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Recently, the use of Mechanically Fastened Fiber-Reinforced Polymer (MF-FRP)
systems has emerged as a viable means for flexural strengthening of reinforced concrete
members. The technique is suitable for emergency repairs where constructability and
speed of installation are critical requirements. The MF-FRP system consists of pre-cured
FRP laminates with enhanced longitudinal bearing strength that are attached to the
concrete substrate by means of mechanical steel anchors. This research project presents
an experimental investigation comprising a series of flexural tests on scaled one-way RC
slabs. The test matrix includes MF-FRP strengthened specimens, a counterpart with the
externally bonded (EB) FRP reinforcement, and a control specimen. The effects of
fastener layout and laminate length on strength increase and failure mode were studied. It
is shown that with proper selection of fastener layout the MF-FRP system results in a
significant deformability and strength increase, where the latter is comparable to that
attained using EB-FRP sheets. Specific gaps on the existing analytical procedures for

flexural strengthening with MF-FRP systems are finally discussed.
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CHAPTER 1
INTRODUCTION
1.1 GENERAL

Over the past decade, the demand for strengthening existing reinforced concrete (RC)
structures is significantly increased. Nowadays, there is a pressing need for upgrading the
bridge infrastructure built between the 1930 and 1970 in the United States, predominantly
due to maintenance and construction-related deficiencies, materials deterioration and
demand for higher permissible overloads.

Recently, the use of fiber-reinforced polymer (FRP) materials for the repairing and
strengthening of structures has emerged as one of the most promising technologies for
structural application and is expected to increase significantly in future. Applications of
FRP composites in civil and infrastructure engineering include both internal and external
reinforcement for concrete and structural elements (Bakis et al. 2002; Teng et al. 2002).

Most current work related to the flexural strengthening of RC structures with FRP
materials entails the use of FRP laminates adhesively bonded to the concrete substrate
(Triantafillou and Matthys 2001) or FRP rods embedded into grooves cut in the concrete
cover (De Lorenzis and Nanni 2001; De Lorenzis and Teng 2007). The feasibility of
these two techniques, often referred to as Externally Bonded (EB) FRP and Near-Surface
Mounted (NSM) FRP systems, respectively, is also evidenced by development of design
and construction guidelines recommended by the American Concrete Institute (ACI
2008a). However, part of the effectiveness of current strengthening systems is offset by
the need of time-consuming and labor-intensive operations to provide adequate

compatibility between FRP laminate and concrete substrate.



In the case of EB-FRP systems, prior to applying the FRP laminate, the concrete substrate
needs to be sandblasted, cleaned and smoothened, which may delays the immediate
availability of the strengthened structure (Stallings and Tedesco 2000; Hag-Elsafi et al.
2001). Furthermore, the bonded method is further constrained for immediate use by the
curing time of the polymeric adhesive, which is typically up to seven days. In addition,
since FRP bonded systems are susceptible to brittle failures of the strengthened member
by laminate debonding, mechanical anchorages may be used at the strip ends (Spadea et
al. 1998). In case of NSM-FRP systems, although the amount of site installation work
may be comparable to the EB-FRP method, concerns related to constructability such as
the possibility of damaging the existing steel reinforcing bars may still affect the
feasibility of this technique.

Recently, the use of Mechanically Fastened (MF) FRP systems has emerged as a
viable means for flexural strengthening of RC members (Lamanna 2002; Lamanna et al.
2001; Lamanna et al. 2004). The technique is suitable for emergency repairs where
constructability and speed of installation are critical requirements. In fact, unlike the
other two methods discussed, the MF-FRP system requires conventional hand-tools and
workmanship, entails minimal surface preparation and enables the immediate use of the
strengthened structure. The viability of this technology is corroborated by the increasing
number of field applications, often involving civil and military bridge structures (Arora
2003; Rizzo 2005; Bank et al. 2003). MF-FRP systems are also being studied for

increasing the flexural capacity of timber members (Dempsey and Scott, 2006).



The MF-FRP system covered in this thesis consists of pre-cured FRP laminates with
enhanced longitudinal bearing strength that are attached to the concrete substrate by
means of mechanical steel anchors.

Considerable research has been performed to characterize materials and strength
properties of FRP laminate/steel fastener connection (Lamanna 2002; Rizzo 2005; Rizzo
et al. 2005a). Experimental tests have been carried out on rectangular members as well as
on RC T-beams (Lamanna et al. 2004) in order to investigate structural performance.

More work is needed to quantitatively characterize relevant parameters affecting the
response of the connection concrete-fastener-FRP laminate, such as fastener typology,
fastener layout and length of FRP laminate, to establish analytical tools, and to eventually
develop design guidelines.

This research project presents an experimental investigation comprising a series of
flexural tests on scaled one-way RC slabs. The test matrix includes MF-FRP strengthened
specimens, a counterpart with externally bonded FRP reinforcement, and an
unstrengthened (control) specimen. The effects of fastener layout and laminate length on
strength increase and failure mode were studied. It is shown that with appropriate
selection of fastener layout the MF-FRP system results in a significant deformability and
strength increase, where the latter is comparable to that attained using EB-FRP sheets.
Specific gaps on the existing analytical procedures for flexural strengthening with MF-
FRP systems are finally discussed.

1.2 SIGNIFICANCE
Constructability and emergency repair are the key factors for strengthening RC

members with MF-FRP laminate. However, the implementation of the technology is still



limited compared with other methods of flexural strengthening such as EB-FRP and
NSM-FRP systems. Knowledge gaps result in the incomplete understanding of
parameters affecting the performance of the connection concrete-fastener-FRP laminate
and in the unavailability of efficient design procedures.

Concerns are also related to the occurrence of brittle failure modes for members
strengthened with the MF-FRP system if appropriate selection of fastener typology,
fastener layout and minimum edge distances of the fasteners is not addressed. Also, cost-
effectiveness requirements call for analytical procedures for flexural strengthening with
MF-FRP laminates that optimize the design with respect to the amount of composite
materials used, as well as installation work.

The research project presented in this thesis preliminarly addresses these gaps
investigating the influence of relevant parameters such as fastener layout and length of
reinforcing FRP laminate on the structural efficiency of the MF-FRP system. In addition,
issues raised by the use of existing design procedures are discussed and recommendations
for future work are made.

1.3 OBJECTIVES

The objectives of the research project reported in this thesis are as follows:

a) investigate the effectiveness of using MF-FRP laminates for flexural strengthening

of RC members compared with the EB-FRP laminates;

b) study the influence of fastener layout and length of reinforcing FRP laminate on

the structural performance of the MF-FRP system;

c¢) investigate the influence of fasteners spacing in increasing the deformability of

members strengthened with MF-FRP laminates;



d) verify the efficiency of existing design procedures in predicting flexural response.
1.4 SCOPE OF RESEARCH

The scope of work for the research stated is as follows:

1. Background investigation. An accurate study on the existing knowledge of MF-
FRP systems was required in order to understand the critical aspects related to the use of
this technology. Such investigation primarily included: FRP laminate and fastener types
that have been studied for MF-FRP applications; behavior of FRP-fastener-concrete
connection; analysis of the existing design procedures for predicting the flexural capacity
of RC members strengthened with MF-FRP laminates.

2. Experimental program. The understanding of critical issues raised by the use of
MF-FRP systems was the key for the definition of the test plan. The strength models
available in the technical literature were used for design of specimens in order to
investigate the agreement between experimental results and analytical predictions.
Understanding of possible failure modes of the MF-FRP connection was the critical issue
for the selection of limiting strains for FRP laminate. Appropriate selection of fastener
layouts and length of reinforcing FRP laminate was needed in order to investigate the
capability of preventing undesired brittle failure of the MF connection and increasing the
deformability of the system. The test matrix included four MF-FRP strengthened
specimens, one counterpart with an externally bonded FRP sheet, and one control
specimen.

3. Testing of scaled one-way RC slabs. Testing was carried out at the Structural Lab
of the Department of Civil, Architectural and Environmental Engineering at the

University of Miami, Coral Gables, Florida. The specimens were tested under load



control in four-point bending using a 120 kip (533 kN) hydraulic jack. Data collected
included applied load, displacements, strains in the concrete, internal steel reinforcement
and FRP laminate.

4. Analysis of test results. Comparisons in terms of strength and deformability
between the MF-FRP strengthened slabs and the control specimen, as well as the EB-FRP
strengthened specimen, were investigated. The overall performance of slabs strengthened
with MF-FRP laminates was shown to be a function of FRP laminate utilization, or the
ability of fastener pattern to transfer tensile forces into the FRP laminate. The analysis of
strain distribution in the FRP and steel was relevant to the qualitative characterization of
the slip occurring between the FRP laminate and concrete substrate. The comparison
between the experimental behavior and that assumed in existing models prompted the

existence of conceptual limitations related to the use of such models.



CHAPTER 2
LITERATURE REVIEW

2.1 OVERVIEW

This chapter presents an overview of existing knowledge on MF-FRP system for the
flexural strengthening of RC members. The literature review examines relevant aspects of
this technology in terms of materials used, installation procedures, behavior of MF-FRP
connections, and design procedures. The purpose of this review was to identify some of
the knowledge gaps that the study presented in this thesis attempted to address.
2.2 EXISTING KNOWLEDGE ON MF - FRP SYSTEM
2.2.1 FRP laminate

Unidirectional pultruded laminates currently used to be adhesively bonded onto the
concrete surface are not suitable to be mechanically attached with steel anchors. These
laminates are designed to have high modulus and strength in the longitudinal direction
and low mechanical properties in the transverse direction of the laminate. Consequently,
unless reinforcing fibers in the transverse direction of the laminate are inserted to provide
adequate bearing strength, the orthotropic nature of the material causes the splitting

failure of the laminate (Figure 2.1) when a fastener is driven through it (Lamanna 2002).

Figure 2.1 — Splitting Failure for exnstlng FRP Lamlnates (Lamanna 2002)
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Precured laminates commercially available for strengthening with MF-FRP systems
consist of a glass and carbon hybrid pultruded strip embebbed in a vinyl ester resin
(Figure 2.2). The one shown has thickness and width of 0.125 in (3.175 mm) and 4 in
(101.6 mm), respectively; the 4 in width is a suitable size for handling in the field.
Continuous glass fiber strand mats are used to provide transverse and bearing strength,
while 16-113 yield E-glass roving and 40-48k standard modulus carbon tows are utilized
to provide longitudinal strength and stiffness. Table 2.1 summarizes the properties of the

constituent materials (Arora 2003).

A6:113 HGhss
4 in (101.6 mm) wide e /Ing
425 gr (5 oz yMat' :

-

[ T
40-48KGratik Tow

s

ick
Figure 2.2 — Sample of laminate available for the MF-FRP system

Results on mechanical characterization of the FRP laminate in the longitudinal and
transverse direction are reported elsewhere (Arora 2003; Rizzo 2005; Rizzo et al. 2005a);
relevant considerations are summarized herein.

In the longitudinal direction, the behavior of the laminate under tensile load is linear

elastic up to failure. Figure 2.3 shows the typical failure observed during the tests; Table



2.2 reports the average values of mechanical properties in the longitudinal direction

obtained by Arora (2003) and by Rizzo (2005).

Table 2.1 — Properties of the components of the MF-FRP Laminate (Arora 2003)

Component Te;/lsélgu]i}:iﬁc S 'Cross Thickness™** [:TFl:nnslﬁtee
ectional Area Strength
ksi (GPa) in* (mm?) in (mm) ksi (MPa)
16-113 Yield E-glass Roving | 10500 (72.4) 0.00268 (1.73) - 500 (3448)
OO i | e | - | o
1.5 oz Continuous Strand Mat 1000 (6.90) - 0.029 (0.737) 50 (345)
Vinyl Ester Resin 490 (3.38) - - 11.8 (81.4)

*QObtained from manufactures data
** Mat thickness based on 80 psi (552 kPa)

Figure 2.3 — Typical failure under tensile test in longitudinal direction (Arora, 2002)

Open hole tensile tests in longitudinal direction evidenced that the presence of a hole
in a generic position along the width of the laminate does not significantly influence the

mechanical properties. As a result, the stress on the net area, the elastic modulus and the
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strain at failure can be assumed to be equal to the corresponding values found for full size
specimens without holes (Rizzo 2005); values lightly lower are indicated by Arora
(2003), although based on a limited number of tests performed on coupons having all the
same geometry. Table 2.3 reports the average values of mechanical properties found by

the authors; Figure 2.4 depicts the typical failure observed during such tests.

Table 2.2 — Results from tensile tests in longitudinal direction

Tests Failure Stress (ksi) Modulus of Elasticity (ksi)
Arora (2003) 122.4+11.2 88924765
Rizzo (2005) 136+16 95094853

Table 2.3 — Results from open hole tensile tests in longitudinal direction

Tests Failure Stress (ksi) Modulus of Elasticity (ksi)
Arora (2003) 639.6+48.6 88924765
Rizzo (2005) 898+17 10177£562

(1 ksi = 6.895 MPa)

Figure 2.4 — Typical failure for open hole tension tests (Arora 2003)

Bearing tests in the longitudinal direction of the laminate were performed in presence
of one or two holes by varying the hole size and the distance from the free edge; no
clamping pressure was applied on the contact area pin-FRP material (Table 2.4). The
maximum bearing strength does not depend on the pin size and the distance between the

hole center and the free edge in the direction normal to the applied load; however a
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minimum edge distance of 25 mm is required in the longitudinal direction to exploit the
full bearing capacity of the material. The bearing failure has been shown to occur through
buckling and brushlike failure with consequent delamination of the outer layers in the
material away from the contact area, and elongation of the hole (Figure 2.5).

Table 2.4 — Typical bearing failure observed

Tests No. of holes Bearing strength (ksi)
Arora (2003) 1 34.0
. 1 34.1£2.5
Rizzo (2005) 2 31.022.3

(1 ksi = 6.895 MPa)

)
Figure 2.5 - Typic!ul béari;lg failure (;i.)served (Arora, 2003)

Tensile tests performed in the transverse direction showed that the stress-strain
behavior of the laminate is not linear and does not depend on the material size; the stress-
strain curve is similar to a parabola with modulus at the origin equal to 7151 MPa (1037
ksi). The average values of the stress and strain at failure, based on coupons having
different widths, are equal to 65.6 MPa (9.6 ksi) and 13498 ue, respectively (Rizzo,
2005).

Results from bearing tests performed in the transverse direction of unconstrained
material showed that the bearing strength does not depend on the size of the hole but only

on the end distance. Both tension failure and bearing failure thus depend on the ratio w/¢

(= width of the laminate /diameter of the hole). Nevertheless, bearing failure in the



12

transverse direction is different from that observed in the longitudinal direction, due to
the particular stable configuration that the carbon fibers adopt by creating a natural bend
in the contact area against the pin, which increases the capacity until the final secondary
net-tension failure (Rizzo 2005). The maximum bearing stress in transverse direction was
estimated to be equal on average 160.1 MPa (23.2 ksi).

2.2.2 Anchors

Fastener types that have been investigated for the MF FRP systems include: power-
actuated fasteners (PAF), wedge bolts and wedge anchors (Figure 2.6). The PAF system
consists of pins embedded into base materials by means of a gunpowder charge. The
effects of fastener type, washer, diameter, length, embedment depth have been
investigated and discussed elsewhere (Lamanna et al. 2001; Lamanna 2001). Pre-drilling
holes in the concrete is strongly recommended in order to reduce detrimental cracking
phenomena. Adequate embedment of the powder actuated fastener is required in order to
secure the FRP laminate to the concrete; a minimum embedment of 1 in (25.4 mm)
beyond the pre-drilled hole and the use of 45 to 50 mm long fasteners are recommended
(Bank and Arora 2007).

The use of the PAF system is particularly suitable when the compression strength of
the concrete is less than 4000 psi (27 MPa). The presence of hard aggregates can prevent
the fasteners to fully penetrate the concrete substrate (Bank 2004). The PAF installation
requires times shorter than for wedge bolts and wedge anchors.

Wedge bolts are single-piece, heavy duty anchors that are driven into pre-drilled holes.
Driving of the wedge bolt can be performed with a common rotary drill or impact

wrench. As for the PAFs, the efficiency of wedge bolts is dependent on the presence of
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hard aggregates. Preliminary studies (Rizzo et al. 2005b) indicate that the use is not

recommended for concrete with compression strength greater than 4000 psi (27 MPa),

and with hard aggregates in the mix design.

=0

Power actuated nail

Wedge anchor

Figure 2.6 — Fasteners used for MF-FRP systems

In spite of longer installation times, wedge anchors can be used for any type of
concrete. Concrete wedge anchors are inserted into a hole predrilled into the concrete.
The anchors are the driven through the laminate into the hole until the nut and washer are
firmly secured against the laminate. The anchors are typically tightened by turning the
nut with an electrical drill with torque control, according to the specifications of fastener
manufactures.

Fasteners with a 3/8 in (9.525 mm) diameter are recommended for both wedge bolts
and wedge anchors. The use of washers is suggested to increase the bearing strength of
the connection, similar to the use of resin as a gap filler (Rizzo et al. 2005b).

2.2.3 Behavior of FRP-fastener-concrete connection
The behavior of MF-FRP connections is related to any of the components constituting

the connection, which are the concrete substrate, the fastener and the FRP material. As a
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result, failure modes can involve the concrete, the yielding/rupture of fastener, or the FRP
laminate.

The pryout or spalling of the concrete (Figure 2.7) depends on the local composition
of the concrete surface around the fastener. Once pryout failure develops, the fastener
rotates and the FRP laminate pulls it out of the concrete. Several factors promote the
initiation of the concrete failure, such as a fastener hitting a hard aggregate during
installation, low concrete strength, cracked concrete substrate conditions, short edge
distance that may cause spalling, and poor fastener embedment depth (Lamanna 2002;

Arora 2003).

Figure 2.7 — Concrete pryout failure

The fastener failure usually occurs for deep embedment length, low steel strength and
large edge distance (Rizzo 2005).

Four typical failure modes can involve the MF-FRP laminate (Figure 2.8): net-
tension, cleavage-tension (or block shear), bearing and shear-out (Camanho and
Matthew1997; Hassan et al. 1997a; Hassan et al. 1997b). The bearing failure is the most
desirable failure mode because the connection is able to maintain its strength until
significant levels of displacement (Lamanna 2002; Arora 2003). This failure is
characterized by crushing on the material around the bolt-contact area followed by

elongation of the hole. The other failure modes tend to develop in a more brittle fashion
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(Rosner and Rizkalla 1995). In particular, the net-tension failure is characterized by a
fracture in the reduced cross section through the bolt hole, perpendicular to the direction
of load. The cleavage failure consists of a crack parallel to the applied load that starts at
the edge of the composite and propagates toward the bolt hole, leading to the initiation of
other cracks across the net section due to in-plane stress. This failure mode is attributed to
a combination of shear and tensile stress in the material. The shear-out failure, considered
as a special case of bearing, is characterized by the formation of two cracks parallel to the

applied load that propagate from the bolt hole toward the free edge.

~ e N, S L~ S
~—O— 8
Net tension ~ Cleavage-tension  Bearing Shear-Out

Figure 2.8 — Typical failure modes of mechanically fastened connections in FRP



CHAPTER 3
EXPERIMENTAL PROGRAM
3.1 OVERVIEW
The experimental program consisted of six monotonic tests performed on RC one-
way slabs under four-point bending. Four slabs were strengthened with a MF-FRP
laminate, a counterpart was strengthened with EB-FRP laminate, while the remaining

was used as control specimen.

The specimens were 12 ft (3657.6 mm) long and had a cross section of 12 x 6 in
(304.8 x 154.2 mm); the clear span and the shear span were 10 ft (3048 mm) and 4 ft
(1219.2 mm), respectively. The flexural reinforcement consisted of three #4 (¢0=13 mm)
bars, resulting in a longitudinal reinforcing ratio of 0.98%; the slabs were designed such
that no shear reinforcement was required. A schematic of the loading arrangement is

depicted in Figure 3.1.
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Dimensions in ft (1 ft = 304.8 mm) Dimensions in inches (1 in = 25.4 mm)

Figure 3.1 — Details of test specimens
3.2 MATERIALS
The slabs were cast from a single batch of Type I portland cement concrete. The concrete
strength was determined at test-day by ASTM C39 compression tests on 6 x 12 in (152.4

x 304.8 mm) cylinders; a mean nominal value, f;, of 3900 psi (26.9 MPa) was found from

16
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all test specimens. Steel Grade 60 was used for flexural reinforcement, as currently
adopted for practical applications.

The precured FRP laminates used for the MF-FRP application were manufactured by
Strongwell, currently commercialized under the name SAFSTRIP®. The width and
thickness are 4 in (101.6 mm) and 0.125 in (3.175 mm), respectively. Powers Wedge
Bolts, 1.75 in (44.5 mm) long and 3/8 in (9.525 mm) diameter, were used to attach the
FRP laminate to the concrete members. In order to investigate the performance of RC
members strengthened with the most practical and simple fastening procedure, no
washers nor gap fillers (resin) were used. Figure 3.2 depicts the materials used for

strengthening with MF-FRP laminates.

SAFSTRIP® ' . IR SN e e e s

Bolt®

Figure 3.2 — Materials used for strengthening with MF-FRP system

Strengthening with the EB FRP system was performed by using MBRACE CF®130
unidirectional high strength carbon fiber sheets, 0.0065 in/ply (0.165 mm/ply) thick,
which were impregnated with MBRACE saturant (an epoxy encapsulating resin). A sheet

of 12 in (304.8 mm) width was used; no mechanical anchorages were used for this
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application. The mechanical properties of the strengthening materials, as provided by the

manufacturers, are listed in Table 3.1.

Table 3.1 — Manufacturer-reported FRP material and fastener properties

Properties

SAFSTRIP®
for MF system

MBRACE CF 130*
for EB system

Tensile strength

123 ksi (852 MPa)

550 ksi (3800 MPa)

Elongation at rupture %

1.36%

1.67%

Tensile modulus

9020 ksi (62190 MPa)

3300 ksi (227 GPa)

Clamped bearing strength

51. 0 ksi (351 MPa)

Unclamped bearing strength

31.0 ksi (214 MPa)

Open hole strength

94.6 ksi (652 MPa)

Allowable fastener capacity when embedded 1.5 inches (38.1 mm) in 4000 psi (27.4
MPa) concrete: Tension: 665 Ib (3.0 kN); Shear: 1220 1b (5.5 kN)**

*Design values suggested by the manufacturer
**Allowable values are computed with a safety factor of 4

3.3 PRELIMINARY DIMENSIONING AND STRENGTHENING LAYOUTS

The design of the five specimens strengthened with the MF-FRP system and the EB-
FRP system was based on an equivalent nominal flexural strength with failure governed
by crushing of the concrete after yielding of the steel reinforcement. A nominal strength
of the concrete f'. = 4000 psi (27.6 MPa) and a yielding strength of the steel
reinforcement fy = 60 ksi (413.7 MPa) were assumed in the design.

The design of the member strengthened with the EB system was performed by
following the provisions in ACI 440.2R-08 (ACI 2008a); in the analysis of the test

specimen, the strength-reduction factor ¢, the reduction factor ¥ for the flexural-strength
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contribution of the FRP, and the environmental reduction factor Cr were assumed equal
to 1.

The control specimen was designed according to ACI 318-08 (ACI 2008b)
provisions, with failure being governed by crushing of the concrete after steel yielding.

Finally, the members strengthened with the MF-FRP system were designed using
analytical models available in the technical literature (Arora 2003; Lamanna et al. 2004;
Bank and Arora 2007). More details are reported in the following section.
3.3.1 Existing models for members strengthened with MF-FRP system

The existing models are based on strain compatibility, equilibrium and constitutive
relations of the materials. For convenience of calculations, they assume no relative slip
between the concrete and the FRP laminate when the ultimate capacity is attained. This
implies that the strains in the internal steel reinforcement, in the concrete and the FRP can
be computed as proportional to the distance from the neutral axis, that is, a plane section
before loading remains plane after loading. These models predict with satisfactory
approximation the ultimate strength of MF-FRP strengthened beams; however, in such
procedures, design optimization and construction guidelines are not addressed. In
addition, the actual performance of a member strengthened with a MF-FRP system may
differ from the predicted response if some brittle failure modes of the connection are not
prevented. Also, if the failure modes of the mechanically fastened connections are all
taken into account (Bank and Arora 2007), the complexity of the analysis becomes the
main concern. As a result, there is a need of simplifying the analytical procedure that
only account for desirable failure modes of the FRP-fastener connection and prevent

some brittle behaviors that are undesirable. This can be pursued by selecting proper MF-
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FRP reinforcing configurations including fastener types, fastener layouts and minimum
edge distances.
3.3.2 Selected MF-FRP configurations

The selected configurations for a typical 4 in (101.6 mm) wide laminate are shown in
Figure 3.3. In each configuration, the FRP laminate, 0.125” (3.175 mm) thick, is
characterized by two staggered rows of holes. On each row, the holes are spaced 3 in
(76.2 mm) on-center. For the lower row, the first hole on the left is at an edge distance of
2.5 in (63.5 mm); while for the upper row, this distance is equal to 4 in (101.6 mm). Each
row is at a side distance of 1 in (25.4 mm). The vertical spacing between the rows is
equal to 2 in (50.8 mm) on-center. The staggered configuration allows for a better
exploitation of the laminate strength, reducing the shear lag occurring when a single row

of fasteners is used (Rizzo 2005).
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Figure 3.3 — Selected MF FRP fastener layouts
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Additionally, the staggered pattern allows for a greater distribution of forces across the
width of the strip (Martin and Lamanna 2008). The selected configuration is
characterized by two different fastener layouts, identified in Figure 3.3 as follows:

- Pattern No. 1: the number of fasteners is equal to the numbers of pre-dilled holes;

- Pattern No. 2: the fasteners are placed at every second hole.
The selected spacing and fastener layout are suitable for preventing:

- premature shear-out failure between fasteners when bearing occurred;

- concrete substrate failure (pry-out failure);

- cleavage failure.
In order to prevent the occurrence the first two failure modes, 3 in (76.2 mm) fastener on-
center spacing is the minimum recommended (Arora 2003; Martin and Lamanna 2008);
this is also the minimum value suggested by most fastener manufactures for
constructability issues. The brittle pry-out failure, typical when closely spaced fasteners
produce high stresses in the concrete substrate, may occur even if the amount of force per
fastener is below the limit that causes bearing in the FRP laminate. The overlapping of
cone-shaped failure surfaces originated in the concrete substrate when the fasteners are
mechanically attached, can cause delamination of the FRP strip. Tests performed by Bank
et al. (2002) on large T-beams with closely spaced fasteners have shown this failure
mode. In order to prevent the cleavage failure at the end fasteners, the edge distance of
2.5 in (63.5 mm) is the minimum value recommended by Lamanna (2002); additionally,
it is also a suitable distance for preventing premature shear-out failures in the FRP strip at
the end fasteners (Rizzo 2005). Similar considerations hold for different laminate

geometries and properties.
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3.3.3. Analytical procedure used for the design of MF-FRP specimens

The analytical procedure adopted herein for the prediction of the nominal flexural
strength of RC members strengthened with MF-FRP systems, uses the same assumptions
made by existing models (Arora 2003; Lamanna et al. 2004; Bank and Arora 2007). The
frame of analysis is similar to that developed to design RC members strengthened with
EB-FRP systems adopted per ACI 440.2R-08 (ACI 2008a). The procedure does not
account for the improved performance of the connection due to the use of washers and
resin. The flexural strength of a section depends on the controlling failure modes and
should be ensured by a proper selection of the fastener layouts as depicted in Figure 3.3.
Therefore, the following failure modes are investigated for an MF FRP-strengthened
section under flexure:

- crushing of the concrete in compression after yielding of the reinforcing steel;

- yielding of the steel in tension followed by bearing failure of the FRP Laminate;

- yielding of the steel in tension followed by net tension failure at open hole of the

FRP laminate.
The following assumptions are made:

(1) strains in the steel reinforcement, concrete and FRP are directly proportional to the
distance from the neutral axis, that is, a plane section before loading remains plane
after loading. This assumption neglects the effect of slip between the steel
reinforcing bars and the surrounding concrete and the slip between the FRP strip
and the concrete surface. The may be neglected past yielding of the steel. After that,
in fact, the laminate can be considered fully engaged, as supported by experimental

evidence (Rizzo 2005);
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(2) there is uniform stress and strain across the width of the FRP strip. This
assumption ignores shear lag and assumes there is no variation in the stress across
the width of the strips;

(3) the compressive failure of concrete occurs at a compressive strain of 0.003;

(4) the tensile strength of concrete is neglected,

(5) the steel reinforcement has a perfectly elastic-plastic behavior both in tension;

(6) although the mechanically fastened FRP strip shows some pseudo-plastic behavior
after attaining the bearing strength, a linear elastic stress-strain relationship is
assumed;

(7) the force from the FRP laminate at any section is distributed uniformly to the
fasteners at that section. This assumption implies the force transferred to the FRP
strip is directly proportional to the number of fasteners available at the section;

(8) the maximum strain level attainable in the FRP is governed by the lowest
associated with three conditions: a) the strain level developed in the FRP when
concrete crushes, b) the strain at which bearing failure occurs, and c) the strain at
which net tension failure at an open hole in the strip occurs.

The analytical procedure indirectly accounts for concrete substrate failure, cleavage
and shear out failure. As previously noted, the prevention of these failures is addressed by
the selection of proper fastener spacing and edge distances.

To illustrate the basic concepts of the analytical procedure, Figure 3.4 depicts the
internal strain and stress distribution for a singly reinforced rectangular section under

flexure at the ultimate stage.
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Figure 3.4 — Internal strain and stress distribution at ultimate stage

The procedure involves selecting an assumed depth of the neutral axis, c¢; calculating the
strain level in each material; calculating associated stress levels in each material; and
checking internal forces equilibrium. If the internal force resultants do not equilibrate, the
depth to the neutral axis must be adjusted and the procedure iterated. For any assumed
value of c, the strain level in the FRP reinforcement, &, can be computed by Eq. (3.1) or

Eq. (3.2), depending on the controlling failure mode for the assumed neutral axis depth:

£, =0003——-¢,<¢, 3.1)

c

£ = (&, +8;,,-)—d £, (3.2)

e

:gfu

f
where g, 1s the existing state of strain of the member being strengthened; d; is the
effective depth of FRP flexural reinforcement; & is the maximum strain achievable in the

FRP reinforcement computed as follows:

g, =min(g,,:€,,) (3.3)
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where &, 1s the maximum strain at which the bearing failures occurs at an generic
section x, given by Eq. (34); &, is the maximum strain at which the strain for net tension

failure at open hole in the strip occurs (Eq. [3.5]).

Epp = = = 3.4)
Ep-Ay  Ep-wpty  Ep-wpetg
A W, —@)-t
gﬂ” = g*fu L net _ gﬁ4 . ( f ¢) S (35)
Ay Wy -ty

Eq. (3.4) is based on the assumption that, due to pseudo-plastic behavior of the
mechanically fastened connection, the force from the FRP strip at any section, T}, is
distributed uniformly to n fasteners at that section; E; wy and Ay are longitudinal elastic
modulus, width and cross section area of the FRP Laminate, respectively; Py 1is the
maximum bearing load of a single fastener that can be directly evaluated through bolted
shear tests for the specific fastener typology used for the connection, or by using Eq.
(3.6):
P =0, t,-d (3.6)
where o0, and f; are the bearing strength and the thickness of the FRP laminate,
respectively, and d is the fastener diameter. In Eq. (3.5), &,* is the guaranteed ultimate
tensile strain of the FRP laminate estimated by characterization tests, ¢ is the hole
diameter.

With the strain and stress level in the FRP and steel reinforcement determined for the

assumed neutral axis depth, internal force equilibrium may be checked using Eq. (3.7):

AL+ )

(3.7)
o-f'B-b
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where oy and PB; are parameters defining a rectangular stress block in the concrete
equivalent to the nonlinear distribution of stress. If concrete crushing is the controlling
mode of failure (after steel yielding), a; and f; can be taken as the values associated with
the Whitney stress block, as defined in ACI 318-08 (ACI 2008b).

The calculated and assumed values for c are then compared. If they agree, then the
convergence is reached. If the calculated and assumed values do not match, another value
for c is selected, and the process is repeated until convergence is attained.

The nominal flexural strength of the section with FRP is then computed:

B e Bc
MnZAs-fs(d— 12 j-H//fAs'ffe(h_ 12 j (3.8)

where f; and f; are the effective level of stress in the steel reinforcement and FRP
laminate, respectively. An additional reduction factor, ¥ 1is applied for the flexural-
strength contribution of the FRP reinforcement, as recommended by ACI (2008a) for
strengthening with EB-FRP systems.

The design flexural strength, @M, is calculated by multiplying the nominal moment
strength M, by the strength-reduction factor ¢. The value of ¢ depends on the strain level
in the steel achieved at the ultimate-limit state and can be determined by following the
philosophy of ACI 318-08 (2008b). Also, the tensile properties of the FRP laminate
should account for the environmental reduction factor Cg (ACI 2008a).

3.3.4 Selection of FRP laminate length
A parametric analysis was performed in order to select the length of the FRP laminate

for the considered Pattern No. 1 and Pattern No.2 (Figure 3.3). The results of the
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preliminary analysis for Pattern No.1 and Pattern No. 2 are shown in Figures 3.5 and 3.6;

for symmetry, only half length of the beams was analyzed.
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Figure 3.5 — Selection of FRP Laminate length: Pattern No. 1
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Figure 3.6 — Selection of FRP Laminate length: Pattern No. 2
In each plot, the horizontal solid line M, ,, represents the nominal moment capacity of
the unstrengthened slab, which is constant along the length, being constant the internal
steel reinforcement in the slab; M, represents the increased demand which is linear in the

shear span and constant in the zero shear region; M, , identifies the moment capacity of
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the MF-FRP strengthened slab for different values of L; which is the length of the
reinforcing FRP laminate. In the constant moment region, M,,; = M, is set; however, in a
realistic case, the demand may be represented by a moment envelope due to a different
combination of the loads. For this example, the analytical procedure yields the same
moment capacity M, in the constant moment region M, independently on the use of
Patter No.1 or Pattern No.2. The moments M, ,, M,, M, s refer to the nominal capacity of
the member, w, the coefficients Cg and ¢ have been assumed equal to 1. Ly = 8-11"’
(2718 mm), Ly = 7°-11"" (2413 mm), Ly = 6’-11"" (2108 mm) are the length of FRP
laminate for which the moment capacity of the member was computed; it was assumed
that Ly=8’-11"" (2718 mm) is the maximum length of the FRP laminate that can be used

over a clear span of length L=10 ft (3048 mm).

The parametric analysis consists of calculating the moment capacity at discrete
locations along the member by applying the analytical procedure discussed earlier. A
length of the FRP laminate has to be first assumed, then, the number of fasteners required
for layout is known. At a generic section X, the maximum strain achievable in the FRP
can be calculated through Egs. (3.4) to (3.5); as long as the condition € < €np 1S
verified, and the failure is governed by the crushing of the concrete after the steel has
yielded, the moment capacity M, remains constant; this means that additional fasteners
do not contribute to increasing the capacity of the member. In the particular cases of
Figures 3.5 and 3.6, the computation of the moment capacity has been performed by
increasing the distance x from the supports by an increment of 1.5 in (38.1 mm); this

increment corresponds to the spacing between staggered fasteners in Pattern No.1. The
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procedure can be repeated for decreasing values of L until the intersection of the capacity

and demand curves is reached.

The M, curves are arrested for value of moments less than M,; where the
optimization procedure loses significance, being in these conditions, € = €q,p With Egyp
resulting by the contribution of a limited number of fastener. However, in the region for
which the procedure yields M, ; <M, , the length of the FRP reinforcement has to be still
accounted for the determination of the development length of the laminate. In the case
examined, the development length is equal to 19.5 in (495.3 mm). The results of the
parametric analysis show that Ly= 6’-11"" (2108 mm) is the selected length for the FRP
Laminate if Pattern No.I is used; Ly= 7’-11"" (2413 mm) is the chosen value if Pattern

No.2 is considered.

Table 3.2 reports the main data of the strengthening systems used for test specimens.
Such data include: number of laminates; width (by), thickness (tf) and length (L¢) of the
laminate; fastener layout (Pattern No.1 or No.2) and total number of fasteners in the clear
span. Labels C and EB refer to the control specimen and member strengthened with
externally bonded carbon FRP laminate, respectively.

According to the results of parametric analysis, specimens MF-1-L and MF-1-S were
both MF-FRP strengthened using the same fastener layout (Pattern No.1) but with a
different length of FRP laminate (“L” stands for longer laminate; “S” for shorter
laminate): in particular, the former was strengthened with one FRP laminate having
length L;=8’-11" (2718 mm); the latter, with a shorter length L;= 6’-11" (2108 mm).

Similarly, specimens MF-2-L and MF-2-S were both strengthened by using Pattern No.2
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but with one FRP laminate having length Ly=8’-11” (2718 mm) and Ly=7"-11" (2413

mm), respectively.

Table 3.2 — Main data of the strengthening systems used for tests specimens

Slab #. of b te L; Pattern. # of
laminates | jp (mm) in (mm) in (mm) No. Fasteners
C - - - - - -
EB 1 12 0.0065%* 113 i i
(304.8) (0.165) (2865)
MF-1-L ! (104; .6) (g gg) (2170178) ! 67
ME-1-5 : (101 6) (g: 32) (2?(3;8) : !
MF-2-L ! (101 .6) (g 32) (2170178) 2 33
ME-2-5 ! (101 .6) ((3): 32) (2491?3) 2 29

*Nominal fabric thickness

3.4 STRENGTHENING PROCEDURE

The slabs were placed upside down prior to the application of the FRP laminate. For

the strengthening with MF-FRP system, the composite laminates were cut to the required

length and the fastener locations were marked. Each laminate was predilled with a rotary

drill and then was centered on the concrete member from side to side and end to end and

held in place at each end. For specimens MF-1-L and MF-2-L, the strip was terminated

6.5 in (165.1 mm) from the supports; for MF-1-S and MF-2-S, 18.5 in (470 mm) and 12.5

in (31.75 mm), respectively. Installation of bolts was also preceded by predrilling using

the provided Powers Wedge Bit, mounted on a rotary hammer drill. Holes were drilled

into the base material to an approximate depth of 0.25 in (6.35 mm) deeper than the
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required embedment length, equal tol.5 in (38.1 mm), as recommended by the
manufacturer; a maximum clamping torque of 40 Ib-ft (54.2 N-m) was applied to tight
the fasteners. The strengthening procedure, including predrilling of the laminate,
predilling of holes into the concrete, cleaning of the holes, placing and tightening of the
bolts, took approximately 40 minutes for each specimen. Figure 3.7 shows salient steps of
the strengthening procedure with MF-FRP system and the final configuration for the

specimen MF-1-L.

Figure 3.7 — Strengthening procedure of specimen MF-1-L

The slabs were then returned to an upright position with the tensile steel on the bottom

and placed on the supports.

For the EB-FRP system, before the impregnating resin was applied, the surface of the
member was primed, and then the putty was applied onto the substrate. The epoxy
adhesive was allowed to cure for a minimum of 24 hours as recommended by the

manufacturer. The strengthening procedure, took approximately 2 hours (Figure 3.8).
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Figure 3.8 — Strengthening procedure of specimen EB

3.4 TEST SETUP AND INSTRUMENTATION

Specimens were tested in four-point bending over a 10 ft (3048 mm) clear span with a
constant moment region of 2 ft (610 mm). Tests were conducted in load control; a
hydraulic jack was used to apply the load and a steel spreader beam distributed it on the
two loading sections (Figure 3.9). Load-unload cycles were imparted at different stages
during the tests. the loading was halted periodically to allow marking the cracks.

In all tests, LVDTs were used to measure the deflection at midspan and the settlement
at the supports. Strain gauges were arranged to measure the compression strain in
concrete and the tensile strain in the steel reinforcement at midspan. For the specimens
strengthened with MF-FRP system and EB-FRP system, strain gauges were also used to
measure the strain in the FRP laminate at different locations, usually spaced 12 in (304.8
mm) apart. The schematic of Figure 3.10 shows the typical instrumentation used for the

FRP strengthened specimen.



Figure 3.9 — Test setup
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Figure 3.10 - Typical instrumentation of FRP strengthened test specimens
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CHAPTER 4
DISCUSSION OF TEST RESULTS
4.1 OVERVIEW

This chapter presents the experimental results for all of the six specimens. As it will
be noted, the critical issue raised by the analysis of data for specimens strengthened with
the MF-FRP system is the significant slip occurring between FRP and concrete substrate.
This phenomenon may significantly affect the validity of some assumptions made in the
design procedure adopted. As a result, further studies will be required to quantify the slip
occurring between FRP and concrete and improve the efficiency of existing analytical
models at loads other than ultimate.

4.2 FAILURE MODES

The failure modes in all test specimens are depicted in Figures 4.1 through 4.4. Figure
4.1 shows the crack pattern experienced in the control specimen. The first flexural crack
initiated at midspan under a load of about 2 kip (8.9 kN); then, further flexural cracks
developed along the constant moment region along with flexural-shear cracks towards the
supports. Significant deflection was exhibited at the maximum load. Failure of the
member was characterized by crushing of the concrete at midspan after yielding of steel
bars.

For the EB-FRP specimen, although crushing of the concrete after steel yielding was
the expected failure mode, a premature intermediate debonding of the CFRP laminate
was experienced (Figure 4.2). Debonding initiated at a section near the region of
maximum moment. At increasing loads, the cracks opened and induced high interfacial

shear stress causing FRP debonding, which propagated outwards along the shear span.
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This failure did not result in the concrete cover to separate from the rest of the RC

member.

Figure 4.2 — Debonding failure exhibited by the specimen EB

The ultimate failure mode in the members strengthened with the MF-FRP system was
characterized by crushing of the concrete after yielding of the steel. However, for
specimens MF-1-S and MF-2-L, as the steel reinforcement approached yielding, flexural

cracks outside of the constant moment region turned into inclined flexural-shear cracks.
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At failure, the high concentration of shear force caused spalling of the concrete cover. A

similar behavior was experienced in some tests performed by Lamanna (2002).

Figure 4.3 — Crack pattern and failure modes in the slabs MF-1-S and MF-2-L.

For both specimens, concrete crushing was experienced near one of the loading sections.
Figure 4.4 shows the crack pattern and failure mode in the remaining specimens:
compression failure of the concrete was experienced in both specimens; crushing was
attained at the midspan, for specimen MF-1-L, and near one of loading sections for
specimen MF-2-S.

For all members strengthened with the MF-FRP system, the first flexural cracks
developed at about 2 kips (8.9 kN). A significant distribution of cracks was observed

along the members early after the cracking moment was attained. This phenomenon was
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caused by the local damage of the concrete induced by predrilling. No detachment of the

FRP laminate from the concrete surface was observed at failure.

Figure 4.4 — Crushing of the concrete in the slabs MF-1-L. and MF-2-S

Finally, the scenario of failure modes observed for the MF-FRP specimens evidenced
that the selection of fastener layout was appropriate for preventing detrimental brittle
failures of the connection. No premature shear-out failure, cleavage, and pry-out failure
was experienced.

4.3 STRENGTH AND DEFORMABILITY

Table 4.1 summarizes the failure modes of the members and reports the main results
of tests in terms of moment and displacement; the concrete compressive strength, f.,
determined at test-day by compression tests on 6 in x 12 in (152.4 x 304.8 mm) cylinders
per ASTM C39, is also listed for all of the specimens. The yield moment My (and the
corresponding deflection ) was defined as the level at which the load deflection curve
deviated from linearity; the ultimate moment M, (and the corresponding deflection J,)

was defined as the level at which the maximum load was reached. From
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Table 4.1 — Summary of slab test results

Slab f, M, Iy M, Iy d, Isy S, Is, Failure
psi k-ft % k-ft % in % in % mode
C 3926 | 13.0 - 17.4 - 1.00 - 3.61 - YS-CC
EB 3936 | 154 185 | 254 | 465 | 0.89 | -11.0 | 2.34 | -35.2 ID
MF-1-L | 4134 | 152 169 | 275 | 58,6 | 092 | -11.0 | 2.69 | -25.5 YS-CC
MF-1-S | 4134 | 16.0 | 23.1 253 | 455 | 1.00 - 233 | -355 | YS-FS-CC
MF-2-L. | 3663 | 156 | 20.0 | 25.0 | 44.1 1.00 - 2.86 | -20.8 | YS-FS-CC
MF-2-L. | 3663 | 15.0 154 | 22.7 | 309 | 1.10 | 10.0 | 2.62 | -274 YS-CC
(U.S. Units)
Slab f, M, Ty M, Ivu dy Isy o, Is, Failure
MPa | kNm | % | kNm % mm % mm % mode
C 27.1 17.6 - 23.5 - 25.4 - 91.4 - YS-CC
EB 27.1 209 | 185 | 345 | 465 | 229 | -11.0 | 584 | -352 ID
MF-1-L 285 | 206 | 169 | 373 | 586 | 229 | -11.0 | 68.6 | -25.5 YS-CC
MF-1-S 28.5 | 21.7 [ 23.1| 343 | 455 | 254 - 584 | -35.5 | YS-FS-CC
MF-2-L 25,5 | 21.2 [ 20.0| 339 | 44.1 | 25.1 - 73.7 | -20.8 | YS-FS-CC
MF-2-L 255 | 203 | 154 308 | 309 | 254 | 100 | 66.0 | -27.4 YS-CC
(S.I. Units)

YS-CC = concrete crushing after steel yielding; ID = intermediate debonding; YS-FS-CC = after steel
yielding, concrete crushing was preceded by the propagation of extensive flexural shear cracks.

strengthened —unstrengthened strengthened —unstrengthened

% IMy/u -

; %Idy/u =

unstrengthened unstrengthened

Table 4.1 it can be observed that the slabs strengthened with MF-FRP systems exhibited
increases in yield moment over the control specimen ranging from 15.4 to 23.1%, and
increases in ultimate moment ranging from 30.9 to 58.6%. In addition, test results show
that the MF-FRP system results in a strength increase comparable to that attained with the
EB-FRP system. The maximum moment, M, = 27.5 kip (37. 3 kN m) was achieved by
the specimen MF-1-L, strengthened using Pattern No.l and Ly = 107 in (2717.8 mm).

Figure 4.5 shows the moment-deflection curves for all test specimens.
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Figure 4.5 — Comparison of moment-deflection curves

The comparison among the experimental curves of the MF-FRP strengthened members
evidences that: 1) spacing of fasteners and length of the FRP laminate play a critical role
in the performance of the system; 2) an appropriate combination of these two parameters
allows for increasing the deformability of the system without significantly affecting the
performance in terms of strength. In fact, unlike the strengthening with EB-FRP system,
where a significant deformability decrease of the member is always obtained, in the MF-
FRP systems design optimization may improve the overall performance of the system.
This performance is a function of laminate utilization, or the ability of a fastener pattern
to transfer stress from the tensile concrete to the strip. A large number of fasteners means
that the stresses are divided in smaller increments; a laminate will never reach its full
capacity, which would allow the strip to behave in a “pseudo-ductile” mode, thus the
laminate is underutilized. A small number of fasteners divides the forces into larger

quantities, which will in turn be transferred to the strip, bringing bearing stresses in the
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strip at the fastener closer to the laminate limit, fully utilizing the laminate. From these
considerations, it results that the use of 3 in (152.4 mm) staggered Pattern No.2 with a
reduced length of the laminate, is the optimal choice. However, it is important to consider
the effect of strengthening loss, or system redundancy when evaluating the behavior for
field use. In this case, it should be not noted that a greater number of fasteners in the
shear span would enable to better account for the loss of a fastener capacity due to
vandalism, concrete substrate deficiencies, or potential screw loosening under repeated

loading.

The preyield behavior of all strengthened slabs does not show relevant differences,
and a small increase of stiffness over the control beam was observed. In the post-yielding
stage, the behavior changes as the FRP laminate is providing a significant tensile
contribution. In case of members MF-1-L. and MF-2-S, where 1.5 in (152.4 mm)
staggered Pattern No.l was used, as stated earlier, the large number of fasteners
prevented the strip from reaching its full capacity, which would have allowed the system
to behave in a “pseudo-ductile” mode. As a result, these members showed analogous
behavior to the EB specimen; under the same moment, no deformability increase over the
EB members was measured. Conversely, in the case of specimens MF-2-L and MF-2-S,
the post-yielding behavior played a critical role and a better utilization of the laminate
was attained. Also, a correlation between the number of fastener and the post-yield
deformability of the strengthening system can be observed. The smaller the number of
fasteners used in the system, the greater the ductility and the lower the stiffness;
conversely, the systems were stiffer when larger number of fasteners were used, but

failed at a much smaller displacement. This can be explained by observing the damage
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level of the FRP laminate for the specimens MF-1-S and MF-2-S, as seen in Figure 4.6:
increasing the spacing implies increasing the load on each fastener, resulting in a greater
level of bearing per fastener and better utilization of the laminate. Similar considerations

were found by other authors (Martin and Lamanna 2008).

Figure 4.6 — Level of damage of the FRP strip for slabs MF-1-S and MF-2-S

From the comparison between the specimen MF-1-S and MF-2-L for the same
moment capacity, the deformability increases from 2.3 in (58.4 mm) for MF-1-S, to 2.9
in (73.7 mm) for MF-2-L. Further details on displacement results are listed in Table 4-1.
For the control specimen, the large failure displacement and the significant increase in the
post-yield strength is attributed to the low reinforcement ratio and the strain hardening of

the steel reinforcement.
4.4 STRAIN DISTRIBUTION

Table 4.2 reports the strain data recorded for steel reinforcement (esmid), concrete
(e.™%) and FRP (/™) at the midspan of the test specimens. Also, the value of the

maximum strain & in the FRP is provided when it was attained at different location
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from the midspan. It is worth noting that, since crushing of the concrete typically

occurred at either loading section, the concrete strain recorded at the midspan was

generally smaller than expected values at failure.

Table 4.2 — Slabs strain data

Slab g™ (ue) | &M (ue) | &M (ue) | ™ (ue)
C 18371 3970 - -

EB 12300 2050 7697 8090
MF-1-L 10865 3310 6500 -
ME-1-S 7125 2505 2894 4093
MF-2-L 10332 2181 4055 4840
MF-2-S 8624 1674 4626 -

Slab C. Figure 4.7 shows the strain distribution in the concrete and steel

reinforcement for the control specimen. The failure mode consisting of crushing of the

concrete preceded by yielding of the steel is clearly observed.

Slab EB. Figure 4.8 shows the strain distribution in the FRP laminate for the EB-FRP

specimens. Strain gauges were placed at midspan, at the two loading sections and at

regular intervals along the laminate in order to evaluate the FRP strain profile. No

significant strain levels were recorded near the ends of the FRP laminate. In the constant

moment region, after steel yielding, the strain in the FRP rapidly increased until

debonding failure occurred.
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Figure 4.9 depicts the FRP strain profile for increasing values of the applied moment. A

nonlinear strain distribution is observed since the early stages of loading. Also, the
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significant increase of strain at the location of strain gauge B3, where the debonding

initiated, can be noted starting from moment of 22 kip-ft (29.8 kN m).
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Figure 4.9 — FRP strain profile: slab EB (Moment in kip-ft: 1 kip-ft=1.356 kN m)

Slab MF-1-L. Figure 4.10 shows the strain distribution in the FRP laminate for
specimen MF-1-L. Strain gauges were placed along the FRP laminate at a spacing of 12
in (304.8 mm). The readings show that there is a significant increase in the FRP strain
after the steel yielding; at that time, the laminate may be considered fully engaged.
However, as it will be shown later, slip phenomenon prevalently due to cracks
propagation causing partial fastener rotation and bearing mechanism was also exhibited
at that stage. The maximum strain was recorded at midspan, achieving a value of 6500

pe. Figure 4.11 depicts the FRP strain profile for increasing values of the moment. A
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fairly linear and symmetric strain distribution is observed at increasing loads. This shows

that the load is transferred evenly among the fasteners in the shear span.
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Figure 4.10 — Strain in FRP laminate: slab MF-1-L
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Figure 4.11 — FRP strain profile: slab MF-1-L
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Slab MF-1-S. Figure 4.12 shows the strain distribution in the FRP laminate for
specimen MF-1-S. Strain gauges were placed along the FRP laminate at a spacing of 12
in (304.8 mm). At smaller values of loads, the readings show a limited contribution of the
FRP to the total moment due to the slip occurring between the FRP and the concrete
substrate. At this stage the slip mechanism is prevalently due to presence of gaps in the
connection components and cracks opening causing partial rotation of the fasteners. The
FRP contribution increases when the laminate is fully engaged, but at failure low values
of the strain are recorded because of slip components. The maximum strain, equal to
4093 pe, was achieved at one of the loading points. Figure 4.13 depicts the FRP strain
profile for increasing values of the moment. The nonlinear strain distribution may have

been affected by the propagation of significant flexural-shear cracks.
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Figure 4.12 - Strain in FRP laminate: slab MF-1-S
Slab MF-2-L. Figure 4.14 shows the strain distribution in the FRP laminate for

specimen MF-2-L. Strain gauges were placed along the FRP laminate at a spacing of 12
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in (304.8 mm). Also for this test, the readings show that there a significant strain increase

after steel yielding.
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The maximum strain, equal to 4840 ue, was achieved at one of the loading sections.
Figure 4.15 depicts the FRP strain profile for increasing values of the moment. As for the
case of specimen MF-2-L, the nonlinear strain distribution may be affected by the
propagation of significant flexural-shear cracks. The maximum strain was achieved at the

symmetric location to that where failure occurred.
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Figure 4.15 — FRP strain profile: slab MF-2-L

(Moment in kip-ft: 1 Kip-ft=1.356 kN m)

Slab MF-2-S. Figure 4.16 shows the strain distribution in the FRP laminate for specimen
ME-2-S. Strain gauges were placed along the FRP laminate at a spacing of 12 in (304.8
mm) and 6 in (152.4 mm) near the termination of the laminate. The maximum strain,

equal to 4626 pe, was achieved at midspan.
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Figure 4.17 depicts the FRP strain profile for increasing values of the moment. As for
specimen MF-1-L, the strain distribution is linear throughout the loading history

4.5 WEAKNESS OF THE EXISTING STRENGTH MODELS

In Table 4.3, comparisons between experimental results and analytical estimates are
listed. Also, the estimated values of strains in the concrete (&), steel (&) and FRP (&) are
reported to be compared with the experimental ones listed in Table 4.2. *M, is the
estimated value calculated considering ¢=1 and Wi=1, respectively. The comparison
shows a good agreement between experimental and analytical results for the members
strengthened with the MF-FRP system. However, the comparison in terms of strains may
show significant weaknesses of the existing strength models. As evidenced in Chapter 3,
these models are based on the plane section assumption, that is, no slip between the FRP

laminate and concrete is assumed.

Table 4.3 — Experimental results and analytical predictions

g Sl M, M, *diff. £ € &
k-ft ("N m) | k-ft (kN m) % ue je ue
C 17.4 (23.5) - - 0.003 | 12000 -
EB 254 (345) | 223(302) | -122 | 0.003 | 6460 | 8356
MF-1-L | 275(373) | 25.8(348) | -67 | 0.003 | 5150 | 6779
MF-1-S | 25.3(34.3) | 258(34.8) | 2.0 | 0003 | 5150 | 6779
MF-2-L | 25.0(33.9) | 25.8(348) | -32 | 0.003 | 5150 | 6779
MF-2-S | 22.7(30.8) | 25.8(34.8) | +13.6 | 0.003 | 5150 | 6779

M, - Muexp
M exp

u

% diff = ; ¥¢0=1 and Wi=1

Figures 4.18 and 4.19 depict the variation, in case of test MF-1-L taken as a

representative, of the depth to the neutral axis calculated by means of the experimental
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values of the strain in the concrete, steel and reinforcement. In Figure 4.18, the neutral
axis was calculated considering the linear strain distribution between the concrete and the
FRP. In Figure 4.19, the neutral axis was calculated considering the linear strain
distribution between the concrete and the steel reinforcement, as typically assumed for
RC sections. The comparison between Figure 4.18 and 4.19 clearly shows that the
conservation of plane section assumption cannot be accepted. Issues related to the
estimation of the actual depth to the neutral axis and of the effective level of strain in the

FRP laminate are visibly shown.

-0.012-

Figure 4.18 — Variation of the depth to the neutral axis with increasing applied
moment: linear strain distribution between the concrete and the FRP
Figure 4.20, depicts the effective variation, in case of test MF-1-L, of the depth to the
neutral axis for some values of the applied moment: before yielding, at yielding, and after
yielding. The concrete in compression is assumed to follow the stress-strain model
developed by Park and Paulay (1975), as shown in Figure 4.21; the steel in tension is

assumed to have a perfectly elastic-plastic behavior.
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Figure 4.19 — Variation of the depth to the neutral axis with increasing applied

moment: linear strain distribution between the concrete and the steel bars

The experimental data show that there is a significant slip between the FRP and steel
reinforcement, so that the analytical calculation of the neutral axis is not correct. Because
of the slip, the strain level in the FRP laminate cannot be estimated by using the plane
section assumption, and the slip effect has to be taken into account.

Figures 4.22 and 4.23 depict the analytical and experimental moments for slab MF-1-
L as a function of the experimental steel and FRP strain, respectively. The analytical
moment values have been back-calculated using the FRP and steel data collected during
the test. The comparison was investigated in order to check the consistency of the
experimental strain data that are used in the calculation of the analytical moment. Since
there is a good agreement between experimental and analytical moments, it can be
confirmed that, due to the significant discrepancy between experimental FRP and steel

strains, the conservation of plane section assumption is not acceptable.
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CHAPTER 5

CONCLUSIONS

In this research project, the experimental behavior of RC one-way slabs strengthened
in flexure with MF-FRP laminates has been investigated. The experimental program
consisted of four slabs strengthened with a MF-FRP laminate, a counterpart strengthened
with a EB-FRP laminate, and a control specimen. The main investigated parameters were
the length of MF-FRP laminate and the fastener layout.

Tests results showed that members strengthened with the MF-FRP system exhibited
increases in the yielding moment over the control specimen ranging from 15.4 to 23.1%,
and increases in the ultimate moment ranging from 30.9 to 58.6%. The flexural strength
is comparable to that attained with the EB-FRP system.

The comparison among the experimental curves of MF-FRP strengthened members
showed that: 1) spacing of fasteners and length of the FRP laminate play a critical role in
the performance of the system; 2) an appropriate combination of these two parameters
allows for increasing the deformability of the system without significantly affecting the

performance in terms of strength.

A correlation between the number of fastener and the post-yielding deformability of
the strengthening system was found. The smaller the number of fasteners used in the
system, the greater the ductility and the smaller the stiffness; conversely, the systems
were stiffer when larger numbers of fastener were used, but failed at a much smaller

displacement.
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The experimental-analytical comparison prompted issues related to the use of existing
strength models that do not account for the slip occurring between the FRP laminate and
the concrete. Due to this phenomenon, the computation of the depth to the neutral axis
and of the effective strain in the FRP laminate is not viable by assuming a linear strain

distribution between the concrete in compression and the FRP.



CHAPTER 6
RESEARCH NEEDS
6.1 GENERAL

The research project presented in this thesis has investigated the flexural behavior of
RC members strengthened with MF-FRP systems. Based on the experimental evidence,
the main research needs in this area for the immediate future are outlined as follows.

6.2 DESIGN CONSIDERATIONS
6.2.1 Slip between FRP laminate and concrete

A better understanding of the slip occurring between FRP laminate and concrete is
needed. As shown by experimental evidence, the plane section assumption adopted by
existing models for MF-FRP systems is not accurate due to the relative deformation
between the concrete and the external FRP reinforcement. The slip between the FRP and
concrete is induced by the presence of gaps in the connection components, elastic
deformation of the bolts and bearing mechanism at the hole locations.

The analysis of test results shows that that the slip plays an important role in
determining the effective strain level in the FRP and the depth to the neutral axis.
Consequently, more accurate design procedures may be required in order to account for
the occurrence of slip. Preliminary studies were performed by Lee et al. (2007) in order
to address this issue. They attempted to estimate the nominal moment of MF-FRP
strengthened members by introducing a reduction factor for the FRP strain. This factor
was defined as the percent difference between the calculated FRP strain based on the
fully bonded assumption and the experimentally obtained FRP strain at concrete crushing

on top of MF-FRP member. However, this assumption may still be simplistic. In fact, it

58



59

has been demonstrated that the depth of the neutral axis should be calculated assuming a
strain linear distribution between the concrete in compression and the tensile steel. In
addition, more work is needed to quantify the slip between FRP and concrete depending
on relevant parameter of the MF connection, such as fastener type and fastener layout.

Characterization of the slip is primarily required in order to address the serviceability
limit state. Without understanding the behavior of MF-FRP members at service, this
strengthening technique cannot be considered. According to ACI 440.2R-08, the
serviceability of a member (deflections and crack widths) under service loads should
satisfy the provisions of ACI 318-07. The effect of the FRP external reinforcement on the
serviceability can be assessed using the transformed-section analysis. The issue still lies
in estimating the effective level of FRP strain if the plane section is not maintained. To
avoid inelastic deformations of members under service load levels, the limitations of
stresses in the steel reinforcement and in the concrete assumed for EB-FRP strengthened
members may be considered. The same criteria can be used for the limitation of stress in
the FRP for which a linear-elastic analysis is required. The characterization of the slip
becomes a critical issue for addressing the serviceability limit state.
6.2.2 Behavior of MF-FRP connection

For convenience of calculations, the strength models available in the technical
literature assume that there 1s a uniform distribution of load in the fastened FRP laminate.
The assumption implies that the force from the FRP laminate at any section is distributed
uniformly to the fasteners at that section. Conversely, this assumption implies the force
transferred to the FRP strip is directly proportional to the number of fasteners available at

the section. Although this approach at ultimate conditions may be acceptable, a more
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rigorous approach may be considered. For example, the method of finite differences may
be implemented, where the shear force at each fastener is explicitly computed at ultimate
on the basis of equilibrium conditions at any section.
6.3 STRUCTURAL PERFORMANCE

Further experimental work is needed to optimize the design of the MF-FRP system:
the optimization should focus on the reduction of FRP laminate length (to reduce material
cost) and the use of minimum number of fasteners (to enhance constructability). For this
purpose, flexural tests on members for which the full utilization of the laminate is
attained past yielding of the steel should be considered.

In addition, research is needed to determine the long-term durability of the MF-FRP

system. Potential degradation of the strip at the holes should be investigated.
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Figure A2 — Load-deflection curve at midspan: slab EB
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