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Executive Summary  

In Florida, the tidal zone poses a significant risk for corrosion of steel reinforcement in 
coastal bridges, particularly affecting waterline pile cap footings. The footings, which 
support bridge piers and columns, are currently not designed with fiber reinforced polymer 
(FRP) reinforcing bars. Given that corrosion can lead to costly and time-consuming repairs, 
using corrosion-resistant FRP bars could represent a viable and economic alternative with 
resulting long-term cost savings. 

Traditionally, pile cap footings are reinforced with steel bars up to #11 (1.375 in) in size, but 
no standards exist for #11 FRP bars. The AASHTO LRFD Bridge Design Guide Specifications 
for GFRP-Reinforced Concrete [1] allow for the design of pile cap footings with GFRP bars, 
offering a solution to corrosion concerns. To implement this, we need to demonstrate the 
practicality of using current maximum bar sizes and develop design guidance and material 
acceptance criteria for larger FRP bars. 

The objectives of this project included identifying further research needed for using larger 
FRP bars in waterline pile cap footings, developing material acceptance and design 
specifications for #11 glass FRP bars, and creating design examples to aid implementation. 
Additionally, recommendations for future research will be provided to extend the use of 
larger FRP bars to other structural components, considering the limitations of GFRP 
compared to steel. 

This project aimed to enhance the durability and longevity of coastal bridge structures by 
using larger diameter FRP reinforcing bars, reducing maintenance costs and extending 
service life. It will result in material acceptance criteria, design specifications, and practical 
design examples, promoting wider adoption of FRP reinforcement in bridge construction. 

Final Report  

The final report consolidates the findings from Tasks 1-5 into a comprehensive document. It 
includes an introduction outlining the need for research on large-diameter FRP bars and the 
team's methodological approach. The main chapters detail the literature review, 
experimental testing, and structural design analyses, while the conclusion summarizes key 
findings and recommendations for the implementation of #11 GFRP bars in bridge footings. 
Additionally, the appendices provide two completed design examples for potential 
publication on the FDOT Structures Design Office website, along with an electronic design 
tool worksheet to aid engineers in practical applications. 
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1. Introduction 

The design and durability of pile cap footings in marine environments, particularly in the tidal 
zones of Florida, present unique challenges due to the accelerated structural deterioration 
caused by exposure to saltwater and harsh environmental conditions. Corrosion of steel 
reinforcement in these settings leads to significant maintenance costs and long-term 
structural risks. Despite the advantages of fiber reinforced polymer (FRP) bars, particularly 
their corrosion resistance, existing design standards do not provide full specifications for 
large-diameter FRP reinforcement, particularly #11 (1.375 in) bars. The AASHTO LRFD Bridge 
Design Guide Specifications for glass fiber reinforced polymer (GFRP)-Reinforced Concrete 
offer a general framework for designing pile cap footings with GFRP reinforcement, but 
additional testing, verification, and material acceptance criteria are necessary to support 
the broader adoption of large-diameter FRP bars in bridge foundations. 

This project aimed to investigate the feasibility of using large-diameter GFRP bars in 
waterline pile cap footings for bridges through experimental testing, structural analysis, and 
design optimization. Task 1 involved a comprehensive literature review to assess the current 
state of research, identifying key challenges such as testing complexities, manufacturing 
constraints, and the size-dependent mechanical properties of large-diameter FRP bars. The 
review also highlighted the need for updated design specifications, as current standards 
primarily extrapolate data from smaller bars rather than relying on empirical evidence. 

To bridge this gap, Task 2 outlined a detailed testing plan for #11 FRP bars to establish their 
Physico-mechanical properties. This plan adhered to ASTM standards and FDOT 
specifications, ensuring that the results would be consistent, reliable, and applicable for 
structural design. Task 3 then executed this plan, conducting tensile strength, bond strength, 
and durability tests to assess the performance of #11 FRP bars under conditions 
representative of marine bridge foundations. The test results confirmed that the evaluated 
FRP bars met most of the FDOT material requirements, demonstrating adequate mechanical 
performance and environmental durability for long-term use in pile cap footings. 

The structural analysis phase, covered in Tasks 4 and 5, focused on redesigning an existing 
FDOT steel-RC bridge foundation using large-diameter GFRP bars. The case study selected 
was the Eastbound Bridge in the north western part of Florida, where ULS and SLS 
verifications were performed according to AASHTO LRFD Bridge Design Guide Specifications 
and the FDOT Structures Manual. Altair® software and customized MathCAD® worksheets 
were utilized for numerical modeling and finite element analysis (FEA), allowing for a 
detailed evaluation of stress distributions, reinforcement detailing, and pile cap behavior 
under various loading conditions. This computational approach ensured that the GFRP-
reinforced pile cap design met structural performance requirements while optimizing the 
geometry and reinforcement layout. 

By integrating experimental testing, computational modeling, and structural validation, this 
project established a foundation for the practical implementation of large-diameter FRP 
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bars in bridge pile cap footings. The findings contribute to refining design codes, improving 
material acceptance criteria, and advancing sustainable infrastructure solutions in coastal 
bridge construction. 

2. Literature Review – Research and Design Applications of Large (greater 
than #10) FRP Reinforcing Bars 

The corrosion of steel reinforcement in coastal bridges threatens structural integrity and 
increases long-term maintenance costs, especially in waterline pile cap footings exposed to 
saltwater. Despite their potential to mitigate corrosion-related issues, FRP reinforcing bars 
are not yet utilized in these critical components due to the absence of specifications for #11 
FRP bars. While the AASHTO LRFD Bridge Design Guide provides a framework for GFRP-
reinforced concrete, implementing large-diameter FRP bars requires experimental 
validation and the development of design guidance. The literature review conducted 
highlights the scarcity of studies on FRP bars exceeding #8 in diameter, with limited 
experimental data on #11 bars. While manufacturing feasibility exists, no manufacturer 
currently produces bars larger than #8 in standard pultrusion lines due to testing challenges 
and a lack of commercial demand. The primary obstacles to widespread adoption are the 
complexity of tensile testing for larger bars and the insufficient market incentives, though 
this may change as new structural applications emerge. 

FRP reinforcement for concrete structures includes GFRP, BFRP, and AFRP, with GFRP being 
the most widely used due to its proven durability and well-documented properties. BFRP 
offers higher mechanical strength and sustainability benefits but faces manufacturing 
challenges, especially for large-diameter bars, due to difficulties in temperature control 
during production and the lower density basalt fiber rovings commercially available 
compared to glass fiber, which leads to the use of additional fiber bobbins in production. 
GFRP bars are easier to produce in larger sizes, making them more feasible for high-load 
applications. Thermosetting resins, such as vinyl esters and epoxies, are preferred for 
durability, while thermoplastics offer flexibility for post-curing bending but may reduce 
strength, requiring stronger fibers to compensate. FRP bars using thermoplastic resin are 
being developed under R&D and are not commercially available yet. Bent FRP bars must be 
shaped before curing, limiting commercially available sizes to #8, but thermoplastic resins 
like Elium® [2] allow for post-curing bending, though at increased cost and complexity. 

This section will expand on the key aspects of large-diameter FRP reinforcing bars, beginning 
with an analysis of dimensional effects, including tensile properties such as strength, 
ultimate strain, durability, and testing challenges. It will then address bonding to concrete, 
highlighting bond strength and performance under various loading conditions, followed by a 
discussion on creep and relaxation, particularly the effects of sustained loading and long-
term deterioration. Next, experimental evidence will be reviewed from studies conducted at 
Sultan Qaboos University, the University of Sherbrooke, and the University of Miami, focusing 
on the mechanical performance of large FRP bars, specifically sizes #10, #11, and #16, and 
identifying trends in ultimate strength. The section will also explore the commercial 
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availability of large FRP bars, detailing products from ATP and MST manufacturers and their 
applications in both permanent and temporary structures. Lastly, design guides and 
material specifications will be examined, covering material acceptance criteria, design 
methodologies, and construction practices in the United States, Canada, and 
internationally, ensuring a comprehensive understanding of the structural feasibility and 
implementation of large-diameter FRP bars. 

2.1. Large FRP Bars: Characteristics 
2.1.1. Tensile properties 

The tensile behavior of FRP bars is linear-elastic until failure, exhibiting higher tensile 
strength but lower strain capacity than steel. Unlike steel, FRP bars show size-dependent 
strength reductions due to the shear-lag effect [3], [4]. Studies confirm that tensile strength 
decreases by up to 40% between 10 mm and 20 mm bars, while the elastic modulus remains 
constant [5]. Liu et al. [6] verified this trend experimentally, using Weibull distribution to 
correlate tensile strength with bar diameter (see Figure 1). Van et al. [7], [8] further analyzed 
the shear-lag effect in AFRP rods, demonstrating that stress distribution varies across the 
bar cross-section, affecting tensile capacity (Figure 2, Figure 3). 

 

Figure 1. Stress–strain curves of GFRP tendons with different diameters GFRP tendon of (a)  
10-mm diameter (b) 12-mm diameter and (c) 25-mm diameter [6] 
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Figure 2. Boundary condition of the (a) analytical model and (b) numerical model [8] 

 

 

Figure 3. (a) Axial tensile stress distribution in cross-sections and (b) distribution of axial tensile stress on the failure 
sections separated curves of diameters  [8] 

Ultimate strain studies show that larger GFRP bars exhibit lower strain at similar stress 
levels, indicating a higher modulus of elasticity [9], [10]. The Weibull theory predicts the 
rupture of brittle FRP bars by modeling failure propagation within the fiber matrix [7]. Daniels' 
bundle of fibers model expands this theory, demonstrating progressive fiber failure through 
singlets, doublets, and triplets until total rupture (see Figure 4) [11]. 
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Figure 4. Illustration of load-sharing fiber rapture [6] 

Regarding durability, results for large-diameter FRP bars that have been in service in real 
conditions are lacking, but Arrhenius theory predicts long-term degradation based on 
temperature exposure after accelerated aging exposure. Existing studies indicate larger bars 
degrade slower than smaller ones, yet visible manufacturing defects in larger bars may 
reduce interlaminar shear and flexural strength [12], [13], [14], [15] (see Figure 5). Alkaline 
exposure negatively impacts FRP bars [13], [16], while other environmental factors such as 
moisture, freeze-thaw, and seawater exposure also influence durability [17]. 

 

Figure 5. Close up of the cross-section of a #8 BFRP (basalt FRP) bar (left) and #11 GFRP bar (right) 

Tensile testing of large FRP bars faces challenges in secure anchoring. ASTM D7205 suggests 
long anchoring lengths, making large bar testing difficult. University of Miami researchers 
developed optimized gripping methods, significantly reducing anchor length requirements 
[18]. Carvelli et al. [19] introduced a conical polymeric anchoring system, enhancing radial 
pressure and adhesion (Figure 6, Figure 7). Additionally, tensile loading rates influence 
ultimate strength and elongation, with rates below 6 mm/min reducing tensile properties 
[20]. Testing large FRP bars at higher loading rates ensures accurate results. 
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Figure 6. Stress distribution in the resin head (bar diameter=28 mm; tensile force applied=616 kN) [18] 

 

 

Figure 7. Tensile tests: bar diameter 32 mm [18] 

 

2.1.2. Bond to concrete 

Bond strength between FRP bars and concrete decreases as bar diameter increases, at a 
greater rate than in steel bars. In high-strength concrete, the reduction is less pronounced 
[21]. Lee et al. [22] identified three key factors affecting bond strength: shear-lag effect, 
increased water accumulation under larger bars, and Poisson’s effect. The shear-lag effect 
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arises from slip between the outer and core fibers, due to weak epoxy-fiber bonding under 
axial tension (Figure 8) [23], [24], [25]. 

 

Figure 8. Shear lag effect in bars subjected to tension [15] 

 Additionally, larger FRP bars trap more water and air during concrete curing, reducing 
effective bond strength [25]. The Poisson’s effect in large bars causes greater volume 
reduction, weakening mechanical interlock at the bar-concrete interface [26], [27], [28], 
[29]. Surface resin and fiber tension properties also influence slip resistance and overall 
bond strength [5]. However, when bond strength is normalized by concrete compressive 
strength, bar diameter has minimal influence [25] (Figure 9). 

 

Figure 9. Influence of the FRP bar diameter on the (a) normalized bond strength and (b) bond strength. Note: values near 
the bars are the mean values and the coefficients of variation (the latter in percentage) [24] 

 

Regarding durability, FRP bar surface resins degrade under aggressive environments, 
reducing bond strength over time [27]. A study of 1,244 test results from 35 studies found 
that larger diameter FRP bars degrade slower, particularly at lower temperatures [28]. This is 
attributed to the thicker resin layers on large bars, which improve alkali resistance and limit 
environmental damage [16]. Another review confirmed minimal bond degradation across 
various exposure conditions, including acid, alkali, salt, water immersion, and thermal 
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cycles [25]. However, long-term bond strength predictions for large FRP bars require further 
validation for reinforced concrete (RC) applications. 

Surface characteristics significantly affect FRP-concrete bond strength, with sand-coated 
and ribbed bars showing varying performance based on texture, size, dispersion, and 
material quality [29], [30]. Studies suggest rib modifications and sand coatings can double 
bond strength, but the behavior of large-diameter bars remains under-researched. 

Concrete cover also plays a role, as high cover delays stress concentrations and splitting 
failures [21]. Early FRP-RC design recommended a minimum cover of twice the bar diameter 
for pullout resistance [31]. Eccentric pull-out tests suggest higher bond strength, lower slip, 
and improved progressive bond failure compared to typical tests, but these studies are 
mainly on smaller bars [32]. Further evaluation of concrete cover requirements for large-
diameter FRP bars is necessary to confirm scaling trends observed in smaller bars. 

2.1.3. Creep and relaxation 

Lack of data exists on the time-dependent mechanical properties of large-diameter FRP 
bars, particularly regarding creep and relaxation effects [17]. Existing research focuses 
primarily on small-diameter bars, as current test methods struggle to apply sustained 
loading to larger bars. Long-term studies indicate that tensile strength and elastic modulus 
remain unaffected when sustained stress is below 60% of ultimate tensile strength [33], [34]. 
The only known study on large-diameter FRP bars in this context was conducted by Guo-wei 
et al. [35], who examined stress relaxation behavior of hybrid basalt-glass FRP (B-GFRP) bars 
using fiber Bragg grating (FBG) strain sensors. These 1 in. (25 mm) B-GFRP bars, contained 
65% glass fiber, 10% basalt fiber, 19% resin, and 6% fine sand, with detailed mechanical 
properties listed in Table 1. 

Table 1. Properties of B-GFRP Bars 

Diameter     Basalt 2.1 mm 
      Glass 25.35 mm 
Ratio of fiber weight of basalt to total fiber 13.16 % 
Density       2.07 g/cm3 
Content (weight ratio%)   Basalt 10 % 

   Glass 65 % 
   Resin 19 % 

      Fine sand 6 % 
Ultimate tensile load   pu,ave  536.29 ± 6.74 kN 
Ultimate tensile strength   fu,ave 906.40 ± 11.29 MPa 
Guaranteed tensile strength ffu

∗ = fu,ave − 3σ 872.53 MPa 
Design tensile strength   ffu = (CE = 0.7) ∙ ffu

∗  610.77 MPa 
Modulus of elasticity    Ef,ave 52.26 ± 0.87 GPa 
Ultimate tensile strain   εf,ave 1.73 ± 0.04 % 
Guaranteed strain   εfu

∗ = εu,ave − 3σ 1.62 % 
Design strain    εfu = CE ∙ εfu

∗  1.13 % 
Allowable strain for creep   20% εu 0.23 % 
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To improve stress relaxation testing, a seamless steel pipe gripping system was used, 
avoiding issues associated with traditional wedge-shaped grips and improving test accuracy 
[35]. The loading system, as shown in Figure 10, included a hollow jack, bearing plates, and 
a load cell. The stress-strain relationship during stress relaxation exhibited three phases: 
rapid reduction (AB), slower relaxation (BC), and stabilization (CD), highlighting the nonlinear 
nature of relaxation (Figure 11). 

 

Figure 10. Loading system for stress relaxation test [2] 

 

 

Figure 11. Relaxation process for B-GFRP (basalt-glass) bar gripped with seamless pipe [2] 

The combined effects of sustained loading and environmental exposure significantly 
influence FRP bar deterioration. For low-stress levels (25%-30% of ultimate strength), 
degradation was dominated by ion diffusion, while medium-stress levels (30%-50%) induce 
crack propagation. At high-stress levels (above 50%), a brittle fracture occurred [17]. 
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Li et al. [36] investigated stress relaxation of large-diameter sand-coated B-GFRP bars under 
acidic and alkaline conditions over seven months. Acid-exposed bars exhibited 9.2% stress 
relaxation, while alkaline-exposed bars showed 13.4%, indicating greater degradation in 
alkaline environments. The study used a seamless steel pipe gripping device and applied 
cyclic loading in 10 kN increments before maintaining prestress for seven days. Findings 
confirmed that acid and alkaline ingress through surface cracks contributed to stress 
relaxation. 

Key conclusions from Li et al.’s study [36] include: 

• Alkaline conditions cause greater stress relaxation than acidic conditions. 
• Acidic environments, though less corrosive, still induce significant relaxation. 
• Surface cracks allow aggressive ion penetration, accelerating degradation. 
• Relaxation in acid-exposed bars was influenced more by anchorage limitations than 

material properties. 
• Further research is needed on anchorage design and grout selection to optimize 

stress relaxation resistance in large-diameter FRP bars. 

 
2.2. Large FRP Bars: Experimental Evidence  

This section compiles experimental studies on large-diameter FRP bars, offering key insights 
into their mechanical performance and applicability. Although existing research is limited, 
the testing evidence from three universities represents the latest advancements in 
understanding these materials. The results reveal critical gaps in material characterization, 
particularly in areas such as bond strength, creep behavior, and durability. While these 
studies serve as a foundation for developing design specifications and guidelines for 
reinforced concrete (RC) applications, further research is essential to fully characterize the 
behavior of large FRP bars and establish comprehensive design standards for their 
widespread implementation. 

2.2.1. Sultan Qaboos University 

Under the supervision of Prof. Sherif El-Gamal, 23 GFRP Mateenbar specimens from Pultron 
were tested at Sultan Qaboos University according to ASTM D7205. The study assessed the 
tensile properties of GFRP bars of #10 (32 mm), #11 (37.5 mm), and #16 (50 mm) diameters, 
providing critical data on their ultimate load capacity, tensile strength, modulus of elasticity, 
and failure modes. 

The #10 GFRP bars (32 mm) were tested using 108-in.- long (2750 mm) samples with a 29.5-
in. (750 mm) gauge length and 39.4-in. (1000 mm) anchors filled with expanding mortar. The 
results, detailed in Table 2, showed an average tensile strength of 872 MPa, with failure 
occurring due to rupture. A 7.9-in. (200 mm) extensometer was used to measure the 
modulus of elasticity. 
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Table 2. Test results - Pultron Mateenbar 32.0 mm diameter (10) 

Sample ID 

Measured 
Outside 

Diameter 

Measured 
Minor 

Diameter 

Standard 
diameter 

Standard 
Cross 

section 
area 

Ultimate 
Load 

Tensile 
Strength 

Tensile 
Modulus 

of 
Elasticity 

Ultimate 
Elongation 

Mode 
of 

Failure 

[mm] [mm] [mm] [mm2] [kN] [MPa] [GPa] [%]   

MVX-BAR32-Sample#1  31.38 28.85 28.7 645 471 730 57.8 1.30% Rupture 

MVX-BAR32-Sample#2  31.52 28.83 28.7 645 592 918 54.9 1.70% Rupture 

MVX-BAR32-Sample#3  31.47 28.88 28.7 645 603 935 54.4 1.70% Rupture 

MVX-BAR32-Sample#4  31.44 28.91 28.7 645 596 925 54.8 1.70% Rupture 

MVX-BAR32-Sample#5  31.51 28.91 28.7 645 550 853 57.2 1.50% Rupture 

Average 31.46 28.88 28.7 645 562 872 55.8 1.60%  

Number of Samples   5 5 5 5  

Standard deviation   55.1 85.5 1.6 0.19%  

COV%   9.8% 9.8% 2.8% 12.2%  

 

#11 GFRP bars (37.5 mm) followed the same test setup as #10 bars, with results summarized 
in Table 3. The average tensile strength was 692 MPa, with failure occurring through rupture. 
These results confirmed a trend of decreasing tensile strength with increasing bar diameter, 
primarily due to the shear-lag effect. 

Table 3. Test results - Pultron Mateenbar 37.5mm diameter (#11) 

Sample ID 

Measured 
Outside 

Diameter 

Standard 
diameter 

Standard 
Cross 

section 
area 

Ultimate 
Load 

Tensile 
Strength 

Tensile 
Modulus 

of 
Elasticity 

Ultimate 
Elongation 

Mode 
of 

Failure 
[mm] [mm] [mm2] [kN] [MPa] [GPa] [%] 

MVX-BAR38-Sample#1  37.75 36.93 1071 842 786 56.5 1.4 Rupture 
MVX-BAR38-Sample#2  37.89 36.93 1071 689 643 57 1.1 Rupture 
MVX-BAR38-Sample#3  37.78 36.93 1071 836 780 53.1 1.5 Rupture 
MVX-BAR38-Sample#4  37.97 36.93 1071 657 614 54.6 1.1 Rupture 
MVX-BAR38-Sample#5  37.91 36.93 1071 681 636 51.6 1.2 Rupture 

Average 37.86 36.93 1071 741 692 54.56 1.26%  
Number of Samples 5 5 5 5  
Standard deviation 90.1 84.1 2.3 0.16%  
COV% 12.2% 12.2% 4.2% 12.3%  

 

#16 GFRP bars (50 mm) were tested using 118 in. (3000 mm) long samples with a 39.4 in. 
(1000 mm) free length and expanding mortar anchors. Test results, summarized in Table 4, 
revealed an average tensile strength of 569 MPa. Two samples exhibited slipping failure, so 
they were excluded from the average calculations. 
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Table 4. Test results - Pultron Mateenbar 50.0mm diameter (#16) 

Sample ID 

Measured 
Outside 

Diameter 

Standard 
diameter 

Standard 
Cross 

section 
area 

Ultimate 
Load 

Tensile 
Strength 

Tensile 
Modulus 

of 
Elasticity 

Ultimate 
Elongation 

Mode 
of 

Failure 
[mm] [mm] [mm2] [kN] [MPa] [GPa] [%] 

MVX-BAR50-Sample#1  50.21 49.73 1943 1190 613 56.5 1.1 Rupture 
MVX-BAR50-Sample#2  50.20 49.73 1943 763 393 54.1 0.7 Slipped 
MVX-BAR50-Sample#3  50.28 49.73 1943 1146 590 52.5 1.1 Rupture 
MVX-BAR50-Sample#4  50.25 49.73 1943 980 504 52.4 1.0 Rupture 
MVX-BAR50-Sample#5  50.24 49.73 1943 802 413 56.8 0.7 Slipped 

Average 50.24 49.73 1943 1106 569 54.0 1.06%  
Number of Samples 5 5 5 5  
Standard deviation 110.91 57.08 2.37 0.08%  
COV% 10.0% 10.0% 4.4% 8.0%  

 

As expected, the tensile strength of GFRP bars decreased with increasing diameter, 
following a predictable trend attributed to shear-lag effects. The best-fitting curve 
summarizing these results is shown in Figure 12, providing initial prediction values for large-
diameter FRP bars up to 50 mm (2 in.). These findings contribute to the development of 
design specifications for large-diameter FRP reinforcement in structural applications. 

 

Figure 12. Results of the Mateenbar GFRP bars tested 

2.2.2. University of Sherbrooke 

Under the supervision of Prof. Brahim Benmokrane, the University of Sherbrooke conducted 
tensile testing on a sand-coated GFRP #12 (38.1 mm) bar, manufactured by Pultrall Inc., 
following CSA S807-19 [37] and ASTM D7205/D7205M-06 [38]. The mechanical properties 
are presented in Table 5. 



 13 

Table 5. Test results - Pultrall 

Sample ID 
Ultimate 

Load 
Tensile 

Strength 

Tensile 
Modulus of 

Elasticity 

Ultimate 
Tensile 
Strain 

[kN] [MPa] [GPa] [%] 
#1 1203 1055 63 1.70% 

 

The test specimen was instrumented with an LVDT over a 7.9 in. (200 mm) gauge length to 
capture elongation. A computerized data acquisition system recorded the applied load and 
strain, and the tensile modulus of elasticity (EL) was determined from stress-strain curve 
values between 25% and 50% of the tensile capacity, based on a nominal cross-sectional 
area of 1256 mm². The ultimate load was 1203 kN, with a tensile strength of 1055 MPa and 
elastic modulus of 63 GPa. 

The test setup is illustrated in Figure 13, and failure occurred due to longitudinal splitting, as 
shown in Figure 14. These results provide valuable insights into the tensile behavior of large-
diameter GFRP bars, contributing to design specifications and performance evaluation for 
structural applications. 

 

Figure 13. Test setup 
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Figure 14. Close view of the tensile failure 

2.2.3. University of Miami, Structures and Materials Lab 

The Structures and Materials Lab (SML) at the University of Miami, accredited under ISO 
17025-2017, IAS TL-478, and FDOT ISM028, conducted tensile testing on #11 GFRP bars 
following ASTM D7205-21. The study aimed to: (i) ensure proper anchorage, (ii) achieve full 
cross-section failure (explosive/broom’ mode), and (iii) evaluate the effect of gauge length 
(20D vs. 40D). 

In collaboration with MST Rebar Inc., specimens were prepared with a reduced anchor 
length based on previous research [39]. Figure 15 illustrates the test setup, where bars were 
tested at displacement rates of 5.0 mm/min (0.20 in./min) with gauge lengths of 27.5 in. (699 
mm) and 55 in. (1400 mm). The total specimen lengths were 75.5 in. (1918 mm) and 103 in. 
(2616 mm). 

 

Figure 15. Test setup for each FRP bar at both gauge lengths 
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Results, summarized in Table 6, confirmed that shorter anchorage lengths (24 in. steel pipe) 
were feasible, producing consistent full cross-section failure (explosive/broom mode) 
(Figure 16). This aligns with prior studies, suggesting ASTM D7205 anchorage 
recommendations may be conservative. Additionally, tensile properties remained 
statistically consistent between 20D and 40D gauge lengths, supporting existing findings 
that gauge length does not significantly impact tensile behavior [40]. 

Table 6. Test results of #11 FRP bars at both gauge lengths 

Specimen ID 
Tensile Force 

Pmax 

Nominal 
Area 
Anom 

Ultimate 
Strength 

Ftu
nom 

Modulus of 
elasticity 

Enom 

Coeff. Of 
Determination 

Strain 
ε 

kN kips mm2 in2 MPa ksi GPa Msi r2 % 

TNS-01 1005.54 226.1 

1006 1.56 

999.1 144.9 53.6 7.77 0.9999 1.86 

TNS-02* 1007.26 226.4 1000.8 145.2 58.2 8.45 1.0000 1.72 

TNS-03* 944.04 212.2 938.0 136.0 57.4 8.33 0.9999 1.63 

TNS-04 936.90 210.6 930.9 135.0 55.0 7.98 0.9996 1.69 

TNS-05 936.32 210.5 930.3 134.9 57.8 8.38 1.0000 1.61 
Average 966.01 217.2   959.8 139.2 56.4 8.18  1.70 

Sn-1 37.00 8.3   36.8 5.3 2.0 0.29  0.10 
CV (%) 3.8 3.8   3.8 3.8 3.6 3.6  5.9 

 

 

Figure 16. Representative FRP bar explosive or broom type failure mode at both gage lengths 

The stress-strain response for both gauge lengths, presented in Figure 17, demonstrates that 
extensometer removal midway through testing did not influence results. These findings 
contribute to refining tensile test procedures for large-diameter FRP bars, ensuring practical 
and efficient testing methodologies for structural applications. 
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Figure 17. Stress vs. stain of #11 FRP bars at both gauge lengths (extensometer removed halfway during the test) 

 
2.3.  Large FRP Bars: Commercial Availability 

Currently, ASTM D7957 and ASTM D8505 specify the minimum requirements for FRP bars up 
to #10. However, some manufacturers, including ATP S.r.l. [41] and MST Rebar Inc. [42], have 
successfully commercialized FRP bars larger than #10. Other manufacturers, such as Sireg, 
Mateenbar, and Pultrall, have produced large-diameter FRP bars primarily for research and 
development purposes. 

This chapter presents the Physico-mechanical properties of ATP and MST bars, including 
straight and bent bars, as reported by manufacturers for structural and temporary 
applications. Additionally, examples of practical applications for large-diameter FRP bars 
are provided. This information is intended to highlight the commercial availability of large 
FRP bars and support their wider adoption in design specifications and applications. 

2.3.1. ATP FRP bars 

This section presents the material specifications of ATP’s FRP bars, particularly large-
diameter bars greater than #10, as reported by the manufacturer. ATP offers both straight 
and bent bars, distinguishing between permanent and temporary applications. 

For permanent reinforced concrete (RC) structures, ATP uses vinyl ester resin, ensuring 
durability for a minimum service life of 50 years. Currently, commercially available 
permanent-use FRP bars are limited to #10. The RWB-A rebar (vinyl ester resin-based) 
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exhibits high tensile strength, modulus of elasticity, and ultimate strain, with detailed 
properties listed in Table 7. The physical and mechanical characteristics, including glass 
content, glass transition temperature (Tg), transverse shear strength, and bond strength, are 
tested per ASTM D2584, ASTM E1640, ASTM D7617, and ACI 440.3R. 

Table 7. ATP-RWB-A GFRP bars 

Size 
Diameter Area Tensile Strength Tensile Modulus 

of Elasticity 
Ultimate 

Strain 
[mm] [in] [mm2] [in2] [MPa] [ksi] [GPa] [ksi] [%] 

#2 6 0.24 28 0.04 900 131 46 6670 1.96 
- 8 0.31 50 0.08 850 123 46 6670 1.85 

#3 10 0.39 79 0.12 830 120 46 6670 1.80 
#4 13 0.51 133 0.21 760 110 46 6670 1.65 
#5 16 0.63 201 0.31 725 105 46 6670 1.58 
#6 20 0.79 314 0.49 690 100 46 6670 1.50 
#7 22 0.87 380 0.59 655 95 46 6670 1.42 
#8 25 0.98 491 0.76 620 90 46 6670 1.35 
#9 29 1.14 660 1.02 590 86 46 6670 1.28 

#10 32 1.26 804 1.25 550 80 46 6670 1.20 

Other physical and mechanical characteristics Test method   
Volumetric glass content  >60 % ASTM D2584   
Tg of the resin (glass transition temperature) ≥ 100 °C ASTM E1640   
Transverse shear strength  >150 MPa ASTM D7617   
Bond Strength   >8 MPa ACI 440.3R (method B3)   

For temporary RC structures (typically with a service life of 24 months or less), ATP uses 
polyester resin. These FRP bars are widely used in soft-eye tunnel construction and as soil 
nails or soil screws in geotechnical applications. ATP produces ribbed (RWB-N) and 
standard surface (RWB-S) polyester FRP bars, with sizes up to #16 commercially available. 
Additionally, bent bars up to #10 are available for temporary applications. The mechanical 
properties of RWB-N and RWB-S FRP bars, including diameter, tensile strength, modulus of 
elasticity, and ultimate strain, are detailed in Table 8 and Table 9, with test methods specified 
under CNR DT203 standards. 

Table 8. ATP-RWB-N GFRP bars 

Size 
Diameter Area Tensile Strength 

Tensile Modulus of 
Elasticity 

Ultimate 
Strain 

[mm] [in] [mm2] [in2] [MPa] [ksi] [GPa] [ksi] [%] 
- 16 0.63 201 0.31 725 105 40 5800 1.81 
- 19 0.75 283 0.44 690 100 40 5800 1.73 
- 20 0.79 314 0.49 655 95 40 5800 1.64 
- 22 0.87 380 0.59 655 95 40 5800 1.64 
- 25 0.98 491 0.76 620 90 40 5800 1.55 
- 28 1.10 615 0.95 590 86 40 5800 1.48 
- 30 1.18 707 1.10 570 83 40 5800 1.43 

#10 32 1.26 804 1.25 560 81 40 5800 1.40 
- 36 1.42 1017 1.58 560 81 40 5800 1.40 
- 40 1.57 1256 1.95 550 80 40 5800 1.38 
- 50 1.97 1963 3.04 500 73 40 5800 1.25 

Other physical and mechanical characteristics Test method   
Volumetric glass content  >60 % App. B CNR DT203   
Tg of the resin (glass transition temperature) ≥ 80 °C -   
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Table 9. ATP-RWB-S GFRP bars 

Size 
Diameter Area Tensile Strength 

Tensile Modulus of 
Elasticity 

Ultimate 
Strain 

[mm] [in] [mm2] [in2] [MPa] [ksi] [GPa] [ksi] [%] 
- 12 0.47 113 0.18 750 109 40 5800 1.88 
- 14 0.55 154 0.24 755 109 40 5800 1.89 
- 16 0.63 201 0.31 725 105 40 5800 1.81 
- 19 0.75 283 0.44 690 100 40 5800 1.73 
- 20 0.79 314 0.49 655 95 40 5800 1.64 
- 22 0.87 380 0.59 655 95 40 5800 1.64 
- 24 0.94 452 0.70 620 90 40 5800 1.55 
- 25 0.98 491 0.76 620 90 40 5800 1.55 
- 28 1.10 615 0.95 590 86 40 5800 1.48 
- 30 1.18 707 1.10 570 83 40 5800 1.43 

#10 32 1.26 804 1.25 560 81 40 5800 1.40 
- 36 1.42 1017 1.58 560 81 40 5800 1.40 
- 38 1.50 1134 1.76 550 80 40 5800 1.38 
- 40 1.57 1256 1.95 500 73 40 5800 1.25 
- 50 1.97 1963 3.04 500 73 40 5800 1.25 

Other physical and mechanical characteristics Test method   
Tg of the resin (glass transition temperature) ≥ 80 °C -   

 

ATP also manufactures rectangular and circular closed polyester stirrups (STR-RWB and 
STC-RWB) for temporary structures, with properties summarized in Table 10. 

Table 10. ATP STR/STC-RWB GFRP rectangular and circular stirrups 

Size 
Diameter Area Tensile Strength 

Tensile Modulus of 
Elasticity 

Ultimate 
Strain 

[mm] [in] [mm2] [in2] [MPa] [ksi] [GPa] [ksi] [%] 
- 10 0.39 79 0.12 830 120 40 5800 2.08 
- 12 0.47 113 0.18 760 110 40 5800 1.90 
- 14 0.55 154 0.24 755 109 40 5800 1.89 
- 16 0.63 201 0.31 725 105 40 5800 1.81 
- 18 0.71 254 0.39 690 100 40 5800 1.73 
- 20 0.79 314 0.49 655 95 40 5800 1.64 
- 22 0.87 380 0.59 655 95 40 5800 1.64 
- 24 0.94 452 0.70 620 90 40 5800 1.55 
- 25 0.98 491 0.76 620 90 40 5800 1.55 
- 28 1.10 615 0.95 590 86 40 5800 1.48 
- 30 1.18 707 1.10 570 83 40 5800 1.43 

#10 32 1.26 804 1.25 560 81 40 5800 1.40 
Other physical and mechanical characteristics Test method   
Tg of the resin (glass transition temperature) ≥ 80 °C Not reported   

 

A notable real-world application of large-diameter FRP bars and bends is the Venice Metro 
Station (Line C) in Rome, Italy, currently under construction (summer 2024). The 
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underground facility spans eight levels, utilizing GFRP reinforcement in the soft-eye 
diaphragm walls to facilitate Tunnel Boring Machine (TBM) excavation. 

The main diaphragm panels measure 1.50 x 2.80 meters, with excavation from +20.00 
meters to -66.50 meters above sea level. GFRP reinforcement was implemented from -21.15 
meters to -65.90 meters, ensuring maximum versatility in the metro line layout. Five GFRP 
cages were constructed for perimeter and central diaphragms, shown in Figure 18, with 
installation in Figure 19. 

 

Figure 18. Transverse cross-section – Venezia Station, Rome (Italy) 

 

 

Figure 19. Installation of a GFRP cage 
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The mechanical characteristics of the GFRP bars used in the project, including diameter, 
characteristic strength (ffk), modulus of elasticity (Ef), and characteristic tensile failure 
strain (εfk), are provided in Table 11. A 50/90-mm elliptical longitudinal GFRP bar and a 32-
mm closed stirrup are shown in Figure 20, demonstrating ATP’s capability to manufacture 
and implement large-diameter GFRP bars in major infrastructure projects. 

Table 11. Table 3 ASTM D7957/D7957M-22 – Geometric and mechanical property requirements 

Diameter  ffk  Ef  εfk  Af  
[mm] [MPa] [MPa] [-] [mm2] 

20 655 40,000 0.0164 310 
32 560 40,000 0.014 800 
40 500 40,000 0.0125 1250 

50/90 500 40,000 0.0125 3920 

 

Where: 

- ffk is the characteristic strength of the GFRP reinforcement (MPa) 
- Ef is the normal modulus of elasticity (MPa) 
- fk is the characteristic tensile failure strain  
- Af is the area (mm2). 

 

 

Figure 20. 50/90-mm GFRP bar (left), and 32-mm closed stirrup (right) 
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2.3.2. MST FRP bar 

MST Rebar Inc. manufactures MST-BAR, offering straight bars (sizes #2 to #11) and bent bars 
(sizes #3 to #8) for various structural applications. These bars are commonly used in 
concrete slabs, shear walls, bridge foundations, highways, and highly corrosive 
environments, including underwater structures, coastal areas, and industrial sites. MST-BAR 
has also been used for hybrid steel-GFRP reinforced concrete solutions, such as pier cap 
retrofitting and pier cage reinforcement, as shown in Figure 21. 

 

Figure 21. Pier cap retrofitting (left) and pier cage GFRP reinforcement (right) [40] 

The mechanical properties of MST-BAR, including large-diameter bars, are detailed in Table 
12. MST-BAR Grade III has an elastic modulus of 60 GPa, and tensile strength values 
exceeding 1000 MPa for most sizes. However, tensile properties for the #11 bar are not 
guaranteed, as valid failure conditions could not be achieved per ASTM D7205.  
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Table 12. MST Rebar GFRP straight bars Grade III (Ef=60 GPa) 

Size 
Diameter Min. Tensile Load Area 

Tensile 
Strength 

Tensile 
Modulus of 
Elasticity 

Ultimate 
Strain 

Unit 
weight/Length 

[mm] [in] [kN] [kip] [mm2] [in2] [MPa] [ksi] [GPa] [ksi] [%] [kg/m] [lb./ft] 

#2 6 0.24 33 7.4 32 0.05 1031 150 60 8700 1.72 0.120 0.081 

#3 10 0.39 74 16.6 71 0.11 1042 151 60 8700 1.74 0.220 0.148 

#4 13 0.51 132 29.7 132 0.20 1000 145 60 8700 1.67 0.350 0.235 

#5 16 0.63 202 45.4 201 0.31 1005 146 60 8700 1.67 0.500 0.336 

#6 20 0.79 285 64.1 285 0.44 1000 145 60 8700 1.67 0.700 0.470 

#7 22 0.87 390 87.7 387 0.60 1008 146 60 8700 1.68 0.900 0.605 

#8 25 0.98 507 114.0 491 0.76 1033 150 60 8700 1.72 0.122 0.082 

#9 29 1.14 650 146.1 645 1.00 1008 146 60 8700 1.68 1.400 0.941 

#10 32 1.26 819 184.1 819 1.27 1000 145 60 8700 1.67 1.720 1.156 

#11* 36 1.42 1000 224.8 1007 1.56 993 144 60 8700 1.66 2.150 1.445 

Other physical and mechanical characteristics  *Tensile properties of #11 bar are NOT guaranteed 
 due to the inability to achieve a valid bar break per ASTM D7205. Transverse shear strength   >220 MPa (31.9 ksi) 

Bond Strength to concrete (min.)  >20 MPa (2900 Psi)         

Strength to bend (straight portion)  >900 MPa          

Strength to bend (bend portion Rmax=4φbar) >600 MPa          

Tg of the resin (glass transition temperature) ≥ 125 °C          

 

2.4. Design Guides and Material Specifications 

This section presents a comprehensive review of national design guides and material 
specifications for reinforced concrete (RC) structural elements using FRP bars. It covers 
material specifications, acceptance criteria, design guidelines, and construction standards 
from the United States, Canada, and other international sources, with a primary focus on 
North American standards. 

Most existing design specifications are limited to FRP bars up to #10, with only a few 
standards addressing #11 bars. However, specifications for #11 bars are largely based on 
theoretical extrapolations or limited experimental data, highlighting the need for further 
research to refine design recommendations and performance criteria for large-diameter FRP 
reinforcement. This section outlines the material specifications and acceptance criteria for 
FRP bars, detailing standards from the United States, Canada, and international bodies. 

2.4.1. United States 

This section outlines the national standards and design specifications governing the use of 
FRP bars in reinforced concrete (RC) structures, including those from ASTM and FDOT. These 
specifications primarily cover FRP bars up to #10, with #11 bars included only through 
extrapolation from smaller bars. 

ASTM D7957/D7957M-22 [43] is the first ASTM standard for GFRP bars, referenced in ACI 
440.11-22. It specifies requirements for solid round GFRP bars up to #10, with a minimum 
modulus of elasticity of 44.8 GPa (Table 13). ASTM D8505/D8505M-23 [44] expands coverage 
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to include both GFRP and BFRP bars, with a higher minimum modulus of 60.0 GPa, but still 
limits the largest size to #10 (Table 14). 

Table 13. Table 3 ASTM D7957/D7957M-22 – Geometric and mechanical property requirements 

Bar Size Designation 
Designated 

diameter  

Standard 
Cross 

section area 

Measured  
Cross-Sectional Area 

Minimum 
Guaranteed 

Strength  
mm2 [in2]  

mm [in] mm2 [in2] Min. Max. kN [kip]  

M6 [2] 6.3 [0.250] 32 [0.049] 30 [0.046]  55 [0.085] 27 [6.1]  

M10 [3] 9.5 [0.375] 71 [0.110] 67 [0.104]  104 [0.161] 59 [13.2]  

M13 [4] 12.7 [0.500] 129 [0.200] 119 [0.185]  169 [0.263] 96 [21.6]  

M16 [5] 15.9 [0.625] 199 [0.310] 186 [0.288]  251 [0.388] 130 [29.1]  

M19 [6] 19.1 [0.750] 284 [0.440] 268 [0.415]  347 [0.539] 182 [40.9]  

M22 [7] 22.2 [0.875] 387 [0.600] 365 [0.565]  460 [0.713] 241 [54.1]  

M25 [8] 25.4 [1.000] 510 [0.790] 476 [0.738]  589 [0.913] 297 [66.8]  

M29 [9] 28.7 [1.128] 645 [1.000] 603 [0.934]  748 [1.159] 365 [82.0]  

M32 [10] 32.3 [1.270] 819 [1.270] 744 [1.154]  950 [1.473] 437 [98.2]  

 

Table 14. Table 3 ASTM D8505/D8505M-23 – Geometric and mechanical property requirements 

Bar Size 
Designation 

Designated 
diameter  

Standard 
Cross 

section area 

Measured  
Cross-Sectional Area 

Minimum 
Guaranteed 

Strength 

Minimum 
Bond  

Strength  
mm2 [in2]  

mm [in] mm2 [in2] Min. Max. kN [kip] MPa [psi]  

M6 [2] 6.3 [0.250] 32 [0.049] 30 [0.046]  55 [0.085] 33 [7.4] 

9.6 
[1400] 

 

M10 [3] 9.5 [0.375] 71 [0.110] 67 [0.104]  104 [0.161] 71 [16.0]  

M13 [4] 12.7 [0.500] 129 [0.200] 119 [0.185]  169 [0.263] 124 [27.9]  

M16 [5] 15.9 [0.625] 199 [0.310] 186 [0.288]  251 [0.388] 181.5 [40.8]  

M19 [6] 19.1 [0.750] 284 [0.440] 268 [0.415]  347 [0.539] 254.9 [57.3]  

M22 [7] 22.2 [0.875] 387 [0.600] 365 [0.565]  460 [0.713] 337.2 [75.3]  

M25 [8] 25.4 [1.000] 510 [0.790] 476 [0.738]  589 [0.913] 422.1 [94.9] 
7.6 

[1100] 

 

M29 [9] 28.7 [1.128] 645 [1.000] 603 [0.934]  748 [1.159] 511.5 [115.0]  

M32 [10] 32.3 [1.270] 819 [1.270] 744 [1.154]  950 [1.473] 617.0 [138.7]  

 

FDOT Standard Specifications, Section 932-3 [45], outline material requirements for GFRP 
and BFRP bars in highway and bridge construction, as referenced in the FDOT Structures 
Manual, Vol. 4. Unlike ASTM standards, FDOT specifications include bars up to #11 (Table 
15). However, #11 bar properties are derived from extrapolated data using a conservative 
best-fit trend, rather than extensive experimental testing. The cross-sectional area and 
ultimate capacity of FRP reinforcing bars #11 and smaller conform to the requirements listed 
in §932-4.2 of FDOT FY2024-25 specifications [46]. 
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Table 15. Table 932-8 FDOT FY2024-25 – Sizes and tensile loads of FRP reinforcing bars 

Bar Size 
Designation 

Nominal 
Bar 

Diameter 

Nominal 
Cross 

Sectional 
Area 

Measured  
Cross-Sectional  

Area 

Minimum Guaranteed Tensile Load Minimum Nominal Ultimate Tensile Stress 

[kips] [ksi] 

[in2] 
BFRP & 
GFRP 
Bars 

(Type 0) 

BFRP & 
GFRP 
Bars 

(Type III) 

CFRP 
(Type II) 
Single 

& 7-
Wire 

Strands 

CFRP 
Bars 

(Type I) 

BFRP & 
GFRP 
Bars 

(Type 0) 

BFRP & 
GFRP 
Bars 

(Type III) 

CFRP * 
(Type II) 
Single 

& 7-
Wire 

Strands 

CFRP 
Bars 

(Type I) [in] [in2] Min. Max. 

2.1-CFRP 0.21 0.028 0.026 0.042 - - 7.1 - - - 273.1 - 
2 0.25 0.049 0.046 0.085 6.1 7.4 - 10.3 132.6 160.9 - 223.9 

2.8-CFRP 0.28 0.051 0.048 0.085 - - 13.1 - - - 272.9 - 
3 0.375 0.11 0.104 0.161 13.2 16 - 20.9 126.9 153.8 - 201.0 

3.8-CFRP 0.38 0.09 0.087 0.134 - - 23.7 - - - 272.4 - 
4 0.5 0.2 0.185 0.263 21.6 27.9 - 33.3 116.8 150.8 - 180.0 
5 0.625 0.31 0.288 0.388 29.1 40.8 - 49.1 101.0 141.7 - 170.5 
6 0.75 0.44 0.415 0.539 40.9 57.3 - 70.7 98.6 138.1 - 170.4 

6.3-CFRP 0.63 0.19 0.184 0.242 - - 49.8 - - - 270.7 - 
7 0.875 0.6 0.565 0.713 54.1 75.8 - - 95.8 134.2 - - 

7.7-CFRP 0.77 0.29 0.274 0.355 - - 74.8 - - - 273.0 - 
8 1 0.79 0.738 0.913 66.8 94.9 - - 90.5 128.6 - - 
9 1.128 1 0.934 1.159 82 115 - - 87.8 123.1 - - 

10 1.27 1.27 1.154 1.473 98.2 138.7 - - 85.1 120.2 - - 
11 1.41 1.56 1.5 1.7 105.8 160 - - 70.5 106.7 - - 

  * large-tow carbon fiber 

 

The trend of tensile strength for Type 0 and Type III bars (low and high modulus, respectively) 
demonstrates that ultimate strength decreases with increasing cross-sectional area, as 
illustrated in Figure 22. This trend highlights the need for further experimental validation to 
refine design specifications for large-diameter FRP reinforcement in structural applications. 

 

Figure 22. Ultimate stress trend vs. FRP bars area 
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ACI 440.11-22 [47] is the primary building code for designing concrete structures reinforced 
with GFRP bars. It references ASTM D7957 for material specifications and follows a structure 
similar to ACI 318, allowing designers familiar with steel reinforcement to transition more 
easily to GFRP design. 

ACI PRC-440.1-15 [48] was the first design guide developed by ACI 440 for GFRP-reinforced 
concrete structures. It is currently under review by the ACI 440-H Sub-Committee to align 
with ACI 440.11-22 and potentially incorporate new topics, such as BFRP bars (per ASTM 
D8505), shear friction provisions, and updated development length requirements. Unlike 
ACI 440.11-22, this guide is advisory and does not use mandatory language. 

AASHTO LRFD Bridge Design Guide Specifications for GFRP-Reinforced Concrete [1] serves 
as the primary design guide for infrastructure projects, particularly bridges reinforced with 
GFRP bars. The second edition (2018) enables the comprehensive design of all bridge 
elements using GFRP reinforcement. 

The FDOT Design Manual 2024 V.4 [45] outlines state-specific methodologies for designing 
transportation structures reinforced with GFRP and BFRP bars, ensuring compliance with 
Florida Department of Transportation (FDOT) requirements. 

ACI 440.5-08 [49] is the standard specification for construction procedures involving FRP 
reinforcing bars. It establishes the necessary procedures and quality control measures to 
ensure that concrete structures reinforced with FRP bars meet the required standards for 
structural integrity and performance. This document serves as a guideline for contractors 
and engineers, ensuring that FRP reinforcement is properly installed and that construction 
practices align with industry standards. 

2.4.2. Canada 

CSA S807:19 [37] is a Canadian specification covering FRP bars made from aramid, basalt, 
carbon, or E-CR glass fibers. The largest bar size included is #11 (36 mm), as shown in Table 
16. However, the values provided are based on limited testing data, so users should exercise 
caution when applying them in structural design. 

Table 16. Table 1 CSA S807:19 – Designated bar diameter and nominal area 

Designated Diameter 
[mm] 

Nominal Cross Sectional 
Area [mm2] 

Measured Cross-Sectional Area [mm2] 

  
Min. Max.  

6 32 30 55  

8 50 48 79  
10 71 67 104  
13 129 119 169  
15 199 186 251  
20 284 268 347  
22 387 365 460  
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Designated Diameter 
[mm] 

Nominal Cross Sectional 
Area [mm2] 

Measured Cross-Sectional Area [mm2] 

  
Min. Max.  

25 510 476 589  
30 645 603 733  
32 819 744 894  
36 1006 956 1157  

Notes: 
(1) The nominal cross-sectional area is not based on designated diameter. These designated diameters shall be used for the 
      calculation of the bond strength and the apparent horizontal shear strength. 
(2) These nominal cross-sectional area values shall be used for the determination of properties. 

 

 

 
 

The nominal cross-sectional area for FRP bars is not directly based on the designated 
diameter, meaning that bond strength and apparent horizontal shear strength calculations 
must use specific designated diameters. Additionally, these nominal cross-sectional area 
values are required for determining mechanical properties of FRP bars. 

This specification represents one of the few design documents that extends coverage to #11 
bars, though further research and validation are necessary to confirm the reliability of the 
provided values. 

CSA S806:12 (R2021) [50] provides design and construction guidelines for building 
structures reinforced with various types of FRP materials, including aramid (AFRP), carbon 
(CFRP), and glass (GFRP) fibers. Unlike ACI 440.11-22, which is limited to GFRP bars, this 
Canadian standard covers a broader range of FRP materials, allowing for more diverse 
reinforcement applications in building construction. 

CSA S6:19 Canadian Highway Bridge Design Code [51] serves as Canada's primary standard 
for transportation infrastructure, including bridges reinforced with FRP bars. Chapter 16 
specifically outlines design provisions for FRP-reinforced structures, ensuring that FRP 
materials are integrated safely and effectively into Canadian transportation projects. 

2.4.3. International 

AC454 [52], issued by the ICC Evaluation Service, establishes the test methods and 
evaluation criteria for GFRP and BFRP bars used in internal reinforcement of concrete 
members. This criterion references ASTM D7957 and applies to bars up to size #10, ensuring 
compliance with industry standards for structural applications. 

AC521 [53] serves a similar purpose but is tailored for non-structural concrete elements. It 
also references ASTM D7957 and applies to FRP bars and meshes up to size #10. These 
criteria help standardize the performance assessment of FRP reinforcement, though they do 
not extend to larger bar sizes beyond #10.  
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3. Test Plan for #11 FRP Bar Mechanical Characterization  

This report presents a comprehensive testing plan for #11 FRP bars intended for waterline 
pile cap footings in bridges. The physico-mechanical characterization of these bars is 
essential for ensuring structural performance and long-term reliability. Accurate and 
standardized testing assesses tensile strength, bond strength, shear strength, and other 
critical properties necessary for their implementation in bridge design. 

All tests are conducted following ASTM standards, ensuring consistency and reliability in the 
results. The testing protocols align with Florida Department of Transportation (FDOT) 
specifications, particularly Section 932-4 Fiber Reinforced Polymer (FRP) Reinforcing Bars 
and Materials Manual Section 12.1 Volume II Fiber Reinforced Polymer Composites [1]. 
These standardized procedures help establishing material acceptance criteria and support 
the safe adoption of large-diameter FRP bars in transportation infrastructure.  

This document provides a test plan to meet Task 2: Test Plan for #11 Bar Mechanical 
Characterization under the task work order titled ‘Waterline Pile Cap Footings for Bridges 
Using Large Diameter FRP Reinforcing - Material Characterization and Design.’ The 
document is developed in accordance with applicable references from the Florida 
Department of Transportation (FDOT) Section 932-4 Fiber Reinforced Polymer (FRP) 
Reinforcing Bars and Materials Manual Section 12.1 Volume II Fiber Reinforced Polymer 
Composites, as well as the task work order needs and current research practices. The goal 
is to establish a test plan to evaluate large diameter glass fiber reinforced polymer (GFRP) 
bars with a nominal size of #11 (1.375 in.). The tests methods used for the qualification test 
program are summarized in Table 17. 

Table 17. Summary of standard test methods for the qualification test program 

Test Description ID Test 
Method  

ASTM Standard Test Reference 

Fiber Mass Fraction FC 
ASTM D2584-18 Standard Test Method for Ignition Loss of Cured 
Reinforced Resins [54] 

Moisture Absorption MA 
ASTM D570-22, Standard Test Method for Water Absorption of Plastics. 
Section 8.1 for short term and Section 8.4 for long term [55] 

Glass Transition 
Temperature TG 

ASTM E1356-23, Standard Test Method for Assignment of the Glass 
Transition Temperatures by Differential Scanning calorimetry [4] 

 
 

ASTM D7028-07(2015), Standard Test Method for Glass Transition 
Temperature (DMA) of Polymer Matrix Composites by Dynamic 
Mechanical Analysis (DMA) [56] 

Degree of Cure DC 
ASTM E2160-04 (2018), Standard Test Method for Heat of Reaction of 
Thermally Reactive Materials by Differential Scanning Calorimetry [57] 

Measured Cross-
Sectional Area 

MXA 

ASTM D7205/D7205M-21, Standard test method for Tensile Properties 
of Fiber Reinforced Polymer Matrix Composite Bars, Section 11.2.4.1. 
ASTM D792-20, Standard Test Methods for Density and Specific Gravity 
(Relative Density) of Plastics by Displacement [58] 

Tensile Properties 
(Load and Modulus) 

TNS ASTM D7205/D7205M-21, Standard test method for Tensile Properties 
of Fiber Reinforced Polymer Matrix Composite Bars [59] 
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Testing of the proposed plan is carried out by the University of Miami, Structures and 
Materials Laboratory (SML). All tests are performed by and under the supervision of SML. 
SML is a qualified laboratory by the Florida Department of Transportation (FDOT) under 
laboratory number ISM028 and has met the requirements of the International Accreditation 
Service (IAS) AC89 (Accreditation Criteria for Testing Laboratories). This demonstrates 
compliance with ANS/ISO/IEC Standard 17025-2017, “General requirements for the 
competence of testing and calibration laboratories,” and the laboratory has been accredited 
for the test methods listed in the approved scope of accreditation under Testing Laboratory 
#TL-478. 

Initially, the project included the characterization of one GFRP and one BFRP #11 bar type. 
However, due to the difficulty in finding a BFRP manufacturer capable of producing bars in 
the #11 size, two GFRP #11 bar types were evaluated, as agreed with FDOT. The selected 
manufacturers are MST and Pultrall. Figure 23 and Figure 24 show typical rebars made by the 
two different manufacturers. 

The comprehensive test plan outlines the specific Physico-mechanical properties to be 
evaluated, the ASTM standards to be adhered to, and the detailed procedures to be followed 
to ensure accurate and reliable results. 

 

Figure 23. FRP bar manufactured by Pultrall 

 

Test Description ID Test 
Method  

ASTM Standard Test Reference 

Alkaline Resistance 
with no Load  

AR 
ASTM D7705/D7705M-12(2019), Standard Test Method for Alkali 
Resistance of Fiber Reinforced Polymer (FRP) Matrix Composite Bars 
used in Concrete Construction, Procedure A [60] 

Transverse Shear 
Strength TSS 

ASTM D7617/D7617M-11(2017), Standard Test Method for Transverse 
Shear Strength of Fiber–Reinforced Polymer Matrix Composite Bars [61] 

Horizontal Shear 
Strength HSS 

ASTM D4475-21, Standard Test Method for Apparent Horizontal Shear 
Strength of Pultruded Reinforced Plastics Rods by Short-Beam Method 
[62] 

Bond Strength to 
Concrete, Block Pull-

Out 
BS 

ASTM D7913/D7913M – 14(2020), Standard Test Method for Bond 
Strength of Fiber-Reinforced Polymer Matrix Composite Bars to 
Concrete by Pullout Testing [63] 

ASTM C39-20, Standard Test Method for Compressive Strength of 
Cylindrical Concrete Specimens [64] 
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Figure 24. FRP bar manufactured by MST 

3.1. Specimen ID Nomenclature 

All proposed test specimens including mechanical, physical and durability tests will be 
uniquely labeled and identified for quality and traceability purposes using the format 
described below. The detailed specimen identification (ID) nomenclature is summarized in 
Table 18Table 18: 

 

CCC-PP_TTT_EE_XX 

where,  

CCC, refers to company reference; 

PP, refers to the product / sample under evaluation; 

TTT, refers to the test type or mechanical property; 

EE, refers to the type of exposure; and  

XX, is the specimen repetition number. 
 

Table 18. Specimen identification (ID) nomenclature 

Nomenclature  Reference Definition Detail ID 

CCC, Company Reference V-Rod/Pultrall PUL 

 MST-Bar MST 

PPP, Product / Sample Straight Glass FRP straight bar – Nominal Size 11 11S 

TTT, Test Type Fiber Content FC 
 Glass Transition Temperature TG 
 Degree of Cure (Total Enthalpy of Polymerization) DC 
 Measured Cross Sectional Area MXA 
 Tensile Properties TNS 
 Transverse Shear Strength TSS 
 Horizontal Shear Strength HSS 
 Bond Strength to Concrete  BS 
 Moisture Absorption  MA 
EE, Exposure Control/benchmark tests (laboratory conditions) if applicable CC 
 Alkaline Resistance without Load  AR 

XX, Specimen no. Specimen Repetition Number 
as 
applicable 
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3.2. Test Program 

The following section provides a detailed test program for the approval and qualification of the 
products under evaluation, which is summarized from Table 20 to Table 21. The test program is 
developed, and in compliance, with the sampling and test requirements referenced within per 
FDOT’s Materials Manual Section 12.1 Volume II Fiber Reinforced Polymer Composites and FDOT’s 
specification Section 932 for Nonmetallic Accessory Materials for Concrete Pavement and Concrete 
Structures, sub-section 932-4.3, Table 932-8. The specimen ID nomenclature is used within the 
tables (refer to Table 17 for definitions. Table 20 to Table 21include: the product type, the test type, 
the exposure/aging condition, the number of test repetitions per lot; as well as the specification 
requirement (i.e. pass/fail acceptance criteria) for each test method and product as applicable. Note 
that the number of test repetition reported herein, is equal to or exceeds the requirements set forth 
within Materials Manual Section 12.1 Volume II. Results are based on the reported results. 

 

Table 19. Test program for physical properties 

Company-Product-Shape 

CC-PP 

Test ID 

MMM 

TYPE of 
exposure 

EE 

Minimum 
Repetitions 

per 
Manufacturer 
(Single Lot) 

Materials Manual 
Section 12.1 

Table 1 

Fiber Mass Content  
 ASTM D2584, Standard Test Method for Ignition Loss of Cured Reinforced Resins 

PUL-11S 
FC CC 5 ≥ 70 % 

MST-11S 

Glass Transition Temperature 
ASTM E1356, Standard Test Method for Assignment of the Glass Transition Temperatures by Differential Scanning Calorimetry 

PUL-11S 
TG CC 5 

≥ 100°C (212°F) 
based on DSC MST-11S 

Degree of Cure   
ASTM E2160, Standard test method for heat of reaction of thermally reactive materials by differential scanning calorimetry 

PUL-11S 
DC CC 5 ≥ 95 % 

MST-11S 

Cross-Sectional Area  
ASTM D7205/D7205M, Standard test method for Tensile Properties of Fiber Reinforced Polymer Matrix Composite Bars 
ASTM D792, Standard Test Methods for Density and Specific Gravity (Relative Density) of Plastics by Displacement 

PUL-11S 
MXA CC 5 

> 968 mm2 (1.500 in2) 
<1097 mm2 (1.700 in2) 

MST-11S 

 

 

 

 

https://compass.astm.org/EDIT/html_annot.cgi?E1356+08(2014)
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Table 20. Test program for mechanical properties 

Company-Product-Shape 

CC-PP 

Test ID 

MMM 

TYPE of 
exposure 

EE 

Minimum 
Repetitions 

per 
Manufacturer 
(Single Lot) 

Materials Manual 
Section 12.1 

Table 1 

Guaranteed Tensile Load and Tensile Modulus 

ASTM D7205/D7205M, Standard test method for Tensile Properties of Fiber Reinforced Polymer Matrix Composite Bars 

PUL-11S 

TNS CC 10 

Type 0 bars ≥470 kN (105.8 kip)  
≥ 44.8 GPa (6.5 Msi) 
 
Type III bars ≥712 kN (160.0 kip)  
≥ 58.6 GPa (8.5 Msi) 

MST-11S 

Transverse Shear Strength 
ASTM D7617/D7617M, Standard Test Method for Transverse Shear Strength of  
Fiber-Reinforced Polymer Matrix Composite Bars 

PUL-11S 
TSS CC 5 

≥ 152 MPa  
(22 ksi) MST-11S 

Horizontal Shear Strength 
ASTM D4475, Standard Test Method for Apparent Horizontal Shear Strength of 
Pultruded Reinforced Plastic Rods By the Short-Beam Method 

PUL-11S 
TSS CC 5 

≥38 MPa  
(5.5 ksi) MST-11S 

Bond Strength 
ASTM D7913/D7913M, Standard Test Method for Bond Strength of Fiber-Reinforced Polymer Matrix Composite  
Bars to Concrete by Pullout Testing 

PUL-11S 
BS CC 5 

Type 0 bars ≥7.6 MPa (1.1 ksi) 
Type III bars ≥ 9.7 MPa (1.4 ksi)  MST-11S 

 

Table 21. Test program for durability properties 

Company-Product-Shape 

CC-PP 

Test ID 

MMM 

TYPE of 
exposure 

EE 

Minimum 
Repetitions 

per 
Manufacturer 
(Single Lot) 

Materials Manual 
Section 12.1 

Table 1 

Moisture Absorption 
ASTM D570, Standard Test Method for Water Absorption of Plastics, PROCEDURE 7.1 and 7.4 

PUL-11S 

MA CC 5 

≤ 0.25 % post  
24 hrs. at 50°C (122°F) 
 
≤ 1.0 % saturation at 50°C 
(122°F) 

MST-11S 

Alkaline Resistance with no Load 
ASTM D7705/D7705, Standard test method for Alkali Resistance of Fiber Reinforced Polymer (FRP) Matrix Composite Bars used 
in Concrete Construction. PROCEDURE A  
ASTM D7205/D7205, Standard test method for Tensile Properties of Fiber Reinforced Polymer Matrix Composite Bars 

PUL-11S 
TNS AR 5 

≥ 70% of tensile strength 
retention MST-11S 
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3.3. Testing of Representative Products 

Sampling for the V-Rod/Pultrall and MST Bar FRP bars under evaluation was conducted 
under the supervision of FDOT personnel per FDOT specifications. 

Upon arrival of the products for evaluation to the testing laboratory, the packages were 
acknowledged and identified to account for all the products and their batch numbers for 
quality assurance purposes. All products were then individually inspected to ensure validity 
for testing, free of damage, contamination, or other criteria deviating from being 
representative of the standard manufactured products as initially sampled based on SML 
standard operating procedures. 

Table 22 provides a summary of the products under evaluation and the identification 
provided by the manufacturer for quality and traceability purposes. 

Table 22. FRP product manufacturing traceability references 

Product Identification Manufacture Production Reference 

Pultrall #11 Glass FRP Straight Bar 2414002-11-60 
MST Bar #11 Glass FRP Straight Bar 15M.GRADEIII.25368.S.204.2024 

 

3.4. Test Data 

All the test results presented herein are linked through unbroken chain to the raw data files 
recorded on the day of the test. Details regarding raw data can be found in the technical test 
record completed at the time of the tests.  

Analyzed data is obtained directly from the raw data obtained during testing, from which the 
test results are presented. This report contains analyzed tabulated data results of each test. 
Additionally, as part of the standard operating procedures and quality assurance of the SML, 
intermediate checks of the data analysis are performed at various stages of the data analysis 
process reducing the possible analysis errors. 
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4. Physico-mechanical Testing of #11 Bars 

This section provides the tests results to meet Task 3 of the project: Physico-mechanical 
testing for #11 Bars under the task work order titled ‘Waterline Pile Cap Footings for Bridges 
Using Large Diameter FRP Reinforcing - Material Characterization and Design.’ 

The FRP bars manufactured by V-Rod/Pultrall had a sand coated surface finish and the FRP 
bars manufactured by MST-Bar had a grooved surface finish. Table 23 summarizes the bar 
product/s under evaluation, including the identification (ID) within this report.  

 

Table 23. Products under evaluation 

Product No.  
Product  
Size Product Description Report ID 

1 #11 
V-Rod/ Pultrall 
Glass FRP straight bar #11 with sand coated surface 

PUL_11S 

2 #11 MST-Bar 
Glass FRP straight bar #11 with grooved surface 

MST_11S 

 

Figure 25 and Figure 26 show the #11 FRP bars from Pultrall and MST as received by the 
manufacturers to be tested at University of Miami. 

 

 

Figure 25. FRP straight bar #11 manufactured by Pultrall. 

 

 

Figure 26. FRP straight bar #11 manufactured by MST-Bar. 

The following sub-sections, summarize the testing results for each of the Physico-
mechanical testing that was conducted as part of the testing plan summarized in Section 
3.2. 
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4.1. Fiber Content – ASTM D2584 

To determine the fiber content by mass of the products under evaluation based on ASTM 
D2584.  

The specimens were cut from different randomly selected locations from sample bar to the 
prescribed dimensions using a high precision blade saw and conditioned under laboratory 
ambient conditions for at least 40 hr. at room temperature, 23 ± 3°C (73 ± 6°F) and 50±10% 
relative humidity. Refer to Table 24, which includes the test specimen nominal length, test 
location, and date. Representative pictures of specimens before and after testing are 
provided in Figure 28.  

Table 24. Specimen summary information 

Specimen ID 
Specimen Nominal 

Length 

Test Date 

mm/dd/yy 

Test 

Location 

PUL_11S_FC_01 to 05 25 mm (1.0 in.). 10/28/24 to 10/29/24 SML 

MST_11S_FC_01 to 05  10/31/24 to 11/01/24  

 

Tests were conducted under laboratory ambient conditions by qualified personnel. The date 
of each test, technical personnel, variations to the test method as applicable, calibration 
information for instruments and equipment used in all measurements, identification of the 
material tested, temperature and humidity of testing laboratory, and other applicable test 
data or details are provided in the technical data sheet: TDS-FC-FDOT that can be found 
online per request. 

Specimens were placed in pre-heated crucibles and placed in a furnace at 565 ± 28°C (1050 
± 50°F) until all carbonaceous material disappeared, as shown in Figure 27 and Figure 28. 
Weight measurements in a high precision microscale were taken to the nearest 0.0001 g 
(2.2×10-7 lb.) before and after to determine the fiber content as per ASTM D2584, where a 
desiccator was used to place the specimens while cooling down to avoid absorption of air 
moisture by the dry fibers. 

The results reported herein have been computed per ASTM D2584 using the parameters 
defined in Table 25. Note that sand granules (as applicable) were separated from the 
calculation, so that only the dry fiber weight after ignition was measured in order to obtain 
the actual fiber content. 

Table 25. Fiber content parameter definitions and calculations 

Symbol Parameter Description 

W1 
Weight 

Weight of bar specimen 

W2 Weight of residue, fibers only 

RC Resin content Ignition loss = [(W1  - W2)/W1 ]*100 

FC Fiber content 100 -  [(W1  - W2)/W1 ]*100 
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Based on the experimental tests presented herein the fiber content by mass results are 
summarized in Table 26. Tabulated test results are reported in appendix A. 

Table 26. Average summary results for fiber content by mass tests 

Test ID Number of Tested 
Specimens 

Fiber Content 
FC     
% 

Materials Manual 
Section 12.1 

Table 1  
Specification 
(% by weight) 

Acceptance 
Criteria 

PUL_11S_FC 5 84 
≥ 70% PASS 

MST_11S_FC 5 81 
 
Glass FRP bars with nominal size #11 for manufacturers V-Rod/Pultrall and MST-Bar, comply 
with the requirements established in Table 1 Physical and Mechanical Property 
Requirements for Straight FRP Reinforcing Bars of the FDOT’s Materials Manual Section 12.1 
Volume II Fiber Reinforced Polymer Composites by having an average Fiber Content by 
weight greater or equal to 70% and a coefficient of variance less or equal to 15%. 

 

Figure 27. Fiber content furnace test setup 
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Figure 28. Fiber content representative test samples (a) pre-testing and (b) post-test (ignition) for Pultrall and (c) pre-

testing and (d) post-test (ignition) for MST-Bar  
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4.2. Glass Transition Temperature – ASTM E1356 

To determine the glass transition temperature based on differential scanning calorimetry 
(DSC) method for the products under evaluation, based on ASTM E1356. 

A disk specimen was extracted with a high precision blade saw from the cross-section of the 
bar, avoiding grinding to reduce the thermal effects that may affect the specimen’s thermal 
history properties, to then extract a portion of the disk with a high precision blade to provide 
a specimen with a minimum mass of 5 mg. All specimens were conditioned under laboratory 
ambient conditions for at least 40 hrs. at room temperature 23 ± 3°C (73 ± 6°F) and 50 ± 10% 
relative humidity. Refer to Table 27 which includes the test specimen size (weight), test 
location and date.  

 
Table 27. Specimen summary information 

Specimen ID Specimen  
Nominal Size 

Test Date 
mm/dd/yy 

Test  
Location 

PUL_11S_TG_01 to 05 10 mg 11/06/24 to 11/13/24 SML 
MST_11S_TG_01 to 05  10/04/24  

 

Tests were conducted under laboratory ambient conditions by qualified personnel. The date 
of each test; technical personnel; variations to the test method as applicable; calibration 
information for instruments and equipment used in all measurements; identification of the 
material tested; temperature and humidity of testing laboratory; and other applicable test 
data or details is provided in the technical data sheet: TDS-TG-FDOT. 

A differential scanning calorimeter (DSC) capable of programming, measuring, and 
recording heat flow as a function of temperature and time with a dedicated test was used, 
as seen in Figure 29. The specimen was placed in the chamber and programmed as needed 
for the temperature rate heating and cooling. 

A heating/cooling rate of 10°C/min was applied until the glass transition temperature was 
determined. An initial thermal program was done prior testing flowing nitrogen in the 
chamber at a rate of 10°C/min to laboratory conditions to remove potential environmental 
thermal history. 

The results reported herein have been computed per ASTM E1356 using the parameters 
defined in . The Tg is extrapolated numerically by the DSC from the heat flow versus 
temperature reaction curve, corresponding to range at which the observed material 
transitions from the hard, brittle region to the soft, rubbery region. 
 

Table 28. Parameter definitions and calculations for glass transition temperature 

Symbol Parameter Description 

Tg Temperature Glass Transition Temperature 
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Based on the experimental tests presented herein the mean Glass Transition Temperature 
is summarized in Table 29. Tabulated test results are reported in appendix A. 

 

Table 29. Average summary results for glass transition temperature tests 

Specimen ID 
Number of Tested 

Specimens 

Glass Transition Temperature  
Tg 

Materials 
Manual 

Section 12.1 
Table 1 

Specification 

Acceptance 
Criteria °C °F 

PUL_11S_TG 5 118 244 ≥100°C 
(212°F) 

PASS 
MST_11S_TG 5 114 238 

 

Glass FRP bars with nominal size #11 for manufacturers V-Rod/Pultrall and MST-Bar, 
comply with the requirements established in Table 1 Physical and Mechanical Property 
Requirements for Straight FRP Reinforcing Bars of the FDOT’s Materials Manual Section 12.1 
Volume II Fiber Reinforced Polymer Composites by having an average Glass Transition 
Temperature greater than 100 °C  (212 °F ) and a coefficient of variance less or equal to 15%. 
 
 

 

Figure 29. Test setup showing DSC in operation 
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4.3. Degree of Cure – ASTM E2160 

To determine the exothermic heat of reaction of thermally reactive chemicals or chemical 
mixtures of the products under evaluation based on ASTM E2160. 

A disk specimen with nominal thickness of 1 mm (0.04 in.) was extracted with a high 
precision blade saw from the cross-section of the bar. A wedge portion of this disk was then 
extracted with a high precision blade to provide a specimen with a total minimum mass of 5 
mg. The specimens were cut to the prescribed dimensions avoiding grinding to reduce the 
thermal effects that may affect the specimen’s thermal history properties. All specimens 
were conditioned under laboratory ambient conditions for at least 40 hrs. at room 
temperature 23 ± 3°C (73 ± 6°F) and 50 ± 10% relative humidity. Refer to Table 30 which 
includes the test specimen size (weight), test location and date.  

 

Table 30. Specimen summary information 

Specimen ID 
Specimen  

Nominal Size 

Test Date 

mm/dd/yy 

Test  

Location 

PUL_11S_DC_01 to 05 10 mg 11/06/24 to 11/13/24 SML 

MST_11S_DC_01 to 05  10/04/24  

 

Tests were conducted under laboratory ambient conditions by qualified personnel. The date 
of each test; technical personnel; variations to the test method as applicable; calibration 
information for instruments and equipment used in all measurements; identification of the 
material tested; temperature and humidity of testing laboratory; and other applicable test 
data or details is provided in the technical data sheet: TDS-DC-FDOT. 

A differential scanning calorimeter (DSC), capable of programming, measuring and 
recording heat flow as a function of temperature and time with a dedicated sealed test 
chamber was used, as seen in Figure 29. The specimen was placed in the chamber, 
weighted and programmed as needed for the temperature rate heating. A heating rate of 10 
± 0.1°C/min to provide uniform controlled heating of the specimen and reference to a 
constant temperature within the temperature range of 25 to 250°C (77 to 482°F) was applied. 

The results reported herein have been computed per ASTM E2160 using the parameters 
defined in Table 32. The degree of cure, DC is computed percentage of the fraction reacted, 
given by the difference between the total heat of reaction, Ht, and the normalized heat, H. 
The total heat of reaction and the normalized heat, where computed with the integrated 
thermal analysis software of the DSC. Note that the total heat of reaction (Ht), which is 
derived from the unreacted resin system (neat resin), is conservatively assumed value of 
100 J/g to compute the degree of cure. 
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Table 31. Parameter definitions and calculations for total enthalpy of polymerization (degree of cure) 

Symbol Parameter Description 

A Reaction Heat of reaction of bar sample 

M Mass Specimen mass 

H Normalized heat of 
reaction  

H = A/M 

Ht Reaction Total heat of reaction of unreacted sample = 100 J/g 

DC Degree of Cure Fraction reacted = (1 – H/Ht)*100% 

 

Based on the experimental tests presented herein the average degree of cure is summarized 
in Table 32. Tabulated test results are reported in appendix A. 

 
Table 32. Average summary results for degree of cure tests 

Specimen ID 
Number of Tested 

Specimens 

Degree of Cure 
DC 
% 

Materials 
Manual 

Section 12.1 
Table 1 

Specification  

Acceptance 
Criteria 

PUL_11S_DC 5 99 
≥ 95% PASS 

MST_11S_DC 5 98 
 

Glass FRP bars with nominal size #11 for manufacturers V-Rod/Pultrall and MST-Bar, 
comply with the requirements established in Table 1 Physical and Mechanical Property 
Requirements for Straight FRP Reinforcing Bars of the FDOT’s Materials Manual Section 12.1 
Volume II Fiber Reinforced Polymer Composites by having an average Degree of Cure greater 
than 95% and a coefficient of variance less or equal to 15%. 
 

4.4. Cross-sectional Area – ASTM D7205/D792 

To determine the measured cross-sectional area of the products under evaluation by 
immersion method based on ASTM D7205 and ASTM D792. 

The specimens were cut to the prescribed dimensions using a high precision blade saw and 
conditioned, under laboratory ambient conditions for at least 40 hrs. at room temperature 
23 ± 3°C (73 ± 6°F) and 50 ± 10% relative humidity. Refer to Table 33 which includes the test 
specimen size (length), test location and date. Representative pictures of the test set up are 
provided in Figure 30. 

 

 

 



 41 

Table 33. Specimen summary information 

Specimen ID 
Specimen  

Nominal Size 

Test Date 

mm/dd/yy 

Test  

Location 

PUL_11S_MXA_01 to 05 19 mm (0.75 in.) 10/23/24 SML 

MST_11S_MXA_01 to 05 19 mm (0.75 in.) 10/23/24 SML 

 

Tests were conducted under laboratory ambient conditions by qualified personnel. The date 
of each test; technical personnel; variations to the test method as applicable; calibration 
information for instruments and equipment used in all measurements; identification of the 
material tested; temperature and humidity of testing laboratory; and other applicable test 
data or details is provided in the technical data sheet: TDS-MXA-FDOT. 

A precision analytical balance was used to determine of the specific gravity, an internal 
frame holds the specimen, and then immersed into distilled water, where additionally the 
container with the distilled water rests on a support that spans over the scale so that the 
weight of the container is dismissed, as seen in Figure 30. 

The results reported herein have been computed as per ASTM D792, as referenced by ASTM 
D7205, using the parameters defined in Table 34. 

 
Table 34. Parameter definitions and calculations for cross-sectional 

Symbol Parameter Description 

L Length Average length of specimen based on three measurements 

ρs Density Density of specimen 

V Volume Volume of specimen 

A Area Measured (experimental) cross-sectional Area of specimen 

Weight/unit 
length 

Weight per unit 
length  

Mass per unit length 

 

Based on the experimental tests presented herein the average measured cross-sectional 
area is summarized in Table 35. Tabulated test results are reported in Appendix A. 
 

Table 35. Average summary results for measured cross-sectional area tests 

Specimen ID 
Number of 

Tested 
Specimens 

Measured Area  
A 

Materials Manual 
Section 12.1 

Table 1 
Specification 

Acceptance 
Criteria 

mm2 in2 

PUL_11S_MXA 5 1108 1.717 >968 mm2 (1.500 in2) 
<1097mm2 (1.700 in2) FAIL 

MST_11S_MXA 5 1118 1.734 
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Glass FRP bars with nominal size #11 for manufacturers V-Rod/Pultrall and MST-Bar, do not 
comply with the current requirements established in Table 1 Physical and Mechanical 
Property Requirements for Straight FRP Reinforcing Bars of the FDOT’s Materials Manual 
Section 12.1 Volume II Fiber Reinforced Polymer Composites and in Table 932-8 of FDOT’s 
specification Section 932 for Nonmetallic Accessory Materials for Concrete Pavement and 
Concrete Structures. It is recommended to adjust the range of acceptance for bars with 
nominal size #11 based on these results. 

   

 
Figure 30. Test setup for measurement of cross-sectional area; (a) specimen weight and (b) immersed specimen for 

Pultrall; (c) Specimen weight and (b) immersed specimen for MST-Bar 
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4.5. Tensile Properties – ASTM D7205 

To determine the ultimate and guaranteed tensile load carrying capacity, mean tensile 
modulus of elasticity and mean ultimate tensile strain of the products under evaluation 
based on ASTM D7205. 

The specimens were cut to the prescribed dimensions using chop saw. Steel pipe-type 
anchors were installed using expansive grout by laboratory personnel after machining the 
ends of the specimens to center the bar within the anchors and fixtures. All specimens were 
left to cure for a minimum period of 7 days to ensure the grout reached its maximum internal 
pressure, ensuring proper anchorage. Refer to Table 36 and Figure 31, for the test specimen 
size, test date, and location. Considering that La=610 mm (24 in.), L=699 mm (27.5 in.), and, 
Ø=71.1 mm (2.80 in.).  

 

Table 36. Specimen summary information 

Specimen ID 
Specimen  

Nominal Size 

Test Date 

mm/dd/yy 

Test  

Location 

PUL_11S_TNS_01 to 09 Ø=71.1 mm (2.80 in.) 
11/15/24 to 11/19/24 SML 

MST_11S_TNS_01 to 10  
11/04/24 to 11/19/24  

 

Tests were conducted under laboratory ambient conditions by qualified personnel. The date 
of each test, technical personnel, variations to the test method as applicable, calibration 
information for instruments and equipment used in all measurements, identification of the 
material tested, temperature and humidity of testing laboratory, and other applicable test 
data or details are provided in the technical data sheet: TDS-TNS-FDOT that can be found 
online per request. 

Uniaxial tensile load was applied to all specimens. Tensile testing was performed using a 
universal test frame Tensile load was measured with the internal frame load cell in 
compliance with ASTM E4-21 (Standard Practice for Force Verification of Testing Machines), 
while the extension (elongation) of the specimen was measured using a Class B-2 clip-on 
extensometer in accordance to ASTM E83-16 (Standard Practice for Verification and 
Classification of Extensometer Systems), with a 100-mm (4.0 in.) gauge length, placed at 
mid-length of the free length between the anchors, as seen in Figure 32. The extensometer 
was removed approximately halfway during the test to avoid damage to the instrument. 
Specimens’ anchors were gripped with mechanical wedge-type grips. All data were 
gathered using a National Instruments data acquisition system at a rate of 100 Hz.  

Load was applied in displacement control to effect a near constant strain rate in the gauge 
section, producing failure within 1 to 10 minutes, as per ASTM D7205 requirements. 
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The results reported herein have been computed per ASTM D7205 based on the nominal 
area of the bar. Refer to Table 37 for definitions and calculations. 
 

Table 37. Definitions of calculations for tensile tests 

Symbol Parameter Description 

Pmax Maximum force at failure Peak load recorded during test 

PG Guaranteed ultimate tensile force Mean Peak load minus three standard deviations 
of the average test results. 

Anom Nominal cross-section area  Cross-section area FDOT 932-4, Table 932-8 

Ftu
nom Nominal ultimate tensile strength  Ftu

nom = Pmax / Anom  

εu-nom  Computed ultimate strain based on 
linear elastic behavior 

εu = Ftu
nom / Enom  

Enom  Tensile modulus of elasticity As per Section 13.3.1 ASTM D7205 – computed by 
fitting a straight line to the data using the method 
of linear least squares regression analysis. The 
data range selected goes between 1000 and 6000 
µε.  

Enom = 
∑ ( 𝜀𝑖 𝜎𝑖)𝐾

𝑖=1 −𝑛 �̅� �̅�

∑ 𝜀𝑖
2𝐾

𝑖=1 −𝑛 �̅�2  

All specimens behaved linear elastically until failure. Based on the experimental tests 
presented herein the guaranteed ultimate tensile force (PG), mean tensile modulus (E), the 
mean computed ultimate tensile strain (εu) as summarized in Table 38, where the condition 
of acceptance is provided below. The mode of failure for all bars was by tensile rupture of 
the rebar as seen in Figure 33. Tabulated test results are reported in Appendix A. 

➢ #11 Type 0 bars: minimum guaranteed tensile force ≥ 470 kN (105.8 kip) 

➢ #11 Type 0 bars: minimum E shall be ≥ 44.8 GPa (6.5 Msi) 

➢ #11 Type III bars: minimum guaranteed tensile force ≥ 712 kN (160.0 kip) 

➢ #11 Type III bars: minimum E shall be ≥ 58.6 GPa (8.5 Msi) 

➢ All bar sizes: Mean Ultimate Tensile Strain shall be ≥ 1.1 % 
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Table 38. Average summary results for tensile tests 

Specimen ID 
Number of 

Tested 
Specimens 

Guaranteed 
Ultimate 
Tensile 
Force 

Mean 
Tensile 

Modulus 
of 

Elasticity 

Mean 
Ultimate 
Tensile 
Strain 

Materials 
Manual 

Section 12.1 
Table 1 

Specification 
PG. , & E 

Acceptance 
Criteria 

PG E εu 
kN kip GPa Msi % 

PUL_11S_TNS 9 1098 246.9 59.9 8.7 2.0 

Type 0 Bars 
≥470 kN  
(105.8 Kip) 
≥44.8 GPa  
(6.5 Msi) 
 
Type III Bars 
≥712 kN  
(160.0 Kip) 
≥58.6 GPa  
(8.5 Msi) 
 

PASS 
Refer to 

Section 9.7 

MST_11S_TNS 10 824 185.3 57.8 8.4 1.6 

 

Based on the current specification established in Table 1 Physical and Mechanical Property 
Requirements for Straight FRP Reinforcing Bars of the FDOT’s Materials Manual Section 12.1 
Volume II Fiber Reinforced Polymer Composites and in Table 932-8 of FDOT’s specification 
Section 932 for Nonmetallic Accessory Materials for Concrete Pavement and Concrete 
Structures:  
  
Glass FRP bars with nominal size #11 for manufacturer V-Rod/Pultrall would be classified 
as a Type III bar meeting both the requirements of Minimum Guaranteed Tensile Load and 
Minimum Modulus of Elasticity and a coefficient of variance less or equal to 15%. 
  
Glass FRP bars with nominal size #11 for manufacturer MST-Bar would be classified as a 
Type 0 bar meeting both the requirements of Minimum Guaranteed Tensile Load and 
Minimum Modulus of Elasticity and a coefficient of variance less or equal to 15%. 
  
 

 
Figure 31. Tensile specimen geometry 
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Figure 32. Tensile test setup for (a) Pultrall and (b) MST-Bar 
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Figure 33. Representative failure mode of tensile test for (a) Pultrall and (b) MST-Bar  
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4.6. Transverse Shear Strength – ASTM D7617 

To determine the ultimate transverse shear strength of the products under evaluation based 
on ASTM D7617. 

The specimens were cut from different randomly selected locations from sample bar to the 
prescribed dimensions using a high precision blade saw and conditioned, under laboratory 
ambient conditions for at least 40 hrs. at room temperature 23 ± 3°C (73 ± 6°F) and 50 ± 10% 
relative humidity. Refer to Table 39, which includes the test specimen size (length), test 
location and date.  
 

Table 39. Specimen summary information 

Specimen ID 
Specimen  

Nominal Size 

Test Date 

mm/dd/yy 

Test  

Location 

PUL_11S_TSS_01 to 05 229 mm (9.0 in.) 11/04/24 SML 

MST_11S_TSS_01 to 05 229 mm (9.0 in.) 11/04/24 SML 

 

Tests were conducted under laboratory ambient conditions by qualified personnel. The date 
of each test; technical personnel; variations to the test method as applicable; calibration 
information for instruments and equipment used in all measurements; identification of the 
material tested; temperature and humidity of testing laboratory; and other applicable test 
data or details is provided in the technical data sheet: TDS-TSS-FDOT. 

Transverse compressive load was applied to the bar using a fixture as per ASTM D7617, 
providing an evenly distributed load applied to the bar in a double shear configuration. The 
load was applied using a screw-driven universal test frame with a maximum capacity of 
130 kN (30 kip). The load was measured with the internal load cell of the frame in 
compliance with ASTM E4-21. The test set-up is shown is Figure 34. 

The results reported herein have been computed per ASTM D7617 using the parameters 
defined in Table 40. 
 

Table 40. Parameter definitions and calculations 

Symbol Parameter Description 

Pmax Maximum failure force  Peak load recorded during test  

Anom Nominal cross-section area  Area per FDOT 932-4, Table 932-8 

Tu-nom Nominal Transverse shear strength Tu = Pmax / (2*Anom) 

 

Based on the experimental tests presented herein the guaranteed transverse shear strength 
of the bars are summarized in Table 41. The mode of failure was by double shear, as reflected 
in Figure 35 for all specimens. Tabulated test results are reported in appendix A. 
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Table 41. Average summary results for transverse shear strength tests 

Specimen ID 
Number of 

Tested 
Specimens 

Transverse 
Shear Strength  

Materials 
Manual 

Section 12.1 
Table 1 

Specification 

Acceptance 
Criteria Τ 

MPa ksi 

PUL_11S_TSS 5 163 23.6 ≥ 151 MPa, 
(22.0 ksi) 

PASS 
MST_11S_TSS 5 172 25.0 

 

Glass FRP bars with nominal size #11 for manufacturers V-Rod/Pultrall and MST-Bar, 
comply with the requirements established in Table 1 Physical and Mechanical Property 
Requirements for Straight FRP Reinforcing Bars of the FDOT’s Materials Manual Section 12.1 
Volume II Fiber Reinforced Polymer Composites by having an average Transverse Shear 
Strength greater than 22.0 ksi and a coefficient of variance less or equal to 15%. 
 

 
 

Figure 34. Transverse shear strength test setup (a) Pultrall and (b) MST-Bar 
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Figure 35. Transverse shear strength representative double shear failure mode; (a) Pultrall and (b) MST-Bar 

 

4.7. Horizontal Shear Strength – ASTM D4475 

To determine the ultimate horizontal shear strength of the products under evaluation based 
on ASTM D4475. 

The specimens were cut from different randomly selected locations from sample bar to the 
prescribed dimensions using a high precision blade saw and conditioned, under laboratory 
ambient conditions for at least 40 hrs. at room temperature 23 ± 3°C (73 ± 6°F) and 50 ± 10% 
relative humidity. Refer to Table 42, which includes the test specimen size (length), test 
location and date.  
 

Table 42. Specimen summary information 

Specimen ID 
Specimen  

Nominal Size 

Test Date 

mm/dd/yy 

Test  

Location 

PUL_11S_HSS_01 to 05 210 mm (8.25 in.) 10/24/24 SML 

MST_11S_HSS_01 to 05  10/25/24  

 

Tests were conducted under laboratory ambient conditions by qualified personnel. The date 
of each test; technical personnel; variations to the test method as applicable; calibration 
information for instruments and equipment used in all measurements; identification of the 
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material tested; temperature and humidity of testing laboratory; and other applicable test 
data or details is provided in the technical data sheet: TDS-HSS-FDOT. 

An axial load was applied to the center of the bar using a dedicated fixture as per ASTM 
D4475, providing a support that allow the specimen to bend. The load was applied using a 
screw-driven universal test frame. The load was measured with the internal load cell of the 
frame in compliance with ASTM E4-21. The test set-up is shown in Figure 36. 

The results reported herein have been computed per ASTM D4475 using the parameters 
defined in Table 43. 
 

Table 43. Parameter definitions and calculations 

Symbol Parameter Description 

Pmax Maximum failure force  Peak load recorded during test  

dnom Diameter of specimen  Nominal diameter 

S Apparent shear strength S =0.849* Pmax / d2
nom 

 

Based on the experimental tests presented herein the apparent horizontal shear strength of 
the bars are summarized in Table 44. The mode of failure was by double shear. Tabulated 
test results are reported in Appendix A. 
 

Table 44. Average summary results for horizontal shear strength tests 

Specimen ID 
Number of 

Tested 
Specimens 

Apparent Horizontal 
 Shear Strength  

Materials 
Manual 

Section 12.1 
Table 1 

Specification 

Acceptance 
Criteria S 

MPa ksi 

PUL_11S_HSS 5 40.56 5.9 > 37.92 MPa 
(5.5 ksi) 

PASS 
MST_11S_HSS 5 39.47 5.7 

 

Glass FRP bars with nominal size #11 for manufacturers V-Rod/Pultrall and MST-Bar, 
comply with the requirements established in Table 1 Physical and Mechanical Property 
Requirements for Straight FRP Reinforcing Bars of the FDOT’s Materials Manual Section 12.1 
Volume II Fiber Reinforced Polymer Composites by having an average Horizontal Shear 
Strength greater than 5.5 ksi and a coefficient of variance less or equal to 15%. 
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Figure 36. Horizontal shear strength test setup: (a) Pultrall and (b) MST-Bar 

 
Figure 37. Horizontal shear strength representative interlaminar shear failure mode: (a) Pultrall; (b) MST-Bar 
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4.8. Bond Strength – ASTM D7913 

To determine the bond strength to concrete by pullout test method evaluation based on 
ASTM D7913.  

The specimens were cut from different randomly selected locations from sample bar to the 
prescribed dimensions using a high precision blade saw and conditioned, under laboratory 
ambient conditions for at least 40 hrs. at room temperature 23 ± 3°C (73 ± 6°F) and 50 ± 10% 
relative humidity. Refer to Table 45 which includes the test specimen bonded length, test 
location and date.  
 

Table 45. Specimen summary information 

Specimen ID 

Specimen  

Nominal Bonded 
Length  

Test Date 

mm/dd/yy 

Test  

Location 

PUL_11S_BS_01 to 05 174.6 mm (6.875 in.) 02/12/25 to 02/14/25 SML 

MST_11S_BS_01 to 05  01/29/25 to 02/05/25  

 

The bar specimens were placed in solid plain concrete cubes 205 mm (8.00 in.), after 
applying a steel pipe anchor per ASTM D7205 to one end of the bar. The specimen layout is 
presented in Figure 38 and Figure 39, where specimens had a de-bonded length to the 
concrete, so that the total bonded length to concrete was equivalent to five times the 
diameter of the bar per ASTM D7913. A total of 6 stirrups #3 spaced 2.0 inches on center 
were installed per block to ensure adequate confinement.  

 

 

 
Figure 38. Concrete pullout bond specimen layout 
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Figure 39. Concrete pullout bond specimen for Pultrall (left) and MST (right) 

  

Specimens were prepared simultaneously from one single batch of concrete following ASTM 
C192/C192M-13a, Practice for Making and Curing Concrete Test Specimens in the 
Laboratory; while lot 2 and lot 3 was prepared together in a second batch. The concrete 
compressive strength at the time of testing was then tested as per ASTM C39, (Standard Test 
Method for Compressive Strength of Cylindrical Concrete Specimens). Summary results of 
the compressive strength are provided in Table 46. 
 
All specimens were conditioned post curing under laboratory ambient conditions at room 
temperature 23 ± 1°C (73 ± 3°F) and 60 ± 5% relative humidity, for at least 28 days prior 
testing. 
 

Table 46. Concrete compressive strength results at time of testing (ASTM C39) for bond pullout tests 

Specimen  
ID 

Cylinder 
Diameter 

Area Peak force Compressive 
Strength Failure 

Mode d A Pmax f'c 
mm in. mm2 in2 kN lbf MPa psi 

B1-C1 101.9 4.01 8159 12.65 218.9 49200 26.82 3891 2 

B1-C2 101.9 4.01 8149 12.63 217.1 48800 26.64 3863 2 

B1-C3 101.2 3.98 8037 12.46 232.6 52300 28.95 4198 2 

B1-C4 103.2 4.06 8366 12.97 237.5 53400 28.39 4118 2 

B1-C5 102.2 4.02 8197 12.71 230.0 51700 28.06 4069 2 

Average 102.1 4.02 8182 12.68 227.2 51080 27.77 4028   

Sn-1 0.7 0.03 119 0.18 8.9 1999 1.00 146  

CV (%) 0.7 0.7 1.5 1.5 3.9 3.9 3.6 3.6   

 

Tests were conducted under laboratory ambient conditions by qualified personnel. The date 
of each test, technical personnel, variations to the test method as applicable, calibration 
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information for instruments and equipment used in all measurements, identification of the 
material tested, temperature and humidity of testing laboratory, and other applicable test 
data or details are provided in the technical data sheet: TDS-BS-FDOT that can be found 
online per request. 

A uniaxial tensile load was applied to all specimens. Testing was performed using a screw-
driven universal test frame. Tensile load was measured a dedicated donut-type load cell in 
compliance with ASTM E4-21 (Standard Practice for Force Verification of Testing Machines), 
while the extension (elongation) of the loaded and free end of the specimen was measured 
using a linear voltage displacement transducers (LVDTs) in accordance to ASTM E83-16 
(Standard Practice for Verification and Classification of Extensometer Systems). The test 
setup is shown in Figure 40.  

Load was applied in displacement control to effect a near constant strain rate in the gauge 
section until failure at a constant frame head displacement of 1.3 mm/min (0.05 in./min), 
producing failure within 1 to 10 minutes. 

The results reported herein have been computed per ASTM D7913 using the parameters 
defined in Table 47. 
 

Table 47. Definitions of calculations for bond strength 

Symbol Parameter Description 

db Diameter Nominal dimeter of bar based on bar nominal size 

Cp Circumference  Circumference of bar based on nominal dimeter 

L Length  Length of bar bonded to concrete 

Fu Tensile load  Tensile load applied with the load device  

AL Bar Bond Area to Concrete  Lateral Area = Cp x L 

ƬB Bond Strength ƬB = F / AL 

 

Based on the experimental tests presented herein, the guaranteed bond strength, ƬB
G, of the 

bars under evaluation is summarized in Table 48. The primary mode of failure was loss of 
bond via slippage between the bonded bar and the concrete substrate due to pullout from 
concrete block, as represented from the posttest evaluation in Figure 41.  
 

Table 48. Guaranteed bond strength results 

Specimen ID 
Number of Tested 

Specimens 

Bond 

Strength, ƬB
G 

Materials Manual 
Section 12.1 

Table 1 
Specification 

Acceptance 
Criteria 

MPa ksi 

 

PUL-11S_BS 
5 4.9 0.71 

Type 0 bars  

>1.1 ksi 

Type III bars  

>1.4 ksi 

FAIL 

MST-11S_BS 5 9.2 1.33 PASS 
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Figure 40. Bond strength test setup: (a) Pultrall; (b) MST-Bar 
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Figure 41. Bond strength representative slippage failure mode 

Based on the current specification established in Table 17 Physical and Mechanical Property 
Requirements for Straight FRP Reinforcing Bars of the FDOT’s Materials Manual Section 12.1 
Volume II Fiber Reinforced Polymer Composites and in Table 932-8 of FDOT’s specification 
Section 932 for Nonmetallic Accessory Materials for Concrete Pavement and Concrete 
Structures:  

- Glass FRP bars with nominal size #11 for manufacturer V-Rod/Pultrall fail the 
current specification for minimum bond strength. 

- Glass FRP bars with nominal size #11 for manufacturer MST-Bar would be 
classified as a Type 0 bar meeting the minimum requirement for bond strength. 
However, the requirement of  a coefficient of variance less or equal to 15% was not 
met. 
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4.9. Moisture Absorption – ASTM D570 

To determine the short term (24 hr.) and long term (saturation) level of moisture absorption 
when immersed in at 50°C (122°F) of the products under evaluation based on ASTM D570. 

The specimens were cut to the prescribed dimensions using a high precision blade saw. 
Refer to Table 49 for the test specimen size, test date and location. 
 

Table 49. Specimen summary information 

Specimen ID 
Specimen  

Nominal Size 

Test Date 

mm/dd/yy 

Test  

Location 

PUL_11S_MA_01 to 05 25 mm (1.0 in.) 09/24/24 to 11/12/24 SML 

MST_11S_MA_01 to 05  09/24/24 to 11/12/24  

 

Tests were conducted under laboratory ambient conditions by qualified personnel. The date 
of each test; technical personnel; variations to the test method as applicable; calibration 
information for instruments and equipment used in all measurements; identification of the 
material tested; temperature and humidity of testing laboratory; and other applicable test 
data or details is provided in the technical data sheet: TDS-MA-FDOT. 

The short and long-term moisture specimens tested in accordance with ASTM D570. They 
were conditioned and immersed in water for a 24-hour period at a temperature of 50°C 
(122°F). Similarly, the long-term specimens, were tested and immersed in water at a 
temperature of 50°C (122°F) until moisture equilibrium was reached per ASTM D570, until 
saturation. An analytical balance with an accuracy of 0.0001 g was used to take readings of 
the specimens at the desired intervals, while a chamber capable of maintaining uniform 
temperatures of 50°C ± 3°C (122°F ± 6°F) was checked periodically proximally every 200 hrs. 
for quality purposes. All specimens had their surface wiped off with a dry cloth prior 
weighing. 

The results reported herein have been computed per ASTM D570 using the parameters 
defined in Table 50. 

Table 50. Definitions of calculations for moisture absorption tests 

Symbol Parameter Description 

Wd Weight Weight of condition specimen, prior immersion in water 

Ww Weight Weight of specimen, post immersion in water 

W24 % % Increase in weight of specimen, post 24 hrs. period,  
W24 = [Ww – Wd / Wd] *100 

Ws % % Increase in weight of specimen, post saturation period 
Ws = [Ww – Wd / Wd] *100 
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Based on the experimental tests presented herein the average short moisture absorption 
and saturation content is summarized in Table 51, where the condition of acceptance for the 
short term and long-term (saturation) moisture absorption shall not exceed 0.25 % and 1.00 
% increase in mass, respectively. Tabulated test results are reported in appendix A. 
 

Table 51. Summary results for moisture absorption tests 

Specimen ID 
Number of 

Tested 
Specimens 

Short Term 
Immersion 

Long Term 
Immersion 

Materials Manual 
Section 12.1 

Table 1 
Specification 

Acceptance 
Criteria (24 hrs.) (Saturation) 

W24 %  Ws %  

PUL-11S_MA 5 0.14 0.48 
≤ 0.25% (24 hrs.)  

≤ 1.0% (Saturation) 

24 hrs.  
PASS 

 
Saturation 

PASS 
MST-11S_MA 5 0.17 0.67 

 

Glass FRP bars with nominal size #11 for manufacturers V-Rod/Pultrall and MST-Bar, 
comply with the requirements established in Table 17 Physical and Mechanical Property 
Requirements for Straight FRP Reinforcing Bars of the FDOT’s Materials Manual Section 12.1 
Volume II Fiber Reinforced Polymer Composites by having a short term saturation less than 
0.25% and a long-term saturation less than 1.0% 
 

4.10. Alkaline Resistance – ASTM D7705-A 

To determine the mean alkaline resistance (tensile load retention) of the products under 
evaluation per ASTM D7205, post accelerated aging exposure immersed in a high pH solution 
without any applied sustained load per ASTM D7705 Procedure A. 

All specimens were conditioned by immersion in an aqueous alkaline solution with a pH 
value between 12.6 and 13.0, as measured by ASTM E70, Standard Test Method for pH of 
Aqueous Solutions With the Glass Electrode. The alkaline solution was set to have a 
constant temperature of 60 ± 3°C (140 ± 5°F) for a minimum exposure period of 90 days (2160 
hrs.). The specimens and environmental chamber were visually checked periodically 
proximally every 200 hrs. for quality purposes. Refer to Table 52 which includes exposure 
period, the test date and location. 

  

http://compass.astm.org/EDIT/html_annot.cgi?E70+07
http://compass.astm.org/EDIT/html_annot.cgi?E70+07
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Table 52. Specimen summary information 

Specimen ID 
Aging 

Exposure  
 

Test Date 
mm/dd/yy 

Test  
Location 

 
Start 

mm/dd/yy 
Finish 

mm/dd/yy  
 

PUL_11S_TNS-AR_01 to 05 08/27/24 11/25/24 12/06/24 SML 
MST_11S_TNS-AR_01 to 05 08/23/24 11/21/24 12/06/24  

 

Tests were conducted under laboratory ambient conditions by qualified personnel. The date 
of each test, technical personnel, variations to the test method as applicable, calibration 
information for instruments and equipment used in all measurements, identification of the 
material tested, temperature and humidity of testing laboratory, and other applicable test 
data or details are provided in the technical data sheet: TDS-TNS-AR-FDOT that can be found 
online per request. 

Uniaxial tensile load was applied to all specimens. Tensile testing was performed using a 
universal test frame Tensile load was measured with the internal frame load cell in 
compliance with ASTM E4-21 (Standard Practice for Force Verification of Testing Machines), 
while the extension (elongation) of the specimen was measured using a Class B-2 clip on 
extensometer in accordance to ASTM E83-16 (Standard Practice for Verification and 
Classification of Extensometer Systems), with a 100-mm (4.0 in.) gauge length, placed at 
mid-length of the free length between the anchors. The extensometer was removed halfway 
during the test to avoid damage of the instrument. Specimen’s anchors were gripped with 
mechanical wedge-type grips. All data were gathered using a National Instruments data 
acquisition system at a rate of 100 Hz. 

The load was applied in displacement control to effect a near constant strain rate in the 
gauge section, producing failure within 1 to 10 minutes, as per ASTM D7205 requirements. 

The results reported herein have been computed per ASTM D7205 based on the nominal 
area of the bar. Refer to Table 53 for definitions and calculations. 
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Table 53. Definitions of calculations for tensile tests 

Symbol Parameter Description 

Pmax Maximum force at failure Peak load recorded during test 

Anom Nominal cross-section area  Cross-section area per ASTM D7957, Table 3 

Ftu
nom Nominal ultimate tensile strength  Ftu

nom = Pmax / Anom  

εu-nom  Computed ultimate strain based on 
linear elastic behavior 

εu = Ftu
nom / Enom  

Enom  Tensile modulus of elasticity As per Section 13.3.1 ASTM D7205 – computed 
by fitting a straight line to the data using the 
method of linear least squares regression 
analysis. The data range selected goes between 
1000 and 6000 µε.  

Enom = 
∑ ( 𝜀𝑖 𝜎𝑖)𝐾

𝑖=1 −𝑛 �̅� �̅�

∑ 𝜀𝑖
2𝐾

𝑖=1 −𝑛 �̅�2  

Pret Tensile Capacity Retention Ratio between the Pmax post alkaline resistance 
exposure tests and the benchmark tests, 
multiplied by 100. 

 

All specimens behaved linear elastically until failure. Based on the experimental tests 
presented herein the mean tensile load carrying capacity as well as the ultimate strength, 
mean tensile modulus, the mean computed ultimate tensile strain post alkaline resistance 
with load, is summarized in Table 54; where the condition of acceptance is a minimum 
tensile strength retention of 70% compared to the average ultimate tensile force as reported 
in Section 9. Tabulated test results are reported in appendix A. 
 

Table 54. Average summary results for tensile tests 

Specimen ID 
Number of 

Tested 
Specimens 

Ultimate 
Mean Tensile 

Force 

Mean 
Tensile 

Modulus 
of 

Elasticity 

Mean 
Ultimate 
Tensile 
Strain 

Tensile 
Capacity 
Retention 

Pret 
 

% 

Acceptance 
Criteria 

Pmax E εu 
kN kips GPa Msi %  

PUL_11S_TNS-AR 5 1094 246.0 62.2 9.0 1.7 90 
PASS 

MST_11S_TNS-AR 5 816 183.6 56.8 8.2 1.4 88 

 
Glass FRP bars with nominal size #11 for manufacturers V-Rod/Pultrall and MST-Bar, meets 
the requirement established in the Characterization Test Plan approved by FDOT where the 
minimum Tensile Capacity Retention is 70%. 
 

  



 62 

5. Curate and Compare Existing Designs for Pile Footings in Marine 
Locations 

This section reviews the steps carried out for the design of the pile cap footings for the piles 
of an existing FDOT steel-RC bridge located in a coastal area of Florida as shown in Figure 
42.  

 

 
Figure 42. Example bridge location (B1-01) 

The Eastbound Bridge is the selected case study with steel-RC foundation. The analysis 
includes ULS and SLS verifications, with a focus on the large pier foundations of the case 
study bridge.  

5.1. Case Study Bridge Description (Eastbound Bridge) 

The waterline pile caps of the selected bridge are located in a Florida marine environment 
splash zone in accordance with SDG 1.3. The bridge was designed in 2017 and consists of 
25 simply supported spans. The structure is rectilinear in plan, and the piers 22 to 26, as well 
as the last abutment, have a skew angle of approximately 22° with respect to the transverse 
direction.  

The nominal length of the prestressed beams and the pier spacing measured along the 
centerline are: 

• Span 1-20 = 60.0 ft (AASHTO type-II beam, Index 450-120); 
• Span 21-22 = 77.6 ft (Florida-I 63 beam, Index 450-063); 
• Span 23-24 = 125.0 ft (Florida-I 63 beam, Index 450-063); 
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• Span 25 = 112.0 ft (Florida-I 63 beam, Index 450-063). 

The number of prestressed concrete beams and transverse spacing for each span are listed 
below: 

• Span 1: 7 beams (6 x 8’-3” = 49’-6”) 
• Span 26: 7 beams (6 x 13’-81/2” = 82’-31/4”) 
• Span 2-20: 7 beams (6 x 8’-3” = 49’-6”) 
• Span 21: 5 beams (4 x 12’-0” = 48’-0”) 
• Span 22: 5 beams (4 x 12’-111/4” = 51’-91/4”) 
• Span 23: 5 beams (4 x 15’-51/8” = 61’-81/2”) 
• Span 24: 7 beams (6 x 13’-81/2” = 82’-31/4”) 
• Span 25: 7 beams (6 x 13’-81/2” = 82’-31/4”) 

The beams are connected by an RC-slab 8.5” thick. The out-to-out transverse width of the 
carriage is 55’-8” for the spans 1-24 and 71’-8” for the spans 25-26. Piers are grouped into 
portal frame structures with different sizes and geometry, depending on the number of 
beams they support: 

• Pier 2÷20: 7 columns (6 x 8’-3” = 49’-6”) 
• Pier 21: 3 columns (2 x 19’-3” = 38’-6”) 
• Pier 22: 3 columns (2 x 21’-3” = 42’-6”) 
• Pier 23: 3 columns (2 x 26’-3” = 52’-6”) 
• Pier 24-25: 4 columns (3 x 24’-6” = 72’-18”) 

The bridge abutments are built of conventional bent caps founded on piles, similar to those 
of the piers. Composite neoprene pads are arranged on the pier-cap and the abutments to 
support the bridge beams. 

Figure 43 and Figure 44 show the overall views of the Eastbound Bridge in plan and elevation. 
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Figure 43. Selected Eastbound Bridge plan (B1-15) 

 

 

Figure 44. Eastbound Bridge elevation (B1-15) 

 

Specifically, Figure 45 and Figure 46 show in plan view the axis of piers 24 and 25 
respectively, for the Eastbound Bridge. 

 

Pier 24  

Pier 25  

Eastbound Bridge 
case study 
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Figure 45. Partial plan – Selected Pier no.24 of the Eastbound Bridge (B1-05) 

 

 

Figure 46. Partial plan – Selected Pier no.25 of the Eastbound Bridge (B1-06) 

 

Pier 24  

Pier 25  
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The elevation views in the longitudinal direction of piers 24 and 25 are shown (without skew) 
in Figure 47 and Figure 48. 

 

Figure 47. Partial elevation –  Selected Pier no.24 of the Eastbound Bridge (B1-11) 

 

 

Figure 48. Partial elevation – Selected Pier no.25 of the Eastbound Bridge (B1-12) 

The plan view of the pile groups at the individual elevations of piers 24 and 25 are shown in 
Figure 49 and Figure 50. 

Pier 25  

Pier 24  
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Figure 49. Partial foundation layout plan – Selected Pier no.24 of the Eastbound Bridge (B1-83) 

 

 

Figure 50. Partial foundation layout plan – Selected Pier no.25 of the Eastbound Bridge (B1-84) 

 

Pier 25  

Pier 24  
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The geometric details of the pile groups are reported below. In particular, Figure 51 shows 
the 6-pile group “A” of the pier 24 and Figure 52 shows the 4-pile group “B” of and the of pier 
25. 

          

 

Figure 51. Pile group details – Selected Pier no.24 of the Eastbound Bridge (B1-83, B1-84) 

 

 

Figure 52. Pile group details – Selected Pier no.25 of the Eastbound Bridge (B1-84) 
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The bidirectional carbon-steel reinforcement arrangement of the 6-pile cap group “A” (pier 
24) is shown in Figure 53, while Figure 54 shows the 4-pile cap group “B” (pier 25). 

 

Figure 53. Carbon-steel reinforcement layout – Pile cap 6-pile group “B”  
of the selected Pier n.24 of the Eastbound Bridge (B1-113, B1-114) 
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Figure 54. Carbon-steel reinforcement layout – Pile cap 4-pile group “A”  
of the selected Pier n.25 of the Eastbound Bridge (B1-115) 

The geometric details for the carbon-steel reinforcement arrangement of pier caps are 
shown in  Figure 55 for pier 24 and Figure 56 for pier 25. 
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Figure 55. Carbon-steel reinforcement layout – Pier cap of the selected Pier n.24 of the Eastbound Bridge (B1-111) 
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Figure 56. Carbon-steel reinforcement layout – Pier cap of the selected Pier n.25 of the Eastbound Bridge (B1-112) 

 

5.2. Geometry and Material Definition 

The parameters assumed for design are listed in Table 55: 

 

Table 55. Concrete parameter AASHTO LRFD 

Concrete Compressive Strength 
𝑓𝑐 = 5500 𝑝𝑠𝑖 

Modulus of Elasticity for Concrete 
(AASHTO LRFD C5.4.2.4-1) 𝐸𝑐 = 1820√𝑓𝑐𝑘𝑠𝑖 = 4268 𝑘𝑠𝑖 

Modulus of Rupture 
(AASHTO LRFD 5.4.2.6) 𝑓𝑟 = 0.24√𝑓𝑐𝑘𝑠𝑖 = 0.563 𝑘𝑠𝑖 

Concrete maximum compressive 
strain 𝜀𝑐𝑢 = 0.003 

Rectangular Concrete Stress Block 
Depth Correction Factor (AASHTO 
LRFD 5.7.2.2) 

𝛽1 = {

0.85 if 𝑓𝑐 ≤ 4 𝑘𝑠𝑖 

0.85 − [0.05 𝑘𝑠𝑖(𝑓𝑐 − 4 𝑘𝑠𝑖)]

0.65 if 𝑓𝑐 ≥ 8 𝑘𝑠𝑖
= 0.775 

 



 73 

The parameters assumed for design are listed in Table 56: 
 

Table 56. Steel parameter AASHTO LRFD 

Yield Strength of Steel (carbon-steel grade 60) 𝑓𝑦 = 60 𝑘𝑠𝑖 
Modulus of Elasticity for Steel 𝐸𝑠 = 29000 𝑘𝑠𝑖 
Yield Strain 𝜀𝑦 = 0.003 

 

The critical dimensions for the pile cap are listed in Table 57: 
Table 57. Pile cap geometry of the selected pier n.24 of the Eastbound Bridge 

Footing Height ℎ𝑓𝑡𝑔 = 5.5𝑓𝑡 
Transverse Footing Width 𝑏𝑇 = 13.0 𝑓𝑡 
Longitudinal Footing Width 𝑏𝐿 = 20.5 𝑓𝑡 
Footing Design Width  
(One Foot Design Width) 𝑏𝑓𝑡𝑔 = 12 𝑖𝑛𝑐 

Top Reinforcement Concrete Cover 
(Extremely Aggressive Substructure) 𝑐𝑜𝑣𝑒𝑟𝑡𝑜𝑝 = 4.0 𝑖𝑛 

Bottom Reinforcement Concrete 
Cover 
(Extremely Aggressive Substructure) 

𝑐𝑜𝑣𝑒𝑟𝑏𝑜𝑡 = 4.5 𝑖𝑛 

Side Reinforcement Concrete Cover 
(Extremely Aggressive Substructure) 𝑐𝑜𝑣𝑒𝑟𝑠𝑖𝑑𝑒 = 4.0 𝑖𝑛 

 

The critical steel reinforcement quantitative design parameters are listed in Table 58: 
 

Table 58. Pile cap reinforcement of the selected Pier no.24 of the Eastbound Bridge 

Bar Location/ Direction* Bar Size Bar Spacing Number of Bars 

Bottom/ Longitudinal 𝑏𝑎𝑟𝐹1𝐵 = 11 𝑠𝐹1𝐵 = 12 𝑖𝑛 𝑛𝐹1𝐵 = 13 
Bottom/ Transverse 𝑏𝑎𝑟𝐹2𝐵 = 11 𝑠𝐹2𝐵 = 12 𝑖𝑛 𝑛𝐹2𝐵 = 22 
Top/ Longitudinal 𝑏𝑎𝑟𝐹1𝑇 = 8 𝑠𝐹1𝑇 = 12 𝑖𝑛 𝑛𝐹1𝑇 = 14 
Top / Transverse 𝑏𝑎𝑟𝐹2𝑇 = 8 𝑠𝐹2𝑇 = 12 𝑖𝑛 𝑛𝐹2𝑇 = 21 
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The area of bars per one foot design width is generally computed as: 

 

5.3. Load Analysis and Combinations 

The following design loads are used in superstructure and substructure analysis: 

• Dead loads 
o Traffic Railing Barrier 32” F-Shape = 420 plf; 
o Pedestrian /Bicycle Railing = 225 plf; 
o Unit Weight of Structural Concrete 150 pcf; 
o AASHTO Type II = 385 plf; 
o Florida-I 36 Beam = 840 plf; 
o Florida-I 45 Beam = 906 plf; 
o Florida-I 54 Beam = 971 plf; 
o Florida-I 63 Beam = 1037 plf; 
o Stay-in-Place Forms = 20 psf; 
o Compacted Soil = 115 pcf; 
o Aluminum Pedestrian/Bicycle = xx plf; 
o Bullet Railing (2 Rails) = 10 plf; 
o Bridge Deck: The minimum thickness of bridge decks cast-in-place (CIP) on 

beams is 8½”. The ½” sacrificial thickness for all alternatives is included in the 
dead load of the deck slab but omitted from its section properties for 
structural design. 
 

• Live loads 
o Vehicle HL93 Design Truck Models; 
o Pedestrian 75 plf. 

 
• Wind loads 

o Wind loads per SDG 2.4, which is a modification of the AASHTO LRFD Bridge 
Design Specifications. 
 

• Thermal forces – temperature variation 
o Movements of bridge RC-structures is calculated assuming the following 

temperature ranges: 

Superstructure material Mean High Low Range 
Concrete Only 70°F 105°F 35°F 70°F 

 
o The coefficient of thermal expansion for concrete is taken as 6 x 10-6°F. 
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• Seismic design 
o The bridges shall meet the minimum bearing support dimension as specified 

in AASHTO LRFD 4.7.4.4. 
 

• Wave and current forces 
o Design is in accordance with the AASHTO Guide Specifications for Bridges 

Vulnerable to Coastal Storms. Since the bridge superstructure for all 
alternatives considered is located in excess of 1-foot above the 100-year plus 
wave crest elevation, these forces are not considered. 
 

• Degradation aspects 
o According to the SDG 1.3.2 both the superstructure and substructure are 

classified as extremely aggressive due to chlorides in excess of 6000 ppm. 
▪ Superstructure: Extremely aggressive. 
▪ Substructure (Concrete): Extremely aggressive. 

 

The following limit states were verified during the design phase: 

• Conventional LRFD loadings using load factor combination groups specified in 
AASHTO LRFD Table 3.4.1-1 in combination with the most severe case of scour up to 
and including that from a 100-year flood event. 

• Stability check during the “super-flood” using the most severe case of scour up to and 
including that from the 500-year flood event. 

• Substructure was designed for an Extreme Event-II vessel collision load by a barge. 

 

Load factors and combination of characteristic loads refer to the AASHTO LRFD Bridge 
Design Specifications 2014 (7th Edition) [54] paragraph 3.4.1 relative to the limit states: 

• Strength I, II, III, IV, & V; 
• Extreme Event I & II; 
• Service I & III. 

 

5.4. Computational Model 
For the purpose of this research project, only loads on the substructure and specifically the 
forces and stresses in the pile caps’ concrete and reinforcing were considered. The 
structural response of bridge-pier-pile-soil structures was conducted with the help of finite 
element models based on BSI FB-MultiPier® v5.1 software (see Figure 57). 
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Figure 57. BSI FB-MultiPier® software 

Soil and pile stiffnesses were modeled with nonlinear properties whereas pile cap, 
column and pier cap stiffnesses were modeled with linear behavior (see Figure 58). 
 

 
Figure 58. 3D views of the of the selected pier n.24 (left) and n.25 (right) of the Eastbound Bridge 

  
 
5.5. Verification Criteria 

Verifications at ULS and SLS, according to AASHTO LRFD Bridge Design Specifications 2014 
(7th Edition) [54], of the carbon steel-RC pile cap foundations were performed externally with 
personalized calculation sheets coded in Mathcad Professional 14.0® (see Figure 59). 

 

Figure 59. Mathcad® software 
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5.5.1. Ultimate Limit State (ULS) verification criteria 

For the ULS design, a tension-controlled section was first assumed, with the steel being 
yielded before the concrete crushed. The maximum concrete strain considered for the 
design was 𝜀𝑐𝑢 = 0.003. 

Through equilibrium at translation, the depth of the neutral axis is calculated 𝑎 in which a 
rectangular stress block distribution equivalent to the real stress distribution is considered: 

 
Where: 

• 𝐴𝑠 = area of the longitudinal tension steel within width 𝑏 (typically taken as 12-in.); 
• 𝑓𝑦 = 60 𝑘𝑠𝑖 is the minimum yield strength of carbon-steel; 
• 𝑓𝑐 = 5500 𝑝𝑠𝑖 is the minimum 28-day concrete compressive strength. 

 

From the equilibrium equation, the nominal resistant moment is computed: 

 
Where: 

• 𝑑𝑒  = depth of the tensioned reinforcement from the extreme fiber of concrete in 
compression. 

 

Finally, the resisting design moment 𝜙𝑓𝑀𝑛 must be computed and ensure that is greater 
than the factored ultimate moment: 

 
Where: 

• 𝑀𝑢 = the design flexural moment at ULS; 
• 𝑀𝑛 = the nominal flexural resistance; 
• 𝜙𝑓 = 0.9 is the flexural resistance (strength reduction) factor, for tension-

controlled RC section (AASHTO LRFD 5.5.4.2). 
 

In addition, the initial hypothesis of tension-controlled section should be confirmed, 
otherwise the flexural resistance factor must be reduced (see AASHTO LRFD Figure 
C5.5.4.2-1). 

The actual depth of the neutral axis 𝑐 is calculated: 
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Where: 

• 𝛽1 = {

0.85 if 𝑓𝑐 ≤ 4 𝑘𝑠𝑖 

0.85 − [0.05 𝑘𝑠𝑖(𝑓𝑐 − 4 𝑘𝑠𝑖)]

0.65 if 𝑓𝑐 ≥ 8 𝑘𝑠𝑖
  

is the rectangular concrete stress block coefficient (AASHTO LRFD 5.7.2.2) 
 

Assuming that sections remain planar, for strain compatibility, the strain in the tension steel 
𝜀𝑡 is calculated to be at least 0.003 greater than the yield strain, which is equal to 0.002 (steel 
grade 60). 

 
 

5.5.1.1. Shear 

The nominal one-way shear is the minimum between: 

 
Where: 

 
Because there is neither shear reinforcement (except around the perimeter) nor 
prestressing reinforcement, assume 𝑉𝑠 = 𝑉𝑝 = 0 𝑘𝑖𝑝. 

 
 

The resistant shear, offered by the concrete, for unreinforced shear elements 𝑉𝑐 is: 

 

Where: 

• 𝛽 = 2 per AASHTO LRFD 5.8.3.4.1 
• 𝜆 = 1 for normal-weight concrete 
• 𝑑𝑣 = 𝑚𝑎𝑥(0.9𝑑𝑒; 0.72ℎ𝑓𝑡𝑔) is the effective shear depth 

 

The two-way shear 𝜙𝑠𝑉𝑛 must be greater than the ULS shear action 𝑉𝑢: 
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Where: 

• 𝜙𝑠 = 0.9 is the resistance factor, shear and torsion normal weight concrete section 
(AASHTO LRFD 5.5.4.2.1) 

 

The nominal two-way shear is the minimum between: 

 

Where: 

 

• 𝛽𝑐 is the ratio of long side to short side of the rectangle through which the 
concentrated load or reaction force is transmitted: 

 
•  𝑏0 is the perimeter of critical section 

 
•  𝑏0 is the perimeter of critical section 

 
 

5.5.2. Serviceability Limit State (SLS) verification criteria 

The tension reinforcement in flexural bending must be sufficient to ensure crack control at 
the SLS. 

It is necessary that the resistant design moment 𝜙𝑓𝑀𝑛 developed by the cross section is at 
least 1/3 greater than the design bending moment at the ULS 𝑀𝑢 and that the collapse 
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condition does not occur just after cracking of the section when the cracking moment 𝑀𝑐𝑟  
is reached: 

 
The cracking moment of the cross section 𝑀𝑐𝑟  is calculated as follow: 

 
Where: 

• 𝑦𝑡 is the neutral axis depth, distance from neutral axis to the extreme tension 
fiber: 

 
• 𝐼𝑔 is the gross moment of inertia of the uncracked sections: 

 
• 𝑓𝑟  Limit tensile stress of concrete exceeded which results in the formation of the 

first crack (AASHTO LRFD 5.4.2.6): 
 

 
Tensioned reinforcement bars, well distributed in the zone of maximum concrete tension, 
have the function of being bridge between cracks formed in concrete to control flexural 
cracking and for this reason the spacing 𝑠 between bars should not be excessive and must 
satisfy the following requirement 𝑠𝑚𝑎𝑥: 

 
Where: 

• 𝛾𝑒  = 0.75 is the exposure factor (class 2 exposure condition) 
• 𝛽𝑠 is the coefficient defined as follows: 

 
• 𝑓𝑠 is the stress level in the reinforcement when the cross-section is subjected to 

the flexural action 𝑀𝑠 (equal to the unfactored moment due to all sustained loads: 
dead loads and the sustained portion of the live load): 

 
• 𝑗 is the coefficient defined as follows: 
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• 𝑘 is the ratio of the depth of the elastic cracked section neutral axis to the 
effective depth: 

 
• 𝜌 is the geometric percentage of tensioned reinforcement: 

 
 

The reinforcement to be installed vertically along the sides of the 12” base section 
considered for foundation sizing, should be the maximum between the skin reinforcement 
𝐴𝑠𝑆𝐾  and temperature and shrinkage reinforcement 𝐴𝑠𝑇𝑆: 

 
 

The skin reinforcement, additional to the reinforcing contributing to flexural resistance, 
must be provided if: 

 
 

The skin reinforcement is calculated with the following equation and must be included in the 
range 𝐴𝑠𝑆𝐾𝑚𝑖𝑛to 𝐴𝑠𝑆𝐾𝑚𝑎𝑥: 

 
The maximum spacing 𝑠𝑆𝐾𝑚𝑎𝑥  in vertical direction between each bar is: 

 
 

Crack formation is influenced by differential thermal stresses, concrete shrinkage, and 
other time-dependent effects so a minimum reinforcement 𝐴𝑠𝑇𝑆 must be provided to control 
cracks.  
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6. Preparation of Design Example and Mathcad Worksheet for Pile Footing 
Design 

 

6.1. Pile Cap Foundation Material and Geometry Definition 

Concrete material parameters assumed for design are listed in Table 59: 

Table 59. Concrete parameter AASHTO LRFD 

Concrete Compressive Strength     f'c 5.5 [ksi] 
Rectangular Concrete Stress Block Theory  β1 0.775 [-] 
Concrete Ultimate Compressive Strain  εcu 0.003 [-] 
Modulus of Elasticity for Concrete     E'c 4268.3 [ksi] 

 

GFRP properties assumed for design are listed in Table 60: 

Table 60. GFRP bars parameter AASHTO LRFD 

GFRP #11 BARS 
Environmental Reduction Factor   Ce 0.7 [-] 
Modulus of Elasticity of GFRP   Ef 8700 [ksi] 
Diameter    φf#11 1.41 [in] 
Area    Af#11 1.56 [in2] 
Characteristic Ultimate Guaranteed Rupture Strain  εfu#11 0.01179 [-] 
Characteristic Ultimate Guaranteed Tensile Strength  ffu#11 102.6 [ksi] 
Design Ultimate Guaranteed Rupture Strain  εfd#11 0.0083 [-] 
Design Ultimate Guaranteed Tensile Strength  ffd#11 71.8 [ksi] 
GFRP #8 BARS 
Environmental Reduction Factor   Ce 0.7 [-] 
Modulus of Elasticity of GFRP   Ef 8700 [ksi] 
Diameter    φf#8 1 [in] 
Area    Af#8 0.79 [in2] 
Characteristic Ultimate Guaranteed Rupture Strain  εfu#8 0.01381 [-] 
Characteristic Ultimate Guaranteed Tensile Strength  ffu#8 120.1 [ksi] 
Design Ultimate Guaranteed Rupture Strain  εfd#8 0.0097 [-] 
Design Ultimate Guaranteed Tensile Strength  ffd#8 84.1 [ksi] 

 

  



 83 

GFRP #6 BARS 
Environmental Reduction Factor   Ce 0.7 [-] 
Modulus of Elasticity of GFRP   Ef 8700 [ksi] 
Diameter    φf#6 0.75 [in] 
Area    Af#6 0.44 [in2] 
Characteristic Ultimate Guaranteed Rupture Strain  εfu#6 0.01497 [-] 
Characteristic Ultimate Guaranteed Tensile Strength  ffu#6 130.2 [ksi] 
Design Ultimate Guaranteed Rupture Strain  εfd#6 0.0105 [-] 
Design Ultimate Guaranteed Tensile Strength  ffd#6 91.2 [ksi] 
Design Ultimate Guaranteed Tensile Strength (bent bars)   ffd#6 34.8 [ksi] 

 

Importantly, the geometry of the foundation designed with GRP reinforcement remains the 
same as that of the original design with steel reinforcement. The critical dimensions for the 
pile cap are listed in Table 61: 

Table 61. Pile cap geometry of the selected pier n.24 of the Eastbound Bridge 

Footing Height       hftg 5.5 [ft] 
Transverse Footing Width   bT 20.5 [ft] 
Longitudinal Footing Width   bL 13 [ft] 
Footing Design Width  
(One Foot Design Width)  bftg 12 [in] 
Top Reinforcement Concrete Cover   ctop 4 [in] 
Bottom Reinforcement Concrete Cover  cbot 4.5 [in] 
Side Reinforcement Concrete Cover     cside 4 [in] 

 

6.2. Validation of Analytical Calculations 

The selected foundation case study was modelled in Altair S-Foundation® software (see 
Figure 60).  

 
Figure 60. Altair S-Foundation® software 

In this FEM, the applied load represents the maximum axial stress at the base of pile n.24, 
which produces the maximum axial stress within the piles. The value of the loads was 
deduced from the output of the substructure model implemented with BSI FB-MultiPier® 
software. 
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Figure 61. Nodal load applied in Altair S-Foundation® software 

  

The FE model implemented in Altair® is intended to validate flexure, on-way and two-way 
shear verifications at the ULS. The program does not perform verifications at SLS and does 
not check construction details. 

 

Figure 62 illustrates the results of the FEM analysis for the selected pile cap, showing the 
shear distribution in two orthogonal directions (Fxz and Fyz) in units of [kip/ft]. 

• Shear Fxz: The stress distribution indicates a concentrated load in the central area, 
with higher values (in red) localized around the column area, loaded with a point load, 
gradually decreasing toward the outer areas; 

• Shear Fyz: The stresses in the perpendicular direction show a similar pattern, with 
high values at the central load point and a gradual transition to less stressed zones. 

Note: Fxz is the shear in the Z direction along the face perpendicular to the X axis, similar for 
Fyz. 
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Figure 62. Shear demand distribution of Fxz and Fyz 

 

Figure 63 of the FEM analysis for the selected pile cap, shows the distribution of bending 
moments (Mx and My) across a structural element in units of [kip-ft/ft]. 

• Left (Mx): The color map illustrates the bending moment distribution in the x-
direction. Higher moment values (red) are observed in the pier peripheral regions, 
while lower moments (blue) are concentrated around the center of the slab, meaning 
that the slab's central area is less stressed in this direction. 

• Right (My): This plot displays the bending moment distribution in the y-direction. 
Similar to the Mx distribution, higher moments (red) are present on the edges, while 
the central region has lower values (blue).  

Note: Mx is the bending moment in the X direction along the face perpendicular to the X axis, 
similar to My. 
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Figure 63. Bending moment demand distribution of Mx and My 

 

6.3. Verification Criteria 
Verifications at ULS and SLS, according to AASHTO LRFD Bridge Design Guide Specifications 
for GFRP-Reinforced Concrete 2018 (2nd Edition) [1] and AASHTO LRFD Bridge Design Guide 
Specifications 2020 (9th Edition) [55] of the carbon GFRP-RC pile cap foundations were 
performed externally with personalized calculation sheets coded in Mathcad Professional 
14.0® (see Figure 64). 

 

Figure 64. Mathcad® software 

 

The properties for the GFRP #11 bars are extrapolated from data on smaller bars using a 
conservative best-fit trend based on bar area as shown in Figure 65 and Figure 66.  
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Figure 65. Ultimate stress trend vs. FRP bars area 

 

For all the other bar sizes used in the design, the mechanical properties are in accordance 
with ASTM D8505. 

                            
Figure 66. Table 932-8 FDOT FY2024-25 – Sizes and tensile loads of FRP reinforcing bars 
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The elastic modulus of GFRP bars is assumed to be 𝐸𝑓 = 8700 [psi] = 60[GPa] according to 
ASTM D8505. 

 

6.3.1. Ultimate Limit State (ULS) verification criteria 
6.3.1.1. Flexure 

To calculate the balanced reinforcement ratio, the GFRP is considered to rupture and the 
concrete being compressed at maximum strain of 𝜀𝑐𝑢 = 0.003. The reinforcement ratio 
computed 𝜌𝑓.𝑏𝑎𝑙  corresponds to the Balanced Failure Mode I-II (BFM I-II) shown in Figure 67. 

 
Figure 67. Balanced failure mode: strain and stress conditions: (a) cross section; (b) strain; (c) stress; (d) stress 
(equivalent) 

 

The geometric percentage of tensioned reinforcement is: 

 
where: 

• 𝐴𝑓  = area of the longitudinal tension GFRP reinforcement within width 𝑏 (typically 
taken as 12-in.); 

 

The balanced configuration is: 

 
where: 

• 𝛽1 = ratio of depth of equivalent rectangular stress block to depth of neutral axis;  
• 𝐸𝑓  = elastic modulus for GFRP;  
• 𝑓𝑓𝑑  = ultimate tensile strength of GFRP; 

 
• 𝐶𝑒= environmental reduction factor as specified 
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• 𝑓𝑐
′ = cylinder compressive strength of concrete; 

• 𝜀𝑐𝑢 = 0.003 = ultimate compressive strain of concrete. 
 

 
Figure 68. Table 2.4.2.1-1 – Environmental Reduction Factors AASHTO LRFD GFRP 

 

A GFRP-RC section subjected to flexure ULS has two Failure Modes (FM) shown in Figure 69: 

I. Tension control (FM-I)                     if    ρf < ρf.bal    →    εf = εffd   and   εc < εcu; 
II. Compression control (FM-II)        if    ρf > ρf.bal    →    εc = εcu   and   εf < εffd.  

 
Figure 69. ULS failure modes of a rectangular GFRP-RC section 

Through strain compatibility assuming that sections remain plain after deformations, is 
possible to calculate the balanced neutral axis depth: 

 
Where: 

• 𝑑𝑓  = distance from extreme compression fiber to centroid of tensile reinforcement; 
• 𝜀𝑓𝑑 = design tensile strain at rupture of GFRP reinforcing bars. 
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The stress distribution in concrete can be approximated with an equivalent rectangular 
stress block using two strain-dependent and stress-dependent parameters α and β as 
shown in Figure 70. To compute the equivalent stress block parameters 𝛼 and 𝛽, the stress-
strain relationship in concrete needs to be determined.  

 
Figure 70. Tension failure mode –strain and stress conditions: (a) cross section; (b) strain; (c) stress; (d) stress (equivalent) 

One of the commonly used models is the Todeschini model [56]. The equivalent stress block 
parameters for the Todeschini model are given as [3]: 

 
 where: 

• 𝜀𝑐= compressive concrete strain depending on the GFRP-RC configuration;  
• 𝜀𝑐0= concrete strain at maximum strength as determined from cylinder tests 

calibrated based on the results reported by Todeschini et al. 1964 [56];  

 
• 𝐸𝑐= concrete modulus, according to the AASHTO LRFD GFRP 5.4.2.4, is equal to: 

 
 

Adopting the rectangular stress block distribution equivalent to the real stress distribution 
of the compressed concrete it is possible to define: 

 
• the rectangular stress block depth 𝑎 = 𝛽𝑐 ; 
• the uniform equivalent rectangular stress block stress 𝛼𝑓′𝑐.  

 

Following an iterative procedure based on the equilibrium, varying the neutral axis depth 𝑐 
(actual depth of the compression zone), it is possible to calculate the resultant forces in 
concrete: 
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the tensioned GFRP reinforcement: 

 
and the convergence is reached when the resultant axial force 𝑁 is null: 

 
From the equilibrium state, the nominal resistant moment is derived: 

 
Where: 

• 𝑑𝑒  = depth of the tensioned reinforcement from the extreme fiber of concrete in 
compression. 

 

Finally, the resisting design moment 𝜙𝑓𝑀𝑛 should be computed and ensured is greater than 
the ULS action: 

 
Where: 

• 𝑀𝑢 = the design flexural moment at ULS; 
• 𝑀𝑛 = the nominal flexural resistance; 
• 𝜙𝑓  = the flexural resistance (strength reduction) factor, for tension-controlled GFRP-

RC section (AASHTO LRFD BDS GFRP 2.5.5.2). 
 

As shown in Figure 71 𝜙𝑓  varies depending on the GFRP-RC tensile strain in extreme tension 
GFRP at nominal resistance 𝜀𝑓𝑡, thus on the failure mode and on the provided geometric 
percentage of tensioned reinforcement 𝜌𝑓: 

 
Figure 71. Figure C2.5.5.2-1—Variation of 𝜙𝑓  with tensile strain at failure 𝜀𝑓𝑡  in GFRP Reinforcement 

 

The law of variation of 𝜙𝑓  is the following: 
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6.3.1.2. Shear 

 

The resistant design shear 𝜙𝑠𝑉𝑛 must be greater than the ULS shear action 𝑉𝑢: 

 
where: 

• 𝜙𝑠 = 0.75 is the resistance factor, shear and torsion normal weight concrete section 
(AASHTO LRFD BDS GFRP 2.5.5.2). 

• 𝑉𝑢 = the design shear at ULS. 
 

The nominal one-way shear is calculated as follow: 

 
Where transverse reinforcement is required as specified in AASHTO LRFD GFRP 2.7.2.2, the 
area of GFRP 𝐴𝑓𝑣 shall satisfy: 

 
where: 

• 𝑏𝑣 = effective web width taken as the minimum web width, measured parallel to the 
neutral axis, between the resultants of the tensile and compressive forces due to 
flexure, or for circular sections, the diameter of the section, modified for the 
presence of ducts where applicable [in]. 

 

The nominal shear resistance provided by the transverse reinforcement 𝑉𝑓 as specified in 
AASHTO LRFD GFRP 2.7.3.5 shall satisfy: 

 
 

The resistant design shear 𝜙𝑠𝑉𝑛 must be greater than the ULS shear action 𝑉𝑢: 
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where: 

• 𝜙𝑠 = 0.75 is the resistance factor, shear and torsion normal weight concrete section 
(AASHTO LRFD BDS GFRP 2.5.5.2). 

 

The nominal two-way shear [kips] is: 

 
where: 

• 𝛽𝑐 is the ratio of long side to short side of the rectangle through which the 
concentrated load or reaction force is transmitted: 

 
 

•  𝑏0 is the perimeter of critical section 

 
where: 

• 𝑉𝑐 = nominal shear resistance of the concrete [kip]; 
• 𝑉𝑓 = nominal shear resistance provided by transverse GFRP reinforcement [kip]. 

 

The nominal shear resistance of the concrete 𝑉𝑐 shall be calculated as: 

 
 

where: 

• 𝛽 = 5𝑘 is the factor indicating ability of diagonally cracked concrete to transmit 
tension and shear with θ = 45° as specified in AASHTO LRFD BDS GFRP 2.7.3.6; 

• 𝑘 ratio of depth of neutral axis to depth of flexural reinforcement in AASHTO LRFD 
BDS GFRP 2.5.3: 
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• 𝑛𝑓  = modular ratio 

 
•  𝑑𝑣 = effective shear depth [in] as determined in AASHTO LRFD BDS GFRP 2.7.2.8; 
• 𝑏 = effective web width [in] taken as the minimum web width within the depth 𝑑𝑣. 

 

AASHTO LRFD BDS GFRP C2.7.3.4: “Compared with a steel-RC sections with equal areas of 
longitudinal reinforcement, a cross section reinforced with GFRP flexural reinforcement 
after cracking has a smaller depth to the neutral axis because of the lower GFRP axial 
stiffness. As a result, the shear resistance provided by both aggregate interlock and 
compressed concrete is reduced. Research on the shear resistance of flexural members 
without shear reinforcement has indicated that the concrete shear strength is influenced by 
the longitudinal stiffness of the tension (flexural) reinforcement. Because of the lower 
strength and stiffness of GFRP bars in the transverse direction, it is assumed that their dowel 
action contribution is less than that of a steel bar of equivalent area.” 

The nominal shear resistance provided by the transverse reinforcement: 

 
Where: 

• 𝐴𝑓𝑣 = area of transverse reinforcement within distance 𝑠 [in2]; 
• 𝑠 = spacing of transverse reinforcement measured in a direction parallel to the 

longitudinal reinforcement [in]; 
• 𝜃 = angle of inclination of diagonal compressive stresses as determined in Article 

2.7.3.6 [°]. 
• 𝑓𝑓𝑣 = design tensile strength of transverse reinforcement [ksi]: 

 
 

• 𝑓𝑓𝑏 = design tensile strength of bent portion of GFRP reinforcing bar [ksi]: 

 
 

• 𝑟𝑏 = design tensile strength of bent portion of GFRP reinforcing bar [ksi] as determined 
in AASHTO BDS GFRP 6.6.4: 
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Figure 72. Table 6.6.4-1 – Minimum diameter of prefabricated GFRP bends 

• 𝑑𝑏 = GFRP reinforcing bar diameter [in]; 
• 𝑓𝑓𝑑  = design tensile strength of GFRP reinforcing bars considering reductions for 

service environment [ksi]. 
 

6.4. Serviceability Limit State (SLS) verification criteria 

The tension reinforcement in flexural bending must be sufficient to ensure crack control at 
the SLS. 

Creep rupture occurs when the sustained stress exceeds the creep rupture factor times the 
design tensile strength of GFRP bars. To avoid creep rupture of GFRP reinforcing bars, the 
sustained stress level shall be limited by the creep rupture stress. Because these stress 
levels will be within the elastic range of the member, the stresses can be computed through 
an elastic analysis.  

The maximum sustained tensile stress in the GFRP reinforcement 𝑓𝑓𝑠 shall be calculated 
using the dead loads and live loads included in the Service I load combination specified in 
the AASHTO LRFD 3.4.1, where the live load factor shall be reduced from 1.0 to 0.2. Using 
the full live load in determining the applied stress is prohibitively conservative. Therefore, 
the load factor applied to live load is reduced from 1.0 to 0.2 as a means to account for the 
sustained portion of the live load [3]. 

𝑓𝑓𝑠 shall satisfy the following equation: 

 
Where: 

 
• 𝑀𝑠.𝑠 = moment due to dead loads and sustained portion of live loads included in 

Service I load combination [kip-in]; 
• 𝐼𝑐𝑟  = moment of inertia of transformed moment of inertia of transformed [in4]; 

 
 

• 𝐶𝑐  = creep reduction factor equal to 0.3 [-]. 
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6.4.1. Fatigue limit state 

The maximum tensile stress in the GFRP reinforcement 𝑓𝑓𝑓  resulting from the dead loads 
included in the Service I load combination and the factored live loads included in the Fatigue 
I load combination, as specified in Table 3.4.1-1 and Article 3.6.1.4 of the AASHTO LRFD 
Bridge Design Specifications, shall satisfy the following equation: 

 

Where: 

 

• 𝑀𝑠.𝑓 = moment due to dead loads included in Service I load combination and factored 
live loads included in Fatigue I load combination [kip-in]; 

• 𝐼𝑐𝑟  = moment of inertia of transformed moment of inertia of transformed [in4]; 

 
 

• 𝐶𝑐  = creep reduction factor equal to 0.25. 

 

6.5. Detailing Requirements 

For cast-in-place concrete, the clear distance between parallel bars in a layer shall not be 
less than the largest of the following: 

 

Where: 

• ∅𝑏𝑎𝑟 = nominal diameter of the bars; 
• ∅𝑎𝑔𝑔𝑟 = maximum size of the coarse aggregate. 

 

It is necessary that the resistant design moment 𝜙𝑓𝑀𝑛 developed by the cross section is at 
least 1/3 greater than the design bending moment at the ULS 𝑀𝑢 and that the collapse 
condition does not occur just after cracking of the section when the cracking moment 𝑀𝑐𝑟  is 
reached: 
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The cracking moment of the cross section 𝑀𝑐𝑟  is calculated as follow: 

 

Where: 

• 𝑦𝑡 is the neutral axis depth, distance from neutral axis to the extreme tension fiber: 

 
• 𝐼𝑔 is the gross moment of inertia of the uncracked sections: 

 
• 𝑓𝑟  Limit tensile stress of concrete exceeded which results in the formation of the first 

crack (AASHTO LRFD 5.4.2.6): 

 
 

The reinforcement to be installed vertically along the sides base section should be the 
maximum between the skin reinforcement 𝐴𝑆𝐾  and temperature and shrinkage 
reinforcement 𝐴𝑇𝑆: 

 
 

And the spacing shall be greater than the minimum between the skin reinforcement 𝑠𝑆𝐾 and 
temperature and shrinkage reinforcement 𝑠𝑇𝑆: 

 
 

All reinforced concrete members are subject to cracking under any load condition, including 
thermal effects and restraint of deformations, which produces tension in the gross section 
in excess of the cracking strength of the concrete. 

The skin reinforcement, additional to the reinforcing contributing to flexural resistance and 
controls flexural cracking, must be provided if: 

 
 

The maximum spacing of the skin reinforcement shall not exceed the lesser of: 
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𝑠𝑆𝐾.𝑚𝑎𝑥 = 𝑚𝑖𝑛 (
𝑑𝑓

6
; 12[in]) (78) 

 

The area of skin reinforcement distributed along each side faces 𝐴𝑠𝑘 [
in2

ft
] of height: 

 
 

However, the total area of longitudinal skin reinforcement (per face) need not exceed: 

 
 

Reinforcement for shrinkage and temperature stresses shall be provided near surfaces of 
concrete exposed to daily temperature changes and in structural mass concrete. 
Temperature and shrinkage reinforcement shall be sufficient to ensure that the total 
reinforcement on exposed surfaces is not less than that specified herein. The area of 
shrinkage and temperature reinforcement, divided between each face and in each direction, 
shall not be less than the area associated with the ratio of GFRP shrinkage and temperature 
reinforcement area to gross concrete area given by below equation: 

 
 

The area of GFRP reinforcement for shrinkage and temperature 𝐴𝑆𝑇.𝑚𝑖𝑛 [
in2

ft
] is calculated 

referring to the cross-section area 𝐴𝑠𝑒𝑐𝑡𝑖𝑜𝑛 and the perimeter of the section 𝑝𝑠𝑒𝑐𝑡𝑖𝑜𝑛: 

 
 

Area of provided shrinkage and temperature reinforcement per each length of the side faces 
of the section 𝐿𝑖 : 

 
 

The spacing of GFRP reinforcing bars used as shrinkage and temperature reinforcement 
shall not exceed: 
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The tension development length 𝑙𝑑 shall satisfy the following equation: 

 

Where: 

• 𝛼 = bar location modification factor that shall be set equal to 1.0 except for bars with 
more than 12 in. of concrete cast below the reinforcement, for which a value of 1.5 
shall be adopted; 

• 𝐶 = lesser of the cover to the center of the bar or one-half of the center-to-center 
spacing of the bars being developed [in]; 

• 𝑓𝑓𝑟  = required GFRP reinforcing bar stress as determined in AASHTO BDS GFRP 
2.7.3.7 [ksi]: 

 
• 𝑓𝑟  = design tensile strength of GFRP reinforcing bars considering reductions for 

service environment at nominal flexural resistance [ksi] see AASHTO BDS GFRP 
2.6.3.1: 

• 
𝐶

∅𝑏𝑎𝑟
 shall not be taken larger than 3.5. 

 

GFRP reinforcing bars are typically manufactured without end bends. When hooks are 
provided, the development length 𝑙𝑑ℎ shall not be less than 

 

 

The development length 𝑙𝑑ℎshall be: 
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The minimum required tail length 𝑙𝑑.𝑒𝑛𝑑 shall be specified in AASHTO BDS GFRP 2.7.2.7.2 for 
anchorage of reinforcement: 

 

It is important to point out that by adopting the ACI 440.11-22 and AASHTO BDS GFRP 2nd 
edition (2018) standards, the GFRP bar strength changes as shown below in Table 62. 

 

Table 62. Comparison between ACI and AASHTO LRFD BDS for GFRP 

GFRP bars #11   AASHTO GFRP 
2nd Ed. (2018) [50] 

ACI 440.11-
22 [48]  

Reduction Factor GFRP failure φM.f 0.55 0.55 [-] 
Reduction Factor Concrete failure φM.c 0.75 0.65 [-] 
Reduction Factor for shear  φS 0.75 0.75 [-] 
Environmental Reduction Factor Ce 0.70 0.85 [-] 
Creep Reduction Factor  Cc 0.30 0.30 [-] 
Fatigue Reduction Factor  Cf 0.25 0.30 [-] 
Bond Reduction Factor  Cb 0.80 0.70 [-] 
Crack width limit  w 0.028 0.028 [in] 
Clear cover   Cc.stirrups 1.50 2.00 [in] 
Clear cover     Cc.slab 1.00 0.75 to 2.0 [in] 

 

The entire design procedure for pier 24 footing is documented in a separate file with this 
report. 

The following are the results from Altair S-Foundation® software. 

The utilization coefficient (Demand/Capacity ratio) for “GFRP-RC foundation (2b)” with 4.5” 
bottom concrete cover are given in Figure 73. The flexural and shear verifications at ULS are 
largely satisfied.  
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Figure 73. Utilization coefficient GFRP-RC (2b) – ULS moment and shear 

 

The utilization coefficient (Demand/Capacity ratio) for “GFRP-RC foundation (2c)” with 12” 
bottom concrete cover are given in Figure 74. In this case by decreasing the cover by 3 times, 
the utilization factor increases but the verifications at ULS are always satisfied. 

 

Figure 74. Utilization coefficient GFRP-RC (2c) – ULS moment and shear 
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7. Conclusions 

The research and testing conducted throughout this project provide significant insights into 
the feasibility and application of large-diameter FRP bars in waterline pile cap footings for 
bridges. The findings underscore the potential benefits of utilizing #11 GFRP bars while also 
addressing the challenges associated with their adoption in structural applications. The 
conclusions drawn from each task contribute to a comprehensive understanding of the 
behavior, performance, and design considerations necessary for successfully implementing 
large-diameter FRP reinforcement in bridge foundations. 

The literature review conducted in Task 1 highlighted the limited experimental studies 
available on FRP bars exceeding #8 in diameter. While some manufacturers have begun 
producing #11 FRP bars, peer-reviewed publications and standardized testing data remain 
scarce. Key challenges identified include testing complexities, size-dependent mechanical 
properties such as the shear-lag effect, and reductions in bond strength to concrete. 
Additionally, accelerated aging and long-term durability studies on large-diameter FRP bars 
are insufficient, making it difficult to extrapolate existing data on smaller bars to larger 
diameters. Despite these challenges, the review confirmed that large-diameter FRP bars 
exhibit slower strength degradation and greater resistance to environmental factors due to 
their thicker resin layers, suggesting their viability for long-term structural applications. The 
need for updated design specifications tailored to large-diameter FRP bars is critical, as 
current codes primarily rely on extrapolated data from smaller bars rather than empirical 
results. 

Task 2 established a comprehensive testing plan to evaluate the physico-mechanical 
properties of #11 GFRP bars, ensuring compliance with ASTM standards and Florida 
Department of Transportation (FDOT) specifications. Task 3 then implemented this testing 
plan, confirming that the tested GFRP bars met most of the material requirements outlined 
in FDOT Materials Manual Section 12.1. The bars demonstrated satisfactory tensile strength, 
shear strength, and environmental durability, reinforcing their potential for use in harsh 
marine environments. These findings validate the structural integrity of large-diameter GFRP 
bars under typical loading conditions and highlight their suitability for bridge applications. 

The case study analysis in Task 4 focused on redesigning an Eastbound Bridge foundation, 
originally reinforced with carbon steel, using large-diameter GFRP bars. The study adhered 
to the AASHTO LRFD Bridge Design Guide Specifications for GFRP-Reinforced Concrete [1] 
and the FDOT Structures Manual (2024). Verification of the ultimate and serviceability limit 
states (ULS and SLS) was conducted, and design considerations for pier cap foundations 
were evaluated. The analysis confirmed that GFRP bars could effectively replace traditional 
steel reinforcement while maintaining structural integrity, though adjustments in detailing 
and design philosophy were necessary due to the lower shear strength of GFRP-reinforced 
concrete. 
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Building on these findings, Task 5 further refined the GFRP-RC pile cap footing design, 
incorporating numerical modeling through Altair® software. The analysis accounted for 
shear stresses within shell elements, pile cap flexibility, and pile-column spacing. The 
results demonstrated that GFRP reinforcement required modifications in shear detailing 
compared to steel reinforcement. Specifically, the absence of shear reinforcement in certain 
GFRP-RC configurations was feasible due to adjustments in shear strength assumptions. 
Additionally, the analytical MathCAD approach, which considers axial force transfer from 
piles as shear, was found to be highly conservative for GFRP-reinforced footings. The key 
distinction between steel and GFRP reinforcement lies in shear design requirements rather 
than bending capacity, emphasizing the need for revised shear strength provisions in GFRP-
RC design. 

Overall, this project confirms that large-diameter GFRP bars can be successfully 
implemented in waterline pile cap footings for bridges, offering corrosion resistance and 
durability advantages over traditional steel reinforcement. However, addressing challenges 
such as size-dependent mechanical properties, bond strength variations, and shear design 
considerations is crucial for widespread adoption. The research underscores the necessity 
for further experimental testing, refinement of existing design codes, and the development 
of specifications tailored specifically to large-diameter FRP bars. Continued collaboration 
between researchers, manufacturers, and transportation agencies will be essential in 
optimizing the structural use of GFRP reinforcement in marine bridge foundations. 
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Appendix A – Tabulated Test Results  

Tabulated test results are presented in this appendix. 

 
Table 63. Certified Test Results per Materials Manual Section 12.1 Volume II 

Standard 
Test 

Reference 
Property 

Unit Bar Size & Properties* 

SI 
V-Rod/Pultrall MST-Bar 

US 

ASTM 
D2584 

Fiber Mass Content % 84 81 

ASTM 
E1356 

Glass Transition Temperature (DSC) 
°C 118 114 

°F 244 238 

ASTM 
E2160 

Degree of Cure % 99 98 

ASTM 
D7205 

Measured Cross-Sectional Area 

mm² 1108 1118 

ASTM 
D792 

in² 1.717 1.734 

ASTM 
D7205 

Guaranteed Ultimate Tensile Force 
kN 1098 824 

kip 246.9 185.3 

Nominal Ultimate Tensile Strength 
MPa 1202 918.1 

ksi 174.3 133.2 

Nominal Tensile Modulus of Elasticity 
GPa 59.9 57.8 

Msi 8.7 8.4 

Nominal Ultimate Strain % 2.0 1.6 

ASTM 
D7705- 
Procedure 
A 

Alkaline Resistance (with no load): Tensile Retentiona % 90 88 

ASTM 
D7913 

Bond Strengtha 
MPa 4.9 9.2 

ksi 0.71 1.33 

ASTM 
D7617 

Transverse Shear Strength 
MPa 163 172 

ksi 23.6 25.0 

ASTM 
D4475 

Horizontal Shear Strength 
MPa 40.6 39.5 

ksi 5.9 5.7 

ASTM 
D570 

Moisture Absorption in 24 hrs. 
% 

0.14 0.17 

Moisture Absorption to Saturation 0.48 0.67 
*Refer to Section 1.4 and 2 of report for bar description and identification. aPartial testing. 
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Fiber content – ASTM D2584 

 

Table 64. Tabulated results for fiber content by mass per ASTM D2584 (Pultrall) 

Specimen ID 
W1 W2 RC FC* 

g g % %  

PUL_11S_FC_01 59.536 50.055 15.9 84.1 
PUL_11S_FC_02 57.987 49.007 15.5 84.5 
PUL_11S_FC_03 55.882 47.141 15.6 84.4 
PUL_11S_FC_04 54.552 45.972 15.7 84.3 
PUL_11S_FC_05 58.772 49.580 15.6 84.4 

Average      84.3 
Sn-1      0.2 

CV (%)      0.2 
 
 

Table 65. Tabulated results for fiber content by mass per ASTM D2584 (MST) 

Specimen ID 
W1 W2 RC FC* 

g g % %  

MST-11S_FC_01 56.228 45.277 19.5 80.5 
MST-11S_FC_02 54.731 44.136 19.4 80.6 
MST-11S_FC_03 58.296 47.037 19.3 80.7 
MST-11S_FC_04 61.483 49.606 19.3 80.7 
MST-11S_FC_05 57.209 45.908 19.8 80.2 

Average      80.6 
Sn-1      0.2 

CV (%)      0.2 
*Condition of acceptance is equivalent to FC≥ 70% 
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Glass transition temperature – ASTM E1356 

 
Table 66. Tabulated results for glass transition temperature per ASTM E1356 (Pultrall) 

Specimen ID 
Glass Transition Temperature 

Tg* 

°C °F 

PUL_11S_TG_01 119.7 247.4 
PUL_11S_TG_02 117.8 244.0 
PUL_11S_TG_03 119.1 246.3 
PUL_11S_TG_04 116.0 240.8 
PUL_11S_TG_05 115.7 240.3 

Average 117.7 243.8 
Sn-1 1.8 3.2 

CV (%) 1.5 1.3 
 
 

Table 67. Tabulated results for glass transition temperature per ASTM E1356 (MST) 

Specimen ID 
Glass Transition Temperature 

Tg* 

°C °F 

MST_11S_TG_01 115.2 239.3 
MST_11S_TG_02 115.9 240.5 
MST_11S_TG_03 113.2 235.7 
MST_11S_TG_04 115.1 239.2 
MST_11S_TG_05 113.0 235.4 

Average 114.5 238.0 
Sn-1 1.3 2.3 

CV (%) 1.1 1.0 
*Condition of acceptance is equivalent to Tg > 100°C (212°F) 
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Degree of cure – ASTM E2160 

 
Table 68. Tabulated results for glass transition temperature per ASTM E2160 (Pultrall) 

Report Specimen ID 
Mass 

M 

Normalized 
heat of reaction 

H 

Total heat of 
reactiona Ht 

Degree of Cure  
DC* 

mg J/g  J/g % 
PUL_11S_DC_01 21.73 0.50 

100.0 

99.5 
PUL_11S_DC_02 29.60 0.62 99.4 
PUL_11S_DC_03 22.13 0.54 99.5 
PUL_11S_DC_04 19.18 0.61 99.4 
PUL_11S_DC_05 15.20 0.58 99.4 

Average    99.4 
Sn-1    0.1 

CV (%)    0.1 
 
 
 

Table 69. Tabulated results for glass transition temperature per ASTM E2160 (MST) 

Report Specimen ID 
Mass 

M 

Normalized 
heat of reaction 

H 

Total heat of 
reactiona Ht 

Degree of Cure  
DC* 

mg J/g  J/g % 

MST_11S_DC_01 26.65 0.89 

100.0 

99.1 
MST_11S_DC_02 10.67 1.97 98.0 
MST_11S_DC_03 13.48 1.35 98.7 
MST_11S_DC_04 24.84 2.83 97.2 
MST_11S_DC_05 27.33 2.29 97.7 

Average    98.1 
Sn-1    0.8 

CV (%)    0.8 
aConservatively assumed value of 100 J/g to compute the degree of cure.  
*Condition of acceptance is equivalent to DC≥ 95% 
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Cross-sectional area – ASTM D7205/D792 

 

Table 70. Tabulated results for measured cross-sectional area per ASTM D792 (Pultrall) 

Specimen ID 
Average Length Density Volume 

Measured 
Area* 

Weight/unit 
length L ρs V A 

mm in. kg/m3 lb./ft3 mm3 in3 mm2 in2 Kg/m lb./ft 
PUL_11S_MXA_01 19.09 0.752 2084 130 21281 1.30 1114.90 1.728 2.323 1.561 
PUL_11S_MXA_02 18.05 0.711 2090 130 19816 1.21 1098.02 1.702 2.295 1.542 
PUL_11S_MXA_03 18.67 0.735 2069 129 20770 1.27 1112.54 1.724 2.302 1.547 
PUL_11S_MXA_04 18.92 0.745 2085 130 20915 1.28 1105.52 1.714 2.305 1.549 
PUL_11S_MXA_05 18.45 0.726 2081 130 20434 1.25 1107.62 1.717 2.305 1.549 

Average   2082 130 20643 1.26 1107.72 1.717 2.306 1.550 
Sn-1   8 0 554 0.03 6.59 0.010 0.011 0.007 

CV (%)   0.4 0.4 2.7 2.7 0.6 0.6 0.5 0.5 
 
 
 

Table 71. Tabulated results for measured cross-sectional area per ASTM D792 (MST) 

Specimen ID 
Average Length Density Volume 

Measured 
Area* 

Weight/unit 
length 

L ρs V A 
mm in. kg/m3 lb./ft3 mm3 in3 mm2 in2 Kg/m lb./ft 

MST_11S_MXA_01 18.92 0.745 1991 124 21084 1.29 1114.19 1.727 2.218 1.491 
MST_11S_MXA_02 18.52 0.729 2000 125 20726 1.26 1119.07 1.735 2.238 1.504 
MST_11S_MXA_03 18.30 0.721 2013 126 20450 1.25 1117.17 1.732 2.249 1.511 
MST_11S_MXA_04 18.77 0.739 2014 126 20965 1.28 1116.63 1.731 2.249 1.511 
MST_11S_MXA_05 19.66 0.774 2000 125 22119 1.35 1125.32 1.744 2.251 1.512 

Average   2004 125 21069 1.29 1118.48 1.734 2.241 1.506 
Sn-1   10 1 635 0.04 4.21 0.007 0.014 0.009 

CV (%)   0.5 0.5 3.0 3.0 0.4 0.4 0.6 0.6 
*Condition of acceptance, Rebar [#11]: area range within 968 to 1097 mm2 (1.500 to 1.700 in2) 
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Tensile Properties – ASTM D7205 

 
Table 72. Tabulated results for tensile test per ASTM D7205 (Pultrall) 

Specimen ID 
Tensile Force  

Pmax 
Nominal Area  

Anom 
Ultimate Strength 

Ftu
nom 

Modulus of 
Elasticity*  

Enom 

Ultimate 
Strain* 

εu-nom 

Coefficient of 
determination 

kN kips mm2 in2 MPa r2 GPa Msi %  
PUL_11S_TNS_01 1131.7 254.4 

1006 1.56 

1124.5 163.1 59.1 8.57 1.90 1.0000 
PUL_11S_TNS_02 1190.6 267.6 1182.9 171.6 59.9 8.69 1.97 1.0000 
PUL_11S_TNS_03 1199.0 269.6 1191.4 172.8 60.3 8.74 1.98 1.0000 
PUL_11S_TNS_04 1238.7 278.5 1230.7 178.5 60.0 8.71 2.05 1.0000 
PUL_11S_TNS_05 1234.6 277.6 1226.7 177.9 59.9 8.69 2.05 1.0000 
PUL_11S_TNS_06 1186.4 266.7 1178.8 171.0 59.1 8.58 1.99 1.0000 
PUL_11S_TNS_07 1240.4 278.8 1232.4 178.7 60.8 8.82 2.03 1.0000 
PUL_11S_TNS_08 1215.6 273.3 1207.8 175.2 59.6 8.65 2.02 1.0000 
PUL_11S_TNS_09 1247.8 280.5 1239.8 179.8 60.4 8.76 2.05 1.0000 

Average 1209.4 271.9   1201.7 174.3 59.9 8.69 2.01  
Sn-1 37.1 8.3   36.8 5.3 0.6 0.08 0.05  

CV (%) 3.1 3.1   3.1 3.1 0.9 0.9 2.4  
PG, Guaranteed Tensile Load1 1098.2 246.9         

*Condition of acceptance: PG > 470 kN (108.8 kip) for #11 Type 0 bars; and E > 44.8 GPa (6.5 Msi). 
*Condition of acceptance: PG > 712 kN (160.0 kip) for #11 Type III bars; and E > 58.6 GPa (8.5 Msi). 
1 Guaranteed is not derived from three different production lots as per specification, reported guaranteed values is based only on the results reported herein 
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Table 73. Tabulated results for tensile test per ASTM D7205 (MST) 

Specimen ID 
Tensile Force  

Pmax 
Nominal Area  

Anom 
Ultimate 

Strength Ftu
nom 

Modulus of 
Elasticity*  

Enom 

Ultimate 
Strain* 

εu-nom 

Coefficient of 
determination 

kN kips mm2 in2 MPa ksi GPa Msi % r2 

MST_11S_TNS_01 944.06 212.2 

1006 1.56 

938.0 136.0 58.2 8.44 1.61 0.9999 
MST_11S_TNS_02 945.48 212.6 939.4 136.3 57.2 8.30 1.64 1.0000 
MST_11S_TNS_03 872.76 196.2 867.2 125.8 56.9 8.26 1.52 1.0000 
MST_11S_TNS_04 865.74 194.6 860.2 124.8 58.3 8.46 1.47 1.0000 
MST_11S_TNS_05 935.00 210.2 929.0 134.7 59.5 8.64 1.56 0.9995 
MST_11S_TNS_06 932.96 209.7 927.0 134.4 57.1 8.28 1.62 0.9999 
MST_11S_TNS_07 897.92 201.9 892.2 129.4 58.4 8.48 1.53 0.9999 
MST_11S_TNS_08 948.58 213.2 942.5 136.7 57.6 8.36 1.64 1.0000 
MST_11S_TNS_09 935.32 210.3 929.3 134.8 58.1 8.44 1.60 1.0000 
MST_11S_TNS_10 962.22 216.3 956.1 138.7 56.7 8.22 1.69 1.0000 

Average 924.00 207.7   918.1 133.2 57.8 8.39 1.59  
Sn-1 33.26 7.5   33.1 4.8 0.9 0.13 0.07  

CV (%) 3.6 3.6   3.6 3.6 1.5 1.5 4.1  
PG, Guaranteed Tensile Load1 824.21 185.3         

*Condition of acceptance: PG > 470 kN (108.8 kip) for #11 Type 0 bars; and E > 44.8 GPa (6.5 Msi). 
*Condition of acceptance: PG > 712 kN (160.0 kip) for #11 Type III bars; and E > 58.6 GPa (8.5 Msi). 
1 Guaranteed is not derived from three different production lots as per specification, reported guaranteed values is based only on the results reported herein 
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Transverse shear strength – ASTM D7617 

 
Table 74. Tabulated results for transverse shear strength per ASTM D7617 (Pultrall) 

Specimen ID 
Peak Transverse 

Force, Pmax 
Nominal Area 

Anom 
Shear Strength 

 τu 

kN lb. mm2 in2 MPa ksi 

PUL_11S_TSS_01 326.63 73400 

1006 1.560 

162.27 23.53 
PUL_11S_TSS_02 325.74 73200 161.83 23.46 
PUL_11S_TSS_03 331.53 74500 164.70 23.88 
PUL_11S_TSS_04 327.52 73600 162.71 23.59 
PUL_11S_TSS_05 327.97 73700 162.93 23.62 

Average 327.88 73680   162.89 23.62 
Sn-1 2.21 497   1.10 0.16 

CV (%) 0.7 0.7   0.7 0.7 
 
 

 

Table 75. Tabulated results for transverse shear strength per ASTM D7617 (MST) 

Specimen ID 
Peak Transverse 

Force, Pmax 
Nominal Area 

Anom 
Shear Strength 

 τu 

kN lb. mm2 in2 MPa ksi 

MST_11S_TSS_01 315.95 71000 

1006 1.560 

156.96 22.76 
MST_11S_TSS_02 369.35 83000 183.49 26.60 
MST_11S_TSS_03 361.34 81200 179.51 26.03 
MST_11S_TSS_04 319.51 71800 158.73 23.01 
MST_11S_TSS_05 366.24 82300 181.94 26.38 

Average 346.48 77860   172.13 24.96 
Sn-1 26.43 5939   13.13 1.90 

CV (%) 7.6 7.6   7.6 7.6 
*Condition of acceptance: τu >151 MPa (22 ksi) 
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Horizontal shear strength – ASTM 4475 

 

Table 76. Tabulated results for Horizontal shear strength per ASTM D4475 (Pultrall) 

Specimen ID 

Peak Force, 

 Pmax 

Nominal Diameter 

ønom 

Horizontal Strength 

S 

kN lb. mm in MPa ksi 

PUL_11S_HSS_01 58.40 13123 

34.9 1.375 

40.63 5.89 
PUL_11S_HSS_02 58.05 13046 40.39 5.86 
PUL_11S_HSS_03 58.21 13082 40.50 5.87 
PUL_11S_HSS_04 58.23 13085 40.51 5.88 
PUL_11S_HSS_05 58.59 13166 40.76 5.91 

Average 58.30 13100   40.56 5.88 
Sn-1 0.20 46   0.14 0.02 

CV (%) 0.3 0.3   0.3 0.3 
 
 
 

Table 77. Tabulated results for Horizontal shear strength per ASTM D4475 (MST) 

Specimen ID 

Peak Force, 

 Pmax 

Nominal Diameter 

ønom 

Horizontal Strength 

S 

kN lb. mm in MPa ksi 

MST_11S_HSS_01 57.44 12908 

34.9 1.375 

39.96 5.80 
MST_11S_HSS_02 58.21 13081 40.50 5.87 
MST_11S_HSS_03 58.22 13083 40.51 5.88 
MST_11S_HSS_04 54.79 12312 38.12 5.53 
MST_11S_HSS_05 54.98 12354 38.25 5.55 

Average 56.73 12748   39.47 5.72 
Sn-1 1.71 385   1.19 0.17 

CV (%) 3.0 3.0   3.0 3.0 
*Condition of acceptance: S >38 MPa (5.5 ksi) 
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Bond strength – ASTM 7913 

 
 

Table 78. Tabulated results for bond tests per ASTM D7913 (Pultrall) 

Specimen ID 

Nominal 
Diameter 

Nominal 
Circumference 

Bonded length 
Nominal 

Bonded Area 
Peak Load Maximum Bond Strength*  

db Cb l AL Fu τ 

mm in. mm in. mm in. mm2 in2 kN kip MPa ksi 

PUL-11S_BS_01 

34.9 1.375 109.7 4.320 174.6 6.875 19160 29.7 

70.73 15.90 3.69 0.54 
PUL-11S_BS_02 84.81 19.07 4.43 0.64 
PUL-11S_BS_03 118.85 26.72 6.20 0.90 
PUL-11S_BS_04 107.12 24.08 5.59 0.81 
PUL-11S_BS_05 89.80 20.19 4.69 0.68 

Average         94.26 21.19 4.92 0.71 
Sn-1         18.93 4.26 0.99 0.14 

CV (%)         20.1 20.1 20.1 20.1 
*Condition of acceptance is equivalent to average bond strength > 9.7 MPa (1.4 ksi) for Type III bars and bond strength > 7.6 MPa (1.1 ksi) for Type 0 and Type II bars. 
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Figure 75. Nominal bond strength vs. free-end slip for Pultrall #11 bars 
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Table 79. Tabulated results for bond tests per ASTM D7913 (MST) 

Specimen ID 

Nominal 
Diameter 

Nominal 
Circumference 

Bonded length 
Nominal 

Bonded Area 
Peak Load Maximum Bond Strength*  

db Cb l AL Fu τ 

mm in. mm in. mm in. mm2 in2 kN kip MPa ksi 

MST-11S_BS_01 

34.9 1.375 109.7 4.320 174.6 6.875 19160 29.7 

140.82 31.66 7.35 1.07 
MST-11S_BS_02 160.28 36.03 8.37 1.21 
MST-11S_BS_03 214.42 48.20 11.19 1.62 
MST-11S_BS_04 207.19 46.58 10.81 1.57 
MST-11S_BS_05 156.48 35.18 8.17 1.18 

Average         175.84 39.53 9.18 1.33 
Sn-1         32.84 7.38 1.71 0.25 

CV (%)         18.7 18.7 18.7 18.7 
*Condition of acceptance is equivalent to average bond strength > 9.7 MPa (1.4 ksi) for Type III bars and bond strength > 7.6 MPa (1.1 ksi) for Type 0 and Type II bars. 
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Figure 76. Nominal bond strength vs free-end slip for MST-Bar #11 bars 
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Moisture absorption – ASTM D570 

 
 
 

Table 80. Tabulated results for water/moisture absorption per ASTM D570 (Pultrall) 

Specimen ID Wd W24 W24
* Ws Ws

* 
g g % g % 

PUL_11S_MA_01 27.894 27.934 0.14 28.023 0.46 
PUL_11S_MA_02 28.814 28.855 0.14 28.950 0.47 
PUL_11S_MA_03 28.948 28.990 0.14 29.089 0.49 
PUL_11S_MA_04 31.342 31.383 0.13 31.480 0.44 
PUL_11S_MA_05 30.808 30.849 0.13 30.979 0.55 

Average   0.14  0.48 
Sn-1   0.01  0.04 

CV (%)   4.2  9.1 
*Condition of acceptance for W24 < 0.25%, and for Ws < 1.00% 
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Figure 77. Square root of hours vs. increase in weight for Pultrall #11 bars 
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Table 81. Tabulated results for water/moisture absorption per ASTM D570 (MST) 

Specimen ID 
Wd W24 W24

* Ws Ws
* 

g g % g % 
MST_11S_MA_01 30.341 30.391 0.16 30.520 0.59 
MST_11S_MA_02 28.886 28.940 0.19 29.090 0.71 
MST_11S_MA_03 30.670 30.719 0.16 30.875 0.67 
MST_11S_MA_04 29.763 29.811 0.16 29.962 0.67 
MST_11S_MA_05 30.958 31.009 0.16 31.184 0.73 

Average   0.17   0.67 
Sn-1   0.01   0.05 

CV (%)   6.9   7.8 
*Condition of acceptance for W24 < 0.25%, and for Ws < 1.00% 
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Figure 78. Square root of hours vs. increase in weight for MST #11 bars 
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Alkaline resistance (with no load) – ASTM D7705-A 

 

Table 82. Tabulated results for tensile test per ASTM D7205 post Alkaline resistance per ASTM D7705, Procedure-A (Pultrall) 

Specimen ID 
Tensile Force 

Pmax 
Nominal Area 

Anom 

Ultimate 
Strength 

Ftu
nom 

Modulus of 
Elasticity 

Enom 

Ultimate 
Strain 
εu-nom 

Tensile 
Capacity 

Retention* 
kN kips mm2 in2 MPa ksi GPa Msi % % 

PUL_11S_TNS-AR_01 1096.60 246.5 

1006 1.560 

1089.6 158.0 60.4 8.77 1.80 90.50 
PUL_11S_TNS-AR_02 1072.40 241.1 1065.5 154.5 62.5 9.07 1.70 88.50 
PUL_11S_TNS-AR_03 1092.42 245.6 1085.4 157.4 63.8 9.25 1.70 90.15 
PUL_11S_TNS-AR_04 1100.56 247.4 1093.5 158.6 61.7 8.95 1.77 90.82 
PUL_11S_TNS-AR_05 1110.06 249.6 1102.9 160.0 62.5 9.07 1.76 91.61 

Average 1094.41 246.0   1087.4 157.7 62.2 9.02 1.75 90.31 
Sn-1 13.93 3.1   13.8 2.0 1.2 0.18 0.04  

CV (%) 1.3 1.3   1.3 1.3 2.0 2.0 2.5  
 

 

 

Table 83. Tabulated results for tensile test per ASTM D7205 post Alkaline resistance per ASTM D7705, Procedure-A (MST) 

Specimen ID 
Tensile Force 

Pmax 
Nominal Area 

Anom 

Ultimate 
Strength 

Ftu
nom 

Modulus of 
Elasticity 

Enom 

Ultimate 
Strain 
εu-nom 

Tensile 
Capacity 

Retention* 
kN kips mm2 in2 MPa ksi GPa Msi % % 

MST_11S_TNS-AR_01 808.32 181.7 

1006 1.560 

803.1 116.5 56.6 8.21 1.42 87.48 
MST_11S_TNS-AR_02 853.98 192.0 848.5 123.1 57.4 8.33 1.48 92.42 
MST_11S_TNS-AR_03 812.70 182.7 807.5 117.1 55.6 8.06 1.45 87.95 
MST_11S_TNS-AR_04 807.30 181.5 802.1 116.3 57.3 8.31 1.40 87.37 
MST_11S_TNS-AR_05 801.80 180.3 796.7 115.5 57.1 8.28 1.40 86.77 

Average 816.82 183.6   811.6 117.7 56.8 8.24 1.43 88.40 
Sn-1 21.13 4.8   21.0 3.0 0.7 0.11 0.04  

CV (%) 2.6 2.6   2.6 2.6 1.3 1.3 2.5  
*Condition of acceptance is a Tensile Capacity Retention ≥ 70% of average ultimate tensile force.
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Appendix B – Pile Cap Design of the Eastbound Bridge 

The pile cap design of the Eastbound Bridge along with its detailing with GFRP reinforcement 
is presented in this appendix. 

In this report, several solutions for the reinforcement layout of the selected pile cap of stack 
#24 were analyzed: 

• Steel-RC (1a): is the foundation of the original steel design; 
• GFRP-RC (1b): is the foundation with the same amount of reinforcement as the Steel-

RC (1a) case but in GFRP instead of steel. This solution does not meet the SLE and 
detailing verifications of the AASHTO BDS GFRP 2nd edition [1]; 

• GFRP-RC (2a): is the foundation with designed with MathCad software that satisfies 
AASHTO BDS GFRP 2nd edition [1] verifications; 

• GFRP-RC (2b): is the foundation, equal to GFRP-RC (2a) and designed Altair® 
software and based on ACI 440.11-22 provisions; 

• GFRP-RC (2c): is the foundation with designed analytically with Altair® software 
based on ACI 440.11-22 provisions and bottom reinforcement concrete cover equal 
to 12”, instead of 4.5”, which means to place the lower longitudinal and transverse 
reinforcement above the piles for ease of installation. 

In all cases, the overall geometry and loads are unchanged from the original design. The 
most relevant steel (Steel-RC (1a) case) and GFRP (GFRP-RC (1b) and (2a)) reinforcement 
quantitative design parameters are listed in Table 84. 

 
Table 84. Pile cap reinforcement of the selected pier n.24 of the Eastbound Bridge 

FLEXURAL REINFORCEMENT 

      
Steel-RC (1a) 
GFRP-RC (1b) 

GFRP-RC  
(2a) 

GFRP-RC  
(2b-2c)   

BOTTOM - Longitudinal Direction           
Bars  #bars #11 #11 #11 [-] 
Number of bars  nbars 13 13 13 [-] 
Spacing  sbars 12 7 7 [in] 
Total area   Atot 20.28 20.28 20.28 [in2] 
BOTTOM - Transverse Direction      

Bars  #bars #11 #11 #11 [-] 
Number of bars  nbars 22 24 24 [-] 
Spacing  sbars 12 7 7 [in] 
Total area   Atot 34.32 37.44 37.44 [in2] 
TOP - Longitudinal Direction      

Bars  #bars #8 #8 #8 [-] 
Number of bars  nbars 14 22 22 [-] 
Spacing  sbars 12 7 7 [in] 
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FLEXURAL REINFORCEMENT 

      
Steel-RC (1a) 
GFRP-RC (1b) 

GFRP-RC  
(2a) 

GFRP-RC  
(2b-2c)   

Total area   Atot 11.06 17.38 17.38 [in2] 
 

TOP - Transverse Direction      

Bars  #bars #8 #8 #8 [-] 
Number of bars  nbars 21 35 35 [-] 
Spacing  sbars 12 7 7 [in] 
Total area  Atot 16.59 27.65 27.65 [in2] 
FACE REINFORCEMENT 

      
Steel-RC (1a) 
GFRP-RC (1b) 

GFRP-RC  
(2a) 

GFRP-RC  
(2b)   

Bars  #bars #6 #8 

N/A 

[-] 
Number of bars  nbars 7 9 [-] 
Spacing  sbars 6.25 6" [in] 
Total area  Atot 3.08 7.11 [in2] 
SHEAR REINFORCEMENT 

      
Steel-RC (1a) 
GFRP-RC (1b) 

GFRP-RC  
(2a) 

GFRP-RC  
(2b)   

Longitudinal Direction      

Bars  #bars - #6 

N/A 

[-] 
Number of bars  nbars - 2 [-] 
Spacing  sbars - 24 [in] 
Total area   Atot - 0.88 [in2] 
Transverse Direction      

Bars  #bars - #6 

N/A 

[-] 
Number of bars  nbars - 3 [-] 
Spacing  sbars - 12 [in] 
Total area   Atot - 1.32 [in2] 

 

The bidirectional GFRP reinforcement arrangement of the 6-pile cap group “A” (pier 24) is 
shown in Figure 79 to Figure 82. Due to conservative design provisions [57] for non-
prestressed transverse shear resistance in both AASHTO LRFD GFRP and ACI 440.11-22 (see 
Figure 83 and Figure 84), a limited number of shear stirrups are required to satisfy the ULS. 
Recent changes adopted in the Canadian Standards Association Bridge Code S6:2025 could 
provide a more efficient shear design approach. The position of the stirrups was selected to 
intercept potential shear cracks connecting pile to column. 
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Figure 79. GFRP reinforcement layout (longitudinal view) – Pile cap 6-pile group “B”  
of the selected Pier n.24 of the Eastbound Bridge 
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Figure 80. GFRP reinforcement layout (transversal view) – Pile cap 6-pile group “B” of the selected Pier n.24 of the 
Eastbound Bridge 
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Figure 81. GFRP reinforcement layout (bottom reinforcement) – Pile cap 6-pile group “B” of the selected Pier n.24 of the 
Eastbound Bridge 

 

Figure 82. GFRP reinforcement layout (top reinforcement) – Pile cap 6-pile group “B” of the selected Pier n.24 of the 
Eastbound Bridge 
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Figure 83. Vexp/Vpred computed according (ACI 440.4R-04, 2015) for specimen with transverse reinforcement [57] 

 
Figure 84. Shear reinforcement ratio vs Vexp/Vpred computed according (ACI 440.4R-04, 2015) [57] 

 

 

 


