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Elevated temperature response of RC beams strengthened with NSM FRP bars
bonded with cementitious grout

Iolanda Del Prete!, Antonio Bilotta?, Luke Bisby?, Emidio Nigro?

ABSTRACT

This paper presents the results of 12 tests on small-scale reinforced concrete beams
strengthened in flexure with a single NSM carbon FRP bar. The used FRP bar is a
novel commercial bar with high values of glass transition Tg and decomposition Td
temperature to improve the performance of the strengthening system at elevated
temperature. The FRP is bonded using a cementitious grout rather than an epoxy
adhesive. Flexural tests were performed at both ambient and elevated temperatures
on both un-strengthened and strengthened beams. Tests at elevated temperature were
performed using propane-fired radiant panels, rather than a fire testing furnace, in
two heating configurations (localised heating near midspan only and global heating
over the entire bonded length of the FRP systems).

This paper also shows the results of Dynamic Mechanic Analysis (DMA),
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)
tests conducted on the CFRP. The results of thermal conductivity tests of CFRP and
cementitious grout, and tests conducted to define the mechanical properties of
concrete, steel bars, cementitious grout and CFRP bar are discussed herein.

The flexural tests demonstrated the grout-bonded NSM CFRP strengthening
system’s ability to maintain structural effectiveness at temperatures up to about
600°C with adequate anchorage. However, similar tests with an epoxy adhesive are
needed before the novel system can be confidently stated as being vastly superior to
epoxy-adhered NSM systems.

1. INTRODUCTION

The aging of the built heritage and infrastructures throughout the civil and
industrialized world, as well as their deterioration due to environmental effects,
and/or changing in service demand, lead to increasing interest in novel techniques
aimed to design, maintain and rehabilitate concrete structures.

Among the available strengthening techniques for improving the performance of
concrete structures, the strengthening with Fibre Reinforced Polymers (FRP) gained
huge and fast popularity during the last twenty-five years in the field of civil
engineering.

In the field of external strengthening of RC members the strengthening technique
that experienced a widespread in the recent years is the Near Surface Mounted
(NSM) strengthening system, whereby the FRP is placed into the groove, cut into
the surface of structural members and bonded through an adhesive (epoxy resin or
cement mortar).

The available literature about the behaviour of NSM FRP strengthened RC members
is still limited, if compared to that available for the EBR strengthening technique.
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Even worse is the knowledge about NSM with cementitious adhesives in not
ordinary condition (fire). For this reason, very limited indications are available in
the current codes for designing and predicting the capacity of the NSM strengthened
members.

The available literature has demonstrated that NSM bonded with an epoxy adhesive
exhibits superior bond behaviour compared with externally-bonded FRP
reinforcement (EBR) (El-Hacha et al [1], Foret et al [2], Bilotta et al [3]). NSM is
also less prone to damage, since the FRP is embedded in a groove and inside the
adhesive. Despite this, the effectiveness of epoxy adhesives is severely reduced at
elevated temperatures. Ambient temperature cure epoxy adhesives are characterized
by relatively low glass transition temperatures (Tg), however higher Ty values can be
achieved for pultruded FRP which is manufactured at elevated temperature. In NSM
applications, using an elevated Tg FRP product bonded with a cementitious grout
may result in superior mechanical performance in fire, since cementitious adhesives
may perform better than epoxies, whilst also protecting (both mechanically and
thermally) the FRP, possibly without the need to apply costly and unattractive
supplemental insulation materials to the exterior of the FRP strengthening system
(Yu et al [4]). Even though epoxy resins are usually used as bonding agents, there
have been several recent studies on the behaviour of cementitious paste or mortar
bonded NSM FRP systems (Yu et al [4], Petra et al [5], Burke et al [6], Palmieri et
al [7]).

The available studies regarding the fire performance of EBR FRP strengthened RC
members highlighted the need to protect the members using passive fire protection
systems. These researches were aimed to evaluate the minimum requirements to
obtain satisfactory performances in fire (Blontrock et al [8], Bisby et al [9], Williams
et al [10], Palmieri et al [11], [12], Firmo et al [13]).

Palmieri et al ([14], [15]) tested RC beams strengthened with several NSM FRP
configurations, insulated and not insulated, to evaluate the fire performance. Epoxy
and cementitious grouts were used on different beams to study the influence of the
adhesive on the behaviour of NSM FRP system at both ambient and elevated
temperatures. Despite the high service load of the strengthened beams, and the
partial failure of the fire protection on some beams, all the beams were able to sustain
the applied load without failure for the 2 h of ISO 834 standard fire exposure, even
after the adhesive’s temperature exceeded its glass transition temperature.
Moreover, they found that U-shaped fire protections (extending to the sides of the
beam) are more efficient than flat protections at the bottom surface of the beam only.
Residual strength tests on the fire-tested beams demonstrated also that, if the
insulation is able to maintain the adhesive temperature below 200 °C, the FRP is
able to retain bond strength to the concrete and the beam is still able to retain part of
the flexural capacity of the FRP strengthened beam at ambient condition.

Burke et al [6] presented tests of reinforced concrete slabs strengthened in flexure
with a single strip of NSM FRP tape at elevated temperature (up to 200°C). Epoxy
and cementitious grouts were used on different slabs. The tests’ results showed that
the epoxy adhesive on NSM FRP reinforcement provides higher strength in
comparison to the cementitious grout at ambient temperature. These results,
according to those found by Palmieri et al, were attributed to the better bond
behaviour of epoxy adhesives in comparison to cementitious adhesives. However,
at elevated temperature, the slabs with cementitious grout yielded higher failure time
than those with epoxy adhesive. They also stated that insulated NSM FRP
strengthened slabs may provide the required fire resistance for usual building
applications.
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Petri et al [5] tested RC slabs strengthened with NSM system through pultruded
carbon fibre rods, embedded in high temperature inorganic grout, insulated with an
ultra-high temperature insulation system consisting of gap filling ceramic fiber
blanket and an inch thick ceramic fibre board. The tested FRP strengthening system
demonstrated its capability to withstand temperatures greater than 200 °C. They
obtained a satisfactory margin of safety, for over two and a half hours of an E119
fire under the maximum permissible load with no structural deficiencies.

Kodur & Yu [16] developed a numerical model, which was able to predict the fire
response of a reinforced concrete beam with NSM FRP. They observed that a
concrete beam strengthened with NSM FRP reinforcement yields fire resistance (75
min) that is slightly lower than a conventional concrete beam (85 min), but higher
than the resistance of a similar concrete beam strengthened with externally bonded
FRP laminate (65 min). Moreover, an NSM FRP-strengthened RC beam, under fire
conditions, may experience failure through rupture of the NSM reinforcement. This
contrasts with the ambient temperature failure mode, which is through the crushing
of concrete. The location of the FRP reinforcement has also an influence on the fire
resistance of concrete beams strengthened with NSM FRP: NSM FRP at the middle
of the beam soffit yields higher fire resistance (75 min) as compared to fire resistance
of beams with NSM FRP located closer to the bottom corners of the beam (65 min).
They also confirmed the results found by other researchers: an appropriate fire
insulation can significantly enhance the fire response of RC beams strengthened
with NSM FRP reinforcement, especially if U-shaped fire protections are used.
This paper presents an experimental testing program aimed at investigating the
performance of a novel high temperature cementitious-bonded NSM CFRP
strengthening system for concrete, which has been developed specifically to address
the performance of FRP strengthening systems at elevated temperatures.

The CFRP bar used to strengthen the tested RC beams, is manufactured by Milliken,
and it is defined FireStrong bar, since its elevated nominal Ty and Tj. It is a spirally
wound round rod (Figure 1), which can be used to strengthen reinforced concrete
structures, through the Near Surface Mounted technique: the bar is applied in a
groove cut into the concrete cover of a RC member and bonded in place by filling
the groove with a proper bonding agent. The manufacturer advices the use of
FireStrong bars with a cementitious mortar, denominated FireStrong Grout, which
is characterized by a nominal low thermal conductivity.

| -

Figure 1. FireStrong CFRP bar

2. EXPERIMENTAL PROGRAM

The core experimental program consisted of two main parts: definition of materials’
thermal and mechanical properties; flexural tests of RC beams and NSM FRP
strengthened RC beams both at ambient and at elevated temperature.

2.1 Definition of Materials’ Thermal Properties
Dynamic Mechanic Analysis (DMA) tests were carried out to define the T of the
FireStrong CFRP bar. These tests provide the T, based on changes of mechanical
strength and energy loss during the glass transition.
Thermogravimetric Analysis (TGA) is a useful technique to define the T;. TGA
measures the amount and rate of change in the mass of a sample as a function of
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temperature during a controlled temperature programme, in a controlled
atmosphere.

Differential Scanning Calorimetry (DSC) evaluates the changes in material’s heat
capacity. Several DSC measurements were also conducted on the commercial CFR
bar.

Thermal conductivity tests were carried out on the CFRP bar and FireStrong
cementitious grout.

Typical physical properties of the cementitious grout are provided in the technical
data sheet [17]. Additional information can be provided by the manufacturer upon
request.

2.1.1 DMA and TGA Tests’ Setup

DMA tests were carried out through a DMA analyser (Figure 2) performed
according to ISO 6721-1:2011 [18]. The DMA experimental program is made of 6
tests: 3 tests in single cantilever (SC) configuration and 3 tests in three-point bending
(TPB) configuration. The tested specimens in SC and TPB configurations are
respectively shown in Figure 3 and Figure 4. Their dimensions are summarised in
Table 1. It should be noted that the samples were extracted from the core of the
CFRP bar by hand, hence the dimensions were not perfectly equal. Their respective
size was measured as accurate as possible.

Rt . T A
Figure 2. Dynamic mechanic analyzer in single cantilever configuration



173
174

175
176
177
178
179
180
181
182
183
184
185
186
187
188

189
190

191
192

1 —— e
Figure 3. Specimens for DMA tests in single Figure 4. Specimens for DMA tests in three-
cantilever configuration point bending configuration

Table 1. DMA specimens’ dimensions

Dimension
Configuration Label Length Thickness Width
L (mm) t (mm) w (mm)
CFRP-1-15 1.50 6.53
SC CFRP-2-15 15.00 1.52 7.19
CFRP-3-15 1.48 5.96
CFRP-1-40 2.53 3.07
TPB CFRP-2-40 40.00 2.80 3.47
CFRP-3-40 3.23 3.47

When the analyser is in single cantilever arrangement, the specimen is firmly
clamped on one end and excited on the other end. This arrangement is better than
dual cantilever, where the specimen is clamped to both supports and excited at its
midpoint. In the latter arrangement, specimens that expand considerably when
heated may distort, falsifying the reading. The tests were conducted in single
frequency (1 Hz), with a temperature rate 2°C/min and by setting a displacement
amplitude equal to 0.05 mm.

When the analyser is in three-point bending arrangement, the ends are freely
supported and the load is applied to the midpoint. The tests were conducted in single
frequency (1 Hz), with a temperature rate 2°C/min and by setting a displacement
amplitude equal to 0.05 mm.

TGA tests were carried out through a thermobalance with a horizontal
arrangement, with 3 tests performed in Nitrogen ( N, ) atmosphere, and 3 tests in
air. The specimens were extracted by the core of the CFRP bar. They were placed

in the 70 pl alumina crucibles, which were set in the sample holder (Figure 5) of
the thermogravimetric analyzer (Figure 6).
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Figure 5. Specimens placed in the aluminium crucibles (70ul)

Figure 6. METTLER TOLEDO Thermogravimetric analyzer

Table 2 summarizes the specimens’ initial weight and the tests’ settings in terms of
temperature rate and range.

Table 2. Specimens’ initial weight and tests’ settings TGA

Label Initial weight Rate Temperature range
(mg) (°C/min) (WS

CFRP-N>-A 51.6

CFRP-N,-B 42.5

CFRP-N,-C 46.6

CFRP-Air-A 47.7 10 25-800
CFRP-Air-B 43.6

CFRP-Air-C 50.2

The Thermogravimetric Analyzer, shown in Figure 6, was used to carry out also
DSC measurements, in order to define the specific heat capacity of the commercial
product.

2.1.2 DMA, TGA and DSC tests’ outcomes

Several standards (ISO/CD 6721 - 11:2008; DIN 65 583, 1999 [18], [19]) and
apparatus manufacturers provide several techniques for determining the glass
transition and decomposition temperature in practice.

Figure 7 and Figure 8 respectively show the output data of DMA and TGA
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analyses for one of the tested specimen, which was post-processed with the
available techniques.

Figure 7 shows the normalized storage modulus E’(non-dimensional ratio between
the storage modulus E’, that is the real component of the stiffness of the material,
and the storage modulus E’ at temperature T=70°C (E7.()), versus the temperature.
It should be noted that the non-dimensional ratio E'/E;y.. enables a reasonable
comparison between the results of the tests performed in SC and TPB configuration.
Figure 8 shows the weight loss of one of the tested samples through the TGA
measurement versus time.

As shown in Table 3 and Table 4, the observed T values ranged between 160°C
(Tgotfset) and 220°C (Tgmax(tans)), Whereas Ty values ranged between 315°C
(Tg,offset) and 360°C (Tgmidpoint)- The variability highlights the need for clear
standardization of the DMA and TGA test methods’ results and the manner in
which the resulting test data are processed and interpreted to get suitable ((i.e.
physically representative) Ty, and T; values to be used by designers.
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Figure 7 DMA processing methods Figure 8 TGA processing methods
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Table 3. DMA outcomes

Processing

Analyzer

method arrangement Label Tg O H o H o
CFRP-1-15 160.0
SC CFRP-2-15 165.0 161.0 3.61
CFRP-3-15 158.0
Offset CFRP-1.40 180.0 170.75 | 10.94
TPB CFRP-2-40 181.5 180.5 0.87
CFRP-3-40 180.0
CFRP-1-15 182.0 181.67 | 0.58 192.42 11.92
SC CFRP-2-15 181.0
Onset CFRP-3-15 182.0
CFRP-1-40 200.0 203.17 | 2.84
TPB CFRP-2-40 204.0
CFRP-3-40 205.5
CFRP-1-15 192.0 194.17 | 2.02 | 205.83 12.99
SC CFRP-2-15 194.5
Midpoint CFRP-3-15 196.0
CFRP-1-40 214.0 217.50 | 3.04
TPB CFRP-2-40 219.0
CFRP-3-40 219.5
CFRP-1-15 201.9 202.7 | 0.29 | 211.48 10.71
SC CFRP-2-15 202.4
CFRP-3-15 201.9
Peak tand CFRP-1-40 | 2159 | 2209 | 452
TPB CFRP-2-40 222.0
CFRP-3-40 224.7
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Table 4. TGA outcomes
Processing Analyzer
method arrangement

Label Tg °O) M o 1} c

CFRP-1-15 160.0

sc CFRP-2-15 | 1650 | 161.0 | 3.1
CFRP-3-15 | 1580
Offset CERP-140 1 1800 170.75 | 10.94
TPB CFRP-2-40 | 1815 | 1805 | 0.87

CFRP-3-40 180.0
CFRP-1-15 182.0

sC CFRP-2-15 | 181.0 | 181.67 | 0.58
CFRP-3-15 | 1820
Onset CFRP-140 T 2000 192.42 | 11.92
TPB CFRP-2-40 | 2040 | 203.17 | 2.84

CFRP-3-40 205.5
CFRP-1-15 192.0

SC CFRP-2-15 194.5 | 194.17 | 2.02

S CFRP-3-15 196.0

Midpoint CFRP-1-40 214.0 205.83 | 12.99
TPB CFRP-2-40 219.0 | 217.50 | 3.04

CFRP-3-40 219.5

Figure 9 shows the specific heat capacity of the CFRP bar versus temperature,
calculated as a function of the heat flow (®) on a heated sample of known mass,
measured during the DSC tests conducted on three specimens.

7:00 7 specific Heat Griffis ct al, 1984
(kJ/kg°C) — Mean value - experimental
—— CFRP-N2-A
6.00 A —— CFRP-N2-B
—— CFRP-N2-C

Temperature (°C)

0 100 200 300 400 500 600 700

0.00

Figure 9. CFRP Specific heat capacity versus Temperature. Comparison between experimental
results and the value provided in literature for a similar product

The mean value of ¢, was also calculated and compared to that provided in literature
for a similar carbon/epoxy product (Griffis et al [20]). According to Griffis et al, ¢,
linearly increased in the temperature range 20-300°C, then the slope of the curve
¢p — T increased significantly up to the achievement of the peak value. Referring to
the mean experimental curve, after the achievement of the maximum c,, at about
545°C, the specific heat capacity suddenly decreased. Similarly, the specific heat
capacity obtained by Griffis et al suddenly decreased at 500°C, but the peak value
was almost constant in the temperature range 340-500°C. The perfect agreement



250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285

286
287

288

289
290

291
292
293
294
295
296
297

between the experimental results and that found in literature is impossible to achieve,
since the thermal properties of FRPs depend on the fibre/resin volume fraction,
which can be significantly different in various products. It should be noted that after
the achievement of the decomposition temperature of the CFRP bar (360 °C based
on the inflection point method), the DSC results are very scattered.

The DSC measurements were not processed to determine the glass transition
temperature, because DMA results were considered sufficiently reliable.

2.1.3 Thermal conductivity tests on cementitious mortar and CFRP bars

Thermal conductivity tests were performed on the cementitious grout adhesive used
in the this study through the C-MATIC machine that measures the thermal
conductivity of solid materials through a guarded heat flow meter. The test sample
was a cylinder, 50 mm diameter and maximum 20 mm thick. This test is usually
conducted by placing the sample between two plates controlled at different
temperatures, resulting in a heat flow from the hotter (lower) to the colder (upper)
plate. A thin heat flux transducer, attached to the lower plate, measures the amount
of heat. A cylindrical guard heater, maintained at or near the mean sample
temperature, surrounds the sample, in order to minimize lateral heat transfer. Built-
in thermocouples measure the overall temperature difference between the two
surfaces in contact with the sample.

When the sample achieves the thermal equilibrium (steady state), the Fourier heat
flow equation is applied, providing the sample thermal resistance R, that is used to
calculate the thermal conductivity of the sample.

The tests yielded thermal conductivity values (essentially constant in the
temperature range 50-175°C) of 0.55 W/mK; a slightly higher value (0.66 W/mK)
was obtained at about 100°C. This was likely due to the evaporation of water,
which led to a greater energy absorption than that needed to maintain the thermal
gradient in the sample at other temperatures.

Thermal conductivity tests were also conducted on the CFRP bar by using the same
machine described above. Small CFRP samples, extracted by the core of the bar,
were embedded in an insulation cylinder with known thermal conductivity
(Ainsutation)- The thermal conductivity of the overall specimen (insulation plus
CFRP, A;,:), was measured and the CFRP thermal conductivity (Acpgp) Was
determined through the generally valid equation 1.

1 =1 VCFRP +1 Vinsulation 1
tot — /*CFRP % insulation %
tot tot

where:

—VliF EP is the CFRP volume fraction,

tot

Vv . . . . 1
—tnsuldtlon i the insulation volume fraction.

Vtot
The tests were conducted on six specimens, by varying the CFRP volume fraction

and the fibre orientation. Three tests were performed embedding CFRP samples in
the insulation cylinder with fibres parallel to the direction of the heat flux (Figure
10), in order to find the CFRP longitudinal thermal conductivity. Three tests were
carried out embedding CFRP samples in the insulation cylinder with fibres
perpendicular to the direction of the heat flux (Figure 10), in order to find the CFRP
transverse thermal conductivity. Before testing, as recommended, the Dow Corning
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340 heat sink compound was applied sparingly to both specimens’ surfaces (Figure
11).

Figure 10. Specimens for thermal conductivity tests Figure 11. Specimen covered by
(L=longitudinal; T=transversal) the heat sink compound

The tests, as expected, provided a longitudinal thermal conductivity significantly
higher than the transverse one (about six times). The thermal conductivities varied
almost linearly in the analysed temperature range: the longitudinal thermal
conductivity ranged between 5.72 W/m°C and 7.54 W/m°C in the temperature range
50°C-200°C; the transverse conductivity varied from 0.99 W/m°C to 1.29 W/m°C
in the same temperature range.

2.2 Definition of Materials’ Mechanical Properties

Experimental tests were carried out on at least three samples to define the relevant
mechanical properties as described in the following.

Concrete

The mix design of the concrete batch, used to manufacture the RC beams, is
summarized in Table 5.

Table 5. Concrete mix

COMPONENTS QUANTITY MOISTURE
Ordinary Portland 1002 kg
Cement (OPC)
Ground Granulated Blast 669 kg
Furnace Slag (GGBFS)
Sand 1456 kg
Aggregate 4/10 mm 3420 kg 6.6
Additive Plastiment 180 5.04 kg
Additive ViscoCrete 6720 ml
35RM
Water 439
wy/C 0.44

This concrete batch was tested in compression and indirect tension tests using
cylindrical specimens, 200 mm high and 100 mm diameter. After the concrete
was cast, the cylinders were stored in a room with controlled temperature and
humidity. The tests were conducted at 28 days and at 76 days (tests days of NSM
FRP strengthened RC beams at ambient temperature).

The tests at 28 days were performed through the AVERY 7104 Compression and
Tension testing. The compression tests were carried out in the loading range 1000
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kN, with a loading rate equal to 0.26 N/(mm?s), according to ASTM C39 and
UNI-EN 12390-3.

The tensile strength of the concrete was evaluated through split-cylinder tests
according to IS:1999 5816-1970.

The tests at 76 days were performed through the INSTRON 600 LX, which has
capacity 600 kN. The compression tests were conducted with a loading rate equal
to 0.26 N/(mm?s), according to ASTM C39 and UNI-EN 12390-3.

The concrete compressive and tensile strengths at 28 days were 35.6 MPa and
3.83 MPa, respectively. The concrete compressive strength at 76 days was higher
than 28 days because the blended cement of this concrete batch was 60% OPC
(ordinary portland cement) and 40% GGBFS (ground granulated blast furnace
slag). This is a very high GGBFS content, which may retard the strength gain of
the mix, leading to higher strengths at later ages.

Steel reinforcing bars (Rebars)
The rebars were tested through the INSTRON 600 LX to define the relevant
mechanical properties. A unidirectional tensile load was applied with a constant
speed deformation equal to 2mm/min. The free length of the tested specimens was
460 mm, the grip’s length was about 55 mm, therefore the total length of the
specimen was 570 mm. The specimen was painted with white random dots, in
order to enable the pictures’ processing through the Digital Image Correlation
(DIC). This technique was very useful for measuring the displacement and the
strain, as shown in the following. The strain was also calculated considering a
gage length equal to 5 times the diameter, according to BS EN 10002-1:2001.
The properties are summarised in the following:
- Steel yielding strength of reinforcing bars used in tension side of the
manufactured RC beams: 525 MPa;
- Steel ultimate strength of reinforcing bars used in tension side of the
manufactured RC beams: 622 MPa;
- Steel yield strength of reinforcing bars used in compression side of the
manufactured RC beams: 700 MPa (according to the manufacturer
technical sheet).

Cementitious mortar

The grout was mixed in a high-speed mixer with the prescribed volume of potable
water, until a uniform consistency was achieved, according to the Contractor
Training Manual. The water/cement ratio of the mix was set equal to 0.23,
according to the manufacturer technical data sheet. The tested specimen was a
cylinder, 100 mm high and 50 mm diameter. The compression test was carried
out through the 810 Material Testing Machine (MTS).

The cementitious mortar compressive strength at 28 days was 90 MPa. Other
relevant mechanical properties are defined in the technical data sheet [17].
Additional information can be provided by the manufacturer upon request.

CFRP bars

The FireStrong CFRP bars, used to strengthen the RC beams through the NSM
technique, were spirally wound round rods, 8 mm diameter. 3 Tensile tests were
conducted. The free length of the tested specimens was 300 mm (~40d), according
to ACI 440R.3R-04, the grip’s length was 350 mm, therefore the total length of the
specimens was 1000 mm. The ends of the bars were embedded in steel tubes using
the two-component superfluid resin MAPEI EPOJET. The bar was loaded by
gripping the steel tubes in the friction wedge of the MTS. A unidirectional tensile
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load was applied with a constant speed deformation equal to 2mm/min. The
specimen was painted with white random dots in order to enable the pictures’
processing through the DIC. This technique provided the bar’s strain, which was
calculated considering a gauge length equal to 50 mm, according to ASTM D
3039/D 3039M.

The CFRP tensile strength was 1750 MPa, with a tensile elastic modulus of 136
GPa.

Pull-out tests on strengthened concrete prisms

Pull-out tests at ambient temperature were performed on concrete prisms
strengthened with the commercial NSM-CFRP system described in this paper.
The results of this experimental program are shown in Del Prete et al [21].

2.3 Flexural tests

The experimental program consisted of 12 four-point bending tests of RC beams
and NSM FRP strengthened RC beams, 1450 mm long and 150 mm square in cross-
section. The flexural tests were performed both at ambient and elevated temperature.
The tests at elevated temperature were executed using propane-fired radiant panels
to heat the beams, rather than a standard fire-testing furnace. This has the advantage
of being able to provide more direct instrumentation and observation of the beams
during heating, whilst still providing severe, however non-standard, heating. Two
heating configurations were used: (1) localised heating near midspan only; and (2)
global heating over the entire bonded length of the FRP.

The thermo-structural response was investigated under sustained loads sufficient to
generate FRP strains that are typical of maximum permissible service strain
conditions in the FRP (Service Load (SL) =40 kN; High Load (HL) =50 kN). Table
6 summarizes the flexural tests, showing the relevant test beam designations.
Ambient temperature tests were carried out after 76 days by the concrete pouring,
while the elevated temperature tests were conducted on 5 months old beams, to
reduce problems of concrete spalling.



408 Table 6. Experimental program

Beam designation Scheme Load
460 mm J 460 mm L 460 mm
) )
UN-S i .
=12 2mm/min
Q 1380 mm ©
Note: 2 tests at ambient temperature of UN-Strengthened beams
S-i .
i=1,2,3 cut 2mm/min
© 1380 mm ©
Note: 3 tests at ambient temperature of NSM FRP Strengthened beams
UN-S_GloH_SL 1 SL=40 kN
@] i ? I i ? I @]
Note: 1 test of UN-Strengthened beam in Global Heating configuration, under Service Load
_S_GloH_SL_l SL=40 kKN
i=1,2 7 7o
@] i ? I i ; I @]
Note: 2 tests of NSM FRP Strengthened beams in Global Heating configuration, under Service Load
S Lol 1L SL40IN
o - = HL=50 kKN
i=1,2 i ; i
Nofe: - 2 tests of NSM FRP Strengthened beams in Localised Heating configuration, with Service Load
) - 2 tests of NSM FRP Strengthened beams in Localised Heating configuration, with High Load
409
410

411 2.3.1 Design and Fabrication

412 The twelve beams had internal flexural reinforcement made of two deformed
413 steel reinforcing bars (nominal diameter of 10 mm) on the tension side and two
414  deformed steel reinforcing bars (nominal diameter of 6 mm) in compression (see

415  Figure 12b).
416
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418 a) Longitudinal section
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b) Cross section
Figure 12 NSM FRP strengthened RC beam

The FRP strengthening system consisted of a single CFRP bar (nominal diameter
of 8 mm), grouted in place using a cementitious mortar within a groove, 16 mm
square in cross-section, that was cut into the concrete cover of the beam using a
‘wall chaser’ fitted with a diamond blade. The shear reinforcement in the beams
was designed to ensure that flexural failure would govern. Steel stirrups (with a
nominal diameter 6 mm) were spaced at 90 mm centre-to-centre (see Figure 12a).
The design of the RC beams was performed in accordance with EN1992-1 [23]
and ACI 318-08 [24]; however the stirrup spacing according to EN1992-1 was
adopted in the final design.

The NSM strengthening system was applied after pouring and curing of the RC
beams. A wall-chasing grinder fitted with two spaced diamond cutting discs was
used to cut precise vertical slots in the bottom concrete cover of the beams (Figure
13a), and the remaining fin of concrete was removed with a wall-chasing break-
out tool (Figure 13b). The groove was then made smooth and clean (Figure 13c-
d), and the bar was placed and grouted (Figure 13e-f), with the beams in an
upside-down configuration (i.e. with gravity used to ensure complete filling of the
NSM grooves).

The CFRP bar was 40 mm longer than the RC specimen (1450 mm), in order to
enable the measurement of the bar’s slip through a linear potentiometer, as it will
be described in the following section. Since in the real buildings the effective
bonding length is usually lower than the beam length, one test at ambient
temperature was conducted on a specimen (labelled S3 cut, see Table 6), with
NSM bonding length equal to 1350 mm instead of 1450 mm. This enabled the
evaluation of potential early failure, due to (i) lower bonding length and (ii) no
local confinement provided by the supports.
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Figure 13 Stages of the strengthening: a) cutting of parallel vertical slots; b) remaining fin removing;
c-d) groove smoothing and cleaning; e) bar placement; f) bar grouting in cementitious mortar

2.3.2 Instrumentation and Test setup

Linear potentiometers were used during testing (both at ambient and elevated
temperature) to measure the vertical displacement of the beams at midspan (LP100)
and the slip of the NSM CFRP bar both at the left hand (LP25-LHS) and right hand
(LP25-RHS) end of the beams (Figure 14a-b).



LP25 LHS

¢)
460  Figure 14 Flexural test setup at ambient temperature: a) main components of the setup;
461  b) LP100; c) LP25-LHS; d) strain gauge at the mid-length of the CFRP bar

INSTRON Actuator

Loading spreader
LP100 (see b)
LP25 LHS (see ¢)

High performance camera
set for DIC

LP25 RHS

462
463 d)

464 A bonded foil strain gauge was also placed at the mid-length of the CFRP bar before
465 it was installed (Figure 14c¢). A high-resolution digital SLR camera was set (Figure
466  14d) to take photos every five seconds; this enabled a DIC monitoring of the vertical
467  deflections and flexural strains over the height of the beams. For tests at elevated
468  temperature, multiple thermocouples (TCs) were also located within and along the

469  beams, as shown in Figure 15.
470
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Figure 15. Thermocouples’ location: a) cross-section; b-c) along the CFRP bar

For the tests in local heating configuration (LocH), a propane-fired radiant heating
panel was used, with plan dimensions of 485x330 mm, located at midspan 120
mm below the beams (Figure 16). The tests in global heating configuration
(GloH) were carried out with two radiant heating panels, ensuring the heating
over the entire bonded length of the NSM FRP strengthening system, which was
970 mm long for the beams tested in this configuration (Figure 17).

Even though the chosen heating method is a non-standard one, it can be considered
highly reliable, since it provided a repeatable heat flux, as the comparison between
the temperatures read by thermocouples during the tests demonstrated (Del Prete

[26]).
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Figure 16. Radiant panel’s dimension and location in LocH configuration

Figure 17. Radiant panels’ dimension in GloH configuration

2.3.3 Tests Results
Ambient temperature tests

The flexural tests of the strengthened beams showed that the beam cracked under
a load of about 8.8 kN (Figure 18, Table 7), which is about 10% higher than the
cracking load observed for un-strengthened beams. Thus, as expected the
strengthening did not significantly affect the beams’ pre-cracked moment of
inertia. Then, the load linearly increased until the yielding of the internal tensile
reinforcement, at up to about 56 kN (36% greater than the yield load of the un-
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strengthened beams), which corresponded to a midspan deflection of about 9 mm.
After the steel yielding, the increasing tensile loading of the CFRP bar led to the
slippage between FRP bar and the cementitious bonding agent (Figure 19). The
load then gradually increased up to about 59 kN (19% greater than the failure load
of UN-S 1), with periodic slippage of the FRP bar resulting in a significant
increase of the midspan deflection, up to about 21 mm, due to the complete
debonding of the CFRP bar within the cementitious grout. After debonding of the
strengthening system, which occured when the slippage of the bar was measured
as about 6.7 mm (Figure 19, Table 9), the strengthened beams showed behaviour
almost identical to that exhibited by the un-strengthened beams. The beam
‘failure’ occurred due to concrete crushing in the compression zone near the
midspan (Figure 20). The strain in the CFRP bar, after concrete cracking linearly
increased up to 5170 pe, until the bar slippage initiated. During the gradual
slippage and debonding stage, the strains in the FRP bar increased up to about
5850 pe, corresponding to a slight increase in load capacity (Figure 21).

The performance of S-3 cut was slightly worse than S-1 and S-2, due to the lower
bonding length (625 mm instead of 725 mm) of the bar into the groove. However,
S-3 cut achieved the yielding load equal to about 54 kN (32% greater than the
yielding load of the un-strengthened beams), corresponding to the midspan
deflection of about 9 mm, without any damage of the strengthening system. The
slippage of the bar in the groove started under a load slightly higher than the yielding
load. Then, the debonding occurred leading to a significant increase of the midspan
deflection up to about 24 mm.

Table 8 shows the comparison between the beams in terms of initial stiffness,
calculated as ratio between the displacement and the load at cracking, and the secant
stiffness, calculated as ratio between the displacement and the load at yielding. The
ductility ratio of the beams has been also calculated and reported in Table 8. The
ductility ratio of the strengthened beams has been calculated as ratio between the
displacement achieved when the load dropped by about 19% (assumed as failure of
the strengthening) and the displacement at yielding. The ductility ratio of the un-
strengthened beams has been calculated as ratio between the displacement at peak
load (assumed as failure load) and the displacement at yielding.

Table 7. Ambient temperature Load-displacement records

Load.at Dlspl.. at Yielding D.|spI: at peak load Displ. at peak Failure
Test ID cracking cracking load yielding (kN) load mode
(kN) (mm) (kN) (mm) (mm)
UN-S_1 8.1 0.65 40.8 7.7 50.7 34 F*
UN-S_2 7.8 0.58 40.8 7.9 45.5 34.9 F*
S-1 8.9 0.55 56.4 9.3 59.0 14.9 F/D**
S-2 8.7 0.66 56.4 9.3 59.6 17.3 F/D**
S-3_cut 8.9 0.8 54.1 9.1 56.6 17.5 F/D**

*F=Flexural; **D/F=Debonding/Flexural




540
541 Table 8. Ambient temperature records — Initial and Secant stiffness

Test ID Initial Stiffness Secant Stiffness (at yielding) Ductility ratio
(kKN/m) (KN/m) )
UN-S 1 12461 5299 >4.4
UN-S 2 13448 5165 >4.4
S-1 16181 6065 23
S-2 13181 6065 2.3
S-3 cut 11125 5945 2.6
542
543 Table 9. Ambient temperature Load-slippage records
Load at Slippage at Maximum
Label | debonding debonding CFRP strain
(kN) (mm) (1e)
S-1 58 6.5 5850
S-2 56 6.9 5850
544
0 Di sllplace ent (mm)
545 0 10 20 30 40 50 60 70

546 Figure 18. Load vs Displacement curves. Comparison between un-strengthened and strengthened
547  beams.
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558 Figure 20. Specimen S-1 after failure
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Elevated temperature

Figure 22 shows the temperature recorded by the thermocouples in one of the NSM
FRP strengthened RC beams, tested in global heating configuration, under 40 kN
sustained load (GloH-SL-1). Figure 22 shows that the temperature along the bonded
length of the FRP bar (T6b — T7b — T8 — T11) is almost uniform and its maximum
value, after 90 min of non-standard fire exposure, varies in the range 500-580°C. It
should be noted that the temperature in the heated zone of the bar was uniform until
the opening of large cracks occurred (after 50 min of fire exposure), and a maximum
scatter of 80°C was recorded after 90 min of exposure. Figure 23 shows the position
of the above-mentioned cracks after 90 min of heating.

700 1

Temperature (°C) — T8
‘e T7b
600 f‘ 90 mins heating : ——Téb
‘ ‘ T9

\ A

500 4

400 A

300 4

200 4

100 4

ignition

Time (min)

0

0 1“5 3I0 4IS 6'0 7'5 ‘)IO 1(I)‘5 150 135 1;0 1(‘>5 1;{0
Figure 22. GloH-SL-1: Temperature versus Time curves

Figure 22 shows also that the maximum temperature in the tensile steel
reinforcement (T2) was about 300°C, while it was about 65°C in the stirrup’s top
arm. This means that, when the strengthening system completely lost its
effectiveness, due to high temperature, the un-strengthened beam was able to sustain
the load, since no reduction in stiffness and resistance of steel occurred. Therefore,
the beam did not fail after 90 min of heating.
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Figure 23. GloH-SL-1 after 90 min of heating exposure: a) front side; b) Bottom side

Figure 24 shows the temperature recorded by the thermocouples placed in one of the
NSM FRP strengthened RC beams tested in local heating configuration. This figure
shows that the temperature along the bonded length of the bar, after 90 min of fire
exposure, varies in the range 580-630°C near the exposed midspan, while it is about

30-50 °C near the supports
700 -

Temperature (°C) —— T6b
—T7b
600 — T8
—TI1
T2
500 + ™
—T1
400 A —T4
T4 midpoint Ts
300 1
——TI10
200 1
100
- 77:;7”7T' ¢ (min
0 . ——Hme (min)

0 15 30 45 60 75 90 105 120 135 150 165 180
Figure 24. LocH: Temperature versus Time curves

The effectiveness of the strengthening system during a fire event and its residual
strength depend on the utilization factor of the member in fire, ;. The latter is the ratio
between the relevant effects of actions in the fire situation at time t, Eq ¢ ¢, and the
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design value of the resistance of the member in the fire situation at beginning of thermal
transient, Rg ¢ o (EN1991-1-2 [25]).
0 0

30 6 90 120 150 180 210 240

Time (min)

Attainment of
T4, midpoint

LocH-SL-1 (No strengthening failure)

LocH-HL (RC Flexural failure after
strengthening debonding)
GloH-SL-1 (Debonding - No RC
flexural failure)

3040 N\ meeeeee- GloH-SL-2 (Debonding - No RC

flexural failure)

35 4 UN-S_GloH-SL-1 (No RC failure)

40 -

45 A

0 Midspan displacement (mm)

Figure 25 Midspan displacement versus time

GloH-SL

The tests on FRP strengthened beams in the global heating mode were undertaken on
beams with a utilization factor equal to about 0.7 (sustained load of 40 kN — GloH-SL).
As shown in Figure 25 the beam deflected of about 7 mm, when 40 kN sustained
load was attained. Then, when the heating stage started, the deflection increased due
to the thermal gradient over the beam, which induced a thermal curvature. It should
be noted that, at the attainment of the Ty (max tand) in the FRP bar, after about 10
min of heating (25 min by the beginning of the test), no particular changes in the
deflection curve were observed. After about 25 min of heating (40 min by the
beginning of the test) the FRP bar achieved the decomposition temperature (T,
midpoint - 360°C in Figure 22) along the overall bonded length and a change in the
slop of the deflection versus time curve was recorded. This is representative of the
transition between the strengthened beam and the un-strengthened one. Moreover,
the temperature in the steel rebars, at the same time, attained 100°C, which is the
temperature that induces a stiffness reduction. Therefore, the change in displacement
slop, observed after about 25 min of heating is also related to the greater
deformability of the un-strengthened beam in comparison to that at ambient
temperature.

However, the debonding and subsequent loss of effectiveness of the strengthening
system did not lead to the failure after 90 min of non-standard heating exposure since
the un-strengthened beams were able to carry the applied load without the FRP
strengthening system remaining effective, even though very large deflections were
exhibited (see Figure 25).

Residual tests, undertaken after the beams had cooled to room temperature, confirmed
that the residual failure load was equal to that obtained from testing the un-strengthened
beams at ambient temperature (i.e. the pre-existing concrete beams had not been
significantly damaged by the heating exposure, despite loss of effectiveness of the FRP
system).

LocH-SL

Figure 25 shows that the strengthened beams, tested in local heating configuration
with 15 equal to about 0.7— LocH-SL — initially deflected of about 7 mm under the
applied load. Then, the midspan deflection increased up to about 16 mm after 90
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minutes of non-standard heating exposure, which determined a thermal curvature
associated to the thermal gradient over the beam.

The right hand side (RHS) slip was also plotted versus the maximum temperature
read by the thermocouples near the midspan (Figure 26), showing that the
achievement of the glass transition temperature, first, and of the decomposition
temperature, later, did not determine any damage of the strengthening system, since
the end-anchorage was still cold. The bar started to slip when its temperature in the
midspan achieved about 600°C, whereas the bar was still cold near the supports. It
is very likely that a part of the end-anchorage in the unexposed zone, close to the
exposed zone, entered in the glass transition stage, reducing the effective end-
anchorage length and leading to the slippage of the bar. However, the strengthening
system did not fail, as demonstrated via residual tests, since the effective end-
anchorage was able to sustain the stress transferred from the midspan when the
CFRP in the heated zone completely decomposed. Unfortunately, the effective cold
end-anchorage length could not be experimentally determined since no
thermocouples were placed on the CFRP bar, in the unexposed zone, in the close
vicinity to the exposed zone. However, an estimation of the minimum required
effective end-anchorage can be drawn based on the results of bond tests at ambient
temperature detailed in Del Prete et al [21] and with reference to the CFRP strain
attained in the midspan of the beam, shown in Figure 27. The bond tests showed
that, when the bonding length is 300 mm, the failure occurs for debonding at
bar/adhesive interface under about 25 kN pull-out load (Fg,p ). The latter determines
a strain in the CFRP bar (&4,p,) equal to about 3.6%o. Figure 27 shows that the CFRP
strain at midspan attained about 3.5%o0 during flexural tests. This means that the
strengthening system would be effective with a minimum cold end-anchorage length
of 300 mm.

5 _ RHS Slip (mm)

100 200 300 400 500 600 700
Max bar's Temperature (°C)

Figure 26 RHS Slip vs Temperature
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Figure 25 shows also that, in a local heating configuration, the deflection of the
beams was significantly lower than that observed in global heating, since the thermal
gradient, and therefore the thermal curvature, were lower than those induced by
global heating.

LocH-HL

Figure 25 and Figure 28 shows that strengthened beams tested in a local heating
configuration with ng equal to about 0.8 (sustained load of 50 kN) — LocH-HL,
were unable to sustain the stress transferred from midspan when the maximum
temperature in the CFRP bar ranged between 470+530°C, even though the
temperature near the supports was approximately at ambient.

R ——TI10

20 -LHS Slip (mm) T9
— T8

18 4 —TI11
—— T6b

16 A —— T7b

100 200 300 400 500 600
-2 A Bar's Temperature (°C)
Figure 28 LocH-HL-1. Slip versus Temperature curves

Figure 29a depicts the beam (bottom side) immediately after the failure and proves
that the resin of the CFRP bar was completely decomposed in the heated zone,
since the temperature at the failure was significantly higher than the
decomposition temperature. Conversely, in the unexposed zone, the CFRP bar
was not damaged at all. However, it is very likely that the temperature of the
CFRP bar close to the heat-exposed zone may have exceeded T,; due to thermal
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conduction along the FRP bar and this led to a reduction of the effective end-
anchorage length.

Figure 29 b depicts the beam (front side) after the failure, showing the distribution
of the flexural cracks and the failure mode considered to be a typical post-debonding
flexural failure.

a)

b)
Figure 29 — LocH-HL-1 after failure: a) Bottom side of the beam; b) Front side of the beam

The tests performed herein thus demonstrate the importance of the cold end-
anchorage zones to maintain the effectiveness of this NSM FRP strengthening
system in case of fire under sustained loads typical of maximum service strain
conditions in the FRP. It is noteworthy that no tensile failures of the CFRP bars
were observed in any tests, even though (i) a temperature of more than 600°C was
attained in the bar during heating, and (ii) a significant sustained stress was
maintained within the FRP.
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3. PRELIMINARY NUMERICAL SIMULATIONS AND FUTURE

WORK
According to European codes, the fire resistance assessment of a structural
member may be performed through experimental tests or by applying analytical
approaches, whereby conventional temperature-time relationships of the fire
environment are usually assumed. For instance, for fires of cellulosic substances,
the ISO834 standard curve is suggested by EN1991-1-2. However, standard fire
tests have many inadequacies, such as the absence of a cooling phase. Moreover,
they do not enable simulation of localised fire events that may occur in real
structures. Therefore, the results of non-standard experimental tests, such as those
presented herein, cannot easily be used to define a standard time of fire resistance
for structural members, since the heating history may be significantly different to
that provided by standard fire curves in terms of speed of temperature increasing,
maximum temperature, and duration of the heating stage.
Therefore, preliminary numerical analyses, simulating the experimental tests
described in this paper, were carried out and presented in detail in Del Prete [26].
Numerical analyses were performed through a relatively simple 2D heat transfer
analysis of the cross-sections. The transfer between the rebars and concrete is
perfect, as assumed in Del Prete [27], even if Firmo [28] and Bilotta [29] showed
that temperature-dependent FRP-concrete interaction should be used when a more
in-depth understanding of some local phenomena of stress transfer is necessary.
The aim of these analyses was dual:

1) Assess the ability of simulating the experimental results of non-standard
fire tests (local and global heating using propane fired radiant panels);

2) Generalise the experimental results providing a standard time of fire
exposure that might lead to the un-effectiveness of the strengthening
system due to debonding failure.

The thermal analyses were conducted through the software SAFIR (Franssen
[30]). In absence of experimental heating curve measurements, the heat transfer
analyses were carried out by imposing on the boundary of the model, the
temperature recorded by the thermocouples at the soffit of the beams (Section
2.3.3) during the non-standard tests. The results of the numerical thermal analyses
on the 2D cross-sectional and longitudinal finite element models (FEM), shown
in Figure 30, were compared with the temperature recorded by the thermocouples
during the tests, in order to assess the reliability of the FEM simulating the
experimental results.

F20

- . .

Soffit temperatire: Experimental heating history a)
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Figure 30 — 2D FEM of NSM FRP strengthened RC beam subjected to the experimental soffit
temperature: a) cross-sectional FEM; b) FEM of the longitudinal section

Figure 31 demonstrates that the numerical model is able to predict the temperature
and it is a very reliable model, since a good agreement was obtained with the
experimental temperatures (thermocouples location is shown in Figure 15). It
should be noted that the temperature recorded during the experiments in the
unexposed zone in T9 and T10 was about 50°C and 30°C respectively. These
temperatures were replicated in the longitudinal heat transfer model, as shown in
Figure 31b.
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Figure 31 — Temperature vs time curves. Numerical-experimental comparison: a) cross-section;
b) longitudinal section

The longitudinal thermal model enabled to define the point along the bar entering
in the glass transition stage. As shown in Figure 31b, due to the longitudinal
thermal conductivity of the CFRP, the model provided a temperature in the bar of
about 180°C at 45 mm far from the radiant panel (RP), after about 90 min. This
means that the bar, at the interface between the unexposed and exposed zone
entered in the glass transition stage.

Once validated the thermal models, the thermal analysis of the cross-sectional
FEM, was carried out to define a standard time of ISO834 fire exposure, which
may be critical for the effectiveness of the experimentally tested strengthening
system. Figure 32 shows that the CFRP bar, after about 15 min of standard fire
exposure, achieved 350°C that represents a critical temperature for the
effectiveness of the strengthening system in case of global heating, since it leads
to the debonding at bar/adhesive interface. Moreover, the numerical thermal
model showed that the CFRP bar attained 600°C after about 45 min of standard
fire exposure, which may be critical in case of local heating, in case the n5; of the

beam is greater than 0.7.
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Figure 32 — Temperature vs time curves. Numerical prediction (ISO834) — Experimentally
tested strengthening system (*Failure of strengthening in GloH; **Stress transferred to the

anchorage in LocH)

However, it should be note that, even if the cold end-anchorage should not be able
to sustain the stress transferred from the midspan leading to the loss of strengthening
system, the un-strengthened RC beam should be able to sustain a load compatible
with its strength at ambient temperature. This is because the temperature in the steel
rebars is about 300°C, when the maximum temperature in the CFRP bar is 600°C.
Therefore, no strength reduction occurs in RC beam during the fire exposure.

In the frame of future work, tests with an epoxy adhesive rather than the used
commercial grout should be carried out before the novel system can be confidently
stated as being vastly superior to epoxy-adhered NSM systems.

4. CONCLUSIONS
The available literature about the behaviour of cementitious-bonded Near Surface
Mounted (NSM) FRP strengthening systems both at ambient and elevated
temperature is very limited, probably due to a presumption that cementitious
adhesives are likely to be less effective at room temperature. Therefore, this paper
has presented the results of an experimental testing programme to investigate the
performance at elevated temperature of a specific novel cementitious-bonded CFRP
NSM strengthening system for concrete beams in bending.
Based on the testing presented in this paper, the following key conclusions can be
drawn for this system:
e T, ranged between 160°C (Ty frser) and 220°C (Ty max (tans)) for the
CFRP bar used. T,; ranged between 320°C (Tq o r ser) and 360°C (Ty miapoint)-
This highlights the need to standardize T; and T, definitions and test
configurations.
e The flexural tests of strengthened beams at ambient temperature
highlighted that the strengthening provided a considerable increase of the load
bearing capacity, with a gain in yielding load ranging between 32-36% and a
gain in failure load ranging between 17-25%.
e  The capacity of the NSM FRP system depends on the presence of effective
cold anchorage, because carbon fibres behave significant strength at elevated
temperatures even when the performance of the polymer matrix is
compromised;
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e  When adequately anchored in cool regions with an anchorage length of at
least 300 mm, the NSM FRP system studied herein was able to carry tensile
stresses typical of in-service conditions at elevated temperatures up to 600°C.
e Local insulation systems placed at the end-anchorages only, instead of
insulation the FRP system along the overall bonded length, may be able to
prolong the overall system performance in fire; further testing would be
required to confirm this.
To generalize the experimental results obtained through the non-standard fire tests
and to provide a reliable time of standard fire exposure that may be critical for the
NSM FRP strengthened RC beams, thermal numerical analysis of a two-
dimensional (2D) cross-sectional finite element model (FEM) of the NSM FRP
strengthened RC beam were performed. The input from the beam’s soffit
temperature, as recorded during the localised heating tests, was used to assess the
reliability of the FEM simulating the experimental results. The input from the
ISO834 curve was used to define a standard time of fire exposure, which may be
critical for the effectiveness of the strengthening both in cases of local and global
heating.
Based on the results obtained by the authors and other researchers in the last years
by using FEM models for numerical simulation of concrete structures - reinforced
or strengthened with FRP - more refined 3D analyses should be performed for a
more in-depth understanding of some local phenomena of stress transfer of NSM-
FRP systems.
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