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� The two-way slab is tested to study bi-axial flexural behaviors of TRC panel.
� Macro PP fibers may enhance the load bearing capacity in the post-peak region.
� Fiber textile and macro PP fiber show positive hybrid effect on flexural capacity.
� The hybrid use of basalt fiber textile and macro PP fiber may replace steel mesh.
� A steel-free PP fiber reinforced BTRC panel is created.
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This paper presents an experimental study on the two-way concrete slabs with steel-free reinforcements.
These include basalt fiber textile, macro polypropylene (PP) fiber and a combination of both. The plain
concrete (PC) slab and steel reinforced concrete (RC) slab are studied as references. Furthermore, a com-
parative analysis on load bearing capacity, toughness and failure pattern of the slabs is performed. The
test results indicate that the incorporation of basalt fiber textile and macro PP fibers can significantly
improve load bearing capacity and toughness, and there is a positive synergetic effect between basalt
fiber textile and macro PP fiber in the hybrid system. Similar to PC slab, the concrete slab reinforced with
only 1-layer basalt fiber textile (BTRC1) demonstrates clearly brittle behavior. The addition of macro PP
fibers may enhance the load bearing capacity in the post-peak region and convert the brittle failure pat-
tern into a ductile one. In addition, BTRC1 slab with 8 kg/m3 macro PP fibers shows higher flexural capac-
ity than those of RC slab with a steel ratio of 0.31%, and this implies that the combination of basalt fiber
textile and macro PP fiber can be used to replace the steel mesh as a new type of durable reinforcement in
structural members.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Textile reinforced concrete (TRC), a composite material made of
fine-grained concrete and textile reinforcements, has received
much attention in recent years due to high load bearing capacity
and non-corrosive behavior of textile reinforcements. TRC shows
a widely possible uses in the fields of façade system, sandwich
walls, bridges, load bearing shell structures, maritime building ele-
ments, and it is also investigated as a potential structural material
[1–8]. Steel reinforced concrete (RC) is considered as one of the
most durable and cost-effective construction materials, but the
steel reinforcement is prone to corrosion, especially in high chlo-
ride environments, so the use of non-corrosive fiber textile as an
improved alternative is expected. Compared with steel reinforce-
ment, the corrosion resistance properties of the textile made of
basalt, glass or carbon fiber can reduce the thickness of concrete
covers appreciably, and a thickness of less than 10 mm is sufficient
to ensure durability and the bond between the textile and concrete
matrix [2,3,9]. In addition, basalt or carbon fiber reinforcements
show high tensile strength which is up to six times higher than
that of common-grade steel reinforcement (Fig. 1), and the elastic
modulus of basalt fiber is about 40% of that of steel reinforcement;
rather than fiber reinforced concrete (FRC), the fiber textile over-
comes the random distribution of the chopped fibers over the total
cross-section, and the rovings of the textile can be arranged in the
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Notation

PP fiber polypropylene fiber;
PC plain concrete;
RC steel reinforced concrete;
TRC textile reinforced concrete;
BTRC basalt fiber textile reinforced concrete;
BTRCi basalt fiber textile reinforced concrete slab with i-layer

textiles, for instance, BTRC1: basalt fiber textile rein-
forced concrete slab with 1-layer textile;

PFRC polypropylene fiber reinforced concrete;
PFRCj polypropylene fiber reinforced concrete slab with fiber

content of j kg/m3, forinstance, PFRC8: polypropylene
fiber reinforced concrete slab with fiber content of
8 kg/m3;

CFC fiber cocktail (i.e., basalt fiber textile and polypropylene
fiber) reinforced concrete;

CFCi-j fiber cocktail reinforced concrete slab with i-layer basalt
fiber textiles and j kg/m3 macro PP fibers, for instance,
CFC1-8: fiber cocktail reinforced concreteslab with 1-
layer basalt fiber textile and 8 kg/m3 macro PP fibers;

Mx the bending moment about x-axis;
My the bending moment about y-axis;
Mcrx the cracking moment about x-axis;
Mcry the cracking moment about y-axis;
DF the enhancement of load bearing capacity;
DW the enhancement of energy absorption.

Fig. 1. Stress-strain diagram for steel rebar and basalt/carbon/glass/PP fiber.
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direction of the expected tensile stresses, thus increasing the effi-
ciency of the fiber utilization [1,10,11].

Some investigations [12–20] have been performed on fiber tex-
tile (e.g. glass fiber textile, carbon fiber textile and basalt fiber tex-
tile) as a strengthening material added into concrete matrix,
however, they are concentrated mainly on the uniaxial tensile
and flexural properties of TRC specimen, and the literature regard-
ing the biaxial load bearing capacity of fiber textile remains quite
limited. In addition, due to the brittle nature of the basalt fiber,
the incorporation of basalt fiber textile into the brittle concrete
matrix might enhance the load bearing capacity of TRC, but it is
hardly capable of reducing the brittleness of TRC greatly. One pos-
sible way to improve the toughness of TRC is to incorporate
chopped fibers into the matrix, and some recent investigations
[21–23] have verified this viewpoint, e.g., Du et al. [22] have
demonstrated that micro steel fibers can improve the interfacial
bonding performance between the textile and the concrete matrix
as well as the shear behavior of one-way TRC slabs, thus increasing
load bearing capacity and flexural toughness of the specimens. Li
et al. [23] have concluded that the addition of macro steel fiber aids
in converting the brittle failure pattern of the basalt/glass fiber tex-
tile reinforced concrete slab into a ductile one, greatly enhancing
the residual load bearing capacity as well as the energy-
absorption capacity of the two-way slab over the whole post-
peak region. However, they mainly focus on steel fibers, and steel
fibers can be corroded in the chloride environment, e.g. in coast
region and for offshore structure. These facts motivate us to try
TRC member using steel-free reinforcements (e.g. basalt fiber tex-
tile and macro polypropylene (PP) fiber), in order to replace the
conventional RC member, which paves a new path for corrosion-
free and durable structural elements. The motivation is based on
the following thoughts: i) Compared with steel reinforcements
(e.g. steel mesh and steel fibers), no corrosive damage on macro
PP fiber would occur. Besides, macro PP fiber is capable to restrain
the extension of the cracks, to moderate the stress concentration at
the tip of cracks, to bridge cracks and to reduce the brittle behavior
of the concrete matrix; ii) Textile reinforcements are often used as
function materials, which do not take the advantage of their
mechanical behavior, especially the very high bi-axial tension
strength.

The objectives of two-way TRC slab under bending include a
number of issues such as internal force and stress redistribution,
yield line, the load transfer mechanism between the reinforcement
and the concrete matrix as well as failure patterns. However, it is
not intended in this study to present a complete knowledge of every
aspect of the TRC slab. Indeed, the focus is given to improve the load
bearing capacity and toughness of basalt fiber textile reinforced con-
crete (BTRC) slab by the addition of macro PP fibers, and to investi-
gate the hybrid effect of basalt fiber textile and macro PP fiber on
the load bearing capacity and energy absorption of the slabs, and
toanalyze failurepatternsof the slabs, and toevaluate thepossibility
of replacing steel mesh with the fiber cocktail of basalt fiber textile
and macro PP fiber as a reinforcement in the slab by comparing the
experimental results of flexural behaviors including load bearing
capacity, energy absorption and failure patterns.
2. Experimental procedures

2.1. Materials

The plain concrete is made with ordinary Portland cement, fly
ash, regular drinking water, superplasticizer, and quartz sand as
the aggregate purchased locally. The basalt fiber textile and macro
PP fiber are demonstrated in Fig. 2 and Fig. 3, respectively. The
physical and mechanical properties of basalt fiber textile and
macro PP fiber declared by manufacturers are summarized in
Table 1 and Table 2, respectively. The steel mesh is made from
hot-rolled plain bars with a diameter of 6 mm and a spacing of
200 mm, and the plain bar has an elastic modulus of 210 GPa, a
yield stress of 300 MPa and an ultimate stress of 420 MPa.

2.2. Preparation of specimens

The mixture proportions are mainly determined by the worka-
bility of fresh concrete (e.g. flow-ability, segregation resistance and
uniformity of fiber dispersion), and a range of 100 mm–150 mm for



Fig. 2. Basalt fiber textile.

Fig. 3. Macro PP fiber.
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the slump of fresh concrete is adopted according to Chinese Code
GB 50164-2011 [24]. The maximum aggregate size is limited to
be less than 2 mm due to the special geometry of basalt fiber tex-
tile (i.e., the mesh size of 5 mm � 5 mm), and the fresh concrete
achieves the improved flowability and passing ability for passing
through the textile grid [1,18,22]. The water/binder ratio is
selected based on long-term research experience and previous
studies, e.g., Refs. [13,22,23,25]. The base mixture of concrete is
illustrated in Table 3. The 28-day compression strength of the con-
crete is 65.6 MPa. In order to study the hybrid effect of basalt fiber
textile and macro PP fiber on the flexural property of TRC slab,
basalt fiber textile and macro PP fiber are used. In this study, the
Table 1
Properties of basalt fiber textile.

Type Tensile strength (MPa) Modulus of ela

Basalt fiber textile 1710 96

Table 2
Properties of macro PP fiber.

Type Length (mm) Diameter (mm) Aspect ratio Te

PP fiber 45 0.8 56 45
number of the textile layers is 1, 2 and 3, and the fiber contents
are 4 kg/m3, 6 kg/m3 and 8 kg/m3. The steel ratio of RC slab is
0.31%, which is commonly used for members like roofs, facades,
floors and access covers based on Chinese Code [26].

In this experiment, the manufactured specimens are two-way
slabs with the size of 600 mm � 600 mm � 60 mm. The concrete
covers of basalt fiber textile and steel mesh are 10 mm and 20 mm,
respectively. For the specimens reinforced with multi-layer tex-
tiles, the spacing between the adjacent layers is 10 mm, i.e., the
depth of the second layer to the slab bottom is 20 mm for two-
layer textiles, and the depths of the second and third layers to
the slab bottom are 20 mm and 30 mm for three-layer textiles,
respectively. They are prepared using the lamination technique
[21,27]. In addition, the molds are designed to maintain moderate
pre-tension in all four directions, and the purpose is to ensure that
the textiles are straight in the manufacturing process. The cast
specimens are demolded at a concrete age of 24 h and then are
placed in a curing room, subsequently, the slabs are cured at 20
℃ with 95% relative humidity up to a testing age of 28 days.

2.3. Test methods

To investigate the flexural behavior of TRC member, several test
methods [18–23,28] with regard to one-way slab and two-way
slab have been developed. In this work, two-way slab test is uti-
lized to study the biaxial flexural behavior of TRC, which yields fol-
lowing advantages: i) similar to steel mesh, basalt fiber textile
demonstrates high biaxial tension strength, and the two-way slab
test is more reasonable and exact than one-way slab test to study
the effect of basalt fiber textile on the biaxial flexural behaviors of
TRC slab; ii) Compared with one-way slab simply supported on
two sides, the two-way slab simply supported on four edges is a
three times statically indeterminate structure, and it will be sub-
jected to bending in two directions (x and y). It allows internal
force redistribution in addition to the stress redistribution during
the loading process.

In this experiment, a rigid metallic frame is introduced to sup-
port the slab on its four edges and a centre point load is applied
through a contact surface of 100 mm � 100 mm. A 1000-kN
servo-hydraulic closed loop testing machine is used and the defor-
mation rate at the midpoint is 0.5 mm/min, as shown in Fig. 4. In
addition, as illustrated in Fig. 4(b), a digital video recorder is placed
under the slab with a distance of 150 mm to monitor crack devel-
opment of the slab. All data are synchronized and recorded using a
data acquisition system.

3. Results and discussion

3.1. Load bearing capacity

In this section, the experimental results are discussed. The
experiment involves testing on three reinforcement configurations,
sticity (GPa) Mesh size (mm2) Areal density (g/m2)

5 � 5 150

nsile strength (MPa) Elongation at break (%) Number (Pieces/kg)

6 16 559,00



Table 3
Base mixture proportion.

Cement (kg/m3) Fly ash (kg/m3) Water (kg/m3) Water/binder ratio Sand (kg/m3) Superplasticizer (kg/m3)

504 126 210 0.33 1200 7.2

Fig. 4. Set-up for two-way slab test (dimensions in mm): (a) Top view; and (b) Front view.
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namely, basalt fiber textile, macro PP fiber and hybrid use of these
twomaterials. For each configuration, three slabs are tested, and all
data used afterwards are based on the average value of the three
slabs. Furthermore, the difference between the maximum (or min-
imum) value and the average value for the three slabs is less than
15% of the average value, which satisfies the scatter requirement
for hardened concrete in Chinese Code GB/T 50081-2019 [29].

The comparison of the load-deflection curves for PC, RC and
BTRC slabs is presented in Fig. 5.

As depicted in Fig. 5, the first-peak load, which is also the ulti-
mate load of PC, is 17.5 kN at the deflection of 0.54 mm. Compared
with PC, the first-peak load of BTRC1, BTRC2 and BTRC3 increases
by 6%, 10% and 22%, respectively, and the first-peak load of RC
increases by 12%. The ultimate load of BTRC1, BTRC2 and BTRC3
increases by 6%, 16% and 27%, respectively. The ultimate load of
RC increases by 35%. It also can be seen that after a deflection of
3.3 mm, the load bearing capacity of RC is higher than that of other
Fig. 5. Comparison of load-deflection curves for PC, RC and BTRC slabs.
slabs. For RC, there is a slight decrease in the load bearing capacity
at the deflection of 1.2 mm after the first-peak load. After that the
load bearing capacity shows a gradually increasing trend and
reaches approximately its ultimate value at the deflection of
10 mm. However, for BTRC slabs, the load bearing capacity
decreases rapidly with the increasing of the deflection in the
post-peak region, and the BTRC slabs lose their bearing capacity
after a deflection of 6 mm.

In order to elaborate flexural behavior of two-way BTRC slab
subjected to bending, the BTRC3, as a representative, is analyzed
in Fig. 6. From the load-deflection curve in Fig. 6(a), it can be seen
that the slab undergoes three distinct stages before the failure, and
simultaneously the crack propagation process is also presented.
Fig. 7 plots the tested crack pattern (dotted black lines) and the
yield-line mode (dotted purple lines) for a two-way slab in the col-
lapse state.

3.1.1. Pre-cracking stage-OA
With increasing external loading, the bending moments in two

directions (i.e., Mx and My, as presented in Fig. 7) increase. Before
the concrete cracks, the slab behaves more or less elastically. When
the load increases to 17.6 kN at the deflection of 0.24 mm (point A
in Fig. 6(a)),Mx (orMy) reaches the cracking momentMcrx (orMcry).
Consequently, the outer fiber of the concrete edge at the bottom of
the slab may reach the cracking strain of the concrete, and the
crack is impending. A self-monitoring method [30,31] is adopted
to determine cracking behaviors of concrete (e.g. cracking load
and cracking time), and the results are shown in Fig. 6(b). It can
be observed from Fig. 6(b) that a sudden increase in the fractional
change in resistance (FCR) of concrete occurs at 93 s, which means
the initial cracking of the concrete. Correspondingly, the cracking
load in the load-time curve is 17.6 kN.

3.1.2. Post-cracking stage-ABCDEFG
Crossing the point A, the first concrete crack occurs in the weak-

est section, which is assumed to be caused by Mcrx, as shown in
Fig. 7. After the concrete cracks, the textile bridging the crack takes



Fig. 6. Flexural response of the BTRC3 subjected to bending: (a) Load-deflection curve; and (b) Load-time-FCR curve.

Fig. 7. Crack pattern and yield-line mode for a two-way slab in the collapse state.
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up the tension released by the concrete, and meanwhile, the inter-
nal force redistributes to another direction (i.e., fromMx toMy) due
to the reduction of the bending stiffness, so the load bearing capac-
ity continues to increase (part AB in Fig. 6(a)). When My reaches
Mcry, a new crack (i.e., crack 2 in Fig. 7) appears, followed by a
decline of about 17% in load (part BC in Fig. 6(a)). Subsequently,
the load bearing capacity increases again owing to progressive
internal force and stress redistribution, and meanwhile, the cracks
1 and 2 develop and extend gradually at the bottom of the slab and
the tension carried by the textile increases. When the deflection
increases to 1.2 mm, the slab reaches the ultimate load bearing
capacity of 22.8 kN (Point D in Fig. 6(a)). Then the load bearing
capacity drops again (part DE in Fig. 6(a)) resulting from the forma-
tion of crack 3. This process continues with the redistribution of
internal force and stress until no new crack is formed. Finally, some
cracks (i.e., cracks 1 and 2) begin to develop into the major cracks,
and the tension is totally resisted by the textile. This stage ends
with the point G at the deflection of 1.9 mm, and the load is 18.2
kN, with a decrease of about 20% in comparison to the ultimate
load.
Fig. 8. Comparison of the load-deflection curves for PC, RC and PFRC slabs.
3.1.3. Failure stage-GHI
After the point G, the slab goes into the failure stage. At this

stage, the resistance is enhanced along with crack development
(part GH in Fig. 6(a)) until the formation of the collapse mecha-
nism, i.e., the slab is divided into several regions, connected with
the tensioned rovings of the textiles, by the major cracks. Subse-
quently, the major cracks widen and extend rapidly, and the rest
of the textiles crossing the major cracks is broken down, thus lead-
ing to an abrupt descending branch in the load-deflection curve
(part HI in Fig. 6(a)).

Fig. 8 shows the comparison of the load-deflection curves for
PC, RC and PP fiber reinforced concrete (PFRC) slabs.

As seen from Fig. 8, the first-peak loads of PFRC4, PFRC6 and
PFRC8 are 19.6 kN, 23.0 kN and 20.2 kN, respectively. Compared
with PC, the increments for first-peak load of these slabs are about
10%, 29% and 14%, respectively. Furthermore, the ultimate load is
equal to the first-peak load for each tested PFRC slab.

It also can be seen that the load bearing capacity of PFRC slab
shows an obvious initial increase with increasing deflection before
the first-peak load, followed by a sharp decline (of more than 40%)
of load bearing capacity, and then increases gradually until a
deflection of 10 mm. When the deflection reaches 10 mm, the
residual load bearing capacity of PFRC4, PFRC6 and PFRC8 are
16.2 kN, 18.6 kN and 17.1 kN, accounting for 83%, 81% and 85%
of corresponding ultimate loads, respectively. This high residual
load bearing capacity in the post-peak region could trace back to
the bridging effect of macro PP fibers which are capable to transmit
tensile stresses to the matrix. Different from PFRC slab, RC indi-
cates clear bending hardening behavior in the post-cracking region.
Moreover, all the curves of PFRC slabs are approximately below
that of RC over the entire deflection zone, which means that RC
shows higher load bearing capacity than PFRC slabs. This behavior
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may be attributed to the following three reasons: i) The crack pat-
tern of RC slab follows the yield lines (Fig. 7) based on the collapse
mechanism approximately, and indicates the increment of internal
force redistribution in slab and improved energy absorption which
is theoretically equal to the energy dissipated in the yield lines. ii)
After yielding of the steel, the lever arm between the tensile force
of bars and the resultant compressive force in concrete in two per-
pendicular directions becomes longer as the crack extends upward
along the section height, leading to further increased load bearing
capacity. iii) The load bearing capacity of two-way RC slabs with
low steel ratio of 0.31% is greater than that of two-way PFRC slabs
if the content of macro PP fiber is no more than 8 kg/m3.

Fig. 9 demonstrates the comparison of the load-deflection
curves for PC, RC and fiber cocktail (i.e., basalt fiber textile and
polypropylene fiber) reinforced concrete (CFC) slabs.

As shown in Fig. 9, the first-peak loads of CFC1-4, CFC1-6 and
CFC1-8 are 19.1 kN, 20.6 kN and 25.3 kN, and corresponding deflec-
tions are 0.52 mm, 0.47 mm and 0.72 mm, respectively. The ulti-
mate loads of CFC1-4, CFC1-6 and CFC1-8 are 22.8 kN, 21.0 kN
and 25.8 kN, and corresponding deflections are 2.6 mm, 2.7 mm
and 10.0 mm, respectively. The residual loads of CFC1-4 and
CFC1-6 at the deflection of 10 mm are 15.3 kN and 13.9 kN,
accounting for 67% and 66% of corresponding ultimate loads,
respectively. Compared with the deflection corresponding to ulti-
mate load of PC, the deflections corresponding to ultimate load
of CFC1-4, CFC1-6 and CFC1-8 increase about 3.7 times, 3.9 times
and 17.2 times, respectively. The great deflection of CFC slabs indi-
cates the large plastic rotation capacity around the rotation axes
(i.e., the major cracks) and the high redistribution ability of inter-
nal force and stress in the slab. Compared with RC, the first-peak
load and ultimate load of CFC1-8 increase by about 29% and 7%,
respectively.

Due to the positive effect of the fiber cocktail on the redistribu-
tion of internal force and stress, CFC slab (e.g. CFC1-8) under bend-
ing exhibits a more desirable load-deflection response than that of
BTRC slab and PFRC slab. Both basalt fiber textile and macro PP
fiber are capable to enhance ultimate load bearing capacity of
the slab, and the ultimate load increases with the increasing num-
ber of textile layers and PP fiber content. Besides, the addition of
macro PP fibers aids in enhancing the load bearing capacity in
the post-peak region. The hybrid use of basalt fiber textile and
macro PP fiber is much more effective in enhancing load bearing
capacity than the separated use of basalt fiber textile and macro
PP fiber, and the CFC1-8 shows the highest first-peak load and ulti-
mate load compared with other slabs.
Fig. 9. Comparison of load-deflection curves for PC, RC and CFC slabs.
3.2. Toughness

The toughness in a slab test is usually evaluated by the energy
absorption capacity [23,32,33]. A disadvantage of basalt fiber tex-
tile and BTRC member without macro PP fibers is the brittleness
and the poor energy absorption capacity after peak loading [23].
In order to improve the energy absorption capacity of BTRC slab,
macro PP fibers are incorporated into the matrix.

The energy absorption of the slab is determined in accordance
with the following equation [34]:

Wd ¼
Z d

0
F xð Þdx

where Wd is the energy absorption of the slab, J; d is the deflection
of the slab centre, m; x is the deflection at the centre of the slab; F(x)
is the force corresponding to x, N.

For energy absorption calculation, the deflections of 1 mm,
2 mm, 5 mm and 10 mm are selected in the range of 0 mm to
10 mm. Table 4 provides a comparison of the energy absorption
for PC, RC, BTRC, PFRC and CFC slabs.

From Table 4, Figs. 5, 8 and 9, the following points can be
observed:

1) For the deflections of PC slab at 1 mm and 2 mm, the energy
absorption values are 8.4 J and 11.9 J respectively. For RC,
the energy absorption values up to a deflection of 1 mm,
2 mm, 5 mm and 10 mm are 12.6 J, 28.6 J, 87.7 J and
201.0 J, respectively.

2) For BTRC slabs, the energy absorption increases with the
increasing number of textile layers. The BTRC slabs exhibit
higher energy absorption capacity than that of PC. The
energy absorption values of BTRC2 and BTRC3 are higher
than that of RC at a deflection of 1 mm (or 2 mm), but lower
than that of RC at a deflection of 5 mm (or 10 mm). The dif-
ference between basalt fiber textile and steel mesh in
improving the energy absorption can be explained as fol-
lows: i) The decreased concrete cover thickness of BTRC
compared with that of RC leads to the increased effective
depth of the slab. ii) The basalt fiber textile has a high tensile
strength of 1710 MPa. As a result, basalt fiber textile can be
more effective than steel reinforcement in improving load
bearing capacity and energy absorption as the deflection is
less than 2.2 mm (Fig. 5). However, owing to the linear-
elastic behavior of the basalt fiber up to failure and its lower
elongation at break compared with that of the steel rein-
forcement, a sudden failure of BTRC occurs at the defection
of less than 5 mm, which is characterized by the rupture
of the textile. On the contrary, the load-deflection curve of
RC still shows deflection-hardening behavior.

3) For PFRC slabs (Fig. 8), the addition of macro PP fibers
demonstrates great positive effect on the energy absorption.
When the deflection reaches 2 mm, the energy absorption
for PC is 11.9 J. Compared with PC, the energy absorption
values for PFRC4, PFRC6 and PFRC8 increase by about 39%,
96% and 88%, respectively. The PC slabs are broken down
brittlely from 1 mm up to 2 mm, whereas the PFRC slabs
continue to show the well ductility. The pronouncedly
increasing energy absorption indicates that macro PP fibers
demonstrate their benefits in the post-cracking behavior
with the increasing of the deflection. In addition, the energy
absorption of the tested PFRC slab is lower than that of RC
over the entire deflection zone.

4) For CFC slabs (Fig. 9), in the case that the number of textile
layers maintains constant, the energy absorption increases
with the increasing of the PP fiber content. For CFC1-4, the



Table 4
Comparison of energy absorption for PC, RC, BTRC, PFRC and CFC slabs.

Slab type Energy absorption (J)

W1 W2 W5 W10

PC 8.4 11.9 11.9 11.9
RC 12.6 28.6 87.7 201.0
BTRC1 11.4 21.2 32.4 34.8
BTRC2 13.6 31.3 65.9 72.3
BTRC3 15.7 38.0 84.6 94.7
PFRC4 7.4 16.5 45.7 117.8
PFRC6 10.1 23.3 64.6 149.8
PFRC8 9.9 22.4 61.6 138.2
CFC1-4 13.8 34.3 84.7 159.3
CFC1-6 8.1 25.8 76.5 145.0
CFC1-8 14.0 36.2 99.0 210.0

See Notation section for abbreviations.
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energy absorption values up to the deflections of 5 mm and
10 mm are 84.7 J and 159.3 J, respectively. Compared with
CFC1-4, the energy absorption values of CFC1-8 up to the
deflections of 5 mm and 10 mm increase about 17% and
32%, respectively. For CFC1-6, the energy absorption values
up to the deflections of 5 mm and 10 mm are 76.5 J and
145.0 J, respectively; and compared with CFC1-6, the energy
absorption values up to the deflections of 5 mm and 10 mm
of CFC1-8 increase about 29% and 45%, respectively. CFC1-8
exhibits the highest energy absorption capacity among all
slab types, and the energy absorption up to a deflection of
10 mm is 210.0 J, which is 4.5% higher than that of RC. The
superior load bearing capacity and toughness of CFC1-8
compared with RC indicates that the combined use of 1-
layer basalt fiber textile and 8 kg/m3 macro PP fibers may
replace the conventional steel mesh with a steel ratio of
0.31%.

Based on the discussion above, it can be seen that: compared
with basalt fiber textile, the macro PP fibers may show greater
effect on the improvement of the energy absorption. The combined
use of basalt fiber textile and macro PP fiber demonstrates the
most significant positive effect on the enhancement of the post-
peak property of slabs. The reasons may be traced back to different
properties of reinforcing materials: i) Basalt fiber is a linear-elastic
material, and a brittle failure may occur when the BTRC slab
achieves the ultimate load at a small deflection [23], thus leading
to modest enhancement of the energy absorption; ii) Macro PP
fiber may show great deformation capacity (Fig. 1), and the elonga-
tion ratio at breaking point achieves to 16% though it shows a rel-
atively low tensile strength. The addition of macro PP fibers may
compensate the brittle property and bestow concrete with good
toughness. The macro PP fibers in PFRC or CFC slabs suffer from a
series of processes including debonding, slipping, pulling out or
breaking down, which is accompanied by the consumption of a
large amount of energy [35,36].
Fig. 10. Comparison of the enhancement of load bearing capacity for CFC1-8, BTRC1
and PFRC8.
3.3. Hybrid effect of basalt fiber textile and macro PP fiber

The CFC1-8, as a representative, is studied to evaluate the pos-
sible positive synergetic effect of basalt fiber textile and macro PP
fiber on load bearing capacity and energy absorption capacity.

The enhancements of load bearing capacity (DF) for CFC1-8,
BTRC1 and PFRC8 are compared and plotted in Fig. 10. It can be
seen that: i) The values of DF for BTRC1, PFRC8 and CFC1-8 at
the deflection of 1 mm are 0.9 kN, 0.3 kN and 9.3 kN, respectively.
Clearly, DFCFC1-8 > DFBTRC1 + DFPFRC8, and DFCFC1-8 is 675% greater
than DFBTRC1 + DFPFRC8. ii) The values of DF for BTRC1, PFRC8 and
CFC1-8 at the deflection of 2 mm are 11.3 kN, 13.2 kN and 24.6
kN, respectively, namely,

DFCFC1-8 � DFBTRC1 + DFPFRC8. iii) The values of DF for BTRC1,
PFRC8 and CFC1-8 at the deflection of 5 mm are 0.6 kN, 12.5 kN
and 20.6 kN, respectively. Compared with DFBTRC1 plus DFPFRC8,
theDFCFC1-8 increases by 57%. iv) The values ofDF for BTRC1, PFRC8
and CFC1-8 at the deflection of 10 mm are 0.3 kN, 17.1 kN and 25.8
kN, respectively. Compared with DFBTRC1 plus DFPFRC8, the DFCFC1-8
increases by 48%.

The enhancements of energy absorption (DW) for CFC1-8,
BTRC1 and PFRC8 are compared and illustrated in Fig. 11. It
can be seen that: i) The values of DW for BTRC1, PFRC8 and
CFC1-8 at the deflection of 1 mm are 3.0 J, 1.5 J and 5.6 J,
respectively. Compared with DW BTRC1 plus DWPFRC8, the DW-

CFC1-8 increases by 24%. ii) The values of DW for BTRC1, PFRC8
and CFC1-8 at the deflection of 2 mm are 9.3 J, 10.5 J and
24.3 J, respectively. Compared with DWBTRC1 plus DWPFRC8, the
DWCFC1-8 increases by 23%. iii) The values of DW for BTRC1,
PFRC8 and CFC1-8 at the deflection of 5 mm are 20.5 J, 49.7 J
and 87.1 J, respectively. Compared with DWBTRC1 plus DWPFRC8,
the DWCFC1-8 increases by 24%. iv) The values of DW for BTRC1,
PFRC8 and CFC1-8 at the deflection of 10 mm are 22.9 J, 126.3 J
and 198.1 J, respectively. Compared with DWBTRC1 plus DWPFRC8,
the DWCFC1-8 increases by 33%.

The discussion above indicates that the combined use of basalt
fiber textile and macro PP fiber in concrete matrix demonstrates a
positive synergetic effect on the load bearing capacity and energy



Fig. 11. Comparison of the enhancement of energy absorption for CFC1-8, BTRC1
and PFRC8.
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absorption capacity of the slab, which can be explained by the fol-
lowing reasons: i) The strengthening mechanism of macro PP fibers
in the BTRC slab is illustrated in Fig. 12. It can be seen from Fig. 12
(a) that some PP fibers (Type 1) added into the matrix build new
‘‘special” adhesive cross-links which provide extra connecting
points to the surrounding matrix by their random positioning on
the roving’s surface, thus contributing to strong anchorage in the
surrounding matrix, this is also evident from the literature [13].
Moreover, some fibers (Type 2) are inserted into the grids of the
textile, which can improve the interfacial bonding performance
between the textile and the concrete matrix [22]. Overall, both
kinds of fibers (Type 1 and Type 2) contribute to improving
Fig. 12. Strengthening mechanism of macro PP fibers in BTRC: (a) Schematic drawi
roving-matrix bond, and the image in Fig. 12(b) provides strong
support with respect to the positive effect of macro PP fibers on
the roving-matrix bond. Also, some PP fibers (Type 3) across the
crack in BTRC can restrain the crack propagation and cause addi-
tional stress transfer, inducing a more even stress redistribution
over the cracking region than that in BTRC without PP fibers; ii)
The arrangement of basalt fiber textile in the slab facilitates the
two-dimensional distribution of PP fiber orientation owing to rela-
tively thin slab thickness and the small spacing between adjacent
fiber textiles [37,38], and this likely improves the structural perfor-
mance of the fiber reinforced concrete [39]; iii) Basalt fiber textile
and macro PP fiber act in different stress levels, and a strong pos-
itive synergy may be achieved. The combined use of basalt fiber
textile and macro PP fiber in the concrete matrix can provide a
more uniform redistribution of internal force and stress than the
separated use of basalt fiber textile and macro PP fiber, and greatly
improve the post-cracking behavior, which can be verified by the
hardening behaviors (Fig. 9) and multiple cracking characteristics
of the tested CFC1-8 slabs [40]. These conclusions manifest that
there is a significant positive interaction between basalt fiber tex-
tile and macro PP fiber.

3.4. Failure pattern

The failure patterns of slabs with different reinforcements are
compared and illustrated in Fig. 13. The following points can be
observed:

1) The PC slab (Fig. 13(a)) shows a brittle failure mode with two
major cross cracks only. Similar to PC slab, the BTRC1 slab
(Fig. 13(b)) also shows a brittle failure mode due to the brit-
tle behavior of the basalt fiber and the low textile reinforce-
ment ratio.
ng of macro PP fibers in BTRC; (b) Microscopic image of rovings in the matrix.



Fig. 13. Failure patterns of the tested slabs: (a) PC; (b) BTRC1; (c) RC; (d) PFRC8; and (e) CFC1-8.
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2) The RC slab (Fig. 13(c)) shows a ductile failure pattern. As
the load increases, the concrete cracks start from the centre
of the slab, then develop diagonally towards the four corner
regions, and finally form the Y-shaped cracks at the corner.
This crack pattern is basically consistent with the yield-
line theory [41,42].

3) Similar to RC, PFRC8 and CFC1-8 exhibit the ductile failure
mode characterized by a series of cracks radiating outward
to the edges from the central loading area at the bottom of
the slabs. Compared with the aforementioned slabs (i.e., PC
andBTRC1), the crack pattern of PFRC8 and CFC1-8 is changed
fromonly twomajor approximately cross cracks intomultiple
radial cracks (Fig. 13(d) and 13(e)). Meanwhile, the crack
width and spacing become smaller. Additionally, the slabs
after the test remain integral without penetrated cracks. The
addition of the macro PP fibers aids in converting the brittle
properties of the concrete into a ductile composite material.

Based on the discussion above, it can be concluded that PC and
BTRC1 demonstrate clearly brittle behavior and have two major
cross cracks after failure. The addition of macro PP fibers into BTRC
slab changes the brittle failure pattern into a ductile one accompa-
nied by multiple radial cracks.
4. Conclusions

Based on the experimental and analytical results above men-
tioned, the following conclusions can be drawn:

1. The load bearing capacity and toughness of the two-way plain
concrete slab can be improved by the addition of basalt fiber
textile. The ultimate load and energy absorption capacity of
BTRC3 increase by respectively 27% and 697% compared with
those of PC.

2. The addition of macro PP fibers into BTRC slab aids in enhancing
the residual load bearing capacity in the post-peak region, and
the residual loads of CFC1-4 and CFC1-6 at the deflection of
10 mm are 15.3 kN and 13.9 kN, accounting for 67% and 66%
of corresponding ultimate loads, respectively.
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3. In relation to the enhancements of load bearing capacity and
energy absorption at the deflection of 1 mm, the values of
CFC1-8 are 675% and 24% greater than the sum of respective
values of BRTC1 and PFRC8, respectively. It indicates that the
combined use of basalt fiber textile and macro PP fiber shows
a strong positive hybrid effect on load bearing capacity and
toughness of the two-way slab subjected to bending.

4. The crack pattern changes from two major cross cracks of
BTRC1 into a multiple radial cracks in the CFC1-8; The
improved multiple cracking characteristics indicate that for
basalt fiber textile reinforced concrete slab, the addition of
macro PP fibers converts the brittle failure mode of slab into
a ductile failure pattern.

5. Among all the tested slabs, CFC1-8 demonstrates higher load
bearing capacity and energy absorption than those of RC slab
with a steel ratio of 0.31%. Compared with RC slab, the ultimate
load and energy absorption of CFC1-8 increase by 7% and 4.5%,
respectively. It means that the conventional steel mesh can be
replaced by the steel-free fiber cocktail of basalt fiber textile
and macro PP fiber.

This work can be considered as a pioneering tentative and paves
a new path for corrosion-free and durable structural members by
adopting steel-free fiber cocktail (i.e., basalt fiber textile and macro
PP fiber), which could be used to replace the conventional steel
mesh as a reinforcement in concrete structural components. In
the light of a limited number of tests performed in this study,
the results should be considered as rather preliminary. A compre-
hensive study, however, is necessary to formulate the design prin-
ciples of such objects in the future.
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