E; Villamizar, Sandra; Ramirez, Julio A. Increase in Coating Thickness of Epoxy-Coated 
Steel Reinforcing Bars for Concrete Deck Replacement. ACI Materials Journal, Volume 117, Issue 5, 2020, pp 
67-79 
https://trid.trb.org/view/1753599 
Abstract: The allowable range of epoxy coating thickness specified by ASTM A775/A775M is 175 to 400 µm (7 
to 16 mils). This study investigates the impact on structural performance of increasing the upper limit of epoxy 
coating thickness to 460 µm (18 mils) with respect to deflections, cracking, and bond strength of tension 
splices. Twenty beam specimens containing single splices as well as splices of bundled bars were tested to 
failure. The experimental parameters were ranges of epoxy coating thicknesses (300 to 380 µm [12 to 15 mils] 
and 460 to 530 µm [18 to 21 mils]) and bar sizes No. 16 and 29 [No. 5 and 9]). Test results confirmed the 
applicability of current code requirements for development and splice length of epoxy-coated bars in tension in 
ACI 318-14 and AASHTO LFRD 2014, including bars in bundles, up to a coating thickness not to exceed 460 
µm (18 mils). 
  
  
Khayat, Kamal H; Abdelrazik, Ahmed. Volume II: Field Implementation of Super-Workable Fiber-Reinforced 
Concrete for Infrastructure Construction.  Missouri University of Science and Technology, Rolla; Missouri 
Department of Transportation; Research on Concrete Applications for Sustainable Transportation (RE-CAST); 
Office of the Assistant Secretary for Research and Technology, 2020, 86p 
https://trid.trb.org/view/1683193 
Abstract: A fiber-reinforced super-workable concrete (FR-SWC) made with 0.5% micro-macro steel fibers and 
5% CaO-based expansive agent was used for the new deck slab of Bridge A8509. The selected FR-SWC had 
a targeted slump flow of 20 in. at the casting location. Multiple trial batches were performed, in collaboration 
with the concrete supplier, to adjust the mixture composition to meet the targeted performance criteria. This 
was followed up by casting the fibrous concrete in a mock-up slab measuring 10 × 10 ft that was prepared to 
simulate the tight rebar and the roadway crown slope in the transverse direction. The results indicated the 
necessity to lower the concrete slump from the intended value for FR-SWC to hold the 2% crown slope of the 
bridge deck in the transverse direction. The final mixture that was selected following the trial batches and 
mock-up placement had a slump consistency of 8 ± 2 in. (FRC). Six sensor towers were installed in the slab 
within 18 ft to the East and West sides of the intermediate bent to monitor in-situ properties of the concrete. 
Each tower had three humidity sensors, three thermocouples, and 12 concrete strain gauges. The slump 
values varied between 6 and 10 in. Slump values were around 8.5 in. The fresh air volume ranged from 4.4% 
to 5.8%, and the concrete temperature ranged from 85 to 97 °F. At 56 days, the compressive strength ranged 
from 7,020 to 8,360 psi and had a mean value of 7,770 psi. Data up to 260 days are reported at the time of the 
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preparation of this report. The in-situ concrete temperature was shown to increase around 45 °F during the 
first day, reaching a maximal temperature of 140 °F. The temperature then dropped to ambient temperature of 
approximately 95 °F during the second day. It then varied on a daily basis with the ambient temperature. The 
relative humidity of concrete ranged between 90% and 100% initially, then decreased with time until reaching 
approximate values of 80% to 85%. The loss of humidity was higher in magnitude and rate near the top 
surface of the bridge deck compared to the middle and bottom of the slab. A 3D finite element model (FEM) 
was developed to predict the top and bottom structural strain values in the concrete deck that can be 
developed due to the weight of the bridge. The estimated strain values were compared to those recorded by 
the in-situ sensors in the longitudinal and transverse directions. In the longitudinal direction, the stresses were 
shown to reach the maximum positive values at the points of contact of the girder with the concrete 
diaphragm. The values decreased gradually along the length of the bridge to reach the maximum negative 
values approximately at the mid-span of the bridge deck. The area under consideration, where the towers are 
located, was in complete tension in the longitudinal and transverse directions. The highest tensile strain 
values reached 2100 micro-strain at the intersection of the intermediate bent with one of the precast concrete 
girders. A strain model was proposed to evaluate the strain data collected from the embedded sensors. The 
model represents the total strain as a summation of strains due to thermal deformation, drying and autogenous 
shrinkage, and structural deformation. The model was used to evaluate strains and estimate values of the 
concrete shrinkage during the first 30-36 hours, which corresponded to the time of demolding of the shrinkage 
samples as well as the load distribution factor between the concrete slab and the steel corrugated sheet that 
varied with concrete age. Findings indicated that the load distribution factor increased with concrete age 
reaching a value of 0.98 at 260 days. The concrete shrinkage during the first 30-36 hours was then estimated 
to be 75 micro-strain. 
  
  
Rahman, Mohammad; Chen, Ying; Ibrahim, Ahmed; Lindquist, Will; Tobias, Daniel; Krstulovich, James; 
González, Dorys; Hindi, Riyadh. Study of Drying Shrinkage Mitigating Concrete Using Scaled Bridge Bays. 
International Journal of Civil Engineering, Volume 18, Issue 1, 2020, pp 65-73 
https://trid.trb.org/view/1677090 
Abstract: Cracks reduce the durability and service life of bridge decks and they usually form as a result of 
tension induced from restrained shrinkage of concrete. There are several mixture design technologies that 
can be used to reduce concrete shrinkage and subsequent cracking. The main focus of this study is to 
evaluate the effectiveness of three such technologies to limit restrained shrinkage cracking in a scaled 
laboratory bridge deck. The first mixture evaluated shrinkage compensating cement (Type-K) as a partial 
replacement of Portland cement, the second mixture evaluated pre-wetted lightweight fine aggregate as a 
partial replacement of fine aggregate to promote internal curing (IC), and finally, the third evaluated a mixture 
incorporating shrinkage reducing admixture (SRA). Strain of the deck reinforcement was monitored during and 
after placement of the concrete for a period of 6 months. All of the data was compared with similar 
measurements from a control deck containing a standard concrete mixture used by the Illinois Department of 
Transportation. The results showed that, the experimental deck containing Type-K cement exhibited around 
100% higher expansion compared to control mixture during the curing period. The IC mixture showed 
approximately 50% less expansion at 7 days but exhibited 10% less shrinkage at the end of drying period 
compared to the control mixture. The initial expansion of SRA mixture showed similar peak value compared to 
control mixture but at the end of the drying period, the shrinkage of SRA mixture was around 75% less than the 
deck cast with control mixture. 
  
  
Wang, Xin; Peng, Zheqi; Wu, Zhishen; Sun, Shenpeng. High-performance composite bridge deck with 
prestressed basalt fiber-reinforced polymer shell and concrete. Engineering Structures, Volume 201, Issue 0, 
2019, 109852 
https://trid.trb.org/view/1667007 
Abstract: In this study, a basalt fiber-reinforced polymer (BFRP) shell–concrete composite bridge deck with 
prestressed BFRP strips was investigated. The effectiveness of the prestressed shell was verified based on a 
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preliminary study. Eight full-scale specimens were designed to examine the static and fatigue behaviors, 
including the failure modes, ultimate capacities, load–displacement curves of the bridge deck, and key areas 
of the BFRP shell and prestressed BFRP strips. The parameters of the bridge deck included the surface 
conditions, fiber layout of the shell, position of the reinforcement, and adoption of the prestressed BFRP strips. 
The theoretical formulas of the composite bridge deck were also derived. The results show that the composite 
decks exhibit excellent integrated behavior including high stiffness, high capacity, and reliable interfacial 
bonds. The specimen with adhered sand achieved an evidently higher stiffness and capacity than the control 
specimen. The corrugated teeth were beneficial for the stiffness but irrelevant for the ultimate capacity of the 
specimens. The layout of the fiber mat rather than that of the fiber filament in the BFRP shell could slightly 
enhance the ultimate capacity but not affect the stiffness. The arrangement of the longitudinal steel bars in the 
tension zone and stirrups in the deck could significantly enhance the stiffness and capacity of the deck, 
respectively. The fatigue test proved that this bridge deck could survive 10 million cycles under a load level of 
0.439 and a load amplitude of 96.5 kN, for which the residual capacity and stiffness reduced by less than 8%. 
The finite element models could reflect the real failure process and yielded a reliable capacity value, whereas 
the theoretical formulas provided conservative results of the capacity and stiffness. 
  
  
Sofi, Fayaz A; Steelman, Joshua S. Nonlinear Flexural Distribution Behavior and Ultimate System Capacity of 
Skewed Steel Girder Bridges. Engineering Structures, Volume 197, Issue 0, 2019, 109392 
https://trid.trb.org/view/1639689 
Abstract: Bridge designs are routinely developed using simplified 1D approximations of structural behavior and 
assume linear elastic behavior throughout the structure. More rigorous methods can reveal significant 
unquantified reserve capacity with 3D system behavior as ductile members experience yielding, but reserve 
capacity can be overestimated if cracking in a concrete deck is neglected. The primary objective of this study 
is to characterize the influence of concrete deck nonlinearity on 3D system behavior and capacity of skewed 
steel girder bridges. Structural behavior is examined throughout the range of potential applied loads, from initial 
linear elastic behavior to initial yielding and ultimate conditions. Additionally, this study provides a secondary 
benefit by comparing the applicability of two general load distribution characterization methods: response 
fractions (displacement, strain, or curvature ratios) versus extracted and integrated results from a rigorous 
analytical model. Analytical models, accounting for material inelasticity in the steel girders, are constructed for 
each of two experimentally tested bridges. Skew is varied parametrically from 0° to 60°. Concrete deck is 
modeled with a tension cracking stress limit consistent with typical design assumptions in United States 
practice. Results are also presented for the 60° case with linear elastic deck to directly compare the influence 
of cracking versus non-cracking deck. The analyses indicated that neglecting concrete cracking noticably 
affected capacity by overestimating slab plate flexure between abutments, resulting in increasingly 
unconservative reserve capacity evaluations with increasing skew. Bridges with small skews evaluated using 
only elastic analysis were found to be reasonably well characterized using response fractions feasibly obtained 
from diagnostic load tests. However, bridges with high skews and bridges evaluated using ultimate capacity 
from detailed finite element analysis, regardless of skew, will receive unnecessarily conservative flexural 
capacity ratings if response fractions are relied upon to represent analogous internal load effects. 
  
  
Zhang, Zhigang; Hu, Jing; Ma, Hui. Feasibility study of ECC with self-healing capacity applied on the long-span 
steel bridge deck overlay. International Journal of Pavement Engineering, Volume 20, Issue 8, 2019, pp 884-
893 
https://trid.trb.org/view/1626904 
Abstract: Engineered Cementitious Composites (ECC) with high ductility has been recognised to be a high 
performance and durable alternative to the construction material in civil engineering field. In this paper, ECC 
material was proposed to be applied on the long-span steel bridge deck overlay. Herein the authors studied 
the feasibility of this application via integration of ECC’s material performances and stress response of 
structure using finite element analysis. The results show that ECC material could overcome the brittleness of 
normal concrete, featuring high tensile strain/deformability capacity under tension/flexural load, as well as 
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higher flexural strength and fatigue life, compared with normal asphalt/concrete materials. Furthermore, the 
self-healing capacity in ECC helps the crack seal itself, as a result, recovers its water permeability coefficient 
and resistance to chloride ion penetration to nearly the same level as undamaged ones. By integrating ECC’s 
flexural fatigue behaviour and finite element analysis, it can be concluded that ECC is feasible to be a 
candidate material for the steel bridge overlay. The application of ECC is expected to greatly extend the 
service life of steel bridge overlay meanwhile be with thinner thickness compared with normal bridge deck 
overlay structure, resulting in a more sustainable overlay. 
  
  
Optimization of Advanced Cementitious Material for Bridge Deck Overlays and Upgrade, Including Shotcrete. 
[Project].  Office of the Assistant Secretary for Research and Technology. Start date: 1 Jun. 2019. 
https://trid.trb.org/view/1596150 
Description: Deterioration of bridge deck is a major issue for bridge owners. The need for cost-effective and 
durable rehabilitation methods has been documented by many researchers. The primary causes of deck 
deterioration include vehicle traffic, environmental effects (i.e. freeze-thaw, salt spray), and maintenance 
practices (snow plows, de-icing chemical treatments). Deterioration is featured by delamination, cracking, 
corrosion of reinforcing steel, abrasion, scaling, and other mechanisms. 
  
Ultra-High strength concrete (UHPC) overlays are gaining in popularity as a rehabilitation material due to the 
high compressive strength, higher tensile capacity compared to normal strength concrete, low permeability, 
and low shrinkage. UHPC also has a high early strength that allows for reduced lane closure and construction 
time. Current research has shown that UHPC bonds well to normal strength concrete, both in direct tension 
test and shear test. Shrinkage stresses do not appear to be a significant design concern either. UHPC has also 
been shown to mitigate corrosion activity. 
  
  
Development of Non-Proprietary UHPC Mix – Evaluation of the Shear Strength of UHPC (University of 
Washington). [Project].  Accelerated Bridge Construction University Transportation Center (ABC-UTC), Office 
of the Assistant Secretary for Research and Technology. Start date: 1 Jan. 2019. 
https://trid.trb.org/view/1596172 
Description: Ultra-high performance concrete (UHPC) is a relatively recent advancement in cementitious 
composite materials with mechanical and durability properties far exceeding those of conventional concrete, 
which makes it an ideal material for bridge deck joints and other connections. While considerable information 
has been developed about many characteristics of UHPC, information about shear behavior is sparse. This 
project investigates experimentally the behavior of UHPC mixes subject to a variety of stress states, focusing 
on shear and including variables such as mix design and fiber content. The experimental data collected in this 
project will be used to develop a constitutive model for the shear behavior in UHPC, and in particular the non-
proprietary UHPC materials being developed by the partner universities. 
  
The testing will be conducted in a special purpose panel testing machine that is capable of applying loads to a 
2-D panel in any combination of shear, tension and compression. The variables to be investigated include the 
mix design, the fiber content and the stress states. The expected outcome is the data on which to base a 
constitutive model for shear behavior in UHPC in general, and in particular the non-proprietary UHPC materials 
being developed by the partner universities. 
  
  
Khayat, Kamal H; Abdelrazik, Ahmed. Field Implementation of Super-Workable Fiber-Reinforced Concrete for 
Infrastructure Construction.  Missouri University of Science and Technology, Rolla; Missouri Department of 
Transportation; Federal Highway Administration, 2019, 85p 
https://trid.trb.org/view/1577695 
Abstract: A fiber-reinforced super-workable concrete (FR-SWC) made with 0.5% micro-macro steel fibers and 
5% calcium oxide (CaO)-based expansive agent was used for the new deck slab of Bridge A8509. The 
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selected FR-SWC had a targeted slump flow of 20 in. at the casting location. Multiple trial batches were 
performed, in collaboration with the concrete supplier, to adjust the mixture composition to meet the targeted 
performance criteria. This was followed up by casting the fibrous concrete in a mock-up slab measuring 10 × 
10 ft that was prepared to simulate the tight rebar and the roadway crown slope in the transverse direction. The 
results indicated the necessity to lower the concrete slump from the intended value for FR-SWC to hold the 
2% crown slope of the bridge deck in the transverse direction. The final mixture that was selected following 
the trial batches and mock-up placement had a slump consistency of 8 ± 2 in. (FRC). Six sensor towers were 
installed in the slab within 18 ft to the East and West sides of the intermediate bent to monitor in-situ properties 
of the concrete. Each tower had three humidity sensors, three thermocouples, and 12 concrete strain gauges. 
The slump values varied between 6 and 10 in. Slump values were around 8.5 in. The fresh air volume ranged 
from 4.4% to 5.8%, and the concrete temperature ranged from 85 to 97°F. At 56 days, the compressive 
strength ranged from 7,020 to 8,360 psi and had a mean value of 7,770 psi. Data up to 260 days are reported 
at the time of the preparation of this report. The in-situ concrete temperature was shown to increase around 
45°F during the first day, reaching a maximal temperature of 140°F. The temperature then dropped to ambient 
temperature of approximately 95°F during the second day. It then varied on a daily basis with the ambient 
temperature. The relative humidity of concrete ranged between 90% and 100% initially, then decreased with 
time until reaching approximate values of 80% to 85%. The loss of humidity was higher in magnitude and rate 
near the top surface of the bridge deck compared to the middle and bottom of the slab. A 3D finite element 
model (FEM) was developed to predict the top and bottom structural strain values in the concrete deck that 
can be developed due to the weight of the bridge. The estimated strain values were compared to those 
recorded by the in-situ sensors in the longitudinal and transverse directions. In the longitudinal direction, the 
stresses were shown to reach the maximum positive values at the points of contact of the girder with the 
concrete diaphragm. The values decreased gradually along the length of the bridge to reach the maximum 
negative values approximately at the mid-span of the bridge deck. The area under consideration, where the 
towers are located, was in complete tension in the longitudinal and transverse directions. The highest tensile 
strain values reached 2100 micro-strain at the intersection of the intermediate bent with one of the pre-cast 
concrete girders. A strain model was proposed to evaluate the strain data collected from the embedded 
sensors. The model represents the total strain as a summation of strains due to thermal deformation, drying 
and autogenous shrinkage, and structural deformation. The model was used to evaluate strains and estimate 
values of the concrete shrinkage during the first 30-36 hours, which corresponded to the time of demolding of 
the shrinkage samples as well as the load distribution factor between the concrete slab and the steel 
corrugated sheet that varied with concrete age. Findings indicated that the load distribution factor increased 
with concrete age reaching a value of 0.98 at 260 days. The concrete shrinkage during the first 30-36 hours 
was then estimated to be 75 micro-strain. 
  
  
Newtson, Craig M; Weldon, Brad D. Bridge Deck Overlays Using Ultra-High Performance Concrete 
[supporting dataset].  New Mexico State University, Las Cruces; Transportation Consortium of South-Central 
States (Tran-SET); Office of the Assistant Secretary for Research and Technology, 2018, 
https://digitalcommons.lsu.edu/transet_data/8/ 
https://trid.trb.org/view/1862701 
Abstract: Corresponding data set for Tran-SET Project No. 17CNMS01. Abstract of the final report is stated 
below for reference:  "This study investigated the use of a locally produced ultra-high performance concrete 
(UHPC) as an alternative to typical overlay materials. Several bond strength tests including slant-shear, 
splitting tension, and direct tension tests were performed to assess the bond strength between UHPC and 
normal strength concrete (NSC) substrate with varying surface textures. Tests were also conducted to assess 
the early-age and longer-term shrinkage behavior and coefficient of thermal expansion of the UHPC as well as 
rapid chloride permeability testing. Good bond between UHPC and NSC substrate was observed even with 
inadequate surface texture. Combined shrinkage and thermal effects were investigated for NSC slabs overlaid 
with the non-proprietary UHPC by analyzing five slab-overlay sections. Each slab-overlay had a single 
parameter varied to isolate the effects of thickness of the NSC substrate, substrate reinforcement ratio, and 
exposure conditions. Increased steel reinforcement and thickness of the NSC substrate were observed to 
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reduce the effect of UHPC overlay shrinkage. The final major experiment was to overlay a full-scale channel 
girder to assess the response of a high-performance concrete, pre-stressed bridge girder with a 1-in. (25-mm) 
UHPC overlay to flexural loading. The girder was subjected to 1000 load-unload cycles to specified service 
load conditions. Cyclic loading was applied both before and after application of the UHPC overlay to provide a 
comparison of global behavior and performance of the girder and overlay. Finally, the girder with overlay was 
loaded to failure to investigate post-cracking and ultimate behavior of the composite member. Little to no 
visible distress was observed in the overlay until loads were applied that were significantly greater than 
expected under normal service conditions. The results indicated that the non-proprietary UHPC has the 
potential to serve as an overlay material as long as proper measures are used to prepare the substrate surface 
and ensure a high quality bond with the existing deck." 
  
  
Yang, Ze-ying; Liu, Yang-yu-dong; Sun, Ming-hao; Qu, Yong-ye; Qi, Wen-chao. Experimental Research on 
Prestressed Carbon Fiber Reinforced Plastic Reinforced Concrete Decks. Journal of Highway and 
Transportation Research and Development (English Edition), Volume 12, Issue 4, 2018, pp 44-50 
https://trid.trb.org/view/1579319 
Abstract: A new type of bridge deck structure with prestressed carbon fiber reinforced plastic reinforced 
(CFRP) tendons was designed. Flexural performance tests on the prestressed concrete bridge deck with 
CFRP tendons were conducted. The cracking and ultimate loads of such bridge deck and the stress states 
and failure modes of the CFRP tendons were systematically analyzed. Results showed that the bending force 
process of unbonded prestressed CFRP tendon bridge deck with ordinary steel bars in the tension zone can 
be divided into three stages, namely, initial elastic loading state, elastic-plastic stage from the appearance of 
cracks to ordinary steel yielding in the tensile area, and rapid deformation development and destruction stage 
during tension bearing of the CFRP tendons. The failure modes of unbonded prestressed CFRP tendon 
bridge deck were caused by the rapid deformation development due to the low modulus of CFRP tendons, 
and the extension of cracks and crushing failure of concrete were due to the decreased area of effective 
compressive concrete. The fractures were mostly equidistant parallel cracks. The cracks slowly developed in 
the early stage, whereas they rapidly developed after ordinary steel yielding. 
  
  
Haber, Zachary B; Munoz, Jose F; De la Varga, Igor; Graybeal, Benjamin. Bond Characterization of UHPC 
Overlays for Concrete Bridge Decks: Laboratory and Field Testing. Construction and Building Materials, 
Volume 190, Issue 0, 2018, pp 1056-1068 
https://trid.trb.org/view/1562925 
Abstract: This paper aims to characterize the bond behavior and performance of UHPC-class materials as 
overlays on bridge deck concrete substrates. The study includes laboratory testing, field testing, and 
microstructural analysis using scanning electron microscopy (SEM). The laboratory portion examines the direct 
tension bond strength between UHPC and substrate concrete with different substrate surface preparations; 
namely, hydrodemolition and scarification. The field testing examines the tensile bond strength of the first 
UHPC bridge deck overlay in the United States. Lastly, microstructural analysis is used to investigate 
consolidation of the overlays, the substrate surface condition, and the hydration products and porosity at the 
interface between the overlay and substrate. The paper discusses correlation between bond strength and 
consolidation, mechanical interlock, chemical bond, and substrate surface condition and preparation. 
  
  
Newtson, Craig M; Weldon, Brad D; Al-Basha, Ahmed J; Manning, Mark P; Toledo, William K; Davila, Leticia 
D. Bridge Deck Overlays Using Ultra-High Performance Concrete.  New Mexico State University; 
Transportation Consortium of South-Central States (Tran-SET); Office of the Assistant Secretary for Research 
and Technology, 2018, 86p, https://digitalcommons.lsu.edu/transet_data/8/ 
https://trid.trb.org/view/1575968 
Abstract: This study investigated the use of a locally produced ultra-high performance concrete (UHPC) as an 
alternative to typical overlay materials. Several bond strength tests including slant-shear, splitting tension, and 
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direct tension tests were performed to assess the bond strength between UHPC and normal strength 
concrete (NSC) substrate with varying surface textures. Tests were also conducted to assess the early-age 
and longer-term shrinkage behavior and coefficient of thermal expansion of the UHPC as well as rapid chloride 
permeability testing. Good bond between UHPC and NSC substrate was observed even with inadequate 
surface texture.  Combined shrinkage and thermal effects were investigated for NSC slabs overlaid with the 
non-proprietary UHPC by analyzing five slab-overlay sections. Each slab-overlay had a single parameter 
varied to isolate the effects of thickness of the NSC substrate, substrate reinforcement ratio, and exposure 
conditions. Increased steel reinforcement and thickness of the NSC substrate were observed to reduce the 
effect of UHPC overlay shrinkage.  The final major experiment was to overlay a full-scale channel girder to 
assess the response of a high-performance concrete, pre-stressed bridge girder with a 1-in. (25-mm) UHPC 
overlay to flexural loading. The girder was subjected to 1000 load-unload cycles to specified service load 
conditions. Cyclic loading was applied both before and after application of the UHPC overlay to provide a 
comparison of global behavior and performance of the girder and overlay. Finally, the girder with overlay was 
loaded to failure to investigate post-cracking and ultimate behavior of the composite member. Little to no 
visible distress was observed in the overlay until loads were applied that were significantly greater than 
expected under normal service conditions.  The results indicated that the non-proprietary UHPC has the 
potential to serve as an overlay material as long as proper measures are used to prepare the substrate surface 
and ensure a high quality bond with the existing deck. 
  
  
Voggu, Srinivas; Sasmal, Saptarshi; Karusala, Ramanjaneyulu. Numerical Simulations for Structural Response 
of Masonry Arch Bridge with Relieving Slab as Upgradation Strategy. International Journal of Civil Engineering, 
Volume 16, Issue 9, 2018, pp 1029-1044 
https://trid.trb.org/view/1538281 
Abstract: Many of the arch bridges built on the railway network are several decades old and were designed 
according to the loading prevailed in the standards of practice. Most of these bridges are in good state even 
today and can be upgraded to meet the present demand and for continued usage. In the present paper, an 
upgradation strategy is formulated for an existing old masonry arch bridge to accommodate the demand for 
conversion of meter gauge to the broad gage track, and for improvement in structural performance, as well. A 
three-dimensional numerical finite element modeling and analyses were performed to evaluate the response 
parameters and to assess the efficacy of upgradation strategy for accommodating the gauge conversion on an 
existing masonry arch bridge system. Experimental investigations have been carried out on a typical masonry 
arch bridge to validate the numerical model. The upgradation of the modified arch-slab bridge system is carried 
out by introducing reinforced concrete relieving slab over the soil fill. To avoid any tension between the fill and 
the arch masonry (both barrel and spandrel), special contact elements with friction co-efficient is incorporated 
in the finite element model. From the numerical simulation studies on the modified arch-slab system for the 
masonry arch bridge, it is found that the proposed upgradation scheme is efficient to meet the need for broad 
gauge conversion. 
  
  
Haber, Zachary B; Graybeal, Benjamin A. Lap-Spliced Rebar Connections with UHPC Closures. Journal of 
Bridge Engineering, Volume 23, Issue 6, 2018, 04018028 
https://trid.trb.org/view/1506154 
Abstract: Ultrahigh performance concrete (UHPC) is gaining attention from the bridge community as a 
compelling option for closure pours that complete prefabricated bridge element (PBE) connections; these 
connections typically use field-cast UHPC cast over noncontact lap-spliced reinforcing bars to achieve 
structural continuity between elements. The goal of this study was to investigate the behavior of different 
commercially available UHPC-class materials for prefabricated bridge deck connections using noncontact lap 
splices. Two types of experiments were conducted to assess performance: a direct tension pullout test and a 
component-level prefabricated-bridge-deck connection test. The objective of the pullout testing was to 
investigate the effect of the UHPC fiber-volume fraction on UHPC-to-rebar bond strength and compare the 
performances of different UHPC specimens with existing design guidance. Component-level testing was used 
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to investigate the bond between the UHPC and precast concrete, cracking behavior under cyclic loading, 
behavior during long-term cyclic loading, and monotonic ultimate-loading behavior. Findings indicated that 
available design guidance held for different UHPC-class materials. Furthermore, test results were used to 
propose additional guidance related to the UHPC fiber-volume fraction and cover requirements. 
  
  
Fick, Damon; Kuehl, Tyler; Berry, Michael; Stephens, Jerry. Investigation of Prefabricated Steel-Truss Bridge 
Deck Systems.  Western Transportation Institute; Montana Department of Transportation; Federal Highway 
Administration, 2017, 67p 
https://trid.trb.org/view/1490240 
Abstract: Steel truss bridges are an efficient and aesthetic option for highway crossings. They are relatively 
light weight compared with plate girder systems make them a desirable alternative for both material savings 
and constructability. A prototype of a welded steel truss constructed with an integral concrete deck has been 
proposed as a potential alternative for accelerated bridge construction (ABC) projects in Montana. This system 
consists of a prefabricated welded steel truss topped with a concrete deck that can be cast at the fabrication 
facility (for ABC projects) or in the field after erection (for conventional projects). To investigate possible 
solutions to the fatigue limitations of certain welded member connections in these trusses, bolted connections 
between the diagonal tension members and the top and bottom chords of the truss were evaluated. In this 
research, both a conventional cast in place deck system and an accelerated bridge deck system (cast integral 
with the truss) were evaluated for the bolted/welded steel truss bridge. A 3D finite element model was used to 
more accurately calculate the distribution of lane and truck loads to the individual trusses. Truss members and 
connections for both construction alternatives were designed using loads from American Association of State 
Highway and Transportation Officials (AASHTO) Strength I, Fatigue I, and Service II load combinations. A 
comparison was made between the two truss configurations and a 205 ft. plate girder used in a previously 
designed bridge over the Swan River. Materials and fabrication estimates suggest the cost of the conventional 
and accelerated construction methods is 10% and 26% less, respectively, than the plate girders designed for 
the Swan River crossing. 
  
  
Haber, Zachary B; Munoz, Jose F; Graybeal, Benjamin A. Field Testing of an Ultra-High Performance 
Concrete Overlay.  Federal Highway Administration, 2017, 60p 
https://trid.trb.org/view/1485055 
Abstract: Bridge decks are commonly rehabilitated using overlays depending on the cause of deck 
deterioration, available budget, and desired service life of the rehabilitated structure. One emerging solution for 
bridge deck rehabilitation is thin, bonded ultra-high performance concrete (UHPC) overlays. As an overlay 
material, UHPC can provide both structural strengthening and protection from ingress of contaminates using a 
1-in. (25 mm) to 2-in. (51 mm) layer of material. The first U.S. deployment of UHPC as a bridge deck overlay 
was completed in May 2016 on a reinforced concrete slab bridge located in Brandon, Iowa. A few months 
after installing the UHPC overlay, a field inspection of the bridge identified some locations along the deck 
where delamination may have occurred. To address this concern, a field study was conducted in November 
2016 to evaluate the bond between the UHPC overlay and the substrate concrete bridge deck. Researchers 
from the Federal Highway Administration’s (FHWA) Turner-Fairbank Highway Research Center (TFHRC) 
synthesized photographic evidence, conducted a field inspection of the bridge deck surface using a chain 
drag, and conducted physical testing of the UHPC-concrete interface bond using the direct tension bond pull-
off test. Tested samples were taken back to TFHRC and the UHPC-concrete interface subsequently analyzed 
using scanning electron microscopy (SEM). The pull-off test data indicated that the UHPC overlay and the 
existing concrete bridge deck were intact, which was confirmed by SEM analysis. 
  
  
Myers, Joseph J; Venancio, Valter Gora. Ultra-high Performance Fiber-Reinforced Concrete (UHPFRC) for 
Infrastructure Rehabilitation. Volume II: Behavior of Ultra-High Strength Concrete Bridge Deck Panels 
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Compared to Conventional Stay-In-Place Deck Panels.  Research on Concrete Applications for Sustainable 
Transportation (RE-CAST); Research and Innovative Technology Administration, 2017, 117p 
https://trid.trb.org/view/1479979 
Abstract: The remarkable features of ultra-high performance concrete (UHPC) have been reported. Its 
application in bridge construction has been an active research area in recent years, attributed to its higher 
compressive strength, higher ductility and reduced permeability when compared with conventional concrete 
and even high-strength concrete. Those characteristics are known to increase bridge durability and, 
consequently, decrease life-cycle maintenance costs. With that in mind, this study investigated the 
performance of ultra-high-strength concrete (UHSC) stay-in-place (SIP) bridge deck panels subjected to high 
loads in both flexure and shear. The test matrix consisted of twelve (12) half-scale panels that were 4 feet long 
and 2 feet wide. The variable parameters that were studied included thickness (i.e., 2-in. and 3-in.) as well as 
non-discrete reinforcement type, including conventional mild reinforcement, welded wire mesh and no 
reinforcement (UHPC only). Control deck panels with conventional concrete (CC) were fabricated and tested 
to serve as a baseline for comparison. The results indicated that the UHPC panels had an improved 
performance compared to the conventional concrete panels. With respect to the panels tested in high shear 
loads, only the CC panel test resulted in a diagonal tension failure mode (i.e. traditional shear type failure). All 
of the other UHPC panels failed in flexure suggesting that the UHPC provided a high shear capacity. The 
results also showed a good correlation with selected empirical models. A cost study was also investigated. It 
was concluded that, even with the high difference between the prices per cubic yard of both concretes, the 
difference can be significantly lower when compared with the prices per ultimate load capacity. 
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Aboukifa, Mahmoud; Moustafa, Mohamed A. Structural and buckling behavior of full-scale slender UHPC 
columns. Engineering Structures, Volume 255, Issue 0, 2022, 113928 
https://trid.trb.org/view/1924453 
Abstract: Ultra-high performance concrete (UHPC) is a relatively new class of concrete and cementitious 
materials with much higher strength and durability than conventional concretes. The use of UHPC is currently 
expanding worldwide from bridge deck joints and connections to full components and larger applications. With 
the superior mechanical properties of UHPC, future UHPC columns in buildings and bridges will have compact 
cross-sections and smaller footprint. The main goal of this study is to provide experimental demonstration and 
reliable datasets of slender UHPC columns to validate current analytical procedures and inform future designs. 
This paper presents results and discussions from five full-scale UHPC columns (largest set of axially-tested 
UHPC columns to-date) at a 4 million-lb [∼18,000 kN] testing facility. The specific objectives are to investigate 
the structural and buckling behavior of slender UHPC columns under concentric axial loading, and assess the 
current ACI procedure for slenderness effects using the moment magnification method. When the actual 
material properties of UHPC and longitudinal bars are used for assessment, the ACI equations were found to 
overestimate the axial load capacity of slender columns by approximately 9%, on average. The study is 
concluded by design guidance and several recommendations for applying the moment magnification method 
for slender UHPC columns, which can be readily incorporated into future design codes. 
 
 
Pournasiri, Emad; Pham, Thong M; Hao, Hong. Behavior of Ultrahigh-Performance Concrete Bridge Decks 
with New Y-Shape FRP Stay-in-Place Formworks. Journal of Composites for Construction, Volume 26, Issue 
3, 2022, 04022023 
https://trid.trb.org/view/1941921 
Abstract: This study proposes using glass fiber–reinforced polymer (GFRP) as a stay-in-place structural 
formwork for casting bridge decks with ultrahigh-performance concrete (UHPC). The GFRP stay-in-place 
formworks completely replace the bottom layer of rebars, and the top steel reinforcement is also replaced by a 
GFRP mesh to mitigate the corrosion damage. The formworks were either a flat GFRP plate with square 
hollow section (SHS) stiffeners or a flat GFRP plate with new Y-shape stiffeners. Concentric static tests on five 
1:2.75 scale decks were performed to investigate the effect of stiffener's configuration and the influence of the 
concrete strength on the performance of bridge decks. Rotational fixity support was used to simulate a real 
bridge deck connection of supporting girders. All specimens with the stay-in-place formwork exhibited 
punching shear failure. It was found that the use of Y-shape stiffeners significantly improved the load-carrying 
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capacity of the proposed deck. Replacing normal concrete with UHPC further improved the loading capacity of 
the deck. The decks demonstrated excellent performance, with the load-carrying capacity 3.8–9.5 times higher 
than the established equivalent service load depending on the concrete strength and configuration of the 
GFRP stay-in-place formwork. Deflection at service load was less than span/1,600 for all the decks. Compared 
with normal-strength concrete (34 MPa), UHPC improved the maximum load-carrying capacity of the deck from 
91.4 to 149 kN. 
 
 
Lu, Muyang; Hydock, Jonathan; Radlińska, Aleksandra; Guler, S Ilgin. Reliability Analysis of a Bridge Deck 
Utilizing Generalized Gamma Distribution. Journal of Bridge Engineering, Volume 27, Issue 4, 2022, 04022006 
https://trid.trb.org/view/1906761 
Abstract: Models of bridge deck deterioration with improved predictive power can provide bridge management 
strategies that will optimize allocation of the available, typically limited, budget of transportation agencies in a 
more efficient manner. In turn, this will lead to improvement in the overall condition of bridges. To this end, this 
study developed a novel statistical hazard model of bridge deck deterioration using a generalized gamma 
accelerated failure time model with bridge deck attributes as covariates. Bayesian inference was used to 
estimate the parameters of the model and will update these parameters as new inspection data become 
available. The Markov chain Monte Carlo sampling method was used to estimate the posterior distribution of 
parameters utilizing both uncensored and censored inspection data. The proposed approach was applied to 
approximately 30 years of in-service performance data inspected from 1985 to 2015 for more than 22,000 
bridges in the state of Pennsylvania. The results showed that the model based on the generalized gamma 
distribution had a high accuracy. Further, the reliability of different attribute values of the physical makeup of 
the main span of the structure, the main span interaction type, and the rebar coating are quantified based on 
the model results. The proposed model can help improve predictions of future bridge deck conditions and 
provide decision-making tools for infrastructure management. 
 
 
CT Girder with FRP Shear Studs – Strength & Fatigue Testing. [Project].  Maine Department of Transportation. 
Start date: 1 Mar. 2022. 
https://trid.trb.org/view/1895371 
Description: This project focuses on the assessment of the fiber-reinforced polymer tub girder (CT girder) with 
precast concrete decks and new, fiber-reinforced polymer (FRP) girder-deck shear connectors. This will extend 
the application of this new bridge technology by modularizing construction and the additional use of composite 
materials. The new FRP shear connectors, when used with FRP rebar for the deck reinforcing, will completely 
eliminate steel and therefore all corrosion in the bridge superstructure. The project will also include the fatigue 
testing of a full-scale girder, which has not been performed to-date. This research project will employ both 
large-scale and smaller-scale experiments. 
 
 
Mehrabi, R; Atefi-Monfared, K; Kumar, D; Deshpande, A A; Ranade, R. Thermo-mechanical assessment of 
heated bridge deck under internal cyclic thermal loading from various heating elements: Pipe, cable, rebar. 
Cold Regions Science and Technology, Volume 194, Issue 0, 2022 
https://trid.trb.org/view/1897120 
Abstract: Heated bridge is an eco-friendly technology, where embedded internal heating elements are utilized 
for deicing/snow melting of the bridge deck surface. A crucial factor preventing wide scale implementation of 
this technology is the lack of fundamental understanding of the thermo-mechanical behavior of the reinforced 
slab under cyclic internal thermal loads. This study presents a novel thermo-mechanical assessment of a 
heated bridge deck subjected to cyclic internal thermal loads implemented through three different heating 
elements: pipe, cable, rebar. A new finite difference based numerical model was developed and calibrated 
against small scale laboratory experiments; considering realistic thermal and mechanical boundary conditions, 
and incorporating thermal-induced degradation of the mechanical properties of concrete. Results revealed a 
considerably distinct thermo-mechanical response of the concrete slab under each heating system. The cable 
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system resulted in the most substantial thermal-induced internal damage in the concrete slab. Findings 
indicate that the thermal conductivity and the linear thermal expansion coefficients of the heating elements are 
key factors governing the thermal efficiency and the extent of the internal damage in a heated concrete slab. A 
sensitivity analysis suggested that the thermo-mechanical performance of a heated slab can be notably 
enhanced through initiating heating at higher ambient temperatures, and reducing the depth of placement of 
the heating elements. 
 
 
Andrawes, Bassem; Claros, Ernesto Alfredo Perez; Zhang, Zige. Bond Characteristics and Experimental 
Behavior of Textured Epoxy-coated Rebars Used in Concrete Bridge Decks. Civil Engineering Studies, Illinois 
Center for Transportation Series, University of Illinois, Urbana-Champaign; Illinois Department of 
Transportation; Federal Highway Administration, Issue 22-001, 2022, 116p 
https://trid.trb.org/view/1902786 
Abstract: The deterioration of bridge decks is a problem typically associated with the corrosion of the 
reinforcing steel. This issue was partially controlled during the 1970s with the incorporation of the epoxy-
coating protection system. However, research later demonstrated that the smooth surface resulting from the 
epoxy-coating application reduces most of the friction between the rebar and the surrounding concrete. 
Consequently, forces acting on the rib faces are reconfigured in such a way that the radial components 
increase, triggering the early development of cracks. To mitigate both the reduction of bonding and the 
formation of cracks, the Illinois Department of Transportation proposed a new type of coated bars: textured 
epoxy-coated (TEC) bars. Over the last few years, different projects have been executed to understand and 
improve the characteristics of TEC rebars. This report is a continuation of research performed at the University 
of Illinois Urbana-Champaign to evaluate the bond behavior of TEC bars. The experimental program starts by 
characterizing, qualitatively and quantitatively, the roughness of the TEC rebars. Next, their bond-slip 
interaction embedded in concrete is evaluated through pull-out tests. Finite element models of these tests are 
developed to validate the behavior observed as the textured reinforcement loses anchorage with concrete. 
Based on these results, the experimental program then aims to study the impact of the drying shrinkage, 
temperature change, and flexural demands on two large-scale bridge deck specimens reinforced, individually, 
with TEC and standard epoxy-coated bars. The results collected from both specimens using digital image 
correlation and strain gauges are compared to explore the differences exhibited by the traditional and the new 
type of reinforcement coatings in terms of stress distribution in bridge decks. Finally, given the specialized 
equipment and time-consuming procedure needed to calculate the roughness parameters of TEC bars, an 
empirical, weight-based approach is developed as a rapid method for assessing the rebars’ roughness on-site. 
 
 
Zhang, Xiang; Yan, Quan-Sheng; Jia, Bu-Yu; Yang, Zheng; Zhao, Ying-Hao; Yu, Xiao-Lin. An analytical 
method for full-range mechanical behavior of continuous slab-deck in multi-span simply supported concrete 
bridges. Advances in Structural Engineering, Volume 25, Issue 1, 2022, pp 98-116 
https://trid.trb.org/view/1887044 
Abstract: Connecting the ends of girders with a continuous slab-deck to make a multiple-span simply 
supported girder bridge provides many benefits, but there is no suitable nonlinear analysis model which 
considers continuous slab-deck cracking under tension and bending. In this article, the rotational spring model 
is further refined to replace the restraining effects at both ends of the girder by the simplified mechanical model 
associated with axial stiffness, bending stiffness, and shear stiffness. Then, it is introduced into the analysis of 
continuous slab-deck. The more accurate rotations and displacements of both ends of continuous slab-deck 
are obtained to investigate the more precise moment and tension of the continuous slab-deck. Furthermore, 
this article presents an improved nonlinear analysis model of continuous slab-deck based on a detailed 
boundary rotational spring model. The displacements of important positions and the strain of key components 
in continuous slab-deck after cracking are investigated by numerical analysis and full-scale model test to 
verify the accuracy of the proposed nonlinear analysis model. The result shows that the nonlinear analysis 
model presented in this article could successfully evaluate the depth of cracks and the stress of rebars in 
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continuous slab-deck, and it is instructional in predicting the cracking state of the continuous slab-deck and 
the reinforcement design. 
 
 
Ge, Xiaomeng; Munsterman, Keaton; Deng, Xianjue; Reichenbach, Matt; Park, Sunghyun; Helwig, Todd; 
Engelhardt, Michael D; Williamson, Eric; Bayrak, Oguzhan. Designing for Deck Stress Over Precast Panels in 
Negative Moment Regions.  University of Texas, Austin; Texas Department of Transportation; Federal 
Highway Administration, 2021, 201p 
https://trid.trb.org/view/1904379 
Abstract: With increases in the use of precast concrete panels (PCPs) in Texas bridges, ensuring acceptable 
deck cracking behavior is of paramount importance to avoid long-term maintenance problems. The purpose of 
this study is to understand the cracking behavior of reinforced concrete bridge decks with precast concrete 
panels in the negative moment regions of continuous girders under service loading and to develop 
comprehensive guidelines for reinforcing steel details in the bridge decks in the negative moment regions of 
bridges utilizing PCPs. A major focus of the study is the influence of the reinforcing details on the control of 
deck crack width. Four concrete bridges were monitored during the construction period. Texas Department of 
Transportation (TxDOT) Implementation Project 5-6909-01 is focused on the instrumentation and monitoring of 
the continuous steel bridge in Bastrop to further evaluate deck reinforcement requirements. Concrete early-age 
shrinkage is the dominant reason for deck cracking. Increasing reinforcement ratio and decreasing rebar 
spacing showed some benefits. Through large-scale laboratory testing on composite Tub girders, the surface 
crack widths generally matched the predictions from the American Association of State Highway and 
Transportation Officials (AASHTO) crack width equation correlating with the maximum rebar stress, and 
concrete tension stiffening effect was also observed in the concrete specimen direct tensile tests. The 
numerical parametric studies confirmed that the deck reinforcement ratio is the critical factor for the maximum 
rebar stress. Finally, a design procedure is proposed for the longitudinal deck reinforcement in the negative 
moment regions. In most cases, using #4 bars spaced at 9-in. plus #5 bars spaced at 9-in. (ρ=1.1%) or #5 bars 
spaced at 6-in.(ρ=1.1%) reinforcing steel in the top mat, the maximum rebar stress can be limited to no more 
than 36-ksi under Service I load combination, and crack width can be limited to approximate 0.012 in. 
 
 
CT Bridge Girder Sections with Precast Decks and FRP Girder-Deck Shear Connectors (3.16). [Project].  
Office of the Assistant Secretary for Research and Technology, University of Maine, Orono. Start date: 1 Nov. 
2021. 
https://trid.trb.org/view/1994578 
Description: This project focuses on the assessment of the fiber-reinforced polymer tub girder (CT girder) with 
precast concrete decks and new, fiber-reinforced polymer (FRP) girder-deck shear connectors. This will extend 
the application of this new bridge technology by modularizing construction and the additional use of composite 
materials. The new FRP shear connectors, when used with FRP rebar for the deck reinforcing, will completely 
eliminate steel and therefore all corrosion in the bridge superstructure. The project will also include the fatigue 
testing of a full-scale girder, which has not been performed to-date. This research project will employ both 
large-scale and smaller-scale experiments, and includes direct collaboration with the industrial partner who has 
licensed and is marketing the CT girder. 
 
 
Deng, Kailai; Wang, Yuechen; Wu, Xin; Zhao, Canhui; Shu, Yang. Test and Simulation of the Shear 
Resistance of the Composite Deck Using Reinforcement Frame as the Shear Connector. Journal of Bridge 
Engineering, Volume 26, Issue 11, 2021, 04021079 
https://trid.trb.org/view/1874648 
Abstract: This paper develops a novel reinforcement frame as the shear connector in the composite deck, 
which was expected to deliver large pre-pouring stiffness. To investigate its shear resistance, nine specimens 
were designed, including eight specimens using a reinforcement frame and one comparative specimen using 
classic headed shear studs. The pre-pouring stiffness of all the specimens was tested by hanging weight. 
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Compared with the classic headed shear studs, the reinforcement frame significantly enhanced the pre-pouring 
stiffness of the composite deck hundreds of times. The four-point bending tests were performed to obtain the 
shear resistance of the composite deck. The composite decks using the reinforcement frame could achieve the 
same or even larger load-carrying capacity with those using headed shear studs. The wave-shaped rebar 
effectively limited the diagonal cracking. Based on physical testing, the finite–element model was developed 
and provided good agreement with the test results. The influence of the design parameters on the pre-pouring 
stiffness and ultimate shear resistance is discussed. Based on the physical tests and finite–element analysis, 
the demarcation condition for the two typical failure modes is observed. 
 
 
Zhang, Lifei; Zheng, Yu; Yu, Yong; Hu, Shaowei; Wu, Zhenduo; Di, Bo; Guo, Yongchang; Li, Ming. Structural 
performance evaluation of ECC link slabs reinforced with FRP bars for jointless bridge decks. Construction 
and Building Materials, Volume 304, Issue 0, 2021, 124462 
https://trid.trb.org/view/1875582 
Abstract: Deterioration of traditional mechanical expansion joints significantly affects the durability of bridge 
structures. Engineered cementitious composites have been proposed as an alternative to expansion joints in 
bridge decks. ECC link slabs were cast and tested under monotonic cyclic loading. Link slabs, reinforced with 
fibre-reinforced polymer bars, demonstrated sufficient flexibility to meet the current design protocols. Nonlinear 
finite element models were constructed based on the experimental data. Depth-span ratio and reinforcement 
ratio of such link slabs must not exceed 0.12 and 0.72%. Link slab debonded length should be larger than 
0.8% to obtain low bending stiffness. 
 
 
Fang, Jie; Ishida, Tetsuya; Fathalla, Eissa; Tsuchiya, Satoshi. Full-scale fatigue simulation of the deterioration 
mechanism of reinforced concrete road bridge slabs under dry and wet conditions. Engineering Structures, 
Volume 245, Issue 0, 2021, 112988 
https://trid.trb.org/view/1873626 
Abstract: This study investigates the deterioration process and mechanism of reinforced concrete (RC) slabs in 
road bridges under dry and stagnant water (wet) conditions. Previous studies used a simple-plate model (SPM) 
to predict the fatigue life of RC decks by considering conservative assumptions for safer assessment under 
different environmental processes. To obtain a more detailed analysis and clarify the deterioration result and 
mechanism, a full-scale superstructure of a realistic bridge is used in this study. The simulation results reveal 
differences between the full-scale model (FSM) and SPM due to size effects and boundary conditions. The 
findings also demonstrate that the failure mechanism in the FSM simulations differs between dry and wet 
conditions. In dry cases, damage easily occurs at the bottom surface of the bridge slab. However, in wet 
cases, horizontal cracks and disintegration occur below the top surface near the upper rebar layer of the slab 
during the early stage over a very short time period, which cannot be visually investigated according to current 
bridge slab inspection regulations. These results successfully reproduce the deterioration phenomenon that 
occurred on site, which indicates the credibility of the simulation. Then the effect of two wheel-loading on RC 
slabs is studied to assess the slab continuity at adjacent panels. This study provides a useful reference for 
more rational design and maintenance of RC slabs of road bridges. 
 
 
2290 Bond Behavior of Epoxy Coated Reinforcement Bars in Non-Proprietary UHPC. [Project].  Oklahoma 
Department of Transportation. Start date: 1 Oct. 2021. 
https://trid.trb.org/view/1896745 
Description: This project will develop non-proprietary ultra-high performance concrete (UHPC) mixtures using 
Oklahoma Department of Transportation (ODOT) specified materials along with comparisons with other non-
proprietary UHPC mixtures developed for bridge deck applications. Mixtures will be used to construct pull-out 
and beam-splice specimens for testing to investigate the effects of bar size and spacing, splice/embedment 
length, cover, fiber content, compressive strength, and bar coatings, including a new textured coating, on the 
bond strength between reinforcing bars and non-proprietary UHPC mixtures. A performance-based tension test 
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using a notched specimen will be evaluated to determine applicability for use in design. Test results will be 
used to develop guidelines for splice design, with special emphasis on using UHPC in closure strips between 
reinforced concrete members. 
 
 
Ross, Brandon; Poursaee, Amir; Sreedhara, Sachin; Mueller, Matt. Textured epoxy-coated and Galvanized 
Reinforcement to Reduce Cracking in Concrete Bridge Decks and Components.  Clemson University; 
Wisconsin Highway Research Program (WHRP); Wisconsin Department of Transportation; Wisconsin 
Department of Transportation; Federal Highway Administration, 2021, 144p 
https://trid.trb.org/view/1982978 
Abstract: The objective of this project was to evaluate the influence of different reinforcing bar surface coatings 
on crack control performance. Five different reinforcing bar coatings were used: black (uncoated), 
conventional (smooth) epoxy, textured-epoxy, hot-dipped galvanized, and continuously galvanized coatings. 
Five different series of laboratory tests were conducted to evaluate the impact of coatings on bar-concrete 
bond, shrinkage cracking, static flexural cracking, and cyclic flexural cracking. Similar trends were observed 
throughout all tests, with textured epoxy-coated bars providing superior bond and crack control performance. 
Performance (percentages relative to the average performance of all the bar types) are summarized as: black 
(uncoated) bars performed 10% better in load tests and 2% worse in shrinkage tests, smooth epoxy coated 
bars performed 27% worse in load tests, and 8% worse in shrinkage tests, textured epoxy-coated bars 
performed 15% better in load tests and 15% better in shrinkage tests, hot-dipped galvanized bars performed 
5% better in shrinkage tests (and were not evaluated in load tests) and continuously galvanized bars 
performed 3% worse in load tests and 8% worse in shrinkage tests. Two field studies were also conducted on 
the same bridge construction project. The bridge deck did not crack during the research period and 
comparisons in bar performance could not be made based on the deck. Girders with textured-epoxy bars as 
bottom flange confinement tended to have smaller flange cracks and larger web cracks than girders with 
smooth epoxy and hot-dipped galvanized bars. While this observation was consistent with theory, the mixed 
results do not lead to definitive conclusions regarding the best bar coating for girder confinement 
reinforcement. 
 
 
Schranz, Bernhard; Michels, Julien; Czaderski, Christoph; Motavalli, Masoud; Vogel, Thomas; Shahverdi, 
Moslem. Strengthening and prestressing of bridge decks with ribbed iron-based shape memory alloy bars. 
Engineering Structures, Volume 241, Issue 0, 2021, 112467 
https://trid.trb.org/view/1852610 
Abstract: Given the increasing age of the built environment, including concrete structures, stakeholders in the 
construction industry require innovative and effective strengthening methods. In several studies and onsite 
applications, iron-based shape memory alloy (Fe-SMA) reinforcements have proven to be competitive 
alternatives to well-established materials. The objective of this investigation was to study the effectiveness of 
two different prestressed strengthening methods for concrete members in flexure using recently available 
ribbed Fe-SMA (“memory-steel”) bars. Reinforced concrete slabs similar to the cantilever extension of box-
girder cross-sections were strengthened using only cementitious anchorages and subjected to quasi-static 
loading. The first strengthening method comprised the removal of the concrete cover and the installation of 
memory-steel bars with an additional mortar layer. The second strengthening method comprised the cutting of 
grooves in the concrete cover, followed by the installation of memory-steel bars with mortar (near-surface-
mounted). The prestress was obtained via resistive heating of the memory-steel bars. The strengthened 
specimens exhibited highly improved cracking, yielding, and maintained ductility until ultimate concrete 
compression failure. Observations utilizing a digital image correlation system indicated a damage-free 
prestressing process and no premature failure of the strengthening reinforcement. Different analytical 
approaches were used to estimate the prestress. 
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Hu, Da; Li, Shuai; Ma, Z John; Huang, Baoshan. Concrete Bridge Deck Deterioration Assessment Using 
Ground Penetrating Radar.  University of Tennessee, Knoxville; Tennessee Department of Highways; Federal 
Highway Administration, 2021, 48p 
https://trid.trb.org/view/1878373 
Abstract: Ground penetrating radar (GPR) is a non-destructive technique that has been used to inspect and 
assess concrete bridge deck deterioration. The objective of this project is to investigate the use of GPR in 
concrete bridge deck inspection and develop semi-automated tools to process GPR data for detecting, 
mapping, and visualizing potential deterioration areas of bridge decks. In this study, appropriate GPR system 
configuration and scanning parameters were discussed and identified to achieve efficient collection of GPR 
data suitable for bridge deck inspection. The GPR scans containing signatures resulted from different defects 
were investigated to examine the potential of GPR in bridge deck inspection. A workflow and semi-automated 
data processing methods were developed in this study to generate bridge deck deterioration maps from 
collected GPR scans. First, the random forest model was trained to detect regions in a GPR scan containing 
hyperbolic signatures reflected from rebars in a bridge deck. Then, a robust hyperbola fitting method was 
used to fit each hyperbolic signature in the rebar region to locate the rebar. Thereafter, the estimated rebar 
locations and corresponding depth-corrected amplitudes were extracted to detect potential deterioration areas. 
Color-coded maps were automatically generated to visually represent potential deterioration areas of concrete 
bridge decks, which could assist subsequent inspection and maintenance. The developed GPR-based bridge 
deck inspection workflow and methods were tested in three case studies of bridge deck survey. The workflow 
and tools could help expedite GPR data collection and processing for bridge deck assessment. 
 
 
Freeseman, Katelyn S; Liu, Zhengyu; Phares, Brent M. Implementation of the Negative Moment Reinforcing 
Detail Recommendations.  Iowa State University, Ames; Iowa Highway Research Board; Iowa Department of 
Transportation, 2021, 54p 
https://trid.trb.org/view/1854282 
Abstract: It is common practice to put additional longitudinal reinforcement (b2 bars) over intermediate 
supports to resist any negative moment induced by the superimposed dead loads and live loads on bridges. 
However, little research has been conducted on the performance of the additional negative reinforcing steel. 
Requirements for the termination of the additional negative moment reinforcing steel have largely been based 
on engineering judgement, previous performance, and existing practice. The main objective of this research 
was to evaluate the effect of different amounts of b2 bar on resisting the negative moment over the pier on a 
continuous prestressed concrete girder bridge when it is subject to the live load-generated moment and 
secondary moment. To achieve this objective, a live load field test was performed on a bridge designed with 
different amounts of b2 bars to allow for comparison of the varying levels of negative moment reinforcement 
present. A full-scale finite element model was developed and validated against the field-collected data to study 
b2 bar performance subjected to live loads. An evaluation was performed utilizing an analytical approach by 
calculating the time-dependent secondary moment using mRESTRAINT and loading the beam-line finite 
element model with the maximum negative moment. It was found that the negative moment induced by the live 
load and secondary moment does appear through the service life of the bridge. The high differential shrinkage 
rate between the fresh deck concrete and the girder concrete is the main source of the negative moment over 
the supports. The magnitude of the secondary moment was found to be highly influenced by the time when the 
continuity is established. The results also indicated that the additional longitudinal reinforcing steel provides 
minimal effect on resistance to the negative moment prior to the formation of deck cracking, regardless of 
whether the negative moment was induced by live loads or by the secondary moment. The current design 
approach determines the b2 bar requirement for the strength level based on the live load, while it may be 
necessary to include the secondary moment in the design. 
 
 
Cercone, Christina; Naito, Clay J; Hendricks, Robin; Sause, Richard. Composite Steel Tee Concrete Deck 
Bridge System: Performance of Interface Shear Connection. Journal of Bridge Engineering, Volume 26, Issue 
3, 2021, 04021003 
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https://trid.trb.org/view/1762997 
Abstract: A new short-span highway bridge system composed of inverted steel tee sections embedded in a 
concrete deck slab was developed for the Pennsylvania Department of Transportation. The interface shear 
connection between the concrete deck slab and steel tee sections is nontraditional and is fabricated by drilling 
holes near the top of the steel tee stems, placing transverse reinforcement bars through the holes, and 
casting the top of the steel tee stem into the deck. This paper discusses the mechanism and design of this 
interface shear connection between the concrete deck and the steel tee section to create composite action. 
The research approach is based on push-out tests conducted on full-scale subassemblies and validated with 
destructive tests on a full-scale prototype bridge module. The test program and the resulting design equations 
are discussed. The test results indicate that the response of this interface shear connection between the 
concrete deck and the steel tee section is dominated by shear yielding of the reinforcement bars passing 
through the holes in the tee section stem. After shear yielding of the bars, there is local crushing of the 
concrete and strength recovery as the bars develop catenary action. At larger relative deformation between the 
deck and steel tee (shear slip), a concrete breakout failure occurs on the bottom of the concrete deck. The use 
of a stem hole with no bar creates a brittle concrete shear dowel; the strength of this dowel can be estimated 
using a concrete shear strength formulation. Because the concrete dowels are brittle and the reinforcement 
bars passing through the stem holes have a ductile response, the recommended interface shear connection 
utilizes bars in all holes. The results of the full-scale bridge module test indicate that the interface shear 
connection and associated design equations provide effective composite action in the bridge system. 
 
 
Freeseman, Katelyn; Liu, Zhengyu; Sanderson, Tristan. Exploration of Ultrasound for the Evaluation and 
Preservation of Structures.  Iowa State University, Ames; Iowa State University; Iowa Highway Research 
Board; Iowa Department of Transportation, 2021, 42p 
https://trid.trb.org/view/1841162 
Abstract: Recent developments in nondestructive testing technology have opened the door for innovative 
inspection methods for infrastructure. One such technology is ultrasound evaluation, specifically in the form of 
linear arrays. The objective of this project was to explore the potential ability of an ultrasound evaluation device 
called MIRA to assess the condition of a bridge’s superstructure. To achieve this goal, MIRA was deployed at 
two bridges with two different sets of objectives. On the first bridge, two concrete overlays had previously been 
applied, and the bridge was soon to be overlaid for the third time. The second bridge was constructed using 
concrete box girders, and the condition of the post-tensioning ducts was of interest. For each bridge, multiple 
test sections were evaluated. Based on the test results, the following conclusions were made: When the 
overlay on the concrete deck was in good condition, MIRA could effectively detect the location and relative size 
of the rebar in the top layer; MIRA scans could not clearly distinguish between the bottom surface of the deck 
and the bottom layer reinforcement at about 575 mm below the surface; When cracks were present in the 
overlay, MIRA was able to detect these defects. However, since the substrate deck condition of one of the 
bridges was unknown during this project, the damage seen in the MIRA scans could not be field verified; MIRA 
performed well in detecting voids in post-tensioning ducts. This project hoped to capture the actual condition of 
the substrate of the first bridge via field evaluation during overlay placement. Unfortunately, due to delays in 
the letting of that work, the actual condition was not able to be captured within the timeframe of this project. As 
such, future research is recommended on an experimental basis to quantitatively evaluate MIRA’s 
performance related to validating the condition of the substrate. 
 
 
Naito, Clay J; Hendricks, Robin; Sause, Richard; Cercone, Christina. Composite Steel Tee Concrete Deck 
Bridge System: Design, Fabrication, and Full-Scale Verification. Journal of Bridge Engineering, Volume 26, 
Issue 1, 2021, 04020109 
https://trid.trb.org/view/1746803 
Abstract: A short-span highway bridge system composed of steel tee sections embedded in a concrete deck 
slab during fabrication of the member was developed for the Pennsylvania Department of Transportation. The 
connection between the concrete deck slab and steel tee sections consists of transverse reinforcing bars 
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passing through drilled holes located near the top of the steel tee stems and cast into the deck slab. This paper 
presents the design and fabrication approach for the composite steel tee concrete deck bridge system. A full-
scale prototype is fabricated in accordance with the design and fabrication approach, and the approach is 
verified through monitoring and destructive testing of the prototype. The prototype is load tested to examine its 
performance relative to AASHTO service and strength requirements. The full-scale prototype results indicate 
that the design and fabrication approach produces a composite steel tee concrete deck bridge system that 
satisfies AASHTO limit state criteria. 
 
 
Emery, Tenli Waters; Polanco, Hannah; Guthrie, W Spencer. Development of a Management Guide for 
Concrete Bridge Decks in Utah.  Brigham Young University; Utah Department of Transportation; Federal 
Highway Administration; U.S. Department of Transportation, 2020, 250p 
https://trid.trb.org/view/1890177 
Abstract: The objectives of this research were to 1) investigate bridge deck condition assessment methods 
used in the field and laboratory, methods of managing bridge decks, and methods for estimating remaining 
bridge deck service life using computer models through a comprehensive literature review on these subjects; 
2) collect and analyze field data from representative concrete bridge decks in Utah; and 3) develop a decision 
tree for concrete bridge deck management in Utah. Based on the results of field work and statistical analyses, 
placing an overlay within a year after construction is recommended. Removing SIPMFs after a deck age 
greater than 18 years is not likely to be effective at reversing the adverse effects of the SIPMFs on bridge 
deck condition and is not recommended. Bridge deck construction using internally cured concrete is not 
recommended for protecting against rebar corrosion. To the extent that excluding an automatic deck deicing 
system does not compromise public safety, automatic deck deicing systems are not recommended. To 
supplement the typical corrosion initiation threshold of 2.0 lb Cl⁻/yd³ of concrete for black bar, a corrosion 
initiation threshold of 8.0 lb Cl⁻/yd³ of concrete is recommended in this research for bridge decks with intact 
epoxy-coated rebar. For chloride concentrations less than 20 lb Cl⁻/yd³ of concrete as measured between 
reinforcing bars, an increase of up to 70 percent should be applied to estimate the corresponding chloride 
concentration of the concrete in direct contact with the rebar. The decision tree developed in this research 
includes 10 junctions and seven recommended treatments. The junctions require the user to address 
questions about surface type, degree of protection against water and chloride ion ingress, degree of 
deterioration, and years of additional service life needed; the answers lead to selection of treatment options 
ranging from repairing an overlay to full-depth bridge deck reconstruction. 
 
 
Kim, Yail Jimmy. Bridge Deck Repair Investigation and Quantity Estimation.  University of Colorado, Denver; 
Colorado Department of Transportation; Federal Highway Administration; U.S. Department of Transportation, 
2020, 81p 
https://trid.trb.org/view/1842774 
Abstract: This report presents a case study on the evaluation of bridge decks using various non-destructive 
test methods. In consultation with the Colorado Department of Transportation, five representative bridges are 
selected and assessed by qualitative/empirical (visual inspection and chain drag) and quantitative (ground-
penetrating radar (GPR) and rebound hammer) approaches. The primary interest lies in quantifying 
delaminated areas in deck concrete covered with asphalt overlays. Analytical and computational models are 
formulated to decompose the intensity of GPR scales into two categories: i) initiation and progression of 
corrosion and ii) delamination of deck concrete, which show good agreement with repaired areas. Parametric 
investigations emphasize the significance of rebar spacing and concrete cover in determining the extent of 
deck delamination. Implementation: Current visual inspection methods employed at CDOT are adequate. The 
tolerable accuracy of GPR is ±20% at a 95% confidence interval. The severity of deterioration in GPR over 
40% is taken for the estimation of deck delamination (40% to 100%). Rebound hammering is an alternative to 
GPR when a deck is not covered. The deteriorated area of deck concrete is inferred by adopting a threshold of 
20% from the average strength measured by a rebound hammer 
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Sim, Chungwook; Frosch, Robert J. Cracking Behavior of Slabs with Corrosion-Resistant and High-Strength 
Reinforcing Bars. ACI Structural Journal, Volume 117, Issue 5, 2020, pp 245-257 
https://trid.trb.org/view/1873284 
Abstract: Crack control remains important even if corrosion-resistant reinforcement (chromium-containing or -
chromium-coated bars) is used because cracking of the concrete can lead to durability concerns such as 
freezing-and-thawing damage. Considering that the surface roughness is different for various corrosion-
resistant bars even without coatings, differences in both crack widths and spacing are expected. Twelve slabs 
were tested to 1) identify how cracking is affected by various types of bars; 2) investigate if current crack 
width calculations are adequate for these bars; and 3) evaluate crack widths at higher stress levels 
considering that chromium-containing bars (for example, stainless steel and ASTM A1035) have higher 
strengths that may be used in design. Primary variables considered included the bar type and bar spacing. The 
influence of bar stress was also of primary interest as high service stresses are possible with the use of higher 
strength reinforcement. 
 
 
Torkornoo, Selase; Bradshaw, Ethan; Sharp, Stephen  R; Sprinkel, Michael M. Design of Artificially Cracked 
Concrete Specimens for Virginia Department of Transportation Material Evaluation.  Virginia Transportation 
Research Council; Virginia Department of Transportation; Federal Highway Administration, 2018, 35p 
https://trid.trb.org/view/1514325 
Abstract: The penetration of chloride ions and moisture through cracks in reinforced concrete structures can 
accelerate the corrosion of steel reinforcement and shorten the service life of the structure. The purpose of this 
study was to develop a method for simulating cracks of varying widths in concrete as a means of assessing 
various methods that are used to reduce the detrimental effects of cracks in reinforced concrete bridge decks. 
Once a promising design using shims set in concrete to simulate cracking was achieved, the specimens with 
simulated cracks were used to evaluate two materials that are routinely used by the Virginia Department of 
Transportation (VDOT) to reduce damage in reinforced concrete with cracks. The two materials were crack 
sealant and corrosion-resistant reinforcement. The study developed removable shim designs that provided for 
a more rapid acceptance and quality control corrosion test for crack sealant products. The designs also 
provided for an indication of the sealants’ ability to restrict chloride intrusion into a crack and the subsequent 
initiation of corrosion. In addition, a permanent shim constructed using Type 5 filter paper attached to Permacel 
double-sided tape provided a controlled way of testing the corrosion resistance of different types of corrosion-
resistant reinforcement. Finally, it was determined that water-soluble shims formed a semisolid mass while 
being dissolved with water that sealed the crack openings and did not provide the crack needed to evaluate 
the behavior of sealant materials. The study also found that Type 25, Type 4095, and MX-45 sands were not 
optimal for comparing the relative penetration performance of the crack sealants but that the MX-45 sand 
specified by Virginia Test Method (VTM) 101 should continue to be used. Although all six sealants evaluated 
met the requirements of VTM 101, the most promising sealants based on greater crack penetration and 
retention of the coating on more area of the crack face were a high molecular weight methacrylate and two low 
viscosity epoxies. Using these sealants at room temperature, workers have at least 5 minutes but less than 15 
minutes on average to work sealants into cracks for greater than 95% penetration. Finally, the 4-oz waxed 
paper cups specified in VTM 101 were not available. The study recommends that VDOT revise VTM 101 to 
specify a 5-oz waxed paper cup that is readily available. Further, the Virginia Transportation Research Council 
and VDOT’s Materials Division should continue to the develop the filter paper shim design for a more rapid 
acceptance and quality control corrosion test for corrosion-resistant reinforcement and the removable shim 
design for a more rapid acceptance and quality control corrosion test for crack sealant products. 
 
 
Textured Epoxy Coated and Galvanized Reinforcement to Reduce Cracking in Concrete Bridge Decks and 
Components. [Project].  Wisconsin Department of Transportation. Start date: 1 Oct. 2018. 
https://trid.trb.org/view/1589399 
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Description: Historically, bridge and structure owners have searched for ways to prevent cracking of concrete 
bridge decks and components to prevent and control deterioration. Structural components that are of concern 
include parapets, piers, and prestressed girder ends. However, bridge decks have been the primary concern 
for deterioration due to the wide, thin, and long pours used coupled with application of deicing chemicals. 
Designers have used code guidance on reinforcement placement in an attempt to control flexure cracking as 
well as providing reinforcement to resist temperature and shrinkage strains. Industry has provided products like 
epoxy coated, stainless steel, galvanized, and other reinforcements to help reduce deterioration that may occur 
to the reinforcement after the initiation of cracking. Some of the mitigating tools used to address deterioration 
of reinforcement may be expensive (e.g., stainless steel reinforcement). 
Recently, new approaches have been proposed to help prevent cracking that may be the result of issues with 
the localized bond between epoxy coated reinforcement and the concrete. Specifically, the use of textured 
epoxy coated reinforcement has been introduced as a strategy to reduce or prevent cracking in concrete 
decks and components. For Textured Epoxy Coated Reinforcement, it had been reported that the epoxy 
receives a powder coating improving bond strength. One DOT reported reduced and or tighter cracking than 
conventional epoxy coated rebar on three pilot deck projects. It had also been reported that the process is not 
patented and difference in cost is only few cents per unit weight. 
Along the lines of textured epoxy coated reinforcement, it has been suspected that galvanized reinforcement 
may also provide improved bond between concrete and reinforcement as a byproduct of the corrosion 
protection benefits of galvanization. It is not known if this potential improved bond between galvanized 
reinforcement exists and provided benefits in controlling cracking in bridge decks and components. However, 
if this quality exists, it could provide benefit in bridge decks and components. 
The objective of this research is to examine the use of textured epoxy coated and galvanized reinforcement in 
bridge decks and other bridge components, specifically Wisconsin deep prestressed girder ends. 
 
 
Patnaik, Anil. Reduction of Bridge Deck Cracking through Alternative Material Usage.  University of Akron; 
Ohio Department of Transportation; Federal Highway Administration, 2017, 344p 
https://trid.trb.org/view/1503892 
Abstract: Ohio Department of Transportation (ODOT) routinely deploys a large number of continuous span 
structural slab bridges. Despite being designed to strictly satisfy all the relevant American Association of State 
Highway and Transportation Officials (AASHTO) and ODOT BDM requirements, many such bridge decks 
show transverse cracks, with widths greater than those predicted using AASHTO 2012 and ACI 318-14 
guidelines, after being in service for less than one year. The addition of polypropylene fiber to deck concrete 
has the potential to reduce such cracking. The overall goal of this project was to identify materials and 
methods to reduce the extent and severity of deck cracking for structural slab bridges and determine the 
effectiveness of fiber for this purpose. From the crack surveys of 30 bridges in various ODOT districts, 
sampled from the 63 bridges suggested from the bridge inventory, it was found that crack widths of transverse 
cracks were in excess of the recommended limit of 0.007″ on 26 of the surveyed bridges. Meeting the 
maximum crack width limit of 0.007″ for bridge decks reinforced with epoxy-coated bars is unrealistic and 
unachievable with current ODOT practices, and this limit may need to be reconsidered. The addition of fiber to 
deck concrete without any changes to the reinforcement details of continuous span structural slab bridges was 
determined to reduce the extent and the severity of cracking by a factor of about 3 to 4, making it plausible to 
reduce crack widths in future bridge decks. The beneficial effects of fiber primarily stem from the improved 
performance of the concrete with fiber under freeze-thaw and sustained loading as well as from the enhanced 
response of concrete to static and fatigue loading. The ease of placement, effective consolidation and 
acceptable finish achieved with concrete incorporating polypropylene fiber at a rate of 10 lb/yd³ in a pilot bridge 
in Medina County (Ohio) makes the proposed solution implementable by ODOT without any deviations from 
the current practices except for the addition of fiber to deck concrete. 
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Henkhaus, Rachel E; Villamizar, Sandra; Ramirez, Julio A. Increase in Coating Thickness of Epoxy-Coated 
Steel Reinforcing Bars for Concrete Deck Replacement. ACI Materials Journal, Volume 117, Issue 5, 2020, pp 
67-79 
https://trid.trb.org/view/1753599 
Abstract: The allowable range of epoxy coating thickness specified by ASTM A775/A775M is 175 to 400 µm (7 
to 16 mils). This study investigates the impact on structural performance of increasing the upper limit of epoxy 
coating thickness to 460 µm (18 mils) with respect to deflections, cracking, and bond strength of tension 
splices. Twenty beam specimens containing single splices as well as splices of bundled bars were tested to 
failure. The experimental parameters were ranges of epoxy coating thicknesses (300 to 380 µm [12 to 15 mils] 
and 460 to 530 µm [18 to 21 mils]) and bar sizes No. 16 and 29 [No. 5 and 9]). Test results confirmed the 
applicability of current code requirements for development and splice length of epoxy-coated bars in tension in 
ACI 318-14 and AASHTO LFRD 2014, including bars in bundles, up to a coating thickness not to exceed 460 
µm (18 mils). 
 
 
Mikulich, Matthew. Evaluation of Bridge Deck Treatments Along I-15 in Nephi, Utah.  University of Utah; Utah 
Department of Transportation; Federal Highway Administration; U.S. Department of Transportation, 2020, 
120p 
https://trid.trb.org/view/1764333 
Abstract: This report reviews the available condition, history, and chloride testing results of twenty-two (22) 
reinforced concrete bridge decks on I-15 near Nephi, Utah from milepost 221 to 228. The bridges in this 
research group were constructed in the same era with similar details, and also experienced comparable 
vehicular and environmental loads. Each of the structures have received varying levels of preservation 
treatments over their service lives, including structural pothole patching, healer sealers, thin bonded polymer 
overlays, hydrodemolition, and latex modified concrete overlays. The relative successes of these treatments 
are evaluated using data from the chloride ion infiltration tests and the bridge condition surveys and treatment 
histories. Chloride profiles reveal the extent of ion ingress and critical concentrations at reinforcement depths, 
with the suggested critical value of 8.0 pounds per cubic yard (lb per CY) for epoxy-coated rebar. The results 
of the data analysis concluded that with all significant variables accounted for, hydrodemolition with latex 
modified concrete overlay had the comparatively best performance, followed by structural pothole patching 
with thin bonded polymer overlays. In general, the performance of the structural pothole patching with healer 
sealer treatments performed comparatively poorly. 
 
 
Treat, Corin; Dymond, Benjamin Z. Deterioration of Mixed Rebar and Fiber-Reinforced Concrete Bridge 
Decks.  University of Minnesota,  Duluth; Minnesota Department of Transportation, 2019, 280p 
https://trid.trb.org/view/1593723 
Abstract: Between 1973 and 1989, approximately 600 bridge decks were constructed in Minnesota with a top 
layer of epoxy-coated rebar and a bottom layer of uncoated rebar (i.e., mixed rebar deck) to potentially reduce 
corrosion in the top layer of rebar. In the last five years, at least 20 bridge decks were constructed with 
polypropylene fibers in the concrete mix to reduce the width and amount of cracking. This project investigated 
how mixed rebar or polypropylene fibers affected the rate of deterioration in bridge decks (e.g., spalling of 
underside of deck concrete or unsound concrete on the top wearing surface) compared to control structure 
decks of approximately the same age. Visual inspections were conducted on certain bridges to compare the 
visual degradation of the mixed rebar and fiber-reinforced decks with heir control structure decks. The results 
were subdivided to indicate how the superstructure type, average daily traffic, route type, and wearing surface 
crack density affected the condition ratings and rate of deterioration. The mixed rebar decks reached worse 
condition states than the control structures when comparing the condition of the underside of the deck; steel 
superstructures had the largest negative affect on the deterioration. Recommendations included: create an 
inspection rating element for mixed rebar decks that quantifies the underside of deck crack density, use a 
robust crack sealing method on mixed rebar decks when they have been at NBE Element #12 CS2 for 
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approximately 7 years, and continue comparing fiber-reinforced decks to control structure decks to analyze the 
deterioration over time. 
 
 
Kim, Kun-Ho E; Andrawes, Bassem. Behavior of Epoxy-Coated Textured Reinforcing Bars. Civil Engineering 
Studies, Illinois Center for Transportation Series, University of Illinois, Urbana-Champaign; Illinois Department 
of Transportation; Federal Highway Administration, Issue 18-005, 2018, 28p 
https://trid.trb.org/view/1509797 
Abstract: Cracking in bridge decks is a common but difficult problem to control. Both research and 
experience show that the use of epoxy-coated reinforcement, which is mandated by most state departments of 
transportation (DOTs) for bridge decks, increases cracking. Although the epoxy coating protects the steel 
from corrosion, bond strength is compromised and the increased cracking exacerbates durability issues in 
concrete. As a means to improve bond and reduce the formation of cracks, the Illinois Department of 
Transportation (IDOT) proposed texturizing the surface of epoxy-coated bars. IDOT developed a prototype 
textured epoxy coating and this report details a preliminary study on the bond strength of reinforcing bars with 
the new coating. Direct pull-out tests were performed on uncoated, standard epoxy-coated, and textured 
epoxy-coated No. 5 and No. 8 reinforcing bars to compare the bond characteristics. Standard epoxy-coated 
bars clearly demonstrated an increased tendency to slip and split the concrete. Initially, bars with the textured 
epoxy coating showed good force-slip behavior similar to black steel, but a rapid degradation of slip resistance 
was observed. On average, the peak nominal bond stress developed in the textured epoxy-coated No. 5 bars 
was approximately 17% lower than the uncoated bars. Pull-out specimens with No. 8 bars were confined using 
steel and shape memory alloy (SMA) wires to prevent concrete splitting. The confined No.8 bar specimens 
demonstrated behavior similar to the No. 5 bar specimens. In addition to the direct pull-out tests, three beam 
specimens were fabricated using No. 5 bars as a preliminary means to compare the bond behavior of the bars 
in flexure. Overall, in both the direct pull-out and flexural testing—the added frictional resistance of the textured 
epoxy-coating showed promise as an effective way to improve slip resistance and reduce concrete cracking. 
However, further research is needed to optimize the coating and characterize its behavior. 
 

https://trid.trb.org/view/1509797


 
 

 
1 

NS 674 – Bridge Deck Reinforcement Layout: Literature Search 
Tuesday, July 19, 2022 

Prepared for: Marcus Bekele 

Prepared by: Jim Byerly, Electronic Resources Librarian 

Resources searched: EBSCO, Transport Database, TRID, MnDOT Library Catalog 

Summary: Results are compiled from the databases named above.  Links are provided for full-text, if 
applicable, or to the full record citation.  I completed my searches using the following terminology: bridge deck, 
reinforcing bar, rebar, detail, spacing, crack, cracking.   

Results 
 
Sanderson, Tristan; Freeseman, Katelyn; Liu, Zhengyu. Concrete bridge deck overlay assessment using 
ultrasonic tomography. Case Studies in Construction Materials, Volume 16, Issue 0, 2022, e00878 
https://trid.trb.org/view/1904299 
Abstract: Infrastructure continues to age, which calls for inspections and repairs to ensure public safety. 
However, there are difficulties when it comes to structural monitoring of bridges and other structures. This is 
especially true for bridge decks with overlays as the deck substrate is not visible and existing inspection 
methods can be imprecise. Recent developments in nondestructive testing technology have opened the door 
for innovative inspection methods for infrastructure. One such technology is ultrasound evaluation, specifically 
in the form of linear arrays. One Ultrasonic Tomography Device (UTD), called MIRA, which implements this 
technology was deployed on a bridge deck to explore its capabilities with respect to assessing the internal 
condition of a deck with an existing overlay present. To achieve this objective, a 65-year-old bridge deck was 
selected for the ultrasound evaluation. Five locations with various overlay and deck conditions were scanned. 
The results indicated that when the overlay and the concrete deck are in good condition, the UTD could 
effectively detect the location and size of the top layer rebar and the deck thickness. It was also found that 
although the UTD scans showed a large area near the bottom of the deck (about 575 mm below the surface), it 
could not clearly decipher between the bottom surface of the deck and the bottom layer reinforcement. In 
addition, when visible cracks exist in the overlay, the UTD scans cannot clearly show the rebar details and 
deck thickness. The results indicate potential for determining the extent of bridge deck deterioration for the 
purposes of maintenance and rehabilitation planning efforts. Further research is proposed for a laboratory 
investigation with known internal deck condition to determine the influence from the cracking in the overlay 
level and damage in the deck on the UTD scan results. 
 
 
Ge, Xiaomeng; Munsterman, Keaton; Deng, Xianjue; Reichenbach, Matt; Park, Sunghyun; Helwig, Todd; 
Engelhardt, Michael D; Williamson, Eric; Bayrak, Oguzhan. Designing for Deck Stress Over Precast Panels in 
Negative Moment Regions.  University of Texas, Austin; Texas Department of Transportation; Federal 
Highway Administration, 2021, 201p 
https://trid.trb.org/view/1904379 
Abstract: With increases in the use of precast concrete panels (PCPs) in Texas bridges, ensuring acceptable 
deck cracking behavior is of paramount importance to avoid long-term maintenance problems. The purpose of 
this study is to understand the cracking behavior of reinforced concrete bridge decks with precast concrete 
panels in the negative moment regions of continuous girders under service loading and to develop 
comprehensive guidelines for reinforcing steel details in the bridge decks in the negative moment regions of 
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bridges utilizing PCPs. A major focus of the study is the influence of the reinforcing details on the control of 
deck crack width. Four concrete bridges were monitored during the construction period. Texas Department of 
Transportation (TxDOT) Implementation Project 5-6909-01 is focused on the instrumentation and monitoring of 
the continuous steel bridge in Bastrop to further evaluate deck reinforcement requirements. Concrete early-age 
shrinkage is the dominant reason for deck cracking. Increasing reinforcement ratio and decreasing rebar 
spacing showed some benefits. Through large-scale laboratory testing on composite Tub girders, the surface 
crack widths generally matched the predictions from the American Association of State Highway and 
Transportation Officials (AASHTO) crack width equation correlating with the maximum rebar stress, and 
concrete tension stiffening effect was also observed in the concrete specimen direct tensile tests. The 
numerical parametric studies confirmed that the deck reinforcement ratio is the critical factor for the maximum 
rebar stress. Finally, a design procedure is proposed for the longitudinal deck reinforcement in the negative 
moment regions. In most cases, using #4 bars spaced at 9-in. plus #5 bars spaced at 9-in. (ρ=1.1%) or #5 bars 
spaced at 6-in.(ρ=1.1%) reinforcing steel in the top mat, the maximum rebar stress can be limited to no more 
than 36-ksi under Service I load combination, and crack width can be limited to approximate 0.012 in. 
 
 
Kim, Yail Jimmy. Bridge Deck Repair Investigation and Quantity Estimation.  University of Colorado, Denver; 
Colorado Department of Transportation; Federal Highway Administration; U.S. Department of Transportation, 
2020, 81p 
https://trid.trb.org/view/1842774 
Abstract: This report presents a case study on the evaluation of bridge decks using various non-destructive 
test methods. In consultation with the Colorado Department of Transportation, five representative bridges are 
selected and assessed by qualitative/empirical (visual inspection and chain drag) and quantitative (ground-
penetrating radar (GPR) and rebound hammer) approaches. The primary interest lies in quantifying 
delaminated areas in deck concrete covered with asphalt overlays. Analytical and computational models are 
formulated to decompose the intensity of GPR scales into two categories: i) initiation and progression of 
corrosion and ii) delamination of deck concrete, which show good agreement with repaired areas. Parametric 
investigations emphasize the significance of rebar spacing and concrete cover in determining the extent of 
deck delamination. Implementation: Current visual inspection methods employed at CDOT are adequate. The 
tolerable accuracy of GPR is ±20% at a 95% confidence interval. The severity of deterioration in GPR over 
40% is taken for the estimation of deck delamination (40% to 100%). Rebound hammering is an alternative to 
GPR when a deck is not covered. The deteriorated area of deck concrete is inferred by adopting a threshold of 
20% from the average strength measured by a rebound hammer 
 
 
Guthrie, W Spencer; Roper, Elizabeth A. Chloride Concentration and Blow-through Analyses for Concrete 
Bridge Deck Rehabilitation Using Hydrodemolition.  Brigham Young University; Utah Department of 
Transportation; Federal Highway Administration; U.S. Department of Transportation, 2020, 107p 
https://trid.trb.org/view/1890176 
Abstract: The objectives of this research were 1) to investigate the effects of hydrodemolition treatment timing 
on chloride concentration profiles in concrete bridge decks for depths of concrete removal below the top mat 
of reinforcing steel and 2) to investigate factors that influence the occurrence of blow-throughs in concrete 
bridge decks when hydrodemolition is used. The scope of this research included a questionnaire survey of 
hydrodemolition companies to summarize common practices in the field, numerical modeling of chloride 
concentration to investigate hydrodemolition treatment timing on typical Utah bridge decks, and structural 
analysis to investigate factors that influence the occurrence of blow-throughs during hydrodemolition. The 
survey responses are valuable for understanding typical practices and were used to design the numerical 
experiments. The results of numerical modeling indicate that, when a surface treatment is used, the chloride 
concentration at either the top or bottom mat of reinforcing steel does not reach or exceed 2.0 lb of chloride per 
cubic yard of concrete after rehabilitation during the 75 years of simulated bridge deck service life. The results 
also indicate that, when a surface treatment is not used, the chloride concentration at the top mat of 
reinforcement exceeds 2.0 lb of chloride per cubic yard of concrete within 10, 15, and 20 years after 
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rehabilitation for original cover depth values of 2.0, 2.5, and 3.0 in., respectively. The results of structural 
analysis indicate that the factor of safety against blow-throughs significantly increases with increasing values of 
transverse rebar spacing and concrete compressive strength and decreasing values of depth of removal below 
the bottom of the top reinforcing mat, orifice size, and water pressure within the investigated ranges of these 
parameters. 
 
 
Rathod, Harsh; Debeck, Scott; Gupta, Rishi; Chow, Brian. Applicability of GPR and a rebar detector to obtain 
rebar information of existing concrete structures. Case Studies in Construction Materials, Volume 11, Issue 0, 
2019 
https://trid.trb.org/view/1603663 
Abstract: Much of Canada’s existing infrastructure was constructed during 1950s, 1960s and 1970s. These 
include all transportation infrastructures such as bridges, highways, tunnels, etc. It is important to know the 
condition of these aging infrastructures in terms of their load carrying capacity to ensure their safety and 
serviceability. There are several old reinforced concrete slab bridges within the network of Ministry of Forests 
in B.C. Canada that have unknown rebar spacing, cover and diameter. This research paper discusses the 
application of Ground Penetrating Radar (GPR) and a Rebar detector in obtaining valuable information about 
rebar diameter, spacing and cover depth required to determine the structural capacity (load rating) of bridge 
decks. For this, GPR and the rebar detector have been applied on an existing bridge deck, a precast bridge 
girder and a reinforced concrete test slab panel available in the materials lab at the Facility for Innovative 
Materials and Infrastructure Monitoring (FIMIM) at the University of Victoria (UVic). To assess the applicability 
of GPR and Profoscope (Rebar Detector) in obtaining rebar information, the results obtained using both the 
techniques were compared in terms of their errors in determining all three parameters of rebar; diameter, 
spacing and cover depth. The results were validated by measuring the actual diameter, spacing and cover 
depth of the rebar in the reinforced concrete test slab available in the lab at UVic. 
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Analysis of bridge deck cracking data : a review of mechanisms, analysis of MnDOT bridge 
construction data, and recommendation for treatment and prevention  
Rettner, David L.; Minnesota. Department of Transportation. Research Services & Library.; American 
Engineering Testing, Inc. 
 2014 
  
  
Steel-Free Concrete Bridge Decks (3.18). [Project].  Office of the Assistant Secretary for Research and 
Technology. Start date: 1 Jun. 2022. 
https://trid.trb.org/view/1994581 
Description: In order to realize a potentially transformational improvement in concrete bridge deck durability, 
the proposed research program intends to validate a deck design by which little to no conventional 
reinforcement is required. The design relies on the development of so-called arching action to maintain 
compressive stresses in the concrete thereby minimizing the risk of cracks that adversely affect long term 
durability. The project will move the technology forward by both validating the structural parameters by which 
the arching action is invoked, and by developing a suitable concrete mix reinforced with small non-metallic 
fibers that will meet the structural and long-term durability requirements. The outcome of the project will be a 
set of guidelines by which a field demonstration project can be developed. 
 
 
TRC2203 - Low-Shrinkage Concrete Mixtures for Arkansas. [Project].  Federal Highway Administration, 
Arkansas Department of Transportation. Start date: 28 Mar. 2022. 
https://trid.trb.org/view/1897260 
Description: The goal is to find low-shrinkage material combinations using regional aggregate and cement 
sources in order to prevent early-age bridge deck cracking.  The project will suggest mix designs for low-
shrinkage concrete based on the locally available sources in each district. 
 
 
Mitigation Strategies for Cracking in Concrete Bridge Decks. [Project].  Maine Department of Transportation. 
Start date: 1 Mar. 2022. 
https://trid.trb.org/view/1895367 
Description: One of the most important and common problems in state concrete infrastructures (specially in 
bridge decks) is cracking. Previous work with the University of Maine TIDC (Transportation Infrastructure 
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Durability Center) and Maine DOT titled: Concrete Systems for a 100-Year Design Life, it has been found that 
following strategies can be used for reducing cracks in concrete decks: 
(1) Using Shrinkage Reducing Admixtures 
(2) Using Shrinkage Compensating (expansive) Admixtures  
(3) Limiting drying shrinkage. The 28-day drying shrinkage (ASTM C157/C157M 2017) should be kept below 
300-350 με  
The study team tried to restrict drying shrinkage using shrinkage reducing and shrinkage compensating 
(expansive) admixtures. But other strategies need to be studied as well. In this project, the team will focus on 
the effects of better aggregate grading, fibers, and differential temperature on cracking, durability, mechanical, 
and transport properties of Class A concrete. 
 
 
Hamid, Waleed K; Steinberg, Eric  P; Khoury, Issam; Walsh, Kenneth  K; Semendary, Ali; Ahmed, Safiya. 
Determination of concrete shrinkage initiation in internally cured and conventional concrete decks. Journal of 
Testing and Evaluation, Volume 50, Issue 2, 2022, 10p 
https://trid.trb.org/view/1897034 
Abstract: The extended performance of the concrete bridge deck depends on the concrete’s ability to resist 
early-age cracks, which are primarily induced by self-desiccation shrinkage. Several studies have been 
conducted to study the effect of shrinkage on the development of early-age cracks. When concrete shrinkage 
occurs, its magnitude may account for tensile stresses developing in the concrete deck over time. Therefore, 
determining when shrinkage stress initiates in concrete is critical to precisely predict and analyze early-age 
cracking. The main objective of this research was to determine the appropriate time at which shrinkage 
initiates at early age for various concrete mixtures under field conditions. To achieve this objective, two 
adjacent bridge decks, one with internally cured concrete (ICC) and one with conventional concrete, were 
constructed and instrumented to measure concrete strains and the temperature in both bridge decks during 
the first 30 h after concrete placement. The results of the field study were also compared with previous studies. 
Besides, a new approach to determine shrinkage initiation at early age depending on the strains of the free and 
restrained shrinkage was used in this research. The results showed that the time of concrete shrinkage 
initiation in both concrete decks was identical. For each deck, this time was approximately 5 h after concrete 
casting. The results showed that the time of the shrinkage development initiation in the ICC was consistent 
with the initial setting time. 
 
 
Shafei, Behrouz; Taylor, Peter; Phares, Brent; Kazemian, Maziar. Fiber-Reinforced Concrete for Bridge 
Decks.  Iowa State University, Ames; Iowa Highway Research Board; Iowa Department of Transportation, 
2021, 152p 
https://trid.trb.org/view/1910013 
Abstract: Concrete is made of multiple ingredients that begin in a plastic phase and become solid over time. 
Additionally, it is well established that concrete is exposed to various stressors from the initial hours of pouring, 
making it prone to cracking. The multiphase nature of concrete along with these stressors require the 
consideration of several factors, especially for the design of concrete bridge decks that are exposed to 
aggressive environmental and mechanical stressors simultaneously. Due to the low early-age strength of 
concrete, even small-scale tensions can result in cracking and consequently decrease the longevity of the 
concrete structure. In order to address these issues, a three-stage framework was designed for this project. In 
Stage 1, multiple binder compositions were investigated for their performance in terms of early-age plastic 
shrinkage by recording capillary pressure development, monitoring crack width, and determining strain 
development by means of digital image correlation. After binder modification, in Stage 2 different dosages of 
microfibers were added to concrete mixtures to compensate for the concrete’s low tensile strength and control 
cracking during the life of the concrete. To measure the efficiency of the microfibers, drying shrinkage, 
compressive and splitting tensile strength, and rapid chloride migration tests were carried out to determine the 
cracking potential and mechanical and durability properties of fiber-reinforced concrete (FRC). In Stage 3, 
three types of macrofibers (i.e., polypropylene [PP], alkali-resistant [AR] glass, and polyvinyl alcohol [PVA]) 
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were incorporated at multiple dosages into FRC that already contained microfibers to enhance the post-peak 
strength of the concrete. The compressive, splitting tensile, and flexural strengths of the concretes were 
recorded as the pre-peak mechanical properties, and the toughness and residual flexural strength were 
recorded as the post-peak mechanical properties. The results show that Class F fly ash, as opposed to silica 
fume and Type K (expansive) cement, contributes most to the early-age cracking resistance of concrete. 
Furthermore, increasing PP microfiber content significantly reduced the cracking potential and enhanced the 
mechanical properties and chloride resistance of concrete. In the case of hybrid FRC (FRC containing both 
microfibers and macrofibers), AR glass macrofibers introduced superior performance compared to PP and 
PVA macrofibers, in terms of pre- and post-peak mechanical properties. 
 
 
Pacheco, Jose; Vaddey, Pavan; Amini, Kamran; Vosahlik, Jan. Internal Curing of Bridge Decks and Concrete 
Pavement to Reduce Cracking.  Construction Technology Laboratories, Inc.; Wisconsin Highway Research 
Program (WHRP); Wisconsin Department of Transportation; Wisconsin Department of Transportation; Federal 
Highway Administration, 2021, 144p 
https://trid.trb.org/view/1982979 
Abstract: This research project focused on evaluating the performance of internally cured concrete mixtures 
for bridge deck and pavement with the aim of reducing volumetric changes, i.e., cracking and warping. The 
specific tasks conducted in this project include a literature review of internal curing technology and experiences 
in the United States, a survey of existing bridge decks using internal curing in the state of Illinois, an 
evaluation of different materials as internal curing agents, and the effect of the use of internal curing in two 
different concrete mixtures for concrete bridge decks and pavement, respectively. During the material 
evaluation stage, fourteen different materials were evaluated for absorption and desorption characteristics. 
These materials can be categorized in three different groups: lightweight aggregate fines (LWA), 
superabsorbent polymers (SAP), and fibers. Based on the results of their captivity characteristics, one LWA 
and one SAP were selected for use and implementation in concrete mixtures. During the evaluation of 
performance of internally-cured concrete (ICC), determination of fresh and hardened concrete properties was 
conducted for one control and two ICC (one with LWA and one with SAP) at two different water-to-cementitious 
materials ratio (w/cm). Results showed evidence of improving the volumetric stability and durability of ICC 
when the w/cm ratio was 0.36. Negligible improvements were observed at a w/cm ratio of 0.45. Additionally, 
service life modeling for a bridge deck scenario and a life cycle cost analysis (LCCA) for a pavement project 
were conducted. It was concluded that the service life of bridge decks can be extended by using ICC, and that 
the LCCA of a ICC pavement can be reduced compared to a control scenario. Finally, recommendations for 
implementation into the Wisconsin Department of Transportation Specifications are provided. 
 
 
Low-Cement Concrete Mixture for Bridge Decks and Rails. [Project].  Nebraska Department of 
Transportation. Start date: 1 Jul. 2021. 
https://trid.trb.org/view/1846301 
Description: Early-age cracking of concrete bridge decks and rails accelerates the penetration of water and 
chemicals into the concrete, which leads to reinforcement corrosion, delamination, and eventually spalling. 
This common deterioration problem results in shorter service life, road closures, and costly 
repairs/replacements. The early-age cracking of concrete decks and rails is primarily attributed to the drying 
shrinkage of restrained concrete immediately after construction. Concrete mixture design and curing 
procedure are key factors in reducing drying shrinkage and, consequently, early-age cracking.  
 
 
Zhang, Zhen; Zhang, Hongliang; Liu, Tong; Lv, Wenjiang. Study on the micro-mechanism and structure of 
unsaturated polyester resin modified concrete for bridge deck pavement. Construction and Building Materials, 
Volume 289, Issue 0, 2021 
https://trid.trb.org/view/1845952 
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Abstract: To solve the problems of durability reduction and service-life shortening of bridge deck pavement 
concrete, this study investigated the effect of unsaturated polyester resin (UPR) as a modifier on the cement 
hydration and the microstructure morphology of pore, crack and interface transition zone (ITZ) of cement 
concrete. The enhancement mechanism of UPR incorporation into bridge deck pavement concrete was 
determined with the aid of meso- and micro-structure analysis technology and digital image processing 
approach. The results indicated that the incorporation of UPR-emulsion might have a significant retarding 
effect on the cement hydration process while greatly enhanced the compactness and anti-permeability of the 
concrete. In addition, the addition of UPR emulsion could effectively delay crack initiation and restrain the 
propagation of crack during consolidation process, and reduce the zone area and materialize intense 
densification and homogenization in terms of ITZ. In comprehensive consideration of the characteristics of pore 
structure and micro-crack, the introduction of 3% UPR-emulsion could be recommended to achieve the 
performance reinforcement of deck pavement concrete to a certain degree. 
 
 
Fong-Martinez, Bruno; Wheeless, Jeremy; Drimalas, Thano; Folliard, Kevin. Evaluation of Chemical Solutions 
to Concrete Durability Problems.  University of Texas, Austin; Texas Department of Transportation; Federal 
Highway Administration, 2021, 365p 
https://trid.trb.org/view/1875945 
Abstract: The reinforced concrete infrastructure in Texas has been plagued by various durability-related issues 
over the years, including deterioration from alkali-silica reaction (ASR), delayed ettringite formation (DEF), and 
corrosion of reinforcing steel. For many of these durability problems, fly ash has been the remedy of choice; 
however, with changes in fly ash quality and quantity spurred by new emissions standards and changes in fuel 
sources, concern has arisen that fly ash may not be as available or effective in the future. Thus, there exists a 
need to evaluate other solutions to reinforced concrete durability problems besides the traditional use of fly 
ash. This need formed the basis for the research described in this report. A range of materials were tested, 
including corrosion inhibitors (calcium nitrite, calcium nitrate, others), ASR and/or DEF inhibitors (lithium 
nitrate), integral water repellants, nanoparticles (silica and dispersible calcium silicate hydrates (C-S-H)), and 
gypsum as an additive to improve sulfate resistance of Class C fly ash. These materials were tested under a 
comprehensive laboratory testing program, with tests including heat of hydration, strength, electrical resistivity, 
corrosion potential, chloride diffusivity, sorptivity, and expansion (due to ASR, DEF, or sulfate attack). 
Corresponding field specimens were stored at three different outdoor sites in Texas and evaluated for ASR 
and/or DEF, as well as for corrosion potential (marine site). Lastly, the research team performed a forensic 
evaluation of a bridge deck in Amarillo, focusing on possible causes of cracking and remedies for future 
decks. Several products evaluated in this project showed some potential for improved durability and increased 
service lives for concrete infrastructure. Although there was no single product that was able to improve all 
durability aspects (like Class F fly ash), there may be opportunities for some of the products to be used in 
targeted applications to address specific durability requirements. 
 
 
Reducing Shrinkage in Concrete Bridge Decks using Single and Double Ring Test Methods. [Project].  
Wyoming Department of Transportation. Start date: 17 Mar. 2021. 
https://trid.trb.org/view/1877408 
Description: The objectives of this project are as follows: 
(1) Evaluate the effects of single methods to mitigate shrinkage; 
(2) Quantify the beneficial effects of multiple methods to mitigate shrinkage; 
(3) Propose solutions for WYDOT using standard mix designs for two types of aggregates;  
(4) Provide guidance on the use of internal curing for concrete mix designs. 
As an example of maintenance costs, a single 6,000 ft² bridge deck can reach up to $250,000.00. This 
considers two rigid overlays and one epoxy overlay with a 10 percent class II-A and 5 percent class II-B 
repairs. These costs do not include the traffic control and safety mobilization that can add another $100,000.00 
to this single hypothetical bridge deck. If overlays can be deferred or eliminated by reducing or eliminating 
early age shrinkage cracking, this could result in a significant savings for WYDOT. 
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Wang, Xuhao; Song, Pengfei; Yu, Haiyang; Taylor, Peter; Sadati, Seyedhamed; Freeseman, Katelyn; Ning, 
Yingjie. Extended life concrete bridge decks utilizing internal curing to reduce cracking – Materials 
characterization and engineering demonstration. Construction and Building Materials, Volume 275, Issue 0, 
2021 
https://trid.trb.org/view/1763845 
Abstract: There is an ongoing concern about premature cracking of concrete bridge decks. Bridge deck 
cracking reduces the service life of bridges and results in increased maintenance and replacement costs. 
Ideally, a deck should last as long as the support structure with minimal maintenance. However, bridge decks 
typically need to be replaced two or more times before the structure needs to be replaced. Such a differential in 
element service life is inefficient and costly and can cause unnecessary, repeated work zone hazards. This 
work aimed at assessing the benefits of using different types of lightweight fine aggregate (LWFA) in concrete 
mixtures to increase the probability of achieving crack-free, long-lasting bridge decks. A laboratory testing 
program was developed and conducted to address concerns specific to bridge decks. The laboratory testing 
led to the recommended mix design for implementation on a bridge construction project. Construction of the 
two bridge decks involved a control using a conventional mix design and the other containing slag cement and 
internal curing (IC). The decks were instrumented and inspected after construction and one year after 
placement. A life-cycle analysis was also conducted to assess feasibility of the recommendations. 
 
 
Deb, Robin; Mondal, Paramita; Ardeshirilajimi, Ardavan. Bridge Decks: Mitigation of Cracking and Increased 
Durability—Materials Solution (Phase III). Civil Engineering Studies, Illinois Center for Transportation Series, 
University of Illinois, Urbana-Champaign; Illinois Department of Transportation; Federal Highway 
Administration, Issue 20-023, 2020, 58p 
https://trid.trb.org/view/1757061 
Abstract: Type K cement offers a lower slump than conventional concrete, even at a higher water-to-cement 
ratio. Therefore, a suitable chemical admixture should be added to the Type K concrete mix design at a 
feasible dosage to achieve and retain target slump. In this project, a compatibility study was performed for 
Type K concrete with commercially available water-reducing and air-entraining admixtures. Slump and air 
content losses were measured over a period of 60 minutes after mixing and a particular mid-range water-
reducing admixture was found to retain slump effectively. Furthermore, no significant difference in admixture 
interaction between conventional and Type K concrete was observed. Another concern regarding the use of 
Type K concrete is that its higher water-to-cement ratio can potentially lead to higher permeability and 
durability issues. This study also explored the effectiveness of presoaked lightweight aggregates in providing 
extra water for Type K hydration without increasing the water-to-cement ratio. Permeability of concrete was 
measured to validate that the use of presoaked lightweight aggregates can lower water adsorption in Type K 
concrete, enhancing its durability. Extensive data analysis was performed to link the small-scale material test 
results with a structural test performed at Saint Louis University. A consistent relation was established in most 
cases, validating the effectiveness of both testing methods in understanding the performance of proposed 
shrinkage-mitigation strategies. Stress analysis was performed to rank the mitigation strategies. Type K 
incorporation is reported to be the most effective method for shrinkage-related crack mitigation among the 
mixes tested in this study. The second-best choice is the use of Type K in combination with either presoaked 
lightweight aggregates or shrinkage-reducing admixtures. All mitigation strategies tested in this work were 
proved to be significantly better than using no mitigation strategy. 
 
 
Rahman, Mohammad; Ibrahim, Ahmed; Hindi, Riyadh. Bridge Decks: Mitigation of Cracking and Increased 
Durability—Phase III. Civil Engineering Studies, Illinois Center for Transportation Series, University of Illinois, 
Urbana-Champaign; Illinois Department of Transportation; Federal Highway Administration, Issue 20-022, 
2020, 62p 
https://trid.trb.org/view/1757060 
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Abstract: Early-age cracking in concrete decks significantly reduces the service life of bridges. This report 
discusses the application of various concrete mixtures that include potential early mitigation ingredients. 
Large-scale (7 ft × 10 ft) experimental bridge prototypes with similar restraint conditions found in actual bridges 
were poured with different concrete mixtures to investigate mitigation techniques. Portland cement (control), 
expansive Type K cement, internally cured lightweight aggregate (LWA), shrinkage-reducing admixture 
(SRA), and gypsum mineral were investigated as mitigating ingredients. Seven concrete mixtures were 
prepared by using individual ingredients as well as a combination of different ingredients. The idea behind 
combining different mitigating techniques was to accumulate the combined benefit from individual mitigating 
materials. The combined Type K cement and LWA mixture showed higher concrete expansion compared with 
mixtures containing Portland cement, Type K cement, LWA, and SRA in the large-scale experimental deck. 
Extra water provided by LWA significantly enhanced the performance of Type K cement’s initial expansion as 
well as caused larger total shrinkage over the drying period. A combination of Type K cement and gypsum 
mineral showed insignificantly higher expansion compared with the individual Type K mixture. Overall, the 
experimental deck containing SRA showed the least total shrinkage compared with other mixtures. Finite-
element modeling was performed to evaluate and predict concrete stress-strain behavior due to shrinkage in 
typical bridges. A parametric study using finite-element analysis was conducted by altering the structure of the 
experimental deck. More restraint from internal reinforcement, less girder spacing, larger girder flange width, 
and more restrictive support conditions increased the concrete tensile stress and led to potential cracking in 
the concrete deck. 
 
 
Stewart, Lauren K; Kurtis, Kimberly E; Emmenegger, Leonidas P. Quantifying the Impact of Cover Deficiencies 
on Bridge Deck Service Life: Recommendations for Contracting.  Georgia Institute of Technology, Atlanta; 
Georgia Department of Transportation; Federal Highway Administration, 2020, 168p 
https://trid.trb.org/view/1744058 
Abstract: Construction of reinforced concrete bridge decks with shallower or deeper-than-specified concrete 
cover remains an ongoing challenge for the Georgia Department of Transportation (GDOT) because it has the 
potential to lead to reductions in service life. This reduction in service life can result in negative consequences 
on traffic (and create an associated economic impact), in addition to reducing ride quality and bridge safety. To 
mitigate these factors, the overarching goal of this research project was to explore the use of scientifically-
based contracting mechanisms as a means to prolong bridge deck service life. Specifically, the research 
objectives were (1) to understand the extent of cover depth variability in Georgia through interviews with 
construction and maintenance engineers at GDOT, (2) to use that data to model service life for various cover 
depths, concrete mixtures, reinforcement types, extent of cracking, and environmental conditions, 
considering the range in materials and exposure conditions in the state, (3) to examine contracting 
arrangements used in other states, (4) to assess what portion of construction costs are reasonably associated 
with service life, making recommendations for an appropriate liquidated damage for time delays or other 
performance penalty structures for less-than-specification cover depths, including a lower bound where 
reconstruction or immediate amelioration should be undertaken; incentives for contractor performance were 
also to be considered, and (5) to draft recommended practices for GDOT for contracts for bridge deck 
construction based upon performance. Through interviews and an analysis of historical records, this project 
examined concrete cover practices and variability. The observed cover ranges were then related to the long-
term durability of the bridge deck through corrosion-based service life modeling. The results of the modeling, 
in combination with current GDOT specifications, were then used to explore alternative contracting methods 
that could be adopted such as adjustable payment plans, for the purpose of incentivizing better cover control in 
new construction. 
 
 
Varner, Robert. Permeability Reduction of Restrained Concrete in a Chloride-Rich Environment – Phase I.  
Burns Cooley Dennis, Incorporated; Mississippi Department of Transportation; Federal Highway 
Administration, 2020, 165p 
https://trid.trb.org/view/1723526 
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Abstract: The Mississippi Department of Transportation (MDOT) is currently requiring that permeability 
reducing admixtures be included in concrete mixtures used for bridge deck overlays through Special 
Provision No. 907-804-1 in an effort to improve the long-term performance of bridges. These admixtures are 
also included in section 713.02.4 of the 2017 edition of “Mississippi Standard Specifications for Road and 
Bridge Construction” where these materials are referenced as “waterproofing admixtures.” Hydrostatic 
permeability reducing admixtures (PRAHs) typically contain hydrophilic crystalline materials that react with 
water and byproducts of hydration to form non-water soluble deposits that reportedly seal pores, capillary 
tracts, and hairline cracks in hardened concrete. This makes hardened concrete less permeable and more 
resistant to ingress of chloride ions that corrode reinforcing steel and create costly repairs. This study 
evaluates two hydrostatic permeability reducing admixtures for their effectiveness in reducing permeability 
and sealing hairline cracks in hardened concrete. Three concrete mixtures were evaluated including one with 
no permeability reducing admixture (control mixture) and two mixtures each using a hydrostatic permeability 
reducing admixture. Hardened concrete properties used in this evaluation included; compressive strength, 
rapid chloride permeability, surface resistivity, cracking tendency, and chloride ion content. While all data 
developed for this study did not ascertain the benefit of the current practice of requiring permeability reducing 
admixtures in portland cement concrete for bridge deck overlays, one product did reduced chloride ion 
intrusion through hairline cracks when compared to the control mixture. 
 
 
Syslo, Mick; Heyen, Wally; Halsey, Lieska; Hansen, David; Krason, Tim. Utilizing Kryton KIM Technology in 
Bridge Deck and Rail Construction to Protect Against Chloride Ion Penetration.  Nebraska Department of 
Transportation, 2020, 15p 
https://trid.trb.org/view/1933741 
Abstract: Krystol Internal Membrane (KIM) is a hydraulic crystalline admixture used to create permanently 
waterproof concrete. KIM reacts with water and un-hydrated cement and forms crystals that seal micro-cracks 
and prevent water and chloride penetration. Based on product demonstrations and research studies presented 
to Nebraska Department of Transportation researchers, the KIM product showed potential for use in 
Nebraska’s concrete mix designs for new bridge railings to protect those structures against chloride 
penetration. The purpose of this investigation was to determine if KIM is a suitable admixture for protecting 
bridge decks and rails against chloride penetration. Based on the results of testing and after discussion with 
industry professionals, the researchers conclude that further study of KIM is necessary to determine if KIM can 
enhance the performance of NDOT mix designs 
 
 
Ozyildirim, H. Celik; Nair, Harikrishnan; Sharifi, Mary. Field Performance of Low-Cracking Concretes for the 
Closure Pours and Overlays of Bridge Decks. Transportation Research Record: Journal of the Transportation 
Research Board, Volume 2674, Issue 5, 2020, pp 361-370 
https://trid.trb.org/view/1702618 
Abstract: Joints, wide cracks, and poor quality concretes facilitate the intrusion of chlorides, causing corrosion 
in bridge decks and substructures that limit the service lives. Distress in deck concretes can adversely affect 
ride quality and structural integrity. The objective of this study was to eliminate the joints in existing bridges and 
to improve the surface conditions of the decks by overlays. Two parallel bridges in Virginia were selected for 
study. The performance of the closure pours and overlays was observed for 4–5?years. Joints were replaced 
with closure pours (also known as link slabs) consisting of fiber-reinforced concretes resistant to wide cracking 
and intrusion of solutions. Polyvinyl alcohol, polypropylene, and steel fibers were used in the closure pours; a 
compressive strength of 3,000?psi (pounds per square inch) at 24?h was sought. In the overlays, silica fume 
concrete alone and with shrinkage reducing admixture, lightweight coarse aggregate, and lightweight fine 
aggregate was investigated for crack control and low permeability, and compared with the control of latex-
modified concrete with rapid set cement. A compressive strength of 3,000?psi at 3?days was sought. Test 
results and surveys showed that satisfactory strengths and permeability were achieved; the closure pours 
containing steel and polyvinyl alcohol fibers had tight cracks (most less than 0.1?mm with a few up to 
0.2?mm). All overlays were performing well except for one section placed in adverse weather conditions and 
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exposed to a truck fire. There were a few areas patched where poor surface preparation had led to 
delamination. 
 
 
Abdigaliyev, Arman; Kim, Yong-Rak; Hu, Jiong. Application of Internal Curing to Improve Concrete Bridge 
Deck Performance.  University of Nebraska, Lincoln; Nebraska Department of Transportation, 2020, 100p 
https://trid.trb.org/view/1707248 
Abstract: Due to the relatively high cement content and low water-to-cement ratio (w/c) used, bridge deck 
concrete is prone to premature cracking. Internal curing has been found to greatly reduce the chance of 
premature cracking as well as concrete deterioration. This research project was intended to develop internally 
cured bridge deck concrete based on a local mix design in Nebraska. Four different lightweight fine aggregate 
(LWFA) as internal curing agents were evaluated, and their effects on fresh, mechanical, durability, and 
shrinkage properties of concrete were studied. To identify the most effective LWFA dosage for shrinkage 
reduction, different replacement rates of sand and gravel with LWFA were adopted to account for the moisture 
loss during the construction and drying period. Aggregate blends of internally cured mixes were also optimized 
to account for the disturbed aggregate gradations due to the introduced LWFA. The research study 
demonstrated that it is possible to develop a local internally cured concrete mix that is both technical and 
economically feasible. Even though the replacement of fine aggregates by LWFAs results in decreases of 28-
day modulus of elasticity, and modulus of rupture, the overall mechanical properties still meet bridge deck 
criteria. As the curing age decreases, internally cured mixes were found to be less affected owing to the curing 
water from within the concrete matrix provided by the saturated LWFAs, which demonstrated that internal 
curing could potentially decrease the required amount of curing period in the field. The developed internally 
curing mixes were also found to have comparable chloride penetrability compared to the control mix and were 
also categorized as either very low or low chloride ion penetrability based on lab study. 
 
 
Tia, Mang; Subgranon, Thanachart; Chung, Hung-Wen; Han, Sangyoung. Mitigation of Cracking in Florida 
Structural Concrete.  University of Florida, Gainesville; Florida Department of Transportation; Federal Highway 
Administration, 2020, 270p 
https://trid.trb.org/view/1709152 
Abstract: A laboratory study was conducted to evaluate the possible beneficial effects of incorporating 
shrinkage-reducing admixture (SRA), polymeric microfibers (PMF), and optimized aggregate gradation (OAG) 
in internally cured concrete (ICC) mixes. Two sets of test slabs using ICC mixes in concrete pavement slab 
application were also conducted. All the ICC and OAG mixes with or without incorporation of reduced cement 
paste content, SRA, or PMF were able to be produced to meet the Florida Department of Transportation 
(FDOT) specifications for Class I (Pavement), Class II (Bridge Deck), and Class V structural concrete with 
respect to slump, air content, mix temperature, and design and over-designed compressive strength. Based on 
visual inspection, the test slabs using ICC mixes had similar performance as the test slabs using a standard 
concrete mix, since all of them did not show any cracks at the end of the Heavy Vehicle Simulator (HVS) 
loading. However, based on the results of critical stress analysis, all the test slabs using ICC mixes showed 
better performance than the test slabs using the standard mix. According to the predicted performance from 
the American Association of State Highway and Transportation Officials (AASHTO) pavement design equation, 
seven of the ten ICC mixes outperformed the standard reference concrete. The results of critical stress 
analysis showed the same conclusion the use of ICC and OAG improved the predicted performance of the 
concrete mixes. The incorporation of SRA and PMF did not improve the predicted performance according to 
both analysis methods. The cracking ages of concretes incorporating OAG, ICC, and SRA were extended 
when evaluated with the restrained shrinkage ring test, especially for high cementitious content and low w/cm 
mixes. When the ICC mixes did not incorporate SRA or PMF, the unit cost of the ICC mixes was generally 
lower than that of the conventional concrete mixes. It is recommended that ICC mixes incorporating OAG be 
used in concrete pavement application in Florida to bring about increased pavement life and cost 
effectiveness. The method of mix design as presented in this report can be used for design of these concrete 
mixes. It is recommended that ICC mixes incorporating OAG be tried out in some in-service pavement 
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sections in Florida so that the performance of these mixes can be evaluated. The use of ICC mixes in Florida 
Class II and Class V concretes could result in some reduction of unit cost for the concrete. It is recommended 
that a few bridge decks be constructed with ICC mixes to evaluate their actual performance in service. 
 
 
Khayat, Kamal. Enhancing Performance of Fiber-Reinforced Concrete for Construction and Repair.  Research 
on Concrete Applications for Sustainable Transportation (RE-CAST); Missouri University of Science and 
Technology; Office of the Assistant Secretary for Research and Technology; Department of Transportation, 
2020, 16p 
https://trid.trb.org/view/1683197 
Abstract: The overarching purpose of this research is development of knowledge and a novel technique to 
enhance properties of Eco-Bridge-Crete, fiber-reinforced self-consolidating concrete (FR-SCC) and fiber-
reinforced super-workable concrete (FR-SWC) for higher crack resistance and improved flexural properties in 
construction and repair by taking advantage of hybrid fibers, chemical admixtures (shrinkage reducing agents 
(SRA) and expansive agents (EA)) and lightweight sand (LWS). A binary or ternary system of EA, SRA and 
LWS with selected fibers will be optimized to enhance shrinkage cracking resistance, mechanical properties 
and durability of the targeted mixtures. The incorporation of fibers with EA, SRA and LWS can increase the 
flexural properties and help to replace a portion of steel reinforcement bars in flexural members or reduce 
thickness of repair overlays without compromising flexural strength/toughness and crack resistance. The 
selected mixtures will be used in large-scale members to assess their structural performance in construction 
and repair. 
 
 
Rahman, Mohammad; Chen, Ying; Ibrahim, Ahmed; Lindquist, Will; Tobias, Daniel; Krstulovich, James; 
González, Dorys; Hindi, Riyadh. Study of Drying Shrinkage Mitigating Concrete Using Scaled Bridge Bays. 
International Journal of Civil Engineering, Volume 18, Issue 1, 2020, pp 65-73 
https://trid.trb.org/view/1677090 
Abstract: Cracks reduce the durability and service life of bridge decks and they usually form as a result of 
tension induced from restrained shrinkage of concrete. There are several mixture design technologies that can 
be used to reduce concrete shrinkage and subsequent cracking. The main focus of this study is to evaluate 
the effectiveness of three such technologies to limit restrained shrinkage cracking in a scaled laboratory 
bridge deck. The first mixture evaluated shrinkage compensating cement (Type-K) as a partial replacement of 
Portland cement, the second mixture evaluated pre-wetted lightweight fine aggregate as a partial replacement 
of fine aggregate to promote internal curing (IC), and finally, the third evaluated a mixture incorporating 
shrinkage reducing admixture (SRA). Strain of the deck reinforcement was monitored during and after 
placement of the concrete for a period of 6 months. All of the data was compared with similar measurements 
from a control deck containing a standard concrete mixture used by the Illinois Department of Transportation. 
The results showed that, the experimental deck containing Type-K cement exhibited around 100% higher 
expansion compared to control mixture during the curing period. The IC mixture showed approximately 50% 
less expansion at 7 days but exhibited 10% less shrinkage at the end of drying period compared to the control 
mixture. The initial expansion of SRA mixture showed similar peak value compared to control mixture but at the 
end of the drying period, the shrinkage of SRA mixture was around 75% less than the deck cast with control 
mixture. 
 
 
Ozyildirim, H Celik; Sharp, Stephen  R. Concrete Beams Prestressed Using Carbon Fiber Reinforced Polymer.  
Virginia Transportation Research Council; Virginia Department of Transportation; Federal Highway 
Administration, 2019, 21p 
https://trid.trb.org/view/1630293 
Abstract: Corrosion of reinforcement in reinforced concrete leads to damage in both the concrete and the 
reinforcement that requires costly repairs and inconvenience to the traveling public. When concrete is 
reinforced with steel prestressing strands that are under sustained tensile stress, corrosion is more critical than 
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in non-prestressed concrete with non-prestressed steel reinforcement. Corrosion-free carbon fiber reinforced 
polymer reinforcement may be used instead of prestressing steel and reinforcing bars to mitigate the corrosion 
problem in prestressed concrete elements such as beams. The Virginia Department of Transportation (VDOT) 
placed beams with carbon fiber reinforced polymer reinforcement in a two-span bridge in Halifax County, 
Virginia. The bridge has two 84-ft spans, continuous for live load, and each span has four 45-in.-deep 
prestressed bulb-T beams. The first two beams were cast using a traditional concrete mixture with 
conventional slump. The remaining six beams were cast with self-consolidating concrete to facilitate the 
placement operation. The deck was cast with conventional concrete and corrosion-resistant reinforcing bars. 
Concrete for both the beams and the deck was tested at the fresh and hardened states. The structure was 
inspected visually immediately after construction and 8 months and 3.5 years later. The beams were 
performing well with no deficiencies. The deck was also performing well except that the continuity diaphragm 
over the pier had several longitudinal cracks. The continuity diaphragm concrete was placed, in accordance 
with normal VDOT practice, after the deck concrete had been placed on both sides of the pier. Cracks at the 
deck level in the continuity diaphragms are generally attributed to restrained shrinkage when the diaphragm 
concrete is placed after the deck concrete. The study recommends that VDOT’s Structure and Bridge Division 
use beams with self-consolidating concrete and carbon fiber reinforced polymer reinforcement as an option in 
severe environments since the fabrication and constructability challenges described herein were successfully 
overcome. 
 
 
Rahman, Mohammad; Gonzalez, Dorys; Hindi, Riyadh. Combined Effect of Expansive Cement and Internal 
Curing to Mitigate Shrinkage Cracking in Bridge Decks. Structures Congress 2019, American Society of Civil 
Engineers, 2019, pp 50-56 
https://trid.trb.org/view/1601445 
Abstract: Concrete cracking due to restrained drying shrinkage is a widespread problem that could happen to 
any structural element including bridge decks. One of the main causes of bridge deck cracking is the 
development of tensile stresses due to restrained drying shrinkage. Cracks allow harmful substances such as 
water and deicing salts to penetrate the deck and initiate corrosion. This research investigates the effects of 
using lightweight aggregate (LWA) on enhancing the performance of expansive Type-K cement. Four large-
scale bridge decks of 2 m×3 m were built using four different types of concrete mixtures: (1) a mixture 
containing 100% Portland cement, (2) a mixture incorporating expansive Type-K cement, (3) a mixture 
containing internally cured fine lightweight aggregate (LWA), and (4) a combined mixture of Type-K cement 
and internally cured LWA. The combined mixture uses internal water from LWA to enhance the expansion of 
Type-K cement and produce compressive stress in the concrete; and eventually reduces the onset of 
cracking. 
 
 
Wang, Kejin; Ling, Yifeng; Lomboy, Gilson; Sritharan, Sri. Investigation into Shrinkage of High-Performance 
Concrete Used for Iowa Bridge Decks and Overlays – Phase II Shrinkage Control and Field Investigation.  
Iowa State University, Ames; Iowa Highway Research Board; Iowa Department of Transportation, 2019, 152p 
https://trid.trb.org/view/1602515 
Abstract: This Phase II research project on the shrinkage behavior of high-performance concrete (HPC) used 
in Iowa bridge decks and overlays evaluated several concrete mixes, building off or modifying mixes 
developed in Phase I. Based on shrinkage behavior and mechanical properties, the mixes studied in Phase I 
were characterized as having either high, medium, or low cracking potential. In the Phase II study, three 
concrete mixes (Mixes 6, 8, and 2, characterized in Phase I as having high, medium, and low cracking 
potential, respectively) were selected for further investigation. The selected mixes were modified using three 
shrinkage control technologies: shrinkage-reducing admixtures (SRAs), cementitious materials (CM), and 
internal curing (IC) agents, respectively. The modification methods were first studied in a laboratory until the 
optimal shrinkage behavior of each concrete mix was achieved. Two pairs of the tested concrete mixes 
(Mixes 6 and 8 with and without modification) were then used in a field investigation on the US 20 over I-35 
dual bridge. The mixes were placed side by side for the bridge overlays, which were monitored for about one 
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year with strain gages, temperature and moisture sensors, and regular visual examinations. The laboratory 
investigation confirmed positive effects for the concrete shrinkage control technologies used. The laboratory 
test results also provided specific details for the concrete mix modifications, ensuring optimal concrete 
performance and shrinkage control. The modifications included the addition of 1.0/1.25 gal/yd³ of SRA in Mix 6, 
the use of 10% CM reduction for Mix 8, and the use of lightweight fine aggregate as an IC material in Mix 2. 
The results of the field investigation suggest that environmental conditions on the casting day and the first few 
days of curing play an important role in the development of concrete properties. Future studies could benefit 
from a comprehensive stress analysis to better understand the long-term effects of the shrinkage control 
technologies, as well as further field tests and an extended monitoring time. 
 
 
Effect of Low Shrinkage Mix Designs to Reduce Early Cracking of Bridge Decks. [Project].  South Dakota 
Department of Transportation. Start date: 8 Mar. 2019. 
https://trid.trb.org/view/1844154 
Description: South Dakota Department of Transportation (SDDOT) bridge inspectors are noticing concrete 
bridge decks cracking early in their life unlike decks 40-50 years ago. Early cracking is often apparent when 
the forms are removed from newly constructed decks. Concrete bridge decks are typically designed with a 20-
year service life with the option to then overlay or repair. However, many concrete bridge decks require earlier 
maintenance and need an overlay after 10 years.  
Shrinkage may be the leading cause of early concrete bridge deck cracking. Drying shrinkage and plastic 
shrinkage may occur prior to the concrete hardening. Hardened concrete can also experience volumetric 
reductions from thermal contraction, autogenous shrinkage, and carbonation shrinkage. (Construction 
practices, structural design, and curing of the concrete may also contribute to early deck cracking but are not 
the focus of this project.)  
The SDDOT would like to investigate mix designs to evaluate their drying and autogenous shrinkage, strength, 
and workability for South Dakota’s bridge deck applications. The department needs to identify test methods to 
best predict drying and autogenous shrinkage. Laboratory testing and evaluation of the mix designs using 
conventional mixes, lightweight aggregate, and shrinkage reducing admixtures will give the SDDOT a better 
understanding of how alternative structural concrete mix designs could be formulated and how they may 
perform. The objectives of this research are to: (1) evaluate and determine the best test methods to predict 
concrete shrinkage and (2)        identify effective methods to reduce bridge deck shrinkage cracking by 
evaluating structural concrete mix designs. 
 
 
Treat, Corin; Dymond, Benjamin Z. Deterioration of Mixed Rebar and Fiber-Reinforced Concrete Bridge 
Decks.  University of Minnesota,  Duluth; Minnesota Department of Transportation, 2019, 280p 
https://trid.trb.org/view/1593723 
Abstract: Between 1973 and 1989, approximately 600 bridge decks were constructed in Minnesota with a top 
layer of epoxy-coated rebar and a bottom layer of uncoated rebar (i.e., mixed rebar deck) to potentially reduce 
corrosion in the top layer of rebar. In the last five years, at least 20 bridge decks were constructed with 
polypropylene fibers in the concrete mix to reduce the width and amount of cracking. This project 
investigated how mixed rebar or polypropylene fibers affected the rate of deterioration in bridge decks (e.g., 
spalling of underside of deck concrete or unsound concrete on the top wearing surface) compared to control 
structure decks of approximately the same age. Visual inspections were conducted on certain bridges to 
compare the visual degradation of the mixed rebar and fiber-reinforced decks with heir control structure decks. 
The results were subdivided to indicate how the superstructure type, average daily traffic, route type, and 
wearing surface crack density affected the condition ratings and rate of deterioration. The mixed rebar decks 
reached worse condition states than the control structures when comparing the condition of the underside of 
the deck; steel superstructures had the largest negative affect on the deterioration. Recommendations 
included: create an inspection rating element for mixed rebar decks that quantifies the underside of deck crack 
density, use a robust crack sealing method on mixed rebar decks when they have been at NBE Element #12 
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CS2 for approximately 7 years, and continue comparing fiber-reinforced decks to control structure decks to 
analyze the deterioration over time. 
 
 
Fiber-Reinforced Concrete in Bridge Decks TR-767. [Project].  Iowa Department of Transportation. Start date: 
1 Jan. 2019. 
https://trid.trb.org/view/1578588 
Description: The main objective of this research project is to design and evaluate the use of fibers in HPC 
mixes to prevent or reduce early-age cracking in bridge decks. This will be achieved through a systematic 
investigation supported by laboratory and field tests to ensure that the developed concrete mixes will meet 
both short- and long-term properties of interest. This project will begin with a comprehensive literature search 
and survey, which will supplement the knowledge and experience of the research team in working with fiber-
reinforced concrete (FRC). A set of HPC mixes, including standard HPC, HPC with fibers, and HPC with fibers 
and admixtures will then be developed using fibers of different type, geometry, and dosage. A rigorous test 
plan will be pursued to evaluate and ensure the resistance of the designed mixes to early-age cracking, 
transportation of aggressive ions, freeze/thaw cycles, and abrasion, while maintaining proper workability, 
strength and toughness characteristics for bridge deck applications. Three of the best-performed mixes will be 
selected for a complementary field investigation that not only tests the mixes in real exposure conditions, but 
also provides information about the practical aspects and considerations. A set of samples will be collected 
from each concrete deck placement. The samples will be further tested in the laboratory to ensure that the 
implemented concrete mixes meet all the performance requirements, in terms of fresh properties, dimensional 
stability, strength, and other transport and durability characteristics. Using a combination of visual inspection 
and nondestructive evaluation methods, the condition state of the bridge decks will be monitored beginning 
from immediately after construction for (at least) one year. This assessment will determine the effectiveness of 
adding fibers to mitigate crack formation and propagation in bridge decks. A comprehensive service life 
analysis will also be performed to understand the costs and benefits. This will be an important step forward to 
address the long-standing issue of early-age cracking in bridge decks, which directly contributes to improving 
the quality and longevity of bridge decks in service, thus, minimizing the need to repair and maintenance 
activities. 
 
 
Wang, Xuhao; Taylor, Peter; Freeseman, Katelyn; Vosoughi, Payam. Extended Life Concrete Bridge Decks 
Utilizing Internal Curing to Reduce Cracking.  Ohio Department of Transportation; Iowa State University; 
Federal Highway Administration; US Department of Transportation, 2019, 96p 
https://trid.trb.org/view/1681045 
Abstract: With the ongoing concern about premature cracking of concrete bridge decks that reduces the 
service life of bridges and results in increased maintenance and replacement costs, this work aimed at 
assessing the benefits of using lightweight fine aggregate (LWFA) in concrete mixtures to assist the Ohio 
Department of Transportation (ODOT) in preparing a specification to increase the probability of achieving 
crack-free, long-lasting bridge decks. A laboratory testing program was developed and conducted to address 
concerns specific to bridge decks. The laboratory testing led to the recommended mix design for 
implementation on a bridge construction project in Ohio. Construction of the two bridge decks involved a 
control using a conventional mix design and the other containing slag cement and internal curing (IC). The 
decks were instrumented and load tested shortly after construction and inspected one year after placement. A 
life-cycle cost analysis was also conducted to assess feasibility and affordability of the recommendations. 
 
 
Wang, Xuhao; Taylor, Peter; Freeseman, Katelyn; Vosoughi, Payam. Extended Life Concrete Bridge Decks 
Utilizing Improved Internal Curing to Reduce Cracking.  Iowa State University, Ames; Ohio Department of 
Transportation; Federal Highway Administration, 2019, 96p 
https://trid.trb.org/view/1596156 
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Abstract: With the ongoing concern about premature cracking of concrete bridge decks that reduces the 
service life of bridges and results in increased maintenance and replacement costs, this work aimed at 
assessing the benefits of using lightweight fine aggregate (LWFA) in concrete mixtures to assist the Ohio 
Department of Transportation (ODOT) in preparing a specification to increase the probability of achieving 
crack-free, long-lasting bridge decks. A laboratory testing program led to a recommended mix design for 
implementation on a bridge construction project in Ohio. The design included the use of 50% slag cement and 
LWFA for internal curing. Construction of two bridge decks involved a control using a conventional mix design 
and the other containing the recommended mixture. The decks were instrumented and load tested shortly after 
construction and inspected one year after placement. No differences in structural performance were noted, but 
there were far fewer cracks in the test deck compared to the control. A life-cycle cost analysis was also 
conducted and shown that the premium for the recommended mixture would be recovered in reduced 
maintenance over the life of the bridge. 
 
 
Abu-Obeidah, Adi; Nassif, Hani; Brewer, Gregory; Na, Chaekuk; Corso Jr, Frank A. Utilization of Fiber 
Reinforced High Performance Concrete (FR-HPC) in Reconstructed Bridge Decks. Transportation Research 
Board 98th Annual Meeting, Transportation Research Board, 2019, 6p 
https://trid.trb.org/view/1573379 
Abstract: High-Performance Concrete (HPC) is categorized as concrete with optimal strength, shrinkage, and 
durability properties. Improvements are accomplished with the additions of supplementary cementitious 
materials (SCMs) and/or pozzolans along with various admixtures. This type of concrete mixture (HPC) is 
usually paired with a lower water cement ratio for low shrinkage. However, HPC in bridge decks is still prone 
to transverse cracking especially with vibrations due to traffic in adjacent lanes or any construction loads. To 
mitigate the cracking, the addition of macro fibers as well as blending of aggregates are investigated with HPC 
mixes. The effects of adding various types of fibers with aggregate blending on HPC were experimentally 
investigated in the laboratory in terms of strength and shrinkage properties as well as cracking potential which 
is evaluated using the ring testing in accordance with the AASHTO-T334. The results show that the addition of 
steel hooked or polypropylene fibers reduced the cracking area (i.e., crack width multiplied by crack length) 
at 56 days by 26.3% and 23.2%, respectively. Based on the laboratory study, the team implemented FR-HPC 
and typical HPC, alternatively, in reconstructed bridge decks in New Jersey. Three crack map surveys were 
performed prior to opening the bridge to traffic over a period of 290 days. Results show that FR-HPC reduced 
the mean crack width by 28.6%, and the cracking area by 33.3%. This study illustrated that FR-HPC is 
effective in improving the cracking performance of reconstructed bridge decks casted while traffic in the 
adjacent lane is uninterrupted. 
 
 
Lee, Byung; Kim, Yun Yong. Durability of Latex Modified Concrete Mixed with a Shrinkage Reducing Agent for 
Bridge Deck Pavement. International Journal of Concrete Structures and Materials, Volume 12, Issue 1, 2018, 
9p 
https://trid.trb.org/view/1503309 
Abstract: Latex modified concrete (LMC) is used for a bridge deck pavement method that was introduced in 
Korea in the 2000s, and it is currently the concrete pavement method being used for most highway bridges. It 
has been recommended that mixing with latex approximately 15% in terms of polymer-cement ratio (P/C ratio) 
by weight showed no occurrence of cracks with sufficient tensile strength and bond strength of LMC. However, 
many cracks occur in the actual field mostly due to drying shrinkage of concrete, requiring frequent repair. 
Therefore, this study examined the feasibility of applying a shrinkage reducing agent(SRA) that could reduce 
plastic shrinkage cracks at early age as well as drying shrinkage cracks of LMC. Based on the test results, it 
was confirmed that adding a shrinkage reducing agent could secure the durability without affecting the fresh 
and hardened properties of LMC. The compression strength test results presented a 1.7–5.7% improvement in 
strength to the SRA mixture compared to the plain mixture. Length change test results indicated that SRA mix 
conditions presented more outstanding performance compared to mix conditions with the expansive 
admixture. The amount of shrinkage reducing agent suitable for achieving performance requirements in length 
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change, crack resistance, chloride ions penetration resistance and scaling resistance, was evaluated as 3% by 
weight ratio of binding material under the limited condition of the present study. 
 
 
Bolander, John E. Controlling Temperature and Shrinkage Cracks in Bridge Decks and Slabs.  University of 
California, Davis; California Department of Transportation; California Department of Transportation, 2018, 169p 
https://trid.trb.org/view/1737948 
Abstract: This project involves: 1) the development of a methodology for simulating the early-age behavior of 
structural concrete; and 2) application of the methodology to assessing early-age cracking of concrete bridge 
decks and slabs. The methodology employs simple lattice models, which depend on a modeling of 
cementitious materials hydration. From this basis, realistic connections are made between the design 
parameters(including materials composition, construction practices, environmental conditions, and structural 
configuration) and properties that strongly affect susceptibility to cracking, such as concrete strength, 
stiffness, volumetric stability, and creep potential. Validation exercises are conducted using measurements 
taken from bridge decks, including a bridge monitored through a Caltrans sponsored project, and small-scale 
laboratory tests. he validated model is used for parametric studies that cover variations in casting/curing 
protocols, cementitious materials composition, structural configuration, and environmental conditions, as well 
as the usage of special admixtures (e.g., shrinkage reducing admixtures). The importance of thermal and 
hygral contributions to racing potential is assessed. The simulation results show that thermal effects may 
significantly contribute to cracking and its severity, particularly in the presence of restraint against deck 
movement. Laboratory testing and observations of field performance cover a small set os possible 
combinations of the design parameters to early-age cracking of bridge decks. The methodology developed 
through this project enables examination of a much larger region of the design parameter space, which is 
necessary for establishing comprehensive design guidelines for controlling early-age cracking. 
 
 
Bales, Elizabeth Rose; Chitrapu, Venkatasaikrishna; Flint, Madeleine M. Bridge Service Life Design.  Virginia 
Polytechnic Institute and State University, Blacksburg; Virginia Department of Transportation; Federal Highway 
Administration, 2018, 34p 
https://trid.trb.org/view/1523177 
Abstract: High costs and traffic disruption associated with the deterioration of reinforced concrete bridge 
decks because of corrosion have sparked renewed interest in service life design. Reinforced concrete bridge 
decks are exposed to chlorides from deicing salts; when the chlorides reach the steel reinforcement, they 
initiate corrosion. This study supports the adoption of the methodology described in fib Bulletin 34, Model Code 
for Service Life Design, for reinforced concrete bridge decks in Virginia. Concrete mixture properties and 
environmental exposure conditions were characterized. Values particular to regions within Virginia and 
suggested default values were identified and organized in a database to support the development of service 
life design guidelines. The predicted service life for eight bridge decks using low-cracking concrete and 
corrosion-resistant reinforcement (VDOT Reinforcement Class I, MMFX, ASTM 1035) was evaluated. The 
service life model was also implemented in a life-cycle cost analysis for a case study bridge, which found 
superior reliability of corrosion-resistant reinforcement from a life-cycle perspective.  In addition to supporting 
the implementation of service life design, several investigations identified key assumptions and variables in the 
service life model and identified critical areas for future characterization. The partial differential equation for 
apparent chloride diffusion was solved with both an approximate analytical approach and a numerical 
approach. Delays in the application of deicing salt were investigated using the numerical approach, and a 
ramp-type function for surface chloride concentration was explored using the analytical approach. Aging 
coefficients based on curing were also considered. A sensitivity analysis identified the aging coefficient and the 
surface chloride concentration as the most critical variables.  The study concluded that sufficient data are 
available to implement the fib Model Code for Service Life Design, but that caution in interpreting results is 
warranted because of the high uncertainty associated with the most critical variables. According to the results 
of the service life analyses, the regional climatic variability and differences in mix design across Virginia 
indicate that a “one-size-fits-all” approach to bridge deck specifications may not be appropriate. The use of 
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corrosion-resistant steel and low-cracking concrete mixtures can provide a substantial (greater than 100 
years) bridge deck service life. 
 
 
Khayat, Kamal  H; Valipour, Mahdi. Design and Performance of Cost-Effective Ultra High Performance 
Concrete for Bridge Deck Overlays.  Missouri University of Science and Technology, Rolla; Missouri 
University of Science and Technology, Rolla; Missouri Department of Transportation; Federal Highway 
Administration. Office of Transportation Operations, 2018, 121p 
https://trid.trb.org/view/1509534 
Abstract: The main objective of this research was to develop a cost-effective ultra-high performance concrete 
(UHPC) for bonded bridge deck overlays. The high durability and mechanical properties of such repair 
material can offer shorter traffic closures and prolong the service life of the bridge deck. The UHPC was 
optimized using supplementary cementitious materials (SCMs), proper combinations of sands, and adequate 
selection of fiber types and contents. Packing density studies included paste, sand, and fiber combinations. 
The robustness of optimized UHPC mixtures to variations of mixing and curing temperatures was examined. 
The efficiency of various shrinkage mitigation approaches for reducing autogenous and drying shrinkage of 
optimized UHPC mixtures was evaluated. This included the use of CaO-based and MgO-based expansive 
agents, shrinkage-reducing admixture, and pre-saturated lightweight sand. Test results indicate that the 
optimized UHPC mixtures exhibited relatively low autogenous shrinkage and drying shrinkage. All tested 
UHPC mixtures exhibited high mechanical properties and excellent frost durability. The use of 60% lightweight 
sand led to a significant reduction in autogenous shrinkage from 530 to 35 με. The optimized UHPC mixtures 
were cast as thin bonded overlays of 25, 38, and 50 mm (1, 1.5, and 2 in.) in thickness over pavement sections 
measuring 1 × 2.5 m2 (10.7 x 27 ft2). Early-age and long-term deformation caused by concrete, humidity and 
temperature gradients, as well as cracking and delamination were monitored over time. Test results indicate 
that there was no surface cracking or delamination in UHPC overlays after more than 200 d of casting. After 
laboratory investigations, a life cycle cost analysis (LCCA) was determined for the selected concrete mixtures 
with different mixture compositions and performance characteristics. Results indicate that, based on both 
deterministic and probabilistic results, UHPC overlay with minimum 25 mm (1 in.) thickness is a more cost-
effective option compared with other commonly used materials, such as latex-modified concrete and 
conventional bonded concrete overlays. 
 
Permeability Reduction of Restrained Concrete in a Chloride-Rich Environment – Phase I. [Project].  
Mississippi Department of Transportation. Start date: 13 Mar. 2018. 
https://trid.trb.org/view/1883835 
Description: The Mississippi Department of Transportation (MDOT) is currently requiring that permeability 
reducing admixtures be included in concrete mixtures used for bridge deck overlays through Special 
Provision No. 907-804-1 in an effort to improve the long-term performance of bridges. These admixtures are 
also included in section 713.02.4 of the 2017 edition of “Mississippi Standard Specifications for Road and 
Bridge Construction” where these materials are referenced as “waterproofing admixtures.” Hydrostatic 
permeability reducing admixtures (PRAHs) typically contain hydrophilic crystalline materials that react with 
water and byproducts of hydration to form non-water-soluble deposits that reportedly seal pores, capillary 
tracts, and hairline cracks in hardened concrete. This makes hardened concrete less permeable and more 
resistant to ingress of chloride ions that corrode reinforcing steel and create costly repairs. This study 
evaluates two hydrostatic permeability reducing admixtures for their effectiveness in reducing permeability 
and sealing hairline cracks in hardened concrete. Three concrete mixtures were evaluated including one with 
no permeability reducing admixture (control mixture) and two mixtures each using a hydrostatic permeability 
reducing admixture. Hardened concrete properties used in this evaluation included; compressive strength, 
rapid chloride permeability, surface resistivity, cracking tendency, and chloride ion content. While all data 
developed for this study did not ascertain the benefit of the current practice of requiring permeability reducing 
admixtures in portland cement concrete for bridge deck overlays, one product did reduce chloride ion 
intrusion through hairline cracks when compared to the control mixture 
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Balakumaran, Soundar S G; Weyers, Richard E; Brown, Michael C. Linear Cracking in Bridge Decks.  
Virginia Transportation Research Council; Virginia Department of Transportation; Federal Highway 
Administration, 2018, 80p 
https://trid.trb.org/view/1505984 
Abstract: Concrete cracking in bridge decks remains an important issue relative to deck durability. Cracks 
can allow increased penetration of chlorides, which can result in premature corrosion of the reinforcing steel 
and subsequent spalling of the concrete deck. Although it is understood that the service life of bridge decks is 
affected by concrete cracking, the degree to which cracking affects service life is unknown. Crack repairs 
may be expensive, and only a few state transportation agencies have developed effective decision-making 
tools to support engineering decisions about whether and how to repair cracks in bridges. To understand how 
various factors affect the formation of cracks and to comprehend how cracks influence the performance of 
bridge decks, a comprehensive literature review was performed of publications from the early 1970s to the 
present. With findings from more than 45 years of research, the influences of about 30 factors were included in 
the literature review. In this study, 37 highway bridges in Virginia were selected on the basis of environmental 
exposure, geographic location, traffic conditions, and construction era. Ten decks with ordinary portland 
cement (OPC) concrete with a water–cementitious material (w/c) ratio of 0.47 with uncoated reinforcement 
were built from 1968 through 1971, and 27 decks with concrete with a w/c ratio of 0.45 with epoxy-coated 
reinforcement were built from 1984 through 1991. Of the newer 27 decks, 11 had concrete with supplementary 
cementitious material (SCM) such as fly ash and slag. The study included field surveys, sampling, and 
extensive data collection with regard to the decks. In addition, a laboratory study of the collected samples was 
conducted to understand the material properties and to determine the chloride contents. Statistical methods 
were used to analyze the collected data and to form regression models for prediction of crack influence on 
chloride diffusion. The increase in chloride diffusion through cracks when compared to that of corresponding 
uncracked locations was statistically significant. No strong correlation was found between surface crack width 
and chloride diffusion; however, a significant correlation was found between crack depth and chloride 
diffusion. To understand the effects of cracks on the durability of the structures, service life was estimated 
using a probabilistic chloride diffusion model based on Fick’s second law of diffusion. The estimated service life 
of the decks with concrete with SCM was around 100 years but only if no cracks were present. The presence 
of cracks affected the service life significantly. With higher crack frequencies, the service life plunged to the 
levels of decks built with OPC concrete, which was significantly lower to begin with. The service life of decks 
built with OPC concrete was not significantly affected by the presence of cracks, primarily because the high 
permeability of OPC concrete, with or without the presence of cracks, results in a shorter service life for OPC 
concrete decks. Time to corrosion initiation for corrosion-resistant reinforcing bars, ASTM A1035 (Virginia 
Department of Transportation (VDOT) Class I reinforcement) and ASTM A955 (VDOT Class III reinforcement), 
was estimated, and the service lives were much longer compared to those of the decks in this study 
constructed with other types of reinforcement. Implementation guidance for quality assurance of newly built 
bridge decks with modern concrete mixtures and corrosion-resistant reinforcement and for maintenance of 
existing bridge decks was developed based on the study results. 
 
Wibowo, Hartanto; Sritharan, Sri. Use of Ultra-High-Performance Concrete for Bridge Deck Overlays.  Iowa 
State University, Ames; Iowa Department of Transportation; Federal Highway Administration, 2018, 76p 
https://trid.trb.org/view/1506096 
Abstract: A large number of bridges in the nation are rated as structurally deficient and require immediate 
retrofits or replacements that will impose a significant financial burden on bridge owners. A fast, cost-efficient, 
and reliable retrofit solution is needed to tackle this problem. Typical bridge deck deterioration starts with 
shrinkage cracks, and additional cracks may occur due to traffic loads and time-dependent effects, which are 
worsened by freeze-thaw cycles over time. These cracks then lead to water and chloride penetration into the 
concrete deck, causing rebar corrosion and further damage to the superstructure. A potential solution, 
suggested in a previous study, is to apply a thin layer of ultra-high-performance concrete (UHPC) on top of 
normal concrete (NC) bridge decks. Because UHPC has a higher tensile strength and low permeability, 
cracking as well as water and chloride ingression can be minimized, which in turn will extend the lifespan of 
the bridge. Moreover, UHPC is also deemed to have a higher fatigue resistance than NC. In this study, a new 
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UHPC mix to accommodate surface crowning was developed by a material supplier and tested in the 
laboratory. Using this new mix, the thin UHPC overlay concept was successfully implemented on a county 
bridge in Iowa. The implementation involved state and county engineers, a local contractor, and a material 
supplier. The bridge overlay was periodically monitored, and thus far there have been no concerns regarding 
the performance of the UHPC overlay or the bond at the interface between the UHPC and NC layers. In 
addition to the field implementation, three concrete slabs with and without a UHPC overlay were tested in the 
laboratory. The results showed that a UHPC overlay in the positive moment region increased the strength by 
18% while showing a more ductile response. In the negative moment region, although wire mesh was used, its 
effectiveness was not significant due to its small steel area. The effectiveness of the wire mesh could be 
improved by increasing the amount of steel area within the overlay, but its impact on the UHPC-NC interface 
bond needs to be evaluated. 
 
Subgranon, Thanachart; Kim, Kukjoo; Tia, Mang. Internally Cured Concrete for Pavement and Bridge Deck 
Applications. Advances in Civil Engineering Materials, Volume 7, Issue 4, 2018, pp 614-627 
https://trid.trb.org/view/1571507 
Abstract: Laboratory and full-scale slab testing programs were conducted to evaluate the performance of 
internally cured concrete (ICC) using lightweight aggregates for application in bridge decks and concrete 
pavement. The laboratory testing program evaluated three standard mixes (SM) and three ICC mixes with the 
same water-to-cementitious materials (w/cm) ratio and cementitious content. The amounts of water-reducing 
admixtures needed for the ICC mixes to achieve the same workability was less than that needed for the 
corresponding standard mixes. The compressive strength, flexural strength, elastic modulus, splitting tensile 
strength, and coefficient of thermal expansion of the ICC mixes were lower than those of the SM mixes with the 
same w/cm ratio. Restrained shrinkage testing indicated that the ICC mixes, despite having higher drying 
shrinkage, had a substantially greater resistance to shrinkage cracking than the standard mixes. One SM and 
two ICC test slabs were constructed to evaluate the performance of ICC in pavement slabs. The results of the 
critical stress analysis from finite element models show that, at a critical loading condition, the computed 
stress-to-strength ratios for the ICC slabs were lower than those of the SM slab. Heavy vehicle simulator (HVS) 
testing of the SM slab produced some hairline cracks next to the wheel path. These hairline cracks possibly 
occurred when microshrinkage cracks developed into hairline cracks after the slab was loaded repetitively by 
the HVS. No surface cracks were observed for the two ICC slabs after HVS testing. Based on these results, 
the ICC test slabs had higher resistance to cracking than the SM test slab. 
 
Sritharan, Sri; Doiron, Gaston; Bierwagen, Dean; Keierleber, Brian; Abu-Hawash, Ahmad. First Application of 
UHPC Bridge Deck Overlay in North America. Transportation Research Record: Journal of the Transportation 
Research Board, Volume 2672, Issue 26, 2018, pp 40-47 
https://trid.trb.org/view/1493171 
Abstract: Deterioration of existing bridge decks, which usually originates with the deck cracking on the top 
surface, is a common problem in North America. It causes frequent repair of the decks to limit further damage 
resulting from water/chloride ingress. Superior engineering and durability properties facilitate the use of ultra-
high performance concrete (UHPC) as an attractive alternative for a deck overlay, minimizing both deck 
deterioration and maintenance costs. Recently developed UHPC thixotropic mix designs, which are different 
from commonly used self-leveling UHPC, enable UHPC overlay to be used on decks with slopes and meet 
specific crowning requirements. The use of a UHPC thixotropic mix design with 3.25% of steel fibers was 
successfully evaluated under laboratory conditions by applying it on sloping deck surfaces with appropriate 
roughness between the normal concrete (NC) and UHPC. The feasibility of applying this technology in the field 
was then investigated on a small bridge for the first time in North America in May 2016. This paper presents 
the details about the laboratory evaluation, field implementation of UHPC overlay, and lessons learned from 
this first UHPC overlay project in North America. 
 
Ozyildirim, H. Celik; Nair, Harikrishnan. Durable Concrete Overlays in Two Virginia Bridges. Transportation 
Research Record: Journal of the Transportation Research Board, Volume 2672, Issue 27, 2018, pp 78-87 
https://trid.trb.org/view/1496282 
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Abstract: The purpose of this study was to implement innovative concretes with low permeability and reduced 
cracking potential in overlays to reduce chloride infiltration into the bridge decks. Two parallel bridges on 
Route 64 over Dunlap Creek in Alleghany County, Virginia, were selected for this study. For low cracking 
potential, relatively low water contents, shrinkage reducing admixtures, and lightweight aggregates were used. 
For low permeability, concretes had supplementary cementitious material and relatively low water–
cementitious material ratios. In the overlays, five different materials were used: latex-modified concrete with 
rapid set cement; silica fume concrete alone; and silica fume concrete with shrinkage reducing admixture, 
lightweight coarse aggregate, and partial lightweight fine aggregate. A compressive strength of 3,000 psi at 3 
days was sought. The performance of the overlay concretes was observed after two to three winters. The 
overlays used in this study achieved the specified strength and low permeability. There were minimal tight 
cracks except for one section with the latex-modified concrete with rapid set cement in the left lane of the 
westbound bridge. The extensive cracks in that section were attributed to plastic shrinkage from adverse 
weather conditions at placement and the fact that a truck had caught fire in that lane. Silica fume concrete 
overlays with shrinkage reducing admixture, lightweight coarse aggregate, or lightweight fine aggregate are 
ready for implementation in the field for low cracking overlays. 
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