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Composites fabricated of textile as reinforcement and a fine-grained concrete as matrix are
referred to textile reinforced concrete (TRC) which provides the opportunity to build thin and
shell constructions and to repair and strengthen concrete and masonry structures. This
paper aimed to exploit the repair potential of TRC through confinement of heat-damaged
concrete columns. For this purpose, a two-phase approach was conducted, in the first phase
of which the effect of elevated temperature on mechanical properties of concrete was
examined. The main objective of the second phase, however, was to assess the efficiency of
glass textile reinforced concrete (GTRC) in the confinement of heat-damaged concrete. This
phase commenced with selecting a candidate mortar among commonly used TRC mortars to
confine heat-damaged specimens. Experimental results revealed that the adopted confine-
ment system is an efficient solution to enhance the load bearing capacity of even seriously
heat-damaged specimens. Eventually, experimental results were compared with available
prediction models from the literature for both of the load-bearing capacity and also the
compressive strength of confined concrete. Then an analytical confinement model was
proposed based on best-fit analysis exclusive to heat-damaged concrete confined by GTRC.

© 2019 Politechnika Wroclawska. Published by Elsevier B.V. All rights reserved.

1. Introduction

incombustibility of the concrete cover maintaining the
reinforcement and core concrete away from the destructive
effects of fire. A concrete structure's collapse by fire seems

Existing concrete structures deteriorate over time and lose
their expected performance due to some natural phenomena
such as earthquake, fire, and chemical attacks. Reinforced
concrete columns generally show appropriate performance
during the fire, mainly due to the low thermal conductivity and

* Corresponding author.
E-mail address: J-Esmaeili@tabrizu.ac.ir (J. Esmaeili).
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improbable. Considering that such damages can be repaired in
a majority of cases, the demolition or reconstruction of these
structures is not economically, technically, and environmen-
tally a sensible solution. Various methods have been proposed
with the aim of repairing and strengthening existing concrete

1644-9665/© 2019 Politechnika Wroclawska. Published by Elsevier B.V. All rights reserved.
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structures [1-4]. One of the most commonly used methods for
strengthening purposes is exploiting FRP sheets to confine
damaged concrete [5,6]. There are numbers of studies
concerning the performance of heat-damaged columns
wrapped by FRP [7-9]. Also, there is a growing interest toward
investigating the effectiveness of FRP fabrics in strengthening
and rehabilitation of chemically deteriorated concrete col-
umns [10-12]. These studies confirm the efficiency of the FRP
confinement technique in terms of enhancing the load-
carrying capacity as well as increasing the ductility. The
inclination toward utilizing FRP fabrics for strengthening and
rehabilitation of damaged concrete is due to its low thermal
conductivity, lightweight and appropriate performance as
well as durability in the harsh environment [13,14]. This
technique, however, entails some drawbacks, mostly inher-
ited from its organic binder, such as: (1) poor performance at
high temperatures above the glass transition temperature; (2)
impossibility of application on wet surfaces; (3) high cost of
material, labor, and application; and (4) incompatibility of the
binder and substrate concrete. As an alternative to FRP,
textile-reinforced concrete abbreviated as TRC has continued
to gain acceptance in the civil engineering society addressing
the problems associated with FRP. TRC is a novel composite
material, which consists of woven yarns made of high
strength material such as AR-glass, carbon, or basalt coupled
with a high-performance fine-grained matrix [15,16]. Numer-
ous studies have been conducted on the stress-strain
behavior of TRC under tensile loading [17-20]. Also, flexural
strengthening of RC beams with TRC as well as shear
strengthening has always attracted the attention of research-
ers in this field [21-24]. In addition, a large number of studies
have been carried out on TRC, as an innovative composite
material for repairing and strengthening the concrete
columns. The application of TRC for confining concrete
columns was investigated by Triantafillou et al. [25]. They
concluded that TRC contributes to the enhancement of load-
bearing capacity and deformability through confinement. A
Comparative study of TRC-confined and FRP-wrapped speci-
mens was undertaken by Peled [26] and revealed that the TRC
strengthening method significantly improved the modulus of
elasticity in damaged concrete, compared to the FRP tech-
nique. Ortlepp et al. [27] studied the effect of cross-sectional
geometry on the concrete columns confined with carbon and
AR-glass textile. Basalt textile was also exploited by Garcia
etal. [28] and Ludovico et al. [29] to confine concrete cylinders.
Basalo et al. [30] investigated the confinement efficiency
through different configurations of reinforcement material
type and mortars. Ombres and Mazzuca [31] analyzed the
collected results of compression tests carried out on concrete
specimens confined by the fabric-reinforced cementitious
matrix and proposed a prediction model for peak strength and
corresponding strain of FRCM-wrapped specimens. Ortlepp
et al. [32] assessed the applicability of TRC confining method
for strengthening the structural RC columns and confirmed
the practicality of strengthening RC columns by TRC.
Since there are limited experimental and analytical investi-
gations on the behavior of heat-damaged concrete confined
with TRC, this study aims to improve the knowledge about the
efficiency of this technique in strengthening of heat-damaged
concrete.

2. Experimental program

2.1. Experimental design and objectives

This study aimed to evaluate the TRC confinement method
for strengthening the heat-damaged concrete. To this end, a
two-phase experimental approach was developed. In the first
phase, the effects of elevated temperature on the concrete
specimens were investigated to identify the characteristics
of the heat-damaged concrete. Three different regimes of
elevated temperature (300, 500, and 650 °C) beside the
ambient temperature were considered. Then the most
important mechanical properties such as compressive
strength, modulus of elasticity, strain at peak stress, and
stress-strain behavior of the heat-damaged concrete were
taken into account, and the experimental results were
verified using some available numerical models. All mea-
sures in the first phase were taken not only to obtain a better
understanding of the effects of elevated temperature on the
concrete behavior but also to investigate the confinement
effect morereliably, which is the main objective of the second
phase. The second phase of this study initiated with selecting
a candidate mortar from different conventional TRC mortars
to be used in the confinement of heat-damaged specimens.
The selection was on the basis of confining performance, by
assessing ultimate tensile strength through the uniaxial
tensile test; and the applicability, by considering the
workability and ease of application of mortar on the concrete
cylinders. After determining the mortar, cylindrical speci-
mens of each temperature regimes were confined by one or
two layers of textile. These specimens, along with the
unconfined heat-damaged ones were tested under the
uniaxial compression, and the following parameters were
investigated.

e Compressive strength enhancement imposed by confine-
ment (for/ foor);

e Repairing capability determined by repair index ;

e Stress-strain behavior and relevant parameters such as
elastic modulus, axial strain, and hoop strain.

The present study also aimed to discuss the existing
models for TRC-confined concrete and to assess the potential
of these models to predict the strength enhancement of heat-
damaged concrete imposed by AR-glass textile-reinforced
concrete (GTRC) confinement. Furthermore, an analytical
model was proposed exclusively for GTRC-confined heat-
damaged concrete.

2.2. Properties of textile material

In this study, the biaxial textile sheets made of multifilament
yarns were used as reinforcement of fine-grained concrete, the
fibers of which are made of alkali-resistant glass (Fig. 1). The
properties of the textiles used in this study, which are
commercially available and produced by the Solidian Compa-
ny in Germany, are presented in Table 1. The mechanical
properties of the textile were experimentally determined
through tensile tests, by considering the ASTM D3039 [33]
specifications, on the 400 mm length and 80 mm (containing
seven yarns) width samples in both longitudinal and trans-
verse direction. The diagrams obtained from the tests on
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Transverse

Fig. 1 - AR-Glass textile fabric.

samples with one and two layers of the textile are illustrated in
Fig. 2, and the mean test results are represented in Table 1.

2.3.  Properties of Mortars

The maximum size of aggregates used in the present study
was 1 mm. Portland Cement CEM I 42.5 R (according to
European standard EN 197-1 [34]), fly ash, silica fume, water,
and also poly-carboxylate based liquid hyper-plasticizer with a
specific gravity of 1.114 0.05g/cm?® were used for preparing
mortars. The chemical analysis and also some physical
properties of Portland cement, fly ash, and silica fume are
represented in Table 2.

The degree of alkalinity of the matrix plays an important
role in the matrix selection. The alkalinity of the matrix
results in the decomposition of the embedded glass filaments.
Hence matrixes with a binder containing the low content of
Portland cement are preferred. In this study, three types of
commonly used mortars in the case of TRC within the
framework of the Collaborative Research Centers 528 at the
TU Dresden and Collaborative Research Center 532 at RWTH

Aachen, were adjusted by available materials and used to
produce tensile specimens [35-37]. Table 3 presents the mix
design and compressive strength test results of these
mortars, according to ASTM C 109 [38]. The flow-table test
was carried out on all mortar mixes in conformity with ASTM
C 230 [39]. The table flow spread of 180-200 mm was kept
constant for all types of mortars by adjusting the hyper-
plasticizer dosage.

2.4.  Casting of specimens and testing procedure

2.4.1. Tensile composite specimens

In order to conduct a direct tensile test and to investigate the
stress-strain behavior of TRC, nine flat rectangular specimens
of 400 mm length, 80 mm width, and 6 mm thickness of three
different mortars were prepared (Fig. 3a). The ratio of 1/5
(width/height) seemed appropriate to limit the Poisson effect
[20]. To cast these specimens, two layers of textile were
arranged and fixed at the ends of the mold as can be seen in
Fig. 3a in detail. The casted specimens were kept in a steam
chamber with a temperature of 25 + 1°C for a day to prevent
the formation of early-age cracks. Then the specimens were
cured for 90 days in a water tank with a temperature of
23 + 1 °C. After 90 days; the holes were created at both ends of
the test specimens along their central longitudinal axis. Steel
plates with a thickness of 4 mm were bonded at the two ends
of the specimens using epoxy resin for appropriate force
transition during the tensile test. The hinge mechanism, the
details of which are shown in Fig. 3b was used to eliminate the
bending moment formation. Specimens were subjected to
direct tensile test using a displacement-controlled hydraulic
jack atarate of 0.5 mm/min. Displacements were measured by
means of two linear variable differential transformers (LVDTs)
along the 200-mm measurement length on both sides of the
specimens in the longitudinal direction (Fig. 3c). All data was
compiled by a data acquisition system at a frequency of 10 Hz.

2.4.2. Cylindrical specimens and heating regimes

Cylindrical specimens were cast with a diameter of 100 mm
and a height of 200 mm. The specimens were stored in a
water tank with a temperature of 23 + 1 for 28 days and for 62
days in the laboratory at the ambient temperature to become
90 days old. Then the specimens were divided into four

Table 1 - Characteristics of AR-glass textile.

Manufacturer given data

Product name

GRID Q20/20-AAS-13

Fiber material

Center distance of yarns

Fiber cross-section area of yarns
Cross-section area of textile

Tensile strength (characteristic value) Longitudinal
Transverse

Experimental results

Average ultimate tensile Strength + SD Longitudinal
Transverse

Average ultimate tensile strain + SD Longitudinal
Transverse

Average Young's modulus + SD Longitudinal

Transverse

Alkaline Resistance glass
Longitudinal and transverse (mm) 13
Longitudinal and transverse
Longitudinal and transverse

(mm?) 0.25
(mm?2/m) 20

(MPa) 1200
(MPa) 1300
(MPa) 825 £+ 24.3
(MPa) 962 + 263
(%) 25 +0.12
(%) 1.9 + 0.08
(GPa) 314+ 1.28
(GPa) 50.7 + 1.45
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Fig. 2 - Stress-strain curves of AR-glass textile derived from direct tensile test. (a) longitudinal direction. (b) transverse

direction.

Table 2 - Physical properties and chemical composition of cement, fly ash, and silica fume.

Component Si0, Al,03 Fe,03 CaO MgO Na,0 K0 SO3 L.O.I* Specific Blaine fineness
gravity (m2 /kg)

OPC (%) 21.57 4.65 3.03 63.32 2.40 0.32 0.81 ND" 1.33 3.05 382
Fly Ash (%) 44.93 26.17 9.20 5.66 1.83 2.62 2.15 3.22 3.26 244 325
Silica Fume (%) 89.22 1.20 2.12 1.87 1.61 0.55 1.05 ND 2.60 2.20 541

# Loss of Ignition (1000x2103;).
® Not Detected (< 0.01%).

Table 3 - Mix design and compressive strength of mortars.

Mix No Cement Fly ash Silica fume wp, Water Sand  Hyper plasticizer = Compressive strength + SD*
GGG CECINNC) e
m3 m3 m3 m3 m3 m3
PZ-0899-01 490 175 35 0.4 280 715 4 63 £ 1.8
M3 549 246 25 0.3 246 1092 5.5 75+ 26
M7 839 — — 0.33 277 1189 5 80 + 1.4

& Average compressive strength of six 5 x 5 x 5cm cubic specimens at 28 days age.

Steel Plate

Force

textile
matric
/
: Specimen
F

80mm

| 50mm

Length

Ball Joint

400mm
fmeasurement lengthI
Measurement

50mm_|

(@) (b) ©

Fig. 3 - (a) tensile specimen geometry; (b) hinged mechanism; (c) direct tensile test setup.
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Fig. 5 - (a) unwrapped and wrapped specimens with AR-Glass textile; (b) confined specimen; (cjcompression test setup.

groups, each containing nine specimens from the same
batch. The first group of nine specimens was kept in the
ambient condition in the laboratory, and the other three
groups were exposed to different regimes of elevated
temperature including 300 °C, 500 °C, and 650 °C in an
electrical furnace (Fig. 4 a). The reason for selecting these
regimes of elevated temperature lies in two following facts: ()
in similar studies and codes, the reported temperatures
which cause a considerable loss in the mechanical properties
of concrete structures, is above 300°C; (II) damaged concrete
structures should be in a state that the strengthening
procedure will be practically justifiable. As the similar
studies stated, the damages that concrete structures experi-
ences in temperatures below 700°C, could be strengthened
and retrofitted practically [7,40,41]. Moreover, the duration of
heating scenario was considered 120 min, which is repre-
sentative of fire resistance duration of tall buildings accord-
ing to UK Building regulations [42].

The temperature of concrete's core was measured during
the heating process using K-type thermocouples. The furnace
was scheduled to heat the specimens to target temperature
with a maximum rate and then to hold that temperature.
When the total heating time had reached 120 min, the furnace
was turned off, and specimens were allowed to be cooled down
gradually. The typical temperature records are presented in
Fig. 4b. This figure depicts the temperature of the concrete core
as well as the temperature inside the electrical furnace for
different temperature regimes.

2.4.3. Strengthening procedure and experimental test setup

For the better bonding of the mortar to the substrate concrete,
surface grinding operations were carried out on specimen. For
this purpose, a series of grooves were created in a parallel
orientation to the height axis of the unwrapped cylinders and
about 2 cm apart from each other (Fig. 5a). Then the specimens
were cleaned using the water jet. Eventually, the following
steps were performed to confine the specimens with one or
two layers of textile: 1) Surface of the all specimens were
dampened to improve the bonding between mortar and
substrate concrete; 2) As illustrated in Fig. Sa, textile sheets
were kept straight between a pair of 2-mm thickness clamps
installed on top and bottom of the specimens to hold textile
sheets at the exact distance of 2 mm from the specimen and
outer side of the applied mortar. For one-layer specimens, total
mortar thickness was approximately 5 mm with a textile sheet
in the center, and the mortar thickness for two-layer speci-
mens was approximately 7 mm with two textile layers
arranged uniformly at a distance of 2 mm from each other.
As shown in Fig. 5b, the 5-mm gaps were considered on both
ends of the specimens to eliminate the potential axial load on
the TRC jacket during the tests. Moreover, an overlap of 12 cm
was considered for each layer; 3) Hand lay-up application was
undertaken to impregnate the textile fabrics by mortar; 4) A
metallic trowel was used to smoothen the exterior layer of
confinement. To preclude cracking of the mortar caused by
shrinkage, the confined specimens were kept in a steam
chamber with a temperature of 25 + 1 °C for one day after
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1.00
1.07
1.16

28.13 + 2.31
30.61 + 3.08
32.61 + 2.66
16.45 + 1.77
17.43 + 3.16
19.70 + 3.00
8.55 + 1.31

8.89 + 2.21

—0.11 + 0.005
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—0.28 + 0.062
—0.10 + 0.021
—0.47 + 0.046
—0.14 + 0.009
—0.35 + 0.043
—0.51 + 0.081
—0.68 + 0.264
—1.00 + 0.176

—1.24 + 0.349
—1.27 + 0.242

0.24 + 0.026

43.66 + 1.7

Ambient

U-20

0.18 + 0.012

46.81 + 4.3

W-20-1
W-20-2
U-300

0.17 + 0.022

50.84 + 1.5

1.00
1.18
1.34
1.00
1.29
1.57
1.00
1.52
2.18

0.31 + 0.017

36.87 + 3.2
4354 + 2.7

300

0.28 + 0.022

W-300-1

0.26 + 0.029

49.26 + 4.5

W-300-2
U-500

0.51 + 0.074

27.54 £ 2.0

500

0.37 £+ 0.045

35.53 + 4.7
4324 + 2.7

W-500-1

10.71 + 1.23
4.68 + 0.58
5.46 + 0.79
8.31 + 1.85

0.30 + 0.012

W-500-2
U-650

0.64 + 0.065

18.61 + 2.5
2832 +2.9

650

0.40 + 0.107

W-650-1

0.37 + 0.066

40.58 + 3.2

W-650-2

@ Each group contains three specimens.

b Efficiency of confinement for the compressive strength.

removing clamps and then stored for 90 days in a water tank
with a temperature of 23 + 1 °C.

The confined specimens were tested by a displacement-
control hydraulic jack for compressive strength with a
controlled displacement rate of 0.5 mm/min (Fig. 5¢) and
their force-displacement diagrams were recorded using a
data acquisition system at a frequency of 10 Hz according to
ASTM C39/ C39M-16 [43] and ASTM C469 / C469M-14 [44]. The
X-T-N template was used to tag the cylindrical specimens,
where X indicates whether the specimens were wrapped or
not with the dedication of the letter W for wrapped speci-
mens and U for unwrapped ones. Furthermore, T demon-
strates the thermal regimes of 20, 300, 500, and 650 °C to
which the test specimens were exposed. Moreover, N shows
the number of textile layers, which was one or two in the
present research.

3. Experimental results and discussion

In this study, a two-phase approach was conducted to discuss
the experimental results in detail. In the first phase, the
unconfined concrete specimens were exposed to elevated
temperature, and then their results were verified based on
concrete mechanical properties models and relationships to
obtain more reliable and confident results of experimental
testing procedures. The second phase specifically argues on
the confinement effects of the TRC strengthening technique,
and a prediction model was eventually taken into account. As
a brief overview, the experimental key results are presented in
Table 4 for the groups of different elevated temperatures, and
different numbers of the textile layers applied on the speci-
mens. The data includes peak stress, axial and hoop strain at
peak stress, and elastic modulus.

3.1. Effect of elevated temperature on mechanical
properties of concrete (Phase I)

This phase provides a comparison between the experimental
observations and the existing models which are summarized in
Appendix B in terms of compressive strength, elastic modulus,
axial strain at peak stress, and stress-strain diagrams.
Several numerical models were selected from a vast
majority of compressive strength models of concrete ex-
posed to elevated temperature (Appendix B). Fig. 6a presents
the four compressive strength prediction models beside
experimental results to determine their potential coinci-
dence. Based on Fig. 6a, as the elevated temperature
increases the residual compressive strength of the concrete
is reduced significantly, which is clearly in conformity with
previous studies in the literature [45,46]. The difference
between the thermal strain of the cementitious matrix and
aggregates of the concrete triggers the formation of micro-
cracks. As the temperature rises, at first, the hardened
cement matrix begins to expand and then shrinks due to
water loss. However, the concrete aggregates expand during
the entire time of heating scenario [46,47]. These strain
differences develop stresses among hardened cementitious
matrix and aggregates, which causes the generation of
micro-cracks in the interfacial transition zone (ITZ). These



1474

ARCHIVES OF CIVIL AND MECHANICAL ENGINEERING 19 (2019) 1468-1483

50 T T T T T T

w
o

[
o

=EN 1992-1-2
====Kodur et al.
t|= = Li and Purkiss

=

Compressive Strength (MPa)

""" == Chang et al.
O  Experimental Data
0 " . " n . L .
0 100 200 300 400 500 600 700 800
Temperature “C)
(@)

—w¥—Compressive Strength =
2.5 | = ®=Elastic Moduls
- @~ Axila strain at peak stress

Reduction or Enhancement Ratio

Temprature (°C)

()

Fig. 6 - (a) experimental compressive strength results versus elevated temperature in comparison with existing prediction
models; (b) reduction or enhancement ratios of mechanical properties of concrete specimens versus elevated temperature.

T T T T T T

=== Bastami et al.
- -y 4
====+Khennane and Baker
e L.W.G. Zhenhai

O  Experimental Data

w
=]

N
v

Elastic Modulus (GPa)
G 8

o
T

w
T

0 i .
0 100 200 300 400 500 600 700 800
Temperature (°C)

()

=—Bazant and Chern
—==Khennane and Baker
[ |= = Luand Yao
"""" Chang et al.
O Experimental Data

e
%

g
206
3
o
S
£04
£
1; o
é‘ 02PN T 031
0.23
0 I I . N N X )
0 100 200 300 400 500 600 700 800
Temperature (°C)
(b)

Fig. 7 - Effect of elevated temperature on (a) elastic modulus and (b) axial strain at peak stress of concrete for both of

experimental data and existing prediction models.

micro-cracks account for the reduction of some mechanical
properties of concrete, for instance, compressive strength at
elevated temperature. Fig. 6b indicates the reduction ratio
(fc'oT/fC'O>, where f ; is the compressive strength of concrete
exposed to elevated temperature and f,, is the compressive
strength of concrete at ambient temperature. Notable
reductions were observed in the specimens exposed to
temperatures above 300 °C. Residual compressive strength
of concrete exposed to elevated temperature could be
interpreted by three stages [46]: (I) within 20 x2103; to 300
x2103;, Compressive strength of concrete remains constant
or even experience a slight increase; (II) within 300 x2103; to
800 x2103;, compressive strength of concrete declines
substantially; (III) 800 x2103; afterwards, approximately all
the compressive strength of concrete has been lost. As can be
seen in Fig. 6b, the reduction ratio related to 300, 500, and
650 °C is 0.84, 0.63, and 0.43, respectively.

Since the modulus of elasticity is directly proportional to
compressive strength, the same decreasing trend in the
compressive strength values was expected for the modulus
of elasticity. Fig. 7a compares some important available
numerical models for the elastic modulus of concrete
exposed to elevated temperature, which are represented in
Appendix B thoroughly. The experimental results of the
elastic modulus are in agreement with those of the models'
prediction (Fig. 7a). Fig. 6b shows that the elastic modulus

reduction ratio (E.r/E.) is 0.58, 0.30, and 0.17 for the
corresponding elevated temperatures of 300, 500, and
650 °C, respectively.

Strain values derived from numerical models exhibit
generous scattering; nevertheless, experimental data sit
within the predicted boundaries of numerical models, as
shown in Fig. 7b. In contrast to the compressive strength and
modulus of elasticity, the axial strain revealed an upward
trend with an increase in the temperature, which could be
attributed to the formation of the cracks caused by the
incompatibility of aggregates and cement paste during heating
exposure [48]. The ratio of the axial strain at peak stress of
heat-damaged specimens to that of the unheated ones (ecr/ec)
is 1.32, 2.17, and 2.71 under regimes of 300, 500, and 650 °C,
respectively (Fig. 6b).

Some of the important numerical stress-strain relation-
ships for concrete exposed to elevated temperatures are
summarized in Appendix B. Numerical, and experimental
stress-strain curves are plotted in Fig. 8 for different regimes of
elevated temperature. From Fig. 8, it can be noted that, as the
temperature rises, the stress-strain curve becomes flatter, and
the peak stress values move rightwards and downwards. Also
comparing the experimental diagrams with the diagrams
derived from models reveals the coincidence of the experi-
mental and model curves, which verifies the accuracy of the
laboratory results.
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Fig. 9 - Mechanical properties of TRC: (a) ultimate tensile strength; (b) stress-strain behavior.

3.2 Effect of TRC confinement on mechanical properties of
heat-damaged concrete (Phase II)

3.2.1. TRC composite selection for confinement

Under compression testing, lateral deformation of the cylindrical
specimens develops tensile stresses within the TRC composite
jacket. As a consequence, the higher the ultimate tensile strength
of the TRC composite is, the higher the load-carrying capacity of
confined specimens is expected. Three commonly used mortars
(M3, M7, and PZ) were utilized to produce TRC composites, which
were examined through the direct tensile test. Ultimate tensile
strength and the stress-strain behavior of TRC composites made
of these three aforementioned mortars are illustrated in Fig. 9.
Eventually, the TRC composite produced by M3 mortar was

preferred to confine cylindrical specimens with regard to its
higher ultimate tensile stress, ease of application founded on
empirical observations, and a lower degree of alkalinity which is
mainly influenced by the amounts of Portland cement in the
mixture. Besides, the ability of the matrix to impregnate textile
meshes is an important factor which develops a proper bond
between matrix and textile and also leads to a better redistribution
of stresses within the composite material and then the maximum
tensile capacity of the composite material could be attained.

3.2.2. Confined concrete properties

The results of the compression tests on confined specimens are
reported in Table 4. The main mechanical properties of the heat-
damaged concrete specimens confined by GTRC are discussed in
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Fig. 11 - Confinement efficiency: (a) compressive strength enhancement and (b) repair index resulted by TRC confinement.

details for the peak stress, axial and hoop strains at peak stress,
elastic modulus, and also the effectiveness of the confinement.

The compressive strengths of all confined heat-damaged
cylindrical specimens are illustrated in Fig. 10. Moreover, the
enhancement factor, as the ratio of confined concrete
compressive strength to that of the corresponding unconfined
specimen at each elevated temperature regime is presented in
Fig. 10. Experimental results revealed that confinement has
considerable effects on the improvement of compressive
strength in all heat-damaged concrete specimens. It was
clearly observed that the more reinforcement ratio (textile
layers) is implemented in the TRC composite, the higher
increase in compressive strength is obtained. Regarding the
number of textile layers applied on cylindrical specimens, the
enhancement ratio of approximately 7-118% was observed
considering all temperature regimes.

As the compressive load increases in a confined compres-
sion member, the tensile stresses in the confining system
arises due to the lateral deformations of the specimen. By
arising the tensile stress in composite material and because of
the poor tensile strength of the fine-grained concrete, the
cracks appear on the outer sides of the confining jacket and
will continue to the inner part. As the more cracks appears and
getting wider, the bonds between the mortar and textile
become weaker. Eventually, the failure of the specimen occurs
with the failure of the confining jacket.

It is also worth noting that the effect of confinement on
compressive strength enhancement of heat-damaged speci-
mens is much more remarkable when the specimens are
exposed to higher regimes of elevated temperature. Generally,
the confining method is more efficient for strengthening of the
concrete with lower compressive strength which is in confor-
mity with the results of available research in the literature
[25,49,50]. As it can be seen in Fig. 10, a maximum compressive
strength enhancement of 118% was observed in W-650-2.

Another noteworthy point to consider is the capability of the
TRC confinement method in compensating the specimens'
strength loss imposed by elevated temperature. The efficiency
of the confinement in the case of compressive strength for each
of the temperature regimes is defined as f,.;/ fi,r, Where f,. is
the compressive strength of confined specimens and f; is the
compressive strength of unconfined specimens. The mentioned
confinement efficiency ( f.;/ fir) is plotted against f. . in
Fig. 11a. It can be noticed that the TRC confinement technique is
more efficient as the elevated temperature rises considerably.

In Fig. 11b, the ratio of the compressive strength of confined
heat-damaged specimens ( f,.;) to the compressive strength of
the specimen U-20 ( f,,) is defined as repair index indicating the
rate of strength loss compensation. The repair operation is
considered as a successful technique when the value of repair
index tends to one ( f..;/ fo, ~1). In fact, the values below one
imply the imperfection of the strength loss compensation. In
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Table 5 - Existing prediction models.
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experimental data and model predictions.

the specimens with one and two layers of GTRC exposed to
300 x2103;, the strength loss was completely compensated by
the index of 1 and 1.13 respectively. Moreover, this index is
close to 1in W-500-2 and W-650-2. In the rest of the specimens
including W-500-1 and W-650-1, the repair index is below one,
indicating the need for much more considerations such as
increasing the number of textile layers, utilizing high strength
reinforcing materials or increasing the thickness of confine-
ment mortar.

Additionally, due to the fact that the experimented speci-
mens were not in real size, the severity of damage was higher
than that of the real concrete members. So it is expected that
the obtained results are also reliable for the real concrete
members. However, this needs further investigations.

The typical stress versus axial and hoop strain diagrams at
the different regimes of elevated temperature are illustrated in
Fig. 12. Axial stress-strain curve for all the specimens initiates
with a nearly linear ascending branch. The slope of the linear
part is approximately constant for unconfined and confined
specimens at the ambient temperature. Within a certain
regime of elevated temperature, the ascending slope of the
confined specimen's curve is greater than that of the
unconfined ones. This trend is much more distinguished in
the higher regimes of elevated temperature. Additionally, by
increasing the number of confining layers, the slope of the
ascending part becomes steeper. In all the confined speci-
mens, the aforementioned ascending branch is followed by an
abrupt failure. It seems that the main reason is the brittle
behavior of the GTRC composite resulting from the brittleness
of AR-glass fibers. There is also a limited number of
investigations that reported this abrupt failure in the speci-
mens confined by GTRC [26].

As it can be seen in Fig. 12, the axial strain at peak stress of
confined specimens is lower than that of the unconfined
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specimens in all different temperature regimes. It is also noted
that the strain values at peak stress decrease as the number of
textile layers increase. This behavior might be attributed to the
brittleness of the GTRC composite. Regarding the stress versus
hoop strain diagrams in Fig. 12, it can be remarked that there is
no meaningful trend in scattered behavior of confined speci-
mens.

The confinement, however, has an incremental effect on
the hoop strain at peak stress values compared to unconfined
specimens at each thermal regime.

3.3.  Numerical models

3.3.1.  Simple model for the load-carrying capacity of TRC-
confined concrete

To evaluate the load-bearing capacity of the confined concrete,
a simple model was introduced by Ortlepp et al. [51], assuming
a rigid bonding between core concrete and TRC jacket. The
load-bearing capacity of the confined concrete (F,) was
reported as the maximum of F,; and Fy, (Eq. 1).

Fu = MGX(F“L FuZ)

(1)
where Fy; describes the load-bearing capacity of the confined
specimen and is the sum of F. and Fg, as the load-bearing
capacity of the core concrete and confinement layer, respec-
tively (Eq. 2).

Fuu=Fc+Fp= fex Ac+0.27 x fy x A

(2

where, f, and f,, are the compressive strength of the core
concrete and mortar, respectively. Moreover, A. refers to the
core concrete cross-section area, and A,, is the effective cross-
sectional area of fine-grained concrete without textile. The
value 0.27 is a reduction factor for fine-grained concrete
strength and was obtained based on Ortlepp's et al. study
[51]. The second term Fy, is as follows (Eq. 3):

2
Fio = fo x Ac x (1+0.27 x 28 4 555 (“l?) —-351
fe fe
o] 3
x [ —= | when
(%)
Olu

<08
fCC

where, oy, is ultimate lateral stress imposed by jacketing and is
formulated according to Eq. 4.

(b+4d)
bxd

With:

ay: Textile cross-sectional area in one meter of column
height

Nnefs : Number of efficient textile layers

f fu : Tensile strength of the TRC composite

b,d: Geometry of core concrete: Edge length for square
columns or diameter in circular columns

ke : Coefficient of the cross-sectional geometry, which is
equal to 1 for circular cross-section

As explained in Ortlepp's et al. study [51], Fus is essentially
decisive for the angular cross-section geometries in low
reinforcement ratio specimens. In all other cases, the total
load capacity F, is determined by the value of Fy,.

For all specimens in this study, F,, is a determinant in total
load-bearing capacity estimation. Fig. 13 depicts the compari-
son between the predicted load-bearing capacity ( F,) and the
experimental values, indicating an acceptable agreement for
the specimens at the ambient temperature. However, with
regards to the effects of elevated temperature on the
mechanical properties of the core concrete, as the temperature
increases, the predicted values and experimental results
diverge from each other, evidently. It seems that further
investigations should be taken into account to consider the
adverse effects of elevated temperature in the prediction
models.

o'm:ke xafxneffxfﬁ‘ (4)

3.2.2. Compressive strength prediction model for TRC-
confined concrete

According to the available literature, there are various models
for predicting the compressive strength of concrete confined
by fabric-reinforced cementitious matrixes (FRCM). A number
of these models are generally developed based on the
assumption that the compressive strength of confined
concrete depends on the ultimate lateral stress (o,) imposed
by the confinement (Eq. 5) [25,29-31]:

B
Olu
feo

7
fCC

f/
co
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where o« and g are the empirical constants obtained from the
experimental data analysis and o}, has been defined as Eq. 4.

Some of the expressions existing in this field, which predict
the compressive strength of the cylindrical concrete speci-
mens confined with FRCM, are summarized in Table 5. These
analytical expressions were determined by the experimental
investigations, and the contribution of axial strength of the
confining jacket to the compressive strength of the FRCM-
confined compression member should be neglected [52]. For
considering this assumption in our experiments, the 5-mm
gaps have been considered on both ends of the specimens to
eliminate the potential axial load on the TRC jacket during the
tests. As presented in Table 5, the proposed model by
Triantafillou et al. predicts the compressive strength of
cylindrical specimens confined by carbon fibers. De Caso's
et al. model was verified for glass FRCM-confined specimens
[53]. Another general model proposed by ACI Committee (549)
predicts the peak strength of concrete specimens confined by
FRCM [52]. Recently, Ombres and Mazzuca analyzed the results
of compression tests on different types of FRCM-wrapped
concrete elements to propose a model by means of statistical
analysis [54]. Comparing experimental data with the afore-
mentioned models which are plotted in the Fig. 14, reveals no
sensible coincidence between experimental data and pre-
dicted results. This is potentially due to the effect of elevated
temperature on mechanical properties of core concrete that
was not considered in these models.

Using a best-fit analysis, a numerical prediction model was
proposed based on experimental data derived from the
compression test on confined heat-damaged specimens in
Eq. 6. Considering the effects of elevated temperature, which is
restricted to the regimes reported in this study, Eq. 5 can be
rewritten as follows:

Froree(g) ®

As it was previously noted, « and B are the empirical
constants to be calibrated by best-fit analysis. The best-fit
analysis revealed that the proposed model with o« = 6.42 and
B = 1.60, R? = 0.94, and RMSE = 0.094 is formulated as Eq. 7.

' 1.60
fer _ 1+6‘42<;l“> %
ch cT

4, Conclusion

Based on the experimental findings and numerical analysis,
the following conclusions can be drawn.

e Comparing experimental results with the predictions of
available analytical models for mechanical properties of

heat-damaged concrete reveals that the predicted results of
models have an acceptable coincidence with the experi-
mental results. Therefore it could demonstrate the accuracy
of tests.

e By the preliminary investigation on evaluating the different
types of matrixes, it could be concluded that the M3 mortar
would be an appropriative choice to confine heat-damaged
specimens due to favorable characteristics such as higher
ultimate tensile stress, ease of application, and a lower
degree of alkalinity of the mixture which could cause the
improvement in durability.

e The confinement of specimens by TRC provided a noticeable
enhancement in the compressive strength of heat-damaged
concrete specimens as well as unheated ones. The more the
number of layers applied, the higher the compressive
strength and also elastic modulus resulted.

e Regarding the strengthening and retrofitting purposes, this
investigation exhibits that TRC could be an appropriate
solution for compensating or modulating the strength loss
induced by elevated temperature. For specimens exposed to
300 °C, The strength loss is completely compensated by
applying only one GTRC layer. Also, the compressive
strength of the specimens is compensated after exposure
to the 500 °C. It is worth noting that more than approxi-
mately 90% of strength loss of the specimens exposed to
650 °C was compensated, which indicates the efficiency of
the strengthening method. Obviously, the greater strength
loss could be compensated by increasing the number of
textile layers, utilizing high strength reinforcing materials,
and increasing the thickness of confinement mortar.

e The experimental results of load-bearing capacity and
compressive strength enhancement of confined concrete
indicate that the predictions of existing models proposed
by other researchers are in excellent coincidence with the
experimental results at ambient temperature. However,
the models' predicted values diverge from experimental
results at the elevated temperature, which is mainly
attributed to the formation of micro-cracks in core
concrete. Accordingly, a numerical model was proposed
based on the best-fit analysis to predict the compressive
strength of the GTRC-confined heat-damaged concrete
exclusively.
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Appendix A

Nomenclature

j- Compressive strength of the unconfined concrete at elevated temperature
" Compressive strength of confined concrete at ambient temperature

j. Compressive strength of confined heat-damaged concrete
- Compressive strength of unconfined concrete at ambient temperature

Fn Compressive strength of the mortar

T Temperature

E. Modulus of elasticity of concrete at ambient temperature

Ecr Modulus of elasticity of concrete at elevated temperature

ocr Compressive stress induced to concrete at different strain values

Oy Ultimate lateral stress due to jacketing

Can Axial strain at peak stress at ambient temperature

€t Axial strain at peak stress at elevated temperature

€T Strain corresponding

Iy Load-bearing capacity of the confined concrete

E. Load-bearing capacity of the core concrete

Fg Load-bearing capacity of the confinement layer

Ac Unconfined concretes cross-section area

Am Effective cross-sectional area of mortar without textile

arg Cross-sectional area of the textile reinforcement per meter of the column height
fu Ultimate tensile strength of the TRC confining composite

ke Coefficient for consideration of the cross section geometry

Neff Effective number of textile layers (without anchorage areas)

b.d Length of the edge (square) or diameter (circular) of cross-sectional area of the old concrete

a, B Empirical constant

i Coefficient of determination

RMSE Root Mean Square Error

Appendix B

Existing numerical models for prediction of mechanical properties of heat-damaged concrete

Mechanical properties Ref Model
Compressive strength EN1992-1-2 [55]

foo T<100°C
feor =1 fip(1.067 — 0.00067 T) 100°C < T < 400°C
fop(1.44 — 0.0016 T) T > 400°C

f[1.0625 — 0.003125(T — 20)] , T < 100°C
Kodur et al. [56] fer =1 0.75 f.,, 100°C < T < 400°C
f.[1.33 —0.00145 T}, T > 400°C

Li and Purkiss [57] feor = f2o(0:00165(55)* — 0.03(f)” + 0.025(5%) +1.002 )
Chang et al. [48] for = foo (1.008 4+ W) >0,20°C< T < 800°C
Modulus of elasticity Bastami et al. [58]

1.015 — 0.00154T 4+ 2 x 107 T2 + 3 x 107 T3, 100°C < T < 1000°C

1.020°C< T <100°C
Ecr = Ec
0T >1000°C

Khennane and Baker [59] Ecr = (—0.001282T + 1.025641)E. 20°C < T < 800°C

Lu [60] (0.87 — 0.00084 T)E; 200°C < T < 700°C

(1-0.0015T)E.20°C< T < 200°C
Ecr =
0.28E. T >700°C
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Existing numerical models for prediction of mechanical properties of heat-damaged concrete

L.W.G. Zhenbhai [61]

Axial strain at peak stress

Bazant and Chern [62]

Khennane and Baker [59]

Lu [63] and Yao [64]

Chang et al. [48]

€cuT = 6cu{

Stress-strain relationship EN1992-1-2 [55]

Lie and Lin [65]

Terro [66]

£ _ [E20°C<T<60°C
T =1 (0.83 — 0.0011 T)E. 60°C < T < 700°C

e — 0.0000064 T + 0.00216 20°C < T < 600°C
T = 0.000015 T — 0.003600°C < T < 650°C

€cuT

_ /0.00320°C < T < 200°C
~ 1 0.00001156 T + 0.000686 < 0.0082 T >200°C

€cuT = €cu (O~0019 T + 0.9615)

1.020°C< T < 200°C

(fo.1fc + 7.7) [ exp(—5.8 + 0.01T)

P8+ 0011 ) 0191 1200°C<T < 800°C
1+ exp(-5.8 + 0.01T) +1200°C<T < 800

, 3
o= et () )]

{ fc’oT [1 — ((&cr — chT)/3€cuT>2] , €T > €cuT
ocT =

fcoT [1 — ((€eur — ch)/fcuT)z] ) €T < €t
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