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Abstract

The Externally Bonded Reinforcement (EBR) technique using Carbon Fiber-Reinforced Polymers (CFRP) has
been commonly used to strengthen concrete structures in flexure. The use of prestressed CFRP material offers
several advantages well-reported in the literature. Regardless of such as benefits, several studies on different topics
are missing. The present work intends to contribute to the knowledge of two commercially available systems that
differ on the type of anchorage: (i) the Mechanical Anchorage (MA), and (ii) the Gradient Anchorage (GA). For
that purpose, an experimental program was carried out with twelve slabs monotonically tested under displacement
control up to failure by using a four-point bending test configuration. The effect of type of anchorage system (MA
and GA), prestrain level (0 and 0.4%), width (50 mm and 80 mm) and thickness (1.2 mm and 1.4 mm) of the CFRP
laminate, and the surface preparation (grinded and sandblasted) on the flexural response were the main studied
parameters. Better performance was observed for the slabs: (i) with prestressed laminates, (ii) for the MA system,

and (iii) with sandblasted surface preparation.
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1. Introduction

Nowadays, Fibre Reinforced Polymer (FRP) materials and related strengthening techniques are well-known and
used by the construction industry [1-7]. In the context of retrofitting Reinforced Concrete (RC) structures, Carbon
FRP materials (CFRP) are used due to their superior performance, mainly higher stiffness, strength and fatigue
life, almost no creep rupture and less susceptibility against aggressive environments [4-7]. From different attempts,
one main strengthening technique has been selected [4-7]: the Externally Bonded Reinforcement (EBR). In this
technique the FRP reinforcements are glued to the external surfaces of the elements to be strengthened. Typically
epoxy adhesive are used as bond agent.

In some specific cases, the use of prestressed FRP materials for strengthening RC structures is convenient
or even required. This technique presents several positive aspects since it combines the benefits of passive EBR
FRP systems with the advantages associated with external prestressing, mainly [8]: (i) use of non-corrosive
materials; (ii) deflection reduction; (iii) crack widths reduction and the onset of cracking is delayed; (iv) internal
steel reinforcement strains are relieved; (v) higher fatigue failure resistance; (vi) more efficient use of the concrete
and FRP; (vii) opposes stresses due to both dead and live loads; (viii) reduction risk of premature debonding failure
between the FRP and concrete; (x) ultimate capacity can be further increased; (xi) it can be worked as a substitute
of internal prestress that has been lost; (xii) shear capacity is increased by the longitudinal stresses induced by
prestressed FRP laminates.

Laminates [9-13,16-18,25,26-29], sheets [14-15,20-23,25] and bars [20,29] are the most common
prestressed FRP shapes, the former being the most prominent. Several systems have been proposed to induce a
prestress in the FRP and can be divided in three categories [8]: (i) cambered prestressing systems; (ii) prestressing
against an independent element; and, (iii) prestressing against the element to be strengthened. In spite of each one
having advantages and disadvantages [8], the systems that apply the prestressing against the element to be
strengthened have known so far the biggest success. Special end-anchorage systems are required at the ends of the
prestressed FRP element to transfer the high shear stress developed from the reinforcement into the concrete
substrate, in order to avoid a premature FRP peeling-off failure. From all the proposed systems, two of them have
been used, mainly [31]: the mechanical anchorage (MA) fixed to the ends of the FRP reinforcement and the
gradient anchorage (GA). Detailed information about these systems is given in section 2.3 of the present
publication. Up to now, the majority of the studies focus on the development/improvement of the prestressing
systems as well as the structural behaviour in terms of serviceability and ultimate resistance of the strengthened

elements.
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Surface preparation also plays a key role in the overall response of the strengthening systems. Some of the
most common surface preparation methods are: grinding, brushing, scarifying, steel shotblasting, sandblasting,
and bush-hammering. Each one of these methods presents advantages and disadvantages associated at several
factors as the desired roughness, cost and processing time. lovinella et al. [32] developed an interesting work on
the influence of surface roughness on the bond of FRP materials to concrete. The study presents not only the
investigations developed up to date, but also a detailed study performed on the influence of distinct surface
treatments mainly, brushing, grinding, brush-hammering and sand blasting on bond strength and fracture energy
of EBR strengthening systems. From this investigation lovinella et al. [32] concluded that the bush-hammering
and sand blasting were the most effective and in general the surface preparation significantly improves the
roughness homogeneity along the surface, increasing the stability of results.

The present work aims at contributing to the existing knowledge on the flexural behaviour of RC slabs
strengthened with prestressed CFRP strips. For that purpose, the performance of mechanical and the gradient end-
anchorage systems were compared by means of an experimental program. Additionally, the effect of the prestrain
level, the width and thickness of the CFRP laminate, as well as the surface preparation (grinded and sandblasted)

on the flexural response were investigated.

2. Experimental Investigation

2.1. Experimental program, specimens and test configuration

The experimental program was composed of twelve slabs, divided into two series according to the surface
preparation method (see Table 1): in series S1, composed of eight reinforced concrete (RC) slabs, the concrete
surface region where the FRP reinforcement was installed was treated by means of grinding with a stone wheel,
whereas in series S2 the surface preparation of the three RC slabs was performed by sand blasting. In both cases
the main aim was to remove the weak concrete laitance layer and expose the aggregates of the substrate. Three
slabs were used as control specimens (S1_REF1, S2_REF2 and S2_REF). In each series one slab was strengthened
with a simple CFRP laminate strip according to the EBR technique without any prestressing (S1_L50x1.4 EBR
and S2_L50x1.2_EBR). The remaining seven slabs were strengthened with one externally bonded prestressed
CFRP laminate strip with either a mechanical anchorage (MA) or a gradient anchorage (GA). As it is shown in
Table 1, all specimens are labelled with a generic denomination: X_LY_Z, where X is the specimen series (S1 or
S2), Y is the cross-section geometry of the laminate strip in millimetres (50x1.4, 50x1.2 or 80x1.4) and Z is the

type of anchorage (MA or GA) or the EBR slab identification.
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The specimens’ geometry and test configuration are shown in Fig. 1. The slabs have a total length of
2600 mm, the rectangular cross section is 600 mm wide and 120 mm thick. The upper and lower longitudinal inner
reinforcement is composed of three steel bars with a diameter of 6 mm (3@6) and five bars with diameter 8 mm
(5@8), respectively. To avoid shear failure of the slabs, steel stirrups @6 were installed at a spacing of 300 mm.
Three types of CFRP laminates strips (50x1.2 mm?, 50x1.4 mm? and 80x1.2 mm?) with 2400 mm of length were
used as external reinforcement.

In order to assess the service and ultimate behaviour of all specimens, monotonic tests up to failure were
performed using a four point bending configuration. The instrumentation included 5 linear variable differential
transducers (LVDTL1 to LVDTS5) to record the deflection along the longitudinal axis of the slab; 3 strain gauges
(SG1 to SG3) with the aim of measuring the strain in the laminate and concrete; and 1 load cell used to measure
the applied load (F). Fig. 1 shows the position of each LVDT: three in the pure bending zone with the range of
=75 mm and a linearity error of £0.10% and two between the supports and the applied load points with a range of
+25 mm and the same linearity error. The load cell used has a maximum measuring capacity of 200 kN and a linear
error of £0.05%. Two different strain gauge types were used: (i) two TML BFLA-5-3 strain sensors (SG1 and
SG2) glued on the laminate surface at the mid-span and at the force application point; and, (ii) one TML PFL-30-
11-3L strain sensor (SG3) for the measuring the concrete strain in the mid-span. All tests were carried out with a
servo-controlled equipment under displacement control at a rate of 1.2 mm/min. The crack width evolution was
measured during the test through a handheld USB microscope. This equipment consists on the VEHO VMS-004
D microscope, with a native resolution of 640x480 pixels and magnification capacity up to 400x. In the present
experimental program, the crack width acquisition was done with a magnification factor of 20x up to predefined
applied load.

It should be highlighted that, usually, in real applications cracks already exist at the moment of the FRP
application. Consequently, the present experimental program does not totally reproduce the major part of the
existing structures that require upgrading. However, critical aspects such post-cracking behaviour, yielding of the
longitudinal reinforcements, ultimate load and failure modes can be well-captured by the present experimental
program be representative of the expected real behaviour. Hence, the slabs’ structural behaviour can be considered
representative of the expected real behaviour. Additionally, with this work it is also possible to evaluate the effect

of the FRP prestressing on crack initiation.
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2.2. Material characterization
The material characterization included the evaluation of the mechanical properties of the materials involved in this
experimental program, namely concrete, steel, CFRP laminate strip and epoxy adhesive.

Four batches (B1 to B4) were used to cast the RC slabs (see Table 1). Concrete characterization included
evaluation of the modulus of elasticity and compressive strength through LNEC E397-1993:1993 [33] and NP EN
12390-3:2011 [34] recommendations, respectively. For each concrete batch six cylindrical specimens with
300 mm of height and 150 mm of diameter were used. Table 2 shows the obtained results at the testing day. The
average compressive strength of series S1 was about 53 MPa, whereas for the series S2 was about 40 MPa.

The tensile properties of the steel reinforcement were assessed throughout the NP EN 1SO 6892-1:2012
[35] standard. A minimum of three specimens were used for each bar type. Table 2 includes the Young’s modulus
(Es) as well as the yield (f,) and ultimate (f.) strengths obtained from the tensile tests. The average value of the
modulus of elasticity was about 212 GPa and 235 GPa for the lower longitudinal steel reinforcement in series S1
and S2, respectively. The steel of the longitudinal bars and stirrups has a denomination of A400 NR SD according
to the NP EN 1992-1-1:2010 [36].

The CFRP laminate strips used in the experimental work consists of unidirectional carbon fibres held
together by an epoxy vinyl ester resin matrix. Typically, this type of CFRP laminate presents smooth external
surface and the fibre volume content is higher than 68% [37]. The modulus of elasticity (Er) and tensile strength
(fr) were obtained from tests performed according to the ISO 527-5:1997 [39] standard. Four and six samples were
used for S1 and S2 series, respectively. The obtained values, presented in Table 2, yielded to a Young’s modulus
that varied between 155 and 168 GPa and tensile strength in a range of 2375 to 2944 MPa.

The epoxy adhesive, produced by the same supplier as for the CFRP laminate, was used as bond agent to
fix the reinforcements to the concrete substrate. This epoxy adhesive is a solvent free, thixotropic and grey two-
component (Component A = resin, light grey colour and Component B = hardener, black colour). According to
the manufacturer, after mixing the two components, the homogenized compound density is 1.70 to 1.80 g/cm? and
has the following mechanical properties [38]: compressive strength >70 MPa; tensile E-modulus >7.1 GPa; shear
strength >26 MPa; adhesive tensile strength to concrete or CFRP laminate >3 MPa (after 3 days of curing at 20
°C). In the scope of the present work the epoxy adhesive was not characterized. However, in a previous
experimental program performed by two of the authors, after 7 days of curing at 22 °C, a Young modulus of

7.7 GPa (CoV=3.1%) and a tensile strength of 20.7 MPa (CoV=9.9%) were obtained [40].
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2.3. Strengthening procedures

As referred before, two distinct end-anchorage systems were investigated: (i) the mechanical anchorage (MA)

which fix steel plates at the ends of the FRP reinforcement, and (ii) the gradient anchorage (GA). These

commercially available systems from the same supplier as for the FRP reinforcement and adhesive, present several

common equipment and step application procedures. The use of these systems comply the following main steps:

0]

(ii)

(iii)
(iv)

v)

(vi)

(vii)

The first step consists on the surface preparation of concrete substrate where the strip is applied. In the
present experimental program two different methods were used: (i) gridding with stone wheel (Fig. 2a— Al
and Fig. 2b — Al) and (ii) sand blasting (Fig. 2a — A2 and Fig. 2b — A2). Afterwards, compressive air was
used to clean the treated this region of the slab;

Several holes are drilled to accommodate temporary and permanent bolt anchors. GA system complies only
temporary bolts, whereas for the case of MA system, six M16 8.8 permanent bolt anchors are used to fix
each steel anchorage plate. HIT-HY 200-A® chemical bond agent was used to fix the bolts to concrete.
Then, aluminium guides are placed in the right position to guide and fix the clamp units (Fig. 2a — B and
Fig. 2b - B);

The clamp units are placed in-between the guides at each extremity of the slab;

The epoxy adhesive is prepared according to the requirements included in producer’s technical datasheet
and the CFRP laminate strip is cleaned with a solvent. Then, the adhesive is applied on the surface of the
CFRP laminate as well as on the concrete surface region in contact with the laminate (Fig. 2a — C and
Fig. 2b — C). A minimum of 2 mm of thickness of epoxy was used. The CFRP laminate strip is then placed
in its final position and slightly pressed against the concrete substrate;

The clamping units are closed and a dynamometric key is used to tighten the screws of the clamp units with
atorque of 170 N-m (Fig. 2a — D and Fig. 2b — D);

For the case of MA system, anchor plates are slightly grinded with sandpaper and cleaned with a solvent
before they are installed in their predefined location (Fig. 2a — E). The anchor plates of 270 mm x 200 mm
x 10 mm, made of hard aluminium, have 6 holes of 18 mm diameter to accommodate the 6 permanent bolt
anchors of 16 mm of diameter. In the case of GA, heating devices are placed in the gradient zone (Fig. 2b
-B)

The aluminium frames are then placed on their predefined locations and fixed against the concrete with the
anchors (Fig. 2a — F and Fig. 2b — F) in order to accommodate the hydraulic cylinder (Fig. 2a — G and

Fig. 2b — G) for the application of the prestressing;
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(viii) Finally, using a manual hydraulic pump, the prestress is applied to the CFRP laminate strip.

Once the CFRP is prestressed distinct procedures are followed for the case of the MA and the GA systems.
In the MA system, by applying a torque of 150 N'm in each bolt anchor of the anchor plates (with a geometry of
270 mm x 200 mm x 20 mm), it is possible to increase the confinement level in this region and hence reducing the
probability of the CFRP laminate sliding at the ends. Afterwards, by using additional fixing screws mounted in-
between the frame and the clamp units, it is possible to block the prestressing system in order to avoid prestress
losses during the curing of the epoxy. The strengthening application is concluded after approximately 24 hours,
since after this time span the epoxy reaches a degree of curing at about 90% [42]. In the end, the equipment is
removed (fixing screws, clamp units, guides and aluminium frames) and the temporary anchors and CFRP laminate
outside of the anchor plates are cut off.

The GA system uses the adhesive’s ability to cure fast at high temperatures and hence to create a non-
mechanical anchorage [43]. For the present specimens, a 600 mm anchorage length was used, composed of 3
sectors (50/80 mm wide and 200 mm long each). During the application of the gradient method, all specimens
were monitored in terms of applied force by the hydraulic cylinders and temperature at the distinct sectors
composing the heating devices. The evolution of the temperature, jack force and strain over time is graphically
represented on Fig. 3 for the specimen S1_L50x1.4 GA: firstly it begins with a plateau of 160°C during 15
minutes, followed by an exponential decrease during 20 minutes (down to 120°C), and finally the cooling phase.
In the following sector the same heating process is carried out 10 minutes after the beginning of the cooling phase.
The releasing force in each step was equal to about 1/3 of the total applied force. This released occurred 15 minutes
after the initiation of the cooling phase. After the first release a slight prestrain loss in the CFRP laminate (a
variation at about 1.4%) can be observed, as depicted in Fig. 3b. This variation can be justified by the lower value
of the modulus of elasticity of the epoxy adhesive due to the curing process [31]. Finally, it should be highlighted
that the heating system does not change the mechanical performance of the CFRP strip. Material testing had shown
that the CFRP remains undamaged during the heating process, and post-heating tensile strength is identical to the
reference values [31].

In the prestressed specimens strain gauges were used to control the prestress level. The CFRP strip was
prestressed up to an average prestrain of 0.4%. Table 1 highlights the values of the registered prestrain and
prestress force at the middle of the laminate at the end of the strengthening. The specimens were kept in lab

environment after strengthening at least one month before testing.
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Lastly, it should be stressed that the present pre-stressing systems can be used in sagging and hogging
regions. For both cases a minimum camber is recommended. In spite of that, for the present case in order to
facilitate the procedures, the strengthening was performed in upside down direction. However, for present work
these effects were marginal since for the worst scenario (slabs S1_180x1.2_MA and S1 L80x1.2_GA) the

maximum camber was less than 1 mm and the maximum concrete tensile stress never exceeded its tensile strength.

2.4 Surface preparation

Considering the two different surface treatment methodologies applied at the concrete slab surfaces and in order
to allow the identification of their influence on the obtained responses, the roughness of these distinct surfaces was
measured. The procedure was based on the use of a laser sensor, whose main characteristics are presented in
Table 3. The surfaces selected for the experimental characterization are representative of the three distinct types
of surface treatments involved in the present research, which are the normal surface (without any treatment), the
grinded surface, and the sand blasted surface. In Fig. 4 it is possible to see the three different roughness of the
material.

The laser sensor was coupled to a metallic plate, which was part of a mechanism conceived to produce a
slow displacement at a constant rate, as well as to allow the displacement of the laser sensor during scanning at a
parallel trajectory relatively to the scanned surface, as shown in Fig. 5. The displacement rate was 0.69 mm/s and
the data acquisition rate was 120 Hz, leading to consecutive readings spaced of 0.00575 mm. Representative
profiles of the three different surfaces are shown in Fig. 6. The representative profiles clearly distinguish the
untreated surface and the treated surfaces, both the grinded and the sandblasted surfaces.

In this work several statistical indicators were considered to characterize the surface roughness, especially
the average roughness, Ra, and the root mean square, Rq, as well as the peak and valley values of the samples. The
average roughness and the root mean square can be determined using the equations (1) and (2), respectively. In
these equations I, is evaluation length, z(x) is the profile height at position x, and n is the number of scan readings.

J‘z(x)'dx

0

1 @
o .

7 ‘2

R =

q

1 )
n =
The most common mathematical parameters used to characterize the roughness were computed for the three

types of surfaces and are presented in Table 4. It is possible to verify that for the three different surfaces the
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obtained values of roughness R, show the expected trend, increasing in a reasonable fashion when departing from

the smooth surface and arriving at the sandblasted slabs.

3. Results and discussion

3.1 Serviceability aspects

Deflections

The relationship between the applied force and the deflection at mid-span was monitored and it is represented in
Fig. 7. As expected, the strengthening increased the stiffness of the composite system RC slab/CFRP strip and, as
a consequence, reduced the deflection for a specific load level. Table 5 summarizes the key results, for which the
prestress level and the geometry of the CFRP strip were the influential factors.

Prestressing did not significantly change the stiffness of the elastic phase (K;). However, substantial
differences were observed in the stages after the crack initiation: firstly, cracking (¢, Fer) and steel yielding (y,
Fy) were delayed when compared with the non-prestressed specimens; and the stiffness after cracking (Ki) was
higher in the strengthened slabs. Larger CFRP strips attract higher tensile forces and hence also induce higher
system stiffness. Results show an average increase of 39%, 84% and 106% in the stiffness K, of the S1 series
prestressed specimens with 50x1.2 mm?, 50x1.4 mm? and 80x1.2 mm? CFRP laminates, respectively. The same
comparison shows an increase of 39% for the series S2 prestressed specimens.

In general, both prestressing strengthening techniques presented similar performances in terms of

serviceability load/deflection up to yielding initiation.

Crack width

The crack width was monitored by a handheld USB microscope with a magnification factor of 20x. For that
purpose three cracks were selected in the pure bending zone of each slab, two close to the point of loads and one
at the mid-span. For every picture taken with the microscope, three measurements were performed in order to
obtain the average crack width. Fig. 8 plots the evolution of the average crack width versus the applied force.
Results show that, for a specific load level, strengthened specimens exhibited lower crack widths when compared
to the reference specimens. The MA and the GA systems presented similar results that could be foreseen due to
their identical response in terms of force-deflection (at serviceability level). Resembling results were obtained for

the series S1 and S2.
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Crack pattern

The crack pattern was also evaluated at the end of each test. Fig. 9 shows the crack pattern on the lateral surface
of each tested slab and Fig. 10 presents the values obtained in terms of average crack spacing. The results indicate
that, in a general way, the crack spacing is reduced with the strengthening. This effect is more noticeable with the
prestressed specimens: in series S1 the average distance between cracks of the five prestressed slabs was reduced
to 79% of the reference specimens (S1_REF1 and S1_REF2); whereas for the prestressed specimens on series S2,
the crack spacing reduction was equal to 36% of the value obtained with S2_REF. Through the crack pattern dawn

in Fig. 9 one can observe that the number of cracks in the pure bending zone is higher on the prestressed specimens.

Influence of the prestress

As expected, the overall behaviour of the prestressed specimens was considerably more satisfying than the un-
prestressed ones in terms of ductility and load carrying capacities. Prestressing clearly improved the cracking and
yielding initiation, stiffness and load carrying capacity. Even though the stiffness at the uncracked stage (Ki) was
similar (prestressed versus un-prestressed) mainly due to the low level of strengthening ratio and level of prestrain
that has been used, the cracking load was significantly higher: with series S1 an increase close to 55% was observed
on specimens with the 50x1.4 mm? CFRP strip, whereas the cracking load duplicated in series S2 prestressed slabs.
Similar observations can be made for the cracked stage (before yielding initiation). The load carrying capacity of
prestressed slabs increased when compared with the unprestressed specimen. Results show that the ultimate
carrying capacity growth was higher on series S1 (in between 60% and 107%) than on series S2 (within 30% and
53%).

Ultimately, Fig. 11 shows the evolution of the CFRP and concrete strains at mid-span with the total force.
Results also show a higher ultimate strain in the concrete for the prestressed specimens. Consequently, it can be
stated that prestressing the CFRP laminates not only improved the slabs overall performance but also assured a
better use of the materials. It should be also referred that a greater portion of the CFRP tensile capacity was engaged
with the prestress (see Fig. 11 and Table 5): on series S1 the strain at the ultimate load (Fmax) was at least 93%

higher than the observed on the S1_50x1.4_EBR; and on series S2 an increase of 53% and 95% was obtained for

the S2_50x1.2_GA and S2_50x1.2_MA, respectively.

10
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3.2 Ultimate state aspects

Failure modes

All the strengthened slabs seemed to fail by strip end debonding with the exception of the S2_50x1.2_MA
specimen (see Fig. 12-a), that failed by FRP rupture in unidirectional tension when the CFRP strain at the mid-
span was close to 1.48 %, as it is showed on Table 5.

In the remaining strengthened specimens, the failure started from one of the extremities and then shifted to
the middle of the slab. An interfacial failure at the epoxy adhesive/CFRP laminate was observed at the anchorage
zone of the MA and GA specimens (see Fig. 12-b, Fig. 12-c and Fig. 12-d). The remaining CFRP strip region
seemed to simultaneously have an interfacial failure at epoxy adhesive/CFRP laminate and cohesive failure in the
concrete. These interfacial failure modes observed may be justified by the higher compressive/tensile strength of
the used concrete. In some of these specimens a layer of concrete was detached from the RC slab.

The S1_50x1.4_EBR seemed to have an interfacial failure between adhesive and the concrete (see Fig. 12-
e), whereas S2_50x1.2_EBR slab’s failure looked like an interfacial failure amongst the adhesive and the CFRP

strip (see Fig. 12-f).

Gradient versus mechanical anchorage

Both GA and MA systems present a similar behaviour until steel yielding (see Fig. 7). After this point, the CFRP
material is responsible to carry the additional loads as a result of the diminished contribution of the internal steel
reinforcement (it must be pointed out that the steel reinforcement exhibits a quite small hardening modulus of
elasticity). Consequently, the force increment supported by the CFRP laminate strip increased significantly at the
onset of the yielding initiation, as shown in Fig. 11a and b.

The mechanical anchorage system exhibits two drop points on the F-3 curves (see Fig. 7) after the steel
reinforcement yielding. This behaviour is related to the debonding initiation that occurred between the metallic
plate anchors and the force application point. This statement is supported on the visual observation performed
during and after the tests and by comparing e.g. the location of the drop points of the slab S1_L50x1.4_MA with
the failure slab S1_L50x1.4_EBR (in Fig. 7a). From these two drop points, the CFRP laminate works unbonded
to the substrate and as a cable fixed at both extremities (the metallic anchors). Consequently, the metallic anchors
composing the MA system prevented a premature failure by debonding and allowed the slab to continue carrying

load after that point.

11
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From the experimental observations, the MA system has a better performance when compared with the GA
system: MA specimens presented higher ultimate load capacity (9% to 16% increase depending on the laminate
geometry) and a greater use of CFRP tensile capacity (an increase on ultimate strain in between 13% and 28% was
observed) when compared with the GA series. It might be important to refer that the debonding of the CFRP strip
always occurred firstly on the MA series, but, as mentioned before, the metallic plate anchors allowed the
composite system RC slab/CFRP to continue carrying load. Lastly, it is important to stress out the importance of
the specimen dimensions. A shorter span length involves that the total gradient zone occupies a larger relative
portion of the complete laminate length. This leads to the situation where the end of the gradient anchorage is
much closer to the loading point. The cracks that develop reach the anchorage zone much faster than for instance
in case of a much slender beam with a higher span/depth ration. Aram et al. [44] reported about static loading tests
where EBR strengthened beams exhibited an even higher load carrying capacity than the corresponding ones with
a prestressed system and gradient anchorage. It was concluded that the short span had a negative effect on the
anchorage capacity due to too high shear stresses in the end zone of the laminate. Similar conclusions can be drawn
for the present investigation: a more slender slab with a larger span length might implicate more similar results for

an MA or a GA, as the free length between the anchorage zones increases.

Influence of the FRP strip thickness

The thickness influence was evaluated through a performance comparison between S1 50x1.4_MA and
S1 50x1.2_MA. As shown in Fig. 7 both specimens presented an identical behaviour. The resemblance is due to
the fact that both specimens failed by laminate end debonding at the metallic anchor. This type of failure is indeed
governed by the maximum shear stress that this region can attain and, as a result, by the CFRP surface area in
contact with the metallic anchor plate. For these two specimens the maximum shear stress resistance seemed to be
influenced primarily by the width of the laminate. Remark that the laminate at the metallic anchor zone is confined
by the pressure of this device due to the torque (150 Nxm) applied in the six bolts (see Fig. 2). This confinement
might actually diminish the strip thickness influence on the maximum carrying capacity of the composite system

RC slab/CFRP strip.

Influence of the FRP strip width

A better performance was observed with the wider laminate. The specimens S1_50x1.2_ MA and S1_80x1.2_MA

were compared and it was clear that the behaviour of the second was better: higher cracking and steel yielding

12



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

30

forces, greater stiffness, and an increase on the ultimate caring capacity by 23%. Analysing the effect of the axial
stiffness of the CFRP laminate on the stiffness of the slab at fully cracked state (Ky)), it is clear that this relation
matches well: the Ky of specimen S1_80x1.2_MA is 1.57 times higher than the one of the S1_50x1.2_MA and
the axial stiffness of 80x1.2 is 1.54 higher than the 50x1.2 one. This inference is no longer found for the case of
the ultimate load, since the failure is governed by laminate end debonding at the metallic anchor and, consequently
the ultimate carrying capacity only increased by about 23% (S1_80x1.2_MA versus S1_50x1.2_MA). In fact, the
maximum average shear stress in the CFRP laminate strip at the metallic anchorage zone was higher on the
S1 50x1.2_MA (9.14 MPa) than on the S1_80x1.2_MA (7.40 MPa). This outcome implies that the shear stress is
inconstant in the metallic anchor region and that laminates with smaller widths performed in this respect. Note that
equal metallic anchors were used (270 mm x 200 mm) with the same torque per bolt (150 Nxm) and, as a result
of the laminate width, different confinement pressure levels were imposed (S1_50x1.2_ MA — 20.83 MPa and

S1_80x1.2_MA — 13.02 MPa).

Influence of the surface treatment

In the present experimental program the surface treatment was evaluated by comparing the specimens overall
performance in series S1 (grinded) and series S2 (sand blasted). These two different surface treatment
methodologies influence the surface roughness (see Table 4) and, consequently, the adherence between the epoxy
adhesive and the concrete surface.

When the specimens S1_50x1.2_MA and S2_50x1.2_MA are compared, a better performance of the series
S2 specimens can be observed: firstly, the S2_50x1.2_MA failed by a FRP rupture at its maximum tensile capacity
(ultimate strain near 1.48%); and the debonding initiation, showed in Fig. 7 as two drop points in the third branch
of each F-3 curves, started earlier on the specimen with a grinded surface at the load close to 46 kN, while a value
of 56 kN was registered for the sand blasted slab. Both slabs performed similarly in terms of cracking and yielding
initiation, as they also had resembling stiffnesses (K, and Kj).

The concrete plays a key role in the behaviour of each specimens in terms of ultimate carrying capacity,
cracking and deflection development. For that reason, this comparison between series S1 and series S2 was made
considering the improvement of the strengthening (relative to the reference specimens). S2_50x1.2_EBR indices
that through sand blasting it was possible to obtain a better surface adherence. The ultimate force on this slab was
0.57 higher relative to the values registered on S2_REF. Regardless of the thicker laminate strip, the

S1 50x1.4_EBR improved the ultimate carrying capacity by 38% when compared with the S1_REF1. Fig. 12
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shows the failure mode reported on both slabs. It is clear that the surface’s adherence was higher on series S2 as
the S2_50x1.2_EBR debonding was in the interface epoxy adhesive/CFRP laminate instead of in the interface
epoxy adhesive/concrete (S1_50x1.4_EBR).

Finally, it should be stressed that further investigation is required to verify the potential effect of surface

roughness mixed together with the effect of different concrete strengths (series S1 versus S2).

4. Conclusions

This paper presents an experimental program in which the main objective was to assess the service and ultimate
behaviour of two different types of anchorage systems in the context of the use of prestressed CFRP laminates
strips applied according to the EBR technique: the mechanical anchorage (MA) and the gradient anchorage (GA).
The obtained results allow to draw a certain number of conclusions:

e In general it was observed that, at service level, the strengthening (prestressed and non-prestressed)
improved the slabs performance with lower deflections, crack width delay and lower crack spacing;

e Asimilar response was observed in both anchorage techniques. Yet, the metallic anchors composing the
MA system prevented a premature failure by debonding and allowed the slabs to support higher ultimate
loads and deflections;

e Eight of the nine strengthened specimens seemed to fail by strip end debonding. Only the S2_50x1.2_MA
failed by FRP rupture at its maximum tensile capacity. The debonding failure started from one of the
extremities and then shifted to the middle of the slabs;

e A greater use of the CFRP laminate strip tensile capacity was attained when prestressing was applied to
the CFRP laminates. The average ultimate strain on the CFRP laminate increased by 132% and 74% with
prestressing in series S1 and S2, respectively;

e The CFRP laminate width had a considerable influence on the general behaviour of the strengthened
elements. The slab S1_80x1.2_MA showed an increase on the ultimate carrying capacity by 23%, greater
stiffness (54%) and higher cracking (26%) and steel yielding forces (31%) when compared with the
S1 50x1.2_MA. However, similar performance was observed for the strip with different thickness;

e All metallic anchors were confined with the same torque per bolt (150 Nxm). As a result, wider laminates
exhibit lower confinement pressures (S1_50x1.2_MA —20.83 MPaversus S1_80x1.2_ MA —13.02 MPa).

Results showed that the shear stress in the CFRP at the metallic anchor region is inconstant, as it was
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possible to observe higher values on the S1 50x1.2 MA (9.14 MPa) than on the S1 80x1.2_MA
(7.40 MPa).

e Concrete surfaces that have been sand blasted achieved a higher roughness and adherence than those
grinded with a stone wheel. The performance improvement observed for each method of surface
preparation fundaments this idea: series S2 specimens (sand blasted) showed relative higher ultimate

loads and they did fail with higher CFRP strains.
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1 Nomenclature

Ea Average tensile modulus of epoxy adhesive
Ec Average modulus of elasticity of concrete at slab testing day
Er Average elastic modulus of CFRP laminate
Es Average Young modulus of steel bars
fe Average compressive strength on cylinder 150mm/300mm of concrete at slab testing day
Fer Force at crack initiation
fa Average tensile strength of epoxy adhesive
fr Average tensile strength of CFRP laminate
Fmax Maximum force
fi Average ultimate strength of steel bars
fy Average yield strength of steel bars
Fy Force at yielding initiation
Ki Stiffness of the slab at uncracked state
Kii Stiffness of the slab at fully cracked state
Ser Mid-span displacement at cracking load Fer
Omax Mid-span displacement at ultimate load Fmax
dy Mid-span displacement at yielding load Fy
Efmax CFRP strain at Fmax
Efp CFRP initial strain
Oy Mid-span curvature at yielding load Fy
Pmax Mid-span curvature at ultimate load Frmax

2

3
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Table 1: Experimental program

Laminate Initial Prestress Anchorade Type of
Specimen geometry strain, €rp force g Batch surface
[mm?] [x1079] [kN] system preparation
Series S1
S1_REF1 - - - -
S1 L50x1.4 EBR 50x1.4 0.00 - - B1
S1 L50x1.4 MA 50x1.4 3.98 43.1 MA
S1 L50x1.4 GA 50x1.4 4.05 43.9 GA GD
S1 REF2 - - - - B2
S1 L50x1.2_ MA 50x1.2 4.19 42.2 MA B3
S1 L80x1.2_ MA 80x1.2 3.99 63.1 MA B2
S1 L80x1.2 GA 80x1.2 4.06 64.1 GA
Series S2
S2_REF - - - -
S2 _1L50x1.2_ EBR 50x1.2 0.00 - - B4
2 150x1.2_ MA 50x1.2 4.23 416 MA SB
S2 150x1.2 GA 50x1.2 3.98 39.2 GA

Notes: GA = Gradient Anchorage; MA = Mechanical Anchorage; GD = Grinding; SB = Sand Blasting.
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Table 2: Material characterization (average values)

Concrete
Series Batch E: [GPa] fc [MPa]
B1 32.2 (7.5%) 53.4 (4.3%)
S1 B2 32.6 (0.1%) 57.4 (3.0%)
B3 30.7 (n.a.) 49.5 (3.1%)
S2 B4 30.0 (n.a.) 40.2 (0.7%)
Steel
Series Bar Type Es [GPa] fy [MPa] ft [MPa]
s1 26 209.5 (8.5%) 579.3 (3.3%) 669.7 (1.7%)
@8 212.8 (9.7%) 501.4 (5.9%) 593.9 (3.9%)
s 26 206.9 (0.4%) 519.4 (6.1%) 670.2 (5.1%)
28 235.1 (4.6%) 595.9 (4.1%) 699.0 (2.1%)
CFRP
Series Geometry [mm?] Er [GPa] fr [MPa]
50x1.2 167.7 (2.9%) 2943.5 (1.6%)
S1 50x1.4 154.8 (4.6%) 2457.1 (1.2%)
80x1.4 164.6 (0.2%) 2455.3 (5.0%)
S2 50x1.2 164.0 (3.1%) 2374.9 (2.5%)

Note: the values between parentheses are the corresponding coefficients of variation (CoV).
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Table 3: Properties of the laser sensor Sick OD2-P50W10A0

Parameter Value
Resolution 5um
Repeatability 15 um
Linearity +20 um

Light spot dimension

0.5 mm x 1.0 mm (at 50 mm)
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Table 4: Results from the roughness assessment

Roughness parameter [mm] Smooth Grinded Sandblasted
Slab A Slab B
Arithmetic average of absolute values, R, 0.021 0.046 0.081 0.099
Root mean squared, Rq 0.026 0.060 0.110 0.135
Maximum valley depth, Ry -0.076 -0.228 -0.577 -0.636
Maximum peak height, R, 0.090 0.173 0.248 0.405
Maximum height of the profile, Ry 0.166 0.401 0.826 1.042
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Table 5: Main results

Crack Efficiency and ductility

Stiffness initiation Yielding Ultimate parameters FM
Specimen Ki Kii dr  Fa o Fy  Smax  Fmax  Omax  &ma®
[kKN/mm] [kN/mm] [mm] [kN] [mm] [10°m7] [kN]  [mm] [kN] [10°m?] [10°] FmadFy Omax/dy @max/@y

Series S1
S1_REF1 4.47 0.79 247 1104 15.74 - 2150 100.02® 25.420) - - - - - -
S1 150x1.4 EBR 8.98 1.21 164 1473 17.00 3159 3330 2047 35.06 3642 464 1.05 1.20 1.15 D
S1 L50x1.4 MA 9.81 1.43 225 22.07 17.80 36.66 4432 69.84 6176 86.81 1197 1.39 3.92 2.37 D
S1 L50x1.4 GA 10.60 1.48 225 2384 1886 4148 4835 3439 56.02 6520 1029 1.16 1.82 1.57 D
S1_REF2 4.47 0.87 249 1112 15.96 - 22.90 100.00@ 26.94® - - - - - -
S1 L50x1.2 MA 9.02 1.22 253 2281 2057 4564 4489 7323 59.09 9115 1253 1.32 3.56 2.00 D
S1 L80x1.2 MA  11.44 1.88 251 2871 1843 3940 58.67 48.62 7258 70.03 10.13 1.24 2.64 1.78 D
S1_180x1.2_GA 9.92 1.71 2.88 2856 2031 3731 5831 3061 66.21 53.02 8.96 1.14 151 1.42 D
Series S2
S2_REF 11.10 0.92 071 7.88 18.90 - 24.54 100.00® 28.07® - - - - - -
S2 150x1.2 EBR 1249 1.13 068 849 2587 4388 37.05 40.69 4398 7134 7.56 1.19 1.57 1.63 D
S2 L50x1.2_ MA 9.82 1.31 182 1787 26.88 4481 5058 84.78 6746 77.26 1476  1.33 3.15 1.72 F
S2_150x1.2_GA 10.43 1.24 155 16.16 29.04 52,60 5020 4331 57.38 7649 1158 1.14 1.49 1.45 D

Notes: D = Debonding; F = CFRP tensile failure; @ these beams reached the maximum pre-defined deflection without failing; ® values for the mid-span deflection of
100 mm; © The maximum CFRP strain did not necessarily occur at the mid-span.
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Fig. 1: Specimen’s geometry and test setup. Note: all units are in millimetres.
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(b)

Legend: 1 — Concrete substrate; 2 — Anchor bolts; 3 — Clamp unit; 4 — Guides; 5 — CFRP laminate; 6 — Epoxy
adhesive; 7 — Clamp unit closed; 8 — Metallic anchor; 9 — Aluminium frame; 10 — Hydraulic cylinder; 11 — Heating
device.

Fig. 2: Strengthening procedures: (a) mechanical anchorage system; (b) gradient anchorage.
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Fig. 3: Evolution of the temperature, jack force and CFRP strain on S2_50x1.2_GA over time: (a) temperature
in the heating elements Ty and in the epoxy adhesive T, j; (b) hydraulic jack force F and mid-span CFRP strain
&f.
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(a) (b) (©
Fig. 4: Different roughness of concrete surfaces: (a) smooth (before any treatment); (b) grinded treatment;
(c) sandblasted treatment.
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Fig. 5: Setup details about the device used to control de displacement of the sensor.
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Fig. 6: Different roughness of concrete surfaces: (a) smooth (before any treatment); (b) grinded treatment;
(c) sandblasted treatment.
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Fig. 7: Total force versus mid-span deflection: (a) series S1; (b) series S2.
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Fig. 8: Crack width evolution of: (a) Series S1; (b) Series S2.
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Fig. 9: Crack pattern at the end of the test of each slab.
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Fig. 10: Crack spacing of each slab of: (a) Series S1 and (b) Series S2.
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Fig. 11: Total force versus CFRP/concrete strain: (a) Mid-span CFRP strain in Series S1; (b) Mid-span CFRP
strain in Series S2; (¢) Mid-span concrete strain in Series S1; (d) Mid-span concrete strain in Series S2.
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(c) (d)
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Fig. 12: Typical failure modes: (a) FRP rupture in unidirectional tension (S2_50x1.2_MA); (b) interfacial failure
at the epoxy adhesive/CFRP laminate (S2_50x1.2_GA); (c) detail at the anchorage zone (S2_50x1.2_GA); (d)
detail of the CFRP strip’s extremity (S2_50x1.2_GA); (e) interfacial failure between adhesive and the concrete

(S1_50x1.4_EBRY); (f) interfacial failure amongst the adhesive and the CFRP strip (S2_50x1.2_EBR).
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