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Abstract: Fabric reinforced cementitious matrix (FRCM) system can be applied to strengthen existing
RC structures. In this experimental study, aramid fiber (AF) mesh was used along with green high-
strength mortar (f°c = 75.6 MPa) incorporating fine waste glass powder as partial replacement of cement
and 100% recycled fine aggregate. Test objective was to provide basic design parameters through me-
chanical characterization of the AF-FRCM system. Three different types of tests were conducted: Uni-
axial test of tensile specimens; flexural test of composite short beams; and pull-off test of thin FRCM
placed on top of normal strength concrete. Thickness of FRCM was about 10 mm while the volumetric
ratio of the fiber fabric to gross volume was 1.3% (0.65% in each direction). Tensile test results showed
that the load-displacement relationship of the FRCM was relatively ductile, while tensile behavior of the
AF governed at the peak load. Nominal tensile strength of the FRCM cross-section was 6.4 MPa at 4.6%
strain of the composite material. Short beam strength of 1.3 MPa was determined from flexural test of
composite short beams (or interlaminar shear test) performed following ASTM D2344M. In the pull-off
test, two different failure modes were identified: Interface failure or substrate failure in tension. Average
pull-off strength was 2.84 MPa. Design values were suggested based on current test results of the AF-
FRCM.

Keywords: FRCM; aramid fiber; green high-strength mortar; tensile test; composite short beam; pull-

off test.
1 Introduction

Fabric-reinforced cementitious matrix (FRCM)
system is a relatively new technology in the area of
strengthening and repair of RC and masonry struc-
tures. Externally-bonded FRCM system typically
consists of one or more layers of 2D or 3D fiber fab-
ric and the cementitious matrix in which the fiber
fabric is embedded. The performance of the FRCM
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system at elevated temperatures is significantly en-
hanced compared to that of the external fiber rein-
forced polymer (FRP) strengthening as the fiber fab-
ric is protected in the inorganic cementitious matrix
[1]. The FRCM technology is applicable to wet sur-
face. As the fibers are not directly exposed to outdoor
environment, the fiber fabric is prevented from out-
door weathering such as ultra violet exposure. The
FRCM technology has originally evolved from the
ferrocement, where the metallic reinforcement is re-
placed by fabrics of dry fibers [2].

Research performed to define mechanical prop-
erties of the FRCM system and develop more effi-
cient technology to strengthen RC members have
been active during the last decade. Existing studies
on the mechanical characterization of the FRCM sys-
tem include tensile behavior of the FRCM, bond
and/or pull-off behavior of FRCM bonded to con-
crete, and interlaminar shear behavior [3-10]. Many
researchers concentrated on the behavior of the
FRCM-strengthened RC members such as flexural
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and shear strengthening of RC beams as well as con-
finement of concrete columns [11-19]. Ebead and EI-
Sherif studied the behavior of RC beams strength-
ened in flexure using near surface embedded-FRCM
[20]. It is noted that the FRCM can be an efficient
technology to repair historic structures such as
arches and vault as it is applicable on the curved sur-
face [21].

Although the performance of many different fi-
bers has been investigated such as carbon fiber, glass
fiber, basalt fiber, or polyparaphenylene benzobisox-
asole (PBO) fiber, there are still few published re-
sults of research on the mechanical characterization
of aramid fiber fabric embedded in cementitious ma-
trix. Caggegi et al. investigated the tensile properties
of uniaxial aramid textile and quadriaxial aramid tex-
tile fabric [22]. Due to dense textile of aramid fibers,
cementitious matrix delaminated during tensile test-
ing and hence low fiber stress of 1,089 MPa at ulti-
mate was reported for the uniaxial aramid textile.
Higher ultimate strength of the aramid fiber of 1,354
MPa was shown by the quadriaxial textile where the
aramid fabric slippage was observed from the ce-
mentitious matrix. In another investigation by
Ascione et al., coated bidirectional glass-aramid fi-
ber textile was tested [23]. The glass-aramid textile
showed 1,784 MPa strength of the fiber in tension at
ultimate. In this test, due to use of hydraulic grip of
the UTM which restrained the free slippage of the
fabric from the cementitious matrix during tensile
test, the final failure mode was rupture of the glass-
aramid fibers at 2.02% strain.

In this study, aramid fiber (AF) was used in a
form of 2D fabric (AF mesh) along with a green
high-strength mortar utilizing recycled materials
such as finely ground waste glass powder and recy-
cled fine aggregate. Three different experimental
programs were carried out: Uniaxial test of FRCM
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tensile specimens, flexural test of composite short
beams made of double FRCM layers following
ASTM D2344M, and pull-off test using FRCM-con-
crete blocks [24]. The purpose was to provide basic
design parameters and the rational mechanical char-
acterization of the AF-FRCM system. It is noted that
the cementitious matrix (mortar) used in this study is
of significantly higher strength than low-to-medium
strength mortars often used for FRCM [8]. Use of a
high-strength mortar was deemed necessary to in-
crease the tensile capacity of the AF-FRCM system.
As the binder content increases with use of the high-
strength mortar, fine waste glass powder was used to
partially replace cement. Recycled fine aggregate
was also used to replace natural sand, considering
economical aspect of the AF-FRCM system as well
as to promote sustainability.

2 Experimental program

2.1 Materials
2.1.1 Aramid fiber mesh

Aramid fiber roving (1100 Dtex) was used to
fabricate the AF mesh in the laboratory where the
warp spacing and the weft spacing was 11.25 mm
and 22.5 mm on center, respectively, as shown in Fig.
1. Longitudinal and transverse fibers were bonded
together using an adhesive at each junction. Table 1
shows the physical and mechanical properties of the
AF roving determined in this study following 1SO
10406-2 [25]. Thickness of a fiber roving was about
1.86 mm and AF covered about 24% of the surface
(i.e. surface area of AF to gross area = 24%). The
AF roving has 2,331 MPa tensile strength at 3.74%
strain as shown in Table 1. The AF demonstrated a
linearly elastic stress-strain relationship until failure
in tension.

ﬁ’—.
\:'

ak ) )
v ’ . | -
i
’ » ) ¢ .
aad , : !
—
- e N e o
\I ; I P ' e ‘
« & <) A A < 5 »'
RN.y '~ -3 o~ i
2TH LA -4 MR

Fig. 1 — AF mesh
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Table 1 — Physical and mechanical properties of AF roving

Cross-sectional area (mm?) 0.737
Density (g/mm?) 0.00144
Strength, fn, (MPa) 2,331
Ultimate strain, &g 0.0374
Elastic modulus, Er (GPa) 61.4
Coefficient of thermal expansion (m/m/°C) -2.4 x 10°

NOTE: Results of 12 tensile tests of AF roving, where density and coefficient of thermal expansion were supplied by

manufacturer.

2.1.2 Green high-strength cementitious matrix

A high-strength cementitious matrix for the
FRCM system was necessary because the FRCM
technology was to be used for the purpose of
strengthening RC members after the current phase of
study. As the material cost of the high-strength ce-
mentitious matrix increases due to use of silica fume
(SF) and siliceous sand in large quantities, it was de-
termined to introduce recycled materials as constitu-
ents such as fine waste glass powder (WGP) and re-
cycled fine aggregate (RFA) [27]. While there are
several types of the waste glass powders used in Ko-
rea such as those produced from LCD waste glass,
green or brown glass bottles, plate glass, the WGP
used in this study was manufactured by crushing and
grinding waste green bottles. The finely ground
WGP (< 50 um) is an amorphous material with more
than 78% silica content. Table 2 shows the mix de-
sign of the green high-strength mortar used in this
study, where WGP partly replaces SF in Table 2.
Sand used was 100% RFA produced from demol-
ished concrete. The wet-processed RFA was sup-
plied by a commercial producer. The maximum par-
ticle size was 2.5 mm. Figure 2 shows gradation of
cement, SF, WGP, and RFA. Polycarboxylic acid
base superplasticizer (SP) by 1 wt.% of total binder
was used to control flow. Flow of the fresh mortar
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measured following KS L 5105 was 24.2 cm as
shown in Table 2 [28]. The compressive strength of
the mortar was determined by testing three 50 mm
x 50 mm x 50 mm cubes at 7, 28, and 56 days,
respectively. Flexural strength was determined by
testing two 40 mm X 40 mm x 160 mm beams
under three points loading in flexure 28 days after
casting. Density and voids of the hardened mortar
were determined following ASTM D642 after 28
days [29].

RFA produced from multi-stage crushing and
sieving process of demolished concrete and satisfy-
ing requirements of KS F 2527 was used [30]. When
the RFA replaces the natural sand, due to adhered
mortar of the recycled aggregate particles, which ab-
sorbs and releases water easily, the mortar with RFA
can experience higher shrinkage than the mortar with
natural sand [31]. Shrinkage behavior of the green
mortar was monitored for 90 days. Three 40 mm x
40 mm x 160 mm mortar bars were cast. After
demolding on the next day, the mortar bars were im-
mediately brought to an environmental chamber
where the relative humidity and temperature were
maintained at 60+5% and 20+2°C, respectively.
Length change of each mortar bar was monitored us-
ing a dial gauge with 0.05 mm accuracy.

10.00 100.00 1000.00

Diameter(pm)
Fig. 2 — Gradation of cement, silica fume, waste glass powder and recycled sand
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Table 2 — Mix design for green high-strength mortar and flow of fresh mortar

C SF WGP RFA W wib SP Flow
(kg/m?) | (kgim’) | (kg/m?) | (kg/m’) | (kg/m) (kg/m?) (cm)
550 21.5 110 1,487 206 0.3 6.88 24.2

NOTE: Density of C, SF, WGP, RFA is 3.15, 2.2, 2.5, 2.47, respectively; water absorption of RFA is 2.34% in oven-

dry state.

2.2 Test method
2.2.1 Tensile test of FRCM

A thin FRCM plate (width = 405 mm, height =
450 mm, thickness ~ 10 mm) was fabricated. AF
mesh that consisted of one fiber roving at 11.25-mm
center-to-center spacing (warp) and two fiber
rovings at 22.5-mm spacing on center (weft) was
first installed at half-depth of the 10-mm-thick plate,
and then the green high-strength mortar was cast to

full depth. The thin plate was wet cured until test date.

Nine 45-mm-wide and 450-mm-long FRCM flat
bars were cut from the plate using waterjet 28 days
after casting. Two specimens cut from both sides of
the plate were used for preliminary tests, and there-
fore a total of seven tensile test specimens was re-
tained for the tensile tests. The tensile test started 56
days after casting. One week prior to testing, a set of
two rectangular 6-mm-thick steel plates was bonded
to each end of the tensile test specimen on both sides
using two-part epoxy. The behavior of 120-mm
length in the middle was monitored during the tensile
test. The tensile test was performed under displace-
ment control at a rate of 1 mm per minute using In-
stron 4495 universal testing machine (UTM). Figure
3 schematically shows the specimen fabrication
method and the testing configuration. A set of exten-
someter with 100-mm gauge length was used to
measure longitudinal strains developed in the mid-
part of a specimen as shown in Fig. 3(b). Test data

Warp: AF (@ 11.25 mm o.c.

were electronically monitored and saved using a
TDS 530 data logger and a notebook PC.

2.2.2 Flexural test of composite short beams
The flexural test of composite short beams (or
interlaminar shear test) specimens were fabricated
following ASTM D2344M, which recommends that
[24]:
(a) Specimen length = thickness x 6
(b) Specimen width = thickness x 2

To fabricate flexural test specimens, a mold for
20-mm-thick FRCM plate (width = 405 mm, height
= 225 mm) was prepared. Two layers of AF mesh
was installed in the mold, where the first and the sec-
ond AF mesh plane was at 5-mm and 15-mm depth,
respectively. Green high-strength mortar was cast in
two shifts of equal thickness of about 10 mm each.
The bottom layer was cast first followed by the top
layer three days after casting the bottom layer with-
out any surface treatment. Nine 45-mm-wide and
225-mm-long double-layered beams were cut out
from the plate by waterjet 28 days after casting the
first layer. 52.5-mm length from each end of the
beam was cut off using a masonry saw. Two beams
cut from both sides of the plate were used for the pre-
liminary tests. Finally, seven composite short beams
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(a) Specimen fabrication and setup for tensile test (unit: mm)

Fig. 3 — Tensile test

(b) Test in progress
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(a) Schematics of specimen fabrication (unit: mm)

(b) Test under progress

Fig. 4 — Flexural test of composite short beams

were used toward the flexural tests: Each beam was
about 120 mm long, 45 mm wide, and consisted of
double layers of FRCM with equal depth of 10 mm
each: i.e., total thickness was about 20 mm (See Fig.
4). The composite beams were tested under three
points loading.

The short-beam strength was determined using
Eqg. (1) as suggested by ASTM D2344M [24]:

P
Fsbs =075 x b";“"h (1)

where Fgs is short-beam strength (MPa), Pmax iS
maximum load observed during test (N), b = meas-
ured specimen width (mm), and h is measured spec-
imen thickness (mm).

Figure 4 shows schematics of the specimen fab-
rication and the flexural test setup for composite
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(a) AF mesh installed on top of concrete block prior
to mortar casting

short beams. The flexural test was performed under
displacement control at a ramp rate of 1 mm per mi-
nute using a 50-kN UTM. Test data were electroni-
cally monitored and saved. Load, displacement, fail-
ure modes, and crack patterns were carefully ob-
served during and after test.

2.2.3 Pull-off test

For the pull-off test, a 500 mm x 500 mm X
100 mm normal strength concrete block (fc” = 30
MPa) was first cast. After 28 days, top surface of the
concrete block was roughened using two different
methods: sand blasting and shot blasting. The sand
patch method following ASTM STP763 was used to
measure the roughness, which revealed that the av-
erage depth of the roughened surface was 0.69 mm
and 0.76 mm, respectively, for the sand blasting and

(b) Pull-off test in progress

Fig. 5 — Pull-off test
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shot blasting [32]. After the sand/shot blasting was
completed, 3.5-mm thick, 50-mm wide, and 500-mm
long hardwood sections (wood plates) were bonded
along perimeters on top of the concrete block using
adhesive. AF mesh was manually installed using the
AF rovings at 11.25-mm center-to-center spacing in
one direction and at 22.5-mm spacing on center in
the other direction. After the AF mesh was installed,
the second layer of 3.5-mm thick hardwood sections
were bonded on top of the existing hardwood sec-
tions using adhesive so that the total height of the
two-layers of hardwood sections plus the AF mesh
(at mid height in between the two hardwood layers)
altogether was about 8 mm (See Fig. 5(a)). Then
green high-strength mortar was cast in one shift. The
concrete block with FRCM overlay was consolidated
using a vibrating table. The FRCM system was wet
cured until test which commenced after 28 days. One
week before testing, using a hand grinder, the FRCM
overlaid on the concrete block was cut in 45 mm x
45 mm grid pattern as shown in Fig. 5(b). Depth of
the cutting was about 25 mm. A steel end plate (40
mm x 40 mm) was bonded to the top surface of the
FRCM using two-part epoxy. A pull-off testing ap-
paratus was connected to the steel end plate after al-
lowing the epoxy to develop full strength for one
week. To avoid any possible interference between
adjacent pull-off tests, a checker board testing pat-
tern was adopted as shown in Fig. 5(b). The maxi-
mum load was recorded and the failure mode was
observed and recorded.

3 Test results

3.1 Properties of green cementitious matrix
When tests for the mechanical characterization
started at 56 days, average compressive strength of
three cubes was 75.6 MPa. Average flexural strength
determined from flexural test of two mortar bars was

O " T T T I

5.50 MPa at 28 days. Density and voids of the hard-
ened mortar were determined following ASTM
D642 after 28 days as shown in Table 3 [29]. It is
noted that the water-to-binder (w/b) ratio of 0.3
shown in Table 3 does not include free water availa-
ble from superplasticizer (the sp consists of 30%
solid and 70% water by wt.). Including the content
of free water available by addition of the sp, the ef-
fective water-to-bonder ratio is 0.365, which ex-
plains a relatively large voids of 17.6% in Table 3.
Figure 6 shows the measured total shrinkage of the
three shrinkage test specimens. Figure 6 shows some
scatter in the measured total shrinkage versus time
curves. Most of the measured shrinkage for 90 days
occurred during the first three weeks after casting
which is 80.3%, 83.7%, and 85.0% of the 90-day
shrinkage, respectively, for each specimen after
three weeks. The average total shrinkage strain is
717 pm/m after 90 days.

ACI 209R (1992) technical report suggests an
ultimate shrinkage value of 780 um/m with a correc-
tion coefficient of 0.72 for the shrinkage estimation
after 3 months, which results in a shrinkage of 562
um/m after three months [33]. Current data sug-
gested that the shrinkage increase by using 100% re-
cycled sand can be as much as 27.5% compared to a
theoretical estimation.

3.2  Tensile test results

The tensile test of seven FRCM tensile speci-
mens was performed using an Instron UTM under
displacement control. While the load was monitored
from load cell of the UTM, the displacement was
measured using a set of 50-mm linear variable dis-
placement transducers (LVDTSs), which monitored
movement of the UTM cross head. In addition, a set
of extensometers with 100-mm gauge length was at-
tached to the mid-part of the specimen to measure
tensile strains of the specimen. The tensile test re-
sults are summarized in Table 4. Figure 7 shows the
fiber stress-versus-strain plots of all tensile tests.
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Table 3 — Properties of hardened mortar

Compressive strength (MPa) F:exurtart: Density Watetr_ ab- Voids
7d 28 56d S([\fl’;,%) (kg/m?) SOEE}O ')0” (%)
55.8 71.7 75.6 5.50 2,280 8.37 17.6
Table 4 — Summary of tensile test results
ndex | W] U e P o g g | A | average crack
(mm) | (mm) | (kN) | (kN) (MPWESX (mmc)r (mr;lnsIX @ Prmax Spacir?g (mm)
AR-T-1 | 44.05 | 9.65 049 | 3.08 | 1,393 | 0.18 4.85 0.0498 2145
AR-T-2 | 4405 | 1055 | 0.64 | 3.01 | 1,361 | 0.41 5.85 0.0541 3/45
AR-T-3 | 43.85 | 11.05 | 0.73 | 3.02 | 1,366 | 0.17 4.67 0.0400 4/30
AR-T-4 | 4415 | 11.35 | 089 | 271 | 1,226 | 0.36 3.36 0.0309 4/30
AR-T-5 | 43.85 | 11.05 | 094 | 299 | 1,352 | 0.10 4,71 0.0453 3/45
AR-T-6 | 44.05 | 1065 | 052 | 3.20 | 1,447 | 0.17 5.28 0.0509 3/45
AR-T-7 | 4395 | 10.15 | 0.70 | 290 | 1,312 | 0.37 5.13 0.0544 4/30
Average | 0.70 | 299 | 1,351 | 0.25 4.84 0.0465
Standard deviation | 0.17 | 0.15 69.1 0.12 0.77 0.0085
Coefficient of variation | 0.24 0.05 0.05 0.49 0.16 0.18

NOTE: w — width of specimen; t — thickness of specimen; P — cracking load; Pmax — maximum load; average strain =
displacement of LVDT divided by 120 mm; no. of cracks — number of tensile cracks developed in the middle 120-mm

length of a specimen
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k7 600 — — AR-T6
g i AR-T7
iz 400
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0o F—+———+— —————t .
0 0.02 0.04 0.06 0.08

Average strain (m/m)
Fig. 7 — Tensile test results: load versus displacement

As the load increased, the first tensile crack ap-
peared within the mid 120-mm length of a test spec-
imen. At the first cracking load P, the correspond-
ing tensile stress of the FRCM composite cross-sec-
tion (i.e. nominal stress) was 1.5 MPa at 0.21% av-
erage tensile strain (average of seven tests). As the
load further increased, the number of tensile cracks
increased. After the number of cracks reached the
maximum (2-4 cracks), no new cracks appeared but
the existing cracks widened. The tensile cracks typi-
cally appeared at position of the lateral fiber roving
(weft). Close to the peak load, significant slip of the
AF from cementitious matrix was observed adjacent

to wide tensile cracks. Test ended when the displace-
ment was 6 mm or greater. In general, the tensile test
results indicated a relatively ductile behavior with re-
sistance equal to 6.4 MPa in tension (hominal stress)
and 4.6% tensile strain at the peak (average of seven
tests). Due to a set of stiff steel plates adhered to both
ends of the tensile specimen, the displacement (or
strain) of a tensile specimen was dominated by the
tensile behavior in the mid part of the specimen (i.e.
120-mm length, See Fig. 3). In Table 4 and Fig. 7,
the AF tensile stress at the peak load is 1,351 MPa
(average of seven tests) which is only 58% of the fi-
ber tensile strength fi, (See Table 1). The full AF
strength in tension was not realized in the current
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AF-FRCM system. The average strain at the peak of
4.6% (extensometer) was significantly greater than
the AF rupture strain of 3.74%, which indicated that
the AF mesh slipped from the cementitious matrix
close to the peak load. Figure 9(a) shows load-ver-
sus-displacement plots determined from LVDT read-
ings while Fig. 9(b) shows load-versus-strain read-
ings determined from extensometer. The strain val-
ues in Fig. 9(b) are smaller than the strain values de-
termined from measured displacements shown in
Fig. 9(a) because tensile cracks often developed out-
side the 100-mm gauge length of the extensometer.
As a result, the displacement readings from LVDTs
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were used to determine average strains shown in Ta-
ble 4.

3.3 Results of flexural test of composite short

beams

Flexural test was performed on seven composite
short beams under three point loading. Beam length
(measured from support-to-support) was 100 mm for
all beams. The flexural test results are summarized
in Table 5. Figure 10 shows the cracks developed in
a composite beam after test (AR-1S-5). As shown in
Table 5 and Fig. 10, all beams show flexural failure
rather than shear failure mode.

(e) Face B after test
Fig. 8 — A tensile test and test results: AR-T-1
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Fig. 9 — Tensile test results of AR-T-5
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In all short beams, one or two flexural crack(s)
occurred close to the mid-span. Crack(s) gradually
progressed beyond the interface and inclined toward
the loading point. At ultimate, the concrete crushing
at the top compression fiber was observed resulting
in a flexural failure. Figure 11 shows the load-ver-
sus-mid-span deflection plots of all flexural test
specimens. As shown in Fig. 11, the load resisting
capacity of the composite beams does not signifi-
cantly drop after the peak is reached. The flexural

: ¢ »
o S8

‘ {

test was terminated when the displacement at center
was 5 mm or greater.

In Table 5 and Figure 11, the peak loads range
between 1.30 kN and 1.51 kN. The peak loads are
reached at mid-span displacement between 1.34 mm
and 4.46 mm. The short beam strength in Table 5 was
determined using Eq. (1). The average short beam
strength is 1.30 MPa and the strength ranges between
1.24 MPa and 1.38 MPa.

R R T [ A e e g

Fig. 10 — Cracks developed after flexural test: AR-1S-5
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Fig. 11 — Load vs. displacement: flexural test of composite short beams

Table 5 — Summary of flexural test results

Short beam dimensions Shear span | Puas Displ. Short beam _
Index L h w Ratio (a/h) | (kN) at Prax strength Failure mode
(mm) | (mm) | (mm) (mm) (MPa)
AR1-1S-1 | 115.1 | 1855 | 43.85 2.70 1.48 2.56 1.37 flexural failure
AR1-1S-2 | 114.2 | 18.20 | 44.15 2.75 1.39 2.23 1.29 flexural failure
AR1-1S-3 | 114.0 | 18.65 | 44.05 2.68 151 2.60 1.38 flexural failure
AR1-1S-4 | 112.1 | 18.80 | 43.95 2.66 141 4.46 1.28 flexural failure
AR1-I1S-5 | 113.3 | 18.80 | 44.10 2.66 1.37 1.34 1.24 flexural failure
AR1-1S-6 | 113.6 | 18.30 | 44.30 2.73 1.38 1.50 1.27 flexural failure
AR1-1S-7 | 1142 | 1755 | 43.95 2.85 1.30 3.13 1.26 flexural failure
Average 1.40 2.55 1.30
Standard deviation | 0.07 1.05 0.05
Coefficient of variation | 0.05 041 0.04

NOTE: L — length of beam; h — height of beam; w — width of beam; a — shear span; Pmax — maximum load; Displ. at Pmax

— beam mid-span displacement at Ppax.
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3.4 Pull-off test results

The pull-off test was performed using a pull-off
testing apparatus as shown in Fig. 5(b). Test results
are summarized in Table 6 in terms of peak load,
pull-off strength, and failure mode. A total of twelve
tests was performed on the shot-blasted and the sand-
blasted interfaces, respectively. From the shot-
blasted interface, four failures occurred at the inter-
face between the FRCM and concrete (average pull-
off strength = 3.25 MPa) while six failures occurred
in existing concrete below the interface or substrate
(average pull-off strength = 2.99 MPa). From the
sand-blasted interface, four failures occurred at the
interface (average pull-off strength = 1.62 MPa)
while eight failures occurred in the substrate (aver-
age pull-off strength = 3.15 MPa). Overall, the pull-
off strength of the shot-blasted interface (3.09 MPa)
is greater than that of the sand-blasted interface (2.64
MPa). From all pull-off tests, the average pull-off
strength is 2.84 MPa.

PG A g
(a) Interface failure

s

4  Discussions

The volumetric ratio of the AF mesh to gross
volume was 1.3% in this study (or 0.65% in the axial
direction). The fiber amount was sufficient so that
the fiber tensile behavior governed the tensile behav-
ior of the FRCM system. At Pmax 0F 2.99 kN (average
of seven tests), the nominal tensile resistance (i.e.
Pmax divided by the gross section) of the FRCM com-
posite section was 6.4 MPa. A characteristic strength
(or a design value) can be defined as the average
value minus one standard deviation (ACI 549.4R).
The peak load was reached at an average strain of
4.65% with standard deviation of 0.85%, resulting in
characteristic strain at the peak of 3.8%. Overall the
tensile behavior was ductile with relatively good ca-
pacity of deformation accompanied by multiple
number of clearly visible cracks (two to four cracks
over 120-mm length with average crack spacing be-
tween 30 mm and 45 mm, See Table 4).

- et

(b) Substrate failure

Fig. 12 — Failure modes determined from pull-off test

Table 6 — Summary of pull-off test results

Shot-blasted interface

Sand-blasted interface

No. | Pmax (KN) | Stress (MPa) Failed at No. | Pmax (KN) | Stress (MPa) Failed at
1 4.80 2.37 substrate 1 2.10 1.04 interface
2 6.35 3.14 substrate 2 6.33 3.13 substrate
3 n/a n/a n/a 3 2.12 1.05 interface
4 6.75 3.33 substrate 4 5.63 2.78 substrate
5 4.92 2.43 interface 5 6.67 3.29 interface
6 451 2.23 substrate 6 2.25 1.11 interface
7 6.86 3.39 substrate 7 8.14 4.02 substrate
8 8.65 427 interface 8 3.27 1.62 substrate
9 7.04 3.48 substrate 9 8.45 4.17 substrate
10 n/a n/a n/a 10 5.86 2.90 substrate
11 6.57 3.24 interface 11 7.04 3.48 substrate
12 6.16 3.04 interface 12 6.24 3.08 substrate

average 3.09 average 2.64

standard deviation 0.62 standard deviation 1.14

cov 0.20 cov 0.43

NOTE: n/a - test results are not available due to adhesive failure.
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Table 7 — Design value (characteristic value = average minus one standard deviation, ACI 549.4R-13)

&tk fi Ex fisk fok
(%) (MPa) (MPa) (MPa) (MPa)
3.8 1,282 302 1.25 1.89

In Table 4, the AF tensile stress at the peak load
is 1,351 MPa (average of seven tests) with a standard
deviation of 69.1 MPa, which results in a character-
istic strength of 1,282 MPa. Only 58% of the full AF
strength in tension could be realized in the current
AF-FRCM system due to slip of AF from the ce-
mentitious matrix. Average strain at the peak is
46,480 pm/m with a standard deviation of 8,530
um/m, which results in a characteristic value of
37,950 pm/m. From tensile test results, tensile mod-
ulus of elasticity of the cracked specimen can be
evaluated from slope of the line that connects two
points at stress levels equal to 0.90 fy and 0.60 fr, as
shown in Eqg. (2) as suggested by AC1549.4R-13 [2]:

_Af _ 09f7, —06fpy
T B ™ er09r,, — 0674

)

From test results in Table 4 and Fig. 7, Et is 302
MPa (Average tensile modulus of elasticity of seven
tests). It is noted that, unlike other design parameters,
an average value was used for the tensile modulus of
elasticity.

The interlaminar shear strength of a FRCM sys-
tem should be considered in case of shear strength-
ening and the flexural strengthening using the FRCM
technology. In this study, the average short beam
strength determined using Eq. (2) was 1.30 MPa with
a standard deviation of 0.05 MPa, which resulted in
1.25 MPa characteristic strength.

The pull-off test results showed two different
failure modes: interface failure in tension and tensile
failure in existing concrete (i.e. substrate tensile fail-
ure). Overall, the interface strength of the shot-
blasted interface was greater than the interface
strength of the sand-blasted interface. From all pull-
off tests, the average pull-off strength was 2.84 MPa
with standard deviation of 0.95 MPa, which results
in a design strength of 1.89 MPa. The design values
(characteristic strengths) are summarized in Table 7.

5 Conclusions

The research objective was to provide basic de-
sign parameters through mechanical characterization
of the aramid fiber mesh-green cementitious matrix
FRCM system used in this study. Three different
types of tests were conducted: Uniaxial test of tensile
specimens; flexural test of composite short beams;
and pull-off test of FRCM placed on top of normal
strength concrete.

11

(1) The fiber amount (volumetric ratio of the axial
AF to gross volume = 0.65%) was adequate
such that the fiber tensile behavior governed the
tensile behavior of the FRCM system at the
peak load.

(2) Relatively ductile tensile behavior with re-

sistance equal to 6.4 MPa in tension (nominal

stress) and 4.6% tensile strain at the peak was
observed (average of seven tests).

(3) The aramid fiber mesh slipped from the ce-

mentitious matrix close to the peak load. This

was evidenced by the fact that, although the av-

erage strain measured at the peak load was 4.6%,

the aramid fibers developed only 58% of the

tensile strength at the peak.

(4) The fiber slip could have occurred in two differ-

ent ways: Slip of internal fiber filaments from

the outer fiber filaments in an aramid fiber rov-
ing; and slip of the aramid fiber roving from ce-
mentitious matrix.

(5) Inthe flexural test of composite short beams, all

failure mode was flexural failure rather than

shear failure (such as interface delamination or
debonding in the fiber mesh plane). The average
short beam strength of seven tests was 1.3 MPa.

It is suggested that the interlaminar shear

strength is 1.3 MPa or greater.

(6) In the pull-off test, two different failure modes

were identified: Interface tensile failure (inter-

face failure) and tensile failure of the existing
concrete (substrate failure). Overall, an average
pull-off strength of 2.84 MPa was determined

(average of 22 tests).

(7) Design parameters for the AF-FRCM system

used in this study were suggested. The elastic

modulus is low in the AF-FRCM system indi-
cating significant slip of the fibers in the ce-
mentitious matrix.

(8) Green high-strength cementitious matrix used

in this study developed 75.6 MPa strength after

56 days and developed total shrinkage of 717

micro strain after 90 days. The mortar properties

are considered proper for the use in the AF-

FRCM system while it is a more economical

mix than the conventional mix
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