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EXECUTIVE SUMMARY

Backaround

Sunpass Only/Express Toll lanes are currently being designed within Florida’s Turnpike
facilities. These lanes require an overhead gantry that contains electronic equipment,
which communicates with transponders located in vehicles. These lanes also require a
toll collection loop assembly located in the pavement that gathers additional information
about these vehicles. From previous experience, it has been determined that the loop
assembly does not work properly in asphalt pavement. It was recommended by the loop
assembly manufacturer that a concrete slab be constructed in the area of the gantry to
house the loop assembly. It has also been determined that the loop assembly does not
work properly in the vicinity of steel reinforcing and steel tie/dowel bars. The use of
Glass Fiber Reinforced Polymer (GFRP) material instead of steel will eliminate this
problem. The following is a guide that can be used to design plain-unreinforced concrete
pavement and adapt to site-specific conditions where Sunpass Only/Express Toll lanes

are required.

Proposed Typical Layouts

This design addresses rigid pavement slabs within proposed Sunpass Only/ Express Toll

facilities. Slab layouts are proposed for both one-lane and two-lane ramps. One-lane

ramps are 15 feet wide with 8 foot inside and outside shoulders to the face of the
guardrail. Two-lane ramps are 24 feet wide with 12 foot inside and outside shoulders to
the face of the guardrail. The two-lane ramp layout can also be used for two-lane
mainline Express Toll Plazas. This layout can also be modified for multilane mainline
Express Toll Plazas by adding additional 12'x12’ slabs. Refer to Section B for proposed

slab layouts of one and two lane ramps.



A.2

Traffic Data

The rigid pavement thickness is dependent on the design ESALs for a 20-year design
period. The recommended minimum pavement thickness is 12 inches. Table 1 below
was developed from the FDOT Rigid Pavement Design Manual by converting the values
in Table A.7 from Metric to English units. The details in this guide where developed
assuming maximum ESALs of 20,000,000 and a concrete pavement thickness of 12
inches. The values in Table 1 can be used to adjust this design per specific site
conditions. The shoulder pavement thickness (12 inches) matches that on the travel lane

for ease of design and construction.

Maximum Allowable ESALSs per

Concrete Pavement Thickness
Table 1

Maximum Dr = Concrete Pavement Thickness
ESALs (inches)
20,000,000 12
30,000,000 13
50,000,000 14
80,000,000 15
100,000,000 16

1. Per Rigid Pavement Design Manual (RPDM,
1996), Table A.7

2. % R (Reliablity) = 95%, Per RPDM, Table 3.2

3. Kg (Modulus of Subgrade Reaction) = 50
Mpa/m = 185 pci, Per RPDM, Section 2.2.1

4. Minimum Concrete Pavement Thickness = 12
inches



A.3

Design Approach

This Rigid Pavement Design Guide follows the criteria and guidelines established in the
following publications:

a. FDOT Rigid Pavement Design Manual (RPDM), September 1996

b. FDOT Design Standards, January 2002

c. ACI 440.1R-03, Guide for the Design and Construction of Concrete Reinforced
with FRP Bars

d. Aslan 100, Glass Fiber Reinforced Polymer (GFRP) Rebar by Hughes Brothers,
Inc.

e. Aslan 600, Glass Fiber Reinforced Polymer (GFRP) Dowel Bar by Hughes
Brothers, Inc.
It is the responsibility of the user to confirm that all publications referenced or provided in
this guide are the most current. If revisions or updates to these publications are

available, the pavement design may need to be modified accordingly.

A design period of 20 years is utilized beginning with the first full year after construction.
A 95-percent Reliability is used in the design for new construction on limited access
facilities. Based on the FDOT Rigid Pavement Design Manual, a value of 50 MPa/m (185
pci) is used for the Modulus of Subgrade Reaction (Kg). This assumes the use of
Standard Index 505, Sheets 2 or 3, in the placement of Special Select Soil or Treated

Permeable Base material.

Due to the sensitivity of the toll collection loop assembly to magnetic fields, the dowel and
tie bars used within the concrete pavement need to be made of Glass Fiber Reinforced
Polymer (GFRP). For this design guide, the physical properties of the GFRP bars were
obtained from manufacturers information provided by Hughes Brothers. It is
recommended that the designer verify this nformation with the manufacturer that is

supplying the GFRP bars for their project. GFRP bars have a lower strength and lower
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Modulus of Elasticity than steel and must be accommodated in the design. Refer to

Section F for information regarding GFRP rebar and dowel bars.

Design Recommendation

Due to the fact that this pavement design is intended to accommodate slab construction
in several locations, Table 1 has been developed to determine the pavement thickness
based on the design ESALs at a specific site. The pavement thickness is rounded to the

nearest inch with the minimum slab thickness being 12 inches. The plans should read:

NEW CONSTRUCTION

XX INCHES PLAIN CEMENT CONCRETE PAVEMENT
SHOULDER

XX INCHES PLAIN CEMENT CONCRETE PAVEMENT

Design of the embankment and subdrainage system is based on Alternate #1 and #2 in
the Rigid Pavement Design Manual (RPDM) along with Standard Index 505, Sheets 2
and 3. RPDM Alternative #1 and Standard Index 505, Sheet 2 illustrates using 60” of
permeable special select soil with 3" of #57 coarse aggregate mixed into the top 6”.
RPDM Alternative #2 and Standard Index 505, Sheet 3 illustrates using 4 inches of
Asphalt Treated Permeable Base (ATPB) placed on top of 1 inch of Type SP (Traffic C)
structural course placed on top of 12 inches of Type B Stabilization. The Standard Index
in both alternatives can be modified to remove the edgedrains if extending the
embankment material to the shoulder slope on the low side of the roadway allows
positive drainage. This will allow conveyance of water away from the pavement system.
The specific site conditions must be analyzed to determine which Standards are

applicable.



The slab length is dependent on slab thickness per RPDM Table 5.2. It has been
determined that a maximum slab dimension of 16 feet is allowable. Refer to Section B
for the proposed slab layouts of a typical one and two lane ramp. The one lane ramp has
15 x 15 foot slabs along the travel way and 7.5 x 8 foot shoulder slabs. The two-lane

ramp has 2 — 12 x 12 foot slabs along the travel way and 12 x 12 foot shoulder slabs.

Dowel bars are used at transverse joints. The size and spacing of dowel bars are
dependent on pavement depth. Per the RPDM Table 5.1, the maximum pavement depth
(8.25 inches) shown in the table requires a 1.5” diameter steel dowel bar that is 18 inches
long and spaced 12 inches on center. Since this design guide suggests using a minimum
pavement depth of 12 inches and GFRP bars instead of steel, more conservative GFRP
dowel bar dimensions are recommended. A GFRP dowel bar diameter of 1.50 inches will
be adequate for all pavement depths. The GFRP dowel bars should be 18 inches long
and spaced 10 inches on center. Refer to Section C for proposed joint details of one and

two lane ramps.

Longitudinal joints can be constructed with untied keyed joints or butt joints with tie bars.
Per the RPDM Section 5.3.2, the tie bar spacing is dependent on the pavement depth
and free edge distance. Again, since this design guide suggests using GFRP bars
instead of steel, Figure 5.1 and Tables 5.3 and 5.4 in the RPDM must be modified. The
working stress of GFRP bars is much less than steel. Per ACI 440.1R-03, the working
stress of GFRP tie bars should be limited to 20% of the tensile strength. The tensile
strength of the GFRP bars varies with the size of the bar. In this design, #6 GFRP tie
bars with a diameter of 0.75 inches and 24 inches long are recommended. The
manufacturers information from Hughes Brothers indicates the tensile strength for a #6
GFRP bar as 620 MPa. This results in a working stress of 124 MPa. With this
information along with the concrete pavement depth and free edge distance, the formula

in Figure 5.1 of the RPDM can be used to determine the required GFRP tie bar spacing.



With a maximum free edge distance of 24 feet and pavement depth of 12 inches, tie bars
spaced 12 inches on center are acceptable for both the one-lane and two-lane ramps.

Refer to Section C for proposed joint details of one and two lane ramps.



Section B

Proposed Slab L ayout




NOTES: 4’ SHLDR
3.5' SHLDR GUTTER
DIAMOND SAW-CUT JOINT AS SHOWN ON JOI NT . . . . . /_ .
E RORI ZONTAL AND VERTICAL Av| GNMENTS, DETAILS. CLEAN JOINT THOROUGHLY. 13:57 & ) 15 |8 135 RAMP | il
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A NCRETE PAVEMENT JOINTS SHA
[vz] DETAILED AND SEALED AS SHOWN ON THESE [v7] LIMIT OF TAPER IN CONCRETE GUARDRAI L OR
DRAWI NGS. PAVEMENT. CONC. BARRIER
CONCRETE AND CONCRETE WORK FOR SUPPORTS FOR DOWELS AND TI1E BARS SHALL GUARDRAI L
[v3] PAVEMENTS SHALL BE |N ACCORDANCE WITH [ve] '
F.0.0.T. SECTION 350. TYPE | PORTLAND B ae OVED NON-METALLIC TYPE MISC. ASPHALT GUARDRAIL OR
CEMENT SHALL BE USE. ’ -02 CONC. BARRIER MISC. ASPHALT
END OF CONCRETE PAVEMENT, BEGIN OF
CONCRETE ROADWAY SURFACES SHALL HAVE A END OF CONCRETE P MISC. ASPHALT
E SEE EXPANSION JOINT DETAILS. ALL
EXPANSION JOINTS HAVE PREMOULDED
JOINT MATERIAL WITH BACKER ROD AND SEALANT.
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NOTES:

SEE ROADWAY PLAN SHEETS FOR PAVEMENT
HORIZONTAL AND VERTICAL ALIGNMENTS,

ALL CONCRETE PAVEMENT JOINTS SHALL BE
DETAILED AND SEALED AS SHOWN ON THESE
DRAWI NGS.

CONCRETE AND CONCRETE WORK FOR
PAVEMENTS SHALL BE IN ACCORDANCE WITH
F.D.0.T. SECTION 350. TYPE | PORTLAND
CEMENT SHALL BE USE.

CONCRETE ROADWAY SURFACES SHALL HAVE A
TINED FINISH,

SEE EXPANSION JOINT DETAILS. ALL
EXPANSION JOINTS HAVE PREMOULDED

JOINT MATERIAL WITH BACKER ROD AND SEALANT.

LEGEND ¢

J-1 H

HINERENE

DIAMOND SAW-CUT JOINT AS SHOWN ON JOINT
DETAILS. CLEAN JOINT THOROUGHLY.

LIMIT OF TAPER IN CONCRETE
PAVEMENT.

GUARDRAIL OR
CONC. BARRIER

SUPPORTS FOR DOWELS AND TIE BARS SHALL
BE APPROVED NON-METALLIC TYPE
CHAIRS.

END OF CONCRETE PAVEMENT, BEGIN OF
ASPHALT PAVEMENT.

UNTIED KEYED LONGITUDINAL CONSTRUCTION JOINT ISEE DETAIL J-1-A) OR

TIED LONGITUDINAL BUTT CONSTRUCTION JOINT (SEE DETAIL J-1-B) WITH

#6 GFRP TIE BARS. 24" LONG @ 12" O.C.

UNTIED TRANSVERSE CONTRACTION JOINT

TRANSVERSE CONTRACTION JOINT WITH 1.50" DIAMETER GFRP DOWELS, 18" LONG @ 10" 0.C.
CONCRETE PAVEMENT/CONCRETE SHOULDER GUTTER EXPANSION JOINT
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Section C

Proposed Joint Detalls




JOINT SEALANT .
‘ﬂ“ 174 CONC. PAVEMENT
1/8” 10 1/4” RECESS . /
a9 yan ‘I‘
1/8" R. \_L 4"

TYP.

1o BACKER ROD
BOND BREAKER

o

UNTIED KEYED LONGITUDINAL CONSTRUCTION JOINT J-1-A

JOINT SEALANT
CONC. PAVEMENT
,ﬂ_ 174"

18" 10 174" RECESS\ f 172 [/ GFRPTIE BAR
178" R [

BACKER RoD— \_- .
BOND BREAKER 6

12"

e -

!- 12"

TIED LONGITUDINAL BUTT CONSTRUCTION JOINT J-1-B

JOINT SEALANT Ve CONC. PAVEMENT
178" T0 1/4" RECESS ‘IT /
J N

e
[ 2172
BACKER ROD Y

BOND BREAKER

UNTIED TRANSVERSE CONTRACTION JOINT J-2

JOINT SEALANT

T—IO"

178" TO 174" RECESS

FRP DOWEL
10%
4-1/4" CONC PAVEMENT

S—

BACKER ROD
BOND BREAKER

_I_z 172"

12"-14"

2

_1,

D/2

|

DOWELED TRANSVERSE CONTRACTION JOINT J-3

CONC. PAVEMENT ——

JOINT SEALANT

SHOULDER GUTTER

178 RECESS =

12"

: J

—
174" R._/

TYP.

\pnsronmo JOINT

" T
—
1

SHOULDER WIDTH OR 60"

J FILLER
LI'—"?

CONC. PAVEMENT / SHOULDER GUTTER-EXPANSION JOINT DETAIL J-4

JOINT SEALANT

CONC. PAVEMENT ——

3/4"

ASPHALT
178 RECESS] ﬂ 1 / PAVE MENT
L

178" R.—/ \-I\M' ;
BACKER ROD BOND

BREAKER

SHOULDER WIDTH OR 60"

2" T
#
1

CONC. PAVEMENT 7/ ASPHALT PAVEMENT-EXPANSION JOINT DETAIL J-5

DATE: 8/18/03

REVISIONS

DATE BY DESCRIPTION DATE -4 DESCRIPTION

STATE OF FLORIDA
DEPARTMENT OF TRANSPORTATION
ROAD NO. COUNTY FINANCIAL PROJECT ID

CONCRETE PAVEMENT
TYPICAL JOINT DETAILS

SHEET
NO.

08/27/2003
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Section D

Pavement Design Backup

Excer ptsfrom:
FDOT Rigid Pavement Design Manual (RPDM), September 1996

FDOT Design Standards, 2002

ACI 440.1R-03, Guidefor the Design and Construction of
Concrete Reinforced with FRP Bars

Adan 100, Glass Fiber Reinforced Polymer (GFRP) Rebar by
HughesBrothers, Inc.



2.2 AASHTO MODEL

The following definitions relate to the 1993 AASHTO model
used for calculating pavement thickness.

2.2.1 VARIABLES

Accumulated 80 kilonewton Equlvalent Single Axle Loads (80
kKN _ESAL) or ESAL,

The Accumulated 80 kilonewton Equivalent Single Axle Loads
(80 kN ESAL,) is the traffic load information used for
pavement depth determination. The accumulation of the
damage caused by mixed truck traffic during the design
period is referred to as the ESAL;.

Modulus Of Subgrade Reaction (Kg)

The Modulus Of Subgrade Reaction (K;) represents the
hypothetical elastic spring support provided by the
subgrade to the slab. | The recommended value to use in '*;

design for department projects is 50 MPa/m for Special
Soil Select material (sand) ‘

Reliability (%R) 50%: /185 pes

The use of Reliability (%R) permits the Pavement Design
Engineer to tailor the design to more closely match the
needs of the project. It is the probability of achieving
the design life that the Department desires for that
facility. The Pavement Design Engineer is cautioned,
however, that a high reliability value may increase the
concrete depth substantially.

The models are based on serviceability and not a specific
failure mechanism, such as cracking, pumping, etc..
Recommended values range from 75% to 95% and can be found
in Table 3.2. It is important to note that this is not an
input value into the AASHTO Design Equation. The use of a
converted value known as the Standard Normal Deviate (Zg)
is input into the equation.

Standard Normal Deviate (Zg)

The Standard Normal Deviate (Zz) is the corresponding

Page 2.6.0



Reliability (%R) value which has been converted into
logarithmic form for calculation purposes.
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2.2.2 CONSTANTS

Standard Deviation (S,)

S* ri.Standard Deviation (S,) of 0.35jis used in the design
calculations to represent the variability in construction
and loading prediction for rigid pavements.

Modulus Of Elasticity (Eq)

The Modulus Of Elasticity (E;) is the stress to strain
ratio or stiffness of the material. IThe standard value tS]

*’luse in design for department projects is 27500 MPa.

Concrete Modulus Of Rupture (S'c)

The Concrete Modulus Of Rupture (S'c) is the 28 Day
- Flexural Strength based on third point loading. This is
the extreme fiber stress under the breaking load in a beam
breaking test. | The standard value to use in design for
,¥ department projects is 4400 kPa.

Drainage Factor (Cp)

The Drainage Factor (Cp) is the ability of the pavement
surface to drain over a period of time ranging from 1 hour

to 72 hour The standard value to use in design for‘
j& department projects is 1.0. |

Joint Transfer Factor (J)

The Joint Transfer Factor (J) 1is the ability of the
concrete joint to transfer the load across the joint.
The standard value to use in design for departmquJ
4% projects is 3.2. ] :

Present Serviceability Index (PST)

The Present Serviceability Index (PSI) is the ability of a
roadway to serve the traffic which uses the facility. A
rating of 0 to 5 is used with 5 being the best and 0 being
the worst. As road smoothness decreases due to
deterioration, the PSI decreases.
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Initial Serviceability (P;)

The Initial Serviceability (P;) is the condition of a
newly constructed roadway. | A value of 4.2 is generally(

%(‘assumedgj

Terminal Serviceability (P;)

The Terminal Serviceability (P;) is the condition of a
road that reaches a point where some type of

rehabilitation or reconstruction is warranted. [A value of

%? 2.5 is generally assumed.

Change In Serviceability (°ePST)

The Change In Serviceability °¢PSI is the difference
between an Initial Serviceability (P;) of 4.2 and a
Terminal Serviceability (P;) of 2.5.‘lThe Department uses

% El value of 1.7.

2.2.3 UNKNOWNS

Reguired Depth (D)

The Required Depth (Dg) is the slab depth determined from
traffic load information and roadbed soil strength,
representing the required strength of the pavement

structure.

2.3 TERMS

The following terms will be used to describe the
Department's design options.

New. Construction

New construction is the complete development of a new
pavement system on a new alignment.

Reconstruction

Reconstruction is the complete removal of the existing
pavement structure along the existing alignment.

Rehabilitation
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TABLE 3.1

DESIGN PERIODS

The following design periods will be used for rigid
pavement design:

New Construction or Reconstruction 20 years \

Concrete Pavement Rehabilitation (CPR) 5 to 10 years¥*

* CPR design life is not calculated, but should be

subjectively estimated based on a project’s
historical deterioration rate and loadings.
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TABLE 3.2

RELIABILITY (%R) FOR DIFFERENT ROADWAY FACILITIES

New or
Facility Reconstruction
)xé‘ Limited Access 80 - 95
b ——
Urban Arterials 80 - 90
Rural Arterials 75 - 90
Collectors 75 - 85

Notes

The type of roadway is determined by the Office Of
Planning and can be obtained from the Roadway
Characteristics Inventory (RCI).

The designer has some flexibility in selecting values
that best fits the project when choosing the
Reliability (%R).

For traffic volume ranges, refer to Chapter 2,

Roadway Design Criteria, of the Plans Preparation
Manual-Metric (Document No. 625-000-005) .
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TABLE A.7

REQUIRED DEPTH (D;) IN mm FOR 95% RELIABILITY (%R)

Modulus Of

Subgrade Reaction (Kg), MPa/m

l

ESAL, 10 20 30 40 50 60 70 80 90 100

100 000 150 150 150 150 150 150 150 150 150 150
150 000 150 150 150 150 150 150 150 150 150 150
200 000 154 150 150 150 150 150 150 150 150 150
250 000 160 153 150 150 150 150 150 150 150 150
300 000 166 159 154 150 150 150 150 150 150 150
350 000 170 163 158 154 150 150 150 150 150 150
400 000 174 168 163 158 155 151 150 150 l150 150
450 000 178 171 166 162 158 156 152 150 150 150
500 000 181 175 170 166 162 159 155 152 150 150
600 000 187 181 176 172 168 165 162 159 156 153
700 000 192 186 181 177 174 170 167 164 162 159
800 000 195 190 185 182 178 175 172 169 167 164
900 000 200 194 189 186 182 179 176 174 171 168

1 000 000 203 197 193 189 186 183 180 178 175 173
1 500 000 217 211 207 203 200 197 195 192 190 188
2 000 000 227 221 217 214 211 208 205 203 201 199
2 500 000 235 229 225 222 219 216 214 212 209 207
3 000 000 241 236 232 228 226 223 221 218 216 214
3 500 000 247 241 237 234 231 229 227 224 222 220
4 000 000 252 247 243 239 236 234 232 230 228 226
4 500 000 257 251 247 244 241 239 236 234 232 230
5 000 000 261 255 251 248 245 243 240 238 236 235
6 000 000 268 262 258 255 252 250 248 246 244 242
7 000 000 274 269 265 261 259 256 254 252 250 248
8 000 000 280 274 270 267 264 262 260 258 256 254
9 000 000 284 279 276 272 269 267 265 263 261 259
10 000 000 289 283 280 276 274 271 269 267 265 264
15 000 000 307 301 297 294 291 289 287 285 283 282
20 000 000 320 314 310 307 305 302 300 298 297 295
25 000 000 330 325 321 318 315 313 311 309 307 306
30 000 000 339 334 330 327 b24! 322 320 318 316 314
35 000 000 347 341 338 334 332 330 327 326 324 322
40 000 000 354 348 344 341 339 336 334 332 331 329
45 000 000 360 354 350 347 345 342 340 338 337 335
50 000 000 365 360 356 353 1350‘ 348 346 344 342 341
60 000 000 375 370 366 363 360 358 356 354 352 350
70 000 000 384 378 374 371 368 366 364 362 360 359
80 000 000 391 385 382 378 374 372 370 368 366
90 000 000 398 392 388 385 383 380 378 376 375 373
100 000 000 404 398 394 391 |389{ 386 384 382 381 379
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4.2 ALTERNATE #1

Alternate #1 should be selected when there are good
permeable sands available in the project area.

Alternate #1 is composed of permeable special select soil
that provides for removal of infiltrated water vertically
and laterally through the embankment to the 'shoulder -
‘ditches. This is placed in the top 1500 mm of fill
sections and top 600 mm of cut sections. The special
select soil must have a minimum average lab permeability
of 5 x 10% °/_. with no individual test less than 1 x 10°°
oM/ ec- It also must be non-plastic with no more than of
12% passing the 75 *m sieve.

i)

This permeability rate and depth of special select
material are based on calculations using Figure 45 of
Report No. FHWA-TS-80-224 Highway Subdrainage Design
Manual, August 1980. An infiltration rate of 28 cc/hr/cm
of joint is assumed, with an average storm duration of 10
hours and an average interval between storms of 100 hours
for drainage of the infiltrated water.

To provide a permeable working platform, 75 mm of #57
stone can be placed on top of the special select soil and
mixed into the top 150 mm. Illustration of this drainage’
alternate can be seen in Standard Index 505 with more
detail for the edgedrain provided in Standard Index 287.

To provide extra insurance that water is quickly removed
from the critical lower pavement edge, draincrete
edgedrains are provided with outfalls located on the
shoulder slope. In an urban area this may be a storm
sewer.

Draincrete edgedrains are recommended in areas where
flexible pavement shoulders are going to be constructed.
This design provides protection to the pipe during and
after construction from heavy construction equipment, off-
tracking trucks, and other forces. Other edgedrain
alternatives may be considered on the recommendation of
the District Drainage Engineer, when rigid shoulders are
constructed.

Page 4.3.0



The “daylighting of the base” (extending the limits of the
special select soil out to the shoulder slope) to provide
additional drainage is also recommended. ' 7

ma—
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On a project by project basis, the District Materials
Engineer can make a professional recommendation to
slightly modify the percent passing the 75 °m gradation
for the special select soils definition based on his
knowledge of similar good performing rigid pavements with
such soils in the area. This recommendation must be
concurred with in writing by the District Pavement Design
Engineer, District Drainage Engineer, and the State Soils
And Materials Engineer. This recommendation will become a
part of the Pavement Design Package.

4.3 ALTERNATE #2

Alternate #2 should be selected when there are not good
permeable sands available in the project area.

Alternate #2 utilizes an Asphalt Treated Permeable Base
(ATPB) or Cement Treated Permeable Base (CTPB). This
material provides for the lateral conveyance of the water
to drain out of the pavement system. The depth of this
layer is 100 mm deep. This sits on top of a 20 mm Type S-
III Structural Course that acts as a separation and
waterproofing blanket. This in turn is on top of 300 mm
of Type B Stabilization (LBR 40) which acts as a
construction working platform.

Tllustration of this alternate can be seen in Standard
Index 505 with more detail provided in Standard Index 287.

When the water reaches the edge of the pavement system,
the edgedrains are monolithically constructed using the
same material as the drainage layer. The runoff is routed
to the nearest outfall located on the shoulder slope. 1In
an urban area, this may be a storm sewer system.
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TABLE 5.2

RELATIONSHIP BETWEEN REQUIRED DEPTH (Dg) AND SLAB LENGTH

Required Depth (D;), mm Slab Length, m

150 = b" 3.6 — |2 BT
| b

160 — b /4 3.8 — 2.5 Fr

170 — (b 3" 4.1 — 13,5 Fr
n

180 — 7/ 4.3 — 4.0 FT

190 — 7Y,° 4.6 — |Sp Fr

h il
200 — 7 /4 4.8 — IS.SFT

210 + — g‘/4_u
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TABLE 5.1

LOAD TRANSFER DEVICES

Required Pavement Dowel Bar
Depth (D;), mm Diameter, mm
150 to 170 20
180, 190 25
200 30 —= dlas - FID
210 + 35 —» $1.375 - ¥l

I
12

Note : Dowel bar spacing should be 300 mm.””
Dowel bar length should be 450 mm. ’X P

CO‘JSEQ\{AT;\/E‘ S

/.50" ¢ 6FrP BAQI 18" Love  jo" 0.,

]
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FIGURE 5.1

FORMULA FOR TIE BAR SPACING (S)

Using the following formula:

S= "4 = tree® Aleer
B'cffW.DR B‘C"F.W’DR

Where:

S = Tie bar spacing, m

']
n
[l

Tie bar working stress (225 MPa, Grade 300)

>
u
I

- Area of steel, one bar, mm?

For 10M tie bar (11.3 mm in. diameter),
use A, = 100 mm?

For 15M tie bar (16.0 mm in diameter),
use A, = 200 mm?

B = Distance to a free edge or untied joint, m
C; = Coefficient of friction (1.5 assumed)
W = Weight of concrete (23563 N/m?)

Dy = Required Depth, mm

Fecep = GFRP Tie BRar Wrevine Stiess ( 124 MPo Fb B"”‘B

ALF&P = Acean oF GFrf Bak (06.45% mz'/ #* L Bac )
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Physical Properties - Aslan 100, 101 GFRP Rebar

Aslan 100 Vinylester Matrix GFRP Rebar - Diameters #2 (6mm) through #8 (25mm)

Aslan 101 Polyester Matrix GFRP Rebar for non-portland cement and temporary use-applications.

I. Tensile Stress, Nominal Diameter & Cross Sectional Area

Tensile
Guaranteed Modulus
Bar Size Cross Sectional Area* Nominal Dia. | Tensile Strength | of Elasticity

(mm) (inches) (mm2) (in?) (mm)  (in) (MPA)  (ksi) GPA  psi 108
6 #2 33.23 0.0515 6.35 0.25" 825 120 408 5.92
9 #3 84.32 0.1307 9.53 0.375" 760 110 408 5.92
13 #4 144.85 0.2245 12.70 0.50" 690 100 408 5.92
16 #5 217.56 0.3372 15.88 0.625" 655 95 408 5.92
19 #6 295.50 0.4580 19.05 0.75" 620 90 408 5.92
22 #7 382.73 0.5932 22.23 0.875" 586 85 408 5.92
25 #8 537.90 0.8337 2540 1.0" 550 80 408 5.92
29 #9 645.00 1.0000 28.65 1.123" 517 75 408 5.92
32 #10 807.34 1.2513 31.75 1.25" 480 70 408 5.92

%

Hughes Brothers reserves the right to make improvements in the product and/or process which may result in benefits or changes to some physical-mechanical characteristics. The data contained herein
is considered representative of current production and is believed to be reliable and to represent the best available characterization of the product as of December, 2002.

*By water displacement, varies within tc over time

Cross Sectional Area

The cross sectional area of the rebar
may be determined by immersing a
sample in water and measuring the vol-
ume displacement of the piece. When
calculating the cross sectional area, the
cross section is assumed to be a circle.

Nominal Diameter

The nominal diameter of the rebar is
the average diameter and assumes the
-shape of the rebar is a circle.

Tensile Stress

Tensile stress values shown are de-
termined as the average failure load
divided by the cross sectional area
based on nominal bar diameter, less
three standard deviations. Tensile
stress varies as diameter increases
due to shear lag which

develops between the fibers in the
larger sizes. For AC1440.1R-01 design,
this value is the guaranteed tensile
strength, f, .

ghout production run (+0.030" from nominal).

Results of destructive tensile testing performed at
Penn State University

Typical Stress / Strain Curve for GFRP Rebar

0 0.005

Certification of Measured Mechanical Properties
Test reports from an independent lab are available on request for each production lot. Reports

show the tensile strength of the sample population, average tensile modulus and the calculated
ultimate strain for each tensile test based on the average modulus.

0.01 .
Strain

0.015

0.02

0.025

ASLAN 100 Fiberglass

| P o o P

Rebar

i



CONCRETE REINFORCED WITH FRP BARS

The cracked moment of inertia, I, and the ratio of the
effective depth to the depth of the elastic neutral axis, k, are
computed using Eq. (8-10) and (8-11).

Values for safe sustained stress levels are given in Table 8.2.
These values are based on the creep rupture stress limits previ-

ously stated in Section 3.3.1 with an imposed safety factor of
1/0.60.

8.4.2 Fatigue stress limits—If the structure is subjected to
fatigue regimes, the FRP stress should be limited to the
values stated in Table 8.2. The FRP stress can be calculated
using Eq. (8-15) with M| equal to the moment due to all
sustained loads plus the maximum moment induced in a
fatigue loading cycle.

CHAPTER 9—SHEAR

In this document, FRP stirrups and continuous rectangular
spirals are considered for shear reinforcement. Because of
their location as an outer reinforcement, stirrups are more
susceptible to severe environmental conditions and may be
subject to related deterioration, reducing the service life of
the structure. Available research results, however, are suffi-
cient to develop a conservative design guideline for FRP
shear reinforcement. Due to limited experience, this chapter
does not address the use of FRP bars for punching shear rein-
forcement. Further research is needed in this area.

9.1—General considerations

Several issues need to be addressed when using FRP as

shear reinforcement, namely:

*  FRP has a relatively low modulus of elasticity;

*  FRP has a high tensile strength and no yield point;

e Tensile strength of the bent portion of an FRP bar is
significantly lower than the straight portion; and

*  FRP has low dowel resistance.

9.1.1 Shear design philosophy—The design of FRP shear
reinforcement is based on the strength design method. The
strength reduction factor given by ACI 318 for reducing
nominal shear capacity of steel-reinforced concrete members
should be used for FRP reinforcement as well.

9.2—Shear strength of FRP-reinforced members

According to ACI 318, the nominal shear strength of a
reinforced concrete cross section, V,, is the sum of the shear
resistance provided by concrete, V., and the steel shear
reinforcement, V.

Compared to a steel-reinforced section of equal flexural
capacity, a cross section using FRP flexural reinforcement
after cracking has a smaller depth to the neutral axis because
of the lower axial stiffness (that is, product of reinforcement
area times modulus of elasticity). The compression region of
the cross section is reduced and the crack widths are wider.
As a result, the shear resistance provided by both the aggre-
gate interlock and the compressed concrete, Vs, is smaller.
Research on the shear capacity of flexural members without
shear reinforcement has indicated that the concrete shear
strength is influenced by the stiffness of the tensile (flexural)
reinforcement (Nagasaka, Fukuyama, and Tanigaki 1993;

440.1R-23
fe——
& .
'1_ %L 05t
kd
d NA.
Ar
o e o —p Afr

Fig. 8.4—Elastic stress and strain distribution.

Table 8.2—Creep rupture stress limits in FRP
reinforcement

GFRP
0.20f,

Fiber type
Creep rupture stress limit Fj

AFRP
0.30f,

CFRP
0.55f3,

Zhao, Maruyama, and Suzuki 1995; JSCE 1997; Sonobe et
al. 1997; Michaluk et al. 1998).

The contribution of longitudinal FRP reinforcement in
terms of dowel action has not been determined. Because of
the lower strength and stiffness of FRP bars in the transverse
direction, however, it is assumed that their dowel action
contribution is less than that of an equivalent steel area.
Further research is needed to determine the effect of FRP
reinforcement dowel action and in shear friction.

The concrete shear capacity V, rof flexural members using
FRP as main reinforcement can be evaluated as shown
below. The proposed equation accounts for the axial stiff-
ness of the FRP reinforcement (A fEf) as compared to that of
steel reinforcement (A Ej).

A
Vc,f = ;{%[Vc

or

Vf=‘-’EIV

c, pSES c

A, and p; in the equations above represent area of steel and
corresponding steel reinforcement ratio for a reinforced
concrete section having the same ¢M,, of the FRP reinforced
concrete section. ‘

For practical design purposes, the value of p; can be taken
as 0.5p; gy Or 0.375p,. Considering a typical steel yield
strength of 60 ksi (420 MPa) for flexural reinforcement, the
equation for V., proposed by this committee can be
expressed as follows

= _BLEL_VC

Ver = S0B.17 ©-1)

The value of V, f computed in Equation (9-1) cannot be
larger than V..

The ACI 318 method used to calculate the shear contribu-
tion of steel stirrups is applicable when using FRP as shear
reinforcement. The shear resistance provided by FRP stir-

P ]
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Fiber-reinforced polymer (FRP) materials have emerged as a practical
alternative material for producing reinforcing bars for concrete structures.
FRP reinforcing bars offer advantages over steel reinforcement in that FRP
bars are noncorrosive, and some FRP bars are nonconductive. Due to other
differences in the physical and mechanical behavior of FRP materials versus
steel, unique guidance on the engineering and construction of concrete struc-
tures reinforced with FRP bars is needed. Several countries, such as Japan
and Canada, have already established design and construction guidelines
specifically for the use of FRP bars as concrete reinforcement. This document

ACI Committee Reports, Guides, Standard Practices, and
Commentaries are intended for guidance in planning, designing,
executing, and inspecting construction. This document is
intended for the use of individuals who are competent to evaluate
the significance and limitations of its content and recommenda-
tions and who will accept responsibility for the application of the
material it contains. The American Concrete Institute disclaims
any and all responsibility for the stated principles. The Institute
shall not be liable for any loss or damage arising therefrom.

Reference to this document shall not be made in contract
documents. If items found in this document are desired by the
Architect/Engineer to be a part of the contract documents, they
shall be restated in mandatory language for incorporation by the
Architect/Engineer.

offers general information on the history and use of FRP reinforcement, a
description of the unique material properties of FRP, and committee
recommendations on the engineering and construction of concrete reinforced
with FRP bars. The proposed guidelines are based on the knowledge gained
from worldwide experimental research, analytical work, and field appli-
cations of FRP reinforcement.

Keywords: aramid fibers; carbon fibers; concrete; development length; fiber-
reinforced polymers; flexure; glass fibers; moment; reinforced concrete;
reinforcement; shear; slab; strength.
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PART 1—GENERAL

CHAPTER 1—INTRODUCTION

Conventional concrete structures are reinforced with
nonprestressed and prestressed steel. The steel is initially
protected against corrosion by the alkalinity of the concrete,
usually resulting in durable and serviceable construction. For
many structures subjected to aggressive environments, such
as marine structures and bridges and parking garages
exposed to deicing salts, combinations of moisture, temper-
ature, and chlorides reduce the alkalinity of the concrete and
result in the corrosion of reinforcing and prestressing steel.
The corrosion process ultimately causes concrete deteriora-
tion and loss of serviceability. To address corrosion prob-
lems, professionals have turned to alternative metallic
reinforcement, such as epoxy-coated steel bars. While effec-
tive in some situations, such remedies may still be unable to
completely eliminate the problems of steel corrosion
(Keesler and Powers 1988).

Recently, composite materials made of fibers embedded in
a polymeric resin, also known as fiber-reinforced polymers
(FRP), have become an alternative to steel reinforcement for
concrete structures. Because FRP materials are nonmagnetic
and noncorrosive, the problems of electromagnetic interfer-
ence and steel corrosion can be avoided with FRP reinforce-
ment. Additionally, FRP materials exhibit several properties,
such as high tensile strength, that make them suitable for use
as structural reinforcement (Iyer and Sen 1991; JSCE 1992;
Neale and Labossiere 1992; White 1992; Nanni 1993a; Nanni
and Dolan 1993; Taerwe 1995; ACI Committee 440; El-Badry
1996; JSCE 1997a; Benmokrane and Rahman 1998; Saadat-
manesh and Ehsani 1998; Dolan, Rizkalla, and Nanni 1999).

The mechanical behavior of FRP reinforcement differs
from the behavior of steel reinforcement. Therefore, changes
in the design philosophy of concrete structures using FRP
reinforcement are needed. FRP materials are anisotropic and
are characterized by high tensile strength only in the direc-
tion of the reinforcing fibers. This anisotropic behavior
affects the shear strength and dowel action of FRP bars, as
well as the bond performance of FRP bars to concrete.
Furthermore, FRP materials do not exhibit yielding; rather,
they are elastic until failure. Design procedures should
account for a lack of ductility in concrete reinforced with
FRP bars.
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Several countries, such as Japan (JSCE 1997b) and Canada
(Canadian Standards Association 1996), have established
design procedures specifically for the use of FRP reinforce-
ment for concrete structures. In North America, the analytical
and experimental phases are sufficiently complete, and efforts
are being made to establish recommendations for design
with FRP reinforcement.

1.1—Scope

This document provides recommendations for the design
and construction of FRP reinforced concrete structures as an
emerging technology. The document only addresses nonpre-
stressed FRP reinforcement. The basis for this document is the
knowledge gained from worldwide experimental research,
analytical work, and field applications of FRP reinforcement.
The recommendations in this document are intended to be
conservative. Areas where further research is needed are
highlighted in this document and compiled in Appendix B.

Design recommendations are based on the current knowl-
edge and intended to supplement existing codes and guide-
lines for reinforced concrete structures and provide
engineers and building officials with assistance in the speci-
fication, design, and construction of concrete reinforced with
FRP bars.

In North America, comprehensive test methods and material
specifications to support design and construction guidelines
have not yet been approved by the organizations of compe-
tence. As an example, Appendix A reports a proposed test
method for the case of tensile characterization of FRP bars.
The users of this guide are therefore directed to test methods
proposed in other countries (JSCE 1997b) or procedures
used by researchers as reported/cited in the literature (ACI
440R; Iyer and Sen 1991; JSCE 1992; Neale and Labossiere
1992; White 1992; Nanni 1993a; Nanni and Dolan 1993;
Taerwe 1995; El-Badry 1996; JSCE 1997a; Benmokrane
and Rahman 1998; and Saadatmanesh and Ehsani 1998;
Dolan, Rizkalla, and Nanni 1999).

Guidance on the use of FRP reinforcement in combination
with steel reinforcement is not given in this document.

1.2—Definitions
The following definitions clarify terms pertaining to FRP
that are not commonly used in reinforced concrete practice.

-A-
AFRP—Aramid-fiber-reinforced polymer.
Aging—The process of exposing materials to an environ-
ment for an interval of time.
Alkalinity — The condition of having or containing
hydroxyl (OH-) ions; containing alkaline substances. In
concrete, the alkaline environment has a pH above 12.

-B-

Balanced FRP reinforcement ratio—The reinforcement
ratio in a flexural member that causes the ultimate strain of
FRP bars and the ultimate compressive strain of concrete
(assumed to be 0.003) to be simultaneously attained.
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Bar, FRP—A composite material formed into a long,
slender structural shape suitable for the internal reinforce-
ment of concrete and consisting of primarily longitudinal
unidirectional fibers bound and shaped by a rigid polymer
resin material. The bar may have a cross section of variable
shape (commonly circular or rectangular) and may have a
deformed or roughened surface to enhance bonding with
concrete.

Braiding—A process whereby two or more systems of
yarns are intertwined in the bias direction to form an inte-
grated structure. Braided material differs from woven and
knitted fabrics in the method of yarn introduction into the
fabric and the manner by which the yarns are interlaced.

-C-
CFRP—Carbon-fiber-reinforced polymer.
Composite—A combination of one or more materials

differing in form or composition on a macroscale. Note: The
constituents retain their identities; that is, they do not
dissolve or merge completely into one another, although
they act in concert. Normally, the components can be physi-
cally identified and exhibit an interface between one another.

Cross-link—A chemical bond between polymer molecules.
Note: An increased number of cross-links per polymer
molecule increases strength and modulus at the expense of
ductility.

Curing of FRP bars—A process that irreversibly changes
the properties of a thermosetting resin by chemical reaction,
such as condensation, ring closure, or addition. Note: Curing
can be accomplished by the adding of cross-linking (curing)
agents with or without heat and pressure.

-D-

Deformability factor—The ratio of energy absorption
(area under the moment-curvature curve) at ultimate strength
of the section to the energy absorption at service level.

Degradation—A decline in the quality of the mechanical
properties of a material.

-E-

E-glass—A family of glass with a calcium alumina boro-
silicate composition and a maximum alkali content of 2.0%.
A general-purpose fiber that is used in reinforced polymers.

Endurance limit—The number of cycles of deformation
or load required to bring about failure of a material, test spec-
imen, or structural member.

-F-
Fatigue strength—The greatest stress that can be
sustained for a given number of load cycles without failure.
Fiber—Any fine thread-like natural or synthetic object of
mineral or organic origin. Note: This term is generally used
for materials whose length is at least 100 times its diameter.
Fiber, aramid—Highly oriented organic fiber derived
from polyamide incorporating into an aromatic ring structure.
Fiber, carbon—Fiber produced by heating organic
precursor materials containing a substantial amount of carbon,
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such as rayon, polyacrylonitrile (PAN), or pitch in an inert
environment.

Fiber, glass—Fiber drawn from an inorganic product of
fusion that has cooled without crystallizing.

Fiber content—The amount of fiber present in a
composite. Note: This usually is expressed as a percentage
volume fraction or weight fraction of the composite.

Fiber-reinforced polymer (FRP)—Composite material
consisting of continuous fibers impregnated with a fiber-binding
polymer then molded and hardened in the intended shape.

Fiber volume fraction—The ratio of the volume of fibers
to the volume of the composite.

Fiber weight fraction—The ratio of the weight of fibers
to the weight of the composite.

-G-

GFRP—Glass-fiber-reinforced polymer.

Grid—A two-dimensional (planar) or three-dimensional
(spatial) rigid array of interconnected FRP bars that form a
contiguous lattice that can be used to reinforce concrete. The
lattice can be manufactured with integrally connected bars or
made of mechanically connected individual bars.

-H-
Hybrid—A combination of two or more different fibers,
such as carbon and glass or carbon and aramid, into a structure.

-l-
Impregnate—In fiber-reinforced polymers, to saturate
the fibers with resin.

-M-

Matrix—In the case of fiber-reinforced polymers, the
materials that serve to bind the fibers together, transfer load
to the fibers, and protect them against environmental attack
and damage due to handling.

-P-

Pitch—A black residue from the distillation of petroleum.

Polymer—A high molecular weight organic compound,
natural or synthetic, containing repeating units.

Precursor—The rayon, PAN, or pitch fibers from which
carbon fibers are derived.

Pultrusion—A continuous process for manufacturing
composites that have a uniform cross-sectional shape. The
process consists of pulling a fiber-reinforcing material
through a resin impregnation bath then through a shaping die
where the resin is subsequently cured.

-R-
Resin—Polymeric material that is rigid or semirigid at
room temperature, usually with a melting point or glass tran-
sition temperature above room temperature.

-S-

Stress concentration—The magnification of the local
stresses in the region of a bend, notch, void, hole, or inclusion,
in comparison to the stresses predicted by the ordinary formulas
of mechanics without consideration of such irregularities.
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Sustained stress—stress caused by unfactored sustained
loads including dead loads and the sustained portion of the
live load.

-T-

Thermoplastic—Resin that is not cross-linked; it generally
can be remelted and recycled.

Thermoset—Resin that is formed by cross-linking
polymer chains. Note: A thermoset cannot be melted and
recycled, because the polymer chains form a three-dimen-
sional network.

-V-
Vinyl esters—A class of thermosetting resins containing
ester of acrylic, methacrylic acids, or both, many of which
have been made from epoxy resin.

-W-

Weaving—A multidirectional arrangement of fibers. For
example, polar weaves have reinforcement yarns in the
circumferential, radial, and axial (longitudinal) directions;
orthogonal weaves have reinforcement yarns arranged in the
orthogonal (Cartesian) geometry, with all yarns intersecting
at 90 degrees.

1.3—Notation
a = depth of equivalent rectangular stress block, in.
A = the effective tension area of concrete, defined as

the area of concrete having the same centroid as
that of tensile reinforcement, divided by the
number of bars, in.2

Af = area of FRP reinforcement, in.2

Agpay = areaof one FRP bar, in.2

Afpin = minimum area of FRP reinforcement needed to
prevent failure of flexural members upon
cracking, in.2

Ap = amount of l;RP shear reinforcement within
spacing s, in.

Af min = minimum amount of FRP shear reinforcement
within spacing s, in.2

Apg, = areaof shrinkage and temperature FRP reinforce-
ment per linear foot, in.2

A = area of tension steel reinforcement, in.?

b = width of rectangular cross section, in.

bf = width of the flange, in.

b, = width of the web, in.

c = distance from extreme compression fiber to the
neutral axis, in.

= clear concrete cover, in.

cp = distance from extreme compression fiber to
neutral axis at balanced strain condition, in.

Cg = environmental reduction factor for various fiber
type and exposure conditions, given in Table 7.1

d = distance from extreme compression fiber to
centroid of tension reinforcement, in.

dy, = diameter of reinforcing bar, in.

d, = thickness of the concrete cover measured from

extreme tension fiber to center of bar or wire
location closest thereto, in.

E = modulus of elasticity of concrete, psi

E; = guaranteed modulus of elasticity of FRP
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defined as the mean modulus of a sample of test
specimens (E¢= Ef ), psi

modulus of elasticity of steel, psi

compressive stress in concrete, psi

specified compressive strength of concrete, psi
square root of specified compressive strength of
concrete, psi

stress in the FRP reinforcement in tension, psi
strength of a bent portion of FRP bar, psi

stress level induced in the FRP by sustained
loads, psi

guaranteed tensile strength of an FRP bar,
defined as the mean tensile strength of a sample
of test specimens minus three times the standard
deviation ("4, = f, ave = 35). psi

design tensile strength of FRP, considering
reductions for service environment, psi

tensile strength of FRP for shear design, taken as
the smallest of the design tensile strength fg, the
strength of the bent portion of the FRP stirrups
Jp» or the stress corresponding to 0.002 Ep, psi
rupture strength of concrete

mean tensile strength of a sample of test speci-
mens, psi

specified yield stress of nonprestressed steel rein-
forcement, psi

overall height of a flexural member, in.

moment of inertia, in4

moment of inertia of transformed cracked
section, in4

effective moment of inertia, in.4

gross moment of inertia, in4

ratio of the depth of the neutral axis to the
reinforcement depth

bond-dependent coefficient

modifier of basic development length

spend length of member, ft

distance between joints in a slab on grade, ft
additional embedment length at support or at
point of inflection, in.

basic development length of an FRP bar, in.
development length of an FRP bar, in.
development length of an FRP standard hook in
tension, measured from critical section to the
outside end of the hook, in.

basic development length of an FRP standard
hook in tension, in.

length of tail beyond a hook in an FRP bar, in.
maximum moment in a member at a stage deflec-
tion is computed, 1b-in.

cracking moment, Ib-in.

nominal moment capacity, lb-in.

moment due to sustained load, Ib-in.

factored moment at section, 1b-in.

ratio of the modulus of elasticity of FRP bars to
the modulus of elasticity of concrete

internal radius of bend in FRP reinforcement, in.
stirrup spacing or pitch of continuous spirals, in.
glass transition temperature, F

nominal shear strength provided by concrete with
steel flexural reinforcement

nominal shear strength provided by concrete with
FRP flexural reinforcement
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nominal shear strength at section

shear resistance provided by steel stirrups

shear resistance provided by FRP stirrups
factored shear force at section

crack width, mils (' 107 in.)

angle of inclination of stirrups or spirals (Chapter 9)
ratio of the average stress of the equivalent rect-
angular stress block to f£

slope of the load-displacement curve of FRP bar
between 20 and 60% of the ultimate tensile
capacity, 1b/in.

bond dependent coefficient used in calculating
deflection, taken as 0.5 (Chapter 8)

longitudinal coefficient of thermal expansion, 1/F
transverse coefficient of thermal expansion, 1/F
ratio of the distance from the neutral axis to
extreme tension fiber to the distance from the
neutral axis to the center of the tensile reinforce-
ment (Section 8.3.1)

reduction coefficient used in calculating deflec-
tion (Section 8.3.2)

factor taken as 0.85 for concrete strength f.. up to
and including 4000 psi. For strength above 4000
psi, this factor is reduced continuously at a rate of
0.05 per each 1000 psi of strength in excess of
4000 psi, but is not taken less than 0.65
additional deflection due to creep and shrinkage
under sustained loads, in.

immediate deflection, in.

immediate deflection due to dead load, in.
immediate deflection due to dead plus live loads,
in.

immediate deflection due to live load, in.
immediate deflection due to sustained loads, in.
strain in concrete

ultimate strain in concrete

strain in FRP reinforcement

guaranteed rupture strain of FRP reinforcement
defined as the mean tensile strain at failure of a
sample of test specimens minus three times the
standard deviation (€, = €, 4y, - 3S). in./in.
design rupture strain of FRP reinforcement

strain in steel reinforcement

mean tensile strength at rupture of a sample of
test specimens

multiplier for additional long-term deflection
coefficient of subgrade friction for calculation of
shrinkage and temperature reinforcement
average bond stress acting on the surface of FRP
bar, ksi

time-dependent factor for sustained load

ratio of steel compression reinforcement, r ¢ =
A Cbd

FRP reinforcement ratio

FRP reinforcement ratio producing balanced
strain conditions

reinforcement ratio for temperature and shrinkage
FRP reinforcement

steel reinforcement ratio producing balanced
strain conditions

steel reinforcement ratio

maximum steel reinforcement ratio

standard deviation
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Table 1.1—Advantages and disadvantages of FRP

reinforcement

Advantages of FRP reinforcement

Disadvantages of FRP reinforcement

High longitudinal strength (varies
with sign and direction of loading
relative to fibers)

No yielding before brittle rupture

Corrosion resistance (not dependent
on a coating)

Low transverse strength (varies with
sign and direction of loading relative
to fibers)

Nonmagnetic

Low modulus of elasticity (varies

with type of reinforcing fiber)

Susceptibility of damage to poly-
meric resins and fibers under ultravi-
olet radiation exposure

High fatigue endurance (varies with
type of reinforcing fiber)

Lightweight (about 1/5 to 1/4 the
density of steel)

Durability of glass fibers in a moist
environment

Low thermal and electric conductiv- |Durability of some glass and aramid
ity (for glass and aramid fibers) fibers in an alkaline environment

High coefficient of thermal expan-
— sion perpendicular to the fibers, rela-
tive to concrete

May be susceptible to fire depending
— on matrix type and concrete cover
thickness

1.4—Applications and use
The material characteristics of FRP reinforcement need to

be considered when determining whether FRP reinforcement
is suitable or necessary in a particular structure. The mate-
rial characteristics are described in detail in Chapter 3;
Table 1.1 lists some of the advantages and disadvantages of
FRP reinforcement for concrete structures.

The corrosion-resistant nature of FRP reinforcement is a
significant benefit for structures in highly corrosive environ-
ments such as seawalls and other marine structures, bridge
decks and superstructures exposed to deicing salts, and pave-
ments treated with deicing salts. In structures supporting
magnetic resonance imaging (MRI) units or other equipment
sensitive to electromagnetic fields, the nonmagnetic proper-
ties of FRP reinforcement are significantly beneficial.
Because FRP reinforcement has a nonductile behavior, the use
of FRP reinforcement should be limited to structures that will
significantly benefit from other properties such as the noncor-
rosive or nonconductive behavior of its materials. Due to lack
of experience in its use, FRP reinforcement is not recom-
mended for moment frames or zones where moment redistri-
bution is required.

FRP reinforcement should not be relied upon to resist
compression. Available data indicate that the compressive
modulus of FRP bars is lower than its tensile modulus (see
discussion in Section 3.2.2). Due to the combined effect of this
behavior and the relatively lower modulus of FRP compared
to steel, the maximum contribution of compression FRP rein-
forcement calculated at crushing of concrete (typically at €.,
=0.003) is small. Therefore, FRP reinforcement should not be
used as reinforcement in columns or other compression
members, nor should it be used as compression reinforcement
in flexural members. It is acceptable for FRP tension rein-
forcement to experience compression due to moment reversals
or changes in load pattern. The compressive strength of the
FRP reinforcement should, however, be neglected. Further
research is needed in this area.

CHAPTER 2—BACKGROUND INFORMATION
2.1—Historical development

The development of FRP reinforcement can be traced to
the expanded use of composites after World War II. The
aerospace industry had long recognized the advantages of
the high strength and lightweight of composite materials,
and during the Cold War the advancements in the aerospace
and defense industry increased the use of composites.
Furthermore, the United States’ rapidly expanding economy
demanded inexpensive materials to meet consumer
demands. Pultrusion offered a fast and economical method
of forming constant profile parts, and pultruded composites
were being used to make golf clubs and fishing poles. It was
not until the 1960s, however, that these materials were seriously
considered for use as reinforcement in concrete.

The expansion of the national highway systems in the
1950s increased the need to provide year-round mainte-
nance. It became common to apply deicing salts on highway
bridges. As a result, reinforcing steel in these structures and
those subject to marine salt experienced extensive corrosion
and thus became a major concern. Various solutions were
investigated, including galvanized coatings, electro-static-
spray fusion-bonded (powder resin) coatings, polymer-
impregnated concrete, epoxy coatings, and glass FRP
(GFRP) reinforcing bars (ACI 440R). Of these options,
epoxy-coated steel reinforcement appeared to be the best
solution and was implemented in aggressive corrosion envi-
ronments. The FRP reinforcing bar was not considered a
viable solution or commercially available until the late
1970s. In 1983, the first project funded by the United States
Department of Transportation (USDOT) was on “Transfer of
Composite Technology to Design and Construction of
Bridges” (Plecnik and Ahmad 1988).

Marshall-Vega Inc. led the initial development of GFRP
reinforcing bars in the United States. Initially, GFRP bars
were considered a viable alternative to steel as reinforcement
for polymer concrete due to the incompatibility of the coef-
ficients of thermal expansion between polymer concrete and
steel. In the late 1970s, International Grating Inc. entered the
North American FRP reinforcement market. Marshall-Vega
and International Grating led the research and development
of FRP reinforcing bars into the 1980s.

The 1980s market demanded nonmetallic reinforcement
for specific advanced technology. The largest demand for
electrically nonconductive reinforcement was in facilities for
MRI medical equipment. FRP reinforcement became the
standard in this type of construction. Other uses began to
develop as the advantages of FRP reinforcing became better
known and desired, specifically in seawall construction,
substation reactor bases, airport runways, and electronics
laboratories (Brown and Bartholomew 1996).

During the 1990s, concern for the deterioration of aging
bridges in the United States due to corrosion became more
apparent (Boyle and Karbhari 1994). Additionally, detection
of corrosion in the commonly used epoxy-coated reinforcing
bars increased interest in alternative methods of avoiding
corrosion. Once again, FRP reinforcement began to be
considered as a general solution to address problems of
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the Crowchild bridge deck in Calgary, Alberta, in 1997.

corrosion in bridge decks and other structures (Benmokrane,
Chaallal, and Masmoudi 1996).

2.2—Commercially available FRP reinforcing bars
Commercially available FRP reinforcing materials are

made of continuous aramid (AFRP), carbon (CFRP), or glass
(GFRP) fibers embedded in a resin matrix (ACI 440R).
Typical FRP reinforcement products are grids, bars, fabrics,
and ropes. The bars have various types of cross-sectional
shapes (square, round, solid, and hollow) and deformation
systems (exterior wound fibers, sand coatings, and sepa-
rately formed deformations). A sample of five distinctly
different GFRP reinforcing bars is shown in Fig. 1.1.

2.3—History of use
The Japanese have the most FRP reinforcement applica-

tions with more than 100 demonstration or commercial
projects. FRP design provisions were included in the design
and construction recommendations of the Japan Society of
Civil Engineers (1997b).

The use of FRP reinforcement in Europe began in
Germany with the construction of a prestressed FRP
highway bridge in 1986 (Meier 1992). Since the construction
of this bridge, programs have been implemented to increase
the research and use of FRP reinforcement in Europe. The
European BRITE/EURAM Project, “Fiber Composite
Elements and Techniques as Nonmetallic Reinforcement,”
conducted extensive testing and analysis of the FRP mate-

Fig. 1.3—GFRP bars used in a winery in British Columbia
in 1998.

Fig. 1.4—FRP-reinforced deck constructed in Lima, Ohio
(Pierce Street Bridge), in 1999.

rials from 1991 to 1996 (Taerwe 1997). More recently,
EUROCRETE has headed the European effort with research
and demonstration projects.

Canadian civil engineers are continuing to develop provi-
sions for FRP reinforcement in the Canadian Highway
Bridge Design Code and have constructed a number of
demonstration projects. The Headingley Bridge in Manitoba
included both CFRP and GFRP reinforcement (Rizkalla
1997). Additionally, the Kent County Road No. 10 Bridge
used CFRP grids to reinforce the negative moment regions
(Tadros, Tromposch, and Mufti 1998). The Joffre Bridge,
located over the St-Francois River in Sherbrooke, Quebec,
included CFRP grids in its deck slab and GFRP reinforcing
bars in the traffic barrier and sidewalk. The bridge, which
was opened to traffic in December 1997, included fiber-optic
sensors that were structurally integrated into the FRP rein-
forcement for remotely monitoring strains (Benmokrane,
Tighiouart, and Chaallal 1996). Photographs of two applica-
tions (bridge and building) are shown in Fig. 1.2 and 1.3.

In the United States, typical uses of FRP reinforcement
have been previously reported (ACI 440R). The photographs
shown in Fig. 1.4 and 1.5 show recent applications in bridge
deck construction.
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Fig. 1.5—GFRP bars used in the redecking of Dayton,
Ohio’s Salem Avenue bridge in 1999.

Table 3.1—Typical densities of reinforcing bars,

Ib/ft® (g/cm?3)
Steel GFRP CFRP AFRP
493.00 77.8 to 131.00 93.3 to 100.00 77.80 to 88.10
(7.90) (1.25 t0 2.10) (1.50 to 1.60) (1.25 to 1.40)

Table 3.2—Typical coefficients of thermal
expansion for reinforcing bars”

CTE,” 10°%F (" 107%/C)
Direction Steel GFRP CFRP AFRP

33t056 | 40t00.0 |-33to-1.1
(6.0t0 10.0) [ (-9.0t0 0.0) | (-6to-2)

11.7t012.8 | 41to58 |333to44.4
(21.0 to 23.0)|(74.0 to 104.0)|(60.0 to 80.0)

*Typical values for fiber volume fraction ranging from 0.5 to 0.7.

Longitudinal, a; | 6.5 (11.7)

Transverse, a7 | 6.5 (11.7)

PART 2—FRP BAR MATERIALS

CHAPTER 3—MATERIAL CHARACTERISTICS

The physical and mechanical properties of FRP rein-
forcing bars are presented in this chapter to develop a funda-
mental understanding of the behavior of these bars and the
properties that affect their use in concrete structures.
Furthermore, the effects of factors, such as loading history
and duration, temperature, and moisture, on the properties of
FRP bars are discussed.

It is important to note that FRP bars are anisotropic in nature
and can be manufactured using a variety of techniques such as
pultrusion, braiding, and weaving (Bank 1993 and Bakis
1993). Factors such as fiber volume, type of fiber, type of resin,
fiber orientation, dimensional effects, and quality control
during manufacturing all play a major role in establishing the
characteristics of an FRP bar. The material characteristics
described in this chapter should be considered as generaliza-
tions and may not apply to all products commercially available.

Several agencies are developing consensus-based test
methods for FRP reinforcement. Appendix A summarizes a
tensile test method used by researchers. While this Appendix is
not a detailed consensus document, it does provide insight into
testing and reporting issues associated with FRP reinforcement.
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3.1—Physical properties

3.1.1 Density—FRP bars have a density ranging from 77.8
to 131.3 Ib/ft> (1.25 to 2.1 g/cm3), one-sixth to one-fourth
that of steel (Table 3.1). The reduced weight leads to lower
transportation costs and may ease handling of the bars on the
project site.

3.1.2 Coefficient of thermal expansion—The coefficients of
thermal expansion of FRP bars vary in the longitudinal and
transverse directions depending on the types of fiber, resin, and
volume fraction of fiber. The longitudinal coefficient of thermal
expansion is dominated by the properties of the fibers, while
the transverse coefficient is dominated by the resin (Bank
1993). Table 3.2 lists the longitudinal and transverse coefficients
of thermal expansion for typical FRP bars and steel bars.
Note that a negative coefficient of thermal expansion indicates
that the material contracts with increased temperature and
expands with decreased temperature. For reference, concrete
has a coefficient of thermal expansion that varies from 4 x
10°t0 6 x 10°%F (7.2 x 107 to 10.8 x 107%/C) and is
usually assumed to be isotropic (Mindess and Young 1981).

3.1.3 Effects of high temperatures—The use of FRP
reinforcement is not recommended for structures in which
fire resistance is essential to maintain structural integrity.
Because FRP reinforcement is embedded in concrete, the
reinforcement cannot burn due to a lack of oxygen; however,
the polymers will soften due to the excessive heat. The
temperature at which a polymer will soften is known as the
glass- transition temperature, T,. Beyond the T, the elastic
modulus of a polymer is significantly reduced due to changes
in its molecular structure. The value of T, depends on the type
of resin but is normally in the region of 150 to 250 F (65 to
120 C). In a composite material, the fibers, which exhibit
better thermal properties than the resin, can continue to
support some load in the longitudinal direction; however, the
tensile properties of the overall composite are reduced due to
a reduction in force transfer between fibers through bond to
the resin. Test results have indicated that temperatures of
480 F (250 C), much higher than the Tg, will reduce the
tensile strength of GFRP and CFRP bars in excess of 20%
(Kumahara, Masuda, and Tanano 1993). Other properties
more directly affected by the shear transfer through the resin,
such as shear and bending strength, are reduced significantly
at temperatures above the 7, (Wang and Evans 1995).

For FRP reinforced concrete, the properties of the polymer
at the surface of the bar are essential in maintaining bond
between FRP and concrete. At a temperature close to its 7,
however, the mechanical properties of the polymer are
significantly reduced, and the polymer is not able to transfer
stresses from the concrete to the fibers. One study carried out
with bars having a T, of 140 to 255 F (60 to 124 C) reports a
reduction in pullout (bond) strength of 20 to 40% at a
temperature of approximately 210 F (100 C), and a reduction
of 80 to 90% at a temperature of 390 F (200 C) (Katz,
Berman, and Bank 1998 and 1999). In a study on flexural
behavior of beams with partial pretensioning with AFRP
tendons and reinforcement with either AFRP or CFRP bars,
beams were subjected to elevated temperatures under a
sustained load. Failure of the beams occurred when the
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temperature of the reinforcement reached approximately 390
F (200 C) and 572 F (300 C) in the carbon and aramid bars,
respectively (Okamoto et al. 1993). Another study involving
FRP reinforced beams reported reinforcement tensile fail-
ures when the reinforcement reached temperatures of 480 to
660 F (250 to 350 C) (Sakashita et al. 1997).

Locally such behavior can result in increased crack widths
and deflections. Structural collapse can be avoided if high
temperatures are not experienced at the end regions of FRP
bars allowing anchorage to be maintained. Structural
collapse can occur if all anchorage is lost due to softening of
the polymer or if the temperature rises above the temperature
threshold of the fibers themselves. The latter can occur at
temperatures near 1800 F (980 C) for glass fibers and 350 F
(175 C) for aramid fibers. Carbon fibers are capable of
resisting temperatures in excess of 3000 F (1600 C). The
behavior and endurance of FRP reinforced concrete struc-
tures under exposure to fire and high heat is still not well
understood and further research in this area is required. ACI
216R may be used for an estimation of temperatures at
various depths of a concrete section. Further research is
needed in this area.

3.2—Mechanical properties and behavior
3.2.1 Tensile behavior—When loaded in tension, FRP

bars do not exhibit any plastic behavior (yielding) before
rupture. The tensile behavior of FRP bars consisting of one
type of fiber material is characterized by a linearly elastic
stress-strain relationship until failure. The tensile properties of
some commonly used FRP bars are summarized in Table 3.3.

The tensile strength and stiffness of an FRP bar are depen-
dent on several factors. Because the fibers in an FRP bar are
the main load-carrying constituent, the ratio of the volume of
fiber to the overall volume of the FRP (fiber-volume fraction)
significantly affects the tensile properties of an FRP bar.
Strength and stiffness variations will occur in bars with various
fiber-volume fractions, even in bars with the same diameter,
appearance, and constituents. The rate of curing, the manufac-
turing process, and the manufacturing quality control also
affect the mechanical characteristics of the bar (Wu 1990).

Unlike steel bars, some FRP bars exhibit a substantial
effect of cross-sectional area on tensile strength. For
example, GFRP bars from three different manufacturers
show tensile strength reductions of up to 40% as the diameter
increases proportionally from 0.375 to 0.875 in. (9.5 to
22.2 mm) (Faza and GangaRao 1993b). On the other hand,
similar cross-section changes do not seem to affect the
strength of twisted CFRP strands (Santoh 1993). The sensi-
tivity of AFRP bars to cross-section size has been shown to
vary from one commercial product to another. For example,
in braided AFRP bars, there is a less than 2% strength reduc-
tion as bars increase in diameter from 0.28 to 0.58 in. (7.3 to
14.7 mm) (Tamura 1993). The strength reduction in a unidi-
rectionally pultruded AFRP bar with added aramid fiber
surface wraps is approximately 7% for diameters increasing
from 0.12 to 0.32 in. (3 to 8 mm) (Noritake et al. 1993). The
FRP bar manufacturer should be contacted for particular
strength values of differently sized FRP bars.
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Table 3.3—Usual tensile properties of reinforcing
bars’

Steel GFRP CFRP AFRP
Nominal yield 40to 75

stress, ksi (MPa)| (276 10 517)| /A N/A N/A

Tensile strength, | 70t0 100 | 7010230 | 87to 535 2(5107%128

ksi (MPa) | (483 10 690) |(483 to 1600)((600 10 3690)| 57"

Elastic modulus, 29.0 51t07.4 1?'19260083)'0 6'81{001%2
107 ksi (GPa) | (200.0) |35.01051.0) ‘g 125.0)
Yield strain, % 14t02.5 N/A N/A N/A
Rupture strain, | ¢ 0120 | 1213.1 | 05t01.7 | 1.9t044

%

*Typical values for fiber volume fractions ranging from 0.5 to 0.7.

Determination of FRP bar strength by testing is compli-
cated because stress concentrations in and around anchorage
points on the test specimen can lead to premature failure. An
adequate testing grip should allow failure to occur in the
middle of the test specimen. Proposed test methods for deter-
mining the tensile strength and stiffness of FRP bars are
available in the literature, but are not yet established by any
standards-producing organizations (see Appendix A).

The tensile properties of a particular FRP bar should be
obtained from the bar manufacturer. Usually, a normal
(Gaussian) distribution is assumed to represent the strength
of a population of bar specimens; although, at this time addi-
tional research is needed to determine the most generally
appropriate distribution for FRP bars. Manufacturers should
report a guaranteed tensile strength, f *fw defined by this
guide as the mean tensile strength of a sample of test specimens
minus three times the standard deviation (f *fu = fuave — 39)
and similarly report a guaranteed rupture strain, € fu (e*fu =
€, ave — 3S) and a specified tensile modulus, E ¢ (E¢= Ef,,)-
These guaranteed values of strength and strain provide a
99.87% probability that the indicated values are exceeded by
similar FRP bars, provided at least 25 specimens are tested
(Dally and Riley 1991; Mutsuyoshi, Uehara, and Machida
1990). If less specimens are tested or a different distribution
is used, texts and manuals on statistical analysis should be
consulted to determine the confidence level of the distribution
parameters (MIL-17 1999). In any case, the manufacturer
should provide a description of the method used to obtain the
reported tensile properties.

An FRP bar cannot be bent once it has been manufactured
(an exception to this would be an FRP bar with a thermo-
plastic resin that could be reshaped with the addition of heat
and pressure). FRP bars, however, can be fabricated with
bends. In FRP bars produced with bends, a strength reduc-
tion of 40 to 50% compared to the tensile strength of a
straight bar can occur in the bend portion due to fiber
bending and stress concentrations (Nanni et al. 1998).

3.2.2 Compressive behavior—While it is not recom-
mended to rely on FRP bars to resist compressive stresses,
the following section is presented to characterize fully the
behavior of FRP bars.

Tests on FRP bars with a length to diameter ratio from 1:1
to 2:1 have shown that the compressive strength is lower
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than the tensile strength (Wu 1990). The mode of failure for
FRP bars subjected to longitudinal compression can include
transverse tensile failure, fiber microbuckling, or shear
failure. The mode of failure depends on the type of fiber, the
fiber-volume fraction, and the type of resin. Compressive
strengths of 55, 78, and 20% of the tensile strength have been
reported for GFRP, CFRP, and AFRP, respectively (Mallick
1988; Wu 1990). In general, compressive strengths are
higher for bars with higher tensile strengths, except in the
case of AFRP where the fibers exhibit nonlinear behavior in
compression at a relatively low level of stress.

The compressive modulus of elasticity of FRP reinforcing
bars appears to be smaller than its tensile modulus of elas-
ticity. Test reports on samples containing 55 to 60% volume
fraction of continuous E-glass fibers in a matrix of vinyl
ester or isophthalic polyester resin indicate a compressive
modulus of elasticity of 5000 to 7000 ksi (35 to 48 GPa) (Wu
1990). According to reports, the compressive modulus of
elasticity is approximately 80% for GFRP, 85% for CFRP,
and 100% for AFRP of the tensile modulus of elasticity for
the same product (Mallick 1988; Ehsani 1993). The slightly
lower values of modulus of elasticity in the reports may be
attributed to the premature failure in the test resulting from
end brooming and internal fiber microbuckling under
compressive loading.

Standard test methods are not yet established to charac-
terize the compressive behavior of FRP bars. If the compres-
sive properties of a particular FRP bar are needed, these
should be obtained from the bar manufacturer. The manufac-
turer should provide a description of the test method used to
obtain the reported compression properties.

3.2.3 Shear behavior—Most FRP bar composites are rela-
tively weak in interlaminar shear where layers of unrein-
forced resin lie between layers of fibers. Because there is
usually no reinforcement across layers, the interlaminar
shear strength is governed by the relatively weak polymer
matrix. Orientation of the fibers in an off-axis direction
across the layers of fiber will increase the shear resistance,
depending upon the degree of offset. For FRP bars this can
be accomplished by braiding or winding fibers transverse to
the main fibers. Off-axis fibers can also be placed in the
pultrusion process by introducing a continuous strand mat in
the roving/mat creel. Standard test methods are not yet estab-
lished to characterize the shear behavior of FRP bars. If the
shear properties of a particular FRP bar are needed, these
should be obtained from the bar manufacturer. The manufac-
turer should provide a description of the test method used to
obtain the reported shear values.

3.2.4 Bond behavior—Bond performance of an FRP bar is
dependent on the design, manufacturing process, mechanical
properties of the bar itself, and the environmental conditions
(Al-Dulaijan et al. 1996; Nanni et al. 1997; Bakis et al. 1998;
Bank, Puterman, and Katz 1998; Freimanis et al. 1998).
When anchoring a reinforcing bar in concrete, the bond force
can be transferred by:
¢ Adhesion resistance of the interface, also known as

chemical bond;
*  Frictional resistance of the interface against slip; and
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e Mechanical interlock due to irregularity of the interface.

In FRP bars, it is postulated that bond force is transferred
through the resin to the reinforcement fibers, and a bond-
shear failure in the resin is also possible. When a bonded
deformed bar is subjected to increasing tension, the adhesion
between the bar and the surrounding concrete breaks down,
and deformations on the surface of the bar cause inclined
contact forces between the bar and the surrounding concrete.
The stress at the surface of the bar resulting from the force
component in the direction of the bar can be considered the
bond stress between the bar and the concrete. Unlike rein-
forcing steel, the bond of FRP rebars appears not to be signif-
icantly influenced by the concrete compressive strength
provided adequate concrete cover exists to prevent longitu-
dinal splitting (Nanni et al. 1995; Benmokrane, Tighiouart,
and Chaallal 1996; Kachlakev and Lundy 1998).

The bond properties of FRP bars have been extensively
investigated by numerous researchers through different
types of tests, such as pullout tests, splice tests, and canti-
lever beams, to determine an empirical equation for embed-
ment length (Faza and GangaRao 1990, Ehsani et al. 1996,
Benmokrane 1997). The bond stress of a particular FRP bar
should be based on test data provided by the manufacturer
using standard test procedures that are still under develop-
ment at this time.

With regard to bond characteristics of FRP bars, the
designer is referred to the standard test methods cited in the
literature. The designer should always consult with the bar
manufacturer to obtain bond values.

3.3—Time-dependent behavior

3.3.1 Creep rupture—FRP reinforcing bars subjected to a
constant load over time can suddenly fail after a time period
called the endurance time. This phenomenon is known as
creep rupture (or static fatigue). Creep rupture is not an issue
with steel bars in reinforced concrete except in extremely
high temperatures, such as those encountered in a fire. As the
ratio of the sustained tensile stress to the short-term strength
of the FRP bar increases, endurance time decreases. The
creep rupture endurance time can also irreversibly decrease
under sufficiently adverse environmental conditions such as
high temperature, ultraviolet radiation exposure, high alkalinity,
wet and dry cycles, or freezing-thawing cycles. Literature on
the effects of such environments exists; although, the extrac-
tion of precise design laws is hindered by a lack of standard
creep test methods and reporting, and the diversity of constit-
uents and processes used to make proprietary FRP products. In
addition, little data are currently available for endurance times
beyond 100 h. Design conservatism is advised until more
research has been done on this subject. Several representative
examples of endurance times for bar and bar-like materials
follow. No creep strain data are available in these cases.

In general, carbon fibers are the least susceptible to creep
rupture, whereas aramid fibers are moderately susceptible,
and glass fibers are the most susceptible. A comprehensive
series of creep rupture tests was conducted on 0.25 in. (6 mm)
diameter smooth FRP bars reinforced with glass, aramid, and
carbon fibers (Yamaguchi et al. 1997). The bars were tested
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at different load levels in room temperature, laboratory
conditions using split conical anchors. Results indicated
that a linear relationship exists between creep rupture
strength and the logarithm of time for times up to nearly 100 h.
The ratios of stress level at creep rupture to the initial strength
of the GFRP, AFRP, and CFRP bars after 500,000 h (more
than 50 years) were linearly extrapolated to be 0.29, 0.47, and
0.93, respectively.

In another extensive investigation, endurance times were
determined for braided AFRP bars and twisted CFRP bars,
both utilizing epoxy resin as the matrix material (Ando et al.
1997). These commercial bars were tested at room tempera-
ture in laboratory conditions and were anchored with an
expansive cementitious grout inside of friction-type grips.
Bar diameters ranged from 0.26 to 0.6 in. (5 to 15 mm) but
were not found to affect the results. The percentage of stress
at creep rupture versus the initial strength after 50 years
calculated using a linear relationship extrapolated from data
available to 100 h was found to be 79% for CFRP, and 66%
for AFRP.

An investigation of creep rupture in GFRP bars in room
temperature laboratory conditions was reported by Seki,
Sekijima, and Konno (1997). The molded E-glass/vinyl ester
bars had a small (0.0068 in%[44 mmz]) rectangular cross-
section and integral GFRP tabs. The percentage of initial
tensile strength retained followed a linear relationship with
logarithmic time, reaching a value of 55% at an extrapolated
50-year endurance time.

Creep rupture data characteristics of a 0.5 in. diameter
(12.5 mm) commercial CFRP twisted strand in an indoor
environment is available from the manufacturer (Tokyo
Rope 2000). The rupture strength at a projected 100-year
endurance time is reported to be 85% of the initial strength.

An extensive investigation of creep deformation (not
rupture) in one commercial AFRP and two commercial
CFRP bars tested to 3000 h has been reported (Saadat-
manesh and Tannous 1999a,b). The bars were tested in labo-
ratory air and in room-temperature solutions with a pH equal
to 3 and 12. The bars had diameters between 0.313 to 0.375
in. (8 to 10 mm) and the applied stress was fixed at 40% of
initial strength. The results indicated a slight trend towards
higher creep strain in the larger-diameter bars and in the bars
immersed in the acidic solution. Bars tested in air had the
lowest creep strains of the three environments. Considering
all environments and materials, the range of strains recorded
after 3000 h was 0.002 to 0.037%. Creep strains were
slightly higher in the AFRP bar than in the CFRP bars.

For experimental characterization of creep rupture, the
designer can refer to the test method currently proposed by
the committee of Japan Society of Civil Engineers (1997b),
“Test Method on Tensile Creep-Rupture of Fiber Reinforced
Materials, JSCE-E533-1995.” Creep characteristics of FRP
bars can also be determined from pullout test methods cited
in the literature. Recommendations on sustained stress limits
imposed to avoid creep rupture are provided in the design
section of this guide.

3.3.2 Fatigue—A substantial amount of data for fatigue
behavior and life prediction of stand-alone FRP materials
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has been generated in the last 30 years (National Research

Council 1991). During most of this time period, the focus of

research investigations was on materials suitable for aero-

space applications. Some general observations on the fatigue

behavior of FRP materials can be made, even though the

bulk of the data is obtained from FRP specimens intended

for aerospace applications rather than construction. Unless

stated otherwise, the cases that follow are based on flat,

unidirectional coupons with approximately 60% fiber-

volume fraction and subjected to tension-tension sinusoidal

cyclic loading at:

* A frequency low enough not to cause self-heating;

*  Ambient laboratory environments;

* A stress ratio (ratio of minimum applied stress to
maximum applied stress) of 0.1; and

* A direction parallel to the principal fiber alignment.

Test conditions that raise the temperature and moisture
content of FRP materials generally degrade the ambient envi-
ronment fatigue behavior.

Of all types of current FRP composites for infrastructure
applications, CFRP is generally thought to be the least prone
to fatigue failure. On a plot of stress versus the logarithm of
the number of cycles at failure (S-N curve), the average
downward slope of CFRP data is usually about 5 to 8% of
initial static strength per decade of logarithmic life. At 1 million
cycles, the fatigue strength is generally between 50 and 70%
of initial static strength and is relatively unaffected by real-
istic moisture and temperature exposures of concrete struc-
tures unless the resin or fiber/resin interface is substantially
degraded by the environment. Some specific reports of data
to 10 million cycles indicated a continued downward trend
of 5 to 8% decade in the S-N curve (Curtis 1989).

Individual glass fibers, such as E-glass and S-glass, are
generally not prone to fatigue failure. Individual glass fibers,
however, have demonstrated delayed rupture caused by the
stress corrosion induced by the growth of surface flaws in the
presence of even minute quantities of moisture in ambient
laboratory environment tests (Mandell and Meier 1983).
When many glass fibers are embedded into a matrix to form
an FRP composite, a cyclic tensile fatigue effect of approxi-
mately 10% loss in the initial static capacity per decade of
logarithmic lifetime has been observed (Mandell 1982). This
fatigue effect is thought to be due to fiber-fiber interactions
and not dependent on the stress corrosion mechanism
described for individual fibers. No clear fatigue limit can
usually be defined. Environmental factors play an important
role in the fatigue behavior of glass fibers due to their
susceptibility to moisture, alkaline, and acidic solutions.

Aramid fibers, for which substantial durability data are
available, appear to behave similarly to carbon and glass
fibers in fatigue. Neglecting in this context the rather poor
durability of all aramid fibers in compression, the tension-
tension fatigue behavior of an impregnated aramid fiber bar
is excellent. Strength degradation per decade of logarithmic
lifetime is approximately 5 to 6% (Roylance and Roylance
1981). While no distinct endurance limit is known for AFRP,
2 million cycle fatigue strengths of commercial AFRP bars
for concrete applications have been reported in the range of
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54 to 73% of initial bar strengths (Odagiri, Matsumato, and
Nakai 1997). Based on these findings, Odagiri suggested that
the maximum stress be set to 54 to 73% of the initial tensile
strength. Because the slope of the applied stress versus loga-
rithmic creep-rupture time of AFRP is similar to the slope of
the stress versus logarithmic cyclic lifetime data, the indi-
vidual fibers appear to fail by a strain-limited creep-rupture
process. This failure condition in commercial AFRP bars was
noted to be accelerated by exposure to moisture and elevated
temperature (Roylance and Roylance 1981; Rostasy 1997).

The influence of moisture on the fatigue behavior of unidi-
rectional FRP materials, while generally thought to be detri-
mental if the resin or fiber/matrix interface is degraded, is
also inconclusive because the results depend on fiber and
matrix types, preconditioning methods, solution content, and
the environmental condition during fatigue (Hayes et al.
1998, Rahman, Adimi, and Crimi 1997). In addition, factors
such as gripping and presence of concrete surrounding the
bar during the fatigue test need to be considered.

Fatigue strength of CFRP bars encased in concrete has
been observed to decrease when the environmental tempera-
ture increases from 68 to 104 F (20 to 40 C) (Adimi et al.
1998). In this same investigation, endurance limit was
found to be inversely proportional to loading frequency. It
was also found that higher cyclic loading frequencies in the
0.5 to 8 Hz range corresponded to higher bar temperatures
due to sliding friction. Thus, endurance limit at 1 Hz could
be more than 10 times higher than that at 5 Hz. In the cited
investigation, a stress ratio (minimum stress divided by
maximum stress) of 0.1 and a maximum stress of 50% of
initial strength resulted in runouts of greater than 400,000
cycles when the loading frequency was 0.5 Hz. These runout
specimens had no loss of residual tensile strength.

It has also been found with CFRP bars that the endurance
limit depends also on the mean stress and the ratio of
maximum-to-minimum cyclic stress. Higher mean stress or
a lower stress ratio (minimum divided by maximum) will
cause a reduction in the endurance limit (Rahman and
Kingsley 1996; Saadatmanesh and Tannous 1999a).

Fatigue tests on unbonded GFRP dowel bars have shown
that fatigue behavior similar to that of steel dowel bars can
be achieved for cyclic transverse shear loading of up to 10
million cycles. The test results and the stiffness calculations
have shown that an equivalent performance can be achieved
between FRP and steel bars subjected to transverse shear by
changing some of the parameters, such as diameter, spacing,
or both (Porter et al. 1993; Hughes and Porter 1996).

The addition of ribs, wraps, and other types of deforma-
tions improve the bond behavior of FRP bars. Such deforma-
tions, however, has been shown to induce local stress
concentrations that significantly affect the performance of a
GFRP bar under fatigue loading situations (Katz 1998).
Local stress concentrations degrade fatigue performance by
imposing multiaxial stresses that serve to increase matrix-
dominated damage mechanisms normally suppressed in
fiber-dominated composite materials. Additional fiber-
dominated damage mechanisms can be also activated near
deformations, depending on the construction of the bar.
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The effect of fatigue on the bond of deformed GFRP bars
embedded in concrete has been investigated in detail using
specialized bond tests (Sippel and Mayer 1996; Bakis et al.
1998, Katz 2000). Different GFRP materials, environments,
and test methods were followed in each cited case, and the
results indicated that bond strength can either increase,
decrease, or remain the same following cyclic loading. Bond
fatigue behavior has not been sufficiently investigated to date
and conservative design criteria based on specific materials
and experimental conditions are recommended.

Design limitations on fatigue stress ranges for FRP bars
ultimately depend on the manufacturing process of the FRP
bar, environmental conditions, and the type of fatigue load
being applied. Given the ongoing development in the manu-
facturing process of FRP bars, conservative design criteria
should be used for all commercially available FRP bars.
Design criteria are given in Section 8.4.2.

With regard to the fatigue characteristics of FRP bars, the
designer is referred to the provisional standard test methods
cited in the literature. The designer should always consult
with the bar manufacturer for fatigue response properties.

CHAPTER 4—DURABILITY

FRP bars are susceptible to varying amounts of strength
and stiffness changes in the presence of environments prior
to, during, and after construction. These environments can
include water, ultraviolet exposure, elevated temperature,
alkaline or acidic solutions, and saline solutions. Strength
and stiffness may increase, decrease, or remain the same,
depending on the particular material and exposure condi-
tions. Tensile and bond properties of FRP bars are the
primary parameters of interest for reinforced concrete
construction.

The environmental condition that has attracted the most
interest by investigators concerned with FRP bars is the
highly alkaline pore water found in outdoor concrete struc-
tures (Gerritse 1992; Takewaka and Khin 1996; Rostasy
1997; and Yamaguchi et al. 1997). Methods for systemati-
cally accelerating the strength degradation of bare,
unstressed, glass filaments in concrete using temperature
have been successful (Litherland, Oakley, and Proctor 1981)
and have also been often applied to GFRP materials to
predict long-term performance in alkaline solutions. There is
no substantiation to-date, however, that acceleration
methods for bare glass (where only one chemical reaction
controls degradation) applies to GFRP composites (where
multiple reactions and degradation mechanisms may be acti-
vated at once or sequentially). Furthermore, the effect of
applied stress during exposure needs to be factored into the
situation as well. Due to insufficient data on combined
weathering and applied stress, the discussions of weathering,
creep, and fatigue are kept separate in this document. Hence,
while short-term experiments using aggressive environments
certainly enable quick comparisons of materials, extrapola-
tion of the results to field conditions and expected lifetimes
are not possible in the absence of real-time data (Gentry et al.
1998; Clarke and Sheard 1998). In most cases available to
date, bare bars were subjected to the aggressive environment
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under no load. The relationships between data on bare bars
and data on bars embedded in concrete are affected by addi-
tional variables such as the degree of protection offered to the
bars by the concrete (Clarke and Sheard 1998; Scheibe and
Rostasy 1998; Sen et al. 1998). Test times included in this
review are typically in the 10- to 30-month range. Due to the
large amount of literature on the subject (Benmokrane and
Rahman 1998) and the limited space here, some generaliza-
tions must be made at the expense of presenting particular
quantitative results. With these cautions in mind, representa-
tive experimental results for a range of FRP bar materials and
test conditions are reviewed as follows. Conservatism is
advised in applying these results in design until additional
long-term durability data are available.

Aqueous solutions with high values of pH are known to
degrade the tensile strength and stiffness of GFRP bars
(Porter and Barnes 1998), although particular results vary
tremendously according to differences in test methods.
Higher temperatures and longer exposure times exasperate
the problem. Most data have been generated using tempera-
tures as low as slightly subfreezing and as high as a few
degrees below the 7, of the resin. The degree to which the
resin protects the glass fibers from the diffusion of delete-
rious hydroxyl (OH-) ions figures prominently in the alkali
resistance of GFRP bars (Bank and Puterman 1997; Cooma-
rasamy and Goodman 1997; GangaRao and Vijay 1997b;
Porter et al. 1997; Bakis et al. 1998; Tannous and Saadat-
manesh 1999; Uomoto 2000). Most researchers are of the
opinion that vinyl ester resins have superior resistance to
moisture ingress in comparison with other commodity
resins. The type of glass fiber also appears to be an important
factor in the alkali resistance of GFRP bars (Devalapura et al.
1996). Tensile strength reductions in GFRP bars ranging
from zero to 75% of initial values have been reported in the
cited literature. Tensile stiffness reductions in GFRP bars
range between zero and 20% in many cases. Tensile strength
and stiffness of AFRP rods in elevated temperature alkaline
solutions either with and without tensile stress applied have
been reported to decrease between 10 to 50% and 0 to 20% of
initial values, respectively (Takewaka and Khin 1996;
Rostasy 1997; Sen at al. 1998). In the case of CFRP, strength
and stiffness have been reported to each decrease between 0 to
20% (Takewaka and Khin 1996).

Extended exposure of FRP bars to ultraviolet rays and
moisture before their placement in concrete could
adversely affect their tensile strength due to degradation of
the polymer constituents, including aramid fibers and all
resins. Proper construction practices and resin additives
can ameliorate this type of weathering problem signifi-
cantly. Some results from combined ultraviolet and mois-
ture exposure tests with and without applied stress applied
to the bars have shown tensile strength reductions of 0 to
20% of initial values in CFRP, 0 to 30% in AFRP and O to
40% in GFRP (Sasaki et al. 1997, Uomoto 2000). An exten-
sive study of GFRP, AFRP, and CFRP bars kept outdoors
in a rack by the ocean showed no significant change of
tensile strength or modulus of any of the bars (Tomosowa
and Nakatsuji 1996, 1997).
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Adding various types of salts to the solutions in which
FRP bars are immersed has been shown to not necessarily
make a significant difference in the strength and stiffness of
many FRP bars, in comparison to the same solution without
salt (Rahman, Kingsley, and Crimi 1996). Most studies do
not separate the effects of water and salt added to water,
however. One study found a 0 to 20% reduction of initial
tensile strength in GFRP bars subjected to a saline solution
at room-temperature and cyclic freezing-thawing tempera-
tures (Vijay and GangaRao 1999) and another has found a
15% reduction in the strength of AFRP bars in a marine
environment (Sen et al. 1998).

Studies of the durability of bond between FRP and concrete
have been mostly concerned with the moist, alkaline environ-
ment found in concrete. Bond of FRP reinforcement relies
upon the transfer of shear and transverse forces at the interface
between bar and concrete, and between individual fibers
within the bar. These resin-dominated mechanisms are in
contrast to the fiber-dominated mechanisms that control prop-
erties such as longitudinal strength and stiffness of FRP bars.
Environments that degrade the polymer resin or fiber/resin
interface are thus also likely to degrade the bond strength of an
FRP bar. Numerous bond test methods have been proposed for
FRP bars, although the direct pullout test remains rather
popular due to its simplicity and low cost (Nanni, Bakis, and
Boothby 1995). Pullout specimens with CFRP and GFRP bars
have been subjected to natural environmental exposures and
have not indicated significant decreases in bond strength over
periods of time between 1 and 2 years (Clarke and Sheard
1998 and Sen et al. 1998a). Positive and negative trends in
pullout strength with respect to shorter periods of time have
been obtained with GFRP bars subjected to wet elevated-
temperature environments in concrete, with or without artifi-
cially added alkalinity (Al-Dulaijan et al. 1996; Bakis et al.
1998; Bank, Puterman, and Katz 1998; Porter and Barnes
1998). Similar observations on such accelerated pullout tests
carry over to AFRP and CFRP bars (Conrad et al. 1998).
Longitudinal cracking in the concrete cover can seriously
degrade the apparent bond capability of FRP bars and suffi-
cient measures must be taken to prevent such cracking in labo-
ratory tests and field applications (Sen et al. 1998a). The
ability of chemical agents to pass through the concrete to the
FRP bar is another important factor thought to affect bond
strength (Porter and Barnes 1998). Specific recommendations
on bond-related parameters, such as development and splice
lengths, are provided in Chapter 11.

With regard to the durability characterization of FRP bars,
refer to the provisional test methods cited in the literature.
The designer should always consult with the bar manufac-
turer to obtain durability factors.

PART 3—RECOMMENDED MATERIALS REQUIRE-
MENTS AND CONSTRUCTION PRACTICES

CHAPTER 5—MATERIAL REQUIREMENTS
AND TESTING

FRP bars made of continuous fibers (aramid, carbon, glass,
or any combination) should conform to quality standards as
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Fig. 5.1—Surface deformation patterns for commercially
available FRP bars: (a) ribbed; (b) sand-coated; and (c)
wrapped and sand-coated.

Table 5.1—Minimum modulus of elasticity, by fiber
type, for reinforcing bars

Modulus grade, ~ 103 ksi (GPa)
GFRP bars E5.7 (39.3)
AFRP bars E10.0 (68.9)
CFRP bars E16.0 (110.3)

described in Section 5.1. FRP bars are anisotropic, with the
longitudinal axis being the major axis. Their mechanical
properties vary significantly from one manufacturer to
another. Factors, such as volume fraction and type of fiber,
resin, fiber orientation, dimensional effects, quality control,
and manufacturing process, have a significant effect on the
physical and mechanical characteristics of the FRP bars.

FRP bars should be designated with different grades
according to their engineering characteristics (such as tensile
strength and modulus of elasticity). Bar designation should
correspond to tensile properties, which should be uniquely
marked so that the proper FRP bar is used.

5.1—Strength and modulus grades of FRP bars

FRP reinforcing bars are available in different grades of
tensile strength and modulus of elasticity. The tensile
strength grades are based on the tensile strength of the bar,
with the lowest grade being 60,000 psi (414 MPa). Finite
strength increments of 10,000 psi (69 MPa) are recognized
according to the following designation:

Grade F60: corresponds to a 1 ., 60,000 psi (414 MPa)

Grade F70: corresponds to a f~ fu 70,000 psi (483 MPa)

Grade F300: corresponds to a f *fu 3 300,000 psi (2069 MPa).

For design purposes, the engineer can select any FRP
strength grade between F60 and F300 without having to
choose a specific commercial FRP bar type.

A modulus of elasticity grade is established similar to the
strength grade. For the modulus of elasticity grade, the
minimum value is prescribed depending on the fiber type.
For design purposes, the engineer can select the minimum
modulus of elasticity grade that corresponds to the chosen
fiber type for the member or project. For example, an FRP
bar specified with a modulus grade of ES.7 indicates that the
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modulus of the bar should be at least 5700 ksi (39.3 GPa).
Manufacturers producing FRP bars with a modulus of elas-
ticity in excess of the minimum specified will have superior
FRP bars that can result in savings on the amount of FRP
reinforcement used for a particular application.

The modulus of elasticity grades for different types of FRP
bars are summarized in Table 5.1. For all these FRP bars,
rupture strain should not be less than 0.005 in./in.

5.2—Surface geometry

FRP reinforcing bars are produced through a variety of
manufacturing processes. Each manufacturing method
produces a different surface condition. The physical charac-
teristics of the surface of the FRP bar is an important prop-
erty for mechanical bond with concrete. Three types of
surface deformation patterns for FRP bars that are commer-
cially available are shown in Fig. 5.1.

Presently, there is no standardized classification of surface
deformation patterns. Research is in progress to produce a
bond grade similar to the strength and modulus grades.

5.3—Bar sizes

FRP bar sizes are designated by a number corresponding to
the approximate nominal diameter in eighths of an inch,
similar to standard ASTM steel reinforcing bars. There are 12
standard sizes, as illustrated in Table 5.2, which also includes
the corresponding metric conversion.

The nominal diameter of a deformed FRP bar is equivalent
to that of a plain round bar having the same area as the
deformed bar. When the FRP bar is not of the conventional
solid round shape (that is, rectangular or hollow), the outside
diameter of the bar or the maximum outside dimension of the
bar will be provided in addition to the equivalent nominal
diameter. The nominal diameter of these unconventional
bars would be equivalent to that of a solid plain round bar
having the same area.

5.4—Bar identification

With the various grades, sizes, and types of FRP bars
available, it is necessary to provide some means of easy iden-
tification. Each bar producer should label the bars, container/
packaging, or both, with the following information:

* A symbol to identify the producer;

e A letter to indicate the type of fiber (that is, g for glass,
¢ for carbon, a for aramid, or h for a hybrid) followed
by the number corresponding to the nominal bar size
designation according to the ASTM standard;

* A marking to designate the strength grade;

* A marking to designate the modulus of elasticity of the
bar in thousands of ksi; and

¢ In the case of an unconventional bar (a bar with a cross
section that is not uniformly circular or solid), the
outside diameter or the maximum outside dimension.

A bond grade will be added when a classification is avail-
able. Example of identification symbols are shown below

XXX - G#4 - F100 - E6.0
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Table 5.2—ASTM standard reinforcing bars

Bar size designation

Nominal
Standard  |Metric conversion| diameter, in. (mm) | Area, in.2 (mm2)

No. 2 No. 6 0.250 (6.4) 0.05 (31.6)
No. 3 No. 10 0.375 (9.5) 0.11(71)

No. 4 No. 13 0.500 (12.7) 0.20 (129)
No. 5 No. 16 0.625 (15.9) 0.31 (199)
No. 6 No. 19 0.750 (19.1) 0.44 (284)
No. 7 No. 22 0.875 (22.2) 0.60 (387)
No. 8 No. 25 1.000 (25.4) 0.79 (510)
No. 9 No. 29 1.128 (28.7) 1.00 (645)
No. 10 No. 32 1.270 (32.3) 1.27 (819)
No. 11 No. 36 1.410 (35.8) 1.56 (1006)
No. 14 No. 43 1.693 (43.0) 2.25(1452)
No. 18 No. 57 2.257 (57.3) 4.00 (2581)

where

XXX = manufacturer’s symbol or name;
G#4 = glass FRP bar No. 4 (nominal diameter of 1/2 in.);
F100 = strength grade of at least 100 ksi (fk 7> 100 ksi);
E6.0 = modulus grade of at least 6,000,000 psi.

In the case of a hollow or unconventionally shaped bar, an
extra identification should be added to the identification
symbol as shown below:

XXX - G#4 - F100 - E6.0 - 0.63

where:
0.63 = maximum outside dimension is 5/8 in.

Markings should be used at the construction site to verify
that the specified type, grades, and bar sizes are being used.

5.5—Straight bars
Straight bars are cut to a specified length from longer stock

lengths in a fabricator’s shop or at the manufacturing plant.

5.6—Bent bars
Bending FRP rebars made of thermoset resin should be

carried out before the resin is fully cured. After the bars have
cured, bending or alteration is not possible due to the inflex-
ibility or rigid nature of a cured FRP bar. Because thermoset
polymers are highly cross-linked, heating the bar is not
allowed as it would lead to a decomposition of the resin, thus
a loss of strength in the FRP.

The strength of bent bars varies greatly for the same type of
fiber, depending on the bending technique and type of resin
used. Therefore, the strength of the bent portion generally
should be determined based on suitable tests performed in
accordance with recommended test methods cited in the
literature. Bars in which the resin has not yet fully cured can
be bent, but only according to the manufacturer’s specifica-
tions and with a gradual transition, avoiding sharp angles
that damage the fibers.

CHAPTER 6—CONSTRUCTION PRACTICES
FRP reinforcing bars are ordered for specific parts of a

structure and are delivered to a job site storage area.
Construction operations should be performed in a manner
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designed to minimize damage to the bars. Similarly to epoxy-
coated steel bars, FRP bars should be handled, stored, and
placed more carefully than uncoated steel reinforcing bars.

6.1—Handling and storage of materials
FRP reinforcing bars are susceptible to surface damage.

Puncturing their surface can significantly reduce the strength
of the FRP bars. In the case of glass FRP bars, the surface
damage can cause a loss of durability due to infiltration of
alkalis. The following handling guidelines are recom-
mended to minimize damage to both the bars and the bar
handlers:

e FRP reinforcing bars should be handled with work
gloves to avoid personal injuries from either exposed
fibers or sharp edges;

*  FRP bars should not be stored on the ground. Pallets
should be placed under the bars to keep them clean and
to provide easy handling;

High temperatures, ultraviolet rays, and chemical
substances should be avoided because they can damage
FRP bars;

*  Occasionally, bars become contaminated with form
releasing agents or other substances. Substances that
decrease bond should be removed by wiping the bars
with solvents before placing FRP bars in concrete form;

e It may be necessary to use a spreader bar so that the
FRP bars can be hoisted without excessive bending;
and

*  When necessary, cutting should be performed with a
high-speed grinding cutter or a fine-blade saw. FRP
bars should never be sheared. Dust masks, gloves, and
glasses for eye protection are recommended when
cutting. There is insufficient research available to make
any recommendation on treatment of saw-cut bar ends.

6.2—Placement and assembly of materials
In general, placing FRP bars is similar to placing steel bars,

and common practices should apply with some exceptions for

the specifications prepared by the engineer as noted:

*  FRP reinforcement should be placed and supported
using chairs (preferably plastic or noncorrosive). The
requirements for support chairs should be included in
the project specifications;

* FRP reinforcement should be secured against
displacement while the concrete is being placed.
Coated tie wire, plastic or nylon ties, and plastic snap
ties can be used in tying the bars. The requirement for
ties should be included in the project specifications;

* Bending of cured thermoset FRP bars on site should
not be permitted. For other FRP systems, manufac-
turer’s specifications should be followed; and

*  Whenever reinforcement continuity is required,
lapped splices should be used. The length of lap
splices varies with concrete strength, type of concrete,
bar grades, size, surface geometry, spacing, and
concrete cover. Details of lapped splices should be in
accordance with the project specifications. Mechan-
ical connections are not yet available.
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6.3—Quality control and inspection
Quality control should be carried out by lot testing of FRP

bars. The manufacturer should supply adequate lot or
production run traceability. Tests conducted by the manufac-
turer or a third-party independent testing agency can be used.

All tests should be performed using the recommended test
methods cited in the literature. Material characterization
tests that include the following properties should be
performed at least once before and after any change in manu-
facturing process, procedure, or materials:

* Tensile strength, tensile modulus of elasticity, and ulti-
mate strain;

»  Fatigue strength;

* Bond strength;

*  Coefficient of thermal expansion; and

e Durability in alkaline environment.

To assess quality control of an individual lot of FRP bars, it
is recommended to determine tensile strength, tensile modulus
of elasticity, and ultimate strain. The manufacturer should
furnish upon request a certificate of conformance for any
given lot of FRP bars with a description of the test protocol.

PART 4—DESIGN RECOMMENDATIONS

CHAPTER 7—GENERAL DESIGN CONSIDER-
ATIONS

The general design recommendations for flexural concrete
elements reinforced with FRP bars are presented in this
chapter. The recommendations presented are based on prin-
ciples of equilibrium and compatibility and the constitutive
laws of the materials. Furthermore, the brittle behavior of
both FRP reinforcement and concrete allows consideration
to be given to either FRP rupture or concrete crushing as the
mechanisms that control failure.

7.1—Design philosophy

Both strength and working stress design approaches were
considered by this committee. The committee opted for the
strength design approach of reinforced concrete members
reinforced with FRP bars to ensure consistency with other
ACI documents. In particular, this guide makes reference to
provisions as per ACI 318-95, “Building Code Requirements
for Structural Concrete and Commentary.” These design
recommendations are based on limit states design principles
in that an FRP reinforced concrete member is designed based
on its required strength and then checked for fatigue endur-
ance, creep rupture endurance, and serviceability criteria. In
many instances, serviceability criteria or fatigue and creep
rupture endurance limits may control the design of concrete
members reinforced for flexure with FRP bars (especially
aramid and glass FRP that exhibit low stiffness).

The load factors given in ACI 318 are used to determine
the required strength of a reinforced concrete member.

7.2—Design material properties
The material properties provided by the manufacturer, such

as the guaranteed tensile strength, should be considered as
initial properties that do not include the effects of long-term
exposure to the environment. Because long-term exposure to
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various types of environments can reduce the tensile strength
and creep rupture and fatigue endurance of FRP bars, the
material properties used in design equations should be reduced
based on the type and level of environmental exposure.

Equations (7-1) through (7-3) give the tensile properties
that should be used in all design equations. The design
tensile strength should be determined by

fu = Cuf u (7-1)
where
fa = design tensile strength of FRP, considering reduc-
tions for service environment, psi;
Cr = environmental reduction factor, given in Table 7.1
for various fiber type and exposure conditions; and
fk fu = guaranteed tensile strength of an FRP bar defined as

the mean tensile strength of a sample of test speci-
mens minus three times the standard deviation (f* fi

= fuave — 38), psi.
The design rupture strain should be determined as

€, = Cre pu (7-2)
where
%-u = design rupture strain of FRP reinforcement; and
eﬁ = guaranteed rupture strain of FRP reinforcement

defined as the mean tensile strain at failure of a
sample of test specimens minus three times the
standard deviation (e*fu =€, qve — 3S).

The design modulus of elasticity will be the same as the
value reported by the manufacturer (Ey = E, ;).

The environmental reduction factors given in Table 7.1 are
conservative estimates depending on the durability of each
fiber type and are based on the consensus of Committee 440.
Temperature effects are included in the Cf, values. FRP bars,
however, should not be used in environments with a service
temperature higher than the 7, of the resin used for their
manufacturing. It is expected that with continued research,
these values will become more reflective of actual effects of
environment. The methodology regarding the use of these
factors, however, is not expected to change.

7.2.1 Tensile strength of FRP bars at bends—The design
tensile strength of FRP bars at a bend portion can be deter-
mined as

- i}
fp = .05 "071; +0.35f, £/ (7-3)

where
Jp = design tensile strength of the bend of FRP bar, psi;
r, = radius of the bend, in.;
d, = diameter of reinforcing bar, in.; and
fp = design tensile strength of FRP, considering reductions
for service environment, psi.
Equation (7-3) is adapted from design recommendations
by the Japan Society of Civil Engineers (1997b). Limited
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Table 7.1—Environmental reduction factor for
various fibers and exposure conditions

Environmental
Exposure condition Fiber type reduction factor Cp
Carbon 1.0
Concrete not exposed to earth Glass 038
and weather
Aramid 0.9
Carbon 0.9
Concrete exposed to earth and Glass 07
weather
Aramid 0.8

research on FRP hooks (Ehsani, Saadatmanesh, and Tao
1995) indicates that the tensile force developed by the bent
portion of a GFRP bar is mainly influenced by the ratio of the
bend radius to the bar diameter, r;,/d},, the tail length, and to
a lesser extent, the concrete strength.

For an alternative determination of the reduction in tensile
strength due to bending, manufacturers of bent bars may
provide test results based on test methodologies cited in the
literature.

CHAPTER 8—FLEXURE

The design of FRP reinforced concrete members for flexure
is analogous to the design of steel-reinforced concrete
members. Experimental data on concrete members reinforced
with FRP bars show that flexural capacity can be calculated
based on assumptions similar to those made for members
reinforced with steel bars (Faza and GangaRao 1993; Nanni
1993b; GangaRao and Vijay 1997a). The design of members
reinforced with FRP bars should take into account the
mechanical behavior of FRP materials.

8.1—General considerations

The recommendations given in this chapter are only for
rectangular sections, as the experimental work has almost
exclusively considered members with this shape. In addition,
this chapter refers only to cases of rectangular sections with
a single layer of one type of FRP reinforcement. The
concepts described here, however, can also be applied to the
analysis and design of members with different geometry and
multiple types, multiple layers, or both, of FRP reinforce-
ment. Although there is no evidence that the flexural theory,
as developed here, does not apply equally well to nonrectan-
gular sections, the behavior of nonrectangular sections has
yet to be confirmed by experimental results.

8.1.1 Flexural design philosophy—Steel-reinforced
concrete sections are commonly under-reinforced to ensure
yielding of steel before the crushing of concrete. The
yielding of the steel provides ductility and a warning of
failure of the member. The nonductile behavior of FRP rein-
forcement necessitates a reconsideration of this approach.

If FRP reinforcement ruptures, failure of the member is
sudden and catastrophic. There would be limited warning of
impending failure in the form of extensive cracking and
large deflection due to the significant elongation that FRP
reinforcement experiences before rupture. In any case, the
member would not exhibit ductility as is commonly
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Fig. 8.1—Theoretical moment-curvature relationships for
reinforced concrete sections using steel and FRP bars.

observed for under-reinforced concrete beams reinforced
with steel rebars.

The concrete crushing failure mode is marginally more
desirable for flexural members reinforced with FRP bars
(Nanni 1993b). By experiencing concrete crushing, a flexural
member does exhibit some plastic behavior before failure.

In conclusion, both failure modes (FRP rupture and
concrete crushing) are acceptable in governing the design of
flexural members reinforced with FRP bars provided that
strength and serviceability criteria are satisfied. To compen-
sate for the lack of ductility, the member should possess a
higher reserve of strength. The suggested margin of safety
against failure is therefore higher than that used in traditional
steel-reinforced concrete design.

Experimental results (Nanni 1993b; Jaeger, Mufti, and
Tadros 1997; GangaRao and Vijay 1997a; Theriault and
Benmokrane 1998) indicated that when FRP reinforcing bars
ruptured in tension, the failure was sudden and led to the
collapse of the member. A more progressive, less cata-
strophic failure with a higher deformability factor was
observed when the member failed due to the crushing of
concrete. The use of high-strength concrete allows for better
use of the high-strength properties of FRP bars and can
increase the stiffness of the cracked section, but the brittle-
ness of high-strength concrete, as compared to normal-
strength concrete, can reduce the overall deformability of the
flexural member.

Figure 8.1 shows a comparison of the theoretical moment-
curvature behavior of beam cross sections designed for the
same strength f M, following the design approach of ACI
318 and that described in this chapter (including the recom-
mended strength reduction factors). Three cases are
presented in addition to the steel reinforced cross section:
two sections reinforced with GFRP bars and one reinforced
with CFRP bars. For the section experiencing GFRP bars
rupture, the concrete dimensions are larger than for the other
beams to attain the same design capacity.

8.1.2 Assumptions—Computations of the strength of cross
sections should be performed based on of the following
assumptions:

e Strain in the concrete and the FRP reinforcement is
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Fig. 8.2—Strain and stress distribution at ultimate conditions.

proportional to the distance from the neutral axis (that
is, a plane section before loading remains plane after
loading);

* The maximum usable compressive strain in the
concrete is assumed to be 0.003;

* The tensile strength of concrete is ignored;

* The tensile behavior of the FRP reinforcement is
linearly elastic until failure; and

e Perfect bond exists between concrete and FRP rein-
forcement.

8.2—Flexural strength

The strength design philosophy states that the design flex-
ural capacity of a member must exceed the flexural demand
(Eq. (8-1)). Design capacity refers to the nominal strength of
the member multiplied by a strength-reduction factor (F, to
be discussed in Section 8.2.3), and the demand refers to the
load effects calculated from factored loads (for example,
14D + 1.7L + ...). This guide recommends that the flexural
demand on an FRP reinforced concrete member be
computed with the load factors required by ACI 318.

fM,3 M, (8-1)

The nominal flexural strength of an FRP reinforced
concrete member can be determined based on strain compat-
ibility, internal force equilibrium, and the controlling mode
of failure. Figure 8.2 illustrates the stress, strain, and internal
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Table 8.1—Typical values for the balanced
reinforcement ratio for a rectangular section with
f£ = 5000 psi (34.5 MPa)

Tensile strength, fy Modulus of
Bar type or f5,, ksi (MPa) | elasticity, ksi (GPa) rporrg
Steel 60 (414) 29,000 (200) 0.0335
GFRP 80 (552) 6000 (41.4) 0.0078
AFRP 170 (1172) 12,000 (82.7) 0.0035
CFRP 300 (2070) 22,000 (152) 0.0020

forces for the three possible cases of a rectangular section
reinforced with FRP bars.

8.2.1 Failure mode—The flexural capacity of an FRP rein-
forced flexural member is dependent on whether the failure is
governed by concrete crushing or FRP rupture. The failure
mode can be determined by comparing the FRP reinforcement
ratio to the balanced reinforcement ratio (that is, a ratio where
concrete crushing and FRP rupture occur simultaneously).
Because FRP does not yield, the balanced ratio of FRP rein-
forcement is computed using its design tensile strength. The
FRP reinforcement ratio can be computed from Eq. (8-2),
and the balanced FRP reinforcement ratio can be computed
from Eq. (8-3).

r, = —- 8-2
f= (8-2)
¢ Ee
= 0.85b1f1¢ (8-3)
TruErCeut Jiu

If the reinforcement ratio is below the balanced ratio
(r F<r fb), FRP rupture failure mode governs. Otherwise,
(r 4> p,) concrete crushing governs.

Table 8.1 reports some typical values for the balanced
reinforcement ratio, showing that the balanced ratio for FRP
reinforcement M b is much lower than the balanced ratio for
steel reinforcement, I ;. In fact, the balanced ratio for FRP
reinforcement can be even lower than the minimum reinforce-
ment ratio for steel (I ,,,;,, = 0.0035 for Grade 60 steel and f,¢
= 5000 psi).

8.2.2 Nominal flexural capacity—When 1 ;> 1.4r 4, the
failure of the member is initiated by crushing of the concrete,
and the stress distribution in the concrete can be approximated
with the ACI rectangular stress block. Based on the equilib-
rium of forces and strain compatibility (shown in Fig. 8.2), the
following can be derived

min

- as
M, = A4,/%- >0 (8-4a)
P/ (8-4b)
0.85/¢h
b,d-a
=FEe -1 8-4
fy = B, (8-40)
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substituting a from Eq. (8-4b) into Eq. (8-4c) and solving for
frgives

, 085b,¢

ae(EeL,u)
ff:‘é\/ f4 ry

The nominal flexural strength can be determined from
Eq. (8-4a), (8-4b), and (8-4d). FRP reinforcement is
linearly elastic at concrete crushing failure mode so the
stress level in the FRP can be found from Eq. (8-4c) because
itis less than fj,.

Ese,~05E®, £ fr (8-4d)

Alternatively, the nominal flexural capacity can be
expressed in terms of the FRP reinforcement ratio as given
in Eq. (8-5) to replace Eq. (8-4a).

= ffafi 0.59 ffifgbd (8-5)

When 1, <T 4, the failure of the member is initiated by
rupture of FRP bar, and the ACI stress block is not applicable
because the maximum concrete strain (0.003) may not be
attained. In this case, an equivalent stress block would need
to be used that approximates the stress distribution in the
concrete at the particular strain level reached. The analysis
incorporates two unknowns: the concrete compressive strain
at failure, €., and the depth to the neutral axis, c. In addition,
the rectangular stress block factors, a; and by, are unknown.
The factor, a, is the ratio of the average concrete stress to
the concrete strength. b is the ratio of the depth of the equiv-
alent rectangular stress block to the depth of the neutral axis.
The analysis involving all these unknowns becomes complex.
Flexural capacity can be computed as shown in Eq. (8-6a)

bicy
M, = Af, 5 - — o (8-6a)

For a given section, the product of bc in Eq. (8-6a) varies
depending on material properties and FRP reinforcement
ratio. The maximum value for this product is equal to b;c,
and is achieved when the maximum concrete strain (0.003)
is attained. A simplified and conservative calculation of
the nominal flexural capacity of the member can be based
on Eq. (8-6b) and (8-6¢) as follows

b.cx

M, = 0.84,f, % - =10 (8-6b)
¢, = @ %u 6 (8-6¢)
b eecu+ efugd

The committee feels that the coefficient of 0.8 used in
Eq. (8-6b) provides a conservative and yet meaningful
approximation of the nominal moment.
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8.2.3 Strength reduction factor for flexure—Because FRP
members do not exhibit ductile behavior, a conservative
strength reduction factor should be adopted to provide a
higher reserve of strength in the member. The Japanese
recommendations for design of flexural members using FRP
suggest a strength-reduction factor equal to 1/1.3 (JSCE
1997). Other researchers (Benmokrane et al. 1996) suggest a
value of 0.75 determined based on probabilistic concepts.

Based on the provisions of ACI 318 Appendix B, a steel-
reinforced concrete member with failure controlled by
concrete crushing has a strength reduction factor of 0.70.
This philosophy (strength reduction factors of 0.7 for
concrete crushing failures) should be used for FRP rein-
forced concrete members. Because a member that experi-
ences an FRP rupture exhibits less plasticity than one that
experiences concrete crushing, a strength reduction factor of
0.50 is recommended for rupture-controlled failures.

While a concrete crushing failure mode can be predicted
based on calculations, the member as constructed may not fail
accordingly. For example, if the concrete strength is higher
than specified, the member can fail due to FRP rupture. For
this reason and to establish a transition between the two values
of f, a section controlled by concrete crushing is defined as a
section in which r f3 1.4r 4, and a section controlled by FRP
rupture is defined as one in which 1 ;<1 4,

The strength reduction factor for flexure can be computed by
Eq. (8-7). This equation is represented graphically by Fig. 8.3
and gives a factor of 0.70 for sections controlled by concrete
crushing, 0.50 for sections controlled by FRP rupture, and
provides a linear transition between the two.

0.50 for r £r1

)

i
.I.
|
f = e Y for F <t <l4r, (8-7)
|
L 070 for 1,3 141,

8.2.4 Minimum FRP reinforcement—If a member is
designed to fail by FRP rupture, r < T 5, a minimum amount
of reinforcement should be provided to prevent failure upon
concrete cracking (that is, fM, 3 M, where M,, is the
cracking moment). The provisions in ACI 318 for minimum
reinforcement are based on this concept and, with modifica-
tions, are applicable to FRP reinforced members. The modifi-
cations result from a different strength reduction factor (that is,
0.5 for tension-controlled sections, instead of 0.9). The
minimum reinforcement area for FRP reinforced members is
obtained by multiplying the existing ACI equation for steel
limit by 1.8 (1.8 = 0.90/0.50). This results in Eq. (8-8).

54./f¢
A];min = ﬁb}vd3 @bwd (8-8)
f}u fu

If failure of a member is not controlled by FRP rupture,
I #>T g, the minimum amount of reinforcement to prevent



440.1R-20

¢

R

Failure by
Concrete Crushing

1.4pe Or

Fig. 8.3—Strength reduction factor as a function of the
reinforcement ratio.

failure upon cracking is automatically achieved. Therefore,
Eq. (8-8) is required as a check only if 1 ;< T 4,

8.2.5 Special considerations

8.2.5.1 Multiple layers of reinforcement and combina-
tions of different FRP types—All steel tension reinforcement
is assumed to yield at ultimate when using the strength design
method to calculate the capacity of members with steel rein-
forcement arranged in multiple layers. Therefore, the tension
force is assumed to act at the centroid of the reinforcement
with a magnitude equal to the area of tension reinforcement
times the yield strength of steel. Because FRP materials have
no plastic region, the stress in each reinforcement layer will
vary depending on its distance from the neutral axis. Similarly,
if different types of FRP bars are used to reinforce the same
member, the variation in the stress level in each bar type
should be considered when calculating the flexural capacity.
In these cases, failure of the outermost layer controls overall
reinforcement failure, and the analysis of the flexural capacity
should be based on a strain-compatibility approach.

8.2.5.2 Moment redistribution—The failure mechanism
of FRP reinforced flexural members should not be based on
the formation of plastic hinges, because FRP materials
demonstrate a linear-elastic behavior up to failure.
Moment redistribution in continuous beams or other stati-
cally indeterminate structures should not be considered for
FRP reinforced concrete.

8.2.5.3 Compression reinforcement—FRP reinforce-
ment has a significantly lower compressive strength than
tensile strength and is subject to significant variation (Koba-
yashi and Fujisaki 1995; JSCE 1997). Therefore, the strength
of any FRP bar in compression should be ignored in design
calculations (Almusallam et al. 1997).

This guide does not recommend using FRP bars as longitu-
dinal reinforcement in columns or as compression reinforce-
ment in flexural members. Placing FRP bars in the
compression zone of flexural members, however, cannot be
avoided in some cases. Examples include the supports of
continuous beams or where bars secure the stirrups in place.
In these cases, confinement should be considered for the
FRP bars in compression regions to prevent their instability
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and to minimize the effect of the relatively high transverse
expansion of some types of FRP bars.

8.3—Serviceability
FRP reinforced concrete members have a relatively small

stiffness after cracking. Consequently, permissible deflec-

tions under service loads can control the design. In general,

designing FRP reinforced cross sections for concrete
crushing failure satisfies serviceability criteria for deflection
and crack width (Nanni 1993a; GangaRao and Vijay 1997a;

Theriault and Benmokrane 1998).

Serviceability can be defined as satisfactory performance
under service load conditions. This in turn can be described
in terms of two parameters:

e Cracking¥ Excessive crack width is undesirable for
aesthetic and other reasons (for example, to prevent
water leakage) that can damage or deteriorate the
structural concrete; and

e Deflection¥ Deflections should be within acceptable
limits imposed by the use of the structure (for
example, supporting attached nonstructural elements
without damage).

The serviceability provisions given in ACI 318 need to be
modified for FRP reinforced members due to differences in
properties of steel and FRP, such as lower stiffness, bond
strength, and corrosion resistance. The substitution of FRP for
steel on an equal area basis, for example, would typically result
in larger deflections and wider crack widths (Gao,
Benmokrane, and Masmoudi 1998a; Tighiouart, Benmokrane,
and Gao 1998).

8.3.1 Cracking—FRP rods are corrosion resistant, there-
fore the maximum crack-width limitation can be relaxed
when corrosion of reinforcement is the primary reason for
crack-width limitations. If steel is to be used in conjunction
with FRP reinforcement, however, ACI 318 provisions
should be used.

The Japan Society of Civil Engineers (1997b) takes into
account the aesthetic point of view only to set the maximum
allowable crack width of 0.020 in. (0.5 mm). The Canadian
Highways Bridge Design Code (Canadian Standards Associ-
ation 1996) allows crack widths of 0.020 in. (0.5 mm) for
exterior exposure and 0.028 in. (0.7 mm) for interior expo-
sure when FRP reinforcement is used. ACI 318 provisions
for allowable crack-width limits in steel-reinforced struc-
tures correspond to 0.013 in. (0.3 mm) for exterior exposure
and 0.016 in. (0.4 mm) for interior exposure.

It is recommended that the Canadian Standards Associa-
tion (1996) limits be used for most cases. These limitations
may not be sufficiently restrictive for structures exposed to
aggressive environments or designed to be watertight.
Therefore, additional caution is recommended for such
cases. Conversely, for structures with short life-cycle require-
ments or those for which aesthetics is not a concern, crack-
width requirements can be disregarded (unless steel reinforce-
ment is also present).

Crack widths in FRP reinforced members are expected to
be larger than those in steel-reinforced members. Experi-
mental and theoretical research on crack width (Faza and
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GangaRao 1993; Masmoudi, Benmokrane, and Challal
1996; Gao, Benmokrane, and Masmoudi 1998a) has indi-
cated that the well-known Gergely-Lutz equation can be
modified to give a reasonable estimate of the crack width of
FRP reinforced members. The original Gergely-Lutz (1973)
equation is given as follows

w = 0.076b(E,e,)3/d A (8-9a)

in which E; is in ksi, and w is in mils (10_3 in.). The crack
width is proportional to the strain in the tensile reinforce-
ment rather than the stress (Wang and Salmon 1992). There-
fore, the Gergely-Lutz equation can be adjusted to predict
the crack width of FRP reinforced flexural members by
replacing the steel strain, €;, with the FRP strain, & = f¢/E,
and by substituting 29,000 ksi for the modulus of elasticity
for steel as follows

E
w = O.O76bbT‘Yff3/ch (8-9b)
;

When used with FRP deformed bars having a bond
strength similar to that of steel, this equation estimates crack
width accurately (Faza and GangaRao 1993). This equation
can overestimate crack width when applied to a bar with a
higher bond strength than that of steel and underestimate
crack width when applied to a bar with a lower bond strength
than that of steel. Therefore, to make the expression more
generic, it is necessary to introduce a corrective coefficient
for the bond quality. For FRP reinforced members, crack
width can be calculated from Eq. (8-9c¢).

w = zéﬁ’bkbj;s [d A (8-9¢)
f

For SI units,

2.2
= ==bk,f3/d A

with ]j: and Ef in MPa, d. in mm, and A in mm?Z.

The k;, term is a coefficient that accounts for the degree of
bond between FRP bar and surrounding concrete. For FRP
bars having bond behavior similar to steel bars, the bond
coefficient kj, is assumed equal to one. For FRP bars having
bond behavior inferior to steel, &, is larger than 1.0, and for
FRP bars having bond behavior superior to steel, k; is
smaller than 1.0. Gao, Benmokrane, and Masmoudi (1998a)
introduced a similar formula based on test results. Using the
test results from Gao, Benmokrane, and Masmoudi (1998a),
the calculated values of k;, for three types of GFRP rods were
found to be 0.71, 1.00, and 1.83. These values indicate that
bond characteristics of GFRP bars can vary from that of
steel. Further research is needed to verify the effect of
surface characteristics of FRP bars on the bond behavior and
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on crack widths. Data should be obtained for commercially
available FRP bars. Based on this committee consensus,
when k; is not known, a value of 1.2 is suggested for
deformed FRP bars.

8.3.2 Deflections—In general, the ACI 318 provisions for
deflection control are concerned with deflections that occur
at service levels under immediate and sustained static loads
and do not apply to dynamic loads such as earthquakes, tran-
sient winds, or vibration of machinery. Two methods are
presently given in ACI 318 for control of deflections of one-
way flexural members:

*  The indirect method of mandating the minimum thick-
ness of the member (Table 9.5(a) in ACI 318); and
*  The direct method of limiting computed deflections

(Table 9.5(b) in ACI 318).

8.3.2.1 Minimum thickness for deflection control (indi-
rect method)—The values of minimum thickness, as given
by ACI 318, Table 9.5(a), are not conservative for FRP
reinforced one-way systems and should only be used as
first trial values in the design of a member.

Further studies are required before this committee can
provide guidance on design of minimum thickness without
having to check deflections.

8.3.2.2 Effective moment of inertia—When a section is
uncracked, its moment of inertia is equal to the gross moment
of inertia, /,. When the applied moment, M,, exceeds the
cracking moment, M., cracking occurs, which causes a reduc-
tion in the stiffness; and the moment of inertia is based on the
cracked section, /.. For a rectangular section, the gross
moment of inertia is calculated as 1, = bh3/12, while I, can be
calculated using an elastic analysis. The elastic analysis for
FRP reinforced concrete is similar to the analysis used for steel
reinforced concrete (that is, concrete in tension is neglected)
and is given by Eq. (8-10) and (8-11) with nyas the modular
ratio between the FRP reinforcement and the concrete.

L= b g Py 8-10
cr — T +nf fd( - ) ( - )
k=2 e (rm) = g (8-11)

The overall flexural stiffness, E.I, of a flexural member
that has experienced cracking at service varies between E I,
and E.l.., depending on the magnitude of the applied
moment. Branson (1977) derived an equation to express the
transition from /, to /... Branson’s equation was adopted by
the ACI 318 as the following expression for the effective
moment of inertia, /,:

.3 .3
; = &ot 1,+[1_3é4”g}1 £1

cT epm o8

Branson’s equation reflects two different phenomena: the
variation of EI stiffness along the member and the effect of
concrete tension stiffening.
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This equation was based on the behavior of steel-reinforced
beams at service load levels. Because FRP bars exhibit linear
behavior up to failure, the equation offers a close approxima-
tion for FRP reinforced beams (Zhao, Pilakoutras, and
Waldron 1997). Research on deflection of FRP reinforced
beams (Benmokrane, Chaallal, and Masmoudi 1996; Brown
and Bartholomew 1996) indicates that on a plot of load versus
maximum deflection of simply supported beams, the experi-
mental curves are parallel to those predicted by the equation.
Because the bond characteristics of FRP bars also affect the
deflection of a member, Branson’s equation can overestimate
the effective moment of inertia of FRP reinforced beams
(Benmokrane, Chaallal, and Masmoudi 1996). Gao,
Benmokrane, and Masmoudi (1998a) concluded that to
account for the lower modulus of elasticity of FRP bars and
the different bond behavior of the FRP, a modified expression
for the effective moment of inertia is required. This expres-
sion is recommended and is given by Eq. (8-12a) and (8-12b).

_ éélcrﬁz’ éélcr(j}
Ot A T AU
E
b, = a”[Eer 1] (8-12b)

s

Eq. (8-12a) is only valid for M, > M,,. In Eq. (8-12b), a,
is a bond-dependent coefficient. According to test results of
simply supported beams, the value of a;, for a given GFRP
bar was found to be 0.5, which is the same as steel bars (Gao,
Benmokrane, and Masmoudi 1998a). Further research
studies are required to investigate the value of a,; for other
FRP bar types. Until more data become available, it is recom-
mended to take the value of a; = 0.5 for all FRP bar types.

8.3.2.3 Calculation of deflection (direct method)—The
short-term deflections (instantaneous deflection under
service loads) of an FRP one-way flexural member can be
calculated using the effective moment of inertia of the FRP
reinforced beam and the usual structural analysis techniques.

Long-term deflection can be two to three times the short-
term deflection, and both short-term and long-term deflec-
tions under service loads should be considered in the design.
The long-term increase in deflection is a function of member
geometry (reinforcement area and member size), load char-
acteristics (age of concrete at the time of loading, and magni-
tude and duration of sustained load), and material
characteristics (creep and shrinkage of concrete, formation
of new cracks, and widening of existing cracks).

Limited data on long-term deflections of FRP reinforced
members (Kage et al. 1995; Brown 1997) indicate creep
behavior in FRP reinforced members is similar to that of
steel-reinforced members. The time-versus-deflection
curves of FRP reinforced and steel-reinforced members have
the same shape, indicating that the same approach for esti-
mating the long-term deflection can be used. Experiments
have shown that initial short-term deflections of FRP rein-
forced members are three to four times greater than those of
steel-reinforced members for the same design strength. In
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addition, after one year, FRP reinforced members deflected
1.2 to 1.8 times that for the steel reinforced members,
depending on the type of the FRP bar (Kage et al. 1995).
According to ACI 318, Section 9.5.2.5, the long-term
deflection due to creep and shrinkage, D, s, can be
computed according to the equations given below:

D(CP +sh) = | (Di)sus (8'133)

=X (8-13b)
1+50r¢

These equations can be used for FRP reinforcement with
modifications to account for the differences in concrete
compressive stress levels, lower elastic modulus, and
different bond characteristics of FRP bars. Because
compression reinforcement is not considered for FRP rein-
forced members (r jA:: 0), | is equal to X.

Brown (1997) indicated that long-term deflection varies
with the compressive stress in the concrete. This issue is not
addressed by the equations in ACI 318, which only multiplies
the initial deflection by the time dependent factor, X. Brown
concluded that the creep coefficient should be adjusted twice;
first, to account for the compressive stress in concrete, and
second, to account for the larger initial deflection.

From available data (Kage et al. 1995; Brown 1997), the
modification factor for X (ratio of Xggp/Xgep) varies from 0.46
for AFRP and GFRP to 0.53 for CFRP. In another study, the
modification factor for X based on a failure controlled by
concrete crushing varied from 0.75 after one year to 0.58 after
5 years (Vijay and GangaRao 1998). Based on the above
results, a modification factor of 0.6 is recommended. The long-
term deflection of FRP reinforced members can, therefore, be
determined from Eq. (8-14). Further parametric studies and
experimental work are necessary to validate Eq. (8-14).

Diep+ sy = 0-6X(D)) (8-14)

sus

8.4—Creep rupture and fatigue

To avoid creep rupture of the FRP reinforcement under
sustained stresses or failure due to cyclic stresses and fatigue
of the FRP reinforcement, the stress levels in the FRP rein-
forcement under these stress conditions should be limited.
Because these stress levels will be within the elastic range of
the member, the stresses can be computed through an elastic
analysis as depicted in Fig. 8.4.

8.4.1 Creep rupture stress limits—To avoid failure of an
FRP reinforced member due to creep rupture of the FRP,
stress limits should be imposed on the FRP reinforcement.
The stress level in the FRP reinforcement can be computed
using Eq. (8-15) with M| equal to the unfactored moment due
to all sustained loads (dead loads and the sustained portion of
the live load).

_ Mnfd(l —k)
o

cr

Jrs (8-15)
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The cracked moment of inertia, /., and the ratio of the
effective depth to the depth of the elastic neutral axis, k, are
computed using Eq. (8-10) and (8-11).

Values for safe sustained stress levels are given in Table 8.2.
These values are based on the creep rupture stress limits previ-
ously stated in Section 3.3.1 with an imposed safety factor of
1/0.60.

8.4.2 Fatigue stress limits—If the structure is subjected to
fatigue regimes, the FRP stress should be limited to the
values stated in Table 8.2. The FRP stress can be calculated
using Eq. (8-15) with M, equal to the moment due to all
sustained loads plus the maximum moment induced in a
fatigue loading cycle.

CHAPTER 9—SHEAR

In this document, FRP stirrups and continuous rectangular
spirals are considered for shear reinforcement. Because of
their location as an outer reinforcement, stirrups are more
susceptible to severe environmental conditions and may be
subject to related deterioration, reducing the service life of
the structure. Available research results, however, are suffi-
cient to develop a conservative design guideline for FRP
shear reinforcement. Due to limited experience, this chapter
does not address the use of FRP bars for punching shear rein-
forcement. Further research is needed in this area.

9.1—General considerations

Several issues need to be addressed when using FRP as

shear reinforcement, namely:

*  FRP has a relatively low modulus of elasticity;

* FRP has a high tensile strength and no yield point;

»  Tensile strength of the bent portion of an FRP bar is
significantly lower than the straight portion; and

*  FRP has low dowel resistance.

9.1.1 Shear design philosophy—The design of FRP shear
reinforcement is based on the strength design method. The
strength reduction factor given by ACI 318 for reducing
nominal shear capacity of steel-reinforced concrete members
should be used for FRP reinforcement as well.

9.2—Shear strength of FRP-reinforced members

According to ACI 318, the nominal shear strength of a
reinforced concrete cross section, V,,, is the sum of the shear
resistance provided by concrete, V., and the steel shear
reinforcement, V.

Compared to a steel-reinforced section of equal flexural
capacity, a cross section using FRP flexural reinforcement
after cracking has a smaller depth to the neutral axis because
of the lower axial stiffness (that is, product of reinforcement
area times modulus of elasticity). The compression region of
the cross section is reduced and the crack widths are wider.
As a result, the shear resistance provided by both the aggre-
gate interlock and the compressed concrete, V., is smaller.
Research on the shear capacity of flexural members without
shear reinforcement has indicated that the concrete shear
strength is influenced by the stiffness of the tensile (flexural)
reinforcement (Nagasaka, Fukuyama, and Tanigaki 1993;
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Fig. 8.4—Elastic stress and strain distribution.

Table 8.2—Creep rupture stress limits in FRP
reinforcement

Fiber type GFRP AFRP CFRP
Creep rupture stress limit Fy 0.201, 0.301, 0.55f}

Zhao, Maruyama, and Suzuki 1995; JSCE 1997; Sonobe et
al. 1997; Michaluk et al. 1998).

The contribution of longitudinal FRP reinforcement in
terms of dowel action has not been determined. Because of
the lower strength and stiffness of FRP bars in the transverse
direction, however, it is assumed that their dowel action
contribution is less than that of an equivalent steel area.
Further research is needed to determine the effect of FRP
reinforcement dowel action and in shear friction.

The concrete shear capacity V.. rof flexural members using
FRP as main reinforcement can be evaluated as shown
below. The proposed equation accounts for the axial stiff-
ness of the FRP reinforcement (AfEf) as compared to that of
steel reinforcement (A E).

14 = M/_{V
Cf ASEY ¢
or
r .
V= Ly,
' r.k

Agandr (in the equations above represent area of steel and
corresponding steel reinforcement ratio for a reinforced
concrete section having the same f M, of the FRP reinforced
concrete section.

For practical design purposes, the value of  ; can be taken
as 0.5r g .4, or 0.375r,. Considering a typical steel yield
strength of 60 ksi (420 MPa) for flexural reinforcement, the
equation for V., proposed by this committee can be
expressed as follows

_ e
“/ 7 90b,f¢ ¢

-1

The value of V. computed in Equation (9-1) cannot be
larger than V..

The ACI 318 method used to calculate the shear contribu-
tion of steel stirrups is applicable when using FRP as shear
reinforcement. The shear resistance provided by FRP stir-
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rups perpendicular to the axis of the member V; can be
written as:

V= Apfd (9-2)

The stress level in the FRP shear reinforcement should be
limited to control shear crack widths and maintain shear
integrity of the concrete and to avoid failure at the bent
portion of the FRP stirrup (see Eq. (7-3)). Equation (9-3)
gives the stress level in the FRP shear reinforcement at ulti-
mate for use in design.

Jp=0.004E¢£ f, (9-3)
When using shear reinforcement perpendicular to the

axis of the member, the required spacing and area of shear
reinforcement can be computed from Eq. (9-4).

éLv — (Vu_f ch) (9_4)
s ffnd

When inclined FRP stirrups are used as shear reinforce-
ment, Eq. (9-5) is used to calculate the contribution of the
FRP stirrups.

(sina + cosa) (9-5)

y_ Apdnd
rE T

When continuous FRP rectangular spirals are used as
shear reinforcement (in this case s is the pitch and a is the
angle of inclination of the spiral), Eq. (9-6) gives the contri-
bution of the FRP spirals.

V= Af‘*f—fvd(sina) (9-6)
s

Shear failure modes of members with FRP as shear reinforce-
ment can be classified into two types (Nagasaka, Fukuyama,
and Tanigaki 1993): shear-tension failure mode (controlled
by the rupture of FRP shear reinforcement) and shear-
compression failure mode (controlled by the crushing of the
concrete web). The first mode is more brittle, and the latter
results in larger deflections. Experimental results have shown
that the modes of failure depend on the shear reinforcement
index rfvEf, where M is the ratio of FRP shear reinforcement,
A /b,,s. As the value of T ;, Ey increases, the shear capacity in
shear tension increases and the mode of failure changes from
shear tension to shear compression.

9.2.1 Limits on tensile strain of shear reinforcement—The
design assumption that concrete and reinforcement capacities
are added is accurate when shear cracks are adequately
controlled. Therefore, the tensile strain in FRP shear rein-
forcement should be limited to ensure that the ACI design
approach is applicable.
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The Canadian Highway Bridge Design Code (Canadian
Standards Association 2000) limits the tensile strain in FRP
shear reinforcement to 0.002 in./in. It is recognized that this
strain value (corresponding to the yield strain of Grade 60 steel)
may be very conservative. Experimental evidence shows the
attainment of higher strain values (Wang 1998; Zhao,
Maruyama, and Suzuki 1995; Okamato, Nagasaka, and Tanigaki
1994). The Eurocrete Project provisions limit the value of the
shear strain in FRP reinforcement to 0.0025 in./in. (Dowden and
Dolan 1997). Given the high strain to failure of FRP, the engi-
neer could consider using 0.00275 as implicitly allowed by
318-95 for welded wire fabric (Section R11.5.2). In no case
should effective strain in FRP shear reinforcement exceed 0.004
nor should the design strength exceed the strength of the bent
portion of the stirrup fz,. The value of 0.004 is justified as the
strain that prevents degradation of aggregate interlock and
corresponding concrete shear (Priestley, Seible, and Calvi
1996).

9.2.2 Minimum amount of shear reinforcement—ACI 318
requires a minimum amount of shear reinforcement when V,,
exceeds fV,./2. This requirement is to prevent or restrain
shear failure in members where the sudden formation of
cracks can lead to excessive distress (ACI/ASCE 426-74). To
prevent brittle shear failure, adequate reserve strength should
be provided to ensure a factor of safety similar to ACI 318
provisions for steel reinforcement. Eq. (9-7) gives the recom-
mended minimum amount of FRP shear reinforcement.

_50b,,s

fv, min
ffv

for SI units

b,s
Apy in = 0.35——

T

with b,, and s in mm, and f, in MPa.

The minimum amount of reinforcement given by Eq. (9-7)
is independent of the strength of concrete. If steel stirrups are
used, the minimum amount of reinforcement provides a
shear strength that varies from 1.50 V. when f,¢is 2500 psi
(17 MPa) to 1.25 V.. when f,¢is 10,000 psi (69 MPa). Equa-
tion (9-7), which was derived for steel-reinforced members,
is more conservative when used with FRP reinforced
members. For example, when applied to a flexural member
having GFRP as longitudinal reinforcement, the shear
strength provided by Eq. (9-7) could exceed 3V,. The ratio
of the shear strength provided by Eq. (9-7) to V, will
decrease as the stiffness of longitudinal reinforcement
increases or as the strength of concrete increases.

9.2.3 Shear failure due to crushing of the web—Studies by
Nagasaka, Fukuyama, and Tanigaki (1993) indicate that for
FRP reinforced sections, the transition from rupture to
crushing failure mode occurs at an average value of 0.3f,b,.d
for V,sbut can be as low as 0.18 f @b, d. When V¢ is smaller
than 0.18 f4b,d, shear-tension can be expected, whereas
when V., exceeds 0.3/8,,d, crushing failure is expected.
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Fig. 9.1—Required tail length for FRP stirrups.

The correlation between rupture and the crushing failure is
not fully understood, and it is more conservative to use the
ACI 318 limit of 8 ﬂbwd rather than 0.3/, d. It is there-
fore recommended to use the ACI 318 limit.

9.3—Detailing of shear stirrups
The maximum spacing of vertical steel stirrups given in

ACI 318 as the smaller of d/2 or 24 in. is used for vertical
FRP shear reinforcement. This limit ensures that each shear
crack is intercepted by at least one stirrup.

Tests by Ehsani, Saadatmanesh, and Tao (1995) indicated
that for specimens with r,/d;, of zero, the reinforcing bars
failed in shear at very low load levels at the bends. Therefore,
although manufacturing of FRP bars with sharp bends is
possible, such details should be avoided. A minimum rp/d,,
ratio of three is recommended. In addition, FRP stirrups
should be closed with 90-degree hooks.

ACI 318 provisions for bond of hooked steel bars cannot
be applied directly to FRP reinforcing bars because of their
different mechanical properties. The tensile force in a
vertical stirrup leg is transferred to the concrete through the
tail beyond the hook, as shown in Fig. 9.1. Ehsani, Saadat-
manesh, and Tao (1995) found that for a tail length, Zthf,
beyond 12d,,, there is no significant slippage and no influ-
ence on the tensile strength of the stirrup leg. Therefore, it is
recommended that a minimum tail length of 124}, be used.

CHAPTER 10—TEMPERATURE AND SHRINKAGE
REINFORCEMENT

Shrinkage and temperature reinforcement is intended to
limit crack width. The stiffness and strength of reinforcing
bars control this behavior. Shrinkage cracks perpendicular to
the member span are restricted by flexural reinforcement;
thus, shrinkage and temperature reinforcement are only
required in the direction perpendicular to the span. ACI 318
requires a minimum steel reinforcement ratio of 0.0020
when using Grade 40 or 50 deformed steel bars and 0.0018
when using Grade 60 deformed bars or welded fabric
(deformed or smooth). ACI 318 also requires that the spacing
of shrinkage and temperature reinforcement not exceed five
times the member thickness or 18 in. (500 mm).
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Fig. 11.1—Transfer of force through the development length.

No experimental data are available for the minimum FRP
reinforcement ratio for shrinkage and temperature. ACI
318, Section 7.12.2, states that for slabs with steel rein-
forcement having a yield stress exceeding 60 ksi (414 MPa)
measured at a yield strain of 0.0035, the ratio of reinforce-
ment to gross area of concrete should be at least 0.0018 ~
60/fy, where fy is in ksi, but not less than 0.0014. The stiff-
ness and the strength of shrinkage and temperature FRP
reinforcement can be incorporated in this formula. There-
fore, when deformed FRP shrinkage and temperature rein-
forcement is used, the amount of reinforcement should be
determined by using Eq. (10-1).

E,
e = 0.0018 " 820002 (yg) (10-1)
T Ey
. 414E;
r,. = 00018 H4Zs (qp
fits
T Er

Due to limited experience, it is recommended that the ratio
of temperature and shrinkage reinforcement given by Eq. (10-1)
be taken not less than 0.0014, the minimum value specified by
ACI 318 for steel shrinkage and temperature reinforcement.
The engineer may consider an upper limit for the ratio of
temperature and shrinkage reinforcement equal to 0.0036, or
compute the ratio based on calculated strain levels corre-
sponding to the nominal flexural capacity rather than the
strains calculated using Eq. (10-1). Spacing of shrinkage and
temperature FRP reinforcement should not exceed three times
the slab thickness or 12 in. (300 mm), whichever is less.

CHAPTER 11—DEVELOPMENT AND SPLICES OF
REINFORCEMENT
In a reinforced concrete flexural member, the tension force

carried by the reinforcement balances the compression force in
the concrete. The tension force is transferred to the reinforce-
ment through the bond between the reinforcement and the
surrounding concrete. Bond stresses exist whenever the
force in the tensile reinforcement changes. Bond between
FRP reinforcement and concrete is developed through a
mechanism similar to that of steel reinforcement and
depends on FRP type, elastic modulus, surface deformation,
and the shape of the FRP bar (Al-Zahrani et al. 1996; Uppu-
luri et al. 1996; Gao, Benmokrane, and Tighiouart 1998b).

11.1—Development length of a straight bar
Figure 11.1 shows the equilibrium condition of an FRP bar

with a length equal to its basic development length, ¢, The
force in the bar is resisted by an average bond stress, m,
acting on the surface of the bar. Equilibrium of forces can be
written as follows
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in which Az, is the area of one bar.
Rearranging Eq. (11-1), the basic development length can
be expressed as

eb/‘ — Af, barfu (11_2)
. pdn}
or
by = %‘ (11-3)

Research in development length (Orangun, Jirsa, and
Breen 1977) has illustrated that the bond stress of steel bars
is a function of the concrete strength and the bar diameter. A
general expression for the average bond stress can be
expressed as follows

m o Ko (11-4)
db

where K is a constant. By substituting Eq. (11-4) into
Eq. (11-1), the basic development length of FRP reinforce-
ment can be expressed as

2
db f}u

Jie

where K, is a new constant.

For FRP reinforcement several investigators have
attempted to determine experimentally the K, factor for given
bar types. Pleimann (1987, 1991) conducted pullout tests
with No. 2, 3, and 4 FRP bars. Two types of FRP bars were
used in these tests: glass and aramid FRP bars. The proposed
K, factors were 1/19.4 and 1/18 for GFRP and AFRP, respec-
tively. Faza and GangaRao (1990) investigated the bond
behavior of FRP bars by testing cantilever beams and pullout
specimens. They proposed a K, factor equal to 1/16.7 Ehsani,
Saadatmanesh, and Tao (1996a) tested 48 beam specimens
and 18 pullout specimens with No. 3, 6, and 9 GFRP bars.
Based on the test results, they proposed a K, factor equal to
1/21.3. Tighiouart, Benmokrane, and Gao (1998) tested 45
beam specimens using two types of No. 4, 5, 6, and 8§ GFRP
bars. They suggested that the K, factor is equal to 1/5.6.

For pullout controlled failure rather than concrete split-
ting, Ehsani, Saadatmanesh, and Tao (1996a) and Gao,
Benmokrane, and Tighiouart (1998b) proposed the
following equation
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where K3 had a numerical value of approximately 2850.

In light of the above findings, a conservative estimate of
the basic development length of FRP bars controlled by
pullout failure is given by

g, = Dol
b7 2700

(11-7a)
For SI units,

dbf U
by = 1—8%

with €,¢in mm, f;, in MPa, and d}, in mm.

Splitting of concrete is prevented by imposing a modifica-
tion to the basic development length computed by Eq. (11-7a)
based on concrete cover (see Section 11.1.2). Manufacturers
can furnish alternative values of the required basic develop-
ment length based on substantiated tests conducted in accor-
dance with available testing procedures. Reinforcement
should be deformed or surface-treated to enhance bond char-
acteristics with concrete.

11.1.1 Bar location modification factor—While placing
concrete, air, water, and fine particles migrate upwards
through the concrete. This can cause a significant drop in
bond strength under the horizontal reinforcement. The term
top reinforcement usually refers to horizontal reinforce-
ment with more than 12 in. (305 mm) of concrete below it
at the time of embedment. Challal and Benmokrane (1993)
investigated the top bar modification factors for three
different bar diameters (No. 4, 5, and 6). The modification
factor varied from 1.08 to 1.38 for normal-strength
concrete and from 1.11 to 1.22 for high-strength concrete.
In another experiment (Ehsani, Saadatmanesh, and Tao
1996b), No. 4 and 6 GFRP bars were placed at the top,
middle, and bottom of a concrete wall (48 x 30 x 16 in. [1.22
x 0.76 x 0.41 m]) with an equal spacing of 16 in. (0.41 cm).
The modification factor varied from 1.09 to 1.14 for middle
to top bars and 1.26 to 1.32 for bottom to top bars. Based
on the available data, the use of a modification factor of 1.3
is recommended when calculating the development length
of top FRP bars, as shown in Eq. (11-7b).

11.1.2 Concrete cover modification factor—The concrete
cover has a significant impact on the failure mechanism.
When the concrete cover is less than or equal to two bar
diameters, 2d,, a splitting failure can occur; if the concrete
cover exceeds two bar diameters, a pullout failure is more
likely (Ehsani, Saadatmanesh, and Tao 1996a). Experimental
investigation on the effect of concrete cover (Ehsani, Saadat-
manesh, and Tao 1996b) through pullout tests indicated that
the ratio of the nominal tensile strength of the bar to the
measured strength with concrete covers of 2d, to dj, varied
between 1.2 and 1.5.

In this document, it is recommended that the concrete cover
for FRP reinforcement be not less than dj,. The modification
factor of 1.5 should be used as a multiplier of the basic devel-
opment length when the concrete cover or the reinforcement
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Fig. 11.2—Clear concrete cover.

spacing is equal to dj. For concrete cover or reinforcement
spacing larger than 2d;, a modification factor of 1.0 should be
applied. Linear interpolation of these factors is allowed for
concrete cover or reinforcement spacing between dj, and 2d,,
as shown in Eq. (11-7c).

The development length £, shall be expressed as a function
of the basic development length £,

de = kmebf (1 1-7b)

where k,,, = 1.3 for top bars, and for bottom bars (see Fig. 11.1)

i 1.0if c>2d,
|
|

= a4 - 11-7¢)
b Cif g, £c£2d, (

|
T 2d,

where c is as shown in Fig. 11.2.

11.2—Development length of a bent bar
Limited experimental data are available on the bond

behavior of hooked FRP reinforcing bars. ACI 318 provisions
for development length of hooked steel bars are not applicable
to FRP bars due to the differences in material characteristics.

Ehsani, Saadatmanesh, and Tao (1996b) tested 36 spec-
imens with hooked GFRP bars. Based on the results of the
study, the expression for the development length of a 90-
degree hooked bar, ¢, was proposed as follows

dy
ebhf = K,—

e

The K, factor for the calculation of the development
length in this equation is 1820 for bars with f;, less than
75,000 psi (517 MPa). This factor should be multiplied by
J7/75,000 for bars having a tensile strength between
75,000 psi (517 MPa) and 150,000 psi (1034 MPa).

When the side cover (normal to the plane of hook) is more
than 2-1/2 in. (6.4 cm) and the cover extension beyond hook is
not less than 2 in. (5 cm), another multiplier of 0.7 can be
applied (Ehsani, Saadatmanesh, and Tao 1996b). These modifi-
cation factors are similar to those in ACI 318, Section 12.5.3, for
steel hooked bars. To account for the lack of experimental data,

(11-8)
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Table 11.1—Type of tension lap splice required

Maximum percentage of Ay
spliced within required lap
length
Apo
i’ posided! Tilf 50% 100%
\f,required Equivalent to
I e— iva
2 or more quy 0.5 or less Class A Class B
Less than 2 More than 0.5 Class B Class B

the use of Eq. (11-9) in calculating the development length of
hooked bars is recommended by the committee.

d
2000—2 for f;, £75,000 psi
T ffu db

I

I

I

i

I .
o = i 35 == for 75,000 <f;, <150,000 psi (11-9)

bhf :|:37.5Jﬁ; :

| d, |

i 4000— for f;® 150,000 psi

i NG

Cc

For SI units,

d
165—L for f, £520 MPa

i
|
| [Je
|

oo oM g s20<f <1040 MPa

=1 — J fu

=I5 e
i d,
[ 3302 for £, 1040 MPa
i Je

with &, in mm, f5, and f¢in MPa, and dj, in mm.

The value calculated using Eq. (11-9) should not be less
than 12d;, or 9 in. (23 cm). These values are based on test
results reported by Ehsani, Saadatmanesh, and Tao (1995), in
which the tensile force and slippage of a hooked bar stabilized
in the neighborhood of 12dj,. The tail length of a hooked bar,
tyy (see Fig. 9.1), should not be less than 12d;,. Longer tail
lengths were found to have an insignificant influence on the
ultimate tensile force and slippage of the hook. To avoid shear
failure at the bend, the radius of the bend should not be less
than 3d}, (Ehsani, Saadatmanesh, and Tao 1995).

11.3—Tension lap splice

ACI 318, Section 12.15, distinguishes between two
types of tension lap splices depending on the fraction of
the bars spliced in a given length and on the reinforcement
stress in the splice. Table 11.1 is a reproduction of Table
R12.15.2 given in ACI 318, with modifications applicable to
FRP reinforcement. For steel reinforcement, the splice length
for a Class A splice is 1.0¢; and for Class B splice is 1.3¢,.

Limited data are available for the minimum development
length of FRP tension lap splices. For Class B, available
research has indicated that the ultimate capacity of the FRP
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bar is achieved at 1.6¢; (Benmokrane 1997). Because the
stress level for Class A splices is not to exceed 50% of the
tensile strength of the bar, using the value of 1.3 £;-should be
conservative. Further research is required in this area;
however, the values of 1.3 and 1.6£df are recommended at this
time for Class A and B.

CHAPTER 12—SLABS ON GROUND
Normally, slabs on ground impart a pressure to the grade or

soil that is less than 50% of its allowable bearing capacity.
Two of the most common types of construction for slabs on
ground are discussed in this chapter: these are plain concrete
slabs and slabs reinforced with temperature and shrinkage
reinforcement.

12.1—Design of plain concrete slabs

Plain concrete slabs on ground transmit loads to the
subgrade with minimal distress and are designed to remain
uncracked under service loads. To reduce shrinkage crack
effects, the spacing of construction or contraction joints, or
both, is usually limited. For details of design methods of plain
concrete slabs on ground, refer to ACI 360R.

12.2—Design of slabs with shrinkage and tempera-
ture reinforcement
When designing a slab with shrinkage and temperature rein-

forcement, it should be considered a plain concrete slab
without reinforcement to determine its thickness. The slab is
assumed to remain uncracked when loads are placed on its
surface. Shrinkage crack width and spacing are limited by a
nominal amount of distributed FRP reinforcement placed in
the upper half of the slab. The primary purpose of shrinkage
reinforcement is to control the width of any crack that forms
between joints. Shrinkage reinforcement does not prevent
cracking nor does it significantly add to the flexural capacity
of the slab. Increasing the thickness of the slab can increase the
flexural capacity.

Even though the slab is intended to remain uncracked under
service loading, the reinforcement is used to limit crack
spacing and width, permit the use of wider joint spacing,
increase the ability to transfer load at joints, and provide a
reserve strength after shrinkage or temperature cracking has
occurred.

The subgrade drag method is frequently used to determine
the amount of nonprestressed shrinkage and temperature rein-
forcement that is needed but does not apply when prestressing
or randomly distributed fibers are used (PCA 1990). When
using steel reinforcement, the drag equation is as follows

A, = mLw
T2

A, = cross-sectional area of steel per linear foot, in.z;

fy = allowable stress in steel reinforcement, psi, commonly
taken as 2/3 to 3/4 of fy;

m = coefficient of subgrade friction; (1.5 is recommended
for floors on ground, [PCA 1990])
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L = distance between joints, ft; and
dead weight of the slab, psf, usually assumed to be
12.5 psf per in. of slab thickness.

Because of the lower modulus of the FRP reinforcement,
the governing equation should be based on the strain rather
than the stress level when designing shrinkage and tempera-
ture FRP reinforcement. At the allowable stress, the strain in
steel reinforcement is about 0.0012; implementing the
same strain for FRP will result in a stress of 0.0012 Ef, and
Eq. (12-1) can be written.

w

mLw

Ay = — W 12-1
Ssh T 2(0.0012E,) (12D

where Ay g, is the cross-sectional area of FRP reinforcement
(in.z) per linear foot.

Equation (12-1) can also be used to determine joint
spacing, L, for a set amount of reinforcement. No experi-
mental data have been reported on FRP slab-on-ground
applications; research is required to validate this approach.

CHAPTER 13—REFERENCES
13.1—Referenced standards and reports
The standards and reports listed below were the latest

editions at the time this document was prepared. Because

these documents are revised frequently, the reader is advised

to contact the proper sponsoring organization for the latest

edition.

American Concrete Institute (ACI)

117 Standard Tolerance for Concrete Construction and
Materials

318-95 Building Code Requirements for Structural
Concrete and Commentary

360R  Design of Slabs on Ground

426-74 The Shear Strength of Reinforced Concrete
Members (Joint ACI-ASCE)

440R  State-of-the-Art Report on FRP for Concrete
Structures

These publications may be obtained from:
American Concrete Institute

P. O. Box 9094

Farmington Hills, Mich. 48333-9094

13.2—Cited references

Adimi, R.; Rahman, H.; Benmokrane, B.; and Kobayashi,
K., 1998, “Effect of Temperature and Loading Frequency on
the Fatigue Life of a CFRP Bar in Concrete,” Proceedings of
the Second International Conference on Composites in
Infrastructure (ICCI-98), Tucson, Ariz., V. 2, pp. 203-210.

Al-Dulaijan, S. U.; Nanni, A.; Al-Zahrani, M. M.; and
Bakis, C. E., 1996, “Bond Evaluation of Environmentally
Conditioned GFRP/Concrete System,” Proceedings of the
Second International Conference on Advanced Composite
Materials in Bridges and Structures (ACMBS-2), M. M. El-
Badry, ed., Canadian Society for Civil Engineering, Mont-
real, Quebec, pp. 845-852.



CONCRETE REINFORCED WITH FRP BARS

Almusallam, T. H.; Al-Salloum, Y.; Alsayed, S.; and
Amjad, M., 1997, “Behavior of Concrete Beams Doubly
Reinforced by FRP Bars, ” Proceedings of the Third Inter-
national Symposium on Non-Metallic (FRP) Reinforce-
ment for Concrete Structures (FRPRCS-3), Japan Concrete
Institute, Sapporo, Japan, V. 2, pp. 471-478.

Al-Zahrani, M. M.; A. Nanni; Al-Dulaijan, S. U.; and
Bakis, C. E., 1996, “Bond of FRP to Concrete for Rods with
Axisymmetric Deformations,” Proceedings of the Second
International Conference on Advanced Composite Materials
in Bridges and Structures (ACMBS-II), Montreal, Canada,
pp- 853-860.

Ando, N.; Matsukawa, H.; Hattori, A.; and Mashima, A.,
1997, “Experimental Studies on the Long-Term Tensile
Properties of FRP Tendons,” Proceedings of the Third Inter-
national Symposium on Non-Metallic (FRP) Reinforcement
for Concrete Structures (FRPRCS-3), Japan Concrete Insti-
tute, Sapporo, Japan, V. 2, pp. 203-210.

Arrhenius, S. A., 1925, Chemistry in Modern Life, D. Van
Nostrand Company, New York, N.Y.

Bakis, C. E., 1993, “FRP Composites: Materials and
Manufacturing,” Fiber-Reinforced-Plastic for Concrete
Structures: Properties and Applications, A. Nanni, ed.,
Elsevier, Amsterdam, pp. 13-58.

Bakis, C. E.; Al-Dulaijan, S. U.; Nanni, A.; Boothby, T. E.
and Al-Zahrani, M. M., 1998a, “Effect of Cyclic Loading on
Bond Behavior of GFRP Rods Embedded in Concrete
Beams,” Journal of Composites Technology and Research,
V. 20, No. 1, pp. 29-37.

Bakis, C. E.; Freimanis, A. J.; Gremel, D.; and Nanni, A.,
1998b, Effect of Resin Material on Bond and Tensile Prop-
erties of Unconditioned and Conditioned FRP Reinforce-
ment Rods,” Proceedings of the First International
Conference on Durability of Composites for Construction,
B. Benmokrane, and H. Rahman, eds., Sherbrooke, Quebec,
pp- 525-535.

Bank, L.C., 1993, “Properties of FRP Reinforcement for
Concrete,” Fiber-Reinforced-Plastic (FRP) Reinforcement
for Concrete Structures: Properties and Applications,
Developments in Civil Engineering, V. 42, A. Nanni, ed.,
Elsevier, Amsterdam, pp. 59-86.

Bank, L. C., and Puterman, M., 1997, “Microscopic Study of
Surface Degradation of Glass Fiber-Reinforced Polymer Rods
Embedded in Concrete Castings Subjected to Environmental
Conditioning,” High Temperature and Environmental Effects
on Polymeric Composites, V.2, ASTM STP 1302, T. S. Gates
and A.-H. Zureick, eds., American Society for Testing and
Materials, West Conshohocken, Pa., pp. 191-205.

Bank, L. C.; Puterman, M.; and Katz, A., 1998, “The
Effect of Material Degradation on Bond Properties of
FRP Reinforcing Bars in Concrete,” ACI Materials
Journal, V. 95, No. 3, May-June, pp. 232-243.

Benmokrane, B., 1997, “Bond Strength of FRP Rebar
Splices,” Proceedings of the Third International Symposium
on Non-Metallic (FRP) Reinforcement for Concrete Struc-
tures (FRPRCS-3), Japan Concrete Institute, Sapporo, Japan,
V.2, pp. 405-412.

440.1R-29

Benmokrane, B.; Chaallal, O.; and Masmoudi, R., 1996,
“Flexural Response of Concrete Beams Reinforced with FRP
Reinforcing Bars,” ACI Structural Journal, V. 93, No. 1, Jan.-
Feb., pp. 46-55.

Benmokrane, B., and Rahman, H., eds., 1998, “Durability
of Fiber Reinforced Polymer (FRP) Composites for
Construction,” Proceedings of the First International
Conference (CDCC ’98), Quebec, Canada, 692 pp.

Benmokrane, B.; Tighiouart, B.; and Chaallal, O., 1996,
“Bond Strength and Load Distribution of Composite
GFRP Reinforcing Bars in Concrete,” ACI Materials
Journal, V. 93, No. 3, May-June, pp. 246-253.

Boyle, H. C., and Karbhari, V. M., 1994, “Investigation of
Bond Behavior Between Glass Fiber Composite Reinforce-
ments and Concrete,” Journal of Polymer-Plastic Tech-
nology Engineering, V. 33, No. 6, pp. 733-753.

Branson, D. E., 1977, Deformation of Concrete Struc-
tures, McGraw-Hill Book Co., New York, N.Y., pp. 546.

Brown, V., 1997, “Sustained Load Deflections in GFRP-
Reinforced Concrete Beams,” Proceedings of the Third
International Symposium on Non-Metallic (FRP) Reinforce-
ment for Concrete Structures (FRPRCS-3), Japan Concrete
Institute, Sapporo, Japan, V. 2, pp. 495-502.

Brown, V., and Bartholomew, C., 1996, “Long-term Deflec-
tions of GFRP-Reinforced Concrete Beams,” Proceedings of
the First International Conference on Composites in Infrastruc-
ture (ICCI-96), Tucson, Ariz., pp. 389-400.

CAN/CSA-56-00, 2000, “Canadian High Bridge Design
Code,” Clause 16.8.6, Canadian Standard Association
(CSA) International, Toronto, Ontario, Canada, 734 pp.

Challal, O., and Benmokrane, B., 1993, “Pullout and Bond
of Glass-Fiber Rods Embedded in Concrete and Cement
Grout,” Materials and Structures, V. 26, pp. 167-175.

Clarke, J., and Sheard, P., 1998, “Designing Durable FRP
Reinforced Concrete Structures,” Proceedings of the First
International Conference on Durability of Composites for
Construction, B. Benmokrane, and H. Rahman, eds., Sher-
brooke, Quebec, pp. 13-24.

Conrad, J. O.; Bakis, C. E.; Boothby, T. E.; and Nanni, A.,
1998, “Durability of Bond of Various FRP Rods in Concrete,”
Proceedings of the First International Conference on Dura-
bility of Composites for Construction, B. Benmokrane, and H.
Rahman, eds., Sherbrooke, Quebec, Canada, pp. 299-310.

Coomarasamy, A., and Goodman, S., 1997, “Investigation
of the Durability Characteristics of Fiber Reinforced
Polymer (FRP) Materials in Concrete Environment,” Amer-
ican Society for Composites—Twelfth Technical Confer-
ence, Dearborn, Mich.

Curtis, P. T., 1989, “The Fatigue Behavior of Fibrous
Composite Materials,” Journal of Strain Analysis, V. 24, No.
4, pp. 235-244.

Dally, J. W., and Riley, W. F., 1991, Experimental Stress
Analysis, Third Edition, McGraw Hill, New York, N.Y.

Devalapura, R. K.; Greenwood, M. E.; Gauchel, J. V.; and
Humphrey, T. J., 1996, Advanced Composite Materials in
Bridges and Structures, M. M. El-Badry, ed., Canadian Society
for Civil Engineering, Montreal, Quebec, pp. 107-116.



440.1R-30

Dolan, C. W.; Rizkalla, S.; and Nanni, A., eds., 1999,
Fiber-Reinforced-Polymer Reinforcement for Reinforced
Concrete Structures, SP-188, American Concrete Institute,
Farmington Hills, Mich., 1182 pp.

Dowden, D. M., and Dolan, C. W., 1997, “Comparison of
Experimental Shear Data With Code Predictions For FRP
Prestressed Beams,” Proceedings of the Third International
Symposium on Non-Metallic (FRP) Reinforcement for
Concrete Structures (FRPRCS-3), Japan Concrete Institute,
Sapporo, Japan, V. 2, pp. 687-694.

Ehsani, M. R., 1993, “Glass-Fiber Reinforcing Bars,”
Alternative  Materials for the Reinforcement and
Prestressing of Concrete, J. L. Clarke, Blackie Academic &
Professional, London, England, pp. 35-54.

Ehsani, M. R.; Saadatmanesh, H.; and Tao, S., 1995,
“Bond of Hooked Glass Fiber Reinforced Plastic (GFRP)
Reinforcing Bars to Concrete,” ACI Materials Journal,
V. 92, No. 4, July-Aug., pp. 391-400.

Ehsani, M. R.; Saadatmanesh, H.; and Tao, S., 1996a,
“Design Recommendation for Bond of GFRP Rebars to
Concrete,” Journal of Structural Engineering, V. 122, No. 3,
pp. 247-257.

Ehsani, M. R.; Saadatmanesh, H.; and Tao, S., 1996b,
“Bond Behavior and Design Recommendations for Fiber-
Glass Reinforcing Bars,” Proceedings of the First Interna-
tional Conference on Composites in Infrastructure (ICCI-
96), Tucson, Ariz., pp. 466-476.

El-Badry, M., ed., 1996, “Advanced Composite Materials
in Bridges and Structures (ACMBS-II),” Proceedings of the
Second International Conference, Montreal, Canada, 1027 pp.

Eurocode Provisions, 1999, “Interim Guidance on the Design
of Reinforced Concrete Structures Using Fibre Composite
Reinforcement,” SETO, Institution of Structural Engineers.

Faza, S. S., 1991, “Bending and Bond Behavior and Design
of Concrete Beams Reinforced with Fiber Reinforced Plastic
Rebars,” PhD dissertation, West Virginia University,
Morgantown, W.Va., pp. 213.

Faza, S. S., and GangaRao, H. V. S., 1990, “Bending and
Bond Behavior of Concrete Beams Reinforced with Plastic
Rebars,” Transportation Research Record 1290, pp. 185-193.

Faza, S. S., and GangaRao, H. V. S., 1993a, “Theoretical
and Experimental Correlation of Behavior of Concrete
Beams Reinforced with Fiber Reinforced Plastic Rebars,”
Fiber-Reinforced-Plastic Reinforcement for Concrete Struc-
tures, SP-138, A. Nanni and C. W. Dolan, eds., American
Concrete Institute, Farmington Hills, Mich., pp. 599-614.

Faza, S. S., and GangaRao, H. V. S., 1993b, “Glass FRP
Reinforcing Bars for Concrete,” Fiber-Reinforced-Plastic
(FRP) Reinforcement for Concrete Structures: Properties
and Applications, Developments in Civil Engineering, V.42,
A. Nanni, ed., Elsevier, Amsterdam, pp. 167-188.

Freimanis, A. J.; Bakis, C. E.; Nanni, A.; and Gremel, D.,
1998, “A Comparison of Pullout and Tensile Behaviors of
FRP Reinforcement for Concrete,” Proceedings of the
Second International Conference on Composites in Infra-
structure (ICCI-98), Tucson, Ariz., V. 2, pp. 52-65.

GangaRao, H. V. S., and Vijay, P. V., 1997a, “Design of
Concrete Members Reinforced with GFRP Bars,” Proceed-

ACI COMMITTEE REPORT

ings of the Third International Symposium on Non-Metallic
(FRP) Reinforcement for Concrete Structures (FRPRCS-3),
Japan Concrete Institute, Sapporo, Japan, V. 1, pp. 143-150.

GangaRao, H. V. S, and Vijay, P. V., 1997b, “Aging of
Structural Composites under Varying Environmental Condi-
tions,” Non-Metallic (FRP) Reinforcement for Concrete
Structures, FRPRCS-3, V. 2, Japan Concrete Institute,
Tokyo, pp. 91-98.

Gao, D.; Benmokrane, B.; and Masmoudi, R., 1998a, “A
Calculating Method of Flexural Properties of FRP-Reinforced
Concrete Beam: Part 1: Crack Width and Deflection,” Tech-
nical Report, Department of Civil Engineering, University
of Sherbrooke, Sherbrooke, Quebec, Canada, 24 pp.

Gao, D.; Benmokrane, B.; and Tighiouart, B., 1998b,
“Bond Properties of FRP Rebars to Concrete,” Technical
Report, Department of Civil Engineering, University of
Sherbrooke, Sherbrooke, Quebec, Canada, 27 pp.

Gentry, T. R.; Bank, L. C.; Barkatt, A.; and Prian, L.,
1998, “Accelerated Test Methods to Determine the Long-
Term Behavior of Composite Highway Structures Subject to
Environmental Loading,” J. Composites Technology &
Research, V. 20, No. 1, pp. 38-50.

Gergely, P., and Lutz, L. A., 1973, “Maximum Crack
width in Reinforced Concrete Flexural Members,” Causes,
Mechanism and Control of Cracking in Concrete, SP-20, R.
E. Philleo, ed., American Concrete Institute, Farmington
Hills, Mich., pp. 87-117.

Gerritse, A., 1992, “Durability Criteria for Non-Metallic
Tendons in an Alkaline Environment,” Proceedings of the
First International Conference on Advance Composite
Materials in Bridges and Structures (ACMBS-I), Canadian
Society of Civil Engineers, Sherbrooke, Canada, pp. 129-137.

Hayes, M. D.; Garcia, K.; Verghese, N.; and Lesko, J.,
1998, “The Effect of Moisture on the Fatigue Behavior of a
Glass/Vinyl Ester Composite,” Proceedings of the Second
International Conference on Composites in Infrastructure
(ICCI-98), Tucson, Ariz., V. 1, pp. 1-12.

Hughes, B. W., and Porter, M. L., 1996, “Experimental
Evaluation of Non-Metallic Dowel Bars in Highway Pave-
ments,” Proceedings of the First International Conference
on Composites in Infrastructure (ICCI-96), Tucson, Ariz.,
pp. 440-450.

Iyer, S. L., and Sen, R., eds., 1991, “Advanced Composite
Materials in Civil Engineering Structures,” Proceedings of
the Specialty Conference, American Society of Civil Engi-
neers, New York, N.Y., 443 pp.

Jaeger, L. G.; Mufti, A.; and Tadros, G., 1997, “The
Concept of the Overall Performance Factor in Rectangular-
Section Reinforced Concrete Beams,” Proceedings of the
Third International Symposium on Non-Metallic (FRP)
Reinforcement for Concrete Structures (FRPRCS-3), Japan
Concrete Institute, Sapporo, Japan, V. 2, pp. 551-558.

Japan Society of Civil Engineers (JSCE) Subcommittee on
Continuous Fiber Reinforcement, 1992, Proceedings of the
Utilization of FRP-Rods for Concrete Reinforcement, Japan
Society of Civil Engineers, Tokyo, Japan, 314 pp.

Japan Society of Civil Engineers (JSCE), 1997a, Proceed-
ings of the Third International Symposium on Non-Metallic



CONCRETE REINFORCED WITH FRP BARS

(FRP) Reinforcement for Concrete Structures (FRPRCS-3),
Japan Concrete Institute, Sapporo, Japan, V. 2, pp. 511-518.

Japan Society of Civil Engineers (JSCE), 1997b, “Recom-
mendation for Design and Construction of Concrete Struc-
tures Using Continuous Fiber Reinforcing Materials,”
Concrete Engineering Series No. 23, 325 pp.

Kachlakev, D. L., and Lundy, J. R., 1998, “Bond Strength
Study of Hollow Composite Rebars with Different Micro
Structure,” Proceedings of the Second International Confer-
ence on Composites in Infrastructure (ICCI-98), Tucson,
Ariz., pp. 1-14.

Kage, T.; Masuda, Y.; Tanano, Y.; and Sato, K., 1995,
“Long-term Deflection of Continuous Fiber Reinforced
Concrete Beams,” Proceedings of the Second International
RILEM Symposium on Non-Metallic (FRP) Reinforcement
for Concrete Structures (FRPRCS-2), Ghent, Belgium,
pp- 251-258.

Katz, A., 1998, “Effect of Helical Wrapping on Fatigue
Resistance of GFRP,” Journal of Composites for Construc-
tion, V.2, No. 3, pp. 121-125.

Katz, A.; Berman, N.; and Bank, L. C., 1998, “Effect of
Cyclic Loading and Elevated Temperature on the Bond
Properties of FRP Rebars,” International Conference on the
Durability of Fiber Reinforced Polymer (FRP) Composites
for Construction, Sherbrooke, Canada, pp. 403-413.

Katz, A.; Berman, N.; and Bank, L. C., 1999, “Effect of High
Temperature on the Bond Strength of FRP Rebars,” Journal of
Composites for Construction, V. 3, No. 2, pp. 73-81.

Katz, A., 2000, “Bond to Concrete of FRP Rebars after
Cyclic Loading,” Journal of Composites for Construction,
V. 4, No. 3, pp. 137-144.

Keesler, R. J., and Powers, R. G., 1988, “Corrosion of
Epoxy Coated Rebars—Keys Segmental Bridge—Monroe
County,” Report No. 88-8A, Florida Dept. of Transportation,
Materials Office, Corrosion Research Laboratories, Gaines-
ville, Fla.

Kobayashi, K., and Fujisaki, T., 1995, “Compressive
Behavior of FRP Reinforcement in Non-prestressed
Concrete Members,” Proceedings of the Second Interna-
tional RILEM Symposium on Non-Metallic (FRP) Reinforce-
ment for Concrete Structures (FRPRCS-2), Ghent, Belgium,
pp- 267-274.

Kumahara, S.; Masuda, Y.; and Tanano, Y., 1993,
“Tensile Strength of Continuous Fiber Bar Under High
Temperature,” International Symposium on Fiber-Rein-
forced-Plastic Reinforcement for Concrete Structures, SP-
138, A. Nanni and C. W. Dolan, eds., American Concrete
Institute, Farmington Hills, Mich., pp. 731-742.

Litherland, K. L.; Oakley, D. R.; and Proctor, B. A., 1981,
“The Use of Accelerated Aging Procedures to Predict the
Long Term Strength of GRC Composites, Cement and
Concrete Research, V. 11, No. 3, pp. 455-466.

Mallick, P. K., 1988, Fiber Reinforced Composites,
Materials, Manufacturing, and Design, Marcell Dekker,
Inc., New York, N.Y., 469 pp.

Mandell, J. F., 1982, “Fatigue Behavior of Fiber-Resin
Composites,” Developments in Reinforced Plastics, Applied
Science Publishers, London, England, V. 2, pp. 67-107.

440.1R-31

Mandell, J. F., and Meier, U., 1983, “Effects of Stress
Ratio Frequency and Loading Time on the Tensile Fatigue of
Glass-Reinforced Epoxy,” Long Term Behavior of Compos-
ites, ASTM STP 813, American Society for Testing and
Materials, West Conshohocken, Pa., pp. 55-77.

Masmoudi, R.; Benmokrane, B.; and Challal, O., 1996,
“Cracking Behavior of Concrete Beams Reinforced with
FRP Rebars,” Proceedings of the First International Confer-
ence on Composites in Infrastructure (ICCI-96), Tucson,
Ariz., pp. 374-388.

Meier, U., 1992, “Carbon Fiber Reinforced Polymers:
Modern Materials in Bridge Engineering,” Structural Engi-
neering International, Journal of the International Association
for Bridge and Structural Engineering, V. 2, No. 1, pp. 7-12.

Michaluk, C. R.; Rizkalla, S.; Tadros, G.; and
Benmokrane, B., 1998, “Flexural Behavior of One-Way
Concrete Slabs Reinforced by Fiber Reinforced Plastic Rein-
forcement,” ACI Structural Journal, V. 95, No. 3, May-June,
pp- 353-364.

MIL-17, 1999, Guidelines for Characterization of Struc-
tural Materials, Composite Materials Handbook, V. 1,
Rev. E, June 1999.

Mindess, S., and Young, F. J., 1981, Concrete, Prentice
Hall Inc., Englewood Cliffs, N. J., 671 pp.

Mutsuyoshi, H.; Uehara, K.; and Machida, A., 1990,
“Mechanical Properties and Design Method of Concrete
Beams Reinforced with Carbon Fiber Reinforced Plastics,”
Transaction of the Japan Concrete Institute, Japan Concrete
Institute, Tokyo, Japan, V. 12, pp. 231-238.

Nagasaka, T.; Fukuyama, H.; and Tanigaki, M.; 1993,
“Shear Performance of Concrete Beams Reinforced with
FRP Stirrups,” Fiber-Reinforced-Plastic Reinforcement for
Concrete Structures, SP-138, A. Nanni and C. W. Dolan,
eds., American Concrete Institute, Farmington Hills, Mich.,
pp- 789-811.

Nanni, A., ed., 1993a, “Fiber-Reinforced-Plastic (FRP)
Reinforcement for Concrete Structures: Properties and
Applications,” Developments in Civil Engineering,
Elsevier, V. 42, 450 pp.

Nanni, A., 1993b, “Flexural Behavior and Design of
Reinforced Concrete Using FRP Rods,” Journal of Struc-
tural Engineering, V. 119, No. 11, pp. 3344-3359.

Nanni, A.; Al-Zahrani, M.; Al-Dulaijjan, S.; Bakis, C. E.;
and Boothby, T. E., 1995, “Bond of FRP Reinforcement to
Concrete—Experimental Results,” Proceedings of the
Second International RILEM Symposium on Non-Metallic
(FRP) Reinforcement for Concrete Structures (FRPRCS-2),
Ghent, Belgium, pp. 135-145.

Nanni, A.; Bakis, C. E.; and Boothby, T. E., 1995, “Test
Methods for FRP-Concrete Systems Subjected to Mechan-
ical Loads: State of the Art Review,” Journal of Reinforced
Plastics and Composites, V. 14, pp. 524-588.

Nanni, A., and Dolan, C. W., eds., 1993, Fiber-Reinforced-
Plastic Reinforcement for Concrete Structures, SP-138, Amer-
ican Concrete Institute, Farmington Hills, Mich., 977 pp.

Nanni, A.; Nenninger, J.; Ash, K.; and Liu, J., 1997,
“Experimental Bond Behavior of Hybrid Rods for Concrete



440.1R-32

Reinforcement,” Structural Engineering and Mechanics, V.
5, No. 4, pp. 339-354.

Nanni, A.; Rizkalla, S.; Bakis, C. E.; Conrad, J. O.; and
Abdelrahman, A. A., 1998, “Characterization of GFRP
Ribbed Rod Used for Reinforced Concrete Construction,”
Proceedings of the International Composites Exhibition
(ICE-98), Nashville, Tenn., pp. 16A/1-6.

National Research Council, 1991, “Life Prediction Method-
ologies for Composite Materials,” Committee on Life Predic-
tion Methodologies for Composites, NMAB-460, National
Materials Advisory Board, Washington, D.C., 66 pp.

Neale, K.W., and Labossiere, P., eds., 1992, “Advanced
Composite Materials in Bridges and Structures,” Proceed-
ings of the First International Conference (ACMBS-I), Sher-
brooke, Canada, 705 pp.

Noritake, K.; Kakihara, R.; Kumagai, S.; and Mizutani, J.,
1993, “Technora, an Aramid FRP Rod,” Fiber-Reinforced-
Plastic (FRP) Reinforcement for Concrete Structures: Prop-
erties and Applications, Developments in Civil Engineering,
V.42, A. Nanni, ed., Elsevier, Amsterdam, pp. 267-290.

Odagiri, T.; Matsumoto, K.; and Nakai H., 1997, “Fatigue
and Relaxation Characteristics of Continuous Aramid Fiber
Reinforced Plastic Rods,” Third International Symposium
on Non-Metallic (FRP) Reinforcement for Concrete Struc-
tures (FRPRCS-3), Japan Concrete Institute, Tokyo, Japan,
V. 2, pp. 227-234.

Okamoto, T.; Matsubara, S.; Tanigaki, M.; and Jasuo, K.,
1993, “Practical Application and Performance of PPC
Beams Reinforced with Braided FRP Bars,” Proceedings
Fiber-Reinforced-Plastic Reinforcement for Concrete Struc-
tures, SP-138, A. Nanni, and C. W. Dolan, eds., American
Concrete Institute, Farmington Hills, Mich., pp. 875-894.

Okamoto, T.; Nagasaka, T.; and Tanigaki, M., 1994, “Shear
Capacity of Concrete Beams Using FRP Reinforcement,”
Journal of Structural Construction Engineering, No. 455,
pp- 127-136.

Orangun, C.; Jirsa, J. O.; and Breen, J. E., 1977, “A Reeval-
uation of Test Data on Development Length and Splices,”
ACI JOURNAL, Proceedings V. 74, No. 3, Mar., pp. 114-122.

Plecnik, J., and Ahmad, S. H., 1988, “Transfer of
Composite Technology to Design and Construction of
Bridges,” Final Report to USDOT, Contract No. DTRS
5683-C000043.

Pleimann, L. G., 1987, “Tension and Bond Pullout Tests of
Deformed Fiberglass Rods,” Final Report for Marshall-Vega
Corporation, Marshall, Arkansas, Civil Engineering Depart-
ment, University of Arkansas, Fayetteville, Ark., pp. 5-11.

Pleimann, L. G., 1991, “Strength, Modulus of Elasticity,
and Bond of Deformed FRP Rods,” Proceedings of the
Specialty Conference on Advanced Composite Materials in
Civil Engineering Structures, Material Engineering Divi-
sion, American Society of Civil Engineers, pp. 99-110.

Porter, M. L., and Barnes, B. A., 1998, “Accelerated
Aging Degradation of Glass Fiber Composites,” 2nd Inter-
national Conference on Composites in Infrastructure, V. 11,
H. Saadatmanesh and M. R. Eshani, eds., University of
Arizona, Tucson, Ariz. pp. 446-459.

ACI COMMITTEE REPORT

Porter, M. L.; Hughes, B. W.; Barnes, B. A.; and
Viswanath, K. P., 1993, “Non-Corrosive Tie Reinforcing
and Dowel Bars for Highway Pavement Slabs,” Report No.
HR-343, Towa Highway Research Board and Iowa Depart-
ment of Transportation, Ames, lowa.

Porter, M. L.; Mehus, J.; Young, K. A.; O’Neil, E. F.; and
Barnes, B. A., 1997, “Aging for Fiber Reinforcement in
Concrete,” Non-Metallic (FRP) Reinforcement for Concrete
Structures (FRPRCS-3), V. 2, Japan Concrete Institute,
Tokyo, pp. 59-66.

Portland Cement Association (PCA), 1990, “Concrete
Floors on Ground,” revised edition, Skokie, Ill., 36 pp.

Post-Tensioning Institute, 1983, Design and Construction
of Post-Tensioned Slabs on Grade, Phoenix, Ariz.

Priestley, M. N.; Seible, F.; and Calvi, G. M., 1996, Seismic
Design and Retrofit of Bridges, John Wiley and Sons, New
York, N.Y., 704 pp.

Rahman, A. H., and Kingsley, C. Y., 1996, “Fatigue
Behavior of a Fiber-Reinforced-Plastic Grid as Reinforcement
for Concrete,” Proceedings of the First International Confer-
ence on Composites in Infrastructure (ICCI-96), H. Saadat-
manesh and M. R. Ehsani, eds., Tucson, Ariz., pp. 427-439.

Rahman, H.; Adimi, R.; and Crimi, J., 1997, “Fatigue
Behavior of a Carbon FRP Grid Encased in Concrete,”
Proceedings of the Third International Symposium on Non-
Metallic (FRP) Reinforcement for Concrete Structures
(FRPRCS-3), Japan Concrete Institute, Sapporo, Japan, V. 2,
pp. 219-226.

Rahman, A. H.; Kingsley, C. Y.; and Crimi, J., 1996,
“Durability of FRP Grid Reinforcement,” Advanced
Composite Materials in Bridges and Structures, M. M.
El-Badry, ed., Canadian Society for Civil Engineering,
Montreal, Quebec, pp. 681-690.

Rizkalla, S. H., 1997, “A New Generation of Civil Engi-
neering Structures and Bridges,” Proceedings of the Third
International Symposium on Non-Metallic (FRP) Reinforce-
ment for Concrete Structures (FRPRCS-3), Sapporo, Japan,
V.1, pp. 113-128.

Rostasy, F. S., 1997, “On Durability of FRP in Aggressive
Environments,” Non-Metallic (FRP) Reinforcement for
Concrete Structures (FRPRCS-3), V. 2, Japan Concrete Insti-
tute, Tokyo, pp. 107-114.

Roylance, M., and Roylance, O., 1981, “Effect of Moisture
on the Fatigue Resistance of an Aramid-Epoxy Composite,”
Organic Coatings and Plastics Chemistry, American Chem-
ical Society, Washington, D.C., V. 45, pp. 784-788.

Saadatmanesh, H., and Ehsani, M. R., eds., 1998, “Fiber
Composites in Infrastructure,” Proceedings of the Second
International Conference on Composites in Infrastructure
(ICCI-98), Tucson, Ariz.

Saadatmanesh, H., and Tannous, F. E., 1999a, “Relax-
ation, Creep, and Fatigue Behavior of Carbo Fiber-Reinforced
Plastic Tendons,” ACI Materials Journal, V. 96, No. 2,
Mar.-Apr., pp. 143-153.

Saadatmanesh, H., and Tannous, F. E., 1999b, “Long-
Term Behavior of Aramid Fiber-Reinforced Plastic
Tendons,” ACI Materials Journal, V. 96, No. 3, May-June,
pp. 297-305.



CONCRETE REINFORCED WITH FRP BARS

Sakashita, M.; Masuda, Y.; Nakamura, K.; Tanano, H.;
Nishida, I.; and Hashimoto, T., 1997, “Deflection of Contin-
uous Fiber Reinforced Concrete Beams Subjected to Loaded
Heating,” Proceedings of the Third International Sympo-
sium on Non-Metallic (FRP) Reinforcement for Concrete
Structures (FRPRCS-3), Japan Concrete Institute, Tokyo,
Japan, V. 2, pp. 51-58.

Santoh, N., 1993, “CFCC (Carbon Fiber Composite
Cable,” Fiber-Reinforced-Plastic (FRP) Reinforcement for
Concrete Structures: Properties and Applications, Develop-
ments in Civil Engineering, A. Nanni, ed., V. 42, Elsevier,
Amsterdam, pp. 223-247.

Sasaki, I.; Nishizaki, I.; Sakamoto, H.; Katawaki, K.; and
Kawamoto, Y., 1997, “Durability Evaluation of FRP Cables
by Exposure Tests,” Non-Metallic (FRP) Reinforcement for
Concrete Structures (FRPRCS-3), V. 2, Japan Concrete
Institute, Tokyo, pp. 131-137.

Scheibe, M., and Rostasy, F. S., 1998, “Stress-Rupture
Behavior of AFRP Bars in Concrete and Under Natural
Environment,” Second International Conference on
Composites in Infrastructure, V. 11, H. Saadatmanesh and M.
R. Eshani, eds., University of Arizona, Tucson, Ariz., pp.
138-151.

Seki, H.; Sekijima, K.; and Konno, T., 1997, “Test Method
on Creep of Continuous Fiber Reinforcing Materials,”
Proceedings of the Third International Symposium on Non-
Metallic (FRP) Reinforcement for Concrete Structures
(FRPRCS-3), Sapporo, Japan, V. 2, pp. 195-202.

Sen, R.; Shahawy, M.; Sukumar, S.; and Rosas, J., 1998a,
“Effect of Tidal Exposure on Bond of CFRP Rods,” Second
International Conference on Composites in Infrastructure,
V.11, H. Saadatmanesh and M. R. Eshani, eds., University of
Arizona, Tucson, Ariz., pp. 512-523.

Sen, R.; Shahawy, M.; Rosas, J.; and Sukumar, S., 1998,
“Durability of Aramid Pretensioned Elements in a Marine Envi-
ronment,” ACI Structural Journal, V. 95, No. 5, Sept.-Oct., pp.
578-587.

Sippel, T. M., and Mayer, U., 1996, “Bond Behavior of FRP
Strands under Short-Term, Reversed and Cyclic Loading,”
Proceedings of the Second International Conference on
Advanced Composite Materials in Bridges and Structures
(ACMBS-2), M. M. El-Badry, ed., Canadian Society for Civil
Engineering, Montreal, Quebec, pp. 837-844.

Sonobe, Y.; Fukuyama, H.; Okamoto, T.; Kani, N.;
Kobayashi, K.; Masuda, Y.; Matsuzaki, Y.; Mochizuki,
S.; Nagasaka, T.; Shimizu, A.; Tanano, H.; Tanigaki, M., and
Tenshigawara, M., 1997, “Design Guidelines of FRP Rein-
forced Concrete Building Structures,” Journal of Composites
for Construction, V. 1, No. 3, pp. 90-113.

Tadros, G.; Tromposch, E.; and Mufti, A., 1998, “Univer-
sity Drive/Crowchild Trail Bridge Superstructure Replace-
ment,” Second International Conference on Composites in
Infrastructure (ICCI-98), Tucson, Ariz., V. 1, pp. 693-704.

Taerwe, L., ed., 1995, “Non-Metallic (FRP) Reinforce-
ment for Concrete Structures,” Proceedings of the Second
International RILEM Symposium (FRPRCS-2), Ghent,
Belgium, 714 pp.

440.1R-33

Taerwe, L., 1997, “FRP Activities in Europe: Survey of
Research and Applications,” Proceedings of the Third Inter-
national Symposium on Non-Metallic (FRP) Reinforcement
for Concrete Structures (FRPRCS-3), Sapporo, Japan, V. 1,
pp. 59-74.

Takewaka, K., and Khin, M., 1996, “Deterioration of Stress-
Rupture of FRP Rods in Alkaline Solution Simulating as
Concrete Environment,” Advanced Composite Materials in
Bridges and Structures, M. M. El-Badry, ed., Canadian
Society for Civil Engineering, Montreal, Quebec, pp. 649-664.

Tamura, T., 1993, “FiBRA,” Fiber-Reinforced-Plastic
(FRP) Reinforcement for Concrete Structures: Properties and
Applications, Developments in Civil Engineering, V. 42, A.
Nanni, ed., Elsevier, Amsterdam, pp. 291-303.

Tannous, F. E., and Saadatmanesh, H., 1999, “Durability of
AR-Glass Fiber Reinforced Plastic Bars,” Journal of Compos-
ites for Construction, V. 3, No. 1, pp. 12-19.

Theriault, M., and Benmokrane, B., 1998 “Effects of FRP
Reinforcement Ratio and Concrete Strength on Flexural
Behavior of Concrete Beams,” Journal of Composites for
Construction, V.2, No. 1, pp. 7-16.

Tighiouart, B.; Benmokrane, B.; and Gao, D., 1998, “Inves-
tigation of Bond in Concrete Member With Fiber Reinforced
Polymer (FRP) Bars,” Construction and Building Materials
Journal, Dec. 1998, p. 10.

Tokyo Rope, 2000, “CFCC, Carbon Fiber Composite
Cable,” Product Circular No. 991-2T-SA, Tokyo Rope Manu-
facturing Co., Tokyo (http://www.tokyorope.co.jp/).

Tomosawa, F., and Nakatsuji, T., 1996, “Evaluation of the
ACM Reinforcement Durability by Exposure Test,”
Advanced Composite Materials in Bridges and Structures, M.
M. El-Badry, ed., Canadian Society for Civil Engineering,
Montreal, Quebec, pp. 699-706.

Tomosawa, F., and Nakatsuji, T., 1997, “Evaluation of
the ACM Reinforcement Durability by Exposure Test,”
Non-Metallic (FRP) Reinforcement for Concrete Struc-
tures (FRPRCS-3), V. 2, Japan Concrete Institute, Tokyo,
pp- 139-146.

Tudos, F., and David, P. K., 1996, “Comments on the Inter-
pretation of Temperature Dependence of Processes in
Polymer,” Journal of Thermal Analysis, Proceedings of the
1995 Symposium on Thermal Analysis, John Wiley & Sons
Ltd., Chichester, England, V. 47, No. 2, pp. 589-593.

Uomoto, T., 2000, “Durability of FRP as Reinforcement for
Concrete Structures,” Proceedings of the 3rd International
Conference on Advanced Composite Materials in Bridges and
Structures, ACMBS-3,J. L. Humar and A. G. Razaqpur, eds.,
Canadian Society for Civil Engineering, Montreal, Quebec,
pp. 3-17.

Uppuluri, V. S.; Bakis, C. E.; Nanni, A.; and Boothby, T. E.,
1996, “Analysis of the Bond Mechanism in FRP Reinforce-
ment Rods: The Effect of Rod Design and Properties,”
Proceedings of the Second International Conference on
Advanced Composite Materials in Bridges and Structures
(ACMBS-II), Montreal, Canada, pp. 893-900.

Vijay, P. V., and GangaRao, H. V. S., 1996, “Unified Limit
State Approach Using Deformability Factors in Concrete




440.1R-34

Beams Reinforced with GFRP Bars,” Proceedings of the
Fourth Materials Engineering Conference, pp. 657-665.

Vijay, P. V., and GangaRao, H. V. S., 1998, “Creep
Behavior of Concrete Beams Reinforced with GFRP Bars,”
Proceedings of the First International Conference (CDCC
1998), Durability of Fiber Reinforced Polymer (FRP)
Composites for Construction, pp. 661-667.

Vijay, P. V., and GangaRao, H. V. S., 1999, “Accelerated
and Natural Weathering of Glass Fiber Reinforced Plastic
Bars,” Fiber Reinforced Polymer Reinforcement for Rein-
forced Concrete Structures, SP-188, C. W. Dolan, S. H.
Rizkalla, and A. Nanni, eds., American Concrete Institute,
Farmington Hills, Mich., pp. 605-614.

Vijay, P. V.; GangaRao, H. V. S.; and Kalluri, R., 1998,
“Hygrothermal Response of GFRP Bars under Different
Conditioning Schemes,” Proceedings of the First International
Conference (CDCC 1998), Sherbrooke, Canada, pp. 243-252.

Wang, C. K., and Salmon, C. G., 1992, Reinforced Concrete
Design, 5th Edition, Harper Collins Publication Inc., pp. 1030.

Wang, J., 1998, “Determination of the Shear Resistance of
Concrete Beams and Slabs Reinforced with Fibre Reinforced
Plastics,” MS thesis, Carleton University, Ottawa, Canada.

Wang, N., and Evans, J. T., 1995, “Collapse of Continuous
Fiber Composite Beam at Elevated Temperatures,” Compos-
ites, V.26, No. 1, pp. 56-61.

ACI COMMITTEE REPORT

White, T. D., ed., 1992, “Composite Materials and Struc-
tural Plastics in Civil Engineering Construction,” Proceedings
of the Materials Engineering Congress, American Society of
Civil Engineers, New York, N.Y., pp. 532-718.

Wu, W.-P., 1990, “Thermomechanical Properties of Fiber
Reinforced Plastics (FRP) Bars,” PhD dissertation, West
Virginia University, Morgantown, W.Va., 292 pp.

Yamaguchi, T.; Kato, Y.; Nishimura, T.; and Uomoto, T.,
1997, “Creep Rupture of FRP Rods Made of Aramid, Carbon
and Glass Fibers,” Proceedings of the Third International
Symposium on Non-Metallic (FRP) Reinforcement for
Concrete Structures (FRPRCS-3), Japan Concrete Institute,
Sapporo, Japan, V. 2, pp. 179-186.

Zhao, W.; Maruyama, K.; and Suzuki, H., 1995, “Shear
Behavior of Concrete Beams Reinforced by FRP Rods as
Longitudinal and Shear Reinforcement,” Proceedings of the
Second International RILEM Symposium on Non-Metallic
(FRP) Reinforcement for Concrete Structures (FRPRCS-2),
Ghent, Belgium, pp. 352-359.

Zhao, W.; Pilakoutas, K.; and Waldron, P., 1997, “FRP
Reinforced Concrete Beams: Calculations For Deflection,”
Proceedings of the Third International Symposium on Non-
Metallic (FRP) Reinforcement for Concrete Structures (FRPCS-
3), Japan Concrete Institute, Sapporo, Japan, V. 2, pp. 511-518.



PART 5—DESIGN EXAMPLES

EXAMPLE 1—BEAM DESIGN

A simply supported, normalweight concrete beam with f,¢
= 4000 psi (27.6 MPa) is needed in a medical facility to
support an MRI unit. The beam is an interior beam. The
beam is to be designed to carry a service live load of w;; =
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Table E1.1—Manufacturer’s reported GFRP bar

EXAMPLE

properties
Tensile strength, 7, 90,000 psi 620.6 MPa
Rupture strain, e*fu 0.014 0.014
Modulus of elasticity, Ef 6,500,000 psi 44,800 MPa

400 Ib/ft (5.8 kN/m) (20% sustained) and a superimposed

service dead load of wgp,; =208 Ib/ft (3.0 kN/m) over a span
of £ =11 ft (3.35 m). The beam deflection should not exceed
¢/240, which is the limitation for long-term deflection. Due
to construction restriction, the depth of the member should

not exceed 14 in. (356 mm).

cable to other CFRP and AFRP bars.

GFRP reinforcing bars are selected to reinforce the beam;
material properties of the bars (as reported by the bar manu-
facturer) are shown in Table E1.1.

The design procedure presented hereafter is equally appli-

Procedure

Calculation in U.S. units

Calculation in S.I. units

Step 1—Estimate the appropriate cross-sectional
dimensions of the beam.
An initial value for the depth of a simply supported
reinforced concrete beam can be estimated from
Table 8.2 of the ACI 318-95 Building Code.

=L
16

Recognizing that the lower stiffness of GFRP
reinforcing bars will require greater depth than
steel-reinforced concrete for deflection control, a
larger overall height is used.

The depth of the member is limited to 14 in. max
(356 mm)

An effective depth of the section is estimated using

(11ft)g§2%g

h = = 8.25in.

16

Try h = 12 in. < 14 in. max

Assuming #5 bars for main = (5/8)” = 0.625 in.
Assuming #3 bars for shear = (3/8)” = 0.375 in.
Cover = 1.5 in.

A minimum width of approximately 7 in. is
required when using 2 #5 or 2 #6 bars with #3

po= 335M) _ 6500m
16

Try h =305 mm < 356 mm

Assuming 2f 16 mm bars for main
Assuming f 9.5 mm bars for shear

Cover = 38 mm

A minimum width of approximately 7 in. is
required when using 2f 16 or 2f 19 bars with f 9.5

1-1/2 in. clear cover stirrups stirrups
Try b="7in. Try b=0.178 m
. _ . 16 _
Estimated d = - cover - dy ypy - 2 Estimated d = 12 - 1.5- 0.375- %623 _ggj | Estimatedd=0305" 1000- 38-9.5- == =
,shear P P 250 mm
Step 2—Compute the factored load
The uniformly distributed dead load can be com-
puted including the self-weight of the beam
WpL=WspL + Wsw Wp = 208% 4 (in)(12in) m_)(l2 ;n')(lsopcf) = 295.5% wp, = (3.0kN/m) + (0.178m)
&0 (0.305m) (24 kN/m’)= 4.3kN/m
ft?
Compute the factored uniform load and ultimate _ by Ibgy _ Ib _
moment w, = 1.43995.55ﬂ+ 1.73%00@ = 1094 w, = 1.4(4.3kN/m) + 1.7(5.8 kN/m)
w, = 15.88kN/m
w, = L4wp, + 1. 7w, §094%g(“ﬂ2) ' ,
£ M, = < Jkip 16.5kip xft M, = (15.88 kN/m)(3.35m)" _ 223 kKN xm
M o= Y 8 1000 1b 8
! 8
Step 3—Compute the design rupture stress of
the FRP bars
The beam will be located in an interior conditioned
space. Therefore, for glass FRP bars, an environ-
mental reduction factor (Cg) of 0.80 is as per Table
7.1.
fu= CEf*ﬁ, Ji = (0.80)(90 ksi) = 72 ksi fju = (0.80)(620.6 MPa) = 496 MPa
Step 4—Determine the area of GFRP bars
required for flexural strength
Find the reinforcement ratio required for flexural
strength by trial and error using Eq. (8-1), (8-4c¢),
and (8-5).
Assume an initial amount of FRP reinforcement Try 2 #5 bars Try 2f 16 bars
A 02 2
r,= 2L = (0625in7) 509 r (400mm)  _ 99
b xd (7in.)(9.81in.)

- (178 mm) (250 mm)
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Calculation in S.I. units
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Procedure Calculation in U.S. units
/= J[6500(0.003)]2+0.85(0.85)(4)
_| [Ee) L 0-85b,/¢ 6. 05E 4 (0.009)
fr= 4 r, €eu= 05 E/€c, A(6500)(0.003) — 0.5(6500)(0.003)
f; = 70.3ksi
. = (0.009)(70.3)8 -0.59wg
76
M, = r,/,f*f 0. 59f¢ﬂbd (7)(9.81y’
M, = 384kip Xin. = 32kip xft
Compute the balanced FRP reinforcement ratio
f& Ee, 4 (6500)(0.003)
r, = 0.85%b — r, = 0.85—(0.85)——+2——-2— =0.0086
i i 72 )(6500)(0.003)+ 72

—0D, -
Ju  E€t 1

Compute the strength reduction factor

f = 2—rrL forrp, <1 £ 1414
b

Check fM, 2 M,

Z 0009 _ s
2(0.0086)

= (0.522)(32 kip xft)
f M, =16.7 kip xft3 M, = 16.5 kip ft

= (0.009)(482.6)3? -05

(0.009)

/- /\/[44,800‘(‘0.003)] . 0.85(0.85)(27.6)

J(44,800)(0.003) — 0.5(44, 800)(0.003)

f, = 482.6 MPa

6(0.009)(482.6)5
276 ©@

(178)(250)°

M, =43.7kN xm

= 085276) (085>
I, = 085 (496)(0 85)

(44,800)(0.003) _ _  os6

(4480)(0.003) + (496)

Z 0009 _ s
2(0.0086)

fM,, = (0.522)(43.7 kN xm)

f M, =22.8 kN xm 3 M, =223 kN xm

Step 5—Check the crack width.
Compute the stress level in the FRP bars under dead
load plus live load.

W, &
My, = —%L
w, ¢
M, = —LSL

Mpp i =MpL+ My

E _ E,
n, = = S)
E. 57,000 ﬁ
S
E, 4750J—¢

k = Al(rfnf)z + 20 =1 jn,

1= Mpp 11
"7 4d(1 -k eB)
Define the effective tension area of concrete.
_ _h-kd
d(1-k)
d.=h-d
_2d.b
" No.bars

Compare the crack width from Eq. (8-9) using the
recommended value of kj, = 1.2 for deformed FRP
bars

2200bk,,f,1/d_ 4 (US)

= —bk,f,ﬂ (ST

My, = 29550, Kb _ g 400

2 .
M, = M xﬂ = 6.05kip xft

=

8 1000 Ib

8 1000 Ib
Mpp.p =447 +6.05 = 10.5 kip xft
_ _6500.000psi  _ ;¢

~ 57,000 ./4000psi

k = J[(0.009)(1.8)]” + 2(0.009)(1.8) -
0.009(1.8) = 0.164

(l(}Skip xft) (12in./ft) — 220ksi
(0.62in.%)(9.81in.) (1 — 0.164 03)

_ 12in. - (0.164)(9.81 in) _ 1.267
9.81in.)(1-0.164)

d.=(12in)- (9.81in)=2.2in.

4 = 2(2. 21n)(71n) = 154in>

2200
= o (1:267)(1.2) (22.2ksi)

3/(2.2in)(15.4in?)

w = 37 mils > 28 mils n.g.

f/vz

4 =

2
My, = ‘% = 6.03kN xm

2
M, = % = 8.14kNxm

MDL+LL =6.03 +8.14 = 14.17 kKN xm

_ 44800 MPa_ _ | ¢

ny = =
" 4750./27.6MPa

k = J[(0.009)(1.8)]7 + 2(0.009)(1.8) -

0.009(1.8) = 0.164

14.17° 10° N xmm _
(400 mm’)(250 mm) (1 — 0.164 ©3)

149.9MPa

— 305 mm - (0.164) (250mm) _ | 5o
(250 mm) (1 —0.164)

d.=305mm - 250 mm =55 mm

2(55mm)(178mm) _ = 9790mm>
2

2.2

1/(55mm) (9790 mnt’)

w=0.90 mms > 0.71 mm n.g.
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Procedure Calculation in U.S. units Calculation in S.I. units
Note that it is possible to use bars with smaller diame- | Note that it is possible to use bars with smaller diame-
ters to mitigate cracking. For example, using three ters to mitigate cracking. For example, using three
No. 4 bars will result in approximately the same area

No. 4 bars will result in approximately the same area
of FRP and nearly the same effective depth; however,

Crack width limitation controls the design. Try
larger amount of FRP reinforcement. of FRP and nearly the same effective depth; however,
the width of the member should be increased. the width of the member should be increased.

To maintain » = 7.0 in. To maintain » = 0.178 mm,

Try 2#6 ® A;=0.88 in.” Try 2f 19® Ay =567 mm®
4 0.88in. 2
rp= L r,= (088in) 0159 __ (567mm’)
xd " (7in)(9.75in.) "= T78mm) 2asmm) 01
075 _975in. | Estimatedd = 305- 38- 9.5- 12—9 =248 mm

Estimatedd = h - cover - dj, spear - dEb Estimatedd =12 - 1.5- 0.375 - 2

/= //[44,800‘(‘0.003)] . 0.85(0.85)(27.6)

Calculate the new capacity.
/= J[6500(0.OO3)]2+ 0.85(0.85)(4)
_®[Ee.) 085b/8, . ooy ) ! 4 (0.0129) (0.0129)
=gl =7—+ Ty, D OEe J(6500)(0.003) - 0.5(6500)(0.003) (44, 800)(0.003) — 0.5(44, 800)(0.003)
£ = 57.1ksi £ = 393.5MPa
M, = (0.0129)(57.1)& - 0.59(20129) G716 |/ (0.0129)(393.5)& — 0.59(0-0129)(393.5)6
M, =1 8 /6y e 4 o e 276 @
=il 70'59_ﬂbd 2 2
/& (7)(9.75) (178)(248)
M, = 436.9kip xin. = 36.4kip xft M, = 495" 10" Nxmm = 49.5 kN xm
f =07 forr,3 Lary, r=0.0129> 1.4r ;, =0.012® f =0.7 f=0.0129> 1.4r ;= 0.012® f =0.7
f M, = (0.7)(36.4 kip xft) f M, = (0.7)(49.5 kN xm)
fM, =25.5kip xft * M, = 16.5 kip xft fM, =347KN xm?3 M, =223 kN xm
Check fM, 3 M,
k = J1(0.0129)(1.8)] + 2(0.0129)(1.8) - k = J1(0.0129)(1.8)] + 2(0.0129)(1.8) -
_ 2
k= )"+ 20 =1y 0.0129(1.8) 0.0129(1.8)
k=0.194 k=0.194
. _ f= 14.17° 10°N *mm _
fr= ML = (10.5kdp X (12in/f)  _ y57ki | 7 (567mm’)(248mm) (1 - 0.194 t3)
A d(1 - k=3) (0.88in.>)(9.75in.) (1 — 0.194 B)
107.7MPa
b o h—kd _ 12in.—0.194(9.75in) _ | 56 b _ 305mm - 0.194(248mm) _ | yes
aA(1-4) (9.751n.) (1 - 0.194) 248mm — 0.194 (248mm)
do=h-d d.=(12in.) - (9.75 in.) = 2.25 in. d, = (305 mm) - (248 mm) = 57 mm
_ _2db 4 = 2(225n)(7in) _ |5 752 4 = 26Tmm)(AT8 mm) _ 0146
No.bars 2 2
w = 2200 (1 286)(1.2)(15.7ksi) W= —22 ___(1.285)(1.2)(107.7 MPa)
2200, . 6500ksi 44, 800 MPa
W= =g, PkifldA (US) J(2.25in.)(15.75in.?) (57mm) (10, 146mm”)
w =27 mils < 28 mils OK w=0.68 mm < 0.71 mm OK

w = %bkhffé/ch (ST)
f

Step 6—Check the long-term deflection of the beam
Compute the gross moment of inertia for the section.

7, = (78 mm)(305Smm)’ _ 4509 10fpm

3 . . 3
= bh” I, = (7in)(12in.)" _ 1008in.* :
12 12 12
Calculate the cracked section properties and cracking
moment
£,=7.5Jf.8 US) .
=7.5,4000 =474 =0.62./27.6 =3.25 MP
£,=0.62 Jf¢ (SD) I Pt r :
- 8
Moo 2 M,, = 247430)(1008) _ 79 6g91h xin, = M, = 23:23)(4.2097 107) _
o T T 12 305
6.6kip xft 8.97 " 10°Nxmm = 8.97 kNxm

I, = %‘75)3(0.194)3+ I, = %(248)3(0-194)”

3
I, = %k3+n,A,d2(1—k)2
1.8(0.88)(9.75)°(1 - 0.194) 1.8(567)(248)°(1 - 0.194)°

1..=474" 10" mm*

I.=114in*
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Procedure

Calculation in U.S. units

Calculation in S.I. units

Compute the reduction coefficient for deflection
using the recommended a; = 0.50

E
b, = ab[ﬁT:+ 1}

Compute the deflection due to dead load plus live
load

DL+ LLﬂ

M,
Uprsrr = g\/[ - gbd1g+|:1

.3
e M., ¢
cr }IC)
DL+LL

2
5jMDL +LLz

Di = 2pLerr®
Covess = R s

Compute the deflection due to dead load alone and
live load alone.

w
(Di)DL = e (DI)DL+LL
WprL+LL
w
(D), = L (Dprsre
WprL+LL

Compute the multiplier for long-term deflection
using a X = 2.0 (recommended by ACI 318 for a
duration of more than 5 years)
| =0.60x
Compute the long-term deflection for 20%

sustained live load and compare to long-term
deflection limitations

D;r = (D), +1 [(D)y, +0.20(D,),,]

(D)prsrr =

(Db,

(D).

6500 ksi

b, = 0.50[ .
29,000 ksi

+ 1} = 061

68
I = ="~ (0.61)(1008
U prers elo.sﬂ( )(1008)
6.6 63}
1-¢ 114
+|: €10.59 ( )

Udprars = 240.7in."

s 3
5(10.5kip xft)(11 ft)zgiz%g

48(3605 ksi)(240.7in.")

=0.26 in.

2021

fi
b 1o

20210 4 400b
T

4002

ft
292 b + 400
ft

(0.26in.) = 0.11in.

(0.26in.) = 0.15n.

b
fi

I =0.60(2.0)=1.2

D,r = (0.15in.) + 1.2[(0.11in.) +
0.20(0.15in.)] = 0.32in.

b, = 0.50[744’800 MPa 1} = 061
200,000 MPa
_ 8978 S 108
()prare = 814179 (0.61)(4.209 " 107)
a8.97 (-53} .7
1-&276 14747 10
+[ 612,179 | )
(Ie)DL+LL =1.01" 108mm4
_5(14.17° 10°N xmm) (3350 mm)’
(D), = i mm)_
48(2.49° 10* mm)(1.01 " 10° mm")
= 6.6 mm
4.3 KN/m
D)p, = —————(6.6 =28
Oor = 3 R 1 5.8 Um0 omm) = 28mm
(D)., = wwﬁmm) = 3.8mm

4.3 kN/m + 5.8 kKN/m

| =0.60(2.0)=1.2

D, = (3.8mm) + 1.2[(2.8mm) +

0.20(3.8mm)] = 8mm

Check the stress limits given in Table 8.2 for glass
FRP bars

[ £020f,

8.52 ksi £ 0.20(72 ksi) = 14.4 ksi

Check D, 7 .
(11£t) %210
e . e fie . 3350mm
D £ — 0.32in. £ = 0.55in. OK 8§ mm<=———— = 14mm OK
240 240 240
Step 7—Check the creep rupture stress limits
Compute the moment due to all sustained loads
(dead load plus 20% of the live load)
Ib Ibg
29257 +020F0055 oy = A3KN/m + 0.20(5.8KN/M) |4 171 sen <
wpr +0.20w,, M, = o lb 10.5kip xft = ’ 43kN/m + 5.8kN/m :
M, = === Mp. 11 2925 +400
pro 7.66kN xm
5.7kip xft
Compute the sustained stress level in the FRP bars
' fo= 766 10°N xmm _
fro= —M £, = (5.7kip xft)(12) = 85%ksi " (567mm’)(248mm)(1—0.194 53)
Ad(1—ke3) (0.88in.%)(9.75in.) (1 — 0.194 3)

58.2MPa

58.2 MPa £ 0.20(496) = 99.2 MPa
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Procedure

Calculation in U.S. units

Calculation in S.I. units

Step 8—Design for shear
Determine the factored shear demand at a distance d
from the support

_w,t

Compute the shear contribution of the concrete for
an FRP reinforced member

rEy

= 2. [febd

%7 90b,f¢ &bd (US)
= I'#Ef'_“ff(tbd (ST

“/7 90b,f¢ 6

FRP shear reinforcement will be required. The FRP
shear reinforcement will be assumed to be No. 3
closed stirrups oriented vertically. To determine the
amount of FRP shear reinforcement required, the
effective stress level in the FRP shear reinforcement
must be determined. This stress level may be gov-
erned by the allowable stress in the stirrup at the
location of a bend, which is computed as follows:

- ) o
fn = g%.osdb+o.3ﬂf/“

The design stress of FRP stirrup is limited to:
fp = 0.002E4£ fp,

The required spacing of the FRP stirrups can be
computed by rearranging Eq. (9-4).

oo fAufd
V=tV

Equation (9-7) for minimum amount of shear rein-
forcement can be rearranged as s £ A4 f5,/50b,, (US)
= A f,10.35b,, (ST).

Check maximum spacing limit = d/2

%0830 (1111) e &
e 7} - I
v, = W @ggglbocdTSins
2 ¢ Rog in. =
fi
5.1kips

- 0.0129(6500kS‘1)2A/4000p31(7.n.)(9.75in.)
7~ 790(0.85)(4ksi) 1000

Ver=2.37 kips

053(0375)

+0.39(72ksi) = 32.4ksi
(0375) T O3g(72ks1) St

f/b=é-

Note that the minimum radius of the bend is three
bar diameters.

S =0.002(6500 ksi) = 13 ksi £ 32.4 ksi

= 085(2° 0.11in.%) (13ksi)(9.75in.) _

7.6in.
(5.1kips — 0.85 2.37kips) n

\' Use No. 3 stirrups spaced at 4.5 in. on center.
s£(2° 0.11in.%)(13,000 psi)/(50)(7 in.) = 8.17 in.

dl2=9.75/2=4.875in. < 7.6 in.

y (1588 kKN/m)(3.35m) _
‘T 2

(15.88kN/m)(0.248) = 22.7kN

o 0.0129(44,800 MPa) ,/27.6 MPa
%/~ 90(0.85)(27.6 MP2) 6

(178mm)(248mm)

Ver=10,580 N =10.58 kN

B 053(9.5mm)

%®. 0.30(496MPa) =
€ (9.5mm) * ﬂ( a)

f}h =
223.2 MPa

Note that the minimum radius of the bend is three
bar diameters.

fi = 0.002(44,800 MPa) = 89.6 MPa £ 223.2 MPa

_ 0.85(2" 71mm®)(89.6MPa)(248mm) _

g (22,700 N—0.85 10,580 N)

196 mm
\' Use No. 3 stirrups spaced at 120 mm on center.

sEQ" 71 mmz)(89.6 MPa)/(0.35)(178 mm)
4 mm

d/2 =248/2 = 124 mm < 196 mm

EXAMPLE 2—DEVELOPMENT LENGTH EXAMPLE

An interior simply supported normalweight concrete beam
with b =9 in. (229 mm), & = 16 in. (406 mm), and f,¢= 4000 psi
(27.6 MPa) is supported by 8 in. (203 mm) masonry walls on
each end and spans 10 ft (3.05 m) (center-to-center of wall) (Fig.
E2.1). The beam carries a service live load of w;; = 2850 Ib/ft

Table E2.1—CFRP bar properties reported by the

manufacturer
Tensile strength, f*fu 240 ksi 1655 MPa
Rupture strain, e*ﬁ, 0.012 0.012
Modulus of elasticity, Ef 20,000 ksi 137.9 GPa

(41.6 kN/m) and a service dead load of wgp; = 1288 Ib/ft (18.8

kN/m) (including the self-weight of the beam). The beam is
reinforced with three No. 6 (3f 19) CFRP reinforcing bars for
flexure giving a nominal moment capacity of M, = 126.7
kipt (171.8 kN.m); material properties of the bars (as
reported by the bar manufacturer) are shown in Table E2.1.

The longitudinal reinforcement needs to be detailed after

1.5in._|

checking the development length; 1.5 in. (38 mm) clear cover
is provided and No. 4 (f 13) FRP stirrups are used for shear

reinforcement.

TR

m._,'

Fig. E2.1—Geometry of the beam near its support.
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Procedure

Calculation in U.S. units

Calculation in S.I. units

Step 1—Compute the design material properties

of the FRP bars

The beam will be located in an interior conditioned

space. Therefore, using Table 7.1 for CFRP bars, an

environmental reduction factor of 1.0 is
recommended.

];'u = CEf l*fu
Step 2—Calculate the development length of a
straight bar

The basic development length of a straight bar can
be computed as follows:

_dif

= 5900 U.S. units

by = ILSf% SI units

The reinforcement is located in the bottom of the
beam, and the cover and spacing are both larger
than d,. Therefore, the multiplication factors on the
basic development length are all 1.0, and the devel-
opment length of a straight bar can be computed as
follows:

edf: km ebf
Step 3—Determine the length of bar available
for development
The available development length is the smaller of
1/2 of the span or 1.3M,/V,, + ¢,. The factored shear
demand at the middle of the support needs to be
computed.

_ (LAwp, + 17w )e
N 2

v,

u

The distance from the end of the bar to the middle
of the support can be found from Fig. E2.1

The available development length is computed as
the lesser of the following two criteria:

é+£
2

a

1.3M,

n

u

Step 4—Determine the development length of a
hooked bar

The basic development length of a hooked bar can
be computed as the largest of the following three

criteria:

d
Ly = 4000 for £, 2 150,000 psi (U.S.)
N

&

Loy = 3301’7 for f, 3 1040 MPa (SI units)
N

&

thf = 12dh
Cppr=9 in. (U.S.) =229 mm (SD)
Step 5—Determine if the depth of the beam is
adequate for the hook

The geometry of the hook is shown in the following
figure:

Jau = (1.0)(240 ksi) = 240 ksi

_ (0.75in.) (240, 000 psi) _

I {2 67in.
by=67in." 1.0=67 in.
by 1bg
[1.43@288§g+ 1‘729850521}(1%0
v, = . -
33.2kips

¢,=0.50(8 in.) — 1.5in. = 2.5 in.

@10 ft)gfz%g
— +25in.= 62.5 in.

1.3(126.7 kip Xft)gﬁ%g

. +2.5in. =62in. =
(33.2 kip)

Controls

t4r=67 in. > 62 in.\ A hooked end will be required

£, = 400027311 _ 474~ Controls

~/4000 psi
Copr=12(0.75in.) =9 in.

Zhhf= 9 in.
Zhhf= 47 in. < 62 in.

y - 11401838 kN/m)er L7(41.6 kKNm)] 3 5,

Jiu = (1.0)(1655 MPa) = 1655 MPa

6, = (19 mm) (1655 MPa) _ 17

m
18.5

Ly=170m “1.0=1.70m

= 148.0kN

¢,=0.50 (203 mm) — 38 mm = 64 mm

@ +0.064m = 1.59m

1.3(171.8kN xm)

+0.064m = 1.57m -
(148.0kN) o o

Controls

dez 1.70 m > 1.57 m\ A hooked end will be

required
£, = 330-012MM) _ 1193m ~ Controls
/276 MPa

Cppr=12(19 mm) = 228 mm

thf= 229 mm
Cypp= 1193 mm £ 1570 mm
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Procedure

Calculation in U.S. units

Calculation in S.I. units

13 fi.

The length of the hook tail and the radius of the
bend can be computed as follows:

Z,hfz 12db
rp,= 3db

the end of the hook tail can be determined

£y, =12(0.75 in.) = 9 in.
rp=3(0.75 in.) =2.25 in.

From the geometry shown in the figure, the coverto | 16 in.{h} - 1.5 in.{cvr} - 0.5 in.{stirrup} - 0.75
in.{long.bar} - 225 in.{ry} - 9in.{€y} = 2.

2.0 in. is adequate to cover the end of the hook tail. (S0 mm is adequate to cover the end of the hook tail.

L= 12(19 mm) = 228 mm
7, =3(19 mm) = 57 mm

381 mm{A} - 38 mm{cvr} - 13 mm{stirrup} - 19
mm{long.bar} - 57 mm{r,} - 228 mm{e,hf} =50 mm

APPENDIX A—TEST METHOD FOR TENSILE
STRENGTH AND MODULUS OF FRP BARS

The following is the summary of a test method developed
by ACI Committee 440 for tensile strength and modulus of
FRP bars. The proposed test method has been submitted to
ASTM Subcommittee D-20-18.01, Reinforced Thermoset-
ting Plastics for Approval and Standardization.

This test method is used to determine the tensile properties
of FRP bars used in place of steel reinforcing bars in
concrete. This test method for obtaining the tensile strength
and modulus is intended for use in laboratory tests in which
the principal variable is the size or type of FRP bars. The test
method focuses on the FRP bar, excluding the performance
of the anchorage. Therefore, tests that fail at an anchoring
section are disregarded, and the test findings are based on
test bars that fail in the test section.

Test specimen

The length of the test bar is defined as the sum of the
length of the test section and the lengths of the anchoring
sections. The length of the test section is determined from the
greater of 4 in. (100 mm) or 40 times the nominal diameter
of the FRP bar.

At least five FRP bars are tested. If a bar is found to have
failed at an anchoring section, or to have slipped out of an
anchoring section, an additional test is performed on a sepa-
rate bar taken from the same lot.

Test equipment and setup

The testing machine needs to have a loading capacity in
excess of the tensile capacity of the test bar and needs to be
capable of applying loading at a specific loading rate.

The anchorage needs to be suitable for the geometry of the
bar and needs to have the capacity to transmit the loads
capable of causing the bar to fail at the test section. The
anchorage is constructed so as to transmit loads reliably from
the testing machine to the test section, transmitting only axial

loads to the bar, without transmitting either torsion or flex-
ural moment. When mounting the bar on the testing
machine, the longitudinal axis of the test specimen should
coincide with the imaginary line joining the two anchorages
fitted to the testing machine.

Extensometers and strain gages used to measure the elonga-
tion of the bar under loading need to be capable of recording
all variations in the gage length or elongation during testing
with a strain measurement accuracy of at least 10 1076,

Test method
To determine Young’s modulus and the ultimate strain of

the bar, an extensometer or strain gage is mounted in the
center of the test section at a distance from the anchorage of
at least eight times the nominal diameter of the FRP bar. The
extensometer or strain gage needs to be properly aligned
with the direction of tension. The gage length when using an
extensometer is at least eight times the nominal diameter of
the FRP bar.

The rate of loading should be such that the stress in the
FRP bar is between 14.5 and 72.5 ksi (100 and 500 MPa) per
min. If a strain control type of testing machine is used, the
load should be applied to the bar at a fixed rate such that the
strain in the FRP bar corresponds to the stress between 14.5
and 72.5 ksi (100 and 500 MPa).

The load is increased until tensile failure, and the strain
measurements are recorded until the load reaches at least
60% of the tensile strength.

Calculations
The material properties of the FRP bar are based on at least

five FRP bars failing in tension without slipping at the anchor-
ages or rupturing near the anchorages.

The tensile strength is calculated according the equation
below with a precision to three significant digits.

f,=F,IA
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where

fu tensile strength, psi;

F, = ultimate tensile capacity, 1b; and

A = nominal cross-sectional area of test bar, in.2.
The tensile stiffness and Young’s modulus are calculated

from the difference between the load-strain curve values at

20% and 60% of the tensile capacity, obtained from the exten-

someter or strain gage readings according to the equations

below and with a precision to three significant digits. For FRP

bars where a tensile strength is given, the values at 20% and

60% of the tensile strength may be used.

EA = DF aDe
£-al
A
where
EA = tensile stiffness, 1b;
E = Young’s modulus, psi;
DF = difference between the loads at 20% and 60% of
the ultimate tensile capacity, 1b;
De = difference between the strains at 20% and 60% of
the ultimate tensile capacity;
a0.60) = slope of the load-displacement curve between

20% and 60% of the ultimate capacity, Ib/in.; and
[ = original gage length, in.

The ultimate strain is the strain corresponding to the tensile
strength when the strain gage measurements of the test bar are
available up to failure. If extensometer or strain gage measure-
ments are not available up to failure, the ultimate strain can be
calculated from the tensile strength and Young’s modulus
according to the equation below with a precision to three
significant digits.

where €, = ultimate strain.

APPENDIX B—AREAS OF FUTURE RESEARCH
As pointed out in the body of the document, future research

is needed to provide information in areas that are still unclear
or are in need of additional evidence to validate performance.
The list of topics presented in this appendix has the purpose of
providing a summary.

Materials

*  Confirmation of normal (Gaussian) distribution to repre-
sent the tensile strength of a population of FRP bar spec-
imens.

* Behavior of FRP reinforced member under elevated
temperatures.

*  Minimum concrete cover requirement for fire resistance.

ACI COMMITTEE REPORT

»  Fire rating of concrete members reinforced with FRP
bars.

e Effect of transverse expansion of FRP bars on cracking
and spalling of concrete cover.

*  Creep rupture behavior and endurance times of FRP bars.

*  End treatment requirements of saw-cut FRP bars.

e Strength and stiffness degradation of FRP bars in harsh
environment.

Flexure/axial force
e Behavior of FRP reinforced concrete compression

members.

e Behavior of flexural members with tension and
compression FRP reinforcement.

e Design and analysis of concrete non-rectangular
sections reinforced with FRP bars.

e Maximum crack width and deflection prediction and
control of concrete reinforced with FRP bars.

e Minimum depth of FRP reinforced concrete flexural
members for deflection control.

* Long-term deflection behavior of concrete flexural
members reinforced with FRP bars.

Shear
¢  Concrete contribution to shear resistance of members

reinforced with FRP bars.

*  Failure modes and reinforcement limits of concrete
members reinforced with FRP stirrups.

e Use of FRP bars for punching shear reinforcement in
two-way systems.

Detailing

e Standardized classification of surface deformation
patterns.

e Effect of surface characteristics of FRP bars on bond
behavior.

e Lap splices requirement of FRP reinforcement.
e Minimum FRP reinforcement for temperature and
shrinkage cracking control.

Structural systems/elements
e Behavior of concrete slabs on ground reinforced with

FRP bars.
The design guide specifically indicated that test methods are
needed to determine the following properties of FRP bars:

*  Bond characteristics and related bond-dependent coef-
ficients.

e Creep rupture and endurance times.

*  Fatigue characteristics.

*  Coefficient of thermal expansion.

e Durability characterization with focus on alkaline envi-
ronment and determination of related environmental
reduction factor.

»  Strength of the bent portion.

e Shear strength.

e Compressive strength.
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Product Guide Specification

Specifier Notes: This product specification is written according to the Construction
Specifications Institute (CSI) Format, including MasterFormat (1995 Edition),
SectionFormat, and PageFormat, contained in the CSI Manual of Practice.

This section must be carefully reviewed by the Engineer to meet the requirements of
the project and local building code. Coordinate with other specification sections and
the drawings.

Delete all “Specifier Notes” after editing this section.

SECTION 03205

GLASS FIBER REINFORCED POLYMER (GFRP) BARS FOR CONCRETE
REINFORCEMENT

Specifier Notes: This section covers Hughes Brothers Aslan 100 GFRP (Glass Fiber
Reinforced Polymer) rebar; also referred to as fiberglass rebar.

Fiberglass rebar is an alternative to epoxy coated, galvanized or stainless steel
rebar. It should be considered in any concrete member susceptible to corrosion of
steel reinforcement by chloride ion or chemical corrosion. In addition, any concrete
member requiring non-ferrous reinforcement due to electro-magnetic consideration
could be an appropriate use.

Fiberglass rebar is:

* Impervious to chloride ion and chemical attack

* Tensile strength greater than steel

* 1/4th weight of steel reinforcement

* Transparent to magnetic fields and radio frequencies
« Electrically non-conductive

« Thermally non-conductive

Fiberglass rebar may be a suitable alternative to steel reinforcing in:
Architectural Concrete:
- cast stone - architectural cladding



- balusters - column facades

- window lentils - architectural precast elements

- hand railing - statuary and fountains
Concrete exposed to de-icing salts in:

- bridge decks - railroad grade crossings

- median barriers - parking garage elements

- approach slabs - salt storage facilities
Concrete exposed to marine salts in:

- seawalls - water breaks

- buildings & structures near waterfronts
- aquaculture operations
- floating marine docks
Concrete used near electromagnetic equipment such as:
- MRI rooms in hospitals
- airport radio & compass calibration pads
- concrete near high voltage cables, transformers, substations

Other applications include rock nails in mining applications, reinforcing for polymer
concrete, swimming pools, ice skating arenas, and other concrete elements that may
not have adequate concrete cover to protect steel reinforcing

Specifier Notes: The references below should be referred to by the Engineer
regarding the application of GFRP bars for concrete reinforcement. Hughes Brothers
will assist the engineer in referencing state of the art research appropriate to the
implementation of GFRP Rebar.

1. ACI 318-95, “Building Code Requirements for Concrete” (1995), American
Concrete Institute, Detroit, MI, 347 pp.

2. ACI 440R-96, “State-of-the-Art Report on Fiber Reinforced Plastic Reinforcement
for Concrete Structures” (1996), American Concrete Institute, Detroit, MI, 68 pp.

3. “Placing Reinforcing Bars” (1992), Concrete Reinforcing Steel Institute,
Schaumburg, IL.

4. “Recommendation for Design and Construction of Concrete Structures Using
Continuous Fiber Reinforcing Materials” (1997), Japan Society of Civil Engineers,
Tokyo, Japan, 325 pp.

5. “Interim guidance on the design of reinforced concrete structures using fibre
composite reinforcement” (1999), The Institution of Structural Engineers, London,
England, 116 pp.

6. ACI440.1R-01 “Guide for the Design and Construction of Concrete Reinforced
with FRP Bars”. Reported by AClI Commitee 440, May 2001.



PART 1 GENERAL
1.1 SECTION INCLUDES

A. Deformed and sand coated glass fiber reinforced polymer (GFRP) bars for
concrete reinforcement.

1.2 RELATED SECTIONS

Specifier Notes: Edit the following list as required for the project. List other sections
with work directly related to the GFRP bars.

A. Section 03300 - Cast-in-Place Concrete.
B. Section 03400 - Precast Concrete.

13 REFERENCES

Specifier Notes: List standards referenced in this section, complete with designations
and titles. This article does not require compliance with standards, but is merely a
listing of those used.

A.  ACI 117 - Specifications for Tolerances for Concrete Construction and Materials.
B. CRSI Placing Reinforcing Bars.

14 DESIGN REQUIREMENTS

Specifier Notes: Design with Aslan 100 GFRP bars shall be in accordance with ACI
publication ACI440.1R-01 “Guide for the Design and Construction of Concrete
Reinforced with FRP Bars”. Alternatively, by the provisions of the Canadian
Highway Bridge Design Code Section 16. Interim design guidelines have been
published by the British Institution of Structural Engineers covering modifications to
BS8110 and BS5400, the Norwegian Concrete Standard NS3473, and the
Japanese Society of Civil Engineers. In lieu of a published ASTM standards for test
methods, the most current working draft of ACI sub-committee ACI440-K shall be
made available as a reference only.

In general the designer shall consider the following:

A. Do not substitute GFRP reinforcing bars for steel reinforcing bars on an equal
area basis, due to differences in material properties.

B. Specifically design reinforced concrete members for GFRP bars, taking into
account properties of the material and effects on strength, deflection, and crack
width.

C. In most cases, deflection will control design of concrete structures reinforced with
GFRP bars based on value of modulus of elasticity of GFRP bars.



1.5 SUBMITALS

A.  Comply with Section 01330 — Submittal Procedures.

B. Product Data: Submit manufacturer’'s product data, including material and
mechanical properties.

C. Test Reports: Submit manufacturer’s certified test reports for source quality
control testing for material and mechanical properties performed by an
independent testing agency.

1. Each bar size.
2. Each type of fiber reinforcement specified.
3. Each type of resin matrix specified.

1.6 QUALITY ASSURANCE

Specifier Notes: Describe requirements for a meeting to coordinate the placing of the
FRP bars and the concrete.

A. Preplacement Meeting: Convene a preplacement meeting [2] [ ] weeks
before the start of placing of FRP bars. Require attendance of parties directly
affecting work of this section, including the Contractor, Engineer, concrete
subcontractor, and GFRP bar manufacturer’s representative. Review placing of
GFRP bars and coordination with other work.

1.7 DELIVERY, STORAGE, AND HANDLING

Specifier Notes: Hughes Brothers GFRP Rebars should be handled and placed in a
manner similar to epoxy coated steel rebar. Care should be taken to avoid
damaging the surface of the rebars by abrasion, nicks or cuts.

A. General:
Deliver, store, and handle FRP bars in accordance with manufacturer’s
instructions to prevent damage.

Storage:

Do not store GFRP bars directly on ground. Place timber pallets under bars to
keep them free from dirt and mud and to provide easy handling.

2. Store FRP bars under covers to avoid direct sunlight and chemical substances.

= @



PART 2 PRODUCTS

2.1

A.

2.2

MANUFACTURER

Hughes Brothers, Inc., 210 North 13th Street, Seward, Nebraska, 68434.
Phone 402-643-2991, 800-869-0359 Fax: 402-643-2149
Email: doug@hughesbros.com Web: http://www.hughesbros.com

GLASS FIBER REINFORCED POLYMER (GFRP) BARS FOR CONCRETE
REINFORCEMENT

Glass Fiber Reinforced Polymer (GFRP) Bars: Hughes Brothers deformed and
sand coated GFRP bars for concrete reinforcement. Surface of GFRP bar is
provided with undulations and a sand coated to effect a mechanical and chemical
bond to concrete.

Binding Material: Binding material is composed of Vinyl ester resin which is
homogeneous throughout the cross section of the bar.

Fiber Reinforcement:

1. Continuous Fibers in Bar: E-glass fibers.
a. Volume Fraction: 70 percent minimum per ASTM D2584

Manufacturing Process:

1. Pultrusion process.

2. Glass rovings are drawn through a resin bath, surface undulations and sand
are applied prior to thermoset of the polymeric resin.

3. Bends are produced in a similar fashion, but molded over mandrel prior to
thermosetting of polymeric resin.

Specifier Notes: At the present, there are eight bar diameters available from Hughes
Brothers ranging from #2 (6mm) diameter to #10 (32mm) diameter. Straight bars are
labeled and designated as follows:

RB(X)-(Y)
Where X is the bar imperial bar diameter designation i.e. #2, #3 etc, and Y
is the length of the stick in inches.

Bent shapes always are labeled or designated:

E.

BRB(X)-(A)-(Y)-(Y)

Where X is the bar diameter i.e. #2, #3 etc, and A is the angle of the bend,
and Y shows the length of the straight portion of each side of the bend in
inches.

Shapes other than simple bends may be described by the bar mark
description or other unique method of identifying the particular bar shape.

Dimensions: Cross Sectional Area and Nominal Diameter: Aslan 100
GFRPRebar



Bar Size Cross Sectional Area  Nominal Dia.

(mm) (inches) (mm?2) (in?) (mm) (in)
6 #2 33.23 0.0515 6.35 0.25
9 #3 84.32 0.1307 9.53 0.375"
12 #4 14485  0.2245 12.70  0.50”
16 #5 21756  0.3372 15.88 0.625”
19 #6 295.50  0.4580 19.05 0.75
22 #7 382.73  0.5932 22.23 0.875
25 #8 537.90 0.8337 2540 107
32 #10 807.34 1.253 3175 1.25

a. The cross sectional area of the bar is determined by immersing a sample in
water and measuring the volume displacement of the piece. When
calculating the cross sectional area, the cross section is assumed to be a
circle.

F. Tensile Properties: Aslan 100GFRP

Tensile
Modulus
Bar Size Tensile Strength of Elasticity
(mm) (inches) (MPA) (ksi) GPA  psi 106

6 #2 825 120 40.8 5.92
9 #3 760 110 40.8 5.92
12 #4 690 100 40.8 5.92
16 #5 655 95 40.8 5.92
19 #6 620 90 40.8 5.92
22 #7 586 85 40.8 5.92
25 #8 550 80 40.8 5.92
32 #10 517 70 40.8 5.92

Hughes Brothers reserves the right to make improvements in the product and/or

process which may result in benefits or changes to some physical-mechanical

characteristics. The data contained herein is considered representative of current

production and is believed to be reliable and to represent the best available characterization of the
product as of October 2002.

Specifier Notes: Hughes Brothers GFRP bars are made of a thermoset resin and
consequently all bends must be fabricated per a schedule at the factory. No field
bending or alteration is possible.

G. Shop Bending:
1. Hughes Brothers GFRP bent shaped bars are formed over mandrels prior to
thermoset of the resin. Bent shapes are limited to those that can be



produced practically in this manner. The inside bend diameter for various
bar diameters is as follows:

Inside Bend

Dia. Dia.

#2 3"

#3 4.25"

#4 4.25"

#5 45"

#6 45"

#7 6"

#8 6"

The narrowest inside stirrup width is 10”. Bends are limited to shapes that
continue in the same circular direction, otherwise lap splices are required.

H. Coefficient of Thermal Expansion (C.T.E.):
1. Longitudinal Direction: 6-10 x 10 per degree C (3.3-5.6 x 10° per degree F).

2. Transverse Direction: 21-23 x 10° per degree C (11.7-12.8 x 10 per
degree F).

l. Bond Strength to Concrete:
Based on pull out tests performed using the Penn State test method, the
maximum bond strength of Hughes Brothers GFRP bar is 1679 psi
(11.6MPa).

K.  Durability:
Accelerated aging bath studies performed at Penn State, lowa State and
Sherbrooke Universities indicate that after simulated 50 years of service life,
Hughes Brothers GFRP bars experienced a 16% degradation in tensile strength.
Bars were subject to a saturated 13pH solution at an elevated temperature of
140F (60C) for a period of 121 days.

2.3 SOURCE QUALITY CONTROL

A. To provide for lot or production run trace ability, each production lot of Hughes
brothers GFRP rebar is color-coded.

B. Individual bars are sampled on a regular basis during production for tensile, and
modulus testing.

Certifications of conformance are available for any given production run.
PART 3 EXECUTION

o

3.1 EXAMINATION



3.2

Examine areas to receive GFRP bars. Notify the Engineer if areas are not
acceptable. Do not begin placing FRP bars until unacceptable conditions have
been corrected.

PLACING

Specifier Notes: Placing of FRP bars is performed similarly as for uncoated
steel reinforcing bars, and common practices should apply with some key
exceptions, as specified below.

Place FRP bars in accordance with CRSI Placing Reinforcing Bars, unless
otherwise specified.

Place FRP bars accurately in accordance with approved placing drawings,
schedules, typical details, and notes.

Field Cutting:
1. Field cut FRP bars with high speed grinding cutter, fine blade saw, diamond
blade or masonry blade. Do not shear bars.

Specifier Notes: Hughes Brothers GFRP bars are made of a thermoset resin.
Bending must be carried out before the full curing of the FRP bars. No field bending
or alteration is possible.

D.

E.

Field Bending: Do not field bend FRP bars.

Securing: Secure FRP bars in formwork to prevent displacement by concrete
placement or workers.

Supports: Place and support FRP bars accurately using plastic or non-corrosive
chairs before concrete placement is started.

Fastening: Fasten GFRP bars with coated tie wire, stainless steel tie wire, or
nylon ties.

Form Ties: Use plastic or nylon form ties.

Splicing: Use lap splices, whenever continuity is required in the reinforcement.
Do not use mechanical connections or welded splices. The recommended lap
splice length is 40 bar diameters.

Tolerances: Do not exceed placing tolerances specified in ACI 117.

Cleaning: Remove form oil from FRP bars by wiping bars with solvents before
placing concrete.
END OF SECTION



Section F

Glass Fiber Reinforced Polymer (GFRP)
M anufacturer’s Reference I nfor mation

Aslan 100, Glass Fiber Reinforced Polymer (GFRP) Rebar by
Hughes Brothers, Inc.

Adlan 600, Glass Fiber Reinfor ced Polymer (GFRP) Dowel by
HughesBrothers, Inc.



Glass Fiber Reinforced
Polymer (GFRP)

REBAR

Aslan 100
by Hughes Brothers
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FIBERGLASS REBAR

CONCRETE IN

- Concrete Exposed to De-lcing Salts Bridge decks, Median barriers, Approach slabs,
Parking structures, Railroad crossings, Salt storage facilities

— - i ll

- Concrete Exposed to Marine Salts Seawalls, Buildings & structures near
waterfronts, Aquaculture operations, Artificial reefs and water breaks, Floating marine docks

- Tunneling and Mining Applications
Soft-eye openings for tunnel boring machine (TBM's) and
temporary works, Rock nails, Electrolytic and ore extraction tanks

Other Corrosive Applications
Concrete used in chemical plants and containers
Pipeline and chemical distribution facilities
Any polymer concrete requiring reinforcement
Architectural precast and cast stone elements

Thin concrete sections where adequate cover
is not available

Swimming Pools - Architectural Cladding - Brine Tanks
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Beneflts of GFRP Rebar |Potential of
I to chlorid dl H ch | attack
- Tonsie strength groatormansieat” | GFRP Rebar
* 1/4th weight of steel reinforcement
- Transparent to magnetic fields and radio frequencies

- Non-conductive
+ Thermally non-conductive
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+ Significantly improve the
longevity of civil engineering
structures

« Strengthen and rehabilitate

Where ShOUId GFRP masonry structures
Rebar be considered? - J

+ Any concrete member susceptible to corrosion of steel reinforcement by chloride ion or
chemical corrosion

- Any concrete member requiring non-ferrous reinforcement due to electro-magnetic
considerations

FIBERGLASS REBAR

- As an alternative to epoxy, galvanized or stainless steel rebar

+ Only in secondary load bearing members

+ Strengthening existing unreinforced masonry walls for seismic, wind or blast loads
* Rehabilitate existing masonry

CONCRETE IN S
Electromagnetic i
Applications

- MRI rooms in hospitals
- Airport radio & compass calibration pads

- Electrical high voltage transformer vaults and
support pads

- Concrete near high voltage cables and
substations

Masonry Strengthening

 Flexural and shear strengthening of existing unreinforced
masonry for seismic, wind or blast loading events.

- Rehabilitate existing masonry with step cracks and other bed
| jointissues.




Physical Properties - Aslan 100, 101 GFRP Rebar

Aslan 100 Vinylester Matrix GFRP Rebar - Diameters #2 (6mm) through #8 (25mm)
Aslan 101 Polyester Matrix GFRP Rebar for non-portland cement and temporary use applications.

I. Tensile Stress, Nominal Diameter & Cross Sectional Area Tensile
Guaranteed Modulus
Bar Size Cross Sectional Area* Nominal Dia. | Tensile Strength | of Elasticity
(mm) (inches) (mm2) (in?) (mm)  (in) (MPA)  (ksi) GPA  psi 10°¢
6 #2 33.23 0.0515 6.35 0.25" 825 120 40.8 5.92
9 #3 84.32 0.1307 9.53 0.375" 760 110 40.8 5.92
13 #4 144.85 0.2245 12.70 0.50" 690 100 40.8 5.92
16 #5 217.56 0.3372 15.88 0.625" 655 95 40.8 5.92
19 #6 295.50 0.4580 19.05 0.75" 620 90 40.8 5.92
22 #7 382.73 0.5932 22.23 0.875" 586 85 40.8 5.92
25 #8 537.90 0.8337 25.40 1.0" 550 80 40.8 5.92
29 #9 645.00 1.0000 28.65 1.123" 517 75 40.8 5.92
32 #10 807.34 1.2513 31.75 1.25" 480 70 40.8 5.92

Hughes Brothers reserves the right to make improvements in the product and/or process which may result in benefits or changes to some physical-mechanical characteristics. The data contained herein
is considered representative of current production and is believed to be reliable and to represent the best available characterization of the product as of December, 2002.

*By water displacement, varies within tolerances over time throughout production run (+0.030" from nominal).

Cross Sectional Area

The cross sectional area of the rebar
may be determined by immersing a
sample in water and measuring the vol-
ume displacement of the piece. When
calculating the cross sectional area, the
cross section is assumed to be a circle.

Results of destructive tensile testing performed at
Nominal Diameter Penn State University

The nominal diameter of the rebar is

the average diameter and assumesthe gy oica] Stress / Strain Curve for GFRP Rebar
shape of the rebar is a circle. 00

Tensile Stress e
Tensile stress values shown are de- 600 O
termined as the average failure load 5004

divided by the cross sectional area e c
based on nominal bar diameter, less S 400+

three standard deviations. Tensile @ 300 —

stress varies as diameter increases 3

due to shear lag which & 200 4
develops between the fibers in the 100 4

larger sizes. For AC1440.1R-01 design,

this value is the guaranteed tensile v T T T T
strength, , 0 0.005 0.01 0.015 0.02 0.025

Strain

Certification of Measured Mechanical Properties

Test reports from an independent lab are available on request for each production lot. Reports
show the tensile strength of the sample population, average tensile modulus and the calculated
ultimate strain for each tensile test based on the average modulus.

ASLAN 100 Fiberglass Rebar




Physical Properties - Continued

Il. Modulus of Elasticity

The variation in the Modulus of Elasticity of different
diameter bars is much smaller than that of
the tensile stress.

Modulus of Elasticity ....... 40.81 G PA
(5.92 X 108 psi)

Published values are an average modulus from a

population of samples. .
LVDT’s measuring

elongation during
tensile test.

lll. Bond Stress to Concrete

The bond stress to concrete shown is based on pull out tests performed using test methods proposed in
ACIl440 drafts. This method is used as it is easily repeatable and gives an indication of relative perfor-
mance.

Forms constructed out of plywood are used to cast a concrete block around one meter long rods as shown
below.

Embedment Length
Concrete Block

/ FRP Rebar

Free End -Q / 9
x Load End

Bond Breaker

In order to control the embedment length within the block, the rods are prepared with a bond breaker which
consists of soft plastic tubing placed around the rods to prevent contact between the rod and concrete.
The embedment length is 5 bar diameters.

The concrete used is a high early strength portland cement, fine aggregate (all purpose sand) and water
(49.89 kg cement, 45.36 sand and, 12.5 | water). The 14 day compressive strength of cylinders is typi-
cally 45MPa.

Previous research has shown that bond strength does not vary significantly with varying concrete strength,
provided the concrete block is properly sized to prevent splitting.

Loads are measured by the electronic load cell of a test frame and the slip between the rod & concrete is
measured by six DC voltage LVDT'’s, three at each end.

While the free end LVDT’s measure direct indication of free end slip, the loaded end measurements need
to be adjusted for elongation of the rod between the actual loaded end of the embedment length and the
attachment point of the LVDT’s.

Hughes Br()thers’ Inc. Phone: 800-869-0359
210 N. 13 Street 402-643-2991

Seward, NE 68434 Fax: 402-643-2149
www.hughesbros.com

© December 2002 .
Email: doug@hughesbros.com
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FIBERGLASS REBAR

Actual Slip = Measured Slip - Load - Length Typicﬁgll Load/Slide Curve for GFRP Rebar

E - Ar
Where Ar is the effective cross sectional 50— 20
area of the rod.
40 —16 E
Bond Stress is calculated as § L s
3 7 4
1, P Where P =Load 2 5o m s | b8 2
Ab Ab=m-db-Lb @
db = Effective Bar Diameter 104 - 4
Lb = Embedment Length
0 T T T T T 0
0 1 2 3 4 5 6 7 8 9
Slip (mm)

Bond of GFRP to concrete is controlled by the following internal mechanisms: chemical bond,

friction due to surface roughness of the GFRP rods, mechanical interlock of the GFRP rod against

the concrete, hydrostatic pressure against the GFRP rods due to
shrinkage of hardened concrete and swelling of GFRP rods due to
moisture absorption and temperature change. Friction and mechanical
interlock are considered to be the primary means of stress transfer.

Bond stress pull out test in fixture.

Maximum Bond Stress........ccoccmmmmrmminnissssmnnnnsssssss s sssssssses 11.6 MPa (1679 psi)
Based on pull out tests performed using the Penn State method.

IV. Coefficient of Thermal Expansion:
Transverse Direction 18.7 x 10¢/°F
33.7 x 10%/°C

Longitudinal Direction 3.66 x 10¢/°F

6.58 x 10°/°C { b=
V. Barcol Hardness: ......-H-"_':"

50 min. per ASTM D2583

VI. Glass Fiber Content by Weight:
70% minimum per ASTM D2584

VIl. Specific Gravity:
2.0 per ASTM D792 Shear Strength Test Fixture

VIIl. Shear Stress:

Shear stress measured on 5/8" diameter bars using a double
shear test fixture; 22,000 psi (152 MPa)

ASLAN 100 Fiberglass Rebar




Durability

Potential durability versus traditional steel reinforcement is one of
the chief benefits of GFRP Rebar. However, being a relatively

new material for use as a concrete reinforcement, decades of
performance data are not available. Therefore, durability or
longevity is one of the key issues concerning GFRP reinforcement.

In environments that would degrade steel reinforcement, there
is little concern that these same agents (low pH solutions) will
degrade the quality of GFRP rebar. High pH or alkaline solutions
will, however, degrade glass fibers. Research has focused on
encapsulating the glass fibers in a resin matrix that protects them Microscopy photo of Hughes Brothers
from potential alkaline degradation. Aslan 100 is produced usinga  Rebar - 60 X

vinylester resin matrix.

Typical portland concrete pour water is very alkaline with a pH
of approximately 13. It is presumed that any water that hydrates
through the concrete also creates a high pH solution that could
potentially degrade the rebar.

Most durability studies have focused on subjecting GFRP Rebars
to alkaline solutions of 13pH at elevated temperatures to simulate
service lives on the order of 50 years.

Accelerated aging bath studies performed on Hughes Brothers 1
GFRP rebar at Penn State University, lowa State and Sherbrooke Microscopy photo of Hughes
in Canada, indicate that after accelerated aging, Hughes Brothers ~ Brothers Rebar - 240 X
GFRP Rebar experienced a 16% degradation in tensile strength and

a 4% change in modulus of elasticity.

If used in polymer concrete, a plastic matrix, or as temporary
reinforcing in portland concrete, a separate GFRP rebar formulation,
Aslan 101, is available.

Hughes Brothers, Inc. Phone: 800-869-0359
210 N. 13" Street 402-643-2991

Seward, NE 68434 Fax: 402-643-2149
www.hughesbros.com
Email: doug@hughesbros.com

© December 2002
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FIBERGLASS REBAR




Creep

When subjected to a constant load, all structural materials,
including steel, may fail suddenly after a period of time,

a phenomenon known as creep rupture. Creep tests
conducted in Germany by Bundelmann & Rostasy in 1993,
indicate that if sustained stresses are limited to less than
60% of short term strength, creep rupture does not occur
in GFRP rods. For this reason, GFRP rebars are not
suitable for use as prestressing tendons. In addition,

other environmental factors such as moisture can affect Sierrita de la Cruz Creek Bridge,
creep rupture performance. RM1061 Amarillo Texas.

Based on ACI 440 design guidelines, sustained stress may
not exceed 20% of minimum ultimate tensile stress.

For a summary of the recommended design guidelines, refer to

Available ACI Bends

AC1440.1R-01 or your controlling national guide. Inside Bend Dia.
#2 3"
Stirrups, Shapes and Bends |% 325
Bends in Hughes Brothers GFRP Rebar are fabricated by shaping #5 4.5"
over a set of molds or mandrels prior to thermoset of the resin matrix. #6 4.5"
Field bends are not allowed. #7 .6"
All bends must be made at the factory. 6"

Research has shown that bends typically maintain 38% of ultimate
tensile strength through the radius. (Eshani, Rizkalla)

Bent portions of GFRP rebars have a lower tensile
strength than straight portions.

Studies indicate that the maximum load carrying
capacity of the bent portion of GFRP rebar is 38%
of the straight bar.

It is recommended that you work with the factory in the
early stages of design, as not all standard bends and

. . Some bent shapes are made using
shapes are readily available. For example, a J-Hook at appropriate lap splicing.

the end of a 10 meter length of rebar would be achieved
by lap splicing (40 times the diameter for splice length)

a J-hook piece to the 10 meter rebar. Large Radius Curves
The narrowest inside stirrup width is 10", (15 inches Minimum
for #7 & #8 bar). Bar Diameter Allowable Radius
Bends are limited to shapes that continue in the #2  6mm 34,, 864mm

ircular direction. Otherwise | I #3  9mm 51" 1295mm
same_‘: circular direction. Otherwise lap splices are #4 13mm 67" 1702mm
required. #5 16mm 84" 2134mm

Due to the low E Modulus of GFRP bars, it is possible #6 19mm 101" 2565mm

to field bend large radius shapes. Care must be taken #7 22mm 118" 2997mm

to avoid bending stresses that exceed the AC1440 zg ggmm lgg" ggg?mm
i o, ; ; ; mm mm
recommendation of 20% of ultimate sustained stress in #10 32mm 186" 4267mm

the bar. For this reason, the minimum allowable radius for
field curved GFRP bars is shown.

ASLAN 100 Fiberglass Rebar



Design Considerations

In May of 2001, ACI committee 440 published

ACI440.1R-01 “Guide for the Design an
Construction of Concrete Reinforced with FRP
Bars”. Revision of this “Emerging Technology
Series” document will occur on a regular basis.
To date, this represents the most authoritative
guide on the subject of FRP reinforced
concrete design.
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The designer should understand that a direct
substitution between GFRP and steel rebar is
not possible due to various differences in the
mechanical properties of the two materials.

One difference is that all FRP’s are linear elastic up to failure and
exhibit no ductility or yielding. In traditional steel reinforced concrete
design, a maximum amount of steel is specified so that the steel will Test beam at Purdue University.
yield and give warning of pending failure of the concrete member.
ACI440.1R-01 gives the option of two failure modes to the designer,
an over reinforced section where compression failure of the concrete
is the preferred mode of failure. Or, failure by rupture of the FRP
reinforcing in which case serviceability requirements, deflection and
crack widths, must be satisfied in order to give a warning of pending
failure. In either case, the suggested margin of safety against failure is
higher than that used in traditional steel-reinforced concrete design.

Another major difference is that serviceability will be more of a design
limitation in GFRP reinforced members than with steel. Due to it's
lower modulus of elasticity, deflection and crack widths will affect the
design.

Outside of North America, the ASCE Journal of Composites has
published design guidelines for GFRP Reinforced Concrete for
Construction (Aug 1997 Vol.1 No 3 ISSN 1090-0268 Code: JCCOF2)
based on the extensive work performed in Japan for the Japanese
Ministry of Construction. Additional design guidelines have been
published by the Canadian Highway Bridge Design Code; Section
16 “Fibre Reinforced Structures” and “Commentary for Section 16.”
Modifications to Norwegian Standard NS3473 when using fiber
reinforced plastic (FRP) reinforcement, April 29, 1998. From the
United Kingdom, the Institution of Structural Engineers, “Interim
Guidance on the Design of Reinforced Concrete Structures Using
Fibre Composite Reinforcement”, August 1999. Active efforts are
also underway for a European Eurocode 2 under the efforts of FIB
Task Group 9.3 “FRP (Fibre Reinforced Polymer) Reinforcement for
Concrete Structures. Links to many of these activities can be found
via the Hughes Brothers web site.

Concrete strain gauge for long term
monitoring.

Hughes Brothers, Inc.  Phone: 800-869-0359
210 N. 13" Street 402-643-2991

Seward, NE 68434 Fax: 402-643-2149
www.hughesbros.com
Email: doug@hughesbros.com

© December 2002



=)
=]
-
c
5
7]
<

FIBERGLASS REBAR

10

Hughes Brothers only guarantees the performance of its material
to meet minimum ultimate requirements as listed. The use of
competent experienced engineering personnel should always be
employed in the design and construction of concrete reinforced
structures.

Subjects covered in the ACI440.1R-01 design guide include:
* Flexure

 Shear

* Temperature and Shrinkage Reinforcement

* Development Length and Splices

Current knowledge restricts the use of FRP bars for:

+ Compression Reinforcement in both beams and columns
 Seismic Zones

* Moment Frames

* Zones where moment redistribution is required

* Structures subject to high temperature

Lap Splice - Tension

 Approximately 40 bar diameters should be used for GFRP v.s.
30 bar diameter for steel (grade 60ksi, less than #6 diameter.)

Traditional construction methods are used.

Light weight of GFRP rebar aids
installation.

Plastic coated wire ties are recommended.
Nylon zip-ties may be used for completely
non-magnetic applications.

ASLAN 100 Fiberglass Rebar



Design Assistance and Software Available

To aid the designer unfamiliar with the new
ACIl440.1R-01 guide, Hughes Brothers maintains
a close working relationship with an independent
engineering firm specializing in the use of

FRP named CoForce (Composites for Civil
Engineering). Design assistance or verification

is available from CoForce whose personnel are
recognized worldwide as leading authorities in the
implementation of all types of FRP reinforcing.

((( caforee’

Additionally, a design software implementation of ACI440.1R-01 is available upon request to aid in
performance of reinforced concrete design per the latest ACI publications for FRP bars. The software modules
are based in MathCad.
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Masonry Strengthening

Aslan 100 GFRP bars can be used to increase the strength of existing unreinforced
masonry walls in flexure (out-of-plane) and shear (in-plane).

This has important implications in areas that are subject to new seismic codes, hurricane
wind loading or even blast mitigation schemes. In addition, Aslan 100 GFRP bars can
be used to restore or increase the structural strength of existing masonry walls that have
already cracked.

In many instances the strengthening procedure can maintain the visual appearance of the
existing masonry, particularly in the case of shear reinforcing.

The technique used is known as “Near Surface Mount” or NSM strengthening. The procedure
consists of:

1) grooving of slots having a width and depth of approximately 1.5 times the bar diameter,
2) cleaning the groove,

3) applying a structural epoxy or cementitious based paste into the groove,

4) insertion of the GFRP bar in the groove,

5) finishing for appearance.

ASLAN 100 Fiberglass Rebar



If hollow Concrete Masonry Units
(CMU) are being strengthened, the
groove depth should not exceed
the thickness of the masonry unit
shell to avoid local fracture of the
masonry. It is also recommended
to mask off the groove to avoid
staining the surrounding masonry
during the application of epoxy or
cementitious pastes.

Example: Masonry Strengthening

The following example describes how Aslan 100 GFRP bars would be used to strengthen
a portion of the cracked masonry of a retail store. The nature of the damage is shown in
Figure 1. The proposal was prepared by CoForce International Consultants.

Wall A (Outside)

Wall B (Outside)

Figure 1 — Damage in Masonry Wall

A possible interpretation of the damage is given in the following section.

Hughes Brothers, Inc. Phone: 800-869-0359
210 N. 13™ Street 402-643-2991

Seward, NE 68434 Fax: 402-643-2149
www.hughesbros.com
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Assessment of the Damage
Analyzing the pictures provided by the engineer of record, the following can be drawn:

- A crack is visible in the masonry wall labeled “A” (see Figure 1), and it is limited to the
corner portion of the wall. Its length is roughly 15-16 ft;

+ The crack terminates when it meets the horizontal steel beam supporting the wall labeled
as “B” shown in Figure 2;

- The steel truss supporting the roof of the building is sitting along the wall “B” (Figure 3);

- A construction joint is present on Wall B as depicted in Figure 2; thus, only the right
portion of Wall B represented in the same figure will be strengthened without interfering
with the remaining part of the wall.

Wall B (Inside) \

Wall A (Inside)

Figure 2 — Steel Beam Supporting Wall B

N

Steel Beam

)

Figure 3 — Steel Truss Supporting the Roof

ASLAN 100 Fiberglass Rebar



The crack formation is probably due to the movements of the steel truss supporting the roof
of the building caused by thermal expansion. Due to the presence of the construction joint,
only the truss represented in Figure 3 should be responsible for the movement of Wall B
which, in turn, leads to the crack formation visible on Wall A.

Repair Technique

The use of Near Surface Mounted (NSM) FRP technology in masonry structures consists
of placing a bar in a groove cut into the existing mortar joint of the member being
strengthened. The FRP bar is embedded in an epoxy-based paste which transfers stresses
between the masonry unit and the bar. The groove is first half-filled with the paste; then the
bar is inserted and slightly pressed to force the paste to embed the bar. As a last step, the
groove is completely filled with paste and the surface leveled. A sketch of completed work
is given in Figure 4.

Concrete Block
(Masonry Unit)

| Mortar Joint
— }—1.5D, D=Bar Diameter
i Epoxy-Based Paste

Actual Mortar Joint Thickness
: #2 Aslan

— F-0375 . GFRP Bar

Concrete Block
(Masonry Unit)

Figure 4 — Detail of NSM FRP Installation

Advantages of using composites in conjunction with NSM technology include low
installation cost, high corrosion resistance, unnoticeable changes in the member sizes, and
minimized disturbance to the occupants of the facility. In Figure 5 a recent application of
NSM technique to restore the flexural capacity of cracked walls is shown.

Figure 5 — Flexural Strengthening of Unreinforced Masonry Wall

Hughes Brothers, Inc.  Phone: 800-869-0359
210 N. 13" Street 402-643-2991

Seward, NE 68434 Fax: 402-643-2149
www.hughesbros.com
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Shop Drawings

Based on this preliminary assessment of the wall conditions, both walls need to be
strengthened using horizontal FRP bars to be placed in the mortar joints, as shown in
Figure 6 and Figure 7 for Walls A and B, respectively. A plan view of the installation is
shown in Figure 8, while Figure 9 shows details for each type of bar being used.

9! .
| "4’—6"’{ Aslan Bar Type A
(See Detail 1)

Aslan Bar Type B
(See Detail 2)

ﬁ

=
1
Wall A (Outside)
9’

__4'_6"_|

[

Outside Wall
Aslan Bar Type C
Steel T
(See Detail 1) /\ ccl 1russ
in —

Aslan Bar Type A

(See Detail 2)

~_Inside Wall

Wall A (Inside)
Figure 6 — Wall Type A (FRP Bars are shown as Blue Lines)
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Aslan Bar Type C

(See Detail 3) oc
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Aslan Bar Type B ®© ‘2
(See Detail 2) 7’ (—5|
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Figure 7 — Wall Type B (FRP Bars are shown as Blue Lines)

s Wall A
Wall A -7 /7 Inside

Outside "\

#2 Aslan 100 GFRP
Bar Type A

#2 Aslan 100 GFRP

Bar Type C
N
A\
\
A \
\
N\ WallB\
Outside
#2 Aslan 100 GFRP
Bar Type B

Figure 8 — Plan View of the Strengthened Walls (FRP Bars are shown as Blue Lines)
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Figure 9 — Detail of FRP Bar Placement (FRP Bars are shown as Blue Lines)
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Handling and Placement

+ When necessary, cutting of GFRP rebars should be done
with a masonry or diamond blade, grinder or fine blade saw.
A dust mask is suggested when cutting the bars. It is
recommended that work gloves be worn when handling and
placing GFRP rebars.
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+ Sealing of cut ends is not necessary since any possible
wicking will not ingress more than a small amount into the
end of a rod.

+ GFRP rebar has a very low specific gravity and may
“float” in concrete during vibration. Care should be exercised
to adequately secure GFRP in formwork using chairs, plastic  Traditional rebar chairs are used but with

coated wire ties or nylon zip ties. greater frequency. ie. 2/3™ spacing used
with steel.

Quality Assurance

+ To provide for lot or production run traceability, each lot is
color coded.

+ Individual rebars are tensile tested based on a random
statistical sampling, with a minimum of 5 samples tested per
prodution lot.

+ Certifications of conformance are available for any given
production lot.

Cutting should be done with fine blade saw,

N _ _ masonry, diamond blade or grinder. Shearing
+ In addition, quality assurance tests are routinely performed is NOT permitted.

to determine:
- Glass content - i.e. impregnation ASTM D2584
- Die wicking - checking for voids ASTM D5117
- Barcol hardness ASTM D2583
- Cross sectional area ACI 440-K
- Mass uptake in water ASTM D570
- Inter-laminear shear or shear in flexure ASTM D4475
- Shear strength of #5 diameter bars by double shear
method. ACI 440-F

Moisture uptake testing in lab.

Hughes Brothers, Inc. Phone: 800-869-0359
210 N. 13" Street 402-643-2991

Seward, NE 68434 Fax: 402-643-2149
www.hughesbros.com

© December 2002 .
Email: doug@hughesbros.com

19



Aslan 100
FIBERGLASS REBAR

©2002

Hughes Brothers, Inc.
210 North 13th Street
Seward, Nebraska 68434
Phone 800.869.0359 or 402.643.2991 / Fax 402.643.2149
www.hughesbros.com



o(f)
oﬂ:
© 5
S
»3
<2

o«

Glass Fiber Reinforced
Polymer (GFRP)

DOWEL BAR

Aslan 600
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Glass Fiber Reinforced Polymer (GFRP) Dowel Bars have a number of advantages
when used as load transfer devices for extended life pavement. The Achilles Heel of
concrete pavement is the joint. Joint failure is often the result of corrosion of the steel
dowel bar. Aslan 600 Dowels will not rust or corrode, locking a concrete joint together
or causing spalling of the surrounding concrete. In addition, while providing the nec-
essary shear capacity at the joint, the lower stiffness of the GFRP Dowel bars may
reduce fatigue stresses in the concrete surrounding the dowel.
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GRFP DOWEL BARS

-
Benefits of Aslan 600 GFRP
Dowel Bars

* Impervious to Chloride lon and Chemical attack

+ 1/4th the weight of traditional steel dowels means:
Easier Handling and Fewer Injuries

- Faster Installation

- Modulus of Elasticity closer to concrete than steel
— Less stress in concrete around the dowel
— Allows for lower strength concrete

- No Need to Grease Dowels

Aslan 600 Dowel Bars are smooth and round. An Elliptical

= =5 Dowel bar is available in a diameter that would be equivalent to
i a 1.71" round rod. Many benefits in concrete joint performance

are anticipated with the greater bearing area under the dowel
offered by the elliptical shape. elliptical dowels are to be used
with the wider plane horizontal.

Physical Properties

Dowel Cross Sectional Nominal Shear in Shear Shear Modulus
Diameter Area Diameter Bending Stress Strength of Elasticity
(in2) (in) ASTMD4475-96 Ibs (psi) (Ibs) (psi x 10)
5/8" 0.3068 0.625 2,800 22,000 6750 5.92
3/4" 0.4418 0.750 5,000 22,000 9720 5.92
1" 0.7854 1.000 8,500 22,000 17,279 5.92
1-1/2" 1.7671 1.500 21,500 22,000 38,876 5.92
2.25x 1.31* 2.289 1.71* - 22,000 50,358 5.92
*Elliptical ** Nominal Diameter is equated to a round rod.

Hughes Brothers reserves the right to make improvements in the product and/or process which may result in benefits or changes to some physical-mechanical characteristics. Please refer to
our web site at www.hughesbros.com for the most current values. The data contained herein is considered representative of current production and is believed to be reliable and to represent
the best available characterization of the product as of December 2002.

AsLAN 600 GFRP Dowel Bars



The shear strength
of the GFRP Dowels
is measured in two
ways, shear in bend-
ing and pure shear.
The bending shear
test used is a stan-
dard ASTM test plac-
ing the dowel bar in Shear Test Fixture
a three-point loading
fixture. Also known
as a short beam
shear test.

In case of pure shear, a special test fixture is used to shear the
dowel in two planes. The shear strength is determined from the
double shear test.

Rested 1 1/2" GFRP Dowel

Field Trials

In 1983, the Ohio Department of Transportation (ODOT)
installed several alternative dowel bars for long-term durability
performance studies in sections of Interstate 77 in Guernsey
County and Ohio State Route 7 in Bellmont County. These dowel
bars were produced with the same constituent materials as in
the Aslan 600 GFRP Dowels. In 1998, the Market Development
Alliance (MDA) of the composites industry organized the
extraction and testing of samples of these dowel bars to
determine their durability performance after 15 years of in
pavement service.

These results show that the GFRP Dowel Bars were virtually
unaffected by approximately 15 years of field service and
exposure.

In addition, Hughes Brothers GFRP Dowel Bars were

incorporated in a high performance pavement research project in
1997 in the northbound lanes of US65 bypass near Des Moines,
lowa. Indications are that the FRBP Dowels are performing well.

A s e ek g i

In September of 2002, a section of lowa Highway 330 near Marshalltown was paved using Aslan
600 Elliptical GFRP Dowel Bars. Again, this section of highway was instrumented and is being
monitored by lowa State University.

Additional alternative Dowel Bar projects utilizing FRP Dowels have been installed in lllinois, lowa,
Kansas, Minnesota, Ohio, Wisconsin and Manitoba.

AsLAN 600 GFRP Dowel Bars Hughes Brothers, Inc. ~ Phone: 800-869-0359
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Performance of GFRP Dowels

The three design elements for dowels are spacing, length and diameter. Due to flexibility of the sub
grade, the load is not transferred by a single dowel but by a group of dowels. Tests performed at the
University of Manitoba in Winnipeg Canada show the joint effectiveness of GFRP Dowels to be in
the range of 86% to 100% effectiveness using a weak sub grade I
and 90% to 97% using a stiff sub grade. An ACPA criterion for suc-
cessful joint load transfer is 75%. The research concludes, "GFRP
dowels are a viable, corrosion free alternative to steel dowels."
(ACI Structural Journal Vol. 98 No. 2, March-April 2001, Glass
Fiber Reinforced Polymer Dowels for Concrete Pavements, D.
Eddie, A. Shalaby and S. Rizkalla.)

Loose or Baskets

Aslan 600 GFRP Dowels are generally furnished loose. When supplied loose they may be used by
dowel bar insertion machines or as part of a dowel bar retrofit system. Use in construction joints or
drilled and epoxied into existing cold joints using a structural epoxy, such as MBT 1420 or DeNeef
Denepox, is also appropriate.

Aslan 600 Dowels may also be furnished in a "Spring Grip" basket

— assembly from Concrete Systems, Inc. of Wichita, Kansas. This pat-

M IL _ ented system, Patent #6171016 features variable Dowel spacing and

'] — centerline heights. The basket allows for free flow of concrete between

- - | . . . .

: "‘ML the dowels which helps maintain alignment during the pour.

L " Another important benefit of the "Springrip" basket is there are No

: Cross Ties To Cut! The basket legs are spring forms that securely

clamp around the end of the dowel making it an integral part of the

basket assembly. The grip of the spring legs on the dowel is strong enough to withstand shipping

and handling but light enough that it easily releases to allow the dowel to slip during curing of the
concrete.

"Springrip" baskets stack very securely and accommodate dowels
from 1" to 1.5" in diameter with dowel spacing and centerline
heights to suit customer requirements. The average basket weight:
1.5" x 18" dowel on 12" centers with 5" height is 1.8 Ibs/dowel.

Springrip baskets are available only for Aslan 600 Smooth Round
Dowels at this time.
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