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ABSTRACT 

 

This paper presents results of an experimental investigation to study the structural 

performance and deformability of a concrete bridge deck reinforced with corrosion resistant 

reinforcing (CRR) bars, i.e., bars that exhibit improved corrosion resistance when embedded in 

concrete as compared to traditional black steel. Flexural tests of one-way slabs were conducted to 

simulate negative transverse flexure over a bridge girder as assumed in the commonly employed 

strip design method. The bar types studied were Grade 60 (uncoated), epoxy-coated reinforcing 

(ECR, Grade 60), Enduramet 32 stainless steel, 2304 stainless steel, MMFX2, and glass fiber 

reinforced polymer (GFRP). The experimental program was designed to evaluate how a one-to-one 

replacement of the Grade 60 with CRR, a reduction of concrete top clear cover, and a reduction in 

bar quantities in the bridge deck top mat influences flexural performance at service and ultimate 

limit states. Moment-curvature predictions from the computer-based sectional analysis program 

Response 2000 were consistent with the tested results, demonstrating its viability for use with high 

strength and non-metallic bar without a defined yield plateau.  

 Deformability of the concrete slab-strip specimens was defined with ultimate-to-service level 

ratios of midspan deflection and curvature. The MMFX2 and Enduramet 32 one-to-one replacement 

specimens had deformability consistent with the Grade 60 controls, demonstrating that bridge deck 

slabs employing high strength reinforcement without a defined yield plateau can still provide 

sufficient ductility at an ultimate limit state. A reduction in bar quantity and cover provided 

acceptable levels of ductility for the 2304 specimens and MMFX2 reinforced slabs. 
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CHAPTER 1. Introduction 

 
1.1. Background 

Reinforced concrete is a durable, strong and economical construction material. It can be 

formed into a variety of shapes and it performs well throughout its service life. However, corrosion 

of concrete reinforcing steel has contributed to the premature failure of highway bridge decks, 

columns and superstructures and shortened their service lives. This corrosion process has in fact 

become, in the last decades, a major concern for highway infrastructure systems and in particular for 

bridge engineering. Billions of dollars are spent every year in the United States to maintain, replace, 

and rehabilitate bridge decks.  

The need to reduce these excessive maintenance costs, as well as the need to improve bridge 

decks’ service lives, are making corrosion resistant reinforcing bars (CRR) an economically practical 

option for use in reinforced concrete bridges. High strength, corrosion resistant reinforcing material 

is gradually being utilized for concrete reinforcement in bridges, highways and other construction 

projects - especially when the life cycle costs of this material upgrade are appropriately weighed 

against the initially lower costs of black bar. The use of CRR material has been actually growing 

over the past 20 years despite its initial higher cost. The trend to CRR is particularly evident in 

coastal areas of the United States, Canada and Europe (Magee et al. 2002). 

In practice, CRR bars have been used in many concrete structures to provide high strength 

and long term resistance to the corrosive attack of chlorides from road salt and harsh marine 

environments, as well as chlorides formed by concrete in which the reinforcement is buried.  

Possible applications for corrosion resistant reinforcement include bridge decks, sidewalks, 

ramps, parapets, pilings, barriers, retaining walls, anchoring systems, parking garages, sea walls, 
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columns and piers. CRR bars might be considered also for the infrastructure of chemical and other 

process plants where corrosion resistance may be important (Magee et al. 2002). 

A wide variety of CRR options are available, including bars that meet the requirements of 

ASTM A1035, ASTM A955, and AASHTO MP13, all of which have improved corrosion resistance 

when compared to typical Grade 60 mild steels (Clemena et al. 2003; Ji et al. 2005). The same 

chemical compositions and manufacturing processes that provide corrosion resistance also change 

the steel’s material properties, demonstrated with the highly variable CRR bar tensile test results in 

Figure 1-1 (Sarver 2010). With most CRRs, the steel stress-strain curve lacks a sharp yielding 

plateau. Steel yield stress and tensile rupture strength can be as much as two times larger than typical 

grade 60 reinforcing steel bar. Elongation and post-yielding ductility may be larger or smaller than 

grade 60 depending upon the material composition (see Figure 1-1). These material deviations from 

typical mild steel have mostly positive structural design implications, especially higher yield stress. 

 
Figure 1-1: Corrosion resistance reinforcing steel stress-strain properties obtained with a 

tensile test (Sarver 2010)  
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1.2. Research Motivation 

          As the Virginia Department of Transportation (VDOT) is progressively moving towards the 

implementation of corrosion resistant reinforcing bars (CRR) into concrete bridge decks, the 

objective of this research consists of investigating what the design and detailing criteria should be in 

order for these bars to be used. One idea is that CRR bar size could be reduced in a concrete bridge 

deck and the higher strength of CRR bar compared to that of regular Grade 60 steel could 

compensate for the decrease in flexural capacity. Further, a decrease in VDOT’s current clear cover 

of 2.5 in. to 2.0 in. could help limit crack widths in service by reducing the concrete area per bar 

(Darwin et al. 1996).   

          An important goal of this study is to begin to contribute ideas in support of ongoing research 

at Virginia Tech and elsewhere (NCHRP 679) in the area of ductility-based reinforced concrete 

design that can accommodate a wide range of reinforcing material types and stress-strain behavior. A 

key component of the framework is design criteria that ensure sufficient deformability and ductility 

using moment-curvature information. 

         The American Association of State Highway and Transportation Officials (AASHTO) 

increased the design strength for concrete reinforcing steels to 100 ksi for bridges and other 

structures, enabling highway engineers to start designing with higher-strength, corrosion resistant 

reinforcement. This engineering advancement will reduce the costs of replacing our nation’s  aging 

infrastructure and result in better built bridges and roadways by utilizing less steel, relieving costly  

reinforcement congestion issues, and providing a cost-effective, corrosion-resistant, bar solution. 

          The gradually yielding stress-strain curves common to CRR are incompatible with current 

elastic-plastic design equations. Another goal of this investigation consists of providing valuable 

data to validate the sectional analysis program Response 2000 (Bentz 2000) originally developed for 

use with Grade 60 steel.  
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CHAPTER 2. Literature Review 

 
Epoxy coated reinforcing bars (ECR) have been used in bridge decks since the 1970s to 

prevent the reinforcement from corroding and to extend bridge life. The epoxy coating is designed to 

prohibit moisture and chlorides from reaching the surface of the steel and also acts as an electric 

insulator to minimize the electrical current which is needed to propagate corrosion (Smith and 

Virmani 2000). Initial studies performed by the FHWA in the early 1980s observed corrosion 

resistance of 10-40 times that of standard uncoated black bar reinforcement (Smith and Virmani 

2000). This initiated a broad campaign to employ ECR as an effective method to improve bridge 

deck performance and life span.  

Investigations into ECR’s ability to resist corrosion surged from the premature corrosion and 

cracking on bridges in the Florida Keys. Several studies have shown that epoxy coating was not 

performing to expectations, with deterioration occurring much faster than predicted. Several 

problems persisted with ECR including the de-bonding of the coating and the steel, defects in the 

epoxy coating during manufacturing, marred epoxy coating during transit or placing, and variations 

in coating thickness. The studies performed by the Florida DOT found cracking and spalling of 

concrete as a result of corrosion in a short period of 5-7 years. The Virginia Center for 

Transportation Innovation and Research (VCTIR), with assistance from Virginia Tech, performed a 

long term investigation on the effectiveness of ECR from 1992 to 2006, in which it determined that 

epoxy coatings naturally degrade in the concrete’s highly alkaline, moist environment, and estimated 

an extended service life of only 3-5 years beyond black (uncoated bars) with the use of ECR 

(Weyers et al. 2006).  

As a result of this study, many states are switching to other forms of corrosion resistant 

reinforcing bars as the ineffectiveness of ECR at resisting corrosion is increasingly noticed. The state 
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of Virginia has already suppressed the use of new ECR in its bridge decks and is interested in 

discovering new alternative corrosion-resistant reinforcement types.  

Several types of new cost-effective reinforcing steels with inherent corrosion resistance have 

being introduced as there is a rising demand for solutions to bridge deck corrosion. These include 

stainless steel clad bars, alloyed steels, and variations of epoxy coatings such as the use of inorganic 

coatings which are more effective than the traditional fusion-bonded ECR (Jalili et al. 2009).  

Corrosion resistant reinforcement (CRR) alternatives such as solid stainless steel bars were 

initially rejected due to their high material cost. The poor performance of ECR is leading to consider 

these higher initial cost alternatives in view of the overall life-cycle cost of the structures. The life-

cycle costs include construction, maintenance, repair, and rehabilitation throughout the service life of 

the structure (Williamson et al. 2007). The costs to maintain and repair existing structures 

experiencing corrosion are much higher than the initial cost of the more effective bar (Koch et al. 

2001). The initial higher cost of the CRR leads to an overall lower life-cycle cost due to the lack of 

necessary repairs to the bridge saving money and time.  

However, CRR can also impact design by possibly allowing concrete cover to be reduced 

which, in turn, should result in lower superstructure weight and potentially smaller substructure size 

and weight. Lower cover can lead to the reduced width of concrete cracks and, hence, less corrosion 

at these cracks, which translates to lower maintenance costs (Hartt et al. 2009). Also, several of the 

CRR types available have improved mechanical properties when compared to standard black 

reinforcement such as higher yield and ultimate strengths (Sarver 2010). When designing for higher 

strength steels, less steel is required which saves on overall cost.  Alloys that have been identified as 

candidate corrosion resistant reinforcements include: 

 

 



Chapter 2                                                                                                               Literature Review 

 

6 

 

Enduramet 32 

 

EnduraMet 32 is a high-manganese, low-nickel, nitrogen-strengthened austenitic stainless 

steel. The nitrogen provides significantly higher yield and tensile strength as annealed than 

conventional austenitic stainless steels, without adversely affecting ductility, corrosion resistance or 

non-magnetic properties. It has good resistance to atmospheric corrosion and long-term resistance to 

general corrosion when embedded in concrete.  EnduraMet 32 stainless may be considered for 

reinforcement in bridge decks, barrier and retaining walls, anchoring systems, bridge parapets, 

sidewalks and bridge pilings. The higher strength capability, 75 ksi minimum yield strength, of this 

material is an added economical advantage (CRS Holdings Inc., 2006). 

 

MMFX2 

The MMFX2 bars are composed of high-strength, low carbon, heat treated high-chromium 

steel. A finely controlled heat treatment creates layers of austenite and martensite, preventing the 

inclusion of impurities which limits the formation of galvanic cells and, thus, reduces corrosion 

propagation level. Yield strength for MMFX2 bars are significantly high exceeding 120 ksi and 

lacking a sharp yielding plateau. MMFX2 corrosion resistance has been measured as five times that 

of a normal A615 black bar, and a service life of over 100 years (Clemeña 2003).   

 

S32304 

Alloy 2304 stainless steel is a low carbon, high chromium steel. Because of its high 

chromium content (23%) the corrosion resistance of 2304 is almost equivalent to that of 316L.  

Alloy 2304 duplex stainless steel successfully passes most of the standard IC test procedures such as 

ASTM, A262E, and C tests. Its corrosion rate in boiling nitric acid (65%) is higher than that of Alloy 

316L. Due to its high yield strength, the alloy performs well in abrasion/corrosion applications.  
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Mateenbar™ 

Mateenbar™ is a glass fiber reinforced polymer (GFRP). It is highly resistant to chemical 

attack, preventing rusting and making it ideal for marine construction, chemical plants and other 

environments where the use of steel reinforcement is inappropriate. Design engineers  dealing with 

such conditions use Mateenbar™ to attain adequate life-spans. Since its corrosion resistance 

eliminates leaching of rust stains which can ruin surface aesthetics, Mateenbar™ is also an 

appropriate material for applications where minimal concrete coverage may be required (MateenBar 

2005). 

The usage of any material in structural applications requires an investigation on the effect of 

environmental conditions on its properties. Temperature, moisture, alkalinity, freeze-thaw, and 

ultraviolet rays are environmental factors that cause the degradation of GFRP bars. In view of the 

environmental effect on the degradation of GFRP, ACI 440 has recommended an environmental 

reduction factor of 0.7-0.8 for GFRP bars as per their exposure conditions (ACI Committee 440). 

ACI 440-3.1.3 does not recommend the use of GFRP reinforcement in structures that are 

exposed to high temperature, as the modulus is reduced after being exposed to temperature 

exceeding that of the glass transition. Usually, this glass transition temperature value ranges from 

200 to 300°F. Since strength and stiffness in GFRP reinforcement are provided by fibers, a structural 

collapse can occur only after the temperature reached exceeds that of the fibers can handle (1800°F). 
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The American Association of State Highway and Transportation Officials (AASHTO) 

increased the design strength for concrete reinforcing steels to 100 ksi for bridges and other 

structures, enabling highway engineers to start designing with higher-strength, corrosion resistant 

bar.   The enhanced strength of ASTM A1035 reinforcement can now be used in design calculations, 

where less reinforcement is required, resulting in more efficient and economical bridges. To address 

the design issues involved in utilizing higher strength reinforcement, the National Cooperative 

Highway Research Program (NCHRP) initiated Project 12-77 titled "Design of Concrete Structures 

Using High-Strength Reinforcement" (Sharooz et al. 2011). The project included an evaluation of 

the LRFD specifications to identify the articles affected by the use of high-strength reinforcement. 

An integrated experimental and analytical program was then performed to develop data required to 

justify changes to the specifications. The analytical work included all reinforcement with strengths 

above 60 ksi and having a non-linear stress-strain relationship. The experimental work focused on 

the use of ASTM A1035 Grade 100 reinforcement. Finally, proposed revisions to the AASHTO 

specifications were developed.  

In 2009, the AASHTO Highway Subcommittee on Materials published a provisional 

standard MP18 titled "Uncoated, Corrosion-Resistant, Deformed and Plain Alloy, Billet-Steel Bars 

for Concrete Reinforcement and Dowels." This standard has similar tensile requirements as ASTM  

A1035 but includes Grade 60 and 75 bars and no Grade 120. The ASTM A1035 requirement that the 

stress corresponding to a tensile strain of 0.0035 shall be a minimum of 80 ksi is not part of 

AASHTO MP18. In addition, the maximum percentages of each chemical element in the two 

specifications are different. Nevertheless, this should not affect the structural performance of 

reinforcement meeting both specifications, provided the specified tensile properties are achieved. 
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In addition to the NCHRP project, private industry has sponsored numerous research projects to 

show that the higher strength reinforcement can be utilized in bridge structures.  

The current flexural design methodology of the AASHTO LRFD Design Specifications 

assumes that plane sections remain plane, uses a rectangular stress block to model concrete behavior, 

and  assumes an elastic-plastic behavior for the reinforcement. This methodology was shown to be 

applicable for yield strengths up to 100 ksi (NCHRP 279). 

To ensure adequate ductility of a reinforced concrete member the tension- and compression 

controlled strain limits need to be revised from 0.005 and 0.002 for Grade 60 reinforcement to  0.008 

and 0.004, respectively, for Grade 100 reinforcement. For intermediate grades of reinforcement, 

linear interpolation may be used (NCHRP 279). These strain limits were developed from an 

analytical study of 286 cases including seven grades of reinforcement, three concrete strengths, and 

multiple section geometries. Six large-scale beam tests confirmed the appropriateness of the limits 

and produced measured strengths and ductilities greater than calculated (NCHRP 279). 

           The traditional Gergely-Lutz (1968) approach of directly measuring cracking behavior of 

concrete beams was dropped by ACI 318 in 1999 and AASHTO in 2005 in favor of a simplified 

version of the alternative approach proposed by Frosch (1999 and 2001) that suggested spacing 

limits for longitudinal reinforcing steel thereby indirectly controlling crack width. The empirically 

modified Gergely-Lutz approach was considered inadequate to address cases having very large 

concrete cover (ACI 224).  

            Despite the previous assertion, the simplified versions of the Frosch approach adopted by 

AASHTO and ACI implicitly assume a maximum crack width of 0.017 in. which was also the value 

assumed for exterior conditions when applying the Gergely-Lutz approach prior to 1999. The ACI 
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318 version of the Frosch equation for determining the maximum spacing of flexural reinforcement 

to affect adequate crack control is as follows:   

 

� ≤ �40,000�� 	 − 2.5�� ≤ 12 �40,000�� 	 

Where: 

 

cc = minimum concrete cover measured to center of reinforcing bar closest to the extreme tension   

       face and 

fs = service load stress in reinforcing bar closest to the extreme tension face. 

 

 

Thus, the relationship between crack width, reinforcing bar strain, and longitudinal bar 

spacing required to control cracking is demonstrated in a relatively simple format consistent with 

present design practice. 
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CHAPTER 3. Service and Ultimate Limit State Flexural Behavior of One-Way 

Concrete Slabs Reinforced with Corrosion-Resistant Reinforcing Bars 
 

3.1. Abstract 

 

This paper presents results of an experimental investigation to study the structural 

performance and deformability of a concrete bridge deck reinforced with corrosion resistant 

reinforcing (CRR) bars, i.e., bars that exhibit improved corrosion resistance when embedded in 

concrete as compared to traditional black steel. Flexural tests of one-way slabs were conducted to 

simulate negative transverse flexure over a bridge girder as assumed in the commonly employed 

strip design method. The bar types studied were Grade 60 (uncoated), epoxy-coated reinforcing 

(ECR, Grade 60), Enduramet 32 stainless steel, 2304 stainless steel, MMFX2, and glass fiber 

reinforced polymer (GFRP). The experimental program was designed to evaluate how a one-to-one 

replacement of the Grade 60 with CRR, a reduction of concrete top clear cover, and a reduction in 

bar quantities in the bridge deck top mat influences flexural performance at service and ultimate 

limit states.   The MMFX2 reinforced slabs exhibited the highest flexural strength because of the 

correspondingly high steel yield stress.   Crack widths in the CRR specimens at service loads were 

consistent with the Grade 60 control except for the GFRP tests which resulted in cracks 

approximately twice as wide as the Grade 60 control.   A reduction in CRR bar quantities produced 

flexural behavior consistent with Grade 60, regardless of the higher yield strengths in CRR 

specimens. Increasing bar spacing resulted in larger crack widths, whereas decreasing concrete clear 

cover reduced crack widths. Moment-curvature predictions from the computer-based sectional 

analysis program Response 2000 were consistent with the tested results, demonstrating its viability 

for use with high strength and non-metallic bar without a defined yield plateau (Bowen et al. 2013). 
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Deformability of the concrete slab-strip specimens was defined with ultimate-to-service level 

ratios of midspan deflection and curvature. The MMFX2 and Enduramet 32 one-to-one replacement 

specimens had deformability consistent with or higher than the Grade 60 controls, demonstrating 

that bridge deck slabs employing high strength reinforcement without a defined yield plateau can 

still provide more than sufficient ductility at an ultimate limit state.  The GFRP and 2304 one-to-one 

replacement specimens had less deformability than the Grade 60 control and further consideration is 

needed to identify a viable bridge deck reinforcing scheme for this bar type.  A reduction in bar 

quantity and cover provided an acceptable level of ductility for the 2304 specimens and MMFX2 

reinforced slabs, however reserve strength should be provided to accommodate moment 

redistribution at an ultimate limit state.  

 

3.2. Introduction 

This research aims to quantify relative flexural performance of bridge decks with corrosion 

resistant reinforcing (CRR) bars at service and ultimate limit states. The conclusions from this study 

will help the Virginia Department of Transportation (VDOT) implement design changes in bridge 

decks because they use the strip method, which assumes that the bridge deck acts as a one-way slab 

transversely between girders (AASHTO 2010). The test setup described in the following sections is 

designed to evaluate the flexural performance of a bridge deck’s top mat of reinforcing in tension, 

i.e., negative transverse flexure over a girder as shown in Figure 3-1.  
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Figure 3-1: Experimental program designed to test bridge deck negative flexure at a girder 

 

 This testing program also provides valuable data for validating computational reinforced 

concrete design tools, for example, the sectional analysis program Response 2000 (Bentz 2000) 

originally developed for use with Grade 60 steel. The gradually yielding stress-strain curves 

common to CRR are incompatible with current elastic-plastic design equations.  However, they can 

be directly input into Response 2000 to make flexural capacity, moment-curvature, and crack width 

predictions, thus avoiding the current need for a defined yield stress in design.   

 

3.3. Experimental Program 

3.3.1. Experimental variables and test matrix 

The experimental strategy was to perform a set of control tests consistent with a typical 

VDOT bridge deck design using Grade 60 and epoxy-coated reinforcing (ECR, also Grade 60), and 

then to compare these tests to specimens where the Grade 60 steel was replaced with CRR as 

summarized in Table 3-1.  The goal of the control tests was to quantify how a typical concrete bridge 

deck design in Virginia is expected to perform at service and ultimate limit states.  

top

bottom

bottom

top

Bridge cross-section

Test setuplive load
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 Additionally, eight tests were performed to compare CRR flexural performance to that of 

Grade 60 steel. The CRR bar types included MMFX2, Enduramet 32 stainless steel, 2304 stainless 

steel and glass-fiber reinforced polymer (GFRP). The microstructure and chemical composition for 

each steel bar type considered in this experimental program are summarized in Appendix B.  

The bar quantity, size, and spacing was kept the same throughout the test program except for 

the two GFRP tests (T11 & T12) where the bar spacing was decreased from 6 to 4 in. consistent with 

a typical GFRP bridge deck design. The additional GFRP quantity compensates for a 30% lower 

elastic modulus compared to steel which can result in wider crack widths if treated as a one-to-one 

replacement for steel.  

CRR quantities were reduced by a bar size in the next four conducted tests (T13-T16) and, 

while the bar spacing was increased in the MMFX2 specimens (T13-T14) from 6 to 7 in., it was 

decreased in the 2304 reinforced slabs (T15-T16) from 6 to 5 in. These spacings (reinforcement 

ratio, ρ) were selected to produce moment-curvature response consistent with that of the Grade 60 

control.  A last set of tests (T17-T20) was performed to study the influence of a reduction in concrete 

clear cover from 2.5 in. to 2.0 in. 

 Compression reinforcement is not included in any of the specimens because VDOT does not 

consider this steel in a typical bridge deck design.  The use of a single layer of tension reinforcement 

also provides a lower bound on serviceability and strength compared to an actual VDOT bridge deck 

design which employs a truss bar layout that varies the amount of compression steel in the deck 

(VDOT 2011). The reinforcement ratio, defined as ρ = Αs/bd – where Αs is the area of steel 

reinforcement in concrete beam design, b is the cross-sectional width, and d is the effective depth 

from the top of the reinforced concrete beam to the centroid of the tensile steel – is given for all the 

specimens in Table 3-1. 
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Table 3-1: Test matrix 

TEST 

NUMBER 

BAR          

TYPE 

BAR            

QUANTITY 

CLEAR COVER 

(IN.) 

REINFORCEMENT 

RATIO, ρ 

TEST                     

VARIABLE 

1 Grade 60 No. 5 @ 6 in. 2.50 0.009 

Controls 

2 Grade 60 No. 5 @ 6 in. 2.50 0.009 

3 ECR No. 5 @ 6 in. 2.50 0.009 

4 ECR No. 5 @ 6 in. 2.50 0.009 

5 Enduramet 32 No. 5 @ 6 in. 2.50 0.009 

6 Enduramet 32 No. 5 @ 6 in. 2.50 0.009 

7 MMFX2 No. 5 @ 6 in. 2.50 0.009 

One-to-One 

Replacement 

8 MMFX2 No. 5 @ 6 in. 2.50 0.009 

9 2304 No. 5 @ 6 in. 2.50 0.009 

10 2304 No. 5 @ 6 in. 2.50 0.009 

11 GFRP No. 5 @ 4 in. 2.50 0.014 

12 GFRP No. 5 @ 4 in. 2.50 0.014 

13 MMFX2 No. 4 @ 7 in. 2.50 0.0047 

Reduce Bar 

Quantities 

14 MMFX2 No. 4 @ 7 in. 2.50 0.0047 

15 2304 No. 4 @ 5 in. 2.50 0.0066 

16 2304 No. 4 @ 5 in. 2.50 0.0066 

17 MMFX2 No. 4 @ 7 in. 2.00 0.0044 
Reduce Bar      

Quantities and 

Cover 

18 MMFX2 No. 4 @ 7 in. 2.00 0.0044 

19 2304 No. 4 @ 5 in. 2.00 0.0061 

20 2304 No. 4 @ 5 in. 2.00 0.0061 

 

 

3.3.2. Test setup 

 

All specimens were tested as simply-supported one-way beams-strips subjected to a four-

point load.  The center-to-center bearing spacing is 12 ft and the load points are at 4 ft and 8 ft from 

the roller bearing centerline. The flexural tests were conducted with the structural loading frame 

shown in Figure 3-2. The frame provided a self-equilibrating reaction for a 220 kip MTS 

tension/compression servo-controlled hydraulic actuator.  
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Figure 3-2: (a) Test setup; (b) Specimen dimensions and details. 

 
For each slab specimen, two strain gages were attached to the reinforcement at midspan to 

monitor strain during loading. Additionally, Bridge Diagnostic Inc. (BDI) strain transducers were 

attached directly to the concrete surface and to the sides along the constant moment region to 

measure the maximum compressive strains in concrete. These BDI transducers have an accuracy of 

±20 µε. Wire potentiometers with an accuracy of ±0.005 in. were utilized to measure specimen 

deflection; potentiometers were placed at midspan, quarter-points as well as at the specimen supports 

to measure support settlement. The actuator’s internal load cell was used to monitor applied load and 

a data acquisition system was used to record the experimental measures.  Due to a flexural shear 

failure observed in some of the early specimens, external shear reinforcement was placed in the 

shear span for some of the specimens; see Appendix C for details. 

   

3.3.3. Specimen design 

 

The concrete deck slabs were designed and detailed according to AASHTO LRFD Bridge 

Design Specifications (AASHTO 1996) and VDOT Modifications (VDOT 2010). The slabs were 

168 in. long, 36 in. wide and 8.50 in. thick. No. 4 bars were placed perpendicular to and on top of the 

longitudinal No. 5 bars (T1-T12) or No. 4 bars (T13-T20) at a 12 in. spacing along the specimen. 

Concrete clear cover to the longitudinal bars was kept constant to 2.5 in. for the first sixteen tests and 
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reduced to 2.0 in. for the last four tests, and as mentioned previously, no top mat compression 

reinforcement was employed.  

 

3.3.4. Specimen casting 

 

3.3.4.1. Procedures 

 

All specimens were cast with the VDOT general A4 superstructure concrete mix design 

commonly used in bridge decks (VDOT 2007). A minimum 28 day compressive strength of 4000 psi 

is provided by the A4 mix with No. 56 or 57 coarse aggregate, a maximum aggregate size of 1 in., 

and a water to cement ratio not greater than 0.45. The concrete was consolidated with electric spud 

vibrators, and hand trowels were used to finish the specimens. The slabs remained covered with 

plastic sheets for seven days. The side faces of the formwork were removed along with the plastic 

after this period. 

 

3.3.4.2. As built measurements 

 

Clear cover values of the slabs were measured after bar placement, and both width and depth 

dimensions of the specimens were recorded prior to testing. Prior to casting, clear cover 

measurements were taken with a digital caliper along the constant moment region from the bottom of 

the form to the bottom of each placed bar at five different locations. Depth and width of each 

specimen were measured at ten and five locations on the slab, respectively. 

 The measured values slightly differ from the original specimen design of 36 in. by 8.50 in. 

and clear cover of 2.50 in. A clear cover mean of 2.46 in. and a coefficient of variation (COV) of 

1.4% were calculated considering all of the specimens in the experimental program.  The means and 

COV for depth and width were calculated to be 8.71 in. and 1.0%, and 36.40 in. and 0.6%, 

respectively. Measurements for each specimen are provided in Appendix D.  
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3.3.5. Reinforcement properties 

 

3.3.5.1. Relative rib area 

 

Relative rib area was measured as specified by ACI Committee 408 (ACI 2003). Table 3-2 

provides an overview of the statistical analysis of the relative rib areas for each bar type for the No. 5 

bars. The variation in relative rib area between bar types is small, with the 2304 stainless bar having 

the lowest at 0.068 in
2
 which is about 20% below that of the Grade 60 at 0.086 in

2
.  These values 

exceed the 0.048 in
2 

minimum relative rib area ASTM 615 standard for a No. 5 bar.  The source of 

variation between bar types can be attributed to several factors, including manufacturing processes 

and experimental error.  The variability in relative rib area within a specific bar type grouping was 

also minimal except the 2304 stainless steel bars which had a COV of 10.9%. This high variability of 

relative rib area within the 2304 bar group is attributed to the inconsistencies in the deformed bar 

patterns.  

TABLE 3-2: Statistical data for relative rib area within a bar type and size 

Bar 

Specimen 

Number 

Measured 

Average         

Rib Area      

(in
2
) 

COV               

(%) 

Grade 60 4 0.086 1.3 

ECR 4 0.085 2.2 

Enduramet 32 4 0.079 3.1 

MMFX2 4 0.090 5.3 

2304 4 0.068 10.9 

GFRP 4 0.082 4.6 

 

Table 3-3 displays the statistical variation in relative rib area among all bar types with respect 

to bar size. The variation in the relative rib area between bar sizes is small, with the No. 4 bars 

having the lowest at 0.081 in
2 

which is about 10% below that of the No. 5 bars at 0.089 in
2
. The 

variability in relative rib area within a specific bar size is minimal for the No. 4 bars, but high for the 
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No. 5 bars which had a COV of 11.5%. These values exceed, again, the 0.048 in
2 

and 0.043 in
2
 

minimum relative rib area ASTM 615 standards for No. 5 and No. 4 bars, respectively. 

 

Table 3-3: Relative rib area variation among all bar types with respect to bar size 

Bar                  

Size 

Number 

Tested  

Average         

Rib Area      

(in
2
) 

COV               

(%) 

4 24 0.081 2.8 

5 8 0.089 11.5 

 

 

3.3.5.2. Tensile Tests 

 

Tensile tests of all bar specimens were conducted in accordance with ASTM A370 (ASTM 

2005).  Figure 3-3 presents the general stress-strain diagrams for each bar type. Yield strength, 

ultimate strength, and the fracture strength of the bar specimens, as well as the general stress-strain 

diagrams were obtained for each bar type, see Appendix A for details. Yield strength for Grade 60 

and ECR bars was determined by identifying the stress where the first departure from linearity 

occurred. Since for all studied CRRs the stress-strain curve lacks a sharp yield plateau, yield strength 

was determined by the 0.2% offset method.  Yield stress values corresponding to a strain of 0.0035 

(0.35 EUL) were also defined, and these were consistent but still less conservative (1-3% higher) 

than those obtained by the 0.2% offset method.  
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Figure 3-3: Stress-strain diagrams for each bar type 
 

 

3.3.6. Concrete properties 

 

3.3.6.1. Freshly Mixed State 

 

A series of tests were performed prior to placement of the concrete in the specimen forms to 

check that the freshly mixed properties were consistent with the VDOT A4 concrete specification 

ranges. A cubic yard of the specimen concrete was on average composed of 1780 lbs. of No. 57 

coarse aggregate, 1180 lbs. of fine sand aggregate, 535 lbs. of cement, and 135 lbs. of flyash.  A 

slump test was conducted in accordance with ASTM C143 (ASTM 2010b) to determine the 

workability of the concrete. Air content of the concrete was measured according to ASTM C231 
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(ASTM 2010c). Further, concrete temperature was measured at the time of placement according to 

ASTM C1064 (ASTM 2008). The actual measured concrete properties are provided in Table 3-4. 

 

Table 3-4: Concrete properties in the freshly mixed state 

 
Test Number  

 
T1-T6 T7-T12 T13-T16 T17-T20 

Slump (in.) 5.0 5.5 5.5      6.5 

w/c 0.34 0.45 0.45     0.50 

Air (%) 6.00 4.75 5.00     6.50 

Temperature (°F) 68 85 80       90 

 

The water to cement ratio (w/c) for the first six specimens (T1-T6) is 25% lower than the w/c 

for T7-T16 and 30% lower than the w/c for T17-T20, and consequently, the measured slump was 

lower for T1-T6 than for the other tests as shown in Table 3-4. Air content in the concrete was 

measured to be between 4.75 and 6.5 percent. The difference in concrete temperature is due to the 

time of casting of the slabs. While the first six specimens (T1-T6) were cast in March 2012, the 

concrete placements for the next twelve slabs (T7-T16) were performed in late May and mid June 

2012, and the last four slabs (T17-T20) were cast in early July 2012.  

 

3.3.6.2. Hardened State 

 

A group of 24 – 4 in. x 8 in. concrete cylinders were prepared at the time of concrete 

placement in general accordance with ASTM C192 (ASTM 2007) and were cured under ideal 

conditions in a moist-curing room.   The cylinder compressive strength was determined at 7, 14, 28, 

and 56 days from the date of placement as the average of three tests. Additionally, three cylinders 

were tested at 28 days to obtain the concrete’s tension splitting strength according to ASTM C496 

(ASTM 2004). Table 3-5 shows the compressive and tensile strengths at 28 days obtained from the 

set of tests performed.  All tested values are available in Appendix E.  
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Table 3-5: Concrete properties in the hardened state at 28 days 

Test Number  

 
T1-T6 T7-T12 T13-T16 T17-T20 

Compressive strength (psi) 5110 4635 4500 4230 

Tensile splitting strength (psi) 510 490 515 460 

 

 

3.3.7. Test procedure 

 

The slabs with simply-supported ends were subjected to a four point loading condition. The 

slab was loaded in displacement control at a rate of approximately 0.15 in. /min. This load rate was 

determined based on a strain rate diagram for steel (Moncarz et. al 1981), the intent being to avoid 

strain rate effects in the reinforcing bars.  The specimens were loaded in increments of 5 kips up to 

failure under static loading, and at each different loading stage, crack widths and crack propagation 

were measured with a crack microscope. Four cracks along the constant moment region of the 

specimen – two on each side of the slab – were followed through the test in order to observe their 

increase in width and propagation patterns. Crack patterns were also captured with new computer 

vision techniques and a digital camera (Torok et. al 2012) resulting in 3D point clouds of each 

specimen. At the end of the experiment, crack spacings were measured with digital calipers. A 

Vishay System 5000 data acquisition system recorded applied loads, deflections, and concrete and 

reinforcement strains.  

 

3.4. Experimental Results 

 

3.4.1. Summary 

 

Experimental results for the tested slabs are reported in Table 3-6, including experimental 

ultimate moment, measured specimen yield strength, and crack width at the service moment, 

Mservice=24.6 k-ft. The service moment is defined using the AASHTO LRFD Bridge Design 

Specifications (AASHTO 2010) and Chapter 10 in Part 2 of VDOT Manual of the Structure and 



Chapter 3                     Service and Ultimate Limit State Flexural Behavior of One-Way Concrete   

                                     Slabs Reinforced with Corrosion-Resistant Reinforcing Bars 

23 

 

Bridge Division (VDOT 2011) resulting in a dead (1.21 kip-ft/ft) plus live load (6.99 kip-ft/ft) 

moment of 8.2 kip-ft/ft x 3 ft = 24.6 kip-ft. 

 

TABLE 3-6: Summary of test results 

Test 

Number 

Bar                  

Type 

Bar 

Quantity 

Clear 

Cover  

(in.) 

Experimental 

Ultimate 

Moment        

Mtest (kip-ft) 

Measured            

Yield 

Strength       

fy (ksi) 

Crack 

Width       

@Mservice         

Wcr (in.) 

T1 Grade 60 No. 5 @ 6 in. 2.50          65.0        63 0.006 

T2 Grade 60 No. 5 @ 6 in. 2.50          61.4 64 0.010 

T3 ECR No. 5 @ 6 in. 2.50          64.8 66 0.013 

T4 ECR No. 5 @ 6 in. 2.50          62.8 64 0.011 

T5 Enduramet 32 No. 5 @ 6 in. 2.50          69.5 76 0.006 

T6 Enduramet 32 No. 5 @ 6 in. 2.50          68.6 76 0.010 

T7 MMFX2 No. 5 @ 6 in. 2.50          105 120 0.011 

T8 MMFX2 No. 5 @ 6 in. 2.50          110 121 0.009 

T9 2304 No. 5 @ 6 in. 2.50          81.1 78   0.019* 

T10 2304 No. 5 @ 6 in. 2.50          82.6 80 0.014 

T11 GFRP No. 5 @ 4 in. 2.50          80.4 138   0.025* 

T12 GFRP No. 5 @ 4 in. 2.50          73.4 136   0.024* 

T13 MMFX2 No. 4 @ 7 in. 2.50          61.6 126   0.020* 

T14 MMFX2 No. 4 @ 7 in. 2.50          65.1 127   0.027* 

T15 2304 No. 4 @ 5 in. 2.50          58.3 90   0.018* 

T16 2304 No. 4 @ 5 in. 2.50          68.3 89 0.014 

T17 MMFX2 No. 4 @ 7 in. 2.00          75.4 130 0.015 

T18 MMFX2 No. 4 @ 7 in. 2.00          74.4 128 0.014 

T19 2304 No. 4 @ 5 in. 2.00          75.3 94 0.015 

T20 2304 No. 4 @ 5 in. 2.00          74.5 92 0.012 

* Wcr values exceeding the AASHTO crack width limit of 0.017 in. at service moment 

 

For a one-to-one bar replacement, the flexural capacity, Mtest, for the CRR specimens is 

always greater than the Grade 60 specimens.   The highest flexural capacity was achieved with the 

MMFX2 specimens (T7, T8), where Mtest was approximately 70% larger than that of Grade 60 (T1, 

T2) resulting from the higher MMFX2 bar yield stress. The GFRP specimens (T11, T12) had the 

largest crack widths, approximately 2.5 times wider than that of the Grade 60 specimens at Mservice. 
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The flexural capacity for the CRR specimens closely matches that of the Grade 60 specimens 

after a reduction of bar quantities and increases by about 15% with a reduction of concrete clear 

cover.  While in the MMFX2 specimens a bar reduction from No. 5 @ 6 in. to No. 4 @ 7 in. resulted 

in crack widths approximately 2.5 times wider at Mservice (T13, T14), crack widths in the 2304 

reinforced slabs (T15, T16) were unaffected by the decrease in bar quantity. This is due to the 30% 

higher reinforcement ratio, ρ, in the 2304 specimens than that in the MMFX2 reinforced slabs. 

Reducing clear cover decreased service crack widths by about 50% in the MMFX2 specimens (T17, 

T18) but, again, did not affect crack widths in the slabs reinforced with 2304 steel (T19, T20).  

 

3.4.2. Moment-curvature  

 

Figure 3-4 compares the measured moment-curvature relationships from the controls and 

one-to-one replacement experiments for each specimen type.  The curvature measurements were 

calculated using the measured concrete strain on the slab top surface and the measured reinforcement 

strain with the Euler-Bernoulli relationship 1/ρ=ε/y, where ρ is the radius of curvature (Φ=1/ ρ is the 

curvature), ε is the engineering strain at location y from the neutral axis. The curvature 

measurements in Figure 3-4 do not go up to ultimate load because the BDI strain gages on the 

concrete were not able to obtain measurements up to ultimate load.  Even though the moment-

curvature plots are not complete, they show how each slab behaves prior to cracking, after cracking, 

during bar yield, and after bar yield. The slope of each line represents the flexural rigidity (EI) of the 

slab.  The discontinuities in the load-displacement curves every 10 kip-ft are due to the load being 

stopped to measure crack widths.  
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Figure 3-4: Moment-curvature for controls and one-to-one replacement experiments (full 

curve to failure is not shown because the external strain gages were removed before failure) 
 

 

The initial slope in Figure 3-4 represents the stiffness of the beam prior to cracking which is 

consistent for each slab specimen type.  The slopes begin to vary once the slabs crack, which occurs 

between 7 and 15 kip-ft (28% to 60% of Mservice) for all the slabs.  After cracking, the slabs 

reinforced with MMFX2, Grade 60, ECR, and Enduramet 32 all have similar stiffnesses up to yield 

due to the similar reinforcement elastic modulus. The slabs reinforced with 2304 and GFRP have a 

lower flexural stiffness after cracking due to the smaller bar elastic modulus (approximately 

E=27000 ksi for the 2304 stainless steel bar and E=7000 ksi for GFRP). 

 The slabs reinforced with ECR and Grade 60 experience a plateau after yielding, where the 

slab loses most of its stiffness, followed by a slight increase in stiffness after the slab has 
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experienced a large increase in curvature.  This is due to the yield plateau and the strain hardening in 

the ECR and Grade 60 steel.  The slabs reinforced with Enduramet 32, 2304, and MMFX2 

experience a gradual loss in stiffness because of the reinforcement material properties, i.e., gradual 

yielding behavior.  The slabs reinforced with GFRP experience the same stiffness throughout the test 

due to the material’s linear elasticity up to failure.   

Figure 3-5 shows the influence of a reduction in bar quantity and decrease in concrete clear 

cover on the MMFX2 (Figure 3-5a) and 2304 specimen (Figure 3-5b) load-deformation response. 

The moment-curvature prior to cracking of the MMFX2 and 2304 slabs with reduced quantities and 

decreased cover is consistent with the Grade 60 reinforced slab and to that of the MMFX2 and 2304 

one-to-one replacement specimens.  For the one-to-one MMFX2 and 2304 replacement specimens 

(T7-T10 in Table 3-1), the slopes begin to vary once the slabs crack, which occur again between 7 

and 15 kip-ft (28% to 60% of Mservice).  For the MMFX2 reinforced slabs, a decrease in the bar 

quantity results in a loss in flexural rigidity (45% increase in beam curvature at Mservice) whereas a 

decrease in clear cover results in a gain in flexural rigidity (approximately 30% decrease in beam 

curvature at Mservice).  These results support a multi-tiered design approach to CRR, where 

reinforcement quantities and cover can be reduced together to meet or improve upon the structural 

performance of a typical Grade 60 bridge deck. For the slabs reinforced with 2304 the effect of bar 

reduction and concrete cover decrease is insignificant at the service load level.  
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a)  

b)  

Figure 3-5:  Moment-curvature comparison for reduced quantities and cover experiments 

to the Grade 60 control: (a) MMFX2 and (b) 2304 
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3.4.3. Crack width in concrete 

 

Figure 3-6 shows a comparison of the measured crack width in the controls and one-to-one 

replacement reinforced concrete slabs at different load levels. For all specimens, the first crack was 

initiated at a region near mid-span and as the load increased, additional cracks started to form 

throughout the length of the specimen, widening and propagating upward until failure occurred by 

concrete crushing. Crack widths are about 2.5 times wider for the GFRP reinforced concrete slabs 

than for the steel reinforced specimens at Mservice. This is due to the lower stiffness of the GFRP 

reinforcement compared to that of the steel.  

 

 

Figure 3-6: Comparison of measured crack widths for controls (No. 5 @ 6 in., ρρρρ=0.009) and 

one-to-one replacement (No. 5 @ 6 in., ρρρρ=0.009 (T8, T10); No. 5 @ 4 in., ρρρρ=0.014 (T11)) 

experiments 
 

Figure 3-7 illustrates the influence of a reduction of MMFX2 and 2304 bar quantity and the 

effects of a decrease in concrete clear cover on crack widths forming in the specimens reinforced 
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with these bar types.  As for previous tested specimens, the first crack was initiated at a region near 

mid-span and succeeding cracks propagated in the same manner until failure of the slab. For the 

MMFX2 specimens, crack widths are about 2.5 wider at Mservice after a reduction of bar quantity 

(ρ=0.009 to ρ=0.0047) and corresponding increase in spacing from 6 to 7 in., however the crack 

spacing reduced by 50% when clear cover was reduced (ρ=0.0047 to ρ=0.0044). For the slabs 

reinforced with 2304, crack widths are consistent under the same load level after a reduction of bar 

quantity (ρ=0.009 to ρ=0.0066) and after a clear cover decrease (ρ=0.0066 to ρ=0.0061). This is due to 

the reinforcing bar spacing which was reduced from 6 to 5 in. in the 2304 specimens. Figure 3-7 

indicates that crack widths are consistent for Grade 60 control and specimens reinforced with both 

MMFX2 (No. 4 @ 7 in.) and 2304 (No. 4 @ 5 in.) bar types after a decrease in clear cover from 2.5 

to 2.0 in. 
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a)  

b)  

Figure 3-7:  Comparison of measured crack widths for reduced quantities and cover 

experiments to Grade 60 control: (a) MMFX2 and (b) 2304 
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3.5. Test to Predicted Comparisons 

 

3.5.1. Response 2000 modeling approach 

 

Computational sectional analyses were performed with Response 2000. Response 2000 can 

perform different types of analysis, including flexural strain-compatibility calculations including 

cracking that assume no shear or axial loads, and returns the moment-curvature relationship. For this 

research study, Response 2000’s flexural analysis feature was used to determine moment-curvature 

of a section containing each bar type. 

 Response 2000 uses a graphical interface to create a cross section. The program allows the 

user to define concrete strength, longitudinal bar strength, and transverse bar strength. These 

properties can be later modified in order to enter the stress-strain curve of the material. The interface 

also allows the user to input the bar size, spacing, and number of bar. Section geometry can as well 

be defined by the user. 

 Response 2000 was used to compare the moment-curvature relationship of the different 

specimens tested. A typical bridge deck section was defined as 8.5 in. thick, with bottom 

reinforcement consisting of No. 5 bars spaced accordingly, and with a clear cover of 2.5 in. The 

stress-strain behavior of the concrete and reinforcement were modeled in the program. To create the 

stress-strain curve for the reinforcement, the program uses several input parameters including, elastic 

modulus, yield strength, strain at yield, strain at onset of strain hardening, ultimate strain, and 

ultimate stress.  Table 3-7 shows the parameters and their magnitudes entered into Response 2000 

that most closely matched the reinforcement measured stress-strain curves.   
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Table 3-7: Reinforcement stress-strain inputs to Response 2000 

Parameter Grade 60 ECR N32 MMFX2 2304 GFRP 

Elastic Modulus (ksi) 30000 29000 27000 30000 27000 8000 

Yield Stress (ksi) 63 65 76 105 76 145 

Strain @ on Set of 

Strain Hardening  

(µɛ) 

7,200 6,500 2,900 3,300 2,900 18,300 

Ultimate Stress (ksi) 103 106 110 158 110 145 

Ultimate Strain (µɛ) 65,000 59,000 110,000 15,000 15,000 18,000 

             

 

3.5.2. Moment-curvature analysis 

 

Figure 3-8 shows a comparison of the flexural behavior from the conducted experiments to 

that obtained from a sectional analysis performed in Response 2000. Response 2000 generated 

moment-curvature trends are consistent with the measured load-deformation response, 

demonstrating that computer-based sectional analysis tools are a viable and convenient alternative to 

existing hand solutions when designing with CRR. 
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(a)  

(b)  

Figure 3-8: Moment-curvature comparison (a) controls (b) one-to-one replacement,  

      experimental to Response 2000 
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3.6. Deformability and Ductility 

 

An important goal of this study is to begin to contribute ideas in support of ongoing research 

at Virginia Tech and elsewhere (NCHRP 679) in the area of ductility-based reinforced concrete 

design that can accommodate a wide range of reinforcing material types and stress-strain behavior. 

This general design framework will be able to accommodate reinforcement with distinct yield 

plateaus, gradual yielding, or linear-elastic behavior to failure using computer-based sectional 

analysis tools like Response 2000.   A key component of the framework is design criteria that ensure 

sufficient deformability and ductility using moment-curvature information. 

 Ductility is usually quantified by the ratio of a variable like curvature or deflection at yield to 

the curvature and deflection at ultimate load.  This ratio is difficult to determine for reinforced 

concrete that experiences either a gradual yield or no yield at all. A section reinforced with higher 

strength reinforcement or linear elastic reinforcement (i.e., GFRP) could potentially experience large 

strains in the reinforcement and thus large curvature and deflection without experiencing a sudden 

brittle failure.  For this reason, the deformability of the members is defined herein based on the ratio 

of curvature and deflection at Mtest to the curvature and deflection at Mservice, i.e., µd =∆ultimate /∆service 

and µc =Φultimate /Φservice. This is consistent with the deformability-based approach that forms the 

basis of the ACI provisions for flexural design of reinforced concrete with high strength 

reinforcement (i.e., Mast et al. 2008).   

 Table 3-8 provides the ductility ratios, µd and µc, for each test.  The midspan deflections 

∆service and ∆ultimate were measured at the service moment and the ultimate moment.  Since Response 

2000 was validated by test results, the midspan curvature Φservice and Φultimate were found by 

analyzing each test specimen in Response 2000.   
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Table 3-8: Specimen deformability 

TEST 

NUMBER 
Bar Type 

Deflection Curvature 

∆∆∆∆service                                               

(in.) 

∆∆∆∆ultimate                     

(in.) 
µµµµd = ∆∆∆∆ult. / ∆∆∆∆ser. 

ΦΦΦΦservice 

(microstrain/in.) 

ΦΦΦΦultimate 

(microstrain/in.) 
µµµµc = ΦΦΦΦult. / ΦΦΦΦser. 

1 Grade 60 0.42 7.07 16.6 238 3537 14.9 

2 Grade 60 0.48 8.26 17.2 236 3954 16.7 

3 ECR 0.53 6.52 12.3 242 3599 14.8 

4 ECR 0.50 5.75 11.6 251 3558 14.2 

5 Enduramet 32 0.38 6.79 17.8 242 2940 12.2 

6 Enduramet 32 0.54 6.14 11.4 271 2950 10.9 

7 MMFX2 0.51 3.60 7.07 211 1804 8.55 

8 MMFX2 0.54 4.24 7.85 215 1611 7.50 

9 2304 0.64 4.75 7.44 266 1625     6.10** 

10 2304 0.61 5.32 8.72 264 1644     6.23** 

11 GFRP 0.96 4.63 4.80 527 1987     3.77** 

12 GFRP 0.91 4.00 4.38 580 2188     3.77** 

13 MMFX2 0.85 3.95 4.65 400 1998     4.98** 

14 MMFX2 0.87 5.58 6.41 350 2003     5.72** 

15 2304 0.80 5.65 7.09 329 2208     6.71** 

16 2304 0.68 6.04 8.88 310 1780     5.73** 

17 MMFX2 0.70 5.96 8.52 313 1763     5.62** 

18 MMFX2 0.70 5.68 8.12 335 1800     5.36** 

19 2304 0.57 4.98 8.70 263 2163 8.22 

20 2304 0.62 5.44 8.77 260 2158 8.28 

** µc values beneath 7.13, corresponding to 0.005 tensile strain limit for Grade 60 bridge deck 

 

 All 20 tests were compared to what is considered an acceptable amount of deformability in a 

reinforced concrete flexural member according to the ACI and AASHTO specifications (ACI 318-

11; AASHTO 2010).  This deformability is ensured by exceeding or at least reaching an engineering 

strain of 0.005 in the reinforcement at ultimate load. A typical test slab was designed in Response 

2000 with the appropriate area of reinforcement in order for the bar to have a strain of 0.005 at 

ultimate load.  The slab has a depth of 8.5 in., a width of 36 in., a concrete compressive strength, f’c, 

of 4000 psi, and reinforcement located at the same depth as the test slabs.  For this typical slab µc 

=7.13, which is then used as a deformability limit, i.e., any specimen with µc ≥7.13 has acceptable 
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deformability.  The average of the two µc values for the Grade 60, ECR, Enduramet 32, MMFX2, 

2304, and GFRP tests (T1-T12) were calculated respectively, and the relative deformability of these 

specimens to the tension controlled slab are reported in Table 3-9.  The two control specimen types 

that have less deformability than the Grade 60 tension controlled slab were the 2304 and the GFRP, 

highlighting that these “one-to-one” bridge deck designs may require modifications to ensure equal 

performance to existing bridges decks at an ultimate limit state.    

 

Table 3-9: Relative deformability of specimens (T1-T12) to Grade 60 baseline 

Bar Type µµµµc / µµµµc(baseline Grade 60) 

Grade 60 2.21 

ECR 2.03 

Enduramet 32 1.61 

MMFX2 1.12 

2304 0.86 

GFRP 0.52 

 

 The average of the two µc values for the MMFX2 and 2304 reduced quantity experiments 

(T13-T16) were 0.75 and 0.87 times the calculated baseline µc and for the reduced quantities and 

cover (T17-T20) experiments, 0.77 and 1.16 times respectively. This indicates that, in contrast to a 

one-to-one bar replacement, a reduction in bar quantity for the MMFX2 and 2304 specimens has less 

deformability than that of a “typical” Grade 60 bridge deck slab with a reinforcement strain of 0.005 

at ultimate load. The only tested combination that meets the deformability limit is the 2304 

reinforced slabs with reduced bar quantities and reduced cover (T19-T20).   

 Most of the CRR designs tested in this study do not meet the ACI and AASHTO ductility 

requirements.  This is because the yield plateau for Grade 60 steel results in large strains after first 

yield, in comparison to the gradually yielding steels (2304, MMFX2) and linear elastic GFRP which 

experience less strain under load, translating into less curvature and deflection at failure.  Tests T19 
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and T20 considering 2304 stainless steel do give some hope though that sufficient deformability can 

be achieved, especially if bar quantity (i.e., the reinforcement ratio ρ) is chosen carefully and clear 

cover is reduced to keep crack widths tight and service deflections small.  The author predicts that 

MMFX2 reinforced specimens in T17 and T18 could also meet AASHTO ductility requirements 

with a subtle change in the bar spacing from 7 in. to 6 in., which is certainly a feasible design for a 

bridge deck.   The addition of compression steel, not considered in this study in order to establish a 

lower bound on flexural performance, will also improve ductility.  In addition to these ductility 

limits, it is suggested that some reserve strength be provided in CRR bridge deck slab strip designs, 

i.e., Mn≥1.2Mu where Mn is the nominal flexural strength and Mu is the factored demand moment, to 

accommodate moment redistribution (softening of the deck over a girder which sheds more moment 

to midspan in a multi-girder system) at an ultimate limit state.  This overstrength is shown to be 

available in T17-T20 when compared to the Grade 60 control. A more realistic plate analysis of the 

bridge deck could also be conducted to demonstrate sufficient redundancy for load sharing, allowing 

redistribution of negative moments at the internal supports of continuous reinforced-concrete beams.  
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CHAPTER 4. Conclusions 

 

4.1. Summary 

 

The varying CRR stress-strain characteristics studied in this research program resulted in moment-

curvature relationships that differed from that of the Grade 60 bars. The MMFX2 slab-strip specimens 

exhibited the largest flexural capacity (70% higher than Grade 60 for the one-to-one replacement) and the 

Enduramet 32 stainless steel and 2304 stainless flexural strengths were approximately 10% and 25% 

higher than the Grade 60 controls, respectively.  

 Flexural specimens reinforced with the GFRP bars exhibited larger crack widths at service moment 

than those reinforced with the steel. At the ultimate limit state, MMFX2 reinforced members had smaller 

cracks than slabs reinforced with the other bar types. Crack widths in MMFX2 and 2304 stainless steel 

reinforced concrete slabs varied gradually with moment as a result of reinforcement stress-strain 

properties, contrasting to the yield plateau observed in the Grade 60 specimens and to the linear-elastic 

flexural performance to failure of the GFRP specimens. 

 Deformability of the concrete slab-strip specimens was defined with ultimate-to-service level ratios 

of midspan deflection and curvature. For a one-to-one bar replacement, the MMFX2 and Enduramet 32 

specimens had deformability consistent with or higher than the Grade 60 controls, demonstrating that 

bridge deck slabs employing high strength reinforcement without a defined yield plateau can still provide 

ductility at an ultimate limit state.  The GFRP and 2304 specimens had less deformability than the Grade 

60 control and further consideration is needed to identify a viable bridge deck reinforcing scheme (spacing 

and bar quantities) for these bar types.  A decrease in bar quantities and clear cover resulted in ductility 

consistent with AASHTO and ACI ductility limits for MMFX2 and 2304 stainless steel, demonstrating that 

with programs like Response 2000, CRR bridge deck designs can be identified that meet current code 

serviceability and strength requirements, with the added benefit of corrosion resistance.  
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4.2. Recommendations   

 Further research is recommended in order to compare the slab strip method to more realistic 

boundary conditions (i.e. slab plate tests). An evaluation of the impact of compression reinforcement (truss 

bars) into the concrete slabs is also encouraged as this would imply a more realistic approach of a bridge 

deck design.  

 Further research related to the adoption of corrosion-resistant reinforcing bars (CRR) should be 

conducted. This experimental investigation did not consider seismic applications and the design of 

concrete bridge decks would potentially benefit from the use of CRR by following specific guidelines in 

the detailing criteria of the slabs.  

Slabs are always susceptible to repeated loadings and, consequently, fatigue performance is an 

important limit state that must be taken into account by designers. A study of the fatigue limit of CRR is 

recommended in order to determine any possible improvements on these limit over that of conventional 

Grade 60 steel.  

 As previously mentioned, yield strength of higher strength reinforcement is not easy to determine 

due the lack of a discernible yield plateau in the bar stress-strain diagram. Thus, deformability of the 

members was defined in this investigation as the ratio of curvature at ultimate load to the curvature at the 

service load. This service level was consistent for all specimens regardless of the varying stress-strain 

characteristics among all the types of reinforcements studied. The author suggests that a computation of the 

areas under the moment-curvature curve for each specimen and the application of the equation shown in 

Appendix F could be used as a second approach to quantify member strength and deformability. The factor 

obtained from the equation could be determined again for each slab specimen and compared to a baseline 

value corresponding to a typical Grade 60 reinforced beam.  
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Figure A-1.1: Moment versus displacement for T1 

Notes:  

• First crack occurred at around Mcr = 10 kip-ft but was too 

small to be measured with crack microscope. 

• Cracks were noted to be wider on the west side of the slab. 

• Strain gauges were not placed on the reinforcement so the 

moment-curvature relationship was not obtained for this 

specimen. 

 

 
Figure A-1.2: Moment versus crack width for T1 

 
  Figure A-1.3: Engineering stress-strain diagram for Grade 60 bar (T1) 
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Notes:  

• First crack occurred at around Mcr = 14 kip-ft but was too small to be measured with crack microscope. 

  

 
Figure A-2.1: Moment versus displacement for T2 

 
Figure A-2.2: Moment versus curvature for T2 

 
Figure A-2.3: Moment versus crack width for T2 

 
Figure A-2.4: Engineering stress-strain diagram for Grade 60 bar (T2) 
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Figure A-3.1: Moment versus displacement for T3 

Notes:  

• First crack measured at Mcr = 10 kip-ft. 

• Strain gauges were not placed on the reinforcement so the 

moment-curvature relationship was not obtained for this 

specimen. 

• Tensile test readings for Bar 3-4 were lost in the data 

acquisition system.  

 

 
Figure A-3.2: Moment versus crack width for T3 

 
Figure A-3.3: Engineering stress-strain diagram for ECR bar (T3) 
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Notes:  

• First crack occurred at around Mcr = 11 kip-ft but was too small to be measured with crack microscope. 

  

 
Figure A-4.1: Moment versus displacement for T4 

 
Figure A-4.2: Moment versus curvature for T4 

 
Figure A-4.3: Moment versus crack width for T4 

 
Figure A-4.4: Engineering stress-strain diagram for ECR bar (T4) 
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Figure A-5.1: Moment versus displacement for T5 

Notes:  

• Initial cracks existing before loading of specimen. 

• Strain gauges were not placed on the reinforcement so the 

moment-curvature relationship was not obtained for this 

specimen. 

 

 
Figure A-5.2: Moment versus crack width for T5 

 
Figure A-5.3: Engineering stress-strain diagram for N32 bar (T5) 
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Notes:  

• First crack occurred at around Mcr = 12 kip-ft but was too small to be measured with crack microscope. 

  

 
Figure A-6.1: Moment versus displacement for T6 

 
Figure A-6.2: Moment versus curvature for T6 

 
Figure A-6.3: Moment versus crack width for T6 

 
Figure A-6.4: Engineering stress-strain diagram for N32 bar (T6) 
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Figure A-7.1: Moment versus displacement for T7 

 
Figure A-7.2: Moment versus curvature for T7 

 
Figure A-7.3: Moment versus crack width for T7 

 
Figure A-7.4: Engineering stress-strain diagram for MMFX2 bar (T7) 

 

Notes:  

• First crack occurred at around Mcr = 14 kip-ft but was too small to be measured with crack microscope. 

• The specimen failed in shear at about Mexp = 110 kip-ft. 

• All cracks closed at the end of experiment due to shear mode of failure. 
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Figure A-8.1: Moment versus displacement for T8 

 
Figure A-8.2: Moment versus curvature for T8 

 
Figure A-8.3: Moment versus crack width for T8 

 
Figure A-8.4: Engineering stress-strain diagram for MMFX2 bar (T8) 

 

Notes:  

• First crack occurred at around Mcr = 11 kip-ft but was too small to be measured with crack microscope. 

• External shear reinforcement was placed in the shear span of the specimen to prevent a shear failure.   
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Figure A-9.1: Moment versus displacement for T9 

 
Figure A-9.2: Moment versus curvature for T9 

 
Figure A-9.3: Moment versus crack width for T9 

 
Figure A-9.4: Engineering stress-strain diagram for 2304 bar (T9) 

 

Notes:  

• First crack occurred at around Mcr = 9 kip-ft but was too small to be measured with crack microscope. 

• External shear reinforcement was placed in the shear span of the specimen to prevent a shear failure.  
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Figure A-10.1: Moment versus displacement for T10 

 
Figure A-10.2: Moment versus curvature for T10 

 
Figure A-10.3: Moment versus crack width for T10 

 
Figure A-10.4: Engineering stress-strain diagram for 2304 bar (T10) 

 

Notes:  

• First crack occurred at around Mcr = 9 kip-ft but was too small to be measured with crack microscope. 

• External shear reinforcement was placed in the shear span of the specimen to prevent a shear failure.  
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Figure A-11.1: Moment versus displacement for T11 

 
Figure A-11.2: Moment versus curvature for T11 

 
Figure A-11.3: Moment versus crack width for T11 

 
Figure A-11.4: Engineering stress-strain diagram for GFRP bar (T11) 

Notes:  

• First crack occurred at around Mcr = 8 kip-ft but was too small to be measured with crack microscope. 

• External shear reinforcement was placed in the shear span of the specimen to prevent a shear failure.  

• Concrete crushed outside loading region. 
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Figure A-12.1: Moment versus displacement for T12 

 
Figure A-12.2: Moment versus curvature for T12 

 
Figure A-12.3: Moment versus crack width for T12 

 
Figure A-12.4: Engineering stress-strain diagram for GFRP bar (T12) 

 

Notes:  

• First crack occurred at around Mcr = 7 kip-ft but was too small to be measured with crack microscope. 

• External shear reinforcement was placed in the shear span of the specimen to prevent a shear failure; 

however, specimen failed in shear.  
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Figure A-13.1: Moment versus displacement for T13 

 
Figure A-13.2: Moment versus curvature for T13 

 
Figure A-13.3: Moment versus crack width for T13 

 
Figure A-13.4: Engineering stress-strain diagram for MMFX2 bar (T13) 

 

Notes:  

• First crack occurred at around Mcr = 8 kip-ft but was too small to be measured with crack microscope. 

• External shear reinforcement was placed in the shear span of the specimen to prevent a shear failure; 

however, specimen failed in shear.  
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Figure A-14.1: Moment versus displacement for T14 

 
Figure A-14.2: Moment versus curvature for T14 

 
Figure A-14.3: Moment versus crack width for T14 

 
Figure A-14.4: Engineering stress-strain diagram for MMFX2 bar (T14) 

 

Notes:  

• First crack occurred at around Mcr = 7 kip-ft but was too small to be measured with crack microscope. 

• External shear reinforcement was placed in the shear span of the specimen to prevent a shear failure. 

• Load drops were observed at Mexp = 14 kip-ft and Mexp = 20 kip-ft. 
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Figure A-15.1: Moment versus displacement for T15 

 
Figure A-15.2: Moment versus curvature for T15 

 
Figure A-15.3: Moment versus crack width for T15 

 
Figure A-15.4: Engineering stress-strain diagram for 2304 bar (T15) 

 

Notes:  

• First crack occurred at around Mcr = 8.5 kip-ft but was too small to be measured with crack microscope. 

• External shear reinforcement was placed in the shear span of the specimen to prevent a shear failure. 
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Figure A-16.1: Moment versus displacement for T16 

 
Figure A-16.2: Moment versus curvature for T16 

 
Figure A-16.3: Moment versus crack width for T16 

 
Figure A-16.4: Engineering stress-strain diagram for 2304 bar (T16) 

 

Notes:  

• First crack occurred at around Mcr = 8.5 kip-ft but was too small to be measured with crack microscope. 

• External shear reinforcement was placed in the shear span of the specimen to prevent a shear failure. 
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Figure A-17.1: Moment versus displacement for T17 

 
Figure A-17.2: Moment versus curvature for T17 

 
Figure A-17.3: Moment versus crack width for T17 

 
Figure A-17.4: Engineering stress-strain diagram for MMFX2 bar (T17) 

 

Notes:  

• First crack occurred at around Mcr = 8 kip-ft but was too small to be measured with crack microscope. 

• External shear reinforcement was placed in the shear span of the specimen to prevent a shear failure. 

• Tensile test readings for Bar 17-2 were lost in data acquisition system. 
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Figure A-18.1: Moment versus displacement for T18 

 
Figure A-18.2: Moment versus curvature for T18 

 
Figure A-18.3: Moment versus crack width for T18 

 
Figure A-18.4: Engineering stress-strain diagram for MMFX2 bar (T18) 

 

Notes:  

• First crack occurred at around Mcr = 8 kip-ft but was too small to be measured with crack microscope. 

• External shear reinforcement was placed in the shear span of the specimen to prevent a shear failure. 
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Figure A-19.1: Moment versus displacement for T19 

 
Figure A-19.2: Moment versus curvature for T19 

 
Figure A-19.3: Moment versus crack width for T19 

 
Figure A-19.4: Engineering stress-strain diagram for 2304 bar (T19) 

 

Notes:  

• First crack occurred at around Mcr = 9 kip-ft but was too small to be measured with crack microscope. 

• External shear reinforcement was placed in the shear span of the specimen to prevent a shear failure. 
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Figure A-20.1: Moment versus displacement for T20 

 
Figure A-20.2: Moment versus curvature for T20 

 
Figure A-20.3: Moment versus crack width for T20 

 
Figure A-20.4: Engineering stress-strain diagram for 2304 bar (T20) 

 

Notes:  

• First crack occurred at around Mcr = 8 kip-ft but was too small to be measured with crack microscope. 

• External shear reinforcement was placed in the shear span of the specimen to prevent a shear failure. 
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Table B-1: Steel structure and chemical composition of tested reinforcement (Presuel-Moreno et. al 

2008) 

Material 
Composition (wt %) 

Cr Ni Mo N C Mn Si S P 

Grade 60 0.15 0.097 0.018 0.012 0.44 1.26 0.23 0.029 0.01 

ECR 0.15 0.097 0.018 0.012 0.44 1.26 0.23 0.029 0.01 

Enduramet 32 16.5-19.0 0.05-2.5 0 0.20-0.45 0.06 11.0-14.0 1 0.03 0.06 

MMFX2 8.0-10.0 0 0 0.05 0.15 1.5 0.045 0.045 0.035 

2304 21.0-23.0 4.5-6.5 2.5-3.5 0.08-0.2 0.03 2 1 0.02 0.03 
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Specimen T7 (see Table 3-1) reinforced with MMFX2 failed in shear. External shear reinforcement 

was provided in the succeeding experiments in order to prevent a shear mode of failure from occurring 

again. This shear reinforcement consisted of steel angles – one 8 in. by ½ in. and two 6 in. by ½ in. – that 

were positioned on top and bottom of the specimen along the critical shear section of the slabs as shown in 

Figure C-1. The angles were cut to a length of 40 inches so that 1- ¼ inch holes could be drilled through 

the top and bottom angles and 1 inch rods slid through them in order to tie the angles with bolts. 

 

Figure C-1: External shear reinforcement (Plan view) 
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Table D-1: Measurements for specimen T1  

Width 

(in.) 

N MN M MS S 

- 36.25 36.1875 36.1875 - 

Depth 

(in.) 

NE MNE E MSE SE 

- 8.75 8.5 8.8125 - 

NW MNW W MSW SW 

- 8.8125 8.5625 8.75 - 
 

Table D-2: Measurements for specimen T2 

Width 

(in.) 

N MN M MS S 

- 36.625 36.625 36.625 - 

Depth 

(in.) 

NE MNE E MSE SE 

- 8.5625 8.5 8.53125 - 

NW MNW W MSW SW 

- 8.625 8.625 8.5 - 

 

Table D-3: Measurements for specimen T3 

Width 

(in.) 

N MN M MS S 

- 36.25 36.0625 36 - 

Depth  

(in.) 

NE MNE E MSE SE 

- 8.5 8.5625 8.5625 - 

NW MNW W MSW SW 

- 8.625 8.5 8.5625 - 

 

Table D-4: Measurements for specimen T4 

Width   

(in.) 

N MN M MS S 

- 36 36.125 36.25 - 

Depth   

(in.) 

NE MNE E MSE SE 

- 8.6875 8.6875 8.6875 - 

NW MNW W MSW SW 

- 8.625 8.5625 8.625 - 

 

Table D-5: Measurements for specimen T5 

Width 

(in.) 

N MN M MS S 

36.125 36 36 36.375 36.125 

Depth 

(in.) 

NE MNE E MSE SE 

8.5 - 8.75 - 8.75 

NW MNW W MSW SW 

8.625 - 8.75 - 8.5 
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Table D-7: Measurements for specimen T7 

Width 

(in.) 

N MN M MS S 

36.125 36.5 36.5 36.625 36.3125 

Depth 

(in.) 

NE MNE E MSE SE 

8.625 - 8.75 - 8.6875 

NW MNW   MSW SW 

8.5625 - 8.75 - 8.625 

 

Table D-8: Measurements for specimen T8 

Width 

(in.) 

N MN M MS S 

36.25 36.75 36.5 36.1875 36.1875 

Depth 

(in.) 

NE MNE E MSE SE 

8.8125 - 8.9375 - 8.75 

NW MNW W MSW SW 

8.6875 - 8.875 - 8.625 

 

Table D-9: Measurements for specimen T9 

Width 

(in.) 

N MN M MS S 

36.125 36.5 36.4375 36.3125 36.3125 

Depth 

(in.) 

NE MNE E MSE SE 

8.625 8.8125 8.875 8.8125 8.8125 

NW MNW W MSW SW 

8.625 8.8125 8.875 8.8125 8.875 

  

Table D-10: Measurements for specimen T10 

Width 

(in.) 

N MN M MS S 

36.25 36.3125 36.3125 36.3125 36 

Depth 

(in.) 

NE MNE E MSE SE 

8.625 8.8125 8.625 8.75 8.75 

NW MNW W MSW SW 

8.625 8.75 8.75 8.6875 8.6875 

 

 

 

Table D-6: Measurements for specimen T6 

Width 

(in.) 

N MN M MS S 

36.1875 36.1875 36.25 36.25 36.25 

Depth 

(in.) 

NE MNE E MSE SE 

8.625 - 8.625 - 8.625 

NW MNW W MSW SW 

8.625 - 8.625 - 8.625 
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Table D-11: Measurements for specimen T11 

Width 

(in.) 

N MN M MS S 

36.3125 36.75 36.5 36.5 36.25 

Depth 

(in.) 

NE MNE E MSE SE 

8.6875 8.6875 8.75 8.6875 8.8125 

NW MNW W MSW SW 

8.75 8.8125 8.8125 8.6875 8.625 

 

Table D-12: Measurements for specimen T12 

Width 

(in.) 

N MN M MS S 

36.1875 36.9375 37.125 37 36.375 

Depth 

(in.) 

NE MNE E MSE SE 

8.75 8.6875 8.875 8.6875 8.75 

NW MNW W MSW SW 

8.75 8.75 8.8125 8.75 8.875 

 

Table D-13: Measurements for specimen T13 

Width 

(in.) 

N MN M MS S 

36.1875 36.125 36.125 36.25 36.3125 

Depth 

(in.) 

NE MNE E MSE SE 

8.625 8.6875 8.6875 8.5625 8.625 

NW MNW W MSW SW 

8.6875 8.8125 8.6875 8.6875 8.6875 

 

Table D-14: Measurements for specimen T14 

Width 

(in.) 

N MN M MS S 

36.125 36.4375 36.4375 36.375 36.125 

Depth 

(in.) 

NE MNE E MSE SE 

8.75 8.625 8.6875 8.75 8.75 

NW MNW W MSW SW 

8.625 8.6875 8.625 8.625 8.625 

 

Table D-15: Measurements for specimen T15 

Width 

(in.) 

N MN M MS S 

36.375 36.75 36.4375 36.5 36.375 

Depth 

(in.) 

NE MNE E MSE SE 

8.6875 8.75 8.625 8.625 8.625 

NW MNW W MSW SW 

8.6875 8.625 8.625 8.625 8.75 
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Table D-17: Measurements for specimen T17 

Width 

(in.) 

N MN M MS S 

36.4375 36.875 36.8125 36.9375 36.5 

Depth 

(in.) 

NE MNE E MSE SE 

8.75 8.875 8.9375 8.9375 8.6875 

NW MNW W MSW SW 

8.75 9 9 8.9375 8.6875 

 

Table D-18: Measurements for specimen T18 

Width 

(in.) 

N MN M MS S 

37.1875 37.8125 36.875 36.625 36.1875 

Depth 

(in.) 

NE MNE E MSE SE 

8.8125 8.875 8.9375 8.9375 8.8125 

NW MNW W MSW SW 

8.75 8.8125 8.875 8.75 8.75 

 

Table D-19: Measurements for specimen T19 

Width 

(in.) 

N MN M MS S 

36.25 36.75 36.375 36.375 36.25 

Depth 

(in.) 

NE MNE E MSE SE 

8.5625 8.9375 8.6875 8.8125 8.75 

NW MNW W MSW SW 

8.75 8.8125 8.875 8.875 8.8125 

 

Table D-20: Measurements for specimen T20 

Width 

(in.) 

N MN M MS S 

36.1875 37 36.75 36.625 36.25 

Depth 

(in.) 

NE MNE E MSE SE 

8.75 8.75 8.9375 8.8125 8.625 

NW MNW W MSW SW 

8.75 8.8125 8.9375 8.875 8.75 

 

  

 

Table D-16: Measurements for specimen T16 

Width 

(in.) 

N MN M MS S 

36.3125 36.5 36.6875 36.875 36.125 

Depth 

(in.) 

NE MNE E MSE SE 

8.8125 8.8125 8.875 8.9375 8.75 

NW MNW W MSW SW 

8.6875 8.8125 8.9375 8.875 8.75 
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Notation - Width   

N = North End of Slab 

MN = North Loading Point 

M = Mid-Span of Slab 

MS = South Loading Point 

S = South End of Slab 

 

 

Notation - Depth     

NE = North East End of Slab over Support   

MNE = North Loading Point, East Side 

E = Mid-Span, East Side 

MSE = South Loading Point, East Side 

SE = South East End of Slab over Support 

NW = North West End of Slab over Support 

MNW = North Loading Point, West Side 

W = Mid-Span, West Side 

MSW = South Loading Point, West Side 

SW = South West End of Slab over Support 
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Table E-1: Concrete properties in the hardened state for T1-T6 

 7 day strength 
Cylinder      

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

  

 

  

 

  

 Compressive strength (psi) 

25 3/7/2012 51500 4098   

 

26 3/7/2012 51250 4078   

 

27 3/7/2012 48500 3860   

 
Tensile strength (psi) 

28 3/7/2012 19000 378   

 

29 3/7/2012 20700 412   

 14 day strength 
Cylinder      

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

 

  

  

 Compressive strength (psi) 

6 3/7/2012 60000 4775   

 

7 3/7/2012 60000 4775   

 

8 3/7/2012 60000 4775   

 
Tensile strength (psi) 

9 3/7/2012 24000 477   

 

10 3/7/2012 25200 501   

 28 day strength 
Cylinder     

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

  

 

  

 

  

 Compressive strength (psi) 

17 3/7/2012 65000 5173   

 

12 3/7/2012 63500 5053   

 

13 3/7/2012 64000 5093   

 Tensile strength (psi) 

14 3/7/2012 26600 529 
 

 

15 3/7/2012 23800 473 
 

 

16 3/7/2012 26800 533   

 56 day strength 
Cylinder      

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

 

  

  

 Compressive strength (psi) 

18 3/7/2012 67000 5332   

 

19 3/7/2012 70000 5570   

 

20 3/7/2012 71500 5690   

 
Tensile strength (psi) 

21 3/7/2012 22800 454 
 

 

22 3/7/2012 24200 481   
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Table E-2: Concrete properties in the hardened state for T7-T12 

7 day strength 
Cylinder      

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

Compressive strength (psi) 

1 5/30/2012 46500 3700 

2 5/30/2012 50000 3979 

3 5/30/2012 48500 3860 

Tensile strength (psi) 
4 5/30/2012 21850 435 

5 5/30/2012 23600 470 

14 day strength 
Cylinder      

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

Compressive strength (psi) 

6 5/30/2012 55000 4377 

7 5/30/2012 57000 4536 

8 5/30/2012 57000 4536 

Tensile strength (psi) 
9 5/30/2012 19400 386 

10 5/30/2012 23600 470 

28 day strength 
Cylinder      

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

Compressive strength (psi) 

11 5/30/2012 61000 4854 

12 5/30/2012 59000 4695 

13 5/30/2012 60500 4814 

Tensile strength (psi) 

14 5/30/2012 24900 495 

15 5/30/2012 23600 470 

16 5/30/2012 26100 519 

56 day strength 
Cylinder      

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

Compressive strength (psi) 

17 5/30/2012 62500 4817 

18 5/30/2012 63000 4775 

19 5/30/2012 63500 4817 

Tensile strength (psi) 
20 5/30/2012 25400 505 

21 5/30/2012 24400 485 

 

 

 

 

 

 

 



Appendix E                                                                          Concrete Compressive and Tensile Strengths 

72 

 

Table E-3: Concrete properties in the hardened state for T13-T16 

7 day strength 
Cylinder     

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

Compressive strength (psi) 

1 6/19/2012 40500 3223 

2 6/19/2012 44500 3541 

3 6/19/2012 46250 3680 

Tensile strength (psi) 
4 6/19/2012 22250 443 

5 6/19/2012 20000 398 

14 day strength 
Cylinder     

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

Compressive strength (psi) 

6 6/19/2012 52000 4138 

8 6/19/2012 47500 3780 

23 6/19/2012 50000 3979 

Tensile strength (psi) 
9 6/19/2012 27800 553 

24 6/19/2012 27800 553 

28 day strength 
Cylinder      

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

Compressive strength (psi) 

11 6/19/2012 58000 4615 

12 6/19/2012 57000 4536 

13 6/19/2012 54500 4337 

Tensile strength (psi) 

14 6/19/2012 23950 476 

15 6/19/2012 24600 489 

16 6/19/2012 29000 577 

56 day strength 
Cylinder      

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

Compressive strength (psi) 

17 6/19/2012 59000 4695 

18 6/19/2012 60500 4814 

19 6/19/2012 61500 4894 

Tensile strength (psi) 
20 6/19/2012 27800 553 

21 6/19/2012 29200 581 
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Table E-4: Concrete properties in the hardened state for T17-T20 

7 day strength 
Cylinder     

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

Compressive strength (psi) 

1 7/3/2012 45000 3581 

2 7/3/2012 43500 3462 

3 7/3/2012 43500 3462 

Tensile strength (psi) 
4 7/3/2012 22850 455 

5 7/3/2012 21600 430 

14 day strength 
Cylinder     

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

Compressive strength (psi) 

6 7/3/2012 51000 4058 

7 7/3/2012 51500 4098 

8 7/3/2012 50000 3979 

Tensile strength (psi) 
9 7/3/2012 23800 473 

10 7/3/2012 18200 362 

28 day strength 
Cylinder      

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

Compressive strength (psi) 

11 7/3/2012 52000 4138 

12 7/3/2012 53500 4257 

13 7/3/2012 54000 4297 

Tensile strength (psi) 

15 7/3/2012 24400 485 

16 7/3/2012 22600 450 

24 7/3/2012 22000 438 

56 day strength 
Cylinder      

No. 

Concrete 

Placement      

Date 

Measured 

Load     

(lbs.) 

Measured 

Strength 

(psi) 

Compressive strength (psi) 

18 7/3/2012 56000 4456 

19 7/3/2012 56500 4496 

20 7/3/2012 55500 4417 

Tensile strength (psi) 
21 7/3/2012 26200 521 

22 7/3/2012 27100 539 
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Figure F-1: Determination of strength and deformability factor 

 

Another method for quantifying specimens’ deformability and strength is by computing the areas under the 

curve in the moment-curvature diagram and applying the equation below in order to obtain a 

strength/deformability factor: 

 

� = �� + ��
��  

 

Where: 

 

A1 = area under the moment-curvature curve from zero curvature (zero moment) to corresponding   

        curvature at factored demand moment, Mu and 

A2 = area under the moment-curvature curve from curvature at factored demand moment, Mu,  

        to corresponding curvature at member’s nominal capacity Mn. 

 


