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DEVELOPMENT AND VALIDATION OF STEEL REINFORCED POLYMER (SRP)
FOR STRENGTHENING OF TRANSPORTATION INFRASTRUCTURES

EXECUTIVE SUMMARY

This report presents the characterization, laboratory and field validation of steel reinforced
polymer (SRP) and steel reinforced grout (SRG) strengthening materials for strengthening of
transportation infrastructures.

These new composite materials consist of steel cords formed by interwoven steel wires
embedded within a polymer resin or cementitious grout matrix. The properties of SRP are
evaluated experimentally and compared to micromechanical equations to determine a suitability
of these equations for the prediction of material constants.

Laboratory tests were undertaken on shallow reinforced concrete beams strengthened with SRP
and SRG materials and comparing experimental results to identical reinforced concrete beams
strengthened with fiber reinforced polymer, with equal amount of strengthening. All beams were
tested in a four point bending configuration, constantly monitoring deflections, strain and crack
width opening. A type of anchor system to retard complete peeling of SRP/SRG laminates have
been investigated and results of its performance are presented.

Based upon the promising results of the two previous test campaigns, a series of tests on
prestressed concrete double-T real-scale beams strengthened with SRP materials have been
undertaken. The in-situ test campaign was made possible, due to the demolition of an existing
concrete structure. Tests consisted in a control beam, a beam strengthened with one ply of SRP
and a third and last beam strengthened with two plies of SRP and by anchoring at both ends the
plies with SRP U-wraps. All beams were tested in a three point load configuration and were
monitored at midspan for deflections as well as strains in the composite material.

The report presents a summary of all three experimental campaigns.
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NOTATIONS

Asrp 0 nltgpwg, ) area of SRP reinforcement [mm?]
Aps :area of bottom steel tendon reinforcement [mm?]
Apr . area of top steel tendon reinforcement [mm?]
c . depth of the neutral axis [mm]
Esrp S_sww tensile modulus of elasticity of SRP [MPa]
€4 srp
Ee * 47004/ /. tensile modulus of elasticity of concrete (ACI 318 Section 8.5.1) [MPa]
dps . depth of bottom steel tendon [mm)]
dpr . depth of top steel tendon [mm]
f . ultimate compressive strength of concrete [MPa]
J.srp . effective stress in the SRP; stress level attained at section failure [MPa]
Jhsee o fqp—30 ultimate design tensile strength in the SRP [MPa]

mean ultimate tensile strength of SRP based upon a population of tests as per ASTM
Ju_ser D 3039 [MPa]

JoB . stress in bottom steel tendon at ultimate [MPa]
Jor . stress in top steel tendon at ultimate [MPa]
h . height of the cross section [mm]
ISRP : nominal thickness of one ply of SRP reinforcement [mm]
Wsrp . width of one ply of SRP [mm]
& :strain level in the concrete [mm/mm]

- . L7 yitimate compressive strain of concrete (Todeschini et al. 1998) [mm/mm)]
c * E

c

Efu_SRP €, s —30 design rupture strain in the SRP [mm/mm]

. mean rupture strain of SRP based upon a population of tests as per ASTM D 3039
€ fu_srp [mm/mm]

”_ 4(. /e!)-tan (e, /£!)] ratio of the depth of the equivalent rectangular stress
P : (5./8()|n(1+g?/8(2) block to the depth of the neutral axis (Todeschini et al.
c c & & 1998)
2
0.91n| 1+ %
y : €. ) multiplier on 7' to determine the intensity of an equivalent rectangular

A, i stress distribution for concrete (Todeschini et al. 1998)

c



Bond dependent coefficient for flexure

VII



3 INTRODUCTION

3.1 Background
The use of advanced composite materials in the construction industry is nowdays a mainstream

technology (Rizkalla and Nanni 2003), supported by design guidelines such as the ACI 440.2R-
02 (2002) in the United States and the Fib-Bullettin 14 (2001) in Europe. Fiber reinforced
polymer (FRP) composite materials, even though very attractive, may be hindered by lack of
ductility and fire resistance. Both issues are currently under study by the research community
(Williams et al. 2004, Bisby et al. 2004, Seible et al. 1997), in order to provide on one hand,
better knowledge in terms of overall structural performance and, on the other, remedies such as
coatings that could prolong fire resistance.

A new family of composite materials based on unidirectional high strength twisted steel wires
(about 7 times stronger than typical common reinforcing bars) of fine diameter (0.20~0.35 mm
(0.0079~0.0138 in)), that can be impregnated with thermo-set (referred to as steel reinforced
polymer, SRP) or cementitious (referred to as steel reinforced grout, SRG) resin systems is
studied in this report. SRP/G has the potential to address the two shortcomings mentioned for
FRP, infact: a) steel cords have some inherent ductility; and b) impregnation with cementitious
paste may overcome the problems of fire endurance and lowering down the application cost
considerably.

The steel cords used in SRP are identical to those used for making the reinforcement of
automotive tires, and manufactured to obtain the shape of the fabric tape prior to impregnation.
The steel cords produced for steel reinforced composites are manufactured by Goodyear Tire and
Rubber Company, Asheboro, NC and remanufactured and distributed by Hardwire, LLC,
Pocomoke City, Maryland (www.hardwirellc.com).

Steel reinforced polymers (SRP) are less expensive composites that are currently considered for
numerous applications in civil engineering, such as bridge and building repair. A cross section

of such cord photographed under a microscope is depicted in Figure 1.



Figure 1 — Microscope View of Cord Cross section

Performance of a composite material utilizing steel wires is controlled by the stress transfer
between the wires and the matrix. A single high-strength wire may be deficient due to low
interfacial shear strength and stiffness. This problem is solved in SRP by using twisted steel

filaments forming the cord, as shown in Figure 2a and Figure 2b.

a) 12 Wires Wrapped by 1 Wire b) 3 Cords of 2-Wire Each Twisted Around
Figure 2 — Examples of Cords with Different Filament Twisting

The rough surface of the cord provides a mechanical interlock with the matrix resulting in a
system suitable for structural applications. As an example, the cord shown in Figure 2a is
produced by twisting one wire at a short lay length around 12 wires that are twisted in a long lay
length. The warp wire provides additional surface roughness and tightens the cord enhancing its
integrity. The cord shown in Figure 2b consists of a two-wire strand twisted around a three-wire
strand. Differently from the sample in Figure 2a, this cord has a more pronounced surface

roughness distribution.

The stiffness and strength of composites utilizing the steel cords shown in Figure 2a and Figure
2b may differ due to a different cord surface geometry. In all cases, it is desirable to produce
SRP where the failure of the cord under tension preempts its pullout.

-9-



Unidirectional cords can be held in place by knit yarns forming an appropriate pattern of fabric.
The yarns control the spacing of the cords and as a result, the “net” behaves like a fabric that can
be stretched or bent, without losing its integrity. A typical knit yarn material is polyester; a “net”
consisting of the cords held by polyester yarns is shown in Figure 3a. The addition of copper
knit yarns results in the fabric capable of maintaining the spacing between steel cords, even
under significant handling loads. In addition, such fabric has excellent electric conductivity.
Copper wires used in this example had a diameter equal to 0.006 in. The copper wire is tied to

the steel cords by the spiraling polyester knit thread, as shown in Figure 35.

a)
Figure 3 — Example of Medium Density Tape of Old Generation

Post-testing enhancements have been made to the fabric making process that no longer require
knitting of materials and simply bind the steel cords to a fiberglass scrim with adhesives. This
allows for better control of cord density during the manufacturing process and makes possible
the manufacture of any density fabric. The process also yields a 17% increase in the number of
cords per inch and thus higher fabric properties. The new fabric lays flatter and straighter than
the knitted fabrics and can be applied faster and easier (see Figure 4). Additionally, new cord
designs have been created to optimize the compressive qualities and provide more balanced

compressive and tensile properties.

-10 -



a) Front view of Tpé with Cords Held | b) Back view o ape with detail of
Together by a Polyester Scrim Polyester Scrim
Figure 4 - Example of Medium Density Tape of New Generation

3.2 Objectives

The scope of this project is the evaluation of performance through laboratory and field testing of
a new type of strengthening material for upgrading the infrastructures, based on high strength
steel filament cords to be impregnated with either cementitious or epoxy matrices.

3.3 Methodology
To evaluate the performance of such new kind of strengthening material, studies have been

undertaken to firstly characterize the mechanical properties of each single components (matrix
and fibers), secondly laboratories studies have compared the performance of reinforced concrete
beams strengthened with the new material and compared with others strengthened with well
established strengthening materials such as fiber reinforced polymers. Ultimately field testing of

real scale structures have been performed to validate the findings of previous research studies.

-11 -



4 MATERIAL CHARACTERIZATION

4.1 Introduction

4.2 Experimental Analysis
Steel cords employed in the present study had a diameter equal to 0.044 in and consisted of 13

filaments (Figure 2a). Three of these filaments had a diameter equal to 0.22 micron, nine
filaments had 0.20-micron diameter, and one of them had a 0.15-micron diameter. Several
different impregnating resins were considered, including Epon 828 + Hardener HT-386, M-
Brace Saturant, SikaDur 330 and SikaTop 121. Epon 828 was used in the tests described in the

report.

4.2.1 Evaluation of Material Constants of SRP
Unidirectional SRP samples were tested in tension and compression using an MTS 880 testing

machine. The specimens were pre-manufactured using compression molding into a plate,

shipped to the laboratory, and cut to size by waterjet.

The matrix material used in the tested specimens was Epon 828 with Hardener HT-386. The
properties of Epon 828 tested after curing at 200°F for two hours are outlined in Table 1. These
properties were used in the computations performed to compare micromechanical predictions for

material properties with experimental data.

Table 1 - Properties of Epon 828 with Hardener HT-386

. Em Strength Gnm
Specimen code (ksi) Vi (psi) (ksi)
spl 471 0.350 7163 175

sp2 460 0.380 8527 167

sp3 439 0.362 7460 161

sp4 408 0.341 7947 152
Average 444 0.358 7774 164

The specimens had geometrical dimensions as reported in Table 2 together with the direction of
the load as compared to that of the cords. A photograph depicting the cross section of a typical

specimen is shown in Figure 5.



Figure 5 -

Table 2 - Specimens Used in Experiments

Angle of Load-to-

Specimen o Width Length  Thickness
Code Cords Direction (in) (in) (in) Test Type
(deg)
SLT1-5 0 1.0 12.0 0.25 Tension
STT1-5 90 1.0 7.0 0.25 Transverse
Tension
STC1-5 90 0.5 5.5 0.25 Transverse
Compression
SLC1-1 0 0.5 55 0.25 Compression
Tension
S45 1-3 45 1.0 10.0 0.25 (For shear
modulus)

The results of the tests are shown in Table 3 through Table 7. In these tables, the subscripts “w,”
“c” and “cs” refer to steel wire, steel cord and SRP composite, respectively. The directions 1 and
2 refer to the longitudinal (along the cord) and transverse (perpendicular to the cord) directions.

The material constants that are analyzed include the elastic moduli (£;, E,), the shear modulus
(Gyp), and the Poisson ratios (v45,v»1). In addition, the strength of the material () is

evaluated, both in tension and in compression, in the longitudinal and transverse directions. The
results of longitudinal tensile testing of five specimens are presented in Table 3. In particular,

longitudinal tensile moduli of individual wires and the cord are shown in this table. Predictably,

-13 -



the modulus of the cord is smaller than that of wires, as a result of the twisting and matrix

content in the cord (the latter is clearly visible in Figure 1).

Table 3 - Results of Longitudinal Tension Tests

Specimen E. Ew Eies F. Fu Fes

code  (Msi) (Msi) (Msi) °  (ksi)  (ksi)  (ksi)  \OteS
SLT1-1 195 254 68 0273 319 417 112
SLT1-2 233 305 81 0329 342 447 118
SLT1-3 220 288 7.8 0409 276 361 98 Fag‘;{g at
SLT1-4 232 304 83 0373 343 449 123

SLT1-5 23.0 301 8.4 0.468 340 445 124
Average 222 290 7.9 0.370 324 423.8 115

Average
Wio SLT3 336 440 119
Average
w/oSLT1 229 299 8.2 0.395 342 447 122
and SLT3

The longitudinal modulus of SRP is much lower than the corresponding modulus of the cords.
The variation in the stiffness of five tested specimens was not very large, except for the SLT1-1.
The reason for this difference is evident from the comparison of the stiffness of the constituent
wires of the specimens. Obviously, the specimen in question was manufactured using
substandard steel wires, compared to its counterparts. The same conclusion follows from the
comparison of the strength of wires used in SLT1-1 and other specimens (except for SLT1-3).
Accordingly, the results for SLT1-1 are discounted in the average values shown in the last row of
the table.

Table 4 - Results of Longitudinal Compression Tests

Specimen E: , Eies
Code msiy M) gy e
SLC1 34.4 45.0 12.0 0.407
SLC2 33.3 43.6 12.0 0.246
SLC3 27.8 36.4 9.8 0.427
SLC4 36.6 47.9 12.6 0.468
Average 32.6 42.6 11.4 0.387

-14 -



Table 5 - Results of Transverse Tension Tests

Specimen E. v Strength
Code Msi) 2 (psi)
STT1 1.19 0.065 2354
STT2 0.74 0.045 2178
STT3 0.58 0.040 2193
STT4 0.83 0.034 2178
STT5 0.91 0.050 2193

Average 0.85 0.047 2219

As indicated in the Table 3, the specimen SLT1-3 failed at grips. Therefore, the failure stress
obtained for this specimen is not included in the calculation of the strength of SRP. Accordingly,
the average value in the last row of the table include the stiffness and Poisson ratio evaluated
from the analysis of specimens SLT1-2 through 5 and the strength from the analysis of
specimens SLT1-2, 4 and 5.

The results of longitudinal compressive tests are shown in Table 4. Notably, the stiffness
(modulus) of SRP in compression is much higher than in tension. This is explained by a much
higher compressive stiffness of the wires that constitute the cords (compare Table 3 and Table 4).
The results for compressive strength are not shown in Table 4 since the mode of failure observed
in the experiments was cord buckling. Again, post-testing enhancements to the cord design have
addressed the cord buckling failure by creating a structure that resists this type of failure by
eliminating the deformations in the core filaments which result from the cord manufacturing

process.

The results of transverse tension and transverse compression tests are collected in Table 5 and
Table 6. Predictably, the transverse stiffness and strength in tension are much lower than in
compression. A significant difference in the Poisson ratios v,; evaluated in transverse tests
under tensile and compressive loads was also observed. Note that the ratio of the Poisson value
in tension to its counterpart in compression is close to being inversely proportional to the ratio of

the stiffness in tension to that in compression.

- 15 -



Table 6 - Results of Transverse Compression Tests

Specimen E. v Strength
code (Msi) 2 (psi)
STC1 0.86 0.042 -8693
STC2 1.65 0.037 -9012
STC3 0.93 0.026 -10356
STC4 0.77 0.033 -9620
STC5 1.97 0.023 -8389

Average 1.24 0.032 -9214

The in-plane shear modulus G;, was obtained by combining the results from the tension tests in
longitudinal and transverse directions with the results from the tests on coupons oriented at 45°
relative to the applied tensile load. The transformation equation for the stiffness of a lamina

oriented at an angle @ relative to the applied load is

4 [ a
1 _cos @ sin ‘9+(i__2‘/12)sin2900826’ (1.1)
E, E, G, E

E

(4

From this equation, the shear modulus can be obtained in the form (6 = 45):

G, = 1.2)

The results of these tests are shown in Table 7. Remarkably, the variation between three

evaluated specimens was small.

Table 7 - Results of Tensile Tests Conducted with
Loading Oriented at 45° Relative to the Cords

Specimen Ess G2
code (Msi) (Msi)
S45 1 0.90 0.31
S45 2 0.95 0.33
S45 3 0.92 0.32
Average 0.92 0.32

-16 -



4.3 Comparison of Experimental Results with Predictions Obtained by Micromechanical
Theory

This comparison is needed to conclude whether it is possible to use micromechanical theories
developed for conventional composites to predict the properties of SRP. The applicability of
conventional micromechanics may be affected by a number of factors that include relatively
large diameter of the cords, twisting of the wires in the cords, and even more importantly, the
roughness of cord-matrix interface. Unavoidable porosity of SRP, particularly along the cord-
matrix interface with its rough surface, may contribute to the inaccuracy of micromechanical
relationships. In this paper, a comparison was made to the micromechanical theory developed
based on the mechanics of materials (Gibson 1994). The relationships employed in this theory

are outlined below.

The assumptions regarding the material phases constituting the composite that are utilized in the

micromechanical theory based on mechanics of materials are:
e Both fibers and matrix are linearly elastic isotropic materials.
e Fibers are uniformly distributed in the matrix.
e Fibers are perfectly aligned.
e There is perfect bonding between fibers and matrix.
e The composite lamina is free of voids.
Based on these assumptions, the longitudinal modulus is calculated by the rule of mixtures as:

El :E/V/ +EmV;n (13)

where £, is a longitudinal elastic modulus of the composite material, £, is the elastic modulus of
the fibers, V', is the fiber volume fraction (equal to 0.27 in this case), £, is the elastic modulus of

matrix (equal to 0.44 Msi in this case), and ¥V is the volume fracture of matrix. The porosity was

not measured in the experiments and accordingly, the matrix volume fraction was assumed equal
to 0.73. It is necessary to emphasize that the “fibers” referred to in this section represent steel
wires, rather than the cords since the latter include the pockets of matrix. Accordingly, the
properties of the wires should be employed in the corresponding equations.
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The transverse elastic modulus in the direction perpendicular to the fibers can be obtained from

the inverse rule of mixtures:

E,E,
E=— " (1.4)
EV,+EJV,

The Poisson ratios are determined from:
v, =0V, +v,V,
E (1.5)

2
L, = U,
21 12
E

where v is the fiber (steel wires) Poisson’s ratio that was equal to 0.30 and v, is Poisson’s ratio
of matrix.
The in-plane shear modulus is obtained from:

G,.G
S GV Gy -
fm + m’ f
where G, and G, are the shear moduli of the fiber and matrix materials, respectively.

It is known that the formulae of mechanics of materials are often inaccurate for the transverse
modulus of elasticity and for the in-plane shear modulus. The so-called improved mechanics of

materials approach (Gibson 1994) results in the following equations for these material constants:

E,

Em
1-[V,(1-E,IE,)

Gm
1-Jv,(1-G,1G,)

The comparison between experimental results and the properties predicted by micromechanics

(1.7)
GlZ

based on mechanics of materials is presented in Table 8. As follows from this table, theoretical
predictions for the tensile and compressive longitudinal modulus of elasticity and for the in-plane
shear modulus are in good agreement with experimental data. The agreement for tensile
transverse modulus of elasticity and for both Poisson ratios is less satisfactory. However, even
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these material constants can be adequately predicted by the micromechanical theory considered
in the paper. However, the compressive modulus could not be obtained from micromechanics.
Notably, tensile transverse and in-plane shear moduli should be calculated by the improved

mechanics of materials, i.e. Eq. (1.7).

The main application of SRP is envisioned in the situations where these composites are subject
to longitudinal tension. Accordingly, it is also important to compare the longitudinal strengths
available from the experiments (122 ksi) to the theoretically predicted value. The latter value is

obtained by the rule of mixtures:

F;s :F/’V/‘" +E71Mm (18)

Table 8 - Comparison of Mechanical Properties Obtained Experimentally to Theoretical
Predictions Based on Micromechanics

Experimental  Analytical  Analytical

Results Results Results 2*

E, (ksi) Tension 8159 8397

E, (ksi) Compression 11400 11826
E, (ksi) Tension 849 605 910
E, (ksi) Compression 1240 606 914

v,, Tension 0.395 0.342

v;, Compression 0.380 0.342

v,, Tension 0.047 0.041

v,, Compression 0.032 0.026
G, (ksi) 320 223 336

Note: * Analytical Results 2 were obtained from the improved mechanics of materials.

The results for the in-plane shear modulus were identical in tension and compression.

The substitution of the strengths of wire and matrix yields the value of 126 ksi that is remarkably
close to the experimental result. This figure can be further improved by increasing the packing
density of the cords (available with the new manufacturing process) and by moving to one of the

higher property cords.
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4.4 Experimental Evaluation of Flexural Properties of SRP
The flexural strength of SRP was evaluated from a three-point bending test designed according

to ASTM D 790. Accordingly, detailed description of the tests is omitted since it can be found in
this standard.

Table 9 - Specimens Used in Flexural Tests

_ . Actual Testing
Thickness ~ Width ~ Span Span  Crosshead Rate

Specimen Code

(in) (i) (in) (in) (in/min)
SF1 0193 0652 3.2 3.202 0.0886
SF2 0170 0707 3.2 3.202 0.1002
SF3 0189 0769 3.2 3.202 0.0903
SF4 0182 0732 62 6.196 0.3520
SF5 0182 0639 6.2 6.196 0.3520

The size of the specimens used in the flexural tests is shown in Table 9. The modes of failure
were rupture on the tensile surface of the specimens and fiber microbuckling on their compressed
surface. The effect of these modes of failure, particularly fiber microbuckling and related
softening of the response, is clearly observed in Fig. 7.

According to ASTM D 790, the maximum flexural stress in the outer fibers at the midspan of the

specimen was calculated from:

o 3PL
! 2bd?

(1.9)

where P is the load, L is the span, and b and d are the width and the depth of the beam,

respectively.

In the case of large span-to-depth ratios, such as in specimens SF4 and SF5, the moment at the

midspan is affected by relatively large deflections. Accordingly, Eq. (1.9) is modified to account

o, =2L {1+6(2) —4[1J[2ﬂ (1.10)
2bd L L\
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The test results and the corresponding maximum flexural stress (flexural strength) of the tested

specimens are shown in Table 10. Note that the difference between flexural strengths found for

five specimens was small.

Table 10 - Results of Flexural Tests: Flexural Strength

: Max Adjusted
Deflection at Max
. Span Flexural Flexural
Specimen Code A Max Load Load
(in) (in) (Ib) Stress Strength
(ksi) (ksi)
SF1 3.2 0.172 508 100.8 100.8
SF2 3.2 0.199 433 101.4 101.4
SF3 3.2 0.235 630 110.1 110.1
SF4 6.2 0.767 247 95.2 102.6
SF5 6.2 0.501 201 88.2 90.8
Average 101.1

4.5 Conclusions
The research study conducted so far yielded the following conclusions.

SRP and SRG can be easily and economically manufactured offering great potential for
strengthening of concrete bridges and buildings. SRP and SRG elements can be easily

and reliably bonded to concrete structures.

The properties of SRP can be accurately predicted by mechanics of materials using
micromechanics models. These properties include the tensile and compressive moduli in
the direction of the steel cords, the in-plane shear modulus, and the tensile axial strength.
The transverse tensile modulus and the Poisson ratios can also be estimated analytically,
though with a smaller accuracy. However, the transverse modulus corresponding to

compression could not be accurately determined from micromechanics.
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5 LABORATORY TESTING

5.1 Introduction
In order to investigate the flexural behavior of reinforced concrete (RC) beams strengthened with

SRP composites, two different types of steel tape with medium and high densities, respectively,
were used to strengthen seven RC beams using cementitious grout and epoxy resin and tested to
failure under a quasi-static loading. Arrays of nail anchors were used on two of these beams to
fasten the steel tape adhered with cementitious grout in order to prevent peeling. Two additional
RC beams strengthened with a comparable amount of uni-directional carbon FRP (CFRP)

laminates were tested and compared with those strengthened with SRP composites.

5.2 Experimental Program
A total of eleven RC shallow beams, 400 x 200 x 3700 mm in size, were cast. The stirrups were

8-mm diameter steel bars spaced at 100 mm center-to-center. For all specimens, two 8-mm
diameter steel bars were used as compression reinforcement. Five 18-mm diameter bars were
used as tensile reinforcement for the reference beam (Beam U) (Table 11); for the remaining ten,
a deficiency in steel reinforcement area (due for example to a construction or design error, or to
structural deterioration) was simulated by using five 10-mm diameter steel bars as tensile
reinforcement. Apart from a second beam left as a control specimen (Beam D), the potential of
emerging strengthening techniques was assessed by upgrading the nine remaining beams using
two different types of steel tape, namely 3X2 cord (Type “A”) and 12X cord (Type “B”), and
CFRP laminates (Type “C”) (Table 11).

All beams were tested as simply supported members, over a clear span of 3.40 m. They were
loaded up to failure under a four-point configuration, with a constant moment region of 1.0 m
across the mid-span. The load was applied through a 500 kN hydraulic actuator and the test was

carried out under displacement control.



Table 11 - Test Matrix and Summary of Experimental Results

Specime
n type

U
D
A-1
A-2
A-3
B-1
B-2
B-3*
B-4 *

C-1
C-2

Tension

steel

5918
5910
5910
5010
5010
5010
5010
5010
5010

5010
5010

External
reinforc.

Z-3X2
Z-3X2
Z-3X2
B-12X
B-12X
B-12X

B-12X
Carbon

Carbon

Impreg.

matrix

Epoxy
Epoxy
Epoxy
Epoxy

Cement.
Cement.

Cement.

Epoxy
Epoxy

No. of
Plies®

W N NPRPRPREPNDR R

Axial
stiff.
ratio S

Equiv.
reinf,
ratio, peq
(%)
1.87
0.58
0.66
0.74
0.74
0.65
0.65
0.65
0.72

0.69
0.79

I:uth
(kN)
136.1
47.7
85.3
110.5
107.8
80.4
80.4
80.4
105.7

96.1
121.0

FCI’
(kN)

13.6
9.2
20.7
20.8
20.1
10.1
10.6
11.5
9.2

13.8
15.6

8cr
(mm)

1.7
2.5
59
45
5.87
1.4
1.8
1.8

1.3
1.9
2.4

Experimental results

F)’
(kN)

141.4
43.3
60.3
79.7
76.5
60.4
60.0
57.1

75.2
75.7
108.6

8y

(mm)

35.7
251
27.1
29.9
315
31.2
33.6
29.9

34.2
31.4
37.0

Fu
(kN)

147.6
493
86.3

1211

100.4
88.6
2.7
715

86.7
96.5
134.8

By
(mm)

57.1
102.1
75.7
72.4
54.5
89.2
56.8
60.4
46.5

55.7
55.8

Note: * with anchor nails; * Ply width indicated in Figure 7



5.3 Test Program Design

5.3.1 Design material properties
For the traditional materials, the design properties were assumed equal to 30 MPa for the

concrete compressive strength and 500 MPa for the yield strength of the reinforcing steel bars.

The carbon fiber ply is a unidirectional fiber system with a density of 300 g/m2. The equivalent
fiber thickness is 0.167 mm. According to the manufacturer, the ultimate strength and modulus
of elasticity related to fiber volume are 3,450 MPa and 230 GPa, respectively (Mapei 2000). The
epoxy used to impregnate the dry carbon fibers was a two-component, medium viscosity,
gelatinous solvent-free adhesive (Mapei 2000). Table 12 shows the technical data of the epoxy

provided by the manufacturer.

Table 12 - Mechanical Properties of Epoxy Matrix

Matrix Tensile Strength, Elongation, % Flexural Modulus
MPa (Strain at failure) MPa
SRP-Epoxy 30 15 3800
CFRP-Epoxy 30 1.2 3800

For the steel cord strengthening material, a more detailed discussion follows. The 3x2 steel cord
(Hardwire 2002) is made by twisting 5 individual zinc coated wires together — 3 straight
filaments wrapped by 2 filaments at a high twist angle. The density of the 3X2 tape used in this
research program consists of 87 cords per mm, which is considered high-density tape. The 12X
steel cord (Hardwire 2002) is made by twisting two different individual brass coated wires
together in 12 strands and then over-twisting one wire around the bundle. The ridge provided by
the wrap wire works to share load into the matrix and tighten the cord during the tensile loading.
The density of the 12X tape consisted of 6.3 cords per cm, which is considered medium-density
tape. Table 13 summarizes the geometrical and mechanical (tensile strength, fz,; ultimate rupture

strain, es,; and tensile modulus of elasticity, Es) properties of the steel cords.



Table 13 - Properties of Steel Cords
Filament Cord Cords

- Cord : fru € Es
Description - Diameter  Area per fu
Coating (mm) (mm?) om (MPa)  (mm/mm) (GPa)
. 3-0.35,
Z-3X2 Zine 5_o3s 9% 8T 3070 0017 184
3-0.22,
B-12X Brass 9-0.20 0.43 6.3

A typical stress-strain curve of SRP tapes is depicted in Figure 6 where it is shown that this
material behaves linearly to failure. Experimental tests have shown that the non-linear behavior
is negligible and there is practically no yielding of the steel. The stress-strain relationship of
Figure 6 was used for design.

3500

3000 f-+mnemeemnem e e R i
l
2500 -vwssresrmnnsan s S T SR

F St T T SRt

1500 frrmrmrmmmrr e s e R RRRELLEEEECEECEEREEEEEE,

Stress (MPa)

1000 orereresnrerarennsananane s b

BOO framemm g

| | |

1 1 1
0 ; ; 1 1 1
0 0,002 0,004 0,006 0,008 0,01 0012 0,014 0016 0,018
Strain (mm/mm)

Figure 6 - Typical Stress-Strain Relationship of SRP Tapes

A high-performance two-component 100% solid epoxy resin (Sika 2005) was used to impregnate
and bond the steel tape to the concrete substrate. The technical data of the epoxy resin, supplied
by the manufacturer, are shown in Table 12. The cementitious grout (Sika 2005) used to bond the
steel tape was a two-component, polymer-modified, pore sealing mortar with the additional
benefit of a penetrating corrosion inhibitor. It has a finishing time of 45 to 60 min. depending on
temperature and relative humidity. The technical data of the cementitious grout, supplied by the

manufacturer, are shown in Table 14.
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Table 14 - Mechanical Properties of Cementitious Grout
*Splitting

Matrix *Flexural *Compression Tensile *Bonding
Strength, MPa  Strength, MPa Strength, MPa Strength, MPa
Cementitious 13.8 41.4 5.2 13.8

grout
* Strength at 28" day

5.3.2 Upgrade strategy
The nominal flexural strength of Beams U and D was computed according to the ACI 318-02

recommendations without reduction factors; for the remaining specimens strengthened with
either SRP or CFRP, the theoretical calculations were conducted according to the ACI 440.2R-
02 guidelines.

As for the strengthening strategy, the design of Beam C-1 was performed in order to double the
capacity of the control specimen, Beam D; then, the strengthening of Beam C-2 aimed at
attaining a flexural strength similar to that of control specimen Beam U by doubling the CFRP
area installed on C-1. In order to carry out the strengthened beam design, the following

parameters were established (Table 11):

e The axial stiffness ratio S: EextAex/EsAs (being Eext and Aext, and Es and As the elastic
modulus and the total area of externally bonded composites and internal steel bars,

respectively): and

e The equivalent reinforcement ratio peq=ps+pext(Eext/Es)=ps(1+S) (being ps and pext the
reinforcement ratios of A; and Aex over the concrete cross sectional area computed as

width of the cross section times the depth of the internal reinforcement)

The amount of SRP to be installed on seven specimens was such to provide values of deq similar
to that of specimens C-1 or C-2. Once the SRP layout was determined with this criterion, the
flexural strength of each SRP-strengthened specimen was calculated assuming that ACI 440.2R-

02 procedure could be extended to this technology.

Table 11 reports the test matrix of the research program, summarizing the area of internal tensile
steel, the type and matrix of the externally bonded reinforcement, the number of plies, and the

values of both the S and peq ratios. Considering the adopted test setup, the ultimate load, Fyn,
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corresponding to the predicted flexural capacity of each beam was computed and reported in the
next column of Table 11. Figure 7 shows geometric details for all strengthened beams. Seven
beams were bonded with steel tapes impregnated with epoxy resin or cementitious grout (A and
B beams); the remaining two beams (C-1 and C-2) were strengthened with CFRP laminates
using epoxy resin. Two of the beams strengthened with steel tape and cementitious grout were
mechanically anchored with nail anchors (B-3 and B-4). The nail anchor selected for this
application was a wide ringed head nylon anchor with zinc plated hammer screw (Figure 8). The
anchor is 6 mm in diameter and 60 mm long. A 24 mm diameter washer was used to enlarge the

ringed head of the anchor in order to obtain a better hold to the SRP.
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Figure 7 - Geometry and Reinforcement of Strengthened Beams (dimension in mm)
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Figure 8 - Nail Anchors

5.4 Specimen Preparation
The bottom face of all beams was sandblasted and cleaned to ensure proper bond before

strengthening. No primer was used for bonding SRP tapes with either epoxy or cementitious
grout. When a uniform and complete mixing of the epoxy was observed, it was spread to areas
where the steel tape had contact. The steel tape was cut to design length, and pressed onto the
wet epoxy gel with a hard roller. Where two plies of steel tape were used, an additional layer of
epoxy was spread and the previously mentioned steps were repeated. The second ply started 10

cm from the cut-off point of the first ply.

For beams bonded with cementitious grout, the same installation procedure was followed. For
beams anchored with nail anchors, a total of 31 holes, 60 mm deep and 6 mm in diameter, were
drilled alternatively along two parallel lines, with a center-to-center distance of 200 mm (see
Figure 7) prior to strengthening. After bonding the steel tape with cementitious grout, the

anchors were hammered into the holes and locked in with 24 mm diameter washers.

The procedure for applying the CFRP laminates was as recommended by the manufacturer
(Mapei 2000); suggestions provided by ACI 440.2R-02 (2002) guidelines for externally bonded
FRP systems were also considered. The surface preparation started with a layer of primer
followed by a layer of putty. After the putty had hardened, the carbon fiber sheet was adhered to
the surface with the epoxy; then steps similar to those used for the installation of SRP were

followed.
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5.5 Instrumentation
All beams were instrumented to record global and local parameters. The mid-span deflection

was measured by a vertical linear variable displacement transducer (LVDT). Three horizontal
LVDTs were placed on one side of the specimen to record displacements over a length of 0.35 m
across the mid-span at depth of 5 mm, 55 mm and 175 mm from the compressive fiber,
respectively. On the opposite side, crack width and concrete shortening were measured using
demec targets placed 50 mm center-to-center on a total length of 0.55 m at the same depth of the
LVDTs on the other side of the beam. Readings were taken at selected load levels. A total of 20
strain gages were used during each test to measure strains on the externally bonded
reinforcement. Depending on width and number of plies, the strain gage arrangement slightly
changed for each beam. In general, some gages were placed within the constant moment region

and some at the cut-off points; longitudinal and transverse strain profiles were obtained.

5.6 Test Results
Before testing the beam specimens, characteristics of the traditional materials were verified and

found to be consistent with the design assumption. Concrete cubes (with side of 150 mm)
showed an average compressive strength of about 40.1 MPa. For the reinforcing steel bars (three
samples per diameter) average values of 500 MPa, 600 MPa and 12% were found for the yield

strength, the ultimate strength and the ultimate strain, respectively.

The load-mid-span deflection curves of tested beams are depicted in Figure 9 through Figure 11,
which show the trends of each group of beams strengthened with same material systems
compared to the two unstrengthened beams. Values of loads and mid-span deflections at first
cracking (Fer and o), yielding of tensile steel bars (Fy and &y) and ultimate (F, and d,) are
summarized in Table 11. First cracking of beam U occurred at a load of 13.6 kN, while Beam D
showed the first crack at a load of about 9.2 KN. After first cracking, a loss of stiffness occurred
for both beams; curves highlight a change in slope which is more significant for beam D than for
U (Figure 9). The shapes of the load deflection curves indicate another loss of stiffness at loads
of 141.4 kN and 43.3 kN for Beam U and D, respectively. This is due to yielding of the tensile
reinforcement that occurred at mid-span deflections of 35.7 mm and 25.1 mm, respectively.

After these thresholds, the behavior of both beams was characterized by large flexural cracks and
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then collapse due to concrete crushing in the constant moment region. Failure loads were equal
to 147.6 kN and 49.3 kN for Specimens U and D; their ultimate behavior was characterized by a

ductility factor 5,/6y of 1.6 and 4.0, respectively.
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Figure 9 - Load-Deflection Curves: Control vs. 3X2 Bonded Beams
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Figure 10 - Load-Deflection Curves: Control vs. 12X Bonded Beams
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Figure 11 - Load-Deflection Curves: Control vs. FRP Bonded Beams

The installation of the 3x2 steel tape at the bottom of a Type D beam was beneficial in terms of
first cracking (Figure 9). Regardless of width and number of plies, first cracking of Beams A-1,
A-2 and A-3 occurred at a load of about 20 KN. A loss of stiffness is then observed; curves show
a similar slope for Beams A-1 and A-3, which are less stiff than A-2. Then, further loss of
stiffness is determined by yielding of the steel bars; A-1 yielded at 60.3 kN, while A-2 and A-3
reached the yielding at loads of 79.7 kN and 76.5 kN, respectively. After yielding the slope of
each curve reflects the different amount of external reinforcement: A-2 and A-3, having the same
amount of external steel tape, provide the same slope and are stiffer than A-1. The mode of
failure was similar for the three beams: it was concrete cover separation (Figure 12 and Figure
13) which initiated at one of the loading points as described in literature (Teng et al. 2001). The
minimum ultimate load within Group A beams was provided by A-1 whose failure occurred at
about 86.3 kN; the maximum was attained by A-2 which failed at 121.1 kN. The tape layout
based on the same area as for A-2, but arranged on two plies, limited the ultimate capacity of
beam A-3 at 100.4 kN. This specimen exhibited the lower ultimate deflection (i.e., 54.5 mm);
despite different ultimate strength, A-1 and A-2 showed similar ultimate deflections of 75.7 mm

and 72.4 mm, respectively.
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The installation of 12X steel tape did not affect significantly the first cracking of Group B beams
(Figure 10), whose cracking loads were in the range of 9.2-11.5 kN. However, the
corresponding deflections were reduced when compared to that of Beam D at same load (Table
11). The loss of stiffness due to cracking was very similar for beams B-1, B-2 and B-3; such
similarity is also confirmed by very close values of yielding loads ranging between 57.1 and 60.4
kN (Table 11). Beam B-4, having twice the tape area, was stiffer than the other three and
yielded at a load of 75.2 kN. The ultimate behavior highlights that Beams B-2 and B-3 failed at
loads of 72.7 kN and 71.5 kN, respectively; this points out that the nails were unable to improve
the ultimate performance of beam B-3, whose ultimate deflection (60.4 mm) was slightly larger
than that of B-2 (56.8 mm). The epoxy resin allowed beam B-1, whose tape area was the same
as for B-2 and B-3, to attain its failure at ultimate load and deflection equal to 88.6 kN and 89.2
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mm, respectively. Similar strength performance was attained by beam B-4, whose failure
occurred at 86.7 kN. Doubling the tape area enabled B-4 to reach an ultimate strength very close
to that of an epoxy bonded beam with half the tape area (Beam B1), but reduced its ultimate
deflection to 46.5 mm. The failure of Beams B-1 and B-2 was due to interfacial debonding
which initiated at one of the loading points, as previously discussed in the literature (Teng et al.
2001). The epoxy allowed Beam B1 a better engagement of the concrete substrate than that
provided by the cementitious grout on Beam B2; this can be observed by comparing Figure 14
and Figure 15. The failure of Beams B-3 and B-4 was also due to interfacial debonding after nail

bearing failure (Figure 16).

13 mm

1--a ks
e

Figure 16 - Nail Bearing in Beam B-3

CFRP laminates increased cracking loads of Beams C-1 and C-2 (13.8 kN and 15.6 kN,
respectively) when compared to reference Beam D (Figure 11). The loss of stiffness due to
cracking was more significant for Beam C-1 than that of C-2, having twice the external FRP
area. This determined also that its yield load (108.6 kN) was higher than that of C-1 (75.7 kN).
After the yield point, curves of both specimens show further loss of stiffness that is again more
significant for Beam C-1 than that of C-2. Both collapsed due to FRP debonding initiated at one
of the loading points and characterized by separation of the concrete cover. Even though Beam
C-2 failed at a load about 40% higher than C-1, their ultimate deflection was almost identical
(55.8 mm vs. 55.7 mm).

Important information is also provided by the analysis of strain gage readings at both mid-span

and termination of the externally bonded reinforcement of each beam. In this paper, the
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discussion of local strains is limited to their average values. Average strains of the SRP tape in
the constant moment region of Beams A-1 and A-2 were all close to 0.010, whereas an average
value of 0.007 was recorded when two plies of 3X2 tape were used (Beam A-3). Beam B-1,
whose 12X tape was bonded with epoxy, provided an average strain at mid-span equal to 0.012;
the average strain recorded on the same tape bonded with cementitious mortar with and without
nail anchors (Beams B-3 and B-2, respectively) was between 0.0051-0.006. A similar average
value (0.005) was recorded when two plies of 12X tape was used (Beam B-4). Ultimate average
strains at mid-span provided by beams strengthened with two plies (Beam C-1) and three plies

(Beam C-2) of CFRP laminate were equal to 0.007 and 0.006, respectively.

Readings provided at beam failure by strain gages installed at the termination of the externally
bonded reinforcement were less homogeneous than those obtained at mid-span due to the well-
known effect of stress concentration at the termination of the plates (Cosenza and Pecce 2001).
In general, at the end of beams bonded with the 3X2 tape (Type A beams) average ultimate
strains were in the order of 0.0001 with peak values up to 0.0005. Average strains in the order of
0.00007 were recorded at the end of 12X tapes (Type B beams) with peaks up to 0.0003.
Average strains in the order of 0.0002 were given by CFRP laminates with peak values up to
0.002.

5.7 Discussion
The analysis of the test results is conducted first with respect to beams strengthened with the

same external reinforcement (3X2 tape, 12X tape and CFRP laminate); then, beams
characterized by similar deq achieved with different materials are compared. Remarks on the

influence of different reinforcement type and layout on crack widths are also presented.
For each group of beams strengthened with the same system, the following can be highlighted:

e Up to the yielding of the internal steel reinforcing bars, the slope of the load-deflection
curve of Beam A-3 is very similar to that of A-1, that had an external tape area of only
half of that in A-3. A-2, equivalent to A-3 in terms of tape area, exhibited a stiffer
behavior prior to steel yielding. This is also evidenced by the fact that average crack
widths were almost identical for Beams A-1 and A-3, but were wider than those exhibited

by Beam A-2. Considering that crack spacing was similar for all tested beams and equal
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approximately to about the stirrup spacing (100 mm), outcomes provided by Group A
beams suggest that the capability of the externally bonded SRP to reduce crack width and
to stiffen the member in the pre-yielding phase is strongly dependent on the width of the

external reinforcement rather than on its sectional area (Ceroni et al. 2004);

By doubling the width of the 3X2 steel tape the ultimate strength increased by about 40%
(A-2 vs. A-1), while the ultimate deflection was quite similar. When the same area
increase was achieved by doubling the number of plies rather than width (Beam A-3), the
strength increased only by about 16% compared to Beam A-1 due to a high concentration
of interfacial stresses; the ultimate deflection was about 28% lower due to a lower
stiffening effect already observed in the pre-yielding field. Overall, if compared to beam
D the 3X2 steel tape provided increases of the ultimate strength ranging between 75%
(A-1) and 145% (A-2), even though the ultimate deflection had reductions ranging
between 25% (A-1) and 46% (A-3);

No significant stiffening was provided by the 12X steel tape installed on Beams B-1, B-2
and B-3 with epoxy and cementitious grout in the pre-yielding field; the load-deflection
behavior of Beam B-4 appeared slightly stiffer than Beam D after a load of about 25 kN.
Such result suggests that the structure of the 12X tape makes it less stiff than 3X2 and its
effectiveness in reducing crack width (Ceroni et al. 2004) and stiffening the flexural

element is negligible;

The epoxy resin impregnation made Beam B-1 able to withstand ultimate load and
deflection about 23% and 53% larger than those seen in equivalent Beams B-2 and B-3
bonded with cementitious grout, respectively. In order to attain with cementitious grout
the strength provided by epoxy resin, it was necessary to double the area of 12X tape
(Beam B-1 vs. B-4); however, the ultimate deflection of Beam B-4 was 48% smaller than
that of B-1. The use of nail anchors to improve the bond of the 12X tape was not
effective in terms of strength, even though the ultimate deflection of Beam B-3 was about
6.5% larger than that of B-2. If compared to beam D, schemes based on 12X tape
determined strength increase ranging between 46% (B-3) and 79% (B-1), with reductions
of ultimate deflection ranging between 13% (B-1) and 55% (B-4).
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e The installation of CFRP affected the stiffness of strengthened beams and this was
confirmed also by crack width trends (Ceroni et al. 2004). By doubling the area of
CFRP, the ultimate strength of Beam C-2 was about 39% higher than that of C-1; the
ultimate deflections were almost identical. If compared to Beam D, the CFRP
reinforcement allowed boosting the strength by percentages ranging between 95% and

173%:; a reduction of ultimate deflections of 45% was measured for both C-1 and C-2.

The effectiveness of different strengthening solutions can be assessed by comparing flexural

members with similar peq and considering that:

e Slopes of load-deflection curves of Beams A-1, B-1, B-2, B-3 and C-1, characterized by
Peq ranging between 0.65 and 0.69, are very similar up to yielding of the tensile bars.
Tape 3X2 impregnated with epoxy (A-1) was more effective in delaying the first
cracking compared with the CFRP laminate (C-1). Tape 12X impregnated with epoxy
(beam B-1) or with cementitious (B-2 and B-3) did not increase the cracking load of the
unstrengthened Beam D. Load-deflection branches between first cracking and steel
yielding of Beams A-1 and C-1 are almost identical; a comparison highlights that both
were stiffer than B-1, B-2 and B-3. It was also observed that Beams A-1 and C-1
provided almost equal average crack widths and were more capable to reduce crack
widths than the other three equivalent Beams (Ceroni et al. 2004). The yielding of the
steel bars for Beams A-1, B-1, B-2 and B-3 occurred at similar loads and deflections
(Table 11). The yielding load of Beam C-1 was higher by about 29% and corresponded
to a similar deflection. Branches of load-deflection curves after steel yielding are
approximately parallel, except for Beam C-1 that was stiffer. If impregnated with epoxy,
the 12X tape allowed Beam B-1 to attain a ultimate deflection about 18% larger that A-1
even though both provided the same strength; when it was impregnated with cementitious
grout (Beam B-2) or eventually nailed (Beam B-3) such tape provided ultimate strength
and deflection about 16% and 23% smaller than those attained by beam A-1. The
stiffness of the CFRP laminate higher than that of the SRP laminate (resulting in a post-
yield slope of C-1 steeper than that for A-1 as depicted in Figure 9 and Figure 11)
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allowed Beam C-1 to attain an ultimate strength about 12% larger than A-1, even though
its ultimate deflection was 26% smaller;

By comparing the slopes of load-deflection curves of Beams A-2, A-3, B-4 and C-2
(characterized by peq ranging between 0.72 and 0.79) it is observed that Tape 3X2
impregnated with epoxy (A-2 and A-3) was very effective in delaying the first cracking;
the CFRP reinforcement had some influence on cracking initiation (C-2), which was not
affected by the installation of tape 12X impregnated with cementitious and anchored with
nails (B-4) (Table 11). Slopes of branches between first cracking and steel yielding
highlight a stiffening effect which was maximum for Beams A-2 and C-2, decreased for
Beam A-3 and was not observed in the case of Beam B-4. Such trend was confirmed also
by a comparison in terms of capacity of the externally bonded system to reduce crack
widths (Ceroni et al. 2004). Yielding of steel bars for Beams A-2, A-3 and B-4 occurred
at similar loads and deflections (Table 11). The yielding of Beam C-2 occurred at load
and deflection about 41% and 15% higher, respectively. Branches of load-deflection
curves after steel yielding are about parallel for Beams A-2, A-3 and B-4; Beam C-2
provides a stiffer trend that could be partially due to the slight difference of peq with
others (Table 11). The lower bond performance of the cementitious grout affected the
strength of Beam B-4 which was 71% and 86% that of Beams A-2 and A-3 bonded with
epoxy resin, respectively. Its ultimate deflection was 65% and 85% that of A-2 and A-3,
respectively. The influence of stress concentration that limited the ultimate performance
of A-3 (two plies) if compared to A-2 (one ply) was already discussed. Beam C-2
provided a strength 11% higher than A-2 with a ultimate deflection 23% smaller. Beams
A-2 and C-2 exhibited ultimate strength in the order of 82% and 91% that of Beam U
even though their peq was about equal to 49% and 52% that of Beam U, respectively.
These data have particular relevance if one considers that for both A-2 and C-2 the full
capacity of the cross-section was not exploited due to debonding of the externally bonded
reinforcement. In terms of ultimate deflections, Beams A-2 and C-2 attained values

equal to 1.26 and 0.98 times that provided by beam U, respectively (Table 11).
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5.8 Conclusions
The laboratory investigation presents an experimental study aimed at assessing the potential of

SRP to provide a strengthening system alternative to traditional techniques and to FRP laminates.
SRP-based solutions utilize improved traditional materials (steel and cementitious grout). This
could be advantageous over FRP and overcome its problem areas such as high cost of
constituents (fibers and epoxy matrix), fire resistance, low confidence and experience with non-
traditional materials, and incompatibility with mechanical anchorages due to stress

concentration.

Experimental tests were conducted in order to assess the structural effectiveness of SRP and
evaluate the influence of epoxy versus cementitious matrix; the possibility of using nail anchors
to improve the bond of steel tapes impregnated with cementitious grout was also verified. The
performance of seven SRP reinforced beams were compared to that of unstrengthened and FRP

reinforced beams. This preliminary analysis of test results underlined that:

e Strength increases provided by SRP bonded with cementitious grout were smaller than
those obtained using epoxy. CFRP was more effective than epoxy bonded SRP in terms
of strength; the trend was inverted in terms of ultimate deflections. Compared to the
unstrengthened beam, SRP allowed attaining strength increases ranging between 46%
and 145%, while reductions of ultimate deflections ranged between 13% and 55%. A
comparison between beams with equivalent reinforcement ratio highlights that epoxy
bonded SRP tapes provided ultimate strength about 10% smaller than CFRP with

deflections about 24% larger.

e The epoxy resin was more effective than the cementitious grout in engaging the concrete
substrate; regardless of the type of matrix (epoxy or cementitious), the behavior of
equivalent (same area of external reinforcement) SRP strengthened beams was similar up
to yielding of the internal steel. At ultimate, the epoxy SRP ultimate strength and mid-
span deflection were about 23% and 53% larger than those corresponding to the SRP

impregnated with cementitious grout.

e The nail anchors did not improve the performance of the SRP impregnated with
cementitious grout. The lack of transverse link in the steel tape did not allow distributing
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the local stress concentration at anchor location; this determined the local bearing failure
of nails that were unable to improve the bond and delay tape debonding.

The 3X2 tape affected the global stiffness of strengthened beams and this effect was
dependent on the width rather than on the area of the bonded tape. The different
macrostructure made the 12X tape unable to provide any stiffening effect. Such trends
were confirmed by recorded widths of cracks, whose spacing was very similar for all

tested beams.

Strains recorded at failure on the externally bonded reinforcement in the constant moment
region indicated that interfacial issues and their influence on failure modes are mainly
dependent on the matrix (i.e., epoxy versus cementitious) rather than on the type of fiber
(steel versus carbon). Strain values were consistent when epoxy was used to bond the
3X2 tape (Type A beams), the 12X tape (Beam B-1) and CFRP (Type C beams); average
values of about 0.010, 0.007 and 0.006 were found for one, two and three plies,
respectively. When the SRP was bonded with the cementitious mortar (Beams B-2, B-3
and B-4), those values were in the order of 0.006 and 0.005 for one and two plies,
respectively. These trends confirm that when the cementitious mortar was used the
debonding occurred earlier compared with the epoxy resin as it was highlighted by the
different engagement on the concrete substrate after failure. These data will provide an
important background for the extension of design criteria developed for FRP laminates to

the case of SRP tapes bonded with either epoxy resin or cementitious mortar.

Laboratory outcomes confirmed the effectiveness of SRP for the flexural strengthening of
RC members. Even though smaller than CFRP, strength increases provided by SRP were
significant if compared to upper limits that the strengthening design needs to respect in
compliance with ACI 440 (2002) guidelines. Epoxy bonded SRP performed better than
FRP in terms of ultimate deflection; this could be very important especially for structures
that require a high displacement capacity. Overall, SRP strengthening systems appeared
to be a promising technique that could be alternative to FRP when durability is not a
critical requirement, even though more research is needed on this aspect. The system

could be further optimized by improving the bond of the cementitious grout and by
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developing effective mechanical anchorages able to prevent or delay delamination. The
experimental results presented in the paper could represent a first step for the
development of code recommendations for the design of flexural strengthening of RC

structures using SRP.
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6 FIELD TESTING

6.1 Introduction
The opportunity for experimenting this new material in the field, became available in the winter

of 2003 when the City of Bloomington, Indiana, decommissioned an existing parking garage
near the downtown area, built with double-T PC beams. The concrete repair contractor,
Structural Preservation Systems, Hanover, MD, strengthened in flexure the bottom stem of
several double-T beams with with epoxy-based SRP. In the followings are reported the
experimental as well as analytical results of tests to failure conducted on three beams: a control
specimen, a beam strengthened with one ply of SRP and a third beam strengthened with two
plies of SRP anchored at both ends with U-wraps.

6.2 Experimental Program

6.2.1 Building Characteristics
The parking garage used for the tests was a two storey structure constructed in the 1980s (see

Figure 17). It consisted of a reinforced concrete (RC) frame, cast in place columns and precast
reversed-T PC beams, supporting double-T PC beams, of span length varying from 4.66 m (15.3
ft) to 13.41 m (44 ft).

a) Side View of Parking Garage

b) Top View of the Deck
Figure 17— Bloomington Parking Garage



Since no maintenance or construction records were available for the materials and the layout of
the prestressing tendons, a field investigation was carried out. Based on the survey, it was
determined that the double-T PC beams were of type 8DT32 according to the Prestressed
Concrete Institute (1999) specifications (see Figure 18) with concrete topping of 76 mm (3 in),

and with an arrangement of the tendons different from current specifications.

Topping of
cast in-place
concrete

76

T

248 305 _
813
889

121

Figure 18 — Double-T Geometry Details (SI units 1 mm = 0.039 in)

For the span of 4.66 m (15.3 ft), two straight 7-wire strands were found in each stem, each with a
diameter of 12.7 mm (0.5 in), corresponding to an area of 112 mm? (0.174 in?), the first at 248
mm (9.75 in) from the bottom of the stem and the second spaced 305 mm (1 ft) from the first one
(see Figure 18). No mild reinforcement was found at any location. Welded pockets, connecting
two adjacent beams, were positioned every 910 mm (3 ft) at a depth of 76 mm (3 in) from top
surface. Concrete properties were evaluated using three cores taken from three different beams
at the location of the stem and an avarage concrete cylinder strength of f;’=34 N/mm2 (f.’=5000
psi) was found and its module of elasticity was determined according to ACI 318-02 Section
8.5.1 provisions (see Table 15). The strands properties were assumed to be conventional 1861
MPa (270 ksi) strength and summarized in Table 15.

Table 15 - Properties of Construction Materials

Cylinder Compressive Yield Rupture Elastic 7 wire Tendon
Material Strength, Strength Strength modulus® Cross Section, Ap
MPa (psi) MPa (ksi) MPa (ksi)  MPa (ksi) mm? (in?)
® ) ) 27,600 i
Concrete 34.4 (5,000) (4,000)
1862 200,000
Steel - 1585 (230) (270) (29,000) 112 (0.174)

@ Average of 3 specimens [76.2 mmx152.4 mm (3 inx6 in) cylinders].

@ E:=4700,/f, ACI 318 Section 8.5.1
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6.2.2 Specimens and Installation of Steel Reinforced Polymer
A total of three double-T PC beams were tested (see Figure 19): beam DT-C is the control beam,

beam DT-1 represents the beam strengthened with one ply of SRP and DT-2U the one
strengthened with 2 plies of SRP anchored with SRP U-wraps.
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a) Saw-Cut Marks on Top of Deck b) Plan View
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d) Beam Strengthened with 2 plies + U-wrap (DT-2U)
Figure 19 — Test Beams (S/ units 1 mm = 0.039 in)

The epoxy resin for both strengthened beams was SikaDur Resin 330 (Sika 2005). Table 16
reports the resin properties supplied by the manufacturer and verified by testing according to
ASTM D 3039 standards during the characterization laboratory work. The choice of the resin
was based on constructability so that it could be rolled onto the surface for overhead
applications, while having enough consistency, even before curing, to be able to hold the weight

of the steel tape during cure.
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Table 16 - Mechanical Properties of Epoxy Resin
Ultimate Rupture Tensile Modulus of

Tensile Strength,

Matrix . Strain &%, Elasticity,
MPa (psi) (mm/mm) MPa (ksi)
SikaDur 330® 30 (4350) 15 3800 (551)

Dvalues provided by the manufacturer (Sika, 2002)

The tape was medium density consisting of 6.3 cords per cm (12 WPI), with material properties
defined in Table 17.

Table 17 - Material Properties of Steel Tape

Cord Area Cords Nominal Tensile LF:IJIT::: Tensile
Cord per 12 or cm Thickness®,  Strength St?’ain Modulus of
Coating Wires, P (i) tsrp fru srp» c Elasticity,
2 (in?2 ; A ; fu_SRP :
mm- (in%) mm (in) MPa (ksi) (mmimm) GPa (ksi)
0.396 3.7 0.148
Brass (0.000615) (9.5) (0.0058) 3070 (447) 0.0167 184 (26700)

@ The nominal thickness has been computed assuming the area of each cord and counting the number of cords in
each ply, reported in cords per cm

The typical stress-strain diagram for an impregnated medium density tape, tested following the
ASTM D 3039 recommendations, is reported in Figure 20 (properties based on steel net area).
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Figure 20 — SRP Laminate Stress vs Strain Behavior

SRP was installed following the reccomendations of ACI 440.2R-02 (ACI 440) provisions for

FRP materials. The sequence of installation steps is reported in Figure 21. The bottom stem of
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the double-T beams was first abrasive-blasted to ensure proper bond of the SRP system. With
the surface roughened and cleaned, the first layer of epoxy was directly applied (see Figure 21b),
without primer coating. The steel tape was cut to length of 4.57 m (15 ft) and width of 102 mm
(4 in), covering the bottom of the stem length and width entirely. A rib-roller was then utilized
to press onto the tape to ensure epoxy impregnation and encapsulation of each cord and allow
excess resin to squeeze out. The excess resin was spread with a putty-knife to create an even
surface (see Figure 21c) and a synthetic scrim was applied to avoid any dripping of the resin (see
Figure 21d). For the two ply application, once the first ply was in place and the excess resin
leveled, the second ply was installed, following an identical procedure. This time the ply started
152 mm (6 in) away from the terminations of the first ply, making it 4.27 m (14 ft) long. To
provide a mechanical ancorage for the two longitudinal plies, an SRP U-wrap 914 mm (3 ft)
wide was installed at both ends of the stems (see Figure 21e). Due to the stiffness of the steel
tape, pre-forming is done with a standard sheet metal bender before installation. For this reason,
the U-wrap was obtained by overlapping two L-shaped wraps.

Out the Resin Excess

.

d) Application of Scrim on
Longitudinal Ply

e) Application of U-Wraps /) Application of Epoxy on U-Wrap
Figure 21 — SRP Installation Procedure
6.2.3 Test Setup and Instrumentation
The experimental setup is shown in Figure 22a and Figure 22b. The beams were tested under
simply supported conditions and subject to a single concentrated load spread over both stems at

mid-span, that is, 3-point bending at mid-span (see Figure 22c).
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Load Cell
Hydraulic Jack

Spreader Steel beam Saw cut
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: [T __TT 17

) Top View i ¢) Cross Section at Mid-Span
Figure 22 — Test Set Up

All three tests were conducted using a close-loop load configuration, where no external reaction
is required. The load was applied in cycles by one hydraulic jack of 890 kN (200 kip) capacity
connected to a hand-pump. The load was transferred to the PC beam in two points through one
spreader steel beam (see Figure 22b). The reverse-T PC-Ledger beams, on which the double-T
beam rests, supplied the reaction. As the hydraulic jack extended, it pulled on the high-strength
steel bars, which lifted the reaction bailey-truss below. The reaction truss was built with three
bailey-truss frames 6.09 m (20 ft) long assembled as per manufacturer’s specifications (Mabey
Bridge and Shore, Baltimore, MD), and properly designed to carry the test load (see Figure 22a).
Plywood was placed at each contact point to protect the concrete. The load was measured using
a 890 kN (200 kip) load cell placed on top of the jack (see Figure 22c). The preparation work
consisted of drilling one hole of small diameter (~50 mm (2 in)) necessary for passing the high-
strength steel bar through the flange of the double-T PC beam and isolating each test specimen

from the adjacent beams originally joined by the welded-pockets.
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An electronic data acquisition system (see Figure 23a) recorded data from four linear variable
differential transducers (LVDTs) and two electrical strain-gages applied to the SRP in beams
DT-1 and DT-2U. Two LVDTs were placed at mid-span (see Figure 23b), and the remaining
two LVDTs, were placed under the reverse-T ledger beams to verify potential support
settlements.  Strain gages were installed at mid-span on the bottom flange of the two
strengthened double-T beams, directly onto the SRP material.

a) Data Acquisition System b) LVDT Locations
Figure 23 — Installed Instrumentation

6.2.4 On-Site Safety

Safety procedures were adopted during the performance of the tests. The parking garage areas
affected by each test were fenced and no one allowed within such areas. Shoring was provided
and designed to carry the weight of the beam tested (multiplied by a safety factor equal to 2.0 to
account for impact) and the additional weight of the testing equipment. Shoring was not in direct
contact with the beam stems to allow unobstructed deflection.

Table 18 - Beam Test Results
Load SRP Strain

Failure load

Beam KN (Kip) ?ﬁgig;g 6:; Fai:Uer)e Failure Mode
'SRP \m
DT-C 344 (77.4) 1 - Rupture of Lower Tendon
DT-1 387 (87) 1.12 12280 SRP Delamination
DT-2U 434 (97.6) 1.26 6400 Rupture of Lower Tendon

6.3 Results and Discussion
All beams failed in flexure and had a similar behavior up to the cracking load. Beam DT-C

failed due to fracture of the lowest tendon. In beam DT-1, since the SRP ply was not

mechanically anchored, failure was dictated by peel off of the ply from each stem almost
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simultanuously. Beam DT-2U, strengthened with two anchored plies per stem, failed due to

rupture of the lower tendon. Table 18 reports the test results.
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In beam DT-C flexural cracks were concentrated in the mid-span region where the point load
was applied. As soon as cracking occurred, since no mild reinforcement was present and
tendons were placed far away from the bottom of the stem, cracks developed throughout the
entire stem. In beams DT-1 and DT-2U a similar behavior occurred with the difference that the
presence of the SRP allowed the formation of additional flexural cracks (see Figure 29). In beam
DT-1 the SRP laminate started debonding at mid-span initiated by the widening of mid-span
cracks (see Figure 29a) and then progressed towards the supports (see Figure 29b). Complete
detachment of the laminate occurred at one end of the beam with part of the concrete substrate
attached to the laminate, denoting a good interface bond between the concrete and the SRP. In
beam DT-2, SRP could not completely peel off due to the presence of U-wraps. Delamination
propagated from mid-span towards the supports similarly to Beam DT-1, until rupture of the
lower tendon occurred and immediately followed by SRP rupture exactly at the location where

the SRP U-wrap started. No shear cracks were noted on any of the three beams.

a) Crack Propagation Prior to Complete Peeling ») Debonding Propagation from Mid-Span
Beam DT-1

¢) SRP Rupture

Beam DT-2U
Figure 29 — Failure Mechanisms in Strengthened Beams
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Figure 24 through Figure 26 shows the Load-vs-mid-pan Deflection curves for all three beams.
The capacities of beams DT-1 and DT-2U increased approximately 12 and 26% with respect to

the control specimen DT-C.

Figure 27 and Figure 28 report the Load-vs-Mid-Span Strain responses for beams DT-1 and DT-
2U. Two distinct phases, pre- and post-cracking, characterize the behavior of each specimen.
Up to cracking there was practically no strain in the SRP. Past the cracking load, the presence of

the SRP significantly affected performance.

Beam DT-C (see Figure 24) cracked at a considerably lower load (250.8 kN (56.4 Kip)), with
respect to the other two strengthened specimens. The occurrence of the first crack, at mid-span
only, corresponds to the load drop in the Load-vs-Displacement plot. Upon unloading, the beam
remained almost perfectly elastic, recovering almost all deflection. At the third loading cycle the
lower strand suddenly fractured at a load of 344.3 kN (77.4 kip).

For beams DT-1 and DT-2U the cracking load increased of approximately 23% and 17% with
respect to DT-C (see Figure 25 and Figure 26). The lower cracking load for DT-2U may be

explained by the fact that the beam had been previously repaired by means of epoxy injection.

Beam DT-1 reached the peak load of 387 kN (87 kip) and held it constant with increasing
deflection, while SRP progressively delaminated from mid-span towards the support. The strain
profile reported in Figure 27 shows how the SRP was not engaged until cracking occurred and as
soon as the first crack opened at mid-span, the SRP bridged the crack and strain suddenly
increased to approximately 5500 me (strain-gauge was placed at mid span where the first crack
occurred). The maximum strain recorded in the steel tape (12300 me), prior to complete peel-
off, shows how the material was well bonded to the concrete substrate. The ductility reported in
the load-deflection curve, is the result of the slow peeling propagation rather than to the yielding
of the reinforcing steel tape itself. Figure 25 shows infact an almost elastic behavior till rupture
of the SRP laminate.

Past the cracking load (Figure 26), beam DT-2U behaved almost linearly, although with a lower
stiffness, until it reached the load of 400 kKN (90 Kkip) then, stiffness decreased significantly till
the peak load was reached. When the load of 434 kN (97.6 kip) was reached, the lower tendon
ruptured and a sudden drop in the load-deflection curve was recorded. The strain in the SRP

material at time which the tendon ruptured was 6400 me. At this stage, once the lower tendon
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ruptured, the SRP laminate was completely debonded except for the region where anhoring was
provided by the U-wraps. The test was continued untill suddenly the SRP laminate ruptured at
388 kN (87.2 kip). The strain recorded in the SRP laminate at failure was 12000 me, similarly

the values attained in beam DT-1.

6.4 Analytical approach
The conventional analytical approach outlined in ACI 318-02 (2002) was used in conjunction

with ACI 440 provisions to compute the ultimate capacity of the beams without considering

safety factors normally included in design.

The SRP behavior was approximated as illustrated in Figure 20 and the values used for f; szp

,€s,_srp,and Esgp are reported in Table 17.

The moment capacity M,, inclusive of the SRP strengthening, can then be computed following
ACI 440 provisions, using the appropriate equations to compute g and b; (Todeschini et al.
1998) so that a rectangular stress block suitable for the particular level of strain in the concrete

could be used, as (see also Figure 30):

Bic Jixg Jixg
MnfSRP = ApB pB (de _Tl + ApT pT de _71 + ASRPffestP h _71 (11)

where the first two terms of the equation represent the existing prestress steel reinforcement,
with the index pB and pT indicating the contribution of the bottom and top tendons, and
assuming the following:

o total losses in the prestress tendons : 30%

e in-place moment, prior to testing, only due to beam self weight .
The third term, of Eq.(11), represents the SRP contribution with the following assumptions being
made:

e the area of SRP is computed as:

Agep =n (tSRP ) WSRP) (12)

where the n represents the number of plies, zszp the thickness of one ply (obtained by
multiplying the area of one cord per the number of cords in the installed ply and dividing
by the width of the ply) and wsgp the width of the ply;
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e the k, bond reduction factor used to compute the effective stress in the SRP, has been

computed according to ACI 440 provisions, using Sl units, as follow:

K, = 1 11- NE suplsrp <0.90 (13)
60s ;, srp 360,000

being nEg,ty,, <180,000 for both beams DT-1 and DT-2U.
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Figure 30 — Strain and Stress Distribution Across Beam Depth

Table 19 reports on the analytical results. As reported in the second column, none of the tested
beams reached the ultimate compression strain of e.,-0.003. Beam DT-C was found to fail in
tension due to rupture of the lower tendon, as found experimentally, with a strain in the lower
tendon of e,5:0.023 and the ultimate failure load was found to be less than the experimental by
only 2%. Both Beam DT-1 and DT-2U were found to fail due to attainment of the effective SRP
strain value, that were 0.0149 and 0.0139 for beams DT-1 and DT-2U respectively. Even though
the experimental and analytical capacity values are very close, a convincing and ehaustive
calibration of the £, factor and the corresponding delamination need to be undertaken in order to
validate these findings.
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Table 19 - Analytical Beam Results at Ultimate

Neutral Effective ot
. . Top Bottom Existing M
Concrete Axis Stress in the K SRP n P .
. Tendon  Tendon Substrate . - u _
Beam Strain  Position  Tendons after  train Strain BOF}d Strain  otrain (:i:\rl)_:;) kN F&'cl)lé';e F;‘EEX/’:”':“?”‘T'
& C ) LOSSES' e e Factor & Esrp (kip) u-Analytica
mm (in) MPa (ksi) pB pB i
Attainment
21.08 * * * 393 337 of Limit
DT-C 0.0010 (0.83) 0.012 0.0230 N/A N/A N/A (290) (75.8) Tendon 0.98
Strain
1303 (189) .
DT-1 00006 48 00053 00106  0.900 00149 %4 389 Aftainment 1.00
(1.37) 10,0001 (335) (87.5) of SRP
DT2U 00006 03 00049 00009 0882 oolz9 518 e  Effective 102
' (1.47) ) ' ' ' (380) (99.4)  Strain Limit '

“N/A = Not Applicable

WDetermined from an elastic analysis considering only the self weight of the beams, at time of SRP installation



6.5 Conclusions
The following conclusions may be drawn from the field experimental program:

SRP composite materials have shown to be effective in increasing the flexural capacity of the
double-T PC beams.

End anchors in the form of SRP U-wraps have shown to be effective by preventing a
complete detachment, once debonding has occurred throughout the concrete-SRP interface.
SRP is similar to FRP in terms of ease of installation, although self weight should not be
ignored when selecting the resin system in overhead applications.

Epoxy resin well behaved in bonding the steel tape to the concrete substrate.

The analytical validation, using ACI 440 provisions has proven to be effective in anticipating
the ultimate capacity, although further investigation in a controlled laboratory environment is
need to properly calibrate the %,, bond factor.
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