
• f' = cylinder compressive strength of concrete; 
• s� = 0.003 = ultimate compressive strain of concrete. 

Table 2 ,4. 2 . 1- 1 -Environmental Reduction Factors 

Environmental 
Exposure Reduction 
Condition Factor, CE 

Concrete not exposed to cart h or 0.80 
weather 

Concrete exposed to earth or 0.70 
weather 

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. 
11. 

Tension control (FM-I) 
Compression control (FM-II) 

d', ° 
b 

- Ima 3 -

Neutral_ 

dr 
axis 

h 

Ar 

- GFRP 

if Pr � Pf.bal � Er � 
Effd 

if Pr � Pf.bal � E 
� Ecu 

€cu 

.J __ ..- � 

1a 

€fd 

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

and E � Ecui 
and Er � Ed-

I 

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

Where: 

€cu €bat =- -· dr -
Ecu + Era 

(37 

• d, = distance from extreme compression fiber to centroid of tensile reinforcement; 
• era = design tensile stra i n at rupture of GFRP reinforcing bars. 

ra = C,er (38) 
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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 a and � as 
shown in Figure 70. To compute the equivalent stress block parameters � and , the stress­
strain relationship in concrete needs to be d ete rm i ned. 

h 

I ' 

Ar 
e o 

(a) 

o 

f-
1 

---�········ . 

fs 

(b) (c) (d) 

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 Todeschin i model [56]. The equivalent stress block 
parameters for the Todeschini model are given as [3]: 

(39) 

where: 
• s= compressive concrete strain depending on the GFRP-RC configuration; 
• €eo = concrete strain at maximum strength as determined from cylinder tests 

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

so =E (40) 
" C 

• E"= concrete modulus, according to the AASHTO LRFD GFRP 5.4.2.4, is equal to: 
E = 1820 [ksi] � Iksi] (41) � 

Adopting the rectangular stress block distribution equ i va lent to the real stress distri buti on 
of the compressed concrete it is possible to define: 

a = Bc and af' 

• the rectangular stress block depth a = Bc ; 
• the uniform equivalent rectangular stress block stress af'. 

(42) 

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

(43) 
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the tensioned GFRP reinforcement: 

(44, 
and the convergence is reached when the res u ltant axial force N is null: 

(45) 

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

M, = A, fm (4,-) 

Where: 

(46, 

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

Finally, the resist i ng design moment ¢+M, should be computed and ensured is greater than 
the ULS action: 

Where: 
• M,, = the design flexural moment at ULS; 
• M, =the nominal flexural resistance; 

(47) 

• ¢, = 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 ¢+ varies depending on the GFRP-RC tensile strain in extreme tension 
GFRP at nominal resistance � , thus on the failure mode and on the provided geometric 
percentage of tensioned reinforcement pr: 

0.70l 

0.55 
Compression­

Controlled 

(Crete Crushing) 

nsin­

Cor@rolled 

(GFRP Rpbre) 

a 

Figure 71. Figure C2.5.5.2-1-Variation of ¢r with tensile strain at failure Er in GFRP Reinforcement 

The law of variation of ¢, is the following: 
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0.55 
-. Eft 

◊ -{ �*
� 
€fa 

0.75 

6.3.1.2. Shear 

for ere = Era 
for 0.88,4 � re < Era 

for E, < 0.88,4 

The resistant design shear ¢"V,, must be greater than the ULS shear action V": 

V. < � .V u s '1w.n (49) 

where: 

(48) 

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

• V, = the design shear at ULS. 

The nominal one-wayshear is calculated as follow: 

��� 

Where transverse reinforcement is required as specified in AASHTO LRFD GFRP 2.7.2.2, the 
area of GFRP A," shall sati sfy: 

where: 

b.. • s 
4,, 0.05-

Jfv 
(51) 

• b"= 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, mod i fi ed for the 
presence of ducts where applicable [in]. 

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

, o2s [f,· • · a 
, ""j' � 

° "v  

(52) 

The resistant design shear ¢"V,, must be greater than the ULS shear action V": 

(53) 
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where: 
• ¢, = 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: 

Vi!w.� = 0.316 • ,k • F. · b0 • d11 �� 

where: 
• �� is the ratio of long side to short side of the 

concentrated load or reaction force is transmitted: 
rectangle through which the 

I
x+ b111i� + edge (x > Y) Y + bpa» + edge 

B = Y + b... .+ ed -
, "puo eage 

X + bpu« + edge 

{
0 .5d

11 
spai � d., + b,, 1l1 

X = spa+ - bpte 
2 

' {.
·
.. 
o.Sdp sp:al..

. 
� d., + bp1l1 

Y = spa, - bpue 
2 

• bo is the perimeter of critical section 
b, = 2(X + b"a» + edge) + 2(Y + b"a« + edge) 

where: 

• V = nominal shear resistance of the concrete [kip]; 

(55) 

(56) 

• V, = nomi nal shear resistance provided by transverse GFRP reinforcement [kip]. 

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

V, = 0.0316 g• f • b • d, (57) 

where: 
• B = 5k is the factor indicating ability of diagonally cracked concrete to transmit 

tension and shear with 0 = 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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• n, = modular ratio 
Er " E . 

¢ 

(58) 

(59) 

• d" = 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 d". 

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 resi stance provided by the transverse rei nfo rcement : 

Arv ' fr» • d, • cot0 V, . I v _fv "v 

'f s 

Where: 
• A," = area of transverse reinforcement within distance s [ i n] ; 

(60) 

• s = spacing of  transverse reinforcement measured in a direction parallel to the 
longitudinal reinforcement [in]; 

• 0 = angle of inclination of diagonal compressive stresses as determined in Arti cle 
2.7.3.6 [°]. 

• fr" = design tensile strength of transverse reinforcement [ksi]: 
I = 0.004E, � fr (61) 

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

( 1"1, ' ) f = ( 005 2, + 03 ) /,@ fra (62) 

• , = design tensile strength of bent portion of GFRP reinforcing bar [ksi] as determined 
in AASHTO BDS GFRP 6.6.4: 
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Table 6.6.4- 1 -Minimum Diameter of Prefabricated GFRP 
Bends 

Bar Size M inimum Inside 
Designation Bend Diameter 

No. 2 through 8 I 3 bar diameters 
No. 9 and 10 I 4 bar diameters 

Figure 72. Table 6.6.4-1 - Minimum diameter of prefabricated GFRP bends 

• d" = GFRP reinforcing bar diameter [in]; 
• Ira = 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 fr 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]. 

fr" shall satisfy the following equation: 

(63) 

Where: 

(64) 

• M,, = moment due to dead loads and s u s ta i n e d portion of live loads included in 
Service I load combi n ation [kip-in]; 

• I, = moment of inertia of transformed moment of inertia of transformed [in*]; 
b·dr, . 

1"= 3'k +nr·Ar·(d,-k•d,) (65, 

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

The maximum tensile stress in th e GFRP reinforcement fr+ resulting fro m the dead loads 
included in the Service I load combination and the factored live loads included in the Fatigue 
I load com bination, 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: 

(67) 

• M, r = moment due to dead loads included in Service I load combination and factored 
live loads included in Fatigue I load combination [kip-in]; 

• I, = moment of inertia of transformed moment of inertia of tra nsformed [in*]; 

, � t i+ ·(d, 1,) I"= a' k + nr• Ar · (d, -k• d,) (68) 

• C" = 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 fol lowi n g: 

Smn = min(1.5 0,a,: 1.5 0an0,: 1.5[in]) 

Where: 

• � a = nominal diameter of the bars; 
• 0aggr maximum size of the coarse aggregate. 

���� 

It is necessa ry that the resistant design moment ¢+M,, developed by the cross section is at 
least 1/3 grea ter than the design bending moment at the ULS M, and that the col lapse 
condition does not occur just after cracking of  the section whe n the cracking moment M, is 
reached: 

(70) 
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The cracking moment of the cross section M" is calculated as follow: 

(71) 

Where: 

• y, is the neutral axis depth, distance from neutral axis to the extreme tension fiber: 
"res (72) ye = � 

2 

• I is the gross moment of inertia of the uncracked sections: 
1 

' = 1 2 n,ja (73) 

• f" Limit tensile stress of concrete exceeded which results in the formation of the fi rst 
crack (AASHTO LRFD 5.4.2.6): 

f = 0.241 ��� 

The reinforcement to be installed ve rti cally along the sides base section should be the 
maximum between the skin reinforcement Asx and temperature and shrinkage 
reinforcement A Ts : 

A faco.min = max(Asg; As,) (75) 

And the spacing shall be greater than the minimum between the skin reinforcement Ssx and 
temperature and shrinkage reinforcement STs : 

(76) 

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: 

d, >3[ft] (77) 

The maximum spacing of the skin reinforcement shall not exceed the lesser of: 
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.....« = mm (2 . 1en) (78) 

[in:a] The area of skin reinforcement d i stributed along each side faces A,» [ of height: 

• 4w."." - oo12[] («, - 3om)) (79) 

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

(80) 

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 re i nforcement 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 tempe rature 
reinforcement area to gross concrete area given by below equation: 

( 3132 ) 
Psrmn = max[ . # -; 0 .0014] � 0.0036 

Er Jra 
(81) 

lhe area of GFRP reinforcement for shrinkage and ternpernture AST.min [i�ll] is calculated 
referring to the cross-section area Assction and the perimeter of the section Psection' 

Psction Asr.mtn � Psr.min � 
� section 

(82) 

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

- nbo:r • A t>.:i:r [i".2 ] 
Asr.« = L. 1n i 

(83, 

The spacing of GFRP reinforcing bars used as shrinkage and temperature reinforcement 
shall not exceed: 
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Ssr.max = min3 h,oction; 12 [in]) ��� 

The tension development length la shall satisfy the following equation: 

(85) 

Where: 

• a = 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]; 

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

fr, = min(f,:/ra) (86) 

• f = design tensile strength of GFRP reinfo rcing bars considering reductions for 
service environment at nominal flexural resistance [ksi] see AASHTO BDS GFRP 
2.6.3.1: 

• shall not be taken larger than 3.5. 
bar 

GFRP rei nforcing bars are typically manufactured without end bends. When hooks are 
provided, the development length la» shall not be less than 

for fra � 75 [ksi] 

for fra � 75 [ksi] <fra � 150 [ksi] 

for fra � 75 [ksi] 

The development length lashall be: 

(87) 
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lan � max(12 0µa,: 9 [in]) (88) 

The minimum required tail length la.sna shall be specified in AASHTO BDS GFRP 2.7.2.7.2 for 
anchorage of reinforcement: 

(89 ) 

It is important to point out that by adopting the ACI 440.11-22 and AASHTO BDS GFRP 2� 

e d it i o n (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 

Reduction Factor GFRP failure 

Reduction Factor Concrete failure 
Reduction Factor for shear 
Environmental Reduction Factor 
Creep Reduction Factor 
Fatigue Reduction Factor 

Bond Reduction Factor 
Crack width limit 

Clear cover 
Clear cover 

.r 

w.c 

¢s 

C 

C 

Cr 

Cs 

w 

Cesiups 

Ce.slab 

AASHTO GFRP ACI 440.11-
2nd Ed. (2018) [50] 22 [48] 
0.55 0.55 
0.75 0.65 
0.75 0.75 
0.70 0.85 
0.30 0.30 
0.25 0.30 
0.80 0.70 
0.028 0.028 
1.50 2.00 
1.00 0.75 to 2.0 

-) 

-) 

-) 

-) 

-) 
-) 

-) 

[in] 
[in] 
[in] 

The entire design procedure for pier 24 footing is documented in a separate file with thi s 
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 uti lization factor increases but the verifications at ULS are always satisfied. 
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Figure 74. Uti lization coefficient GFRP-RC (2c) - ULS moment and shear 
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7. Conclusions 

The research and testing conducted th roughout th is  project provide significant ins ights i nto 

the feas ib i lity and appl icat ion  of large-d iameter FRP bars i n  waterline p i le cap footings for 

br idges. The find ings underscore the potentia l  benefits of utiliz ing #1 1 GFRP bars wh i le also 

address ing the challenges assoc iated with their adoption in  structural  a pplications. The 

conclus ions  drawn from each task contr ibute to a comprehensive understa nding of the 

behavior, performa nce, and des ign cons id erations necessary for successfully implementi ng 

large-d iameter FRP re i nforcement in bridge foundations. 

The literature rev iew conducted i n Task 1 high l ighted the lim ited experimental stud ies 

ava i lable on FRP bars exceed ing #8 in  d iameter. Wh i le some manufacturers have begun 

produc ing #1 1 FRP bars , peer- reviewed publications a nd standardized testing data remain 

scarce. Key c ha llenges identified include test ing complexities, s ize-dependen t mecha n ical  

properties such as the shear-lag effect, and red uctions in  bond strength to concrete. 

Add itionally, accelerated agi ng a nd long-term durabi lity studies on large-d iameter FRP bars 

a re insufficient, ma king it difficu lt to extrapolate exist ing data o n  smalle r bars to la rger 

d ia meters. Des pite these challenges, the rev iew confi rmed that la rge-diameter FRP bars 

exh ib it slower strength degradat ion and greater res i stance to envi ronmenta l factors due to 

their th ic ker res in  layers, suggesti ng thei r via b i l ity for long-term structura l appl icat ions. The 

need for updated des ign specifications ta i lored to large-diameter FRP bars is  critical, as 

current codes prima r i ly re ly on extrapolated data from sma ller bars rather than empi r ical 

results. 

Task 2 esta b l ished a comp rehensive test i ng pla n to evaluate t he phys ico-mecha n ical  

properties of  #1 1 GFRP bars, ensuring compliance with ASTM standards and Florida 

Department of Transportat ion (FDOT) specifications. Task 3 then implemented th is  test ing  

plan, confi rming that the tested GFRP bars met most of the materia l requ irements outl ined 

in FDOT Materials Manual Section 1 2.1 . The bars demonstrated satisfactory tens ile strength, 

shea r strength, a nd envi ron mental durabi lity, re i nforcing the i r  potent ial fo r use in ha rsh  

marine envi ronments.  These find ings va l idate the structural integr ity of large-d iameter GFRP 

ba rs under  typica l load i n g cond itions and h igh light their su itab il ity for bridge appl icat ions.  

The case study analysis in  Task 4 focused on redesign i ng a n  Eastbound Bridge foundation ,  

originally reinforced with carbon steel, us ing la rge-diameter GFRP ba rs . The study adhered 

to the AASHTO LRFD Br idge Design Guid e Specifications for GFRP-Rei nforced Concrete [ 1 ] 

and the FDOT Structures Manual (2024) . Ver ification of the ultimate and serviceabi lity limit 

states (ULS and SLS) was conducted , a nd design considerations for p ier  cap foundations 

were evaluated . The analysis confi rmed that GFRP bars cou ld effectively replace trad itional  

steel  re inforcement wh i le mainta i n ing structura l i ntegrity, though adjustments in detail ing 

and des ign ph i losophy were necessary due to the lower shea r strength of GFRP-re inforced 

concrete. 
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B u i ld i ng on  these f i nd i ngs, Task  5 fu rther refi ned the GFRP-RC p i le cap footi ng des ign ,  

inco rporati ng numerical  model ing through Alta i r® software. The analysis  accou nted for 

shea r stresses w ith i n shell e lements, pile cap flex i b i l ity, and p i le -colu m n spac ing. The 

results demonstrated that GFRP re inforcement requ i red modifications in  shear detai l ing 

compared to steel  re i nforcement.  Specifically, the a bsence of shear reinforcement in  certain 

GFRP- RC conf igurations was feasi ble due to adjustments in  shear strength assu mpt ions.  

Add itionally, the analytical MathCAD a p proach,  which cons iders ax ial  force t ransfer from 

piles as shear, was fou nd to be highly conse rvative for GFRP-reinforced foot i ngs.  The key 

d isti n ction between steel a nd GFRP re i nforcement lies i n  shear des ign requ i rements rather  

than bend ing capacity, emphasiz ing the need for revised shear  strength provis ions i n GFRP­

RC des ign .  

Overa ll ,  th is  project confirm s that la rge-d ia m eter GFRP ba rs can be successfu lly 

i m p lemented i n  waterl i ne  p i le cap footings for bridges ,  offering corros ion  res istance and 

durab i lity adva ntages over trad itional  steel reinforcement. However, addressing challenges 

such as s ize-dependent mechan ica l  properties, bond strength va riat ions, and shear design 

cons iderations is c ruc ial for widespread adopt ion.  The research underscores the necess ity 

for further experimental testing, refinement of ex isting d esign codes, and the development 

of specif ications ta i lo red specifically to large-diameter FRP bars. Continued collaborat ion  

between researchers, manufacturers, and  transportation agenc ies wi l l  be  essentia l i n  

optim izing the structural use of GFRP reinforcement i n  marine  br idge foundations. 
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Appendix A - Tabulated Test Results 

Tabulated test results a re presented in th is  a p pe nd ix.  

Table 63. Certified Test  Results per Materials Manual Section 12. 1 Volume Ill 

Standard Unit Bar Size & Properties* 
Test Property SI 

V-Rod/Pultrall MST-Bar 
Reference us 

ASTM 
Fiber Mass Content % 84 81 

D2584 
ASTM 

Glass Transition Temperatu re (DSC) 
°C 1 1 8  1I 1 4  

E1 356 ° F 244 238 
ASTM 

Degree of Cure % 99 98 
E21 60 
ASTM 

Mm 1 1 08 1 1 1 8  D7205 
ASTM Measured Cross- Sectional Area 

D792 
in? 1 . 71 7 1 . 7 34 

Guaranteed Ultimate Tensile Force 
kN 1 098 824 

kip 246.9 1 85. 3 

ASTM Nomina l U ltimate Tensile Strength 
MPa 1 202 9 1 8. 1 
ksi 1 74 .3  1 33.2 

D7205 
GPa 59.9 57 .8 

Nomina l Tensile Modulus of E lasticity 
Msi 8 .7  8.4 

Nomina l U ltimate Strain % 2 .0  1 . 6 
ASTM 
D7705- Al ka l ine Resistance (with no load) : Tensile Retention# % 90 88 Procedure 
A 
ASTM 

Bond Strength 
MPa 4 .9  9.2 

D791 3 ksi 0. 7 1  1 .33 
ASTM 

Transverse Shear Strength 
MPa 1 6 3 1I 72 

D761 7 ksi 23.6 25.0 
ASTM 

Horizontal Shear Strength 
MPa 40.6 39.5 

D4475 ksi 5 .9 5 .7  
ASTM Moisture Absorption in 24 h rs . 

% 
0. 1 4  0. 1 7  

D570 Moisture Absorpt ion to Satu ration 0.48 0.67 
*Refer to Section 1 .4 and 2 of report for bar description and identification . "Partial testing .  

1 1 1  



Fibe r content - ASTM D2584 

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

w, w, RC 

Specimen I D  

g g % 

PUL_ 1 1 S_ FC_ 0 1  59.536 50.055 1 5 .9  

PUL_ 1 1 S_ FC_ 02 57.987 49.007 1 5 .5  

PUL_ 1 1 S_ FC_ 03 55.882 47, 1 4 1  1 5 .6  

PUL_ 1 1 S_ FC_ 04 54.552 45.972 1 5 .7 

PUL 1 1 S  FC 05 58.772 49.580 1 5 .6  

Ave ra ge 

Sa- 1 

CV (%) 

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

Specimen I D  

MST-1 1 S_ FC_01 

MST- 1 1 S_ FC_02 

MST- 1 1 S_ FC_03 

MST-1 1 S_ FC_04 

MST- 1 1 S_ FC_05 

Ave ra ge 

Sa- 1 

CV (%) 

wi 

g 

56.228 

54.731 

58.296 

61 .483 

57.209 

*Condition of  acceptance is equivalent to FC> 70 % 

Wa RC 

g % 

45.277 1 9 .5  

44. 1 36 1 9 .4 

47 .037 1 9 .3  

49 .606 1 9. 3  

45.908 1 9 .8  

FC* 

% 

84 .1  

84 . 5  

84.4 

84 . 3  

84.4 

84. 3 

0.2 

0.2 

FC* 

% 

80 . 5  

80 . 6  

80 .7  

80 .7  

80 .2  

80.6 

0.2 

0.2 

1 1 2  



Gla ss t ransit ion  temperature - ASTM E1 356 

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

Spec imen  I D  

PU L_1 1 STG_0 1 
PU L_1 1 STG_02 

PU L_1 1 STG_03 
PU L_1 1 STG_04 
PU L_1 1 STG_05 

Average 

S-

CV (%) 

Glass Transit ion Tem p erature 

T* 

°C °µ 

1 1 9 , 7  247.4 
1 1 7 . 8  244.0 

1 1 9 . 1 246.3 
1 1 6 . 0  240.8 
1 1 5 . 7  240.3 

1 1 7.7 243.8 
1 .8 3.2 

1 .5 1 . 3 

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

Spec imen  I D  

MST1 1STG_0 1 
MST_1 1STG_02 
MST_1 1STG_03 

MST_ 1 1 S_TG_04 
MST 1 15 TG 05 

Average 

Sa-1 

CV (%) 

*Condition of acceptance is equivalent to Te > 1 00°C (2 12°F) 

Glass Transit i on Te mperature 

T±* 

°C °µ 

1 1 5 . 2  23 9.3 
1 1 5 . 9  240.5 
1 1 3 . 2  23 5 .7  

1 1 5 . 1  23 9 .2  
1 1 3 . 0  23 5.4 

1 1 4.5 238.0 

1 .3 2.3 
1 . 1 1 .0 

1 1 3  



Degree of cure - ASTM E2160 

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

Rep o rt Specimen I D  

P U L_1 1 S_DC_01 

P U L_1 1 S_DC_02 

P U L_ 1 1 S_DC_03 
P U L_ 1 1 S_DC_04 

P U L  1 1 5  DC O5 

Average 

Sn-1 

CV (%) 

Mass 

M 

mg 

21 .73 

29.60 

22. 1 3  
1 9. 1 8  

1 5.20 

Norm al ized 
h eat of reaction 

H 

J/g 

0 .50 

0 .62 

0 .54 
0 .61 

0 .58  

Total h eat of 

react i on* Ht  

J/g 

1 00 . 0  

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

Rep o rt Speci men I D  

MST_1 1 S_DC_0 1 

MST_1 1 S_DC_02 

MST1 1 S_DC_03 
MST1 1 S_DC_04 

MST 1 1 S DC 05 

Average 

Sn-1 

CV (%) 

Mass 
M 

mg 

26.65 

1 0.67 

1 3.48 

24.84 

27.33 

Norm al ized 
h eat of reaction 

H 

J/g 

0 .89 

1 .97 

1 .35  
2 .83 

2 .29  

*Conserva tively assumed value of 100 J/g to compute the degree of cure. 

*Condition of acceptance is equivalent to DC> 95% 

Total h eat of 
react i on* Ht  

J/g 

1 00 . 0  

Degre e of Cure 

DC* 

% 

99.5 

99.4 

99.5 
99.4 

99.4 

99.4 

0 . 1  

0 . 1  

Degre e of Cure 
DC* 

% 

99. 1 

98.0 

98.7 

97 .2 

97.7 

98.1 

0.8 

0.8 

1 1 4  



C,liO,ss-sect i,onal a11iea1 - ASTM D7205/D792 

Tsb1e 70. Tebulated result.s· for meeeutec: c-r0-s.sc.sec-tional srea perASTM D 792 (Pultrell) 

Density 
Me·a:sured 

We ii gJht/u nit Ave rage Length Vo h1me· 

Sp,edme-n 10, 
.Area* 

length 
L P• V .A 

m m  in .  kglm.:i lb./ft3 mm" i 11J mm 2 i ri2 Kg/m ll lb .lft 

P U L� 1 1 S -MXA -0 1  1 9 .09 0 .752 2084 1 30 2 1 281  1 .30 1 1 1 4.90 1 .728 2.323 1 .56 1 

P U L_ 1 1 S -MXA -02 18 .05  0 .71 1 2090 1 30 1 91 8 1 6  1 .2 1  1 098.02 1 .702 2.295 1 .542 

P U L� 1 1 S -MXA -03 1 8 .67 0 .735 2069 1 29 20770 1 .27 1 1 1 2.54 1 .724! 2.302 1 .547 

P U L_ 1 1 S 
-

MXA 
-

04! 1 8 .92 0 .74!5 2085, 1 30 20 91 5, 1 .28 1 1 05, .52 1 .714! 2.305 1 . 549 

P U L_ 1 1 S 
-

MXA 
-

05 1 8 .4!5 0.726 2081 1 30 204!34 1 .25  1 1 07 .62 1 .71 7 2.305 1 . 549 

Averag,e 2,082: 1 301 20643 1 ,.26 1 1 07.72: 1 .717  :2.306 1 . 55G 

s._, 8, 0 5 ,54 0 .03  6.59 0.01 0 0.01 1 0.007 

CV (%) 0 .4  0.4 2 .7  2.7 0.6 0 .6 0 .5 0.5 

Tsb!e 71 . Tebulated resutre tor meesured c-r0-ss-sectional erea perA.STM D 792 (MST} 

D·e ns iity 
Me·a:sured 

We i gJht/u nit Average Len gth Volum e  
.Area,.. 

Specimen 1D  
L V .A 

length 
P1s 

mm i n. kg/ma lb./fta mma i n.:i mm 2 i ri2 Kg/m ll lb .lft 

M ST_ 1 1 S -M XA_ 01  1 8.92 0 .745 1 991 1 24 2 1 084 1 .29 1 1 1 4. 1 9 1 .727 2.2 1 8  1 .49 1 

M ST_ 1 1 S -M XA_ 02 1 8.52 0 .729 2000 1 25 20726 1 .26 1 1 1 9.07 1 .73,5 2.238 1 .504 

M ST_ 1 1 S -M XA_ 03 1 8.30 0 .721 201 3 1 26 20450 1 .25  1 1 1 7 . 1 7  1 .73,2 2.249 1 . 5 1 1 

M ST_ 1 1 S -M XA_ 04 1 8.77 0 .739 2014 1 26 20965 1 .28 1 1 1 6.63, 1 .73, 1 2.249 1 . 5 1 1 

M ST 1 1 8  M XA 05 1 9.66 0 .774 2000 1 25 22 1 1 9 1 .35  1 1 25, .32 1 .744! 2.25,1 1 .5 1 2  

Av-e ra1 ge 2004 1 25 .2 '118 69 1 ,.2:9, 1 111 8.48 1 .734 :2 ..241 1 . 506 

s._, 1 0  1 63,5 0 .04 4.21 0.007 0.0 1 4!  0.009 

CV (%) 0.5 0 .5  3,.0 3.0 0.4 0.4 0 .6 0.6 

•condition af scceptance, .Reber (#1 1 J: eres rsnge within 968 ro 1 097 mm1 ('. :500 to 1 _ 700 in2} 
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Tensi le Properties - ASTM D7205 

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

Tensile Force Nominal Area Ultimate Strength 
Modulus of Ultimate Coefficient of 
Elastic ity* Stra in* determination 

Specimen ID Pmax Anom F"aom 
Enom &u-nom 

kN kips mm in M Pa 1 GPa Msi  % 

PUL_1 1 S_TNS_01 1 1 31 .7 254.4 1 1 24.5 1 63.1 59. 1  8 .57 1 .90 1 .0000 

PUL_ 1 1 S_TNS_02 1 1 90.6 267.6 1 1 82.9 1 7 1 .6 59.9 8.69 1 .97 1 .0000 

PUL_ 1 1 S_TNS_03 1 1 99.0 269.6 1 1 9 1 .4 1 72.8 60.3 8 .74 1 .98 1 .0000 

PUL_ 1 1 S_TNS_04 1 238.7 278.5 1 230.7 1 78.5 60.0 8 .71 2 .05 1 .0000 

PUL_ 1 1 S_TNS_05 1 234.6 277.6 1 006 1 .56 1 226.7 1 77.9 59.9 8.69 2.05 1 .0000 

PUL_1 1 S_TNS_06 1 1 86.4 266.7 1 1 78.8 1 7 1 .0 59.1  8.58 1 . 99 1 .0000 

PUL_ 1 1 S_TNS_07 1 240.4 278.8 1 232.4 1 78.7 60.8 8.82 2.03 1 .0000 

PUL_ 1 1 STNS_08 1 21 5.6 273.3 1 207.8 1 75.2 59.6 8 .65 2 .02 1 .0000 

PUL_ 1 1 S_TNS_09 1 247.8 280.5 1 239.8 1 79.8 60.4 8 .76 2 .05 1 .0000 

Average 1 209.4 271 .9 1 201 .7 174.3 59.9 8 .69 2.01 

Sa-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 

Po, Guaranteed Tensile Load' 1 098.2 246.9 
*Condition of acceptance: Po > 470 kN (108.8 kip) for #1 1 Type 0 bars; and E > 44.8 GPa (6.5 Msi). 

*Condition of acceptance: Pa > 712 kN (160.0 kip) for #1 1 Type Ill bars; and E > 58.6 GP8 (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) 

Tensile Force Nominal  Area Ultimate 
Modulus of Ultimate Coefficient of 

Specimen ID Pax A"om Strength F["mom 
Elasticity* Strain* determination 

Enom Eu-nom 
kN kips mm in MPa ksi GPa Msi  % 1° 

MST_1 1 S_TNS_01 944.06 21 2.2 938.0 1 36.0 58.2 8 .44 1 .61 0 .9999 

MST_1 1 S_TNS_02 945.48 21 2.6 939.4 1 36.3 57.2 8 .30 1 .64 1 .0000 

MST_1 1 S_TNS_03 872.76 196.2 867.2 125.8 56.9 8.26 1 .52 1 .0000 

MST_1 1 S_TNS_04 865.74 1 94.6 860.2 124.8 58.3 8 .46 1 .47 1 .0000 

MST_1 1 S_TNS_05 935.00 21 0.2 929.0 1 34.7 59.5 8 .64 1 .56 0 .9995 

MST_1 1 S_TNS_06 932.96 209.7 
1006 1 .56 

927.0 1 34.4 57.1 8.28 1 .62 0 .9999 

MST_1 1 S_TNS_07 897.92 201 .9 892.2 129.4 58.4 8 .48 1 .53 0 .9999 

MST_1 1 S_TNS_08 948.58 21 3.2 942.5 1 36.7 57.6 8 .36 1 .64 1 .0000 

MST_1 1 S_TNS_09 935.32 21 0.3 929.3 1 34.8 58.1 8 .44 1 .60 1 .0000 

MST_1 1 S_TNS_1 0  962.22 21 6.3 956.1 1 38.7 56.7 8.22 1 .69 1 .0000 

Average 924.00 207.7 91 8.1 133.2 57.8 8.39 1 .59 

Sn1 33.26 7 .5  33 .1  4 .8  0 .9 0 . 1 3  0.07 

CV (%) 3.6 3 .6  3.6 3.6 1 . 5  1 .5 4.1 

Po, Guaranteed Tens ile Load' 824.21 185.3 

*Condition of acceptance: Po > 470 kN (108.8 kip) for #1 1 Type 0 bars; and E > 44.8 GPa (6.5  Msi). 
*Condition of acceptance: Pa > 712 kN (160.0 kip) for #1 1 Type Ill bars; and E > 58.6 GP8 (8.5  Msi). 
' 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 D761 7 

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

Peak Transverse Nominal Area 

Specimen ID Force, Pmax Anom 

kN lb. mm in 

PUL_ 1 1S_TSS_01 326.63 73400 

PUL_ 1 1 S_TSS_02 325.74 73200 

PUL_ 1 1 S_TSS_03 331 .53 74500 1 006 1 .560 

PUL_ 1 1 STSS_04 327.52 73600 

PUL 1 1S TSS 05 327.97 73700 

Average 327.88 73680 

Sn-1 2.21 497 

CV (%) 0.7 0.7 

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

Specimen ID 

MST_1 1 S_TSS_01 

MST_1 1 S_TSS_02 

MST_1 1 S_TSS_03 

MST_1 1 S_TSS_04 

MST_1 1 S_TSS_05 

Average 

Sn-1 

CV (%) 

*Condition of acceptance: tu >151 MPa (22 ksi) 

Peak Transverse 

Force, Pmax 

kN lb. 

31 5.95 71 000 

369.35 83000 

361 .34 81 200 

31 9.51 71800 

366.24 82300 

346.48 77860 

26.43 5939 

7.6 7.6 

Nominal Area 

Anom 

mm in 

1 006 1 .560 

MPa 

Shear Strength 

u 

1 62.27 

1 61 .83 

1 64 .70 

1 62.71  

1 62 .93 

1 62 .89  

1 . 1 0  

0.7 

MPa 

Shear Strength 

Uu 

1 5 6 . 96 

1 83.49 

1 79.51 

1 58 .73 

1 8 1 .94 

1 72 .1 3 

13. 1 3  

7.6 

ksi 

23.53 

23.46 

23.88 

23.59 

23.62 

23.62 

0.1 6 

0.7 

ksi 

22.76 

26.60 

26.03 

23.01 

26.38 

24.96 

1 .90 

7.6 
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Ho rizontal shear strength - ASTM 4475 

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

Peak Force, Nominal Diameter 

Specimen ID Pmax nom 

kN lb. mm in 

PUL_1 1 S_HSS_01 58.40 1 3 1 23 

PUL_1 1 S_HSS_02 58.05 1 3046 

PUL_1 1 S_HSS_03 58.21 1 3082 34.9  1 .375 

PUL_1 1 S_HSS_04 58.23 1 3085 

PUL_1 1 S_HSS_05 58.59 1 3 1 66 

Average 58.30 1 3100  

Sn-1 0.20 46 

CV (%) 0.3 0.3 

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

Specimen ID 

MST_1 1S_HSS_01 

MST_1 1S_HSS_02 

MST_1 1S_HSS_03 

MST_1 1S_HSS_04 

MST 1 1S HSS 05  

Average 

Sn-1 

CV (%) 

*Condition of acceptance: S >38 MPa (5.5 ksi) 

Peak Force, 

kN lb. 

57.44 1 2908 

58.21 1 3081 

58.22 1 3083 

54.79 1 2312  

54.98 1 2354 

56.73 1 2748 

1 .71 385 

3.0 3.0 

Nominal Diameter 

nom 

mm in  

34.9 1 .375 

Horizontal Strength 

s 

MPa 

40.63 

40.39 

40.50 

40.51 

40.76 

40.56 

0.14 

0.3 

Horizontal Strength 

s 

MPa 

39.96 

40.50 

40.51 

38.1 2 

38.25 

39.47 

1 . 1 9  

3.0 

ksi 

5.89 

5.86 

5 .87 

5.88 

5 .91 

5.88 

0.02 

0.3 

ksi 

5.80 

5.87 

5.88 

5.53 

5.55 

5.72 

0.1 7 

3.0 
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Bond strength - ASTM 791 3  

Specimen ID 

PU L-1 1 S_BS_01 

PU L-1 1 S_BS_02 

PU L-1 1 S_BS_03 

PU L-1 1 S_BS_04 

PU L-1 1 S  BS 05 

Average 

Sn1 

CV (%) 

Nominal 

Diameter 

d s 

mm in .  

34.9 1 .375 

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

Nominal 

C ircumference 

C s 

mm in .  

109.7 4.320 

Bonded length 
Nominal 

Bonded Area 

mm 

174.6 

A 

mm in 

6.875 1 9160 29.7 

Peak Load 

F 

kN kip 

70.73 15.90 

84.81  1 9.07 

1 1 8.85 26.72 

107. 1 2  24.08 

89.80 20. 1 9  

94.26 2 1 . 1 9  

1 8 .93 4.26 

20.1 20.1 

Maximum Bond Strength* 

� 

M Pa ksi 

3 .69 0 .54 

4 .43 0.64 

6 .20 0 . 90 

5 .59 0.81 

4 .69 0 .68 

4.92 0.71 

0.99 0 . 14  

20.1 20.1 

*Condition of acceptance is equivalent to average bond strength > 9.7 MPa (1 .4 ksi) for Type Ill bars and bond strength > 7.6  MPa (1. 1 ksi) for Type 0 and Type Il bars. 
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0.90 
- PUL-1 1 S_BS_01 

0.80 - PUL-1 1S_BS_02 

. 0.70 
Ca 
s. 

+ 1 - [ ! I- PUL-1 1 S BS 04 

� 0.60 
(5 

5 
°° 

6 0.4° 
0□ 

...J 

� 0.30 
� 
� 0.20 

0 . 10  

0.00 
0.00 0.05 

- PU L-1 1S_BS_05 

0.1 0 0. 1 5  0.20 0.25 0.30 
FREE END SLIP [IN] 

Figure 75. Nominal bond strength vs. free-end slip for Pultrall #11 bars 
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Specimen ID 

MST- 1 1S_BS_01 

MST- 1 1 S_BS_02 

MST- 1 1S_BS_03 

MST- 1 1S_BS_04 

MST- 1 1 S  BS 05 

Average 

Sn1 

CV (%) 

Nominal 

D iameter 

d e 

mm i n .  

34.9 1 .375 

Table 79. Tabulated results for bond tests per ASTM D7913 (MST) 

Nominal 

C ircumference 

C e 

mm i n .  

109.7 4.320 

Bonded length 
Nominal 

Bonded Area 

mm 

1 74.6 

A L 

in. mm in 

6.875 1 9160 29.7  

Peak Load 

F u 

kN kip 

140.82 31 .66 

160.28 36.03 

21 4.42 48.20 

207.1 9  46.58 

156.48 35. 1 8  

175.84 39.53 

32.84 7.38 

1 8.7 1 8 .7  

Maximum Bond Strength* 

� 

M Pa ksi 

7,35 1 .07 

8 .37 1 .21 

1 1 . 1 9  1 .62 

1 0 .81 1 .57 

8 . 1 7  1 . 18 

9.1 8 1 .33 

1 ,71  0 .25 

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 Il bars. 
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1 . 60 ,-----------,------------------.--------------------, 

- MST - 1 1 S_BS_01 

1 .40l-.IMST- 1 1 S_BS_02 ] 

MST-1 1 S_BS_03 

1 .20l/:II MST- 1 1 SBS04]1 

- MST- 1 1 S_BS_05 

0.40 

0.20 

0.00 

0.00 0.05 0.10 0. 15  0.20 0.25 
FREE END SLIP [IN] 

Figure 76. Nominal bond strength vs free-end slip for MST-Bar # 1 1  bars 
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Moisture absorption - ASTM D570 

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

Specimen ID 

PUL_1 1 S_MA_01 
PUL_1 1 S_MA_02 
PUL_1 1 S_MA_03 

PUL_1 1 S_MA_04 
PUL 1 1 S  MA 05 

Average 

Sa-1 

CV (%) 
*Condition of acceptance for W2a< 0.256, and forW,< 1 .00% 

Wa 

g 

27.894 
28.81 4  
28.948 

3 1 . 342 
30.808 

W24 

g 

27.934 
28.855 
28.990 

31 .383 
30.849 

w' 

% 

0 .14 
0 . 14 
0 . 14 

0 .1 3 
0 .1 3 

0 . 14  
0 .01  
4.2 

w, 

g 

28.023 
28.950 
29.089 

31 .480 
30.979 

w. ' 

% 

0 .46 
0 .47 
0 .49 

0 .44 
0.55 

0.48 
0.04 
9. 1 
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1.00 

0.90 
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0.70 

2 
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o 

E 

� 
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0.20 
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0.00 
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� 
-- PUL_1 1 S_MA_01 

- - PUL_1 1 S_MA_02 

PUL_1 1 S_MA_03 

PUL_ 1 1 S_MA_04 

PUL_1 1 S_MA_05 

�� 

15 20 25 

Square root of hours of exposure 

Figure 77. Square root of hours vs. increase in weight for Pultrall # 1 1  bars 

30 35 
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Table 81. Tabulated results for water/moisture absorption per ASTM D570 (MST) 

Specimen ID 
Wa W24 Wz w, w. ' 

g g % g % 

MST_1 1S_MA_01 30.341 30.391 0 . 16  30.520 0.59 

MST_1 1 S_MA_02 28.886 28.940 0 .19  29.090 0 .71  

MST_1 1S_MA_03 30.670 30. 7 1 9  0 . 1 6  30.875 0.67 

MST_1 1 S_MA_04 29.763 29.81 1 0 . 16  29.962 0.67 

MST 1 1 S MA 05 30.958 3 1 . 009 0 .16  31 . 1 84 0.73 

Average 0 . 17  0 .67 

Sa-1 0.01 0.05 

CV (%) 6.9 7.8 

*Condition of acceptance for Wza< 0.25%, and for W.< 1 .00% 
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Figure 78. Square root of hours vs. increase in weight for MST # 1 1  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 perASTM D7705, Procedure - A  (Pultrall) 

Tensile Force Nominal Area 
Ultimate Modulus of Ultimate Tensile 
Strength Elasticity Strain Capacity 

Spec imen ID Pmax Anom 
F["em Enom Retent ion* Eu-nom 

kN kips mm in MPa ksi GPa Msi % % 

PUL_1 1 STNS- AR_O1 1096.60 246.5 1089.6 1 58.0 60 .4 8.77 1 .80 90.50 

PUL_1 1 STNS-AR_02 1072.40 241 . 1 1065.5  1 54.5 62.5 9.07 1 .70 88.50 

PUL_1 1 STNS-AR_03 1092.42 245.6 1 006 1 .560 1085.4 1 57.4 63 .8 9.25 1 .70 90 . 1 5  

PUL_1 1 STNS-AR_04 1 1 00.56 247.4 1093.5  1 58.6 61 .7  8.95 1 .77 90.82 

PUL 1 1 S  TNS-AR 05 1 1 1 0 .06 249.6 1 1 02 .9 1 60.0 62 .5  9.07 1 .76 91 .61  

Average 1094.41 246.0 1087.4 1 57.7 62.2 9.02 1 .75 90.31 
Sn-1 1 3.93 3 .1  1 3 .8 2 .0  1 .2 0. 1 8  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) 

Tensile Force Nominal Area 
Ultimate Modulus of Ultimate Tensile 

Specimen ID 
Strength Elasticity Strain Capacity 

Pmsx Anom 
Flu 

Enom Retention* nom Eu-nom 

lkN kips mm in M Pa ksi GPa Msi  % % 

MST_ 1 1 S_TNS-AR_O1 808.32 1 8 1 .7 803 .1  1 1 6 .5  56.6 8.21 1 .42 87.48 

MST_ 1 1 S_TNS-AR_02 853.98 192.0 848.5 1 23 . 1  57.4 8.33 1 .48 92.42 

MST_ 1 1 S_TNS-AR_03 8 1 2 .70 1 82.7 1 006 1 .560 807. 5  1 1 7, 1 55.6 8.06 1 .45 87.95 

MST_ 1 1 S_TNS-AR_04 807.30 181 .5  802 .1  1 1 6 .3  57.3 8.31 1 .40 87.37 

MST 1 1 S  TNS-AR 05 801 .80 1 80.3 796,7 1 1 5. 5  57.1 8.28 1 .40 86.77 

Average 81 6.82 183.6 81 1 .6 1 1 7.7 56.8 8.24 1 .43 88.40 
Sn-1 21 . 1 3  4 . 8  2 1 .0 3.0 0.7 0.1 1 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 p i le cap design of the Eastbound Bridge along with its detai li ng with GFRP rei nforcement 
is presented in  this appendix. 

I n  this report, severa l solutions for the reinforcement layout of the selected pile cap of stack 
#24 were analyzed :  

• Steel- RC (1 a) :  i s  the foundation of the original steel design; 
• GFRP-RC (1 b) :  i s  the foundation with the sam e  amou nt of re i nforcement as the Steel­

RC ( 1 a) case but in  GFRP instead of stee l .  Th i s solut ion does not meet the SLE and 
deta i l ing verif icat ions of the AASHTO B DS GFRP 2ed it ion [ 1 ] ;  

• GFRP-RC (2a): is the foundation with designed with MathCad software that sat isfies 
AASHTO BDS GFRP 2 edition [ 1 ] verif i cations;  

• GFRP-RC (2b) :  is the fou n d a tion, equal to GFRP-RC (2a) and designed A lta ir® 

softwa re a nd based on AC I 440. 1 1 -22 provis ions; 
• GFRP-RC (2c): is the foundation with des igned analytica lly with Alta i r® software 

based on ACI 440.1 1 -22 provis ions a nd bottom reinforcement concrete cover equal  
to 1 2" ,  instead of  4 .5" ,  which means to place the lower longitudinal and transverse 
re info rcement above the pi les for ease of insta llation .  

In  a l l  cases, the overa ll geometry and loads a re unchanged from the o rigi n a l design . The 
most re leva nt steel (Steel-RC (1 a )  case) and GFRP (GFRP-RC (1 b) and (2a) ) re i nforcement 
quanti tative design pa ra meters are listed in  Table 84. 

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

I FLEXURAL REIN FORCEM ENT 
Steel- RC (1 a) G FRP- RC G FRP- RC 
GFRP- RC (1 b) (2a) (2b-2c) 

BOTTO M - Longitudinal Direction 
Bars #bars #1 1 #1 1 #1 1 L-] 
N u mber of ba rs N bars 1 3  1 3  1 3  C-] 

Spac i ng Sbars 1 2  7 7 [in] 
Tota l area Aha : 20.28 20.28 20 .28 [ in] 
BOTTO M - Transverse D i rection 
Bars # bars #1 1 #1 1 #1 1 L-] 
N u mber of ba rs Nbars 22 24 24 C-] 

Spac i ng Sbars 1 2  7 7 [ in] 
Tota l area Ao- 34.32 37.44 37 .44 [ in] 
TOP - Longitudinal Direction 
Bars # bar= #8 #8 #8 C-] 

N u mber of ba rs Nbars 1 4  22 22 L-] 
Spac i ng Sbars 1 2  7 7 [ in ]  
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I FLEXURAL REIN FORCEM ENT 

Tota l a rea 

TOP - Transverse Direction 
Bars 

N u mber of ba rs 

Spac i ng 

Tota l a rea 

FACE RE INFORCEMENT 

Bars 

N u mber of ba rs 

Spac i ng 

Tota l area 

] SHEAR REINFORCEMENT 

Longitudinal D i rection 
Bars 

N u mber of ba rs 

Spac i ng 

Tota l a rea 

Transverse Di rection 
Bars 

N u mber of ba rs 

Spac i ng 

Tota l a rea 

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

A@: 1 1 .06 

#Ears #8 

Nbars 21  

Sbars 1 2  

Aot 1 6.59 

Steel- RC (1 a)  
G FRP-RC ( 1 b) 

#bars #6 

Nbars 7 

Sbars 6.25 

Aot 3.08 

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

#Ears � 

Nbars 
� 

S bars 
� 

Aot 

#6ars � 

Nbars � 

Sbars � 

Ao: 

G FRP- RC 
(2a) 

1 7.38 

#8 

35 

7 

27.65 

GFRP-RC 
(2a) 

#8 

9 

6' 

7. 1 1  

GFRP-RC 
(2a) 

#6 

2 

24 

0 .88 

#6 

3 

1 2  

1 .32 

G FRP- RC 
(2b-2c) 

1 7 .38 

#8 

35 

7 

27.65 

GF RP-RC 
(2b) 

NIA 

GFRP-RC 
(2b) 

NIA 

NIA 

[ in] 

L-] 

C-] 

[in] 

[ i n] 

L-J 

C-] 

[in] 

[ i n] 

L-] 

L-J 

[in] 

[ i n] 

C-] 

C-] 

[in] 

[ i n] 

The bid i rectional GFRP reinforcement a rrangement of the 6- pile cap group "A" (pier  24) is 
shown in  Figu re 79 to Figure 82 .  Due to conservative design provis ions [57] for non­

prestressed transverse shear res istance in both AASHTO LRFD GFRP a nd AC I 440 . 1 1 -22 (see 
Figure 83  a nd F igure 84), a l i m i te d number of shear st i rrups are requ i red to satisfy the ULS. 
Recent changes adopted in  the Canadian Standards Association Bridge Code S6:2025 could 

provide a more eff icient shear design approach.  The position of the stirrups was selected to 
intercept potentia l  shear cracks connecti ng pi le to column.  
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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 footi ngs, which 

support bri d ge 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 G u i d e 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 cr iteria for larger FRP bars. 

The objectives of this project included identifying further research needed for using larger 

FRP bars in waterline pile cap footings, deve lo pi ng material acceptance and design 

specifications for #11 glass FRP bars, and creating design examples to a i d 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, red u c i ng 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 find i ngs 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 conclus ion summarizes key 

findings and recommendations for the implementation of #11 GFRP bars in bridge footings. 

Additionally, the a p pend ices 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. I ntroduction 

The des ign and dura b ility of p ile cap footings in  marine  envi ronments, pa rticu la rly in the tida l  

zone s of Florida, present u n ique cha l le nges due to the accelerated structura l deter iorat ion 

caused by exposure to saltwate r and harsh  env i ronmental conditions. Corrosion of steel 

re inforcement in  these settings leads to sign if icant maintenance costs and long-term 

structu ra l r isks.  Despite the advantages of fiber  reinforced polymer (FRP) bars, particu larly 

their corrosion res istance, ex i sting d es ign standards do not provide full specificat ions for 

large-d iameter FRP re inforcement, part icularly #1 1 ( 1 .375 in )  bars. The AASHTO LRFD Bridge 

Design Gu ide Specif icat ions for glass fiber reinforced polymer (GFRP)- Rei nforced Conc rete 

offe r a general  framework for design ing pile cap footi ngs with GFRP rei nforcement, but 

add itional  testing, ver ification ,  a nd material acceptance cri te ria are necessary to s u p port 

the broader adopt ion of large-d iameter FRP bars in  bridge foundations. 

This project a imed to investigate the feasi b i l i ty of us ing la rge-d ia m eter GFRP bars in  

waterli ne p i le cap foot ings fo r 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 cha llenges such as test ing complexities ,  ma n ufactu ring 

constra ints, and the s ize-dependent mechanica l properties of la rge-d ia m eter FRP bars.  The 

review also high lighted the need for upd ated design specif ications , as  current standards 

pr imar i ly extrapolate data from smalle r ba rs rather than relyi ng on empirical evidence. 

To bridge this gap, Task 2 outlined a detailed testi ng plan for #1 1 FRP ba rs to establish their 

Phys ico- mecha n ical  p roperties. Th is plan adhered to ASTM standard s  and FDOT 

specif icat ions ,  ensur ing that the resu lts would be con sistent, re l iable, and applicable for 

structu ra l des ign .  Task  3 then executed th is  plan ,  conducting tensile strength ,  bond strength, 

and d u rability tests to a ssess the performance of #1 1 FRP bars under  conditions 

representat ive of mari ne bridge foundations. The test results confi rmed t hat the evaluated 

FRP bars met most of the FDOT mate rial requ irements, demonstrating adequate mechanical  

performance and environmental durabi lity for long-term use in  pi le ca p footings. 

The structura l  analysis phase, covered in  Tasks 4 and 5, focused on redesign ing  an exist ing 

FDOT steel-RC bridge foundation us ing large-diameter GFRP ba rs. The case study sele cted 

was the Eastbound Br idge in  the north western part of F lor ida, where ULS and SLS 

ver ifi cat ions were performed according to AASHTO LRFD Bridge Des ign Guide Specifications 

and the FDOT Structures M a nual. Alta i r ® software and customized M ath CAD® worksheets 

were uti lized for numerical  modeling and fi n ite e lement analysis (FEA) , a l lowing for a 

deta i led evaluation of stress d i stri b utions, reinforcement detai ling, and p i le cap behavior 

u nder various  load i ng condit ions. This computat ional approach ensured that the GFRP­

re inforced p i le cap des ign met st ructural  performance requ i rements wh ile opti miz ing  the 

geometry and reinforce ment layo ut. 

By integrati ng expe rim e n ta l testi ng, computat ional modeling, and structu ral  val idation ,  th is  

p roject established a foundation for the pract ical  i m p lementation of la rge-d iameter FRP 
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ba rs in  bridge p ile cap foot ings. The fi nd i ngs contri b ute to refin ing des ign codes, improv ing 

materia l acceptance crite r ia, a nd advanc ing  sustaina ble infrastructure solutions in coasta l 

br idge construction.  

2. Literature Review - Research and Design Applications of Large (greater 

than #1 0) FRP Reinforcing Bars 

The corros ion of steel reinforcement in coasta l bridges threatens structura l  integrity and 

increases long-term maintenance costs, espec ially in waterl ine pile cap footings exposed to 

saltwater. Despite the i r  potent ia l  to miti gate corros ion-related issues, FRP re inforcing bars 

a re not yet utilized in  these crit ical components due to the a bsence of s p ecifications for #1 1 

FRP bars .  While the AASHTO LRFD Bridge Design Gu ide provides a fra mework for GFRP­

re inforced concrete, implementing large-diameter FRP bars req u i res experimenta l 

val idation and the development of des ign guidance.  The literature review condu cted 

h ighlights the sca rcity of studies on FRP bars exceeding #8 in  d ia m eter, with l imited 

exper imental data on #1 1 bars .  Whi le manufacturing feas ib i lity exists, no manufacturer  

currently produces bars larger than #8 in  standard pultrusion lines due to testing chal lenges 

and a lack of commerc ia l  demand. The pri mary obstacles to widespread adoption are the 

complexity of tensile testi ng for larger bars and the insufficient market incentives, though 

th is  may change as new structural  applications  emerge. 

FRP reinforcement for conc rete structu res includes GFRP, BFRP, and AFRP, with GFRP be ing 

the most widely used due to i ts p roven durab i lity and well-documented propert ies. BFRP 

offers h igher mechanical  strength and s u sta i n abi l i ty benefits but faces ma n ufactu r ing 

challenges, especia lly for la rge- d ia meter bars, due to difficu lt ies in  temperature control  

dur ing production a nd the lower dens ity basalt fi ber rovings commercially ava i la ble 

compared to glass fiber, wh ich  leads to the use of addit ional fiber  bobbins in  production . 

GFRP bars are easier to produce in  la rger s izes, mak ing them more feas ible for h igh- load 

appl ications.  Thermosetti ng resins, such as  vinyl esters and epoxies, are preferred for 

durab i lity, while thermoplastics offer flexi b i l ity for post-cu r ing bending but may reduce 

strength , requ i ring stronger  fibers to compensate. FRP bars us ing thermoplastic resin  are 

being developed under R&D and a re not comme rcially ava i lab le yet. Bent FRP bars must be 

shaped before curi ng, limiti ng commerc ially ava i lab le sizes to #8, but thermoplastic res ins 

l ike E l i u m® [2] allow fo r post-curi ng bending, though at increased cost a nd complex ity. 

This sect ion will expa nd on the key aspects of la rge-d ia meter FRP reinforc ing bars, beginn ing 

with an ana lys is of d imens ional  effects, including tensile propert ies such as strength, 

ultimate stra in ,  dura b i lity, and testing challenges. It will then add ress bonding to concrete, 

h ighlighting bond strength and performance under  various load i ng cond it ions, followed by a 

d iscuss ion  on creep and relaxation,  particularly the effects of susta ined load i ng and long­

term deter ioration . Next , experimental evidence will be reviewed from stud ies conducted at 

Su ltan Qaboos Un iversity, the U n ivers ity of Sherbrooke, and the U n ivers ity of Miami,  focusing 

on the mecha nical performance of la rge FRP bars, specifically s izes #1 0, #1 1 ,  a nd #1 6, and 

identifying trends in  u ltimate strength . The section wi ll also explore the commerc ia l  
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ava i lab i lity of la rge FRP bars ,  deta i li ng products from ATP and MST manufacturers and thei r 

appl i cations in  both permanent and temporary st r uctures . Lastly, design gu id es and 

materia l specifications will be exa mined,  covering material acceptance criteria, des ign 

methodo logies, and  const ruction p ract i ces i n  the U n ited States, Canada,  and 

internat ionally, ensuring a comprehensive understand ing of the st ructural  fea s i b i l ity and 

i m p lementation of large-d iameter FRP ba rs . 

2.1 .  Large FRP Bars: Characteristics 

2.1 . 1 .  Tensile properties 

The tensile behavior  of FRP bars i s  li near-elastic u n ti l fa ilu re ,  exh ibiting h igher tensile 

strength but lower stra i n  capacity tha n stee l .  U n l i ke stee l, FRP bars show s ize-dependent 

strength reduct ions due to the shear- lag  effect [3], [4] . Studies confi rm that tensile strength 

decreases by u p  to 40% between 1 0  mm a nd 20 mm ba rs, wh i le the elast ic  modulus remains 

constant [5]. Liu et a l .  [6] ver ifi ed th is t rend exper imentally, using Weibull d istribut ion to 

corre late tensi le strength with ba r dia meter (see Figu re 1 ) . Van et al. [7] , [8] fu rther a nalyzed 

the shear-lag effect in AFRP rods ,  demonstrating that stress d i stri b ution varies across the 

ba r cross-sect ion, affect ing tens ile capacity (F igure 2, Figure 3). 
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Figure 1. Stress-strain curves of GFRP te n dons with d iffere nt dia meters GFRP tendon of (a) 

1 0-mm diameter (b) 1 2-mm diameter and (c) 25-mm diamete r [6] 
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Figure 3. (a) Axia l te n sile stress d istri bution in cross-sectio n s  a nd ( b) d istribution of axia l  te n si le stress on the failure 

secti ons sepa rated curves of diamete rs  [8] 

Ultimate st ra i n  studies show that larger  GFRP ba rs exh ib it lower stra in  at sim i la r  stress 

levels, ind icating a h igher  modulus of elasticity [9] , [1 0] .  The Weibull theory p red i cts the 

rupture of brittle FRP bars by modeling  fa i lure propagat ion  with in  the fi ber  matrix [7]. Dan iels' 

bundle of f ibers model expands th is  theory, demonstrati ng progress ive fiber  fa i lure through 

singlets, doublets, and triplets u ntil  total rupture (see Figure 4) [1 1 ] . 
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Regard ing dura b i lity, resu lts for la rge-d ia meter FRP bars that have been in  serv ice in  rea l  
conditions a re lack i ng, but Arrhen ius theory pred icts long-te rm degradat ion based on 
temperatu re exposure after accelerated aging exposure. Exist ing studies ind icate la rger bars 
degra de slower than smalle r ones,  yet v isi ble ma nufactur ing defects in  larger ba rs may 
reduce interlami nar shea r a nd flexural  strength [1 2] ,  [1 3] ,  [1 4] ,  [1 5] (see Figure 5). Alkaline 
exposure negatively i mpacts FRP ba rs [ 1 3] ,  [1 6] , while other environmental factors such as 
moisture, freeze-thaw, and seawater exposure a lso influence du rability [ 1 7] .  

INCH 

Figure 5. Close up of the cross-section of 8 #8 BFRP (basalt FRP) bar (left) and # 1 1 GFRP bar (right) 

Tensi le testing of la rge FRP bars faces challenges in  secure a n c h orin g . ASTM D7205 suggests 
long anchoring lengths,  making la rge bar testing d ifficult. U n ivers ity of Miami researchers 
deve loped optim ized gripp ing methods, s ignificantly reducing anchor  length requ ireme nts 
[ 1 8] .  Carvelli et al. [ 1 9] i nt roduced a con ical polymeric a n c h oring system, enha ncing rad ia l 
pressure a nd adhes ion (F igure 6, Figure 7) . Add it ional ly, tens i le load ing rates influence 
u ltimate strength and elongat ion, with rates below 6 m m/min reducing tens i le properties 
[20]. Testing la rge FRP bars at h igher  load i ng  rates ensures accurate results. 

5 



--- * 
•■ 

-. 

�
� 

""±" ""7 ,TV±** 
� - Shear stress S 1 2  � � .- - -- Normal stress in the 

radial direction S1 1 

0 40 80 120 160 200 
Position Imm] 

� 
1 20 0 

Bar centroid l i ne: 
1 000  

� so0 � g 600  
� 400 lI 

200 

- Normal stress in the 
direction of the bar 
axis S22 

iii I 

0 +  

0 40 

Figure 6. Stress d istribution in the resin head (bar diameter=28 m m ;  ten si le force applied =61 6 k N) [ 1 8] 

1 000 � 

� so0 + X 

! �mo ,,.,... -1---111 

Figure 7. Tensi le tests: bar d iamete r 32 mm [ 1 8] 

2.1 .2. Bond to concrete 

Bond strength between FRP bars a nd concrete decreases a s  bar d ia meter increases, at a 

greate r rate than in  steel  bars .  I n  h igh-strength concrete, the red uction 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 



arises from sl ip  between the oute r and core f ibers, due to weak epoxy-fiber b ond i ng  u nder 

axia l  tension (Figure 8)  [23], [24] , [25] . 

Norm al stress developed by shear O" 

Figure 8. Shear lag effect in bars su bjected to tensio n [ 1 5] 

Add itionally, la rger FRP bars trap more water and a i r  during concrete curing, reduc ing 

effective bond strength  [25] . The Po isson's effect in  la rge bars cause s greater volume 

reduction, wea ken ing mechan ical i nterlock at the bar-concrete inte rface [26], [27], [28], 

[29] . Surface res i n  and fiber tens ion  properties a lso i nflu e n ce slip res istance and overall 

bond strength [5]. However, when bond strength i s  normalized by concrete compressive 

strength, bar d iameter has mi n imal  i nfluence [25] (Figu re 9). 
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Figure 9. Influence of the FRP bar diameter on the (a) normalized bond s trength and (b) bond strength. Note: values near 

the bars are the mean values and the coefficients of variation (the latter in percentage) [24] 

Regarding dura bil ity, FRP bar  surface resins degrade under aggress ive enviro nments, 

reduc ing bond strength over time [27]. A study of 1 ,244 test results  from 35 studies found 

that la rger d iameter FRP bars degrade slower, particu la rly at lower temperatures [28] . Th is is  

attr ibuted to the thicker res in  layers on la rge bars, wh ich improve alkal i  resistance and limit 

envi ron mental damage [ 1 6] .  Another review confi rmed min imal bond degradation  across 

various exposure cond itions, including ac id,  a lka l i ,  sa lt, water immers ion ,  and thermal  
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cycle s [25]. However, long-term bond strength pred ict ions for large FRP bars requ i re further 

val idation for re inforced concrete (RC) appl i cations. 

Surface characteristics sign ificantly affect FRP-concrete bond strength, with sand-coated 

and r ibbed ba rs showing vary ing performance based on texture, s ize, d i s pers i o n , and 

materia l quality [29], [30]. Stu d ies suggest rib mod if icat ions  a nd sand coatings can double 

bond strength, but the behavior of la rge- d iameter bars remains under-researched. 

Concrete cover also plays a role , as h igh cover de lays st ress con centrations and splitting 

fai lures [2 1 ] . Ea rly FRP-RC design recommended a min im u m  cover of twice the bar d ia m eter 

fo r pu llout res istance [31 ] .  Eccentric pu ll- o ut tests suggest higher  bond strength, lower slip, 

and  improved progressive bond failure compared to typ ical  tests, but these stud ies are 

mainly on smalle r bars [32] . Fu rther  evaluation of concrete cover requ i rements fo r la rge­

d iameter FRP bars i s  necessary to confirm scal i ng trends observed in  smaller bars. 

2.1 .3. Creep and relaxat ion 

Lack of data exists on the time-dependent mechanical prope rties of large-d iameter FRP 

ba rs, particularly regard ing  creep and re laxat ion effects [1 7] .  Exi sti ng research focuses 

pr imar i ly on s mall-d iameter ba rs, as  current test methods struggle to apply susta ined 

load ing to la rger bars . Long-term stud ies ind icate that tensile strength and e last ic  modulus 

remain unaffected when susta ined stress i s  be low 60% of ultimate tens ile st rength [33], [34] . 

The on ly known study on large-d iameter FRP bars in this context was conducted by Guo-wei 

et a l. [35], who examined stress re laxation behavior of hybrid basalt-glass FRP (B-GFRP) bars 

us ing f iber Bragg grating (FBG) stra in  sensors .  These 1 in .  (25 mm) B-GFRP bars ,  conta i ned 

65% glass f iber, 1 0% basalt f iber, 1 9% res in ,  and 6% fine sand, with d eta i led mechanica l 

propert ies li sted in  Table 1 .  

Dia meter 

Ratio of fiber weight of ba salt to total fiber 

Dens ity 

Content (weight ratio%) 

Ultimate tensile loa d 

Ultimate tensile stre ngth 

Gua ranteed tensile strength 

Design te n sile strength 

Mod u lus of e la st ic ity 

Ultimate tensile stra in 

Gua ranteed strain 

Design stra in 

Allowable strain for creep 

Table 1. Properties of B-G FRP Bars 

Basa lt 

G lass 

Basa lt 

G lass 

Resin 

Fine sand 

P u. ave 

2.1 

25.35 

1 3.16 

2.07 

1 0  

65 

1 9  

6 

536.29 ± 6.74 

906.40 ± 1 1 .29 

872.53 

61 0.77 

52.26 ± 0.87 

1 .73 ± 0.04 

1 .62 

1 . 1 3  

0.23 

mm 

mm 

g/cm 

kN 

M Pa 

M Pa 

M Pa 

GPa 

% 
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To improve stress relaxation testing, a seamless steel p ipe gripping system was used,  

avo i d i ng issues assoc iated with trad i tional wedge-shaped grips and improvi ng test accuracy 

[35]. The load i n g system, as shown i n  Figure 1 0, i ncluded a hollow jack, bear ing plates , and 

a load cell. The stress-stra in  relationship during stress relaxat ion exh ib ited th ree phases : 

ra pid reduct ion (AB), slower re laxation (BC), and stab i lization  (CD), h ighl i ghting the nonlinear 

nature of relaxat ion (F igure 1 1 ) .  

Optic fiber Bragg grating sensor Loading pads Hollow jack Load cell FRP bar Bearing steel plate 
- _.  Ki-al,i ' - -.  

le/ " -

Figure 1 0. Loading syste m for stress re laxati on test [2] 

278 

276 

� 274 
� 

i " 
� 270 

268 

Elapsed time (hour) 

20 40 60 80 1 00 120 1 40 160 180 200 220 240 260 

zhn .. 
5613 

-o- Initial stress 278MPa stress-strain 

-o- Initial stress 278MPa stress-time 

Figure 1 1. Relaxation process for B-GFRP ( ba salt-glass) ba r gripped with seamless pi pe [2] 

The combined effects of susta i ned load ing and e nvi ron menta l expos u re s ign if icantly 

influence FRP ba r deterioration .  Fo r low-stress levels (25%-30% of ultimate strength), 

degra dation was dominated by ion d iffus ion, wh ile med ium-stress levels (30%-50%) induce 

crack propa gation .  At h igh-stress levels (above 50%),  a brittle fracture occurred [1 7] .  
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Li et a l. [36] i nvestigated stress relaxat ion of large-d iameter sand-co ated B-GFRP bars u nder 

ac id ic  and a lkaline cond itions over seven months. Acid-exposed bars exhibited 9.2% stress 

relaxation ,  whi le alkal ine-exposed bars showed 1 3.4%, ind icat ing greater degradat ion in  

a lkaline environments. The study used a seamless steel  p ipe gripp ing device and appl ied 

cyclic load i ng in  1 0  kN increments before ma inta in ing prestress fo r seven days. Fi n d i ngs 

confi rmed that ac id  a nd alka l ine ingress through su rface cracks contrib uted to stress 

relaxation .  

Key conclus ions from L i  et  al.'s study [36] include:  

• Alka li ne condit ions cause greater stress re laxation than acid ic cond itions. 

• Ac id ic  environments, though less corrosive, sti ll induce s ignificant re laxation .  

• Surface cracks allow aggressive ion penetrat ion,  acce lerat ing degrad ation .  

• Relaxation in acid-exposed bars was influenced more by anchorage lim itat i ons than 

materia l properties.  

• Further resea rch is needed on anchorage design and grout se lecti on to opti m i ze 

stress re laxation resista nce in la rge-dia m eter FRP bars. 

2.2. Large FRP Bars: Experimental Evidence 

This sect ion compiles experime ntal stud ies on large-d iamete r FRP bars, offering key ins ights 

into the i r  mechan i cal performa nce and appl icabi lity. Although existing research is lim ited ,  

the test ing evidence f rom three univers ities represents the latest advancements in  

u nderstand ing these materials. The  results reveal  crit ical gaps in  material  characterization ,  

pa rticularly in  a reas such as bond st rength ,  creep behavior, and d u rabi li ty. While these 

stud ies serve as a foundation for developing d esi gn specificat ions and guidel ines for 

re inforced concrete (RC) appl i cations,  fu rther research is essential to fully characterize the 

behavior of la rge FRP bars and establish comprehens ive design standa rds for their 

widespread implementat ion. 

2.2. 1 .  Sultan Qaboos University 

Under the supervis ion of Prof. Sherif  E l-Gamal, 23 GFRP Mateenbar specimens from Pultron 

were tested at Sultan Qaboos U niversity accord ing to ASTM D7205. The study assessed the 

tensile properties of GFRP bars of # 1 0  (32 mm) ,  #1 1 (37.5 mm), a nd #1 6 (50 mm) d ia m eters, 

provid ing critical data on the i r  ultimate load capacity, tensi le strength ,  modulus of elastic ity, 

and  fa i lure modes. 

The # 1 0  GFRP bars (32 mm) were tested us ing 1 08- i n . - long (2750 mm) samples with a 29.5-

in. (750 mm) gauge length a nd 39.4- in .  ( 1 000 mm) anchors fi l led with expanding morta r. The 

results, deta i led in Table 2, showed an  average tens i le strength of 872 M Pa, with failure 

occurring due to rupture . A 7 .9-in .  (200 m m) extensometer was used to measu re the 

modulus of ela stic ity. 
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Table 2. Test results - Pultron M ateenbar 32.0 mm dia meter (10) 

Measured Measured 
Standard Tensile 

Mode Standard Cross Ultimate Tensile M od ul u s Ultimate 
Outside Minor 

diameter section Load Strength of Elongation Sample ID Diameter Diameter Failure 
Elasticity 

[ mm] [mm] [mm] [mm'] [ kN] [ MPa] [GPa] [6] 

MVX-BAR32-Sample#1 31.38 28. B5 28.7 645 471 730 57.B 1 .3D% Rupture 

MVX-BAR32-Sample#2 31.52 28. B3 28.7 645 592 918 54.9 1 .70% Rupture 

MVX-BAR32-Sample#3 31.47 28. B3 28.7 645 603 935 54.4 1 .70% Rupture 

MVX-BAR32-Sample#4 31.44 28.91 28.7 645 59G 925 54.B 1 .70% Rupture 

MVX-BAR32-Sample#5 31.51 28.91 28.7 645 550 353 57.2 1 .50% Rupture 

Average 31.46 28 .88 28.7 845 582 872 55.6 1.60% 

Number of Samples 5 5 5 5 

Standard deviation 55.1 85.5 1 .6 D.19% 

C0Vi 9.8% 9.6% 2.6% 12. 2% 

#1 1 GFRP bars (37.5 mm) followed the same test setup as #1 0 ba rs, with results summarized 

in Ta b le 3. The average tensile strength was 692 MPa, with  fai lure occurring  th rough rupture. 

These results confi rmed a trend of decreas ing tens i le stre ngth with increasi ng ba r d iameter, 

p r imar i ly due to the shear- lag effect. 

Table 3. Test results - Pultro n M ateenbar 37.5mm d i a m eter (#1 1 )  

Measured 
Sta nda rd Tensile 

Standard Cross Ultimate Ten sile Modu lus U ltimate Mode Outside 
Sample ID 

Diameter 
diameter section Load Strength of Elongation of 

area Elasticity Failure 
[mm] [mm] [mm-] [k N] [MPa] [G Pa] [6] 

MX-BAR3B-Sample#1 37.75 36.93 1 071 B42 786 56.5 1 .4 Rupture 

MVX-BAR3B-Sample#2 37.89 36.93 1 071 689 643 57 1 .1 Rupture 

MVX-BAR3B-Sample#3 37.78 36.93 1071 B36 780 53.1 1 .5 Rupture 

MVX-BAR3B-Sample#4 37.97 36.93 1 071 657 61 4 54.6 1 .1 Rupture 

MVX-BAR3B-Sample#5 37.91  36.93 1 071 681 636 51 .6 1 .2 Rupture 

Average 37.86 36.93 1 071 741 692 54.56 1 .26% 

Nu m ber of Samples 5 5 5 5 

Standard deviation 90.1 84.1 2.3 0.16% 

cove6 1 2.2% 1 2. 2% 4.2% 1 2 .3% 

#1 6 GFRP bars (50 mm) were tested us ing 1 1 8 in .  (3000 mm) long samples with a 39.4 in .  

( 1 000 mm) free length and  expanding mortar anchors. Test results ,  su mmarized in Ta b le 4,  

revealed an  average tens i le strength of 569 MPa.  Two sa m ples exh ib ited sli pping fai lure, so 

they were excluded from the average calcu lations. 
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Table 4. Test results - Pultron M ateen bar 50.0mm d i a m eter (#1 6) 

Measured 
Standard Tensile 

Outside Standard Cross Ultimate Tensile Modulus U ltimate Mode 
Sample I D  Diameter diameter section Load Strength of Elongation of 

area Elasticity Failure 
[mm] [mm] [mm'] [kN] [MPa] [GPa] [6] 

MVX-BAR5D-Sample#1 50.21 49.73 1 943 1 1 90  613 56.5 1 .1  Rupture 

MVX-BAR50-Sample#2 50.20 49.73 1 943 763 393 54.1 0.7 Slipped 
MVX-BAR5D-Sample#3 50.2B 49.73 1 943 1 1 46 590 52.5 1 .1  Rupture 

MVX-BAR5D-Sa mple#4 50.25 49.73 1 943 980 504 52.4 1 .0 Rupture 

MVX-BAR5D-Sample#5 50.24 49.73 1 943 802 41 3 56.8 0.7 Slipped 
Average 50.24 49.73 1943 1 1 06 569 54.0 1 .06% 

Nu m ber of Samples 5 5 5 5 
Standard deviation 1 1 0.91 57.08 2.37 0.0B% 
cove6 1 0.0% 1 0.0% 4.4% B.0% 

As expecte d ,  the te n si le stre ngth of G FR P  bars d e c reased w ith i nc re a s i ng d i a m ete r, 
fo l lowi ng a p red i cta ble t rend attri b ute d to shear-lag effects. Th e best-fitt ing c u rve 
sum m a rizi ng th ese re s ults i s  s hown i n  F igu re 1 2, provi d i ng i n itia l p red iction valu e s  for la rge­
d i a meter FRP b a rs u p  to 50 m m  (2 i n . ) . Th e se fi n d i ngs cont r i bute to t he d evelopme nt of 
d es i gn s pe c ifica tio n s  for la rge -d ia mete r FRP rei nfo rc e m e nt i n  structu ra l a p p li c at ions. 

1050 

950 
a 

A 

3 
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'a 
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• Mateenbar 3 2.0mm Diameter 
A Mateenbar 3 7. 5 mm Diameter 
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a 
� ° ■ a  

" ( • • • � ■., r • • • •-, • • r • � 
y = 0.9813x - 1O1x + 3099.4 

R = 0.7865 
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Figure 12. Results of the Mateenba r G F RP bars tested 

2.2.2. Un iversity of Sherbrooke 

55 

Under the s u pe rv i s i on of P rof. B ra h i m  B e n m okrane, the U n ive rs ity of She r b ro oke condu cted 
tensile test i n g on a sa nd-coate d G FR P  # 1 2  ( 38.1  m m) b a r, man ufactured by Pu lt ra ll I n c.,  
fo l lowi ng C SA S807-1 9 [ 37] a nd ASTM D 7 205/ D7205 M -06 [38] . The mechanical p rope rti e s  
a re p re s e nt ed in Ta ble 5 .  
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7able 5. Te st results - Pu ltra ll 

Sam ple I D  

U ltimate Tensile 
Te nsile U ltimate 

M odulus of Tensile 
Loa d  Strength 

Elasticity Strain 

[kN ] [MPa] [GPa] [%1 
#1 1 203 1 055 63 1 .70% 

The test specimen was instru mented with a n  LVDT over a 7.9 in .  (200 mm) gauge length to 
capture elongation. A com puter ized data acquis ition system recorded the a p plied load and 
stra in , and the tens i le modulus of elasticity (EL) was d eterm i ned from stress-stra in  curve 
values between 25% and 50% of the ten sile ca pac ity, based on  a nominal  cross-sectional  
a rea of 1 256 mm. The u lt imate load was 1 203 kN , with a tens i le strength of 1 055 MPa and 
e lastic modulus of  63 GPa . 

The test setup is  i llustrated in  Figure 1 3, and fa ilu re occurred due to longitudinal sp litting, as 
shown in  Figure 1 4 . These results provide valuable ins ights into the tensile behavior of la rge­
d iameter GFRP bars, contributing to design spec ifications and performance evaluation for 
structu ra l appl ications.  

Figure 13. Test setup 
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Figure 1 4. Close view of the te n sile fai lure 

2.2.3. Un iversity of Miami,  Structures and Materials Lab 

The Structures a nd Materia ls Lab (SM L) at the University of M ia mi ,  accredited under ISO 

1 7025-201 7, IAS TL- 478, a nd FDOT ISM028 , condu cted tensi le testi ng on #1 1 GFRP ba rs 

fol lowing ASTM D7205-21 . The study a imed to: ( i) ensure proper  anchorage, (i i )  achieve fu ll 

c ross-section  fa i lure (explos ive/broom' mode), and ( i i i )  evaluate the effect of gauge length 

(20D vs.  40D) .  

I n  collaboration with MST Rebar Inc . ,  specimens were prepared with a reduced anchor 

len gth based on previous research [39] . Figure 1 5  i l lustrates the test setu p, where bars were 

tested at d isplacement rates of 5 .0  mm/min (0.20 in ./m in) with gauge lengths of 27.5 i n .  (699 

m m) and 55  in .  ( 1 400 mm). The tota l spec imen lengths were 75.5 in .  ( 1 9 1 8  m m) and 1 03 in .  

(261 6 mm). 

Figure 1 5 . Test setup for e ach F R P  bar at both gauge length s  
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Re sults, summa r ized i n  Ta ble 6, confi rmed that shorter a nchorage lengths (24 in .  steel p ipe) 

were feasible, produc i ng con si stent full c ross-section failu re (explos ive/broom mode) 

(Figure 1 6) .  Th i s a l igns  with p rior stud ies, suggesting ASTM D7205 a nc horage 

recommendations  may be conservative. Add it ionally, tens i le properties remained 

statistically consistent between 20D and 40D gauge lengths, supporti ng existing fin d ings 

that gauge length does not s ign if icantly impact tens i le behav io r  [40]. 

Table 6. Test results of #1 1 FRP ba rs at both gauge lengths 

Tensile Force 
N ominal U ltimate Modu lus of 

Stra i n  
ela stic ity 

Coeff. Of 
Area Stre ngth 

Determination Specime n I D  Pa 
Fm 

E 

Anom Em 
kN kips mm in MPa ksi G Pa Msi 1 % 

TNS-01 1 005.54 226.1 999 . 1  1 44.9 53.6 7.77 0.9999 1 .86 

TNS-02* 1 007.26 226.4 1 000.8 1 45.2 58.2 8 .45 1 .0000 1 .72 

TNS-03* 944.04 21 2.2 1 006 1 .56 938.0 1 36.0 57.4 8 .33 0.9999 1 .63 

TNS-04 936.90 21 0.6 930.9 1 35.0 55.0 7 .98 0.9996 1 .69 

TNS-05 936.32 21 0.5 930.3 1 34.9 57.8 8 .38 1 .0000 1 .61 

Average 966.01 21 7.2 959.8 1 39.2 56.4 8 . 1 8  1 .70 

So-1 37.00 8.3 36.8 5.3 2 .0 0 .29 0.1 0 

CV (%) 3.8 3.8 3 .8 3.8 3 .6 3.6 5.9 

Figure 1 6. Representative F RP b ar explosive or broom type failure mode at both gage length s 

The stress-stra in  response for both gauge lengths, presented in  Figu re 1 7 , demonstrates that 

extensometer remova l midway thro ugh testing d id not influence results. These find i ngs 

contri b ute to refin ing tensile test procedu res for la rge-d iameter FRP ba rs, ensuring pract ical  

and eff ic ient testing methodologies for structural appl ications. 
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Figure 1 7. Stress vs. stain of # 1 1  F R P  bars at both ga u ge lengths (extensometer re moved halfway during the test) 

2.3. Large FRP Bars: Commercial Avai labi lity 

Currently, ASTM D7957 and ASTM D8505 spec ify the min imum requirements for FRP ba rs up 

to #1 0.  However, some manufacturers, inc lud ing ATP S. r.l . [41 ] and MST Reba r Inc .  [42], have 

successfully commerc ialized FRP bars la rger than #1 0. Other manufacturers, such as Sireg, 

Mateenbar, a nd Pultrall, have produced large-diameter FRP bars pri mari ly for research and 

deve lopment purposes.  

This chapter presents the Phys ico-mechanical properties of ATP and MST bars, includ ing 

stra ight and bent bars, as reported by manufacturers for structu ra l a nd tempora ry 

appl i cations.  Add itiona lly, examples of practica l appl ications for large-diameter FRP bars 

a re provide d .  This  i nformation is intended to h ighlight the commercial ava i lab i lity of la rge 

FRP bars and support their wider  adoption i n  design specifications  a n d  applications. 

2.3. 1 .  ATP FRP bars 

This section presents the material s p ecifications of ATP 's FRP bars ,  particu larly large­

d iameter bars greater tha n # 1 0, as  reported by the manufacturer. ATP offers both stra ight 

and bent ba rs, d istinguish ing between perma nent and temporary applications. 

For perma nent reinforced concrete (RC)  structures, ATP uses vinyl ester res in ,  ensur ing 

durab i lity for a min i mum service l ife of 50 years. Cu r rently, commerc ially availa ble 

permanent-use FRP bars are lim ited to # 1 0 .  The RWB-A rebar (v inyl ester res i n-based) 
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exhib its h igh tens i le strength,  modulus of elast ic ity, and u lt imate stra in, with detailed 

propert ies listed in Ta ble 7 .  The physica l  and mechanical  characterist ics, i n clud i ng glass 

content, glass transition temperature (T) , tra nsverse shear stre ngth, and bond strength ,  are 

tested per ASTM D2584, ASTM E1 640, ASTM D76 1 7, and ACI 440.3R. 

Table 7, ATP-RWB-A G FRP bars 

Size 
Diameter Area Ten s i le Strength 

[m m ]  [in] [m m ]  [in] [MPa] 

#2 6 0 .24 28 0.04 900 

8 0 .31  50 0.08 850 

#3 1 0  0 .39 79 0.1 2 830 

#4 1 3  0 .51 1 33 0.21 760 

#5 1 6  0.63 201 0.31 725 
#6 20 0 .79 314 0.49 690 

#7 22 0 .87 380 0.59 655 

#8 25 0 .98 491 0.76 620 

#9 29 1 . 1 4  660 1 .02 590 

#1 0 32 1 .26 804 1 .25 550 

Other p hysica l and mechanical characteristics Test method 

Volu metric glass content 60 % ASTM D2584 

T, of the resin (glass transition tem p e ra ture) � 1 00 °C ASTM E1 640 
Transverse shear strength >150 M Pa ASTM D76 1 7  

[ksi] 

1 31 

1 23 

1 20 

1 1 0  

1 05 
1 00 

95 

90 

86 

80 

Te nsile Modu lus 

of Ela sticity 

[G Pa] [ksi] 

46 6670 

46 6670 

46 6670 

46 6670 

46 6670 
46 6670 

46 6670 

46 6670 

46 6670 

46 6670 

Bond Strength >8 MPa ACI 440.3R (method B3) 

U ltimate 
Stra in 

[%1 

1 . 96 

1 . 85 

1 . 80 

1 . 65 

1 . 58 
1 . 50 

1 .42 

1 . 35 

1 . 28 

1 . 20 

For temporary RC structu res (typical ly with a service l ife of 24 months or less), ATP uses 

po lyester res in .  These FRP bars a re widely used in soft-eye tunnel construction and as  soil  

n a i ls or  soil screws in geotechn ical  a pplications. ATP produces r ibbed (RWB-N)  and 

standard surface (RWB-S) po lyester FRP bars ,  with s izes u p  to #1 6 commercia l ly ava ilable . 

Additionally, bent bars up to #1 0 are availa ble for temporary applications. The mechanical 

properties of RWB-N and RWB-S FRP ba rs, includ ing d iameter, tensi le st rength, modulus of 

ela sticity, and ultimate stra in ,  are detailed in  Tab le 8 and Table 9, with test methods specified 

u nder CNR DT203 standards. 

Table 8. ATP- RWB-N GFRP ba rs 

Dia meter Te nsile Strength 
Tensile Modu lus of Ulti mate 

Area 
E lasticity Str a i n  Size 

[m m ]  [ in] [m m] [(in] [ M Pa] [ksi] [GPa] [ksi] [%1 

1 6  0.63 201 0.31 725 1 05 40 5800 1 .81  

1 9  0.75 283 0.44 690 1 00 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 .1 0  6 1 5  0.95 590 86 40 5800 1 .48 

30 1 .1 8  707 1 . 1 0  570 83 40 5800 1 .43 

#1 0 32 1 .26 B04 1 .25 560 81 40 5800 1 .40 

36 1 .42 1 0 1 7  1 .58 560 81 40 5800 1 .40 

40 1 .57 1 256 1 .95 550 80 40 5800 1 .38 

50 1 .97 1 963 3.04 500 73 40 5800 1 .25 

Other physical and m echanical c haracteristics Te st method 

Volumetric gla ss content 60 % App. B CNR DT203 

T, of the resin (glas s  tra n s i t i o n tempe ratu re) � 80 °C 
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Table 9. ATP-RWB-S GFRP bars 

D i a meter Tensi le Strength 
Tensile Modulus of Ultim ate 

Area 
Elasticity Stra in Size 

[m m] [in] [mm] [in] [MPa] [ksi] [GPa] [ksi] [%1 
1 2  0 .47 1 1 3  0.1 8 750 1 09 40 5800 1 .88 

14 0 .55 1 54 0.24 755 1 09 40 5800 1 .89 
16 0 .63 201 0.31 725 1 05 40 5800 1 .8 1  

1 9  0 .75 283 0.44 690 1 00 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 . 1 0  61 5 0.95 590 B6 40 5800 1 .48 

30 1 . 1 8  707 1 .1 0  570 83 40 5800 1 .43 

# 1 0  3 2  1 .26 804 1 .25 560 B1 40 5800 1 .40 

36 1 .42 1 01 7  1 .58 560 B 1  40 5800 1 .40 

38 1 .50 1 1 34 1 .76 550 B0 40 5800 1 .38 
40 1 .57 1 256 1 .95 500 73 40 5800 1 .25 

50 1 .97 1 963 3.04 500 73 40 5800 1 .25 

Other physical and mechanical c haracteristics Test method 
T of the resin (glass tra n s i t i o n temperature) � 80 °C 

ATP a lso m a nufa ctures recta ngu la r a n d  circu la r c losed p olyeste r sti rru ps (STR- RWB a nd 

STC- RWB) fo r te m pora ry stru ctu res, with pro pe rt i e s  su m ma r ized in Ta ble 1 0. 

Table 10. ATP STR/STC-RWB GFRP rectangular and c i rcular stirrups 

D i a meter Tensi le Strength 
Tensile Modulus of Ultim ate 

Area 
Elasticity Stra in Size 

[m m] [in] [mm] [in] [MPa] [ksi] [GPa] [ksi] [%1 
10 0 .39 79 0.1 2 830 1 20 40 5800 2 .08 
1 2  0 .47 1 1 3  0.1 8 760 1 1 0 40 5800 1 .90 

1 4  0 .55 1 54 0.24 755 1 09 40 5800 1 .89 

16 0 .63 201 0.31 725 1 05 40 5800 1 .8 1  

1 8  0.71  254 0.39 690 1 00 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 4 91 0.76 620 90 40 5800 1 .55 

28 1 . 1 0  61 5 0.95 590 B6 40 5800 1 .48 

30 1 . 1 8  707 1 .1 0  570 83 40 5800 1 .43 

# 1 0  3 2  1 .26 804 1 .25 560 B1 40 5800 1 .40 

Other physical and m echanical c haracteristics Test method 
T, of the resin (glass tra n s i t i o n tempe ratu re) � 80 °C N ot reported 

A nota b le rea l-world a p p li cati o n  of large- d i a m eter FRP ba rs a nd b e n d s  i s  the Ve n ice M et ro 

Station ( Li ne C) i n  Ro m e ,  Italy, c u rre ntly u n de r  c onst ruct i o n  ( su m m e r  2024). The 
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undergro u nd faci l i ty spans eight levels, util iz i ng GFRP rei nforcem e n t in the soft-eye 
d iaphragm walls to fac il itate Tunnel  Boring Machine (TBM) excavation. 

The main d iaphragm panels measure 1 .50 x 2.80 meters, with excavation from +20.00 
meters to -66.5O meters above sea level. GFRP re i nforcement was implemented from -21 . 1 5 
meters to -65,90 meters, ensuring max imum versati l ity in  the metro line layout . F ive G FRP 
cages were constructed for peri meter and central d ia p h ragms, shown in  Figu re 1 8 , with 
insta llation in Figure 1 9 . 

.J.� IJI:-

I - � � - • � • - � � a � � � � � 

we w a � g  s g � a s s � • � . es  • � 

Passaggio linea D [ 

Figure 1 8. Transve rse cross-section - Venezia Station, Rome (Italy} 

Figure 1 9. I nstallation of a GFRP cage 
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The mechan ical  characterist ics of the GFRP bars used in  the project, including d iameter, 

characteri stic strength (fa) , modulus of elast ic ity (Ef), and characteristic tens i le fa i lu re 

stra in  (Es), are provided in  Table 1 1 . A 50/90-mm elliptical longi tudinal  GFRP ba r a nd a 32-

mm closed sti rrup a re shown in  F igure 20, demonstrating ATP's capa bi lity to manufacture 

and implement la rge-d iameter GFRP bars in  major i nfrastructure projects. 

Where: 

Table 1 1. Table 3 ASTM D7957/D7957M-22 - Geometric and mechan ical property requ irements 

Diameter fn, E, En 

[mm] [MPa] [MPa] [-] 
20 655 40 ,000 0 .0164 
32 560 40 ,000 0 .014 
40 500 40,000 0 .0125 

50/90 500 40,000 0 .0125 

f is  the characteristic strength of the GFRP re i nfo rcement (MPa) 

E i s  the normal modulus of elasticity (MPa) 

En is  the cha racteri stic tensile fa i lu re strain 

A is  the area (mm). 

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

A 

[mm] 
310  
B00 
1 250 
3920 
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2.3.2. MST FRP bar 

MST Rebar Inc. ma n ufactures MST-BAR,  offeri ng straight ba rs (s izes #2 to #1 1 )  and bent bars 

(sizes #3 to #8) for various structura l  applications. These ba rs are commonly used in 

concrete sla bs,  shear wal ls, bridge foundation s, h ighways, and h ighly corrosive 

envi ronments, including underwate r structures, coastal areas, and industri a l  s ites. MST-BAR 

has  also been used for hybrid steel-GFRP reinforced concrete solutions,  such as pier cap 

retrofitting a nd p ier  cage re inforcement, as shown in  Figure 21 . 

Figure 2 1 .  Pier ca p retrofitting (left) and pie r  cage GFRP re i nforcement (right) [40] 

The mecha n ical  properties of MST-BAR, includ ing la rge- d iameter bars ,  a re detailed in  Table 

1 2 . MST-BAR Grade I l l  has  an elastic modulus of 60 GPa, and tens i le strength values 

exceed i ng 1 000 MPa for most s izes. However, tensile prope rties for the #1 1 ba r a re not 

gua ranteed,  as val id  fa i lu re cond it ions could not be ach ieved pe r ASTM D7205.  
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Table 1 2. MST Reba r G F R P  straight bars G r a de III (E=60 G P8) 

Tensile Tensile Ultimate Unit Diameter Min. T e nsile Load Area Modulus of 
Size Strength Elasticity Strain weight/Length 

[mm] [in] [kN] [kip] [mm] [in] (MPa] [ksi] [GPa] [ksi] (%J [kg/m] Ib./ft] 

#2 6 D.24 33 7.4 32 0.05 1 03 1  1 50 60 8700 1 .72 D. 1 20  0.DB1 
#3 10 D.39 74 1 6.6 71 0. 1 1  1 042 1 5 1  60 8700 1 .74 D.220 0.1 48 
#4 1 3  D.51 1 32 29. 7 1 32 0.20 1 000 1 45 60 8700 1 .67 D.350 0.235 
#5 16 D.63 202 45.4 201 0. 3 1  1 005 1 46 60 8700 1 .67 D.5DO 0.336 
#6 2a D.79 2a5 64.1 285 0.44 1 000 1 45 60 8700 1 .67 D.7DO 0.470 
#7 22 D.B7 390 87.7 387 0.60 1 00B 1 46 60 8700 1 .6a D.9DO 0.6D5 
#B 25 D.96 507 1 1 4 . 0 491 0. 76 1 033 1 50 60 8700 1 .72 D. 1 22 0.DB2 
#9 29 1 . 1 4  650 1 46.1  645 1 .00 1 00B 1 46 60 8700 1 .6a 1 .4D0 0.94 1 

# 1 0  32 1 . 2 6 819  1 B4 . 1  8 1 9  1 .2 7  1 000 1 45 60 8700 1 .67 1 .720 1 .1 56  

#1 1 °  36 1 . 4 2 1 0DD  224.B 1DD7 1 . 56 993 1 44 60 8700 1 .66 2. 1 50  1 .4 4 5  

Other physical a nd  mechanical characteristics *Tensile properties of # 1 1  bar are NOT guaranteed 
Transverse shear strength 22D MPa (3 1 .9 ks:} 

>20 MPa (2900 Psi) 
due to the Inability to achieve a valid bar break per ASTM D7205. 

Bond Strength to concrete (min.} 
Strength to bend (straight portion) >90D MPa 
Strength to bend (bend portion R@=4±«) >6DD MPa 
T, of the resin (glass transition temperature) � 125 °C 

2.4. Design Guides and Material Specifications 

This  section presents a comprehensive review of national des ign gu i des and materia l 

spec if i cat ions for reinforced concrete (RC) structu ral e lements us ing FRP bars.  It covers 

materia l spec ifications, acceptance criteria ,  design gu idelines, a nd construction standards 

from the United States, Canada, and other international  sources, with a pr imary focus on  

North Amer ican standards. 

Most ex isting design specifications  a re l im i ted to FRP bars up to #1 0,  with only a few 

standards address ing #1 1 bars. However, spec if i cat ions for #1 1 bars are largely based on 

theoretical extra polations  or  l imited experimental data, high lighting the need for further  

research to refine des ign recommendat ions and performance criter ia  for la rge-dia m ete r FRP 

re inforcement. This section outlines the mater ial  specifications and acceptance crite ria fo r 

FRP bars, detai li ng standa rds from the United States, Canada, and i nternational bod ies.  

2.4. 1 .  Un ited States 

This section outlines the national  standards and des ign spec ifications governing the use of 

FRP ba rs in  re inforced concrete (RC) structures ,  includ ing those from ASTM and FDOT. These 

spec if icat ions prima r i ly cover FRP bars up to # 1 0 ,  with #1 1 bars i n cluded on ly through 

extrapolation from smaller bars.  

ASTM D7957/D7957M-22 [43] is the fi rst ASTM sta ndard for GFRP bars, referenced in  ACI 

440. 1 1 -22.  It specifies requ i rements for soli d round GFRP bars up to #1 0, with a min imum 

modulus of  elast i c ity of 44.8 GPa (Tab le 1 3). ASTM D8505/D8505M-23 [44] expa nds coverage 
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to include both GFRP a nd BFRP bars ,  with a h igher m inimum modulus  of 60.0 GPa ,  but still 

l imits the largest s ize to #1 0 (Ta ble 1 4) .  

Table 13. Table 3 ASTM D 7957/D7957M-22 - Geometric and m echanical property requirements 

Designated Sta ndard Measured Minimum 
Cro s s  C ross-Sectional Area Guaranteed 

Bar Size Designation d ia mete r section area Strength 
mm [in*] 

mm [in] mm [in] M in. Max. k N  [ki p] 

M 6 [ 2] 6.3 [0 . 250] 32 [0 . 049] 30 [0 . 046] 55 [0.085] 27 [6. 1 ] 
M1 0 [ 3] 9.5 [0 . 375] 71 [0 . 1 1 0] 67 [0 . 1 04] 1 04 [0.1 61 ] 59 [1 3 . 2] 
M 1 3 [4] 1 2 . 7 [0 . 500] 1 29 [0 . 200] 1 1 9 [0 . 1 85] 1 69  [0.263] 96 [21 . 6] 
M16 [5] 1 5 . 9 [0 . 625] 1 99 [0 . 3 1 0] 1 86 [0 . 288] 251 [0.388] 1 30 [29. 1 ]  
M1 9 [ 6] 1 9 . 1  [0 . 750] 284 [0 .440] 268 [0 . 4 1 5] 347 [0.539] 1 82 [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] 51 0 [0 . 790] 476 [0.738] 589 [0.913] 297 [66 . 8] 
M29 [ 9] 28 . 7 [ 1 . 1 28] 645 [ 1 . 000] 603 [0 . 934] 748 [1.1 59] 365 [82 . 0] 

M32[1 0] 32. 3 [ 1 .270] 81 9 [1 .270] 744 [ 1 . 1 54] 950 [1 .473] 437 [98 .2]  

Table 14. Table 3 ASTM D8505/D8505M-23 - Geometric and m echanical property requirements 

Standard Meas ured Minimum M inimum 
Bar S ize Designated Cross Cros s-Section a l  Are a Guara nteed Bond d i a meter 

Designation section area Strength Strength 
mm [in] 

mm [in] m m  [in] Min .  Max, kN [kip] M Pa [psi] 
M6 [2] 6.3 [0 .250] 32 [0.049] 30 [0.046] 55 [0.085] 33 [7.4] 

M 1 0  [3] 9.5 [0 .375] 71 [0.1 1 0] 67 [0 .104] 1 04 [0.1 6 1 ] 71 [16.0] 
M 1 3 [4] 1 2 .7 [0 . 500] 1 29 [0 . 200] 1 1 9 [0.185] 1 69 [0.263] 1 24 [27.9] 9.6 
M 1 6  [5] 1 5.9 [0 . 625] 1 99 [0 . 31 0 ] 1 86 [0.288] 251 [0.388] 1 8 1 . 5 [40.8] [ 1 400] 
M 1 9  [6] 1 9 . 1  [0 .750] 284 [0.440 ] 268 [0.41 5] 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] 5 1 0 [0 . 790] 476 [0.738] 589 [0.913] 422 . 1  [94.9] 

7.6 M29 [9] 28.7 [ 1 . 1 28] 645 [ 1 . 000] 603 [0.934] 748 [ 1 .1 59] 5 1 1 .5 [1 1 5.0] [ 1 1 00] 
M32 [1 0] 32.3 [ 1 . 270] 8 1 9 [1 .270] 744 [1 .1 54] 950 [1 .473] 617.0 [1 38.7] 

FDOT Standard Specifications, Section 932-3 [45] , out line mater ial req u i remen ts for GFRP 

and BFRP bars in h ighway and br idge construction ,  as referenced in  the FDOT Structures 

Manual, Vol. 4. Unl ike ASTM standards, FDOT spec if icat ions inc lude bars up to #1 1 (Table 

1 5). However, #1 1 bar propert ies are der ived from extrapo lated data us ing a conservative 

best-f it trend, rathe r than extens ive experimenta l testing. The cross-sect ional a rea and 

ultimate capa city of FRP re i nforc i ng bars #1 1 a n d  s mal ler conform to the require ments li sted 

in  §932-4.2 of FDOT FY2024-25 spec i fications [46]. 
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Table 15. Table 932-8 FDOT FY2024-25 - Sizes and tensile loads of FRP reinforcing bars 

Nominal Measured I Minimum Guaranteed Tensile Load Minimum Nominal Ultimate Tensile Stress 
Nominal Cros5-Sectional Cross 

I Bar 
Sectional Area [ kips] [ksi] 

Diameter 
Area [ in'] CFAP CFRP � 

Ba r Size 
Designation BFRP BFRP [Type II) BFRP & BFRP & ype l) 

GFRP GFRP single CFRP GFRP GFRP Single CFAP 
Bars Bars 

[ i n tin'] Min. Ia3_ 
Bars Bars 5 7- Bars Bars � 7-

[Type o ) [Type I 1 I ) Wire 
[Type I) 

[Type0] [Type Il l ) Wire 
[Type I} 

Strands Strands 

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 1 0.3 1 32.6 1 60.9 - 223.9 

2.8-CFRP 0.2B 0.051 0.048 0.085 - - 1 3 . 1 - - - 272.9 -

3 0.375 0. 1 1  0. 104 0.1 61 1 3 .2 1 6  20.9 1 26.9 153.8 - 201 .0 

3.8-CFRP 0.3B 0.09 0.067 0.1 34 - - 23.7 - - - 272.4 -

4 0.5 0.2 0. 1 85 0.263 21 .6 27.9 - 33.3 1 1 6.8 150.8 - 1 80.0 

5 0.625 0.31 0.2B8 0.388 29.1 40.8 - 49.1 101.0 141 .7  - 1 70.5 

6 0.75 0.44 0.415 0.539 40.9 57.3 - 70.7 98.6 1 38.1 - 1 70.4 

6.3-CFRP 0.63 0. 1 9  0. 184 0.242 - - 49.B - - - 270.7 -

7 0.875 0.6 0.565 0.713 54. 1  75.8 - - 95.8 1 34.2 - -

7.7-CFRP 0.77 0.29 0.274 0.355 - - 74.B - - - 273.0 -

B 1 0.79 0.738 0.913 66.8 94.9 - - 90.5 1 28.6 - -

9 1 . 1 28 1 0.934 1 . 159 82 1 1 5 - - B7.8 1 23.1 - -

1 0  1 .27 1 . 27 1 . 154 1 .473 98.2 1 38.7 - - B5.1 1 20.2 - -

1 1  1 .41 1 . 56 1 .5 1 1 .7 1 05.8 1 60 - - 70.5 1 06.7 - -

* large-tow carbon fiber 

The trend of tens ile strength for Type 0 and Type I l l  bars ( low and h igh modulus, respectively) 

demonstrates that ultimate strength decrea ses with increasing cross-sectional a rea, as 

illustrated in  Figure 22.  This trend high lights the need for fu rther experimenta l validation to 

refine d esign specif i cat ions for la rge-d ia m eter FRP rei nforcement in  structura l applications. 
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AC I 440 . 1 1 -22 [47] i s  the primary bu i ld i ng code for des igning concrete structures reinforced 

with GFRP bars .  I t  references ASTM D7957 for material specifications and follows a structure 

similar to AC I 31 8 ,  allowing designers familiar with steel re inforcement to tra ns it ion more 

easi ly to GFRP des ign. 

AC I PRC -440. 1 -1 5  [48] was the first des ign gu ide developed by ACI 440 fo r GFRP-re inforced 

concrete structures.  It is currently under review by the AC I 44O-H Sub-Committee to align 

with ACI 440. 1 1 -22 and potent ia lly i ncorporate new topics , such as  BFRP bars (per ASTM 

D8505) , shear friction provisions, and updated development length require ments .  Unlike 

AC I 440 . 1 1 -22, this guide is advisory and does not use mandatory language. 

AASHTO LRFD B ri dge Design Guide Spec ifications for G F RP- Re i nforced Concrete [1 ] serves 

as  the pr imary des ign gu ide fo r i nfrastructure projects, pa rticula rly bridges reinforced with 

GFRP bars .  The second ed it i on (201 8) enables the comprehens ive des ign of all b ri dge 

elements us ing GFRP re inforcement. 

The FDOT Des ign Manual 2024 V.4 [45] outl ines state-specific methodologies fo r design ing 

transportation stru ctures reinforced with GFRP and BFRP bars ,  ensur ing compliance with 

Florida Depa rtment of Transportation (FDOT) requ i rements. 

AC I 440.5-08 [49] i s  the standard spec ification for construction  procedures involv ing FRP 

re inforc i ng ba rs. It establi shes the necessary procedures a nd quality control measures to 

ensure that concrete structures re i nforced with FRP bars meet the requ i red standards for 

structu ra l i ntegrity a nd performance. Th i s  document serves as  a gu ideli ne for contractors 

and engi neers, ensuring that FRP reinforcement is pro perly installed and that c onstruct ion 

pract ices align with industry standards. 

2.4.2. Canada 

CSA S807:1 9 [37] i s  a Canad ian spec if icat ion covering FRP bars made from aramid, basalt, 

carbon,  or E-CR glass f ibers. The largest bar s ize included i s  #1 1 (36 m m),  as shown i n  Table 

1 6 . However, the va lues provided are based on lim ited testi n g data , so users should exe rc ise  

caution when applying them in  structura l  design . 

Table 1 6. Ta ble 1 CSA S807: 1 9 - Designated bar diameter a nd n om i nal a rea 

De s ignated Diamete r 

[m m ]  

6 

8 

1 0  

1 3  

1 5  

20 

22 

Nominal Cross Sectional 

Area [m m *] 

32 

50 

71 

1 29 

1 99 

284 

387 

M easured Cros s-Sectional Area [m m*] 

Min. Max. 

30 55 

48 79 

67 1 04 

1 1 9  1 69 

1 86 251 

268 347 

365 460 
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De s ignated Diamete r 

[m m ]  

2 5  

30 

32 

36 

Notes: 

Nominal Cross Sectional 

Area [m m ]  

51 0 

645 

81 9 

1 006 

M easu red Cros s-Sectional Area [m m*] 

Min. Max. 

476 589 

603 733 

744 894 

956 1 1 57 

( 1 )  The nominal cross-sectional area is not based on designated diameter. These designated diameters shall be used for the 
calcula tion of the bond s trength and the apparent horizontal shear strength. 

(2) These nominal cross-sec tional area values shal! be used for the determina tion of properties. 

The nominal cross-sect ional a rea for FRP bars is  not d irectly based on the design ated 

d ia meter, mean i ng that bond strength a nd apparent hor izonta l shear st rength calculations 

must use specific designated d iameters. Add i tionally, these nomina l c ross-sectional a rea 

values are required for determ in ing  mecha n ical  properties of FRP bars. 

This specification rep resents one of the few design documents that extends coverage to #1 1 

ba rs, though further  research and validation a re necessa ry to confirm the re lia b ility of the 

provided va lues. 

CSA S806: 1 2  (R2021 )  [50] provides des ign a nd con struct ion guidelines for bu ild i ng 

structu res re i nforced with various  types of FRP materials, including aramid (AFRP), carbon 

(CFRP),  and glass (GFRP) fibers. Un like AC I 440 . 1 1 -22,  which  is limited to GFRP bars, this 

Canadian sta ndard covers a broader ra nge of FRP mater ia ls, allowing for more d iverse 

re inforcement a pplications in  b u i ld i n g construction.  

CSA S6 :1 9 Canad ian  H ighway Bri dge Des ign Code [51 ]  serves as  Canada's primary standard 

for tra nsportation i nfrastructure, includ ing bridges rei nforced with FRP bars.  Chapter 1 6  

spec if ically outlines design provis ions for F RP-re i nforced st ructures ,  ensuring that FRP 

materials a re integrated safely and effectively i nto Ca nad ian trans portation projects. 

2.4.3. International 

AC454 [52], issued by the ICC Eva luation Service, establishes the test methods and 

evaluat ion cr iteria for GFRP and BFRP bars used i n  i nterna l  reinforcement of concrete 

members .  Th i s cr iterion references ASTM D7957 and applies to bars up to size #1 0 ,  ensur ing 

compliance with industry standards for structu ra l applicat ions .  

AC521 [53] serves a s im ilar purpose but is ta i lored for non-structura l  concrete elements . It 

a lso references ASTM D7957 and applies to FRP bars a nd meshes up to s ize #1 0 .  These 

criteria help standardize the performance assessment of FRP rei nfo rcemen t , though they do 

not extend to larger ba r s izes beyond #1 0 .  
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3. Test Plan for #1 1 FRP Bar Mechanical Characterization 

This report presents a comprehensive test i ng plan for #1 1 FRP ba rs intended for waterl ine 

p i le cap footings in br idges. The physico-mechanical c h a ra cter ization of these bars is 

essential fo r ensuring structural  performance and long-term reliab i lity. Accurate and 

standard ized testing assesses tensi le strength, bond stren gth, shear stre ngth, a nd other 

critica l properties necessary for their implementat ion in  bridge des ign. 

Al l tests a re conducted following ASTM standard s, ensuring consistency and reliabi l ity in  the 

results. The testing protocols a lign with Flo r i d a Depa rtment of Transportat ion (FDOT) 

specif icat ions ,  pa rticu la rly Section 932-4 Fiber Reinforced Polyme r (FRP) Reinforcing Ba rs 

and Mater ia ls Ma nual  Section 1 2 . 1  Volume I I  Fiber Reinforced Polymer Composites [1 ]. 

These standard ized procedures help establishi ng mater ia l  acceptance criter ia  and suppo rt 

the safe adoption of la rge-dia m eter FRP bars in t ransportation infrastructure . 

This document provides a test p lan to meet Task 2: Test Plan fo r #1 1 Bar Mechanical 

Chara cteri zation u nder  the task work order t itled 'Waterline Pile Cap Footings fo r Bridges 

Using Large D iameter FRP Reinforcing - Mater ial  Cha racterizat ion a nd Design .' The 

document is developed in  accordance with applicable references from the Flori d a 

Department of Transportation (FDOT) Section 932-4 Fi b er Re i nfo rced Polymer (FRP) 

Reinforcing Ba rs and Materials Manual  Section 1 2. 1  Volume I I  F iber  Reinforced Polymer 

Composites , as well as the task work order needs and cur rent researc h pract ices .  The goa l 

is to establ ish a test plan to evaluate large dia meter glass fi ber re i nforced polymer (GFRP) 

ba rs with a nominal  s ize of #1 1 ( 1 .375 in . ) .  The tests methods used for the qual ification test 

progra m are summarized in Table 1 7 . 

Table 1 7. Summary of standard test methods for the qualification tes t  program 

Test Desc ript ion 

Fibe r Mass Fract i o n  

M oi s ture Absorption 

Glass Transition 

Temperature 

Degree of Cure 

Measured Cross­

Sect ional Area 

Te ns i le Properties 

(Load and Modulus) 

ID Test 

Meth od 

FC 

M A  

TG 

DC 

MXA 

TN S 

ASTM Standard Test Reference 

ASTM D2584-1 8 Standard Test Method for I gn i t ion Loss of Cured 

Re i nforced Resins [ 54] 

ASTM D570-22, Stand ard Test Method for Water Absorpt i on  of Plastics. 

Section  8 . 1 for short term an d Section  8 .4 for long term [55] 

ASTM E1 356-23, Standa rd Test M ethod for Ass ignment of the Glass 

Transition Te mperatures by D iffe rentia l Scan n i ng calorimetry [4] 

ASTM D7028-07(201 5), Standard Test Method fo r Glass Transiti on  

Tem perature (DMA) of Polyme r  M at r ix C o m posites by Dyn amic 

M ec han ical Analysi s {D MA) [56] 

ASTM E21 60-04 (201 8 ) ,  Standard Test Method for H eat of React ion of 

Therma lly Reactive Materi als by D ifferenti al Scann ing C a lo ri m et ry [57] 

ASTM D7205/D7205M-21 , Stand ard te st method for Tensi le Properties 

of Fiber Reinfo rced Polym er Matrix Composite Bars, Section 1 1 .2 . 4. 1 . 

ASTM D792-20, Standard Test Methods for D e nsi ty and Specific Gravity 

(Relative Den sity) of Plastics by D is placement [58] 

ASTM D7205/D7205M-21 , Stand ard test method for Ten sile P ro p erties 

of Fiber Reinforced Polym er Matrix Composite Bars [59] 
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Test Desc ript ion 

Alka line  Resistan ce 

with n o  Load 

Tra n sverse Shear 

Strength 

H orizontal Sh ear 

Strength 

Bond Strength to 

Concrete, Bl ock P u ll­

Out 

ID Test 

Meth od 

AR 

TSS 

HSS 

1BS 

ASTM Standard Test Reference 

ASTM D7705/D7705M - 1 2 (201 9). Standard Test Method for Alkali 

Res i stance of Fibe r  Reinforced Polymer (FRP) Matrix Composite Bars 

used i n  Co ncrete Construct io n, P roced ure A [60] 

ASTM D76 1 7/D7617M- 1 1 (201 7). Stand ard Test Method for Tra n sverse 

Shea r St rength of F i ber-Rei nforced Po lymer Matrix Com p osite Bars [61 ]  

ASTM D4475-2 1 ,  Stand ard Test Meth od for App arent Horizontal Shear 

Stre ngth of Pultrud ed Reinfo rced Plastics R ods by Short- Beam Method 

[62] 

ASTM D791 3/D7913M - 1 4(2020). Stan dard Test Method fo r Bond 

Strength of Fi b er-Rei nfo rced Polymer Matrix Compos ite Ba rs to 

Conc rete by Pullout Test i ng [63] 

ASTM C 39-20, Standard Test Method for C o m p ressive Strength of 

Cyli ndrical Concrete Spe ci m e ns [64] 

Testing of the proposed plan is carried out by the U n ivers ity of M iami ,  St ructures and 

Mater ials Laboratory (SM L) .  All tests are performed by and u nder  the supervis ion of SML. 

SM L is a qua lified laboratory by the Florida Depa rtment of Transportat ion (FDOT) under 

labo ratory number ISM028 a nd has met the requirements of the International Accre d itat ion 

Service ( IAS) AC89 (Accred itat ion Cri teria for Testi ng Laboratories) . This demonstrates 

compliance with ANS/ISO/IEC Standard 1 7025-201 7, "Genera l  requirements for the 

competence of test ing a nd cal ib rat ion la boratories," and the laboratory has been accred ited 

for the  test methods listed in  the approved scope of accred itation under Test ing La boratory 

#TL-478 . 

In it ia lly, the project included the character ization of one GFRP and one BFRP #1 1 bar  type. 

However, due to the d iff i c u lty in  f inding a BFRP manufactu rer capable of produc ing bars in 

the #1 1 s ize, two GFRP #1 1 ba r types were eva lu ated , as agreed with FDOT. The selected 

manufacturers are MST and Pultrall .  Figu re 23 a nd Figu re 24 show typical rebars made by the 

two d ifferent manufacturers. 

The com prehens ive test plan o u tli n es the specific Phys ico-mechan ical propert ies  to be 

evaluated,  the ASTM standards to be adhered to, and  the deta i led procedures to be followed 

to ensure accurate and relia ble results . 

Figure 23. FRP bar manufactured by Pultrall 
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Figure 24. FRP bar manufactured by MST 

3.1 .  Specimen ID Nomenclature 

Al l proposed test specimens including mechan ical, physical and durab i lity tests will be 

u n iquely la beled and identified for quality and traceabil ity purposes us i ng the format 

d escrib e d below. The detailed spec imen identification ( ID)  nomenclatu re i s  sum marized in 

Table 1 8Table 1 8 : 

CCC-PP TTTEEXX 

where, 

CCC , refers to compa ny reference; 

PP, refers to the product / sam ple u nder eva luation ;  

TTT, refers to the test type or m e c h an i cal property; 

EE,  refe rs to the type of exposure; and 

XX, i s  the spec i men repetit ion nu mber. 

Nomenclature 
CCC,  Com p any Reference 

PPP, Product / Sample 
TTT, Test Type 

EE, Exposure 

XX, Specimen no. 

Table 18. Specimen identification (ID) nomen clature 

Reference Definition Detail 

V-Rod/Pu lt ra l l  

MST-Ba r 
Stra ight Glass FRP straight bar - Nomina l Size 1 1  
Fi be r Co ntent 

G lass Transit io n  Te mperature 

Degree of Cure (Total  Enthalpy of Polymer i zation) 

Measu red Cross Sectional Area 

Tensile Pro perties 

Transverse Shea r Strength 

Horizontal Sh ear Stre ngth 

Bon d Strength to Co ncrete 

Moi sture Absorption 

Control/benchmark tests (laboratory conditions) if applicable 
Alka l ine Resistance without Load 

Specimen Repetition Number 

ID 

PUL 

MST 

1 1 S  

FC 

TG 

DC 

M XA  

TN S 

TSS 

H SS 

BS 

MA 

cc 

AR 

as 
appl icable 
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3.2. Test Program 

The following section  provides a detailed test p rogram for the approva l and q ualificatio n of th e 

p roducts under evaluation, which is summarized from Tab le 20 to Table 21 . Th e test program is  

developed, and i n  compliance, with th e sampl ing and test requirements referenced within per 

FDOT's Materials Manual Section 1 2. 1  Volume I I  Fiber Reinforced Polymer Composites and FDOT's 

specification Section 932 for Nonmeta lli c Accessory Materials for Concrete Pavement and Concrete 

Structu res, su b -section 932-4.3, Table 932-8. The specimen ID nomenclat ure is used with in  the 

tables (refer to Table 1 7  for defin itions .  Table 20 to Tab le 2 1 include: the product type, the test type, 

the exposure/aging condit ion, the number of test repetit ions pe r lot ; as well as the specification 

requirement (i.e. pass/fail acceptance criteria) for each test method and p roduct as appli cable. Note 

that the number of test repetition reported herei n ,  i s  equal to or exceeds the  requi rements set forth 

with in Mater ials Manual Section 1 2 . 1  Volume I I .  Results a re based on the reported results. 

Table 1 9. Test program for physical properties 

Minimum 
Company-Product-Shape Test ID TYPE of Repetitions Materials Manual 

exposure per Section 1 2. 1  
CC-PP MMM E E  Manufacturer Table 1 

(Single Lot) 

Fiber Mass Content 
ASTM D2584, Standard Test Method for Ignition Loss of Cured Reinforced Resins 
PUL- 1 1 5 

FC CC 5 2 70 % 

MST - 1 1 S 
Glass Transition Temperature 
ASTM E1 356 Standard Test Method for Assignment of the Glass Transition Temperatures bv Differential Scannina Calorimelrv 
PUL- 1 1 5 TG � 100°C (21 2°F) 

CC 5 
MST - 1 1 S based on DSC 

Degree of Cure 
ASTM E2160, Standard test method for heat of reaction of thermally reactive materials by differential scanning calorimetry 
PUL- 1 1 5 DC CC 5 � 95 % 
MST - 1 1 S 
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- 1 1 5 
> Q6B mnr (1 . 500 In� MXA CC 5 

MST - 1 1 S 
< 1 097 mm (1 .700 in 
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Table 20. Test program for mechanical properties 

Minimum 

Company-Product-Shape Test I D  
TYPE of Repetitions Materials Manual 

exposure per Section 1 2. 1  
CC-PP MMM 

E E  Manufacturer Table 1 
(Single Lot) 

Guaranteed Tensile Load and Tensile Modulus 
ASTM D7205/D7205M, Standard test method for Tensile Properties ol Fiber Reinforced Polymer Matrix Composite Bars 

PUL- 1 1 5 
Type 0 bars 2470 kN ( 1 05 .8 ki p) 
4 4.8 GPa (6.5 Msi) 

TNS CC 1 0  
MST - 1 1 S Type I ll bars 71 2 kN ( 1 60.0 kip) 

� 58.6 GPa (B.5 Msi) 

Transverse Shear Strength 
ASTM D761 7/D7617M, Standard Test Method for Transverse Shear Strength of 
F iber-Reinforced Polymer Matrix Composite Bars 

PUL- 1 1 S 
TSS � 1 52 MPa 

CC 5 
MST - 1 1 S (22 ksi) 

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

PUL- 1 1 5 
TSS 238 MPa 

CC 5 
MST - 1 1 S (5. 5 ksi) 

Bond Strength 
ASTM D791 3/D7913M, Standard Test Method for Bond Strength of F iber-Reinforced Polymer Matrix Composite 
Bars to Concrete by Pullout Testina 

PUL- 1 1 5 
BS Type 0 bars 7.6 MPa ( 1 . 1 ksi) 

CC 5 
MST - 1 1 S Type I l l  bar s 9.7 M Pa ( 1 .4 ksi) 

Table 2 1 .  Test program for durability properties 

Minimum 

Company-Product-Shape Test I D  
TYPE of Repetitions Materials Manual 

exposure per Section 1 2. 1  
CC-PP MMM 

E E  Manufacturer Table 1 
(Single Lot) 

Moisture Absorption 
ASTM D570, Standard Test Method for Water Absorption of Plastics, PROCEDURE 7 . 1  and 7.4 

PUL- 1 1 5 � 0.25 % post 

MA 
24 hrs. at 50°C ( 1 22° F) 

CC 5 
MST - 1 1 S s 1 .0 % saturation at 50°C 

( 1 22° F) 

Alkal ine Resistance with no Load 
ASTM D7705/D7705, Standard test method for Alkali Resistance of F iber 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- 1 1 5 
TNS 2 70% of tensi l e strength AR 5 

MST - 1 1 S retention 
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3.3. Testing of Representative Products 

Sa mpl ing for the V-Rod/Pu ltra l l  and MST Bar  FRP bars under evaluat ion was con ducted 

u nder the supervis ion of FDOT personnel per FDOT spec ification s. 

Upon a rr iva l of the products for evaluation to the test ing laboratory, the packages were 

acknowledged a nd identif ied to account for a ll the products a nd their batch numbers for 

qual ity assurance purposes. Al l  products were then i nd iv idua l ly i nspected to ensure validity 

fo r testing, free of damage, contaminat ion ,  or other criteria deviating from be ing 

representative of the standard ma n ufactured products as in it i a lly sampled based on S M L  

standard operat ing procedures. 

Table 22 provides a summary of the products u nder evaluation and the identification 

provided by the manufactu rer for quality a nd tracea b ility purposes. 

Table 22. FRP produc t manufacturing traceability references 

Product Ide ntification 

Pultrall #1 1 Glass FRP Straight Bar 

MST Bar #1 1 Glass F RP Stra ight Ba r 

3.4. Test Data 

M anufa cture Production Reference 

241 4002- 1 1 -60 

1 5M .G RADE1 I I .25368.S.204. 2024 

Al l the test results pre sented herein a re l inked through unbroken cha in  to the raw data f iles 

recorded on the day of the test. Deta ils rega rd ing raw data can be found in  the technical test 

record com pleted at the time of the tests . 

An a lyzed data is  obta ined d i rectly from the raw data obtained during testing, from wh ic h the 

test resu lts a re presented .  Th i s report contains analyzed tabulated data resu lts of each test. 

Add itionally, as part of the standard operating procedures and qual ity assurance of the SML, 

inte rmed iate checks of the data analysis are performed at various stages of the data analys is 

process reduc i ng the possible analys is errors . 
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4. Physico-mechanical Testi ng of #1 1 Bars 

Th is  section provides the tests resu lts to meet Task 3 of the project: Phys i co-mecha n ical 

testing fo r #1 1 Bars under  the task work order titled 'Waterline P i le Cap Foot i ngs for Br idges 

Us ing Large Diameter FRP Reinforcing - Material Character ization a nd Des ign . '  

The FRP ba rs ma n ufactured by V-Rod/Pultra ll had a sand coated surface fi n ish and the FRP 

ba rs man ufactured by MST-Bar had a grooved surface fin ish .  Table 23  summa rizes the bar 

product/s under evaluat ion, includ ing the identif ication (ID) within th i s  report. 

Product No. 

2 

Product 

Size 

# 1 1 

# 1 1 

Table 23. Products under evaluation 

Product Description Report ID 

V-Rod/ Pultrall 

Glass FRP straight bar #1 1 with sand coated surface 
PUL_1 1 S  

M ST- Bar 

Glass FRP strai ght bar #1 1 with grooved surface 
M ST 1 1 S 

Figure 25 and Figure 26 show the #1 1 FRP bars from Pu ltrall and MST as rece ived by the 

manufacturers to be tested at University of Miami . 

Figure 25. FRP s traight bar # 1 1  manufactured by Pultrall. 

1 is 1 9 � 
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. 

Figure 26. FRP straight bar #1 1 manufac tured by MST-Bar. 

3 
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The following  sub-sections, sum ma rize the testi ng resu lts for each of the Physico­

mechan ical 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 f iber  content by mass of the products under evaluation based on ASTM 
D2584. 

The spec imens were cut from different randomly selected locat ions from sample ba r to the 
prescr ibed d imens ions using a h igh prec is ion b lade saw and condit ioned under laboratory 
ambient conditions for at least 40 hr. at room temperature , 23 ± 3°C (73 ± 6°F) and 50±1 0% 
re lat ive humid ity. Refe r to Table 24, which includes the test specimen nom inal  length, test 
location ,  and date . Representat ive p ictu res of specimens before and after testing are 
prov ided in F igure 28. 

Spec imen ID 

PUL_1 1 S_FC_0 1 to 05 

MST_1 1S_FC_0 1 to 05 

Table 24. Specim en s um mary information 

Specimen Nominal 

Length 

25 mm (1 .0  in .). 

Test Date 

mm/dd/yy 

10/28/24 to 1 0/29/24 

10/3 1 /24 to 1 1/0 1 /24 

Test 

Location 

SML  

Tests were conducted under la b oratory a m bient conditions by qualified personnel .  The date 
of each test, techn ical personnel ,  variations to the test method as a p plica ble, calibration 
information fo r instruments and equipment used in  all measure ments , identification of the 
materia l tested, temperature and  humid ity of testing la b oratory, and othe r appl icable test 
data or  details are prov ided i n  the techn ical  data sheet: TDS-FC-FDOT that can be fou nd 
onl ine per request. 

Spec imens were p laced in  p re-heated crucibles and pla ced i n  a furnace at 565 ± 28°C ( 1 050 
± 50°F) until a l l  carbonaceous material d isappeared,  as shown in  Figure 27 a nd Figure 28. 
Weight measurements in  a h igh prec ision m icroscale were taken to the nearest 0 .0001 g 
(2.2* 1 0" lb. ) before and after to determine the f iber  content as per ASTM D2584, where a 
desiccator was used to p lace the specimens wh ile cooling down to avoid a bsorpt ion of ai r  
moisture by the dry fi bers . 

The resu lts reported here i n have been computed per ASTM D2584 us ing the parameters 
defi ned i n  Table 25 . Note that sand granu les (as applica ble) were separated from the 
calculat ion, so that on ly the d ry fiber weight afte r ign ition was measured i n  order  to obtain 
the actual fibe r content. 

Symbol 

RC 

FC 

Table 25. Fiber content parameter definitions and calculation s 

Parameter 

Weight 

Res in  content 

Fi ber content 

Description 

Weight of bar sp ecimen 

Weight of residue, f ibers on ly 

Ignition loss = [(W1 - W2)/W1 1*1 00 

100 - [ (W1 - W2)/W1 1* 1 00 
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Based on the experimental tests presented herein the fibe r content by mass results  are 

sum marized in  Tab le 26 . Tabulated test results a re reported i n  a ppendix A .  

Test lD 

PUL_ 1 1 SFC 

MST1 1 S_FC 

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

Number  of Teste d 
Specim ens 

5 

5 

Fi be r  Content 
FC 
% 

84 

81  

Materials Manual 

Sectio n 12.1  
Table 1 

Specification 
(% by weight) 

� 70% 

Acceptance  
Criteria 

PASS 

Glass FRP bars with nominal size #1 1 for ma nufactu rers V-Rod/Pu ltra ll and MST-Bar, com ply 

with the requ i rements esta bl ished in  Tab le 1 Phys ical  and  Mecha n ical  Property 

Requ i rements fo r Stra ight FRP Re inforcing Bars of the FDOT's Materia ls Ma nual  Section 1 2. 1  

Volume I I  Fiber Reinforced Polymer Composites by havi ng an average Fiber Content by 

weight greater or equal  to 70% a nd a coeffic ient of variance less or  equal to 1 5%. 

Figure 27. Fiber content  furnace test  setup 
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(b) 

(c) (d) 

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

tes ting a nd (d) pos t-test (ignition) for MST-Bar 
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4.2. Glass Transition Temperature - ASTM E1 356 

To determine the glass trans it ion temperatu re based on d ifferentia l  scann ing calorim etry 

( DSC) method for the products u nder evaluat ion ,  based on ASTM E1 356. 

A d isk  specimen was extracted wit h a h igh precision b lade saw from the cross-section of the 
ba r, avoiding grind ing to reduce the thermal  effects that may affect the specimen 's  thermal  

h istory properties, to then extract a portion of the d isk with a high precision b lade to provide 
a speci men with a minimum mass of 5 mg. All spec i mens were conditioned under laboratory 
ambient cond it ions for at least 40 hrs.  at room temperature 23 ± 3°C (73 ± 6°F) and 50 ± 1 0% 

re lative humid ity. Refer to Table 27 wh i c h includes the test s pecimen s ize (weight), test 
location and date. 

Spec imen ID 

PUL_1 1 S_TG_0 1 to 05 

MST_1 1 S_TG_01 to 05 

Table 27. Specimen summary information 

Specimen 

Nominal Size 

10 mg 

Test Date 

mm/dd/yy 

1 1 /06/24 to 1 1/1 3/24 

1 0/04/24 

Test 

Loc ation 

SML 

Tests were conducted under laboratory a mbient cond itions by qual if ied personnel. The date 
of each test; techn ical  personnel; var i ations  to the test method as applica ble;  calibration 
information fo r instruments and equipment used in  all measureme nts ; identification of the 
mater ial  tested; temperature and h u m id ity of testi ng laboratory; and other  applicable test 

data or  deta i ls is provided in  the techn ica l  data sheet: TDS-TG-FDOT. 

A d ifferent ial  scann ing calorim eter (DSC) ca pable of progra mming, measuring, and  
record ing heat flow as a fun ction of temperature and ti me with a ded icated test was used, 

as  seen in  F igure 29. The s pecimen was placed in the chamber and progra mmed as  needed 
for the temperature rate heating and cooling. 

A heating/cooling rate of 1 0°C/mi n was applied u ntil the glass tran sit ion temperature was 

determi ned. An in itia l thermal  program was done prior testing flowing n i t rogen in  the 
chamber  at a rate of 1 0°C/min to laboratory conditions to remove pote ntial env i ron men ta l 
therma l h istory. 

The results reported herein have been computed per  ASTM E1 356 usi ng the parameters 
defi ned in . The Tg is  e xt ra polated nu merically by the DSC from the heat flow versus 
temperature react ion curve,  c orrespond ing to range at which the observed materia l 

transitions from the hard, brittle region to the soft, rub bery region. 

Table 28. Parameter definitions and calculations for glass transition temperature 

Sym bol Para m eter Description 

Ts Te mperature Glass Transition Tem perature 
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Based on the experimenta l tests presented herein the mean Glass Transit ion Temperature 

is summarized i n  Table 29. Tabulated test results are reported in  appendix A. 

Spec i men I D  

PU L_1 1 STG 

M ST 1 1 S  TG 

Table 29. Average summary results for glass transition temperature tests 

Number of Tested 

Spec i mens 

5 

5 

Gla ss Tra nsition Tem perature 

T 

°C 

1 1 8 

1 14 

°µ 

244 

238 

Materia ls 

Ma nual  

Sectio n  1 2. 1  

Ta ble 1 

Specificat ion 

� 1 00°C 

(21 2°F) 

Acceptance 

Crite ria 

PASS 

Glass FRP bars with nom i n a l  s ize #1 1 for manufacturers V-Rod/Pultrall a nd MST-Bar, 

com ply with the requ i rements established in Table 1 Physical and Mechanical Property 

Requ i rements for St ra ight FRP Re i nforcing Bars of the FDOT's Materia ls Manual Section 1 2. 1  

Volu me II F iber Reinforced Polymer Composites by having a n  average Glass Tra ns it ion 

Temperatu re greater than 1 00 °C (21 2 °F ) and a coeffic ient of varia nce less or  equal  to 1 5%.  

Figure 29. Tes t  setup showing DSC in operation 
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4.3. Degree of Cure - ASTM E21 60 

To determine the exothermic heat of react ion of thermally reactive chemicals or  chemica l 

mixtures of the products under  evaluation based on ASTM E21 60. 

A d isk spec imen with nomi nal th ickness of 1 mm (0.04 in . )  was extracted with a h igh 
prec is ion blade saw from the c ross-section of the bar. A wedge p ortion of this d isk  was then 

ext racted with a h igh precis ion blade to provide a specimen with a total min i m u m mass of 5 
mg. The specimens were cut to the prescribed d imensions avoiding gr ind ing to reduce the 
therma l effects that may affect the spec imen's  t hermal  h istory properties. All specimens 

were conditioned under la b oratory ambient condit ions for at least 40 hrs .  at room 
temperature 23 ± 3°C (73 ± 6°F) and 50 ± 1 0% relative humid ity. Refer to Table 30 wh ich  
inc ludes the test spec imen s ize (we ight) , test locat ion  and date . 

Table 30. Specimen summary information 

Specimen Test Date Test 
Spec imen ID 

Nominal Size mm/dd/yy Location 

PUL_1 1 S_DC_01 to 05 10  mg 1 1 /06/24 to 1 1/1 3/24 SML 

MST_1 1S_DC_0 1 to 05 1 0/04/24 

Tests were conducted under la boratory ambient cond itions by qualif ied personnel. The date 
of each test; techn ical  person nel; var iations  to the test method as applica ble;  cal ibration  
i nforma tion fo r instruments and equipment used in  al l  measureme nts ; i dent ification of the 

mater ia l  tested; temperature and h u m id ity of testi ng laboratory; and othe r applicable test 
data or deta ils is provided in the techn ica l  data sheet: TDS-DC-FDOT. 

A d iffe rent ial scann ing calorimeter (DSC), capable of programming, measuring and 

record ing heat flow as a function of temperature a nd time with a ded icated sealed test 
chamber was used, as seen in  F igure 29.  The spec imen was placed in  the chamber, 
we ighted and programmed as  needed for the temperature rate heating. A heat ing rate of 1 0  

± 0 . 1 °C/min  to provide un iform control led heating of the specimen and refe rence to a 
constant temperature with in the temperature ra nge of 25 to 250°C (77 to 482°F) was applied . 

The results reported herein have been computed per  ASTM E21 60 using the parameters 

defi ned in Table 32 .  The degree of cure ,  DC is computed percentage of the fract ion reacted, 
given by the diffe rence between the tota l heat of reaction ,  H,  and the normal ized heat, H .  
The total heat of reaction and the normalized heat, where computed with the integrated 

therma l analysis software of the DSC. Note that the total heat of reaction (H),  whic h is  
derived from the un reacted resin system (neat resin),  is conservatively assumed value of 
1 00 J/g to compute the degree of cure .  
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Table 3 1 .  Parameter definitions and calculations for total enthalpy of polymerization (degree of cure) 

Sym bol Para meter Descr iption 

A Reaction Heat of reaction of b a r  sam ple 

M Mass Spec imen mass  

H Normalized heat of H = A/M 

reactio n  

H i  

DC 

Reaction 

Degree of C ure 

Total heat of react ion of unreacted sample = 1 00 J/g 

Fract io n reacted = (1 - H/HJ* 1 00% 

Based on the experimenta l tests presented here i n  the average degree of cure i s  summarized 
in Tab le 32.  Tabulated test resu lts are reported i n  append ix A.  

Specimen ID  

PU L_1 1 S_DC 

M ST 1 1 S_DC 

Table 32. Average summary results for degree of cure tests 

Num ber of Tested 

Specimens 

5 

5 

Degree of Cu re 

DC 

% 

99 

98 

M aterials 

M anual 

Se ction 12.1  

Tab le 1 

Specificat ion 

� 95% 

Acc e pt ance 

Criteri a 

PASS 

Glass FRP bars with n o m i n al s ize #1 1 for manufacturers V-Rod/Pultrall a nd MST-Bar, 
com ply with the requ i rements establ ished in  Table 1 Physical and Mechanical Property 
Requi rements for St raight FRP Re inforcing Bars of the FDOT's Materia ls Manual Section 1 2. 1  
Volu me I l  Fi b er Reinforced Polymer Composites by having a n  average Degree of Cu re greater 
than 95% and a coefficient of variance less  or  equal to 1 5%.  

4.4. Cross-sect ional Area - ASTM D7205/D792 

To determi ne the mea su red cross-sect ional area of the products under evaluation by 
im mersion method based on ASTM D7205 and ASTM D792. 

The specimens were cut to the prescribed d i mens ions  us ing a h igh  precision b la d e saw and 
conditioned,  under laboratory ambient conditions fo r at  least 40 hrs.  at room tempe ratu re 
23 ± 3°C (73 ± 6°F) and  50 ± 1 0% relative humid ity. Refe r to Table 33 which includes the test 
specimen size (length), test locat ion and date. Representat ive pictures of the test set up  are 
prov ided in F igure 30. 
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Specimen ID 

PU L_1 1 S_MXA_0 1 to 05 

M ST_1 1 S_MXA_01 to 05 

Table 33. Specimen summary information 

Specimen  

Nominal Size 

19 mm (0 .75 in .) 

19 mm (0 .75 in .) 

Test Date 

mm/dd/yy 

1 0/23/24 

1 0/23/24 

Test 

Loc ation 

S M L  

S M L  

Tests were conducted under laboratory a mbient cond itions by qualif ied personnel. The date 

of each test; techn ical  personnel; var iations to the  test method as applica ble;  calibration 

informa tion fo r instruments and equipment used in  all measurements ; identification of the 

mater ial  tested; temperature and h u m id ity of testi ng  laboratory; and other a pplicable test 

data o r  deta i ls is  provided in  the techn ica l  data sheet: TDS-MXA-FDOT. 

A prec ision analytical  ba lance was used to determine of the spec if i c  gravity, a n  internal 

fra me holds the spec imen,  and then im mersed into d isti lled wate r, where additionally the 

conta iner  with the d i sti l led water rests on a support that spans over the scale so that the 

we ight of the container i s  d ismissed, as seen in  Figure 30. 

The resu lts reported herein have been computed as per  ASTM D792, as  referenced by ASTM 

D7205, using the parameters def ined in  Table 34. 

Symbol 

L 

ps 

V 

A 

Weight/un it 
length 

Table 34. Parameter definitions and calculations for cross-sectional 

Parameter 

Length 

Densi ty 

Volu me 

Area 

Weight per un it 
length 

Descript i on 

Average length of specimen based on th ree measureme nts 

Den sity of spec i me n  

Volume of s peci m en 

Measured (exp eri mental) c ross-section a l Area of specim en 

Mass per un it length 

Based on the experimental tests presented here in  the average measured c ross -sectional 

a rea i s  su mmarized i n  Table 35 . Ta bu lated test results are reported in  Append ix  A. 

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

Nu mber  of M easured Are a Materials Manual  

Speci men  ID Tested A Section 1 2. 1  Accepta nce 

Specimens 2 in 
Table 1 Cr iteria 

mm 
Specific ation 

PU L_ 1 1 S_ MXA 5 1 1 08 1 .7 1 7  >968 m m (1 .500 in) 
< 1 097mm(1 .700 i n) 

FAI L  
MST_ 1 1 S  MXA 5 1 1 1 8  1 .734 
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Glass FRP bars with nominal s ize #1 1 fo r manufacturers V-Rod/Pultrall and MST-Bar, do not 

com ply with the current requirements established in  Table 1 Phys ical and Mechanica l 

Property Requ i rements for Stra ight FRP Re i nforc ing Bars of the FDOT's Materials Manua l 

Section 1 2. 1  Volu me I I  F iber Re i nfo rced Polymer Composites and in  Table 932-8 of FDOT's 

spec ifi cation Sect ion 932 for Nonmetallic Accessory Materia ls for Concrete Pavement and 

Concrete St ructures. I t  is  recommended to adj u s t the range of accepta nce fo r bars with 

nominal  size #1 1 based on  these results. 

(d) 
Figure 30. Test setup for measurement of cross-sectional area; (a) specimen weigh t and (b) im mersed specimen for 

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

To determ i n e the u lt imate a nd guara nteed tensile load carrying capacity, mean tensile 

modulus of elast ic ity and mean ultimate tens i le stra in  of the products under evaluation 

based on ASTM D7205. 

The specimens were cut to the prescribed d imens ions us ing chop saw. Steel  p ipe-type 

anchors were insta lled us ing expa ns ive grout by la boratory personnel  after machining the 

ends of the specimens to center the bar with in t he anchors and fixtures. All spec i mens were 

left to cure for a min imum per iod of 7 days to ensure the grout reached its maximum internal 

pressure, ensu ri ng proper a nchorage. Refer to Ta ble 36 and F igure 31 , for the test specimen 

size , test date, a nd location.  Cons idering that L"=6 1 0  mm (24 in . ), L=699 mm (27.5 in.), and,  

=71 . 1  mm (2.80 in. ) .  

Spec imen ID 

PUL_1 1 S_TNS_0 1 to 09 

MST_1 1 S_TNS_0 1 to 1 0  

Table 36. Specimen summary information 

Specimen  

Nominal Size 

=7 1 . 1 mm (2.80 in.) 

Test Date 

mm/dd/yy 

1 1 / 1 5/24 to 1 1/1 9/24 

1 1 /04/24 to 1 1/1 9/24 

Test 

Loc ation 

SML  

Tests were conducted under laboratory a mbient  cond itions  by qualif ied personnel. The date 

of each test, technical personnel, variations to the test method as a pp lica ble , calibration 

informa tion fo r instruments and equipment used in  al l  measurements, identificat ion of the 

mater ial  tested, temperatu re and hu m id ity of testi ng laboratory, and other  appl icable test 

data or  deta i ls a re provided i n  the techn ical  data sheet : TDS-TNS-FDOT that can be found 

onl ine per  request. 

Un iax ia l  tens i le load was applied to a ll spec imens .  Tens i le testing was performed us ing a 

u n iversa l test frame Tens ile load was measu red with the i nterna l frame load cell i n  

com pliance with ASTM E4-21 (Standard Pract ice for Force Ver ification of Test ing Machines), 

wh i le the extens ion (elongation) of the specimen was measured using a Class B-2 cl ip-on 

extensometer in accordance to ASTM E83-1 6 (Standard Pract ice for Verification and 

Class ification of  Extensomete r Systems) ,  with a 1 00-mm (4.0 in . )  gauge length , p laced at 

m id-length of the free length between the anchors, as  seen in  Figu re 32. The extensometer 

was removed a pproximately halfway during the test to avoid da mage to the instrument. 

Speci mens' anchors were gripped with mechanical wedge-type grips . All data were 

gathered us ing a N ational  I nstru ments d ata acquis ition system at a rate of 1 00 Hz. 

Load was appl ied i n  d is placement control to effect a near  constant stra i n  rate in  the gauge 

section, produc i ng fa i lure within 1 to 1 0  minutes , as  per  ASTM D7205 requ i rements.  
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The results reported here in  have been computed per  ASTM D7205 based on the nominal 
a rea of the bar. Refer to Table 37 fo r defin itions and calcu lations. 

Table 3 7, Definitions of calculations for tensile tests 

Symbol Parameter 

Pa Maximum force at failure 

Pe Guara nteed ultimate tens i le force 

Descriptio n 

Peak load recorded d u rin g test 

Mean Peak load minus th ree standard deviations 
of the average test resu lts. 

Arom No min al cross-section area C ross -section area FDOT 9 32-4. Ta b le 932-8 

F"«om No minal u lt imate tensile strength F"«om = Pax / Anom 

encm Computed u lt imate st ra i n based on  E" = F"om / E"om 
li near elastic beh avio r 

Encm Tensile modu lus of elasticity As per  Section 13.3. 1 ASTM D7205 - computed by 
fitting a straight li n e  to the data using the method 
of linear least squares regressi on analysis. The 
data range selected goes between 1 000 and 6000 
LI E. 

E.. .._ IE.T a 70-r 7 :  nem-
TE�-m +-

Al l specimens behaved linear  elastically unt i l  fa ilu re.  Based on the experimental tests 
p resented herein the guaranteed ultimate ten sile force (Pc), mean tensile modulus (E) ,  the 

mean computed u ltimate tensi le stra in  (E") as sum marized in Tab le 38, where the cond ition 
of acceptance i s  provided below. The mode of fa ilure for all ba rs was by tens i le rupture of 
the rebar as seen in  Figure 33 . Tabulated test resu lts are reported in Append ix  A. 

� #1 1 Type 0 bars : min imum guaranteed tensile force 470 kN ( 1 05.8 kip) 

� #1 1 Type 0 bars : min imum E shal l  be4 4.8 GPa (6.5 M si) 

� #1 1 Type I l l  ba rs: mi n imum guaranteed tensile fo rce 7 1 2  kN ( 1 60.0 k ip) 

� #1 1 Type I l l  ba rs : m i n imum E shall be 58.6 GPa (8.5 Msi) 

� Al l bar sizes : Mean Ultimate Tensile Stra in shall be 1 . 1 % 
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Table 38. Average summary results for tensile tests 

Number of 
Specimen I D  Tested 

S p ec imens 

P U L_ 1 1 S_TNS 9 

M ST 1 1 STNS 10 

M ean 
Guara nteed 

Tens i le 
M ean 

Ulti mate U ltimate 
Tensile 

Modulu s 
Tens i le 

of 
Strain Fo rce 

Elasticity 

P e E Eu 

kN kip GPa M si % 

1 098 246.9 59.9 8.7 2.0 

824 1 85.3 57 . 8  8.4 1 .6 

Materia ls 
Manual  

Sect ion 12 . 1  Acceptance 
Table 1 Criteria 

Spe cification 

Pe. . & E 

Type 0 Bars 
470 k N  
(1 05.8 K ip) 
244.8 G Pa 
(6 .5  M si) 

Type I I I Bars 
271 2 k N  
(1 60 .0  K ip) 
2 58.6 G Pa 

(8 .5 M si) 

PASS 
Refer to 

Sect ion 9.7 

Based on the current s p ec ification  established in Table 1 Phys ica l  and Mechanical Property 

Requ i rements for St raight FRP Re i nforcing Bars of the FDOT's Materia ls Manual Section 1 2. 1  

Volu me I l  Fiber  Reinforced Polymer Compos ites and i n  Table 932-8 of FDOT's spec if ication 

Section 932 fo r Nonmetallic Accessory Mater ia ls fo r Concrete Pavement and Concrete 

St ructures:  

G lass FRP bars with nom i na l  s ize #1 1 for manufactu rer V-Rod/Pultrall would be classified 

as a Type I l l  bar meeting both the requ i rements of M in im u m  Guara nteed Tens ile Load and 

Min imum Modulus of  E lasticity and a coeff icient of variance less or  equal  to 1 5%.  

G lass FRP bars with nominal  s ize #1 1 for manufacturer MST-Bar wou ld be classified as a 

Type 0 bar  meeting  both the requ i rements of M inimum Guaranteed Tens i le Load and 

Min imum Modulus of E lastic ity and a coeff icient of variance less or  equal  to 1 5%. 

3 

l L L 

II � 

� 

Figure 3 1 .  Tensile specimen geometry 
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(b) 
Figure 32. Tensile test setup for (a) Pultrall and (b) MST-Bar 
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(b) (a) 
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 determi ne the ulti mate tra nsverse shear strength of the products u nder evaluation based 

on ASTM D761 7, 

The specimens were cut from different randomly selected locations from sample ba r to the 

prescr ibed d imensions using a high prec is ion blade saw and conditioned, u nder laboratory 

a mbient cond it ions for at least 40 hrs.  at room temperature 23 ± 3°C (73 ± 6°F) a nd 50 ± 1 0% 

re lative humid ity . Refe r to Table 39 ,  wh ich inc ludes the test spec imen s ize (length), test 

location and date. 

Spec imen ID 

PUL_1 1 STSS_01 to 05 

MST_ 1 1 STSS_0 1 to 05 

Table 39. Specimen summary information 

Specimen  

Nomina l  Size 

229 mm (9.0 in .) 

229 mm (9.0 in .) 

Test Date 

mm/dd/yy 

1 1 /04/24 

1 1 /04/24 

Test 

Loc atio n 

SML  

SML  

Tests were conducted under laborato ry a mbient cond itions by qualif ied personnel. The date 

of each test; techn ical  personnel; variations to the test method as a pplicable; ca libration 

informa tion fo r instruments and equipment used in  all measurements ; identification of the 

mater ial  tested; temperature and h u m id ity of testi ng laboratory; and other applicable test 

data o r  details is provided in  the techn ica l  data sheet: TDS-TSS-FDOT. 

Transverse compress ive load was appl ied to the bar us ing a fixture as  per ASTM D761 7, 

prov id ing  an  evenly d i stri b uted load appl ied to the ba r in  a double shear configu ration . The 

load was a pplied us ing a screw-driven universal  test frame with a maximum capacity of 

1 30 kN (30 kip) .  The load was measured with the internal  load cell of the frame in 

com pliance with ASTM E4-21 . The test set-u p  is  shown is Figure 34. 

The results reported herein have been computed per ASTM D761 7 us ing the parameters 

defi ned in Table 40. 

Table 40. Parameter definitions and calcula tions 

Sym bo l P a rameter  

Pmx Maximum failure force 

Anom Nomi na l cross-section  area 

Toncm Nomi na l Tra nsverse shear stre ngth 

Descriptio n  

Pea k load record ed d u ring test 

A rea per FDOT 932-4, Table 932-8 

T" = Pm/ (2*A"am} 

Based on the experimental tests presented herein the guaranteed transverse shea r stre ngth 

of the bars are summarized in  Ta b le 41 . The mode of fai lure was by d ou b le shear, as  reflected 

in Figure 35 for all spec imens .  Tabu lated test results a re reported in  appendix A .  
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Spec imen ID 

PUL_ 1 1 S_TSS 

MST_ 1 1 STSS 

Table 41. Average summary results for transverse shear s trength tests 

Tra nsve rse Mate ria ls 

Nu mber  of Shear  Strength Ma nual 

Tested T Section 1 2 .1 

Specimen s Ta ble 1 
M Pa ksi 

Specific ation 

5 1 63 23 . 6 � 1 5 1  MPa,  

5 1 72 25.0 (22 . 0  ksi) 

Acceptance 

Crite ria 

PASS 

Glass FRP bars with nom i n a l s ize #1 1 for manufacturers V-Rod/Pultrall a nd MST-Bar, 

com ply with the requ i rements establi shed in Table 1 Physica l and Mechanical Property 

Requ i rements for St raight FRP Re i nforcing Bars of the FDOT's Materia ls Manual Section 1 2. 1  

Volu me I l  Fi b er Reinforced Po lymer Composites by havi ng an average Transverse Shear  

St rength greater than 22.0 ksi and a coeff ic ient of variance less or equal  to 1 5%. 

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

4.7. Horizontal Shear Strength - ASTM D4475 

To determine the ultimate horizonta l shear  strength of the products under eva luation based 

on ASTM D4475. 

The spec imens were cut from different randomly selected locations from sample ba r to the 

prescr ibed d imensions using a h igh prec is ion  blade saw and conditioned, u nder laboratory 

ambient cond it ions for at least 40 hrs.  at room temperature 23 ± 3°C (73 ± 6°F) a nd 50 ± 1 0% 

re lative humid ity . Refe r to Table 42, wh ich includes the test spec imen s ize (length), test 

location and date . 

Spec imen ID 

PUL_1 1S_HSS_0 1 to 05 

MST_1 1 S_HSS_0 1 to 05 

Table 42. Specimen summary information 

Specimen Test Date 

Nominal Size mm/dd/yy 

21 0 mm (8.25 in . )  1 0/24/24 

1 0/25/24 

Test 

Location 

SML 

Tests were conducted under laboratory a mbient cond itions by qualif ied personnel. The date 

of each test; techn ical  personnel; var iations  to the test method as applica ble;  calibration 

informa tion fo r instruments and equipment used in  all measurements ; identificat ion of the 
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mater ial  tested; temperature and h u m id ity of testi ng  laborato ry; and othe r a p plicable test 

data o r  deta i ls is  provided in  the techn ical  data sheet: TDS-HSS-FDOT. 

An axial load was applied to the center of the ba r using a dedicated fixtu re as pe r ASTM 

D4475, prov id ing a support that a l low the specimen to bend.  The load was appl ied using a 

screw-d r iven un iversal test frame.  The load was measured with the internal load cell of the 

fra me 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 us ing the parameters 

defi ned in Table 43. 

Table 43. Parameter definitions and calcula tions 

Sym bol P a rameter  

Pm Maximum fa ilure force 

dam D iameter of specimen 

S Apparent sh ear strength 

Descriptio n  

Pea k load record ed during test 

Nom i na l d ia meter 

S =0.849* P/ d*am 

Based on the experimental tests presented here i n  the a pparent horizonta l shear strength of 

the ba rs a re summari zed in Table 44. The mode of fa i lure was by double shea r .  Tabulated 

test results a re reporte d in Append ix  A. 

Spec imen ID  

PUL_ 1 1 S_ HSS 

M ST_ 1 1 S  HSS 

Table 44. Average summary results for horizontal shear strength tests 

Apparent H o rizontal Mate ria ls 

Nu mber  of Shear Strength Ma nual 
Tested s Section 1 2 .1 

Specimen s 
ksi 

Ta ble 1 
M Pa 

Specific ation 

5 40 .56 5 .9  � 37 .92 MPa 

5 39.47 5 .7  (5 .5  ksi) 

Acce ptance 
Crite ria 

PASS 

Glass FRP bars with nom i n a l  s ize #1 1 for manufacturers V-Rod/Pultrall a nd MST-Bar, 

com ply with the requ i rements establi shed in Table 1 Physical and  Mechanical Property 

Requ i rements for St ra ight FRP Re i nforcing Bars of the FDOT's Materials Manual  Sectio n 1 2. 1  

Volu me I I  F iber Re i nforced Polymer Composites by having an  average Horizontal Shear 

St rength greater than 5.5 ksi and a coefficient of variance less or  equal  to 1 5%.  
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(a) (b) 

Figure 36. Horizontal shear strength test setup: (a) Pultral! and (b) MST-Bar 

(a) (b) 

Figure 37. Horizontal shear strength representative interlaminar shear failure mode: (a) Pultrall; (b) MST-Bar 
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4. 8 .  Bond Strength - ASTM D791 3 

To determine the bond strength to concrete by pullout test m ethod evaluat ion  based on 
ASTM D791 3. 
The specimens were cut from different randomly selected locations from sample ba r to the 
prescr ibed d imensions using a high prec is ion blade saw and conditioned, u nder laboratory 
ambient condit ions for at least 40 hrs.  at room temperature 23 ± 3°C (73 ± 6°F) a nd 50 ± 1 0% 
re lative humid ity. Refer to Table 45 wh ich  i ncludes the test spec imen bonded length, test 
location and date. 

Spec imen ID 

PU L_1 1 S_BS_01  to 05 

MST_1 1 S_BS_0 1 to 05 

Table 45. Specimen summary information 

Specimen  

N ominal  Bonded 

Le ngth 

1 74.6 mm (6.875 in.} 

Test Date 

mm/dd/yy 

02/ 1 2/25 to 02/14/25 

01 /29/25 to 02/05/25 

Test 

Loc ation 

SML  

The bar spec imens were placed in  sol id  pla in concrete cubes 205 mm (8.00 in .) ,  after 
app ly ing a steel  p ipe anchor per ASTM D7205 to one end of the bar. The specimen layout i s  
presented in  F igure 38 and Fig ure 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 
d ia meter of the bar  per ASTM D791 3 .  A total of 6 sti rrups #3 spaced 2.0 i nches on center 
were instal led per block to ensure adequate confinement. 

FRP Bars 
-PVC or other suitable 

� material to prevent 
bonding 

\ D � 

23 _.m _ _ a.nm _ 
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 prepa red s imultaneously from one single batch of concrete following ASTM 

C1 92/C1 92M-1 3a, Pract ice for Ma king and Curing Conc rete Test Spec imens 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) .  Su mmary results of 

the compre ssive strength are provided in  Tab le 46. 

Al l specimens were conditioned post c u ring under laboratory ambient conditions at room 

temperatu re 23 ± 1 °C (73 ± 3°F) and 60 ± 5% relative humid ity, for at least 28 days prior  

testing. 

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

Cylin der 
Are a Peak force 

Compre ssive 
Specimen Diameter Stre ngt h  Failure 

ID d A Pmax f'e Mode 

m m  i n .  mm in kN lbf M Pa psi 

B 1 -C 1 1 01 .9 4.01 81 59 1 2.65 21 8.9 49200 26.82 3891 2 

B 1 -C2 1 01 .9 4.01 81 49 1 2.63 217. 1  48800 26.64 3863 2 

B 1 -C3 1 0 1 .2 3.98 8037 1 2 .46 232.6 52300 28.95 41 98 2 

B 1 -C4 1 03.2 4.06 8366 1 2.97 237.5 53400 28. 39 41 1 8  2 

B 1 -C5 1 02.2 4.02 81 97 1 2.7 1 230.0 5 1 700 28.06 4069 2 

Average 102.1 4.02 8182 1 2.68 227.2 51080 27. 77 4028 

Sn1 0.7 0.03 1 1 9 0. 1 8  8.9 1 999 1 .00 1 46 

CV (%) 0.7 0 .7  1 .5 1 .5 3.9 3.9 3.6 3 .6 

Tests were conducted under laboratory a mbient conditions by qualif ied personnel. The date 

of each test, technical personnel, variations to the test method as a pp licable , cal ib ration 
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i nformation fo r instruments and equipme nt used in  a l l  measureme nts , identificat ion of the 

mater ial  tested, temperatu re and h u m id i ty of testi ng  laboratory, and other  appl icable test 

data or  details are provided  in  the techn ical data sheet: TDS-BS-FDOT that can be fou nd 

onl ine per request. 

A un iaxial tens i le load was applied to all specimens.  Testing was performed usi ng a screw­

d r iven un iversal test fra me.  Tens i le load was measured a ded icated donut-type load cell i n  

com pliance with ASTM E4-21 (Standard Pract ice for Force Ver ification of Test ing Machines), 

wh i le the extension (elo ngation) of the loaded a nd free end of the specimen was measured 

us ing a linear voltage d isplacement transducers (LVDTs) in  accorda nce to ASTM E83-1 6 

(Standard Pract ice fo r Verification and Classificat ion of Extensometer Systems). The test 

setu p is shown in  Figu re 40. 

Load was appl ied i n  d isp lacement control to effect a near constant stra i n  rate in  the gauge 

section until  failure at a constant fra me head displacement of 1 .3 mm/min (0 .05 in ./min), 

p roduci ng failu re with i n 1 to 1 0  m i nutes.  

The results reported herein have been computed per ASTM D791 3 us ing the parameters 

defi ned in Table 47, 

Table 47. Definitions of calculations for bond strength 

Sym bol Para m eter 

ds D iameter 

C,  C i rcu mferen ce 

L Length 

Fu Tensile load 

A Ba r Bond Area to Con crete 

Te Bond Strength 

Desc ript ion 

N o mina l d i meter of bar b a sed o n  bar  nom i n al size 

C i rc umferen ce of ba r  ba sed on nom inal di m eter 

Length of bar b onded to c oncrete 

Tens i le load applied with the load device 

Lateral Area = Cp x L 

T = F / AL 

Based on  the experimental tests presented here in ,  the guara nteed bond strength, 7a, of the 

ba rs under evaluat ion is  summarized in  Table 48. The pr imary mode of fa i lure 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 Figu re 41 . 

Table 48. Guaranteed bond strength results 

Bond Materia ls Manual  

Specimen ID  
Number  o f  Teste d Strength,  T°a Sect i on 1 2.1  Acceptance 

Spec imens  Table 1 Criteria 
M Pa ksi Spec i ficatio n 

5 4.9 0.71 
Type 0 bars 

FAIL 
PUL- 1 1 S_BS 1 . 1 ksi 

MST-1 1 S_BS 5 9.2 1 . 33 
Type Ill b a rs 

PASS 

1 .4 ksi 
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(b) 

Figure 40. Bond strength test se tup: (a) Pultrall; (b) MST-Bar 
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(a) 

Figure 4 1 .  Bond strength representative slippage failure mode 

Based on the current spec ifi cation established in Table 1 7  Phys ical a nd M echa n i cal Property 

Requ i rements fo r Stra ight FRP Re inforcing Bars of the FDOT's Materials Ma nual  Section  1 2. 1  

Volume I I  Fi ber Reinforced Polymer Compos ites and in  Tab le 932-8 of FDOT's spec if ication 

Section 932 for Nonmetallic Accessory M ateria ls  fo r Concrete Pavement and Conc rete 

St ructures : 

Glass FRP bars with nominal s ize #1 1 fo r manufacturer V-Rod/Pultrall fa i l  the 

current spec if icat ion fo r min imum bond strength.  

Glass FRP ba rs with nominal s ize #1 1 for manufacturer MST-Bar  would be 

c lass ified as a Type 0 bar meeting the min i mum requ irement for bond strength . 

However, the requirement of a coeffic ient of varia nce less or equal to 1 5% 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 absorpt ion 
when im mersed in  at 50°C ( 1 22°F) of the products under evaluation based on ASTM D570. 

The spec imens were cut to the prescribed d imensions us ing a h i gh precision b lade saw. 
Refer to Ta ble 49 for the test spec imen size, test date a nd location .  

Spec imen ID 

PUL_1 1 S_MA_0 1 to 05 

M ST_1 1 S_MA_0 1 to 05 

Table 49. Specimen summary information 

Specimen  

Nomin al  Size 

25 mm ( 1 . 0 in . ) 

Test Date 

mm/dd/yy 

09/24/24 to 1 1/1 2/24 

09/24/24 to 1 1/1 2/24 

Test 

Loc atio n 

SML  

Tests were conducted under laboratory a m bient cond itions by q ualif ied person nel. The date 
of each test; techn ical  person nel; var iations to the test method as a p plicable; calib ration 
i nformation fo r instruments and equipment used in  al l  measureme nts ; i de nt ification of the 
mater ial  tested; temperature and hu mid ity of testi n g laboratory; and othe r a pplicable test 
data o r  deta i ls is provided in  the techn ica l  data sheet : TDS-MA-FDOT. 

The short and long-term mo isture specimens tested i n accordance with ASTM D570. They 
were conditioned a nd immersed in  wate r for a 24-hour  period at a temperature of 50°C 
( 1 22°F) .  S imila rly, the long-term specimens , were tested and immersed in  water at a 
temperature of 50°C ( 1 22°F) until mo isture equ i l ibrium was reached per ASTM D570, until 
satu ration .  An ana lyt ical  balance with an accu racy of 0 .0001 g was used to take readings of 
the specimens at the des i red intervals , while a chamber capable of mainta in ing un iform 
temperatures of 50°C ± 3°C ( 1 22°F ± 6°F) was checked periodica lly proximally every 200 h rs .  
fo r quali ty pu rposes . All s pec imens had their  surface wiped off with  a d ry cloth prior  
we igh i ng. 

The res ults reported here in  have been computed per ASTM D570 u sing the parameters 
defi ned in Table 50. 

Table 50. Definitions of calculations for moisture absorption tests 

Symbol Parameter 

w Weight 

w. weight 

w % 

Description 

Weight of con d ition spec i men ,  p ri o r  i mm ers i o n in water 

Weight of spec i men , post i mm ers i o n  i n  wate r 

% Increase in  weight of specimen, post 24 hrs.  period ,  

W= [W-We / W«] * 1 00 

% Increase in  weight of specimen, post saturation period 

W, = [Ww-W@ / Wa] * 1 00 
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Based on the expe rime nta l tests presented here in  the average short moisture absorpt ion 

and satu rat ion content i s  summarized in Table 51 , where the condit ion of acceptance for the 

short term a n d  long-term (saturation) moisture absorption shal l  not exceed 0.25 % and 1 .00 

% increase i n  mass, respectively. Tabulated test results are repo rted in appendix A. 

Specimen ID  

PU L-1 1 S_ MA 

MST- 1 1 S  M A  

Table 51 . Summary results for moisture absorption tests 

Short Term Long Term Materials Manual 
Number of 

Imm ers ion Immersion Section 1 2 . 1  
Tested 

(Saturat i on) 
Spec imens 

(24 hrs .) Table 1 
W± % w %  Specification  

5 0 . 1 4 0 .48 
� 0.25% (24 hrs.) 

� 1 .0% (Satu rat ion)  
5 0 . 17  0 .67 

Acceptance 
Criter ia  

24 hrs. 

PASS 

Satu ration  

PASS 

G lass FRP bars with n o m i n a l s ize #1 1 for manufacturers V-Rod/Pultrall a nd MST-Bar, 

com ply with the requ i rements establ ished in  Table 1 7  Physical and Mechan ical Property 

Requ i rements for St raight FRP Re i nforcing Bars of the FDOT's Materia ls Manual Section 1 2. 1  

Volu me II F iber Reinforced Polymer Composites by having a short term saturation less  than 

0.25% and a long-term satu ration less than 1 .0% 

4.1 0. Alkaline Resistance - ASTM D7705-A 

To determi ne the mean alka line resistance (tens i le load retention) of the products under 

evaluat ion per ASTM D7205,  post accelerated aging exposure immersed i n  a high pH solution 

wi thout a ny appl ied  s u sta i ned load per  ASTM D7705 Procedure A.  

Al l specimens were cond itioned by immersion in  an  aqueous a lkaline solution with a pH 

value between 1 2.6 and  1 3.0 ,  as  measured  by ASTM E70, Standard Test Method for pH of 

Aqueous Solutions With the Glass Electrode. The alkal ine solut ion was set to have a 

constant temperature of 60 ± 3°C ( 1 40 ± 5°F) for a minimum exposure per iod of 90 days (21 60 

hrs. ) .  The spec imens and environmental chamber  were visually checked period ically 

proximally every 200 hrs. for quality purposes . Refer to Table 52 wh ich includes expos u re 

period, the test date and location.  
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Specimen I D  

PUL_1 1 S_TNS-AR_O 1 to 05 

MST 1 15 TN S-AR 01  to 05 

Table 52. Specimen summary information 

Aging 

Exposu re 

Start 

m m/dd/yy 

08/27/24 

08/23/24 

Finish 

mm/d d/yy 

1 1 /25/24 

1 1 /21/24 

Test Date 

mm /dd/yy 

1 2/06/24 

1 2/06/24 

Test 

Locat ion 

SML 

Tests were conducted under laboratory a m bient cond itions by qualif ied personnel. The date 

of each test, techn ical person nel, variations to the test method as  a pp licable , calib ration 

i nformation fo r instruments and equipment used in  al l  measureme nts , identificat ion of the 

mater ial  tested, temperatu re and hu m id i ty of testi n g laboratory, and other  appl icable test 

data or  deta i ls are provided in  the tech n i ca l d ata sheet: TDS-TNS-AR-FDOT that can be found 

onl ine per request. 

Uniax ia l  tens i le load was applied to all spec imens .  Tens i le testing was performed us ing a 

u n iversa l test frame Tens ile load was measured with the i nternal frame load cell i n  

com pliance with ASTM E4-21 (Standard Pract ice for Force Ver ification of Test ing Machines) ,  

wh i le the extens ion (e longation) of the spec imen was measured us ing a Class B-2 cl ip on 

extensometer i n  accordance to ASTM E83- 1 6  (Standard Pract ice for Verification and 

Class ification of Extensometer Systems), with a 1 00-mm (4.0 in .) gauge length , p laced at  

m id-length of the free length between the anchors .  The extensometer was removed halfway 

during the test to avoid dama ge of the instru ment. Spec imen's  anchors were gr ipped with 

mechanical wedge-type grips . All data were gathered  using a Nat ional  I nstru ments data 

acquis ition system at a rate of 1 00 Hz .  

The load was applied in  d i splacement contro l to effect a near consta nt st rain rate in  the 

gauge section, produc ing fa ilu re within 1 to 1 0  minutes , as per ASTM D7205 requ i rements . 

The results reported here in  have been computed per  ASTM D7205 based on the nominal 

a rea of the bar. Refer to Tab le 53 fo r definit ions and calcu lations. 

60 



Table 53. Definitions of calculations for tensile tests 

Symbol Parameter 

Pm Maximum force at failure 
Arnom No minal c ross-section area 

F"om No minal u ltim ate tensile strength 

Encm Comp uted u lt im ate strain based on  
li near elastic beh avio r 

Encm Tensile modu lus of e lasticity 

Pr: Tensile Capacity Retention  

Desc ript ion  

Peak  load recorded duri ng test 
C ross-sect ion area p er ASTM D7957. Ta b le 3 

F["om = Pma. / Anam 
Eu = F"ham / E nam 

As per Sect ion 1 3 .3. 1 ASTM D7205 - com p uted 
by fitting a straight l ine to the data using the 
method of l inear least squares regressio n  
analys i s .  The data range selected goes between 
1 000 and 6000 µE. 

E,( 6  a)-n az 
E"" = cE,6� : f=i fl 

Rat io between the P «ax post a lkaline resistance 
exposu re tests and the benchmark tests , 
m u lti p l i ed by 1 00 . 

Al l specimens behaved linear  elastically unt i l  fa ilu re.  Based on the experimental tests 

p resented here in  the mean tens i le loa d ca rrying capacity as  well as  the ultimate strength, 

mea n tensile modulus, the mea n com puted ultimate ten s ile stra in post alka l ine res i sta nce 

with load, is summarized i n  Table 54; where the cond ition  of acceptance i s  a min imum 

tensile strength retention of 70% com pared to the average ultimate tensi le force as reported 

in Section 9. Tabulate d test results a re reported in  appendix A. 

Spec imen I D  

P U L_ 1 1 S  _TNS-AR 

MST_ 1 1 S_TNS-A R 

Table 54. Average summary results for tensile tests 

Mean Mean Ult imate Ten sile U ltimate Nu mber  of Mean Te ns i le Modulus Te ns i le Tested Force of Stra in  Specimens Elasticity 
Pmsx E Eu 

kN k ips GPa M si % 

5 1 094 246.0 62.2 9.0 1 .7 

5 81 6 1 83 .6 56.8 8 .2 1 .4 

Tens i le 
Capac ity 
Retention  

Pet 

90 

88 

Ac ceptance 
Criter ia  

PASS 

Glass FRP bars with nominal  size #1 1 for ma n ufacturers V-Rod/Pultrall and M ST-Ba r , meets 

the requirement establ ished in  the Characterizat ion Test Plan approved by FDOT where the 

m in im u m  Tensi le Capac ity Retention i s  70%. 
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5. Curate and Compare Exist ing Designs for P i le Footings in Marine 

Locations 

This section reviews the steps carried out for  the des ign of the p i le cap footings for the piles 

of an  exist ing FDOT steel-RC bri dge located in a coasta l a rea of Florida as shown in  Figu re 

42. 

Figure 42. Example bridge location (B1-01) 

The Eastbound Br idge is the selected case study with steel-RC fou ndation. The analys is  

inc ludes ULS and SLS verifications, with a focus on the large p ier fou ndations of the case 

study bridge . 

5. 1 .  Case Study Bridge Descript ion (Eastbound Bridge) 

The waterl ine p i le caps of the selected bridge are located in a Florida marine environment 

sp lash zone in  accordance with SDG 1.3. The bri dge was designed in 201 7 and consists of 

25 s i m ply supported spans. The structu re is rect i l inear i n  plan, and the p iers 22 to 26, as well 

as the last abutment, have a skew angle of a pproximately 22° with respect to the t ransverse 

d i rect ion.  

The nominal length of the prestressed bea ms and the pier spacing  measured along the 

centerl ine a re :  

• Span 1-20 = 60.0 ft (AASHTO type-l l  beam, Index 450-120) ; 

• Span 21 -22 = 77.6 ft (Florida-l 63 bea m, Index 450-063); 

• Span 23-24 = 1 25.0 ft (Flor ida- l  63 beam, Index 450-063); 
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• Span 25 = 1 1 2.0  ft (Flor ida- l  63 beam,  Index 450-063). 

The number of prestressed concrete beams and tra nsverse spac i ng for eac h span a re li sted 

below: 

• Span 1 :  7 beams (6 x 8 ' -3" = 49'-6") 
• Span 26: 7 beams (6 x 1 3' -82" = 82'-31" )  
• Span 2-20: 7 beams (6 x 8'-3 " = 49'-6 ") 
• Span 21 : 5 beams (4 x 1 2' -0" = 48'-0") 
• Span 22: 5 beams (4 x 1 2' -1 1 1 4 " = 51 '-9 4 " )  
• Span 23: 5 beams (4 x 1 5' -5 1" = 61 ' -8 1 ° " ) 
• Span 24: 7 beams (6 x 1 3' -82" = 82'-31" )  

• Span 25: 7 beams (6 x 1 3' -8 12" = 82'-31" )  

The beams a re connected by an RC-sla b 8.5"  th ick.  The out-to-out t ransverse wi dth of the 

carri age is  55' -8" fo r the spans 1 -24 and 71 '-8" for the spans 25-26. Piers a re grou ped i nto 

portal  f rame structures with d ifferent s izes a n d  geometry, depending on the number of 

beams they suppo rt: 

• P ier  2+20: 7 columns (6 x 8'-3" = 49'-6") 
• P ier  21 : 3  columns (2 x 1 9'-3" = 38 '-6") 
• P ier  22:  3 columns (2 x 21 '-3" = 42 '-6") 

• P ier  23:  3 columns (2 x 26'-3" = 52 '-6") 
• P ier  24-25: 4 columns (3 x 24'-6" = 72'-1 8 ") 

The bridge abutments are built of conventional  bent caps founded on piles, s im i lar  to those 

of the piers. Composite neoprene pads are a r ranged on the pier-cap and the abutments to 

support the bridge bea ms. 

Figure 43 and F igure 44 show the overall views of the Eastbou nd Bridge i n  p lan and elevat ion.  
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Figure 43. Selected Eastbou n d  Bridge pla n ( B 1 -1 5) 
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Figure 44. Eastbound Bridge elevat io n  ( B1 -1 5) 
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Specifically, Figure 45 and  Figure 46 show in  plan view the axis of piers 24 and 25 
respective ly, fo r the Eastbound Bridge. 
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Figure 45. Partial plan - Selected Pier no.24 of the Eastbound Bridge (B1 -05) 
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Figure 46. Partial plan - Selected Pier no.25 of the Ea stbound Bridge (B1 -06) 
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The elevation views in the longltudlnal. d irection of piers 24 and 25 are shown {without skew) 

in  Rigure 47 and Figure 41-8 . 
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Figure 48. Part:ial e levat i on - Se lect:ed Pier no.25 of the Eastbo1Und Bridge (81-12) 
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The plan view of the pile groups at the individlual e levations of plers 24 and 25, are shown i n  

Figure 49 and Figure 50. 
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Figure 49. Psrtis I fcu ndation lsyout plan - Sele-cted Pi:e r n o_24 of the Eastb ound B ridge (B1 -83) 
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Figure 50. Psrt i s l fou ndetion lsyout plan - Sele-cted Pie r n o_25 of the Eastbound Bridge (B1-84) 
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The geometric details of the p ile groups are reported below. I n  part icula r, Fi gu re 51 shows 

the 6-pile group "A" of the p ier  24 a nd Figure 52 shows the 4-p i le group "B" of and the of pie r  

25 .  
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SLOPE 

Figure 51. Pile gro u p  details - Selected Pier no.24 of the Eastbo u nd Br idge (B1-83, B 1 -84) 
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□ 

Figure 52. Pile group details - Se lected Pier no.25 of the Eastbo u nd Bridge (B1-84) 
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The b id i rectional  carbon-steel re inforcement a rrangement of the 6-p i le ca p grou p "A" (p ier  

24) is shown in Figure 53, while Figu re 54 shows the 4-pile cap group "B" (p ier  25) . 

Figure 53. C a rbon-steel reinforcement layout - Pile cap 6-pi le group " B" 

of the selected Pier n .24 of the Eastbo und B ridge ( B1-1 1 3 ,  B1-1 1 4) 
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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 -1 1 5) 

The geometric deta ils fo r the ca rbon-steel reinforcement arra ngement of pier ca ps a re 

shown in  Figu re 55 for p ier  24 and Figure 56 for p ier 25. 
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Figure 56. C a rbon-steel re i nforce ment layout - Pier cap of the selected Pier n .25 of the Eastbound B ridge ( B1 -1 1 2) 

5.2. Geometry and Material Definition 

The parameters assu med for des ign are l isted in  Ta ble 55: 

Table 55. Concrete pa rameter AASHTO LRFD 

Concrete Com press ive Strength 

Modulus  of Elastic ity for Concrete 

(AASHTO LRFD C5.4.2.4-1 ) 

Modulus  of Rupture 

(AASHTO LRFD 5.4 .2 .6) 

Concrete maximum com p ress ive 

stra in  

Recta ngula r Concrete Stress Block 

Depth Correct ion Facto r (AASHTO 

LRFD 5.7.2.2) 

f, = 5500 psi 

E = 1820//ksi = 4268 ksi 

� = 0.24,/f.ksi = 0 .563 ksi 

€cu = 0.003 

0.85 if f" � 4 ksi 
8, = {0.85 - [0.05 ksi (f, - 4 ksi)] = 0.775 

0.65  if  f. � 8 ksi 
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The parameters assu med for design are listed in  Table 56: 

Table 56. Steel parameterAASHTO LRFD 

Yield Strength of Steel (carbon-steel  grade 60) 

Modulus  of Elast icity fo r Steel 

Yield Strain  

f = 60 ksi 

E, = 29000 ksi 
s,, = 0.003 

The crit ical d imensions for  the p i le ca p are l i sted in Tab le 57: 
Table 57. Pile cap geometry of the selected pier n.24 of the Eastbound Bridge 

Footing He ight 

Transverse Foot ing Width 

Longitudinal  Footi n g Width 

Footing Design Width 
(One Foot Design Width) 

Top Reinforcement Concrete Cover 
(Extre mely Aggress ive Substructure) 

Bottom Rei nforcement Concrete 
Cover 
(Extre mely Aggress ive Substructure) 

Side  Reinforcement Concrete Cover 
(Extre mely Aggress ive Substructure) 

has = 5 .5ft 

br = 13 .0 ft 
b, = 20.5 ft 

brtg = 12  inc 

cover'top = 4.0 in 

cover»or = 4 .5 in 

cover'side = 4,0 in 

The crit ical steel re inforcement quantitative design parameters are l isted in  Ta ble 58:  

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

Bar Location/ D i rection* Bar S ize Bar Spacing Number of Bars 

Bottom/ Longitudinal barpiB = 1 1  SF18 = 12 in npi8 = 13  
Bottom/ Tra nsverse barn2B = 1 1  SF28 = 12 in np28 = 22 
Top/ Longit ud ina l bar#iT = 8 Sp1T = 1 2  in npiT = 14 
Top / Transverse bar#2T = 8 SF2T = 12 in np2T = 2 1  
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The area of ba rs per  one foot design width i s  generally computed as: 

be g 
A. 

·9 
= ver spacing 

5.3. Load Analysis and Combinations 

( 1 ) 

The following d esign loads are used in  su perst ru cture and substructu re analysis :  

• Dead loads 

� Traffic Ra il ing Barrie r 32 " F-Shape = 420 plf; 
� Pedestrian /Bicyc le Ra i l ing = 225 plf; 
� Unit Weight of Structu ra l Concrete 1 50 pcf; 
� AASHTO Type I l  = 385 plf; 
� Florida- l  36 Beam = 840 p lf; 
� Florida- l  45 Beam = 906 p lf; 
� Florida- l  54 Beam = 971 p lf; 
� Florida- l  63 Beam = 1 037 plf; 
� Stay-in-Place Forms = 20 psf; 
� Compacted So i l  = 1 1 5 pcf; 
� Aluminum Pedestrian/Bicycle = xx plf; 
� Bullet Ra iling (2 Rai ls)  = 1 0  p lf; 
� Bridge Deck: The m in imum thickness of bridge decks cast-i n -place (CIP) on  

beams is 81k", The 1k " sacr if icia l  th ickness for all a lternat ives is i n cluded in  the 
dead load of the deck  slab but omitted from its section properties for 
structu ra l des ign. 

• L ive loads 

� Vehicle HL93 Design Truck  Models ;  
� Pedestrian 75 plf. 

• Wind loads 

� Wind load s per SDG 2 .4,  wh ich is a mod if icat ion  of the AASHTO LRFD Bri dge 
Des ign Specificat ions. 

• Thermal forces - temperature variation 

� Movements of b rid ge RC-structures i s  calculated assu ming the following 
temperatu re ranges :  

Supe rstructure material Mean High Low Range 

Concrete Only 70°F 1 05°F 70° F 

� The coeff ic ient of thermal expansion fo r concrete i s  taken  as  6 x 1 0-6°F. 
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• Seismic des ign 

� The bridges shall meet the min imum bea r ing support d i men sion as spec i fied 

in AASHTO LRFD 4.7.4.4. 

• Wave and current forces 

� Des ign i s  in  accordance with the AASHTO Gu ide Specifications for Bridges 

Vulnerable to Coasta l Storms. S ince the bri d ge superstructure for all 

a lternat ives cons idered i s  located i n  excess of 1 -foot above the 1 00-year plus 

wave crest e levation ,  these forces are not cons idered. 

• Degradation aspects 

� Accord ing to the SDG 1 .3.2 both the superstructure and sub structure are 

c lass ified as extremely aggressive due to chlor ides in  excess of 6000 ppm. 
■ Superstructu re : Extremely aggressive. 

■ Subst ructure (Concrete): Ext remely aggress ive. 

The following l imit states were verified during the design phase : 

• Conventiona l LRFD load ings using load factor combinat ion gro u ps spec i fied in  

AASHTO LRFD Table 3 .4. 1 -1 i n  combination with the most severe case of scou r up  to 

and includ ing that from a 1 00-year  flood event. 

• Stabi lity check during the "super-flood" using the most severe case of scour  up to and 

inc lud ing that from the 500-yea r flood event. 

• Subst ructure was designed for a n  Extreme Event-l l  vessel collisio n load by a barge. 

Load factors and combination of character istic loads refer to the AASHTO LRFD Bridge 

Des ign Specificat ions 201 4 (7 Ed i tion) [54] paragraph  3 .4. 1  relative to the l im i t  states: 

• Strength I ,  I I ,  I I I ,  IV, & V; 

• Extreme Event 1 & I I ;  

■ Service l & I I I .  

5.4. Computational Model 

For the purpose of th is  research project, only loads on the substructure and specifically the 

forces and stresses in  the p i le caps' concrete and reinforcing were considered. The 

structu ra l response of bridge-pier-p i le-so i l  structures was conducted with the help of fin ite 

element models based on BSI FB - M u lti Pie r ® v5. 1 software (see Figure 57) . 
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FB-MultiPier 

Figure 5 7. BSI FB-MultiPier* software 

Soi l and p i le st iffnesses were mode led with nonl inear p ro perties  whereas p i le cap, 

column and pier ca p stiffnesses were modeled with li near  behavior (see Figure 58) . 

Figure 58. 3D views of the of the selected p i er n.24 (left) a nd n .25 (right) of the Eastbound Bridge 

5.5. Verification Criteria 

Verifications  at U LS and SLS, accord ing to AASHTO LRFD Bridge Des ign Spec ifi cat ions 201 4 

(7 Ed itio n ) [54] , of the carbon steel-RC p i le ca p foundations were performed externally with 

personal ized calculat ion sheets coded in Mathcad Professional 1 4.0° (see Figure 59). 

e 
mathcad' 

Figure 59. Mathcad# softwa re 
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5.5. 1 .  Ultimate Limit State (ULS) verification criteria 

For the ULS des ign, a tens ion-controlled section was f i rst assumed , with the steel  be i ng 
yielded before the concrete crushed.  The maximum concrete stra in con sid ere d for the 
design was E" = 0.003 .  

Through equi l ibrium at  translation ,  the depth of the neu t ral axis i s  calculated a in  wh ich  a 
rectangular stress block d ist r ibut ion equivalent to the rea l  stress  d ist r ibution i s  considered : 

A, fy 
a = -

0.85 f. b 
(2) 

Where:  
• A, = area of the longitud ina l tension steel  with in  width b (typically taken as 1 2-in . ) ;  
• f = 60 ksi is the min i mum yie ld strength of ca rbon-steel; 
• f = 5500 psi is the minimum 28-day concrete compressive stre ngth. 

From the equ i librium equat ion ,  the nominal  res i s ta n t moment i s  computed : 

Where:  
• d = depth of the tens ioned re inforcement from the extreme fiber of concrete i n  

compression. 

Fi nally, the res ist ing des ign moment ¢+M,, must be computed a nd ensure that is greater 
than the factored ultimate moment : 

Where:  

• M,, = the design flexural moment at ULS; 
• M, = the nominal  flexural res istance; 

(4) 

• ¢ = 0.9 is the flexural res ista nce (strength reduct i on) factor, for tension­
controlled RC sect ion  (AASHTO LRFD 5.5.4.2). 

In  addit ion ,  the i n iti a l hypothesis of ten s ion-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 neutra l axis is calculated :  
a 

c = � 

8, 
(5) 
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Where : 

{ 

0 .. 85 if fc � 4 ksi 
• � - 1°0- �� 2�: 2 1 **� 

0.65 if f � 8 ksi 
is the rectangular  concrete stress block coeff ic ient (AASHTO LRFD 5. 7.2.2) 

Assuming that sect ions remain  planar, fo r stra in  compatibi l ity, the stra in  in  the ten sion steel  
s i s  ca lculated to be at least  0 .003 greate r tha n the yie ld stra in ,  which is equal  to 0 .002 (steel 
grade 60). 

(6) 

5.5. 1 . 1 .  Shear 

The nominal one-way shear_ i s  the min i m u m  between:  

(7) 

Where:  
(8) 

Because there is  ne ither shear re inforcement (except around the perimeter) nor 
prestress ing reinforcement, assume V, = V = 0 kip . 

V"2 = 0.25 f" b d" + V, (9) 

The res istant shear, offered by the concrete , for unre inforced shear e lements V" is :  

V, = 0.0316 A • b d, 

Where:  
• B = 2 pe r AASHTO LRFD 5.8.3.4. 1 
• A = 1 for normal-weight conc rete 
• d, = max(0.9d,; 0.72h,+, ) i s  the effective shear  depth 

The two-way shear ¢, V, must be greater than the ULS shea r action V, : 

(1 1 )  

( 10) 
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Where: 

• ¢ = 0.9 i s  the res istance factor, shear and tors ion normal  weight concrete sect ion  
(AASHTO LRFD 5.5 .4.2 . 1 ) 

The nominal two-way shea r is the min imum between: 

( 1 2) 

Where: 

(1 3) 

• �� i s  the ratio of long s ide to short s ide of the rectangle through wh ich the 
concentrated load or reaction force is transmitted :  

• bo is the perimeter of cr itical section 

V� = 0.1 26 ,/fb, d,, 

• bo is the perimeter of cr itical section 

5.5.2. Serviceabi lity Limit State (SLS) verification criteria 

( 1 4) 

(1 5) 

( 1 6) 

The tension re inforcement in  flexural  bend ing must be suffic ient to ensure crack control at 
the SLS. 

It is necessary that the res istant des ign moment ¢+M, develo ped by the cross section i s  at 
least 1/3 greater than the design bend ing moment at the U LS M" and that the collapse 
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condition does not occur just after c racking of the section when the c racking moment M 

is reached : 

( 1 7) 

The cracking moment of the cross section M" is calc u lated as follow: 

( 1 8) 

Where:  
• y is the neutral  ax i s  depth, d istance from n eutral  axis to the extreme tension 

fiber: 
reg ( 1 9) 

ye =

7 

• I i s  the gross moment of inertia of the uncracked sect ions :  
1 (20) 

6 
= 12 , i% 

• f Limit tensile stress of concrete exceeded wh ich results in  the formation of the 
fi rst crack (AASHTO LRFD 5.4.2.6): 

f, = 0.24,f (2 1 )  

Tens ioned reinforcement bars , well d istr ibuted in  the zone of max imum concrete tens ion, 
have the fun ction of being bridge between cracks formed in concrete to control flexura l  
c racking a nd for th is  reason the spacing s between bars shou ld not be excess ive and must 
sati sfy the fo llowing requ i rement Smax : 

700 Y, 
s <= s"., p, f, 2a, 

Where:  
• Ys = 0 .75 i s  the exposure factor (c lass 2 exposure condit ion) 
• �� i s  the coeffic ient def ined as follows: 

d 
8, = 1 +- -0.7(h,e, - d.) 

(22) 

(23) 

• f i s  the stress leve l i n  the re i nforcement when the cross-section is  subjected to 
the flexural  action M, (equal to the unfactored moment due to a ll s u sta i ned loads : 
dead loads and the susta i ned port ion of the live load):  

M, (24) 
f =

A. i d � ) " , 

• j is the coefficient defined as follows: 
· k j = 1 - -

3 

���� 
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• k i s  the ratio of the depth of the elastic cracked section neutral  axis to the 
effective depth: 

k = (2p n ± (p n ) - p n 
• p i s the geometric percentage of tensioned re inforcement: 

A, (27) 
p = ---

bus d% 

(26) 

The re i nforcement to be installed vertically along the s ides of the 1 2" base section 
cons idered for  foundat ion  s iz i ng, should be the maxi mum between the skin re i nforcement 
Assn and temperature and  shrinkage re i nforceme nt A,Ts : 

(28) 

The skin re i nforcement, add it ional to the re i nforc ing contr ibuting to flexura l  res ista nce, 
must be provided if: 

d, > 3ft (29) 

The sk in re inforcement is calculated with the following equation and must be included in  the 
range A,sKminto A,sKmax } 

A,sKmin = 0.0 1 2(d, - 30in) 

A, 
A,sKnax 

4ft 
The maxi m u m  spaci ng SsKma in vertical d i rection between each bar is :  

*".» = min (12im)  

(30) 

(3 1 )  

(32) 

Crack  formation is i nfluenced by d ifferential thermal stresses, concrete shr inkage , and  
other  t ime-dependent effects so a min imum reinforcement A,rs must be  provided to control  
c racks. 

•• 1 .3 b hg 
4,, = 0. 1 1 2(6 .. ,  4)7, o.6 

2 (b  + hns )f, 
(33) 
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6. Preparat ion of Design Example and Mathcad Worksheet for Pi le Foot ing 

Design 

6.1 .  Pile Cap Foundation Material and Geometry Defin it ion 

Concrete mater ial  parameters assumed for des ign a re listed in  Ta ble 59: 

Table 59. C oncrete pa ra m eter AASHTO LRFD 

Concrete Com press ive Strength  

Recta ngula r Concrete Stress Block Theory 

Concrete Ulti m ate Compressive Stra in 

Modulus  of Elasticity for Concrete 

f' 

P i  

Ecu 

E ' 

GFRP properties assumed for design are l isted in  Table 60: 

Table 60. GFRP bars parameter AASHTO L R F D 

[ GFRP #1 1 BARS 
Env i ronmenta l Reduction Factor 

Modulus of Elast icity of GFRP 

D iameter 

Area 

Characteristic Ult imate Gua ranteed Ruptu re Stra in 

Characteristic Ult imate Gua ranteed Tensile Strength 

Design Ult imate Guaranteed Rupture Stra i n  

Design Ult imate Guaranteed Tens i le Strength 

[ GFRP #8 BARS 
Env i ronmenta l Reduction Factor 

Modulus of Elast icity of GFRP 

D iameter 

Area 

Characteristic Ult imate Gua ranteed Ruptu re Stra in 

Characteristic Ult imate Gua ranteed Tensile Strength 

Design Ult imate Guaranteed Rupture Stra i n  

Design Ult imate Guaranteed Tens i le Strength 

C 

Er 

#1 1 

Aa1 1 

Eru#11 

fr±1 1  

Erda1i 

fraa11 

C 

Er 

#6 
An8 

Eu#6 

fr#6 

Eau6 

fraus 

5 .5  

0 .775 

0 .003 

4268 .3  

0 .7  

8700 

1 .41 

1 .56 

0.01 1 79 

1 02.6 

0.0083 

71 . 8  

0.7 

8700 

1 

0.79 

0.01 381  

1 20 . 1  

0.0097 

84. 1  

[ks i] 

I[-] 
I[-] 
[ks i] 

L-] 

[ks i ]  

[ in ] 

[ in] 

C-] 

[ks i ]  

C-] 

[ks i ]  

C-] 

[ks i ]  

[ in ] 

[ in] 

L-] 

[ks i ]  

L-] 

[ks i ]  
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[ GFRP #6 BARS 
Environmenta l Reduction Factor 

Modulus of E last ic ity of GFRP 

D iameter 

Area 

Characteristic Ultimate Gua ranteed Ruptu re Stra in 

Characteristic Ultimate Gua ranteed Tensile Strength 

Design Ult imate Guaranteed Rupture Stra i n  

Design U lt imate Guaranteed Tens i le Strength 

Design Ult imate Guaranteed Tens i le Strength (bent bars)  

C 

Er 

#6 

An6 

Er#6 

fr#6 

Erda6 

frau6 

frau6 

0.7 C-] 

8700 [ks i ]  

0.75 [ i n ] 

0.44 [ in] 

0 .01 497 C-] 

1 30.2 [ks i ]  

0 .0 1 05 C-] 

91 . 2  [ks i ]  

34. 8  [ks i ]  

Importa ntly, the geom etry of the foundation designed with GRP re inforcement remains the 

same as that of the original  design with steel reinforcement. The critical d imens ions for the 

pi le cap are listed in  Table 61 : 

Table 6 1 .  Pile cap geometry of the selected pier n.24 of the Eastbound Bridge 

Footing He ight hag 5 .5 [ft] 

Transverse Footing Width bi 20.5 [ft] 

Longitudinal  Footing Width b i 1 3  [ft] 

Footing Design Width 

(One Foot Design Width) bag 1 2  [ i n ] 

Top Reinforcement Concrete Cove r Gtop 4 [ i n ] 

Bottom Rei nforcement Concrete Cover Cbat 4.5 [ i n ] 

Side  Reinforcement Concrete Cover Cide 4 [ i n ] 

6.2. Validation of Analytical  Calculations 

The selected foundation case study was modelled in  Alta i r  S-Fo u ndat i on® softwa re (see 

Figure 60). 

ALTAI R 
Figure 60. Altair S-Foundation # software 

I n  th is  FEM, the applied load represents the max imum axial stress at the base of p i le n .24, 

which produces the max imum axia l  stress w ith i n the p i les.  The value of the loads was 

deduced from the output of the substructure model impleme nted with BSI FB-M ulti P ier® 

software. 
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Soi l 

Clay 

Gravel 

Sand 

sJt 

water 

Max Pier n. 24 Axia l Force 

Figure 6 1 .  Nodal load applied in Altair S-Founda tion* software 

The FE model i mplemented in  Alta i r® is intended to va l idate flexure, on-way a nd two-way 

shea r ver ifications at the ULS. The program does not perform verif ications at SLS a nd does 

not check construction deta i ls .  

Figure 62 i llustrates the resu lts of the FEM analysis for the selected p i le cap, showing the 

shea r d ist ribut ion i n  two orthogonal  d i rections (F" a nd F") in u n i ts of [ki p/ft] . 

• Shear Fxz: The stress d i stribution ind icates a concentrated load i n  the central a rea, 

with h igher values (in red) localized a round the co lumn area, loaded with a point load ,  

gradually decreas ing toward the outer areas ;  

• Shear Fyz: The stres ses in  the perpendicula r d i rection show a s i m i la r pattern ,  with 

h igh values at the central load point and a gradual  transit ion 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 dis tribution of F and F 

Figure 63 of the FEM analysis for the selected pile ca p,  shows the d istribut ion of bend ing 

moments (M, and M,) across a structura l  element in u n its of [kip-ft/ft] . 

• Left (Mx): The color ma p i llustrates the bending moment d istribut ion in the x­

d irect ion .  H igher moment values (red) are observed in  the p ier peripheral regions, 

wh i le lower moments (blue) are concentrated around the center of the s lab,  meaning 

that the slab's centra l area i s  less stressed in  this d i rect ion .  

• Right (My): This plot d isplays the bending moment d i stributi on in  the y -d i rection . 

S imila r to the Mx distribution ,  h igher  moments ( red) are present on the edges, while 

the central region has lower va lues (blue).  

Note: Mx is the bending moment in the X direction along the face perpendicular to the X axis, 

similar to My. 

85 



Ma 

kn* H/It 

= :11 . 1.�.!.:. 

i- .:E: 
-1 . 174% 
- 512 .24 

j � � s um 
-154 , 5396 

My 

kip "it/ft 

� ... 1 1 . 3 ¢c3  

-5a . t2 » 

- 19.01% 
- 5 46 . 25% 1 

Figure 63. Bending moment demand distribution of M, and M" 

6.3. Verification Criteria 

Verifications at ULS and S LS, accord ing to AASHTO LRFD Bridge Design Guide Specifications 

for GFRP-Reinforced Concrete 20 18  (2nd Edition) [1 ] and AASHTO LRFD Bridge Design Guide 

Specifications 2020 (9th Edition) [55] of the carbon GFRP-RC pi le cap foundations were 

perfo rmed externally with personal ized ca lculat ion sheets coded in  Mathcad Profess ional 

1 4. 0° (see F igure 64) . 

e 
mathcad 

Figure 64. Mathcad* software 

The properties fo r the GFRP #1 1 ba rs are extrapolated from data on smaller bars us ing a 

conservative best-fit trend based on  ba r area as  shown i n  Figure 65 and Figure 66. 
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Figure 65. Ultimate stress trend vs. FRP bars area 

1.4 1.6 

For all the othe r bar s izes used in the design, the mechan ical  p ropert ies  are in  accordance 

with ASTM D8505. 

932-4.2 Bar Sizes and Loads: The sizes and loads of FRP reinforcing bars shall meet the 
requirements in Table 932-8. The measured cross-sectional area, including any bond enhancing 
surface treatments, shall be determined according to Materials Manual Section 12 , 1  Volume I I . 

Table 932-8 

Sizes and Tensile Loads of FRP Reinforcing Bars 

Measured 
Cross-Sectional Area Minimum Guaranteed Tensile Load 

Nominal 
Nominal ( in) (kips) 

Bar Size Bar 
Cross 

Designation Diametei Sectiona CFRP 
Arca BFRP & 

(in) (in) 
BFRP & GFRP 

(Type I I )  CFRP 
Minimum Maximum GFRP Bars Single & (Type I) 

(Type 0) 
Bars 7-Wire Bars 

(Type III)  
Strands 

2. 1 -CFRP 0.2 1  0.028 0,026 0.042 . . 7, 1 . 

2 0.250 0.049 0.046 0.085 6. 1 7.4 . 10.3 
2.8-CFRP 0.280 0.05 1 0,048 0.085 . . 1 3. 1 . 

3 0.375 0. 1 1 0. 104 0. 16 1  1 3.2 16.0 □ 20.9 

3.8-CFR P 0.380 0.09 0.087 0. 1 34 . . 23.7 . 

4 0.500 0,20 0, 185 0. 263 2 1 .6 27.9 . 33 . 3 

5 0.625 0,3 1 0.288 0.388 29. 1 40.8 . 49. 1 
6 0.750 0. 44 0.4 15  0.539 40.9 57.3 � 70.7 

6.3-CFRP 0.630 0. 19 0. 1 84 0.242 . . 49. 8 . 

7 0.875 0.60 0.565 0.7 1 3  54.l 75.8 . . 
7.7-CFRP 0.770 0.29 0.274 0.355 . . 74.8 . 

s 1 .000 0,79 0,738 0.913 66.8 94,9 . . 

g 1 . 1 28 1 .00 0.934 I . 1 59 82.0 1 1 5.0 . . 

Io  1 .270 1 ,27 1 , 1 54 1 .473 98. 2 1 38.7 . . 

I I  1 .4 10  1 .56 1 .500 1 .700 105.8 160.0 . . 

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 E, = 8700 [psi] = 60 [GPa] accord i ng to 
ASTM D8505. 

6.3. 1 .  Ultimate Limit State (ULS) verification criteria 
6.3. 1 .1 . Flexure 

To calculate the bala n ced re i nforcement ratio, the GFRP is considered to rupture and the 
concrete be ing compressed at max imu m strain of & = 0.003. The re i nforcement ratio 
com puted Pf.bat corresponds to the Balanced Fa ilure Mode l - I I (BFM I - I I ) shown in  Figu re 67. 

b 

N.A ,  

(c) (d) 

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

The geometric percentage of tensioned re i nfo rcement is:  

where:  

Ar 
f) - --1 b · d7 (34) 

• A, = area of the longitudinal  tens ion  GFRP re inforcem ent with i n width b (typically 
taken as 1 2- in .); 

The ba lanced configuration is :  

0.85 • , • f 
Proa = 

f (35) 

where :  

• S, = ra ti o of depth of equ ivalent recta ngula r stress block to depth of neutral axis; 
• E = elastic modulus for GFRP; 
• fra = ult imate tens i le stre ngth of GFRP; 

Ira = C, I (36) 

• C"= environmenta l reduction factor as specified 
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