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Abstract: In this study, an experimental investigation was conducted on the mechanical properties of
lightweight aggregate concrete (LWAC) with different chopped fibers, including basalt fiber (BF) and
polyacrylonitrile fiber (PANF). The LWAC performance was studied in regard to compressive strength,
splitting tensile strength and shear strength at age of 28 days. In addition, the oven-dried density and
water absorption were measured as well to confirm whether the specimens match the requirement
of standard. In total, seven different mixture groups were designed and approximately 104 LWAC
samples were tested. The test results showed that the oven-dried densities of the LWAC mixtures
were in range of 1.819–1.844 t/m3 which satisfied the definition of LWAC by Chinese Standard.
Additionally, water absorption decreased with the increasing of fiber content. The development
tendency of the specific strength of LWAC was the same as that of the cube compressive strength.
The addition of fibers had a significant effect on reducing water absorption. Adding BF and PANF
into concrete had a relatively slight impact on the compressive strength but had an obvious effect
on splitting tensile strength, flexural strength and shear strength enhancement, respectively. In that
regard, a 1.5% fiber volume fraction of BF and PANF showed the maximum increase in strength.
The use of BF and PANF could change the failure morphologies of splitting tensile and flexural
destruction but almost had slight impact on the shear failure morphology. The strength enhancement
parameter β was proposed to quantify the improvement effect of fibers on cube compressive strength,
splitting tensile strength, flexural strength and shear strength, respectively. And the calculation
results showed good agreement with test value.

Keywords: lightweight aggregate concrete; oven-dried density; water absorption; mechanical
properties; fiber reinforcement; calculation model.

1. Introduction

Lightweight aggregate concrete (LWAC) has become a main development focus in the construction
field, owing to its low density, high strength and excellent durability [1–3]. Moreover, artificial
lightweight aggregates, which are manufactured from industrial wastes, river silts and solid wastes,
are important sources for green building and sustainable development [4–6]. As compared to normal
strength concrete (NSC), the usage of LWAC can bring significant benefits. For example, reducing
more than 20% of the weight of structures can reduce seismic loading [7], a lower elastic modulus can
bring a longer period of natural vibration and better deformability [8], lower thermal conductivity and

Materials 2020, 13, 1715; doi:10.3390/ma13071715 www.mdpi.com/journal/materials

http://www.mdpi.com/journal/materials
http://www.mdpi.com
http://dx.doi.org/10.3390/ma13071715
http://www.mdpi.com/journal/materials
https://www.mdpi.com/1996-1944/13/7/1715?type=check_update&version=2


Materials 2020, 13, 1715 2 of 17

thermal expansion result in improved fire-resistance [9] and frost-resistance [10] and reducing the size
of the members results in a lower cost of construction [11,12]. All of these advantages have led to LWAC
being widely applied in super high-rise buildings, long-span bridges and marine structures [13,14].

However, LWAC shows a more pronounced brittle failure than NSC, this is a major problem
in engineering applications [15]. Numerous research studies have shown that using fibers and polymers
in concrete can effectively improve the strength-ductility [16–18]. Steel fiber is used most often, owing
to its excellent environmental action-resistance and economic effects [19,20]. Li et al. investigated
the flexural behavior of LWAC with steel fiber and the test results showed that the steel fiber could
significantly improve the compressive and flexural strength of LWAC, as well as the post-cracking
behavior [21]. Li et al. researched the shear performance of steel fiber-reinforced LWAC beams and
reported that the shear-resistance capacity was enhanced by 25.1%, 35.9% and 43.6% with steel fiber
amounts of 0.4%, 0.8% and 1.2%, respectively, as compared to those without fiber reinforcement [22].
Numerous studies showed the steel fiber’s effects on the mechanical properties had significantly
improved. While, some defects of steel fiber had always been neglected, such as the reduction
in workability, the increase in weight of the concrete (because of the high specific gravity) and
the corrosion in water and salt solution. Additionally, different types of fibers for reinforcing LWACs
show different responses on mechanical properties [23]. Basalt fiber (BF), which is produced from
basalt rock, reveals excellent resistance to chemical and heat attacks [24–26] and has been proved to
have enhanced mechanical properties of concrete, in the context of a reinforced composite [27,28].
Similarly, polyacrylonitrile fiber (PANF) is a synthetic fiber and specifically a polymer with a chain
of carbon connected to one another; it is a hard, horny and high-melting material [29]. PANF shows
excellent crack resistance and effective tensile and shear strength improvement, as well as enhancing
the frost resistance of the concrete [30–32]. However, only a limited number of studies have focused on
BF and PANF reinforced LWAC, especially for chopped fibers.

In addition, previous research had confirmed that the strength of the lightweight aggregate was
the main controlling factor for the strength of LWAC, particularly for high-strength LWAC [33,34].
Moreover, it is well-known that the mechanical properties of concrete will affect its usage in projects and
the same applies to LWAC. Numerous experiments have been conducted to investigate the behaviors
of LWAC under compressive load, splitting tensile load and flexural load, whereas relatively fewer
studies have been devoted to addressing the shear strength, particularly in regard to the impacts
on different types of chopped fibers. In addition, it is worth noting that multiple test methods
have been suggested to measure the shear strength of concrete, such as the rectangular short beam
direct shear method, single shear surface ‘Z’ shaped specimen method, four-point force gap-beam
specimen method, four-point force beam with uniform depth and varying width method, biaxial
tension-compression cubic specimen method and torsion thin-wall cylinder specimen method [35].
However, there is no uniform specification for the shear strength testing of concrete. According to
reports form Zhang and Guo [36], the four-point force beam with uniform depth and varying width
method was suggested over the other methods, owing to of sample test equipment requirements and
its closeness in representing a pure shear stress state in the middle space of the specimen. Moreover,
existing literatures of fiber-reinforced LWACs lack the quantifying of the improved effects of fibers on
strengths, especially on shear strength, which will limit the application.

Above all, in this study, basalt fiber and polyacrylonitrile fiber are used to product LWAC
specimens respectively. In total, seven different mixtures were designed, for investigating the effects
of the fiber volume fraction on the mechanical properties of LWAC. The oven-density and water
absorption of LWAC were also studied. Different sizes of samples were used in different tests,
including the compressive strength test, splitting tensile strength test, flexural strength test and shear
strength test. Moreover, the strength enhancement parameter β was proposed to describe the fiber
enhancement effects on strengths and corresponding calculation models were proposed to predict
the cube compressive strength, splitting tensile strength, flexural strength and shear strength, which
providing the basis for design and application of fiber reinforced LWACs.
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2. Materials and Methods

2.1. Raw Materials

This study used P·O 42.5R Portland cement and employed silica fume and first grade fly ash
as supplementary cementious materials. The chemical compositions and physical properties of
the cement, silica fume and fly ash are listed in Table 1. A Lytag lightweight aggregate was used as
the coarse aggregate in the LWAC and the geometries and fundamental properties are shown in Table 2.
Two different high-performance fibers, that is, basalt fiber (BF) and polyacrylonitrile fiber (PANF), were
used as reinforcement materials shown as Figure 1. The properties of the fibers are shown in Table 3.
Natural river sand was used as the fine aggregate (maximum size = 4.0 mm, bulk density = 1516 kg/m3,
fineness modulus = 2.5). A superplasticizer was used to improve the workability of all mixtures. It also
should be noted that all the properties presented in Tables 1–3 are determined by manufacturers.

Table 1. The chemical compositions and physical properties of cement, silica fume and fly ash.

Materials Density (kg/m3) Mean Diameter (µm) Loss on Ignition (%) SiO2 (%) CaO (%) Al2O3 (%) Fe2O3 (%) MgO (%)

Cement 2234 18–24 - 22.1 62.39 5.72 3.05 2.02
Fly ash 2420 23–25 1.5 55.0 1.2 34.2 5.1 1.3

Silica fume 1700 0.1–0.3 3 95.0 0.2 0.7 0.6 0.5

Table 2. The fundamental properties of coarse lightweight aggregate.

Types of Aggregates Size (mm) Bulk Density
(kg/m3)

Cylinder Compressive
Strength (MPa)

1h Water
Absorption (%) Softening Coefficient

Lytag 5-10 877 12.1 8.1 0.9
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Figure 1. Chopped fiber features: (a) polyacrylonitrile fiber (PANF); (b) basalt fiber (BF).

Table 3. The fundamental properties of basalt fiber and polyacrylonitrile fiber.

Types of Fibers Length (mm) Density (kg/m3)
Tensile

Strength (MPa) Elongation(%) Melting
Point (◦C) Diameter (mm) Elastic

Modulus (GPa)

BF 6 2699 2000 2.5 1450 17.4 85
PANF 3 1190 800 1 245 10 ≥10

2.2. Mixture Proportion

According to the existing research and design methods for the mixture proportions of LWAC
in the Chinese standard technical specification for LWAC (JGJ 51-2002) [37], the mixture properties
of LWAC in this study are listed in Table 4. A water/binder ratio (w/b) of 0.29 is used to produce
the LWAC. Seven mixtures were used to test the effects of BF and PANF and the volume fractions were
0.5%, 1% and 1.5%, respectively. Fly ash and silica fume were selected as supplementary cementitious
materials, that is, fly ash with 12% replacement and silica fume with 8% replacement, respectively [26].
A superplasticizer (high-performance water-reducing agent) was used to produce samples as well.
It should be noted that, the details of mixture names are explained as follows—“LY” represents
Lytag lightweight aggregate; “B” and “P” represent BF and PANF respectively; number 0.5, 1 and 1.5
represent fiber volume fraction of 0.5%, 1% and 1.5% respectively.
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Table 4. Mixture proportions of lightweight aggregate concrete (LWAC) samples.

Groups Cement
(kg/m3)

Fly ash
(kg/m3)

Silica Fume
(kg/m3)

Coarse Aggregate
(kg/m3)

Fine Aggregate
(kg/m3)

Volume
(%)

Super
(kg/m3)

Water
(kg/m3) w/b

LY 440 66 44 656 602 - 1.7 143 0.29
LYB0.5 440 66 44 656 602 0.5 1.7 143 0.29
LYB1 440 66 44 656 602 1 1.7 143 0.29

LYB1.5 440 66 44 656 602 1.5 1.7 143 0.29
LYP0.5 440 66 44 656 602 0.5 1.7 143 0.29
LYP1 440 66 44 656 602 1 1.7 143 0.29

LYP1.5 440 66 44 656 602 1.5 1.7 143 0.29

Note: Super represents the superplasticizer.

2.3. Testing Methods

All of the mechanical properties, test methods and sizes of test samples are summarized in Figure 2
and follow the Chinese National Standards [37,38] (The unit in Figure 2 is mm). All LWAC testing
samples were cured in a standard curing room maintained at 20 ± 2 ◦C and 95% ± 10% relative
humidity until testing time. Then, 100 × 100 × 100 mm3 cubic samples were measured at the ages of 7,
14 and 28 days for cube compressive strength at a loading rate of 6 kN/s and at 28 days for the splitting
tensile strength at a loading rate of 1 kN/s. The flexural strengths of 100 × 100 × 400 mm3 prism
samples were measured at 28 days under four-point testing with displacement control, at a rate of
0.1 mm/min. In addition, 650 × 120 × 150 mm3 samples with uniform depth and varying-width were
used to measure the shear strength at 28 days under four-point testing with displacement control,
at a rate of 0.1 mm/min. All of the mechanical property tests were conducted using the WAW-100t
universal testing machine. 100 × 100 × 100 mm3 cubic samples were dried to a constant weight for
measuring the oven-dried density. In that regard, the definition of a constant weight for LWAC is
a weight loss of less than 0.1%. Cubic samples with dimensions of 100 × 100 × 100 mm3 were used to
test water absorption. Specimens were soaked in water after drying to a constant weight and measured
the weight since soaking time reach 1, 3, 6, 12, 24 and 48 h, respectively.
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3. Test Results and Discussion

3.1. Oven-dried Density and Specific Strength

The oven-dried densities of all mixture groups are shown in Figure 3 and the groups using
lightweight aggregates all had density values less than the critical value (1.950 t/m3) from the LWAC
requirement form [37]. It is evident that adding fibers had a slight impact on the oven-dried density of
the LWAC. The BF volume fraction increased from 0% to 1.5% and the oven-dried density of the LWAC
increased from 1.808 to 1.850 t/m3, whereas the oven-dried density of the 1.5% PANF sample increased
to 1.843 t/m3, indicating that fiber addition could increase the density of LWAC, which may be because
that fiber could fill internal pore.
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The specific strength is defined as the ratio of compressive strength at 28 days to the oven-dried
density of the concrete and can reflect the high-strength characteristics of construction materials.
The test results for the specific strengths of the LWAC mixtures are shown in Figure 4. By increasing
the volume fraction of BF and PANF, the specific strength of LWAC increased as well. The specific
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strength of the plain LWAC sample is 31.4 MPa·m3/t and LWAC mixtures with 1.5% BF and PANF
reinforcement increased to 35.2 and 34.0 MPa·m3/t, respectively. Based on the definition of specific
strength, this increase phenomenon indicates that fiber play a more important role in crack-resistance
than in filling in concrete.
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3.2. Water Absorption

The water absorption values of the LWACs are shown in Figure 5. It is clear that the water
absorption capacity of all mixture groups increased with an increase of soaking time. Within 6 h, water
absorption soared and then followed by a slight increase in 6 to 48 h. It was also found that BF and
PANF showed significant effects on water absorption reduction. As the BF volume fraction increased
from 0–1.5%, the water absorption at 48 h decreased from 5.93% to 4.02%. The sample with 1.5%
PANF showed the maximum effect on water absorption reduction as compared with that of a plain
LWAC sample, as the 48 h water absorption decreased to 3.61%. In general, fibers in concrete will
block capillary pores, resulting in decreased water absorption, Liu [39] showed the similar test results.
According to Karahan [40], the water absorption is closely related to porosity and water absorption
would decrease as the porosity reduces. Therefore, BF and PANF addition into LWACs The effect of
fibers on hindering the absorption of water ingress has a significant meaning in regard to improving
the durability of LWAC (especially for freeze-thaw resistance) and our research team continues to
study this aspect.
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3.3. Cube Compressive Strength

The influences of the cube compressive strength of the LWAC samples with fiber reinforcements
(fcu) at 28 days are illustrated in Figure 6. It was found that adding BF and PANF could improve the cube
compressive strength. But both 0.5% BF and 0.5% PANF showed a slight effect on cube compressive
strength improvement, equivalent to only 5% and 1% higher than the plain LWAC, respectively. As for
BF, when the volume fraction increased to 1% compressive strength achieved 63.7 MPa, equivalent
to a 12% improvement. When the volume fraction of BF increased to 1.5%, the compressive strength
was 64.3 MPa, which was 13% higher than that of the plain LWAC sample but compared with sample
with 1% BF, the cube compressive strength only improving by 1%. Thus, it could be considered that
the ascension effect was the same as in the sample with 1% BF. As volume fraction increase from
0.5% to 1.5%, cube compressive strength increased as well and cube compressive strength achieved
a maximum value of 62.5 MPa, which was approximately 9% higher than that of the plain LWAC
sample. Moreover, as combined with the discussion regarding oven-dried density. The mechanism
of compressive strength enhancement from fiber reinforcement might be that, as the curing time
continues, there is an enhancement of the bonding strength between the fiber and cement matrix.
Another reason could be that LWACs have generally shown a higher shrinkage than NSC [41] and
adding fibers into concrete could effectively restrain shrinkage development [42], thereby controlling
the growth of cracks in sufficient time to improve the compressive strength. According to the test
results, to obtain the best improvements in the compressive strength improvement of LWAC, the 1%
BF and 1.5% PANF volume fractions are respectively suggested herein. The test results are shown
in Table A1.
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3.4. Splitting Tensile Strength

As shown in Figure 7, it is clear that adding either BF or PANF has a positive effect on the splitting
tensile strength (fst). With an increase of the fiber volume fraction, the splitting tensile strength increases.
Increasing the BF volume from 0% to 1.5% resulted in the maximum improvement of the splitting
tensile strength of the LWAC samples, achieving 5.00 MPa, equivalent to 28.2% higher than that
of plain LWAC. PANF had a relatively lower promotion. By adding 0.5%, 1% and 1.5% volume
fractions of PANF into LWAC, the splitting tensile strength values increased to 4.20 MPa, 4.49 MPa
and 4.79 MPa, respectively, which were 7.7%, 15.1% and 22.8% higher than those of plain LWAC,
respectively. The mechanisms by which the fiber effects provide improvements in splitting strength
can be reflected directly using failure morphology, as shown in Figure 8. As for plain LWAC, there
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were no evident changes in the early loading process. When close to the peak load, a tiny vertical crack
opened in the middle space of the sample and then with continued loading, the tiny crack quickly
extended through the upper and lower surface, with evident concrete spalling out. Finally, a brittle
failure occurred. However, the addition of fibers changed the failure morphologies of the LWAC.
The early loading process caused vertical tiny cracks as well but with continued loading, the expansion
and growth of cracks did not reduce the loading capacity and no evident spalling of concrete was
found. The test results are shown in Table A1.
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3.5. Flexural Strength

The effects of BF and PANF on the flexural strengths of the LWAC mixtures are shown in Figure 9.
As can be seen, both BF and PANF provided significant improvements in flexural strength. As the BF
volume fraction increased from 0% to 1.5%, the flexural strength increased up to approximately
50%, reaching 5.37 MPa. In contrast, a 1.5% volume fraction of PANF results in an approximately
40% increase in the flexural strength, reaching 5.02 MPa. Although it is easy to see that an increase
of the fiber volume fraction leads to an increase in flexural strength, the increase rates show some
differences. When increasing the BF by an equal volume fraction, the increase rate of the flexural
strength decreased from 0.5% to 1.5%. In contrast, for PANF, an increase of the equal volume fraction
resulted in an approximately equal increase rate for the flexural strength. The mechanisms of the fiber
enhancement of the flexural strength could be explained through the fiber prevent crevice theory,
as proposed by Romualdi [43]. In this theory, fibers cross the crack and transfer the stress to the upper
and lower surfaces of the crack when subjected to tensile loading and the stress concentration at
the cracks is alleviated, so that the sample can continue to bear loads. Moreover, the distributions and
orientations of fibers are decisive in the tensile strength of LWAC [44]. Therefore, fiber distributions and
volume fractions are major factors for obtaining an optimum improvement/positive effect/enhancement
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of mechanical properties. Based on the test results, for chopped BF and PANF, 1.5% volume fractions
of both BF and PANF were suggested for use in LWAC, to obtain the relative optimum improvement
in flexural strength. The test results are shown in Table A1.
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Figure 9. Effect of fibers on flexural strength of LWACs.

The failure morphologies of LWAC mixtures subjected to flexural loading are shown in Figure 10
and the LWAC sample with PANF reinforced showed a similar flexural failure morphology with plain
LWAC sample—in the early loading process, there is no detectable cracks were observed. As close
to the peak flexural load, a vertical crack in middle space grew quickly and crossed the section and
then sample failure when reached ultimate load. In contrast, BF addition not only improved the peak
flexural loading but also delayed the growth of the crack and improved toughness effectively compared
PANF, which because of the fiber prevented the crevice effect.
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Figure 10. The flexural failure morphology of LWACs: (a) plain sample, (b) sample with BF, (c) sample
with PANF.

3.6. Shear Strength

Figure 11 shows the shear failure morphology of the LWAC mixtures. As adding PANF and BF
led to similar failure morphologies of the plain sample. When the loading reached approximately 80%
of the shear capacity bearing, a crack occurred in the shear front. With loading continued, as the stress
approached the ultimate shear stress, a main oblique crack occurred in the shear front and then
the crack quickly spread to the upper and lower surfaces. When the loading reached the peak shear
load, the samples were destroyed immediately and were cut into two parts. In general, there was only
one oblique crack and the fracture interface was clear and tidy. In this regard, fiber addition could not
change this failure phenomenon.
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The effects of BF and PANF on the shear strengths of the LWAC mixtures are shown in Figure 12.
It can be seen that an increase in the volume fraction of either BF or PANF results in an increase of
the shear strength of the LWAC samples. The volume fraction of the BF samples increased from to
0.5%, 1% and 1.5% and the shear strength increased to 3.14, 3.48 and 3.64 MPa, respectively, equal to
12%, 24% and 30% higher than that of the plain LWAC sample, respectively. In contrast, PANF showed
a relatively smaller increasing effect on shear strength enhancement than BF. As the volume fraction of
PANF increased to 0.5%, 1% and 1.5%, the shear strength increased to 3.06, 3.24, 3.50 MPa, respectively,
equivalent to 9%, 16% and 25% higher than that of the plain LWAC sample, respectively. The test
results are shown in Table A1.
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4. Strength Calculation Method

4.1. Calculation Method for Cube Compressive Strength

The compressive strength of concrete is the basic strength index in concrete structural design and
monitoring. In this study, to consider the fiber improvement effects on the compressive strength of
LWACs, an enhancement parameter βcu was proposed, as follows:

fcu, f = f cu× βcu (1)

where, fcu,f and fcu are the cube compressive strengths of the fiber-reinforced LWAC and plain LWAC,
respectively. The failure morphology of the concrete under a compression load could be considered
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as a tension destruction owing to the transverse expansion. Thus, fibers can be used in the concrete
to improve the compressive strength, by improving the tension behavior. Therefore, βcu could be
rewritten as Equation (2):

βcu = αcu · v ·

√
ft, f

ft
+ 1. (2)

Herein, v (%) is the fiber volume fraction;
√

ft, f / ft is the strength ratio, representing the increase

ratio of the tensile strength of the plain LWAC owing to fiber addition, where ft, f is the tensile strength of
the fiber and ft is the tensile strength of the plain LWAC (which can be calculated by ft = 0.26 f 2/3

cu [45]);
and αcu is a strength correction coefficient (used to reduce the error and similarly hereinafter). The final
fitting equation is shown in Equation (3) and the fitting effect is shown in Figure 13. The results for
βcu,c using Equation (3) and a comparison with the test results for βcu,t are listed in Table 5. The R2

value of the fitting was 0.9136 and the βcu,t/βcu,c range grew from 0.98 to 1.02, showing good agreement
with the test results. Moreover, data from References [23] and [46] are used to validate the Equation (3)
and the βcu,t/βcu,c value range grew from 0.99 to 1.01.

βcu = 0.004 · v ·

√
ft, f

ft
+ 1 (3)
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Table 5. Comparison of test and calculation results of βcu.

Mixtures v
√

ft,f/ft βcu,t βcu,c βcu,t/βcu,c

LY 0 0 1 1 1.00
LYB0.5 0.5 22.774 1.055 1.046 1.01
LYB1 1 22.774 1.115 1.091 1.02

LYB1.5 1.5 22.774 1.141 1.137 1.00
LYP0.5 0.5 14.404 1.008 1.029 0.98
LYP1 1 14.404 1.052 1.058 0.99

LYP1.5 1.5 14.404 1.094 1.086 1.01
0.3C [23] 0.3 29.193 1.027 1.035 0.99
0.6C [23] 0.6 29.193 1.057 1.070 0.99
0.9C [23] 0.9 29.193 1.122 1.105 1.02
PF0.6 [46] 0.6 8.54 1.027 1.020 1.01
PF0.9 [46] 0.9 8.54 1.034 1.031 1.00
PF1.2 [46] 1.2 8.54 1.052 1.041 1.01
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4.2. Calculation Models for Splitting Tensile Strength

Similarly, to reflect the effects of BF and PANF on the splitting tensile strength of LWAC,
an enhancement parameter βst was proposed, as shown in Equation (4):

fst, f = fst · βst, (4)

where, fst, f is the splitting tensile strength of LWAC with fiber reinforcement; fst is the splitting
tensile strength of plain LWAC; and βst is the enhancement coefficient of the splitting tensile strength.
In general, adding fibers to concrete would directly impact the tensile behavior. Therefore, in this

study, the fiber volume fraction v (%) and the increase ratio of the splitting tensile strength
√

ft, f / fst

were considered as variables. The fitting equation is shown in Equation (5) and the fitting effect is
shown in Figure 14. The results for βst,c using Equation (5) and a comparison with the test results
for βst,t, are listed in Table 6. The R2 value of the fitting is 0.911 and the βst,t/βst,c values range from
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4.3. Calculation Models for Flexural Strength

A flexural strength enhancement parameter was proposed, as follows:

f f , f = f f · β f . (6)

Herein, f f , f is the flexural strength of LWAC with fiber reinforcement and f f is the flexural strength
of plain LWAC. As usual, adding fiber into the concrete enhanced the flexural strength, owing to
the significant tensile behavior of the fibers. Therefore, in this study, the fiber volume fraction v (%)

and the increase ratio of the flexural strength as influenced by the fiber tensile strength
√

ft, f / f f were

considered as variables and the fitting equation is shown in Equation (7), it should be noted that
the constant 0.23, is the correction coefficient of effect of v on flexural strength enhancement. The fitting
effect is shown in Figure 15. The results for βf,c using Equation (7) and a comparison with the test
results for βf,t are shown in Table 7. The R2 value of the fitting is 0.947 and the βf,t/βf,c value ranges
from 0.97–1.03, showing good agreement with the test results. Moreover, data from References [23]
and [48] are used to validate the Equation (7) and the βf,t/βf,c value range grew from 0.98 to 1.09.

β f = 0.006 ·

√
ft, f

f f
+ 0.23 · v + 1. (7)
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4.4. Calculation Models for Shear Strength

A shear strength enhancement parameter was proposed to reflect the fiber effect on the shear
strengths of the LWAC samples and is shown in Equation (8):

fs, f = fs · βs. (8)

According to a previous study [36], in regards to a shear strength experiment for concrete with
uniform depth and varying width, the shear stress of the shear area in the middle space of the sample
is in a uniform distribution and the principal tensile stress σy ≤ 0.1τ and principal compressive stress
σx ≤ 0.2τ; it could be considered as a pure shear state. Therefore, in this study, it is considered that
the fibers enhance shear strength by controlling growth of cracks, which is related to the volume
fraction v (%) and fiber length l (mm). The tensile strength of the fiber can be neglected and the fitting
equation is shown in Equation (9), herein, constant 0.117 is the correction coefficient of effect of v
on shear strength enhancement and constant 0.016 is the correction coefficient of coupling effect of
v and l on shear strength enhancement. The fitting effect is shown in Figure 16. The results for βs,c

using Equation (9) and a comparison with the test results for βs,t are listed in Table 8. The R2 value
of the fitting is 0.951 and the βf,t/βf,c value ranges from 0.98–1.02, showing good agreement with
the test results. Moreover, data from References [46] and [49] are used to validate the Equation (9) and
the βs,t/βs,c value range grew from 0.91 to 1.07.

βs = 0.117 · v + 0.016 · v · l + 1. (9)
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5. Conclusions

In this study, the mechanical properties of various LWAC mixtures with two types of fiber
reinforcement were investigated. In total, the effects of fiber on the cube compressive strength, splitting
tensile strength, flexural strength and shear strength were compared and analyzed. In addition,
the failure morphologies of LWAC samples subjected to different loading types were studied to
explain the development trends of the strengths. Then, the fiber enhancement parameter βwas used to
calculate the cube compressive strength, splitting tensile strength, flexural strength and shear strength
of LWAC with fiber reinforcement. According to research results mentioned above, the following
conclusions can be drawn.

• Both BF and PANF have effects on the improvement of oven-dried density and the reduction
of water absorption with the increase of volume fraction due to the role of filling internal
pores. The specific strength showed a similar change tendency with cube compressive strength,
which increases with the increase of the fiber content respectively, indicating that fiber play a more
important role in crack-resistance than in filling in concrete.

• The addition of BF and PANF into LWAC samples showed a slight influence on the cube
compressive strength but had significant effects on the splitting tensile strength, flexural strength
and shear strength improvement, relatively. The flexural strength was the most sensitive to fiber
addition. In that regard, synthesizing the fiber effect on strength enhancement, a 1.5% volume
fraction of BF or PANF is suggested to obtain the optimal improvement in mechanical properties.

• BF and PANF had effects on the failure morphology changes of splitting tensile and flexural
destruction but had almost no effect on the shear failure morphology.

• The strength enhancement parameters β can describe the fiber effects on strength enhancement
of LWACs when subjected to different loading types. Moreover, the strength calculation
Equations (3), (5), (7) and (9) were established and the results of calculation agree well with
the testing results.
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Appendix A

Table A1. Average value of strengths by testing.

Mixtures Cube Compressive Strength
(MPa)

Splitting Tensile Strength
(MPa)

Flexural Strength
(MPa)

Shear Strength
(MPa)

LY 57.11 3.90 3.58 2.80
LYB0.5 60.25 4.32 4.54 3.14
LYB1 63.70 4.70 5.06 3.48

LYB1.5 65.14 5.00 5.37 3.64
LYP0.5 57.56 4.20 4.20 3.06
LYP1 60.10 4.49 4.69 3.24

LYP1.5 62.48 4.79 5.05 3.51
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