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HIGHLIGHTS

« With increasing Foam content, the mixtures revealed higher slump values due to decreasing solid content.
« Porosity and water absorption of 28 aged-foam concretes increased with increasing foam content.

« As the foam content increases, the compressive strength of the mixtures decreases.

« Hemp fiber reduced drying shrinkage of foam concretes.

« It has been observed that glass fiber improves the durability properties of foam concretes.
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This study presents investigation on microstructural, mechanical, durability and thermal characteristics
of hemp fibers (HFs) reinforced foam concrete with fly ash (FA) and Taguchi optimization approach. Three
series of foam concretes mixtures were produced with foam contents of 50, 75 and 100 kg/m>. There is a
reference mixture without HFs and FA. Thus, mixtures contain FA as cement replacement at the concen-
trations of 0%, 10%, 20%, 30%, 40% and 50%. HFs with varying fiber length were introduced into mixes at
concentrations of 0.75%, 1.5% and 3% by weight of cement. Slump test was done to see workability.

I;z mocrgfl:crete Compression and flexural properties were determined at 7, 28 and 91 days. Durability was investigated
Fly ash by high temperature, freeze-thaw and sulphate exposures. Thermal conductivity, drying shrinkage,
Hemp fibers porosity, water absorption and dry unit weight properties of foam concretes were also investigated.

Experimental results were analyzed using Taguchi optimization approach. Addition of HFs provides very
large compressive and flexural strength enhancements. FA addition reduces the drying shrinkage and
thermal conductivity while it increases the high temperature resistance of foam concretes.

© 2021 Elsevier Ltd. All rights reserved.

Physico-mechanical properties
Durability properties
Taguchi optimization

1. Introduction

Foam concrete is highly porous composite up to 80% and even
more by volume of mixture. Cement, water, filler and voids are
trapped in composites via suitable synthetic- or protein-based
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foaming agents that does not contain coarse aggregate [1-5]. It
has advantages such as minimum aggregate consumption, high flu-
idity and porosity, good thermal isolation, low self-weight, fire
resistance, airborne sound insulation, and desired strength and
cost effectiveness. Foam concrete is commonly used in panels,
walls, road fill, partitions blocks, insulated wall panels, bridge pad-
ding, floor insulation, roof insulation and lightweight building
blocks in many countries. Foam concrete also became a favorable
composite for applications such as weak soils stabilization, a base
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layer for foundation slabs, floors, subway and highway engineering
applications [1,3,6-11]. There is a continuous investigations to
obtain alternative concrete-making materials involving economic,
environmental and social aspects to achieve sustainable develop-
ment [12,13]. For this reason, reuse of wastes like fly ash, silica
fume, rice husk ash etc. [14,15], silica fume [16], waste marble dust
[16-18] and ground blast furnace slag [19,20] as cement substi-
tutes and aggregates is used in concrete. Inclusion of the wastes
improves concrete performance provides environmental advan-
tage and reduces CO, emissions [21,22].

Like all other concretes, foam concretes have lower tensile
strength than the compressive strength, in addition they are sub-
ject to massive shrinkage caused by large amounts of entrained
air. The use of different fibers and wastes like waste marble dust,
silica fume and fly ash in concrete mixtures decreases shrinkage
crack and increases durability and strength. Steel, synthetic and
glass fibers are widely considered in concrete. Transition of con-
crete from brittle to semi-ductile or to ductile characteristic,
enhanced energy absorption capacity and toughness can be
obtained by fiber reinforcement. Such reinforcement (steel, glass
or synthetic fibers) can significantly decrease cracking and perme-
ability due to drying shrinkage and plastic shrinkage; the impact
and wear resistances are enhanced and strain ability is much
improved [6,23]. However, since fiber production causes high pol-
lution and CO, emissions, we need to develop new methods for
producing energy-efficient fiber-reinforced concretes to increase
environmental sustainability. Much research has tested usage of
natural, mineral-derived, animal-based and plant-based fibers to
reinforce concrete - what involves relatively little energy for
extraction from the source [24].

Among natural fibers, hemp fibers (HFs) are the most common
and used in biofuels, textile, food, construction, automobile etc.
Those fibers found application in the construction industry as
lime-hemp plaster, isolation, hemp concrete and polymeric
hemp-based composites [25-27]. Comak et al. [28] investigated
mortars produced with different rates and lengths of HFs to evalu-
ate strengths, unit weight, absorption and splitting tensile
strength. They pointed out that the optimum results were obtained
for 2-3% HFs with 12 mm length. Hamzaoui et al. [29] observed
that 3% HFs in the mortar minimizes the negative impact on
mechanical strength. Ruano et al. [30] focused flexural behavior
of cement-based composites having HFs and sugarcane bagasse
fibers and found toughness increase by hemp fibers. Hamzaoui
et al. [31] studied hemp fibers and carbon nanotubes blended mor-
tars in respect to microstructure and mechanical behavior and
noted 10% and 24% compressive and flexural strength improve-
ment, respectively, because of combined usage of wet hemp fibers
and carbon nanotubes. There are a few studies on foam concrete
incorporating fly ash (FA) [32,33]. Gokge et al. [34] studied the
foam concrete incorporating FA and silica fume and they reported
that the addition of FA decreased compressive strength and ther-
mal conductivity of mixes having high-level foam amount but
increased in mixtures with lower foam content. Gopalakrishnan
et al. [35] examined fly ash and quarry dust blended foam concrete
and they found the optimum fly ash content as 20% — 25% for
achieving high short-term compressive strength. We have not
found in the literature information on synergetic impact of FA
and hemp fibers on physico-mechanical, durability and thermal
characteristics of foam concrete. Although FA released from power
plants affects environmental, its storage cost is pretty expensive.
Turkey annually releases about 18 million tons of FA The analogous
number for India is about 80 million tons per year. Approximately
600 million tons of fly ash annually are created worldwide [15,36-
38]. Only limited amount of fly ash is recycled in cement produc-
tion and cement based composites. In order to increase recycling,
foam concrete is a new option to consider. In the production of
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foam concrete, generally micro size materials are desired [39,40].
Thus costs are lower since there is no need to the grinding. More-
over, foams have pozzolanic effect that contributes to strength
development. For these reasons we have used fly ash in this study.
Due to relatively poor tensile properties of cement based compos-
ites, large amounts of work have been expended into usage of
fibers such as made of steel, polymeric etc. Steel fibers are expen-
sive and corrosive. In the production of poly(vinyl alcohol) and
polypropylene fibers, antioxidants and amines have been used -
resulting in non-eco-friendly materials. On the other hand, natural
fibers such as made from hemp are eco-friendly, renewable, non-
corrosive, inexpensive and abundantly and widely available. This
makes hemp fibers a suitable alternative to non-renewable, corro-
sive and expensive synthetic fibers. Studies using hemp fibers in
cement-based composites exhibit a potential to improve the
energy absorption capacity [41-43], lowering shrinkage [44,45]
and improve the impact resistance [46,47]. For these reasons we
have used fly ash and hemp fibers. We have not found studies in
the literature using hemp fibers in foam concrete production. Thus,
we have now used FA and HFs in fabrication of foam concretes. We
are particularly concerned with the shrinkage, thermal conductiv-
ity, the strength of concrete at longer times and also with its resis-
tance to high temperature exposure, freeze-thaw cycles and
sulphate attack. Foam concrete mixes were produced with 50, 75
and 100 kg/m> foam content. Each foam concrete mixtures
includes reference mixture without HFs and FA while other mix-
tures contain FA as cement substitute at the rates of 0%, 10%,
20%, 30%, 40% and 50%. HFs with varying fiber length were also
added to the mixtures as 0.75%, 1.5% and 3% by weight of cement.
Slump test was applied to assess fresh properties. Strength prop-
erty was determined after 7, 28 and 91 days, while durability
was investigated by high temperature exposures, freeze-thaw
cycles and sulphate attacks. Thermal conductivity, drying shrink-
age, porosity, water absorption and unit weight properties of con-
cretes were studied.

2. Test program
2.1. Materials and methods

2.1.1. Cement

CEM I 42.5R Portland cement (PC) and FA were utilized as bin-
ders. Physical and chemical characteristics of cement are seen in
Table 1. Water/binder (PC + FA) ratio (w/b) of 0.50 was taken as
constant in mixes.

2.1.2. Fly ash (FA)

F class FA having 2750 cm?/g fineness was utilized as substitute
of PCin 10, 20, 30, 40 and 50% by weight. Table 2 illustrates phys-
ical and mechanical characteristics of FA.

2.1.3. Hemp fibers (HFs)

HFs have usually the length of 40-45 mm. They contain ~ 9%
lignin and pectin, 78% cellulose. Because lignin rate is higher than
flax, it has rougher structure [28]. Long hemp fibers were divided
to 0.5, 1 and 2 cm. Ratios (0.75%, 1.5% and 3%) and different lengths
(0.5, 1 and 2 cm) of HFs were added to foam concrete mixtures.
Fig. 1a illustrates SEM images of HFs. Fig. 1b and c presents a
XRD pattern of HFs and thermo gravimetric analysis (TGA) of
HFs. According to TGA analysis, it is seen that the total weight loss
up to 1000 °C is approximately 96.6%. The remaining ash amount
after combustion is 3.4%. Combustion reaction occurred between
200 and 500 °C. The first major weight loss was observed between
200 and 380 °C and the second significant weight loss between 380
and 500 °C. Accordingly, the first rapid burning reaction can be
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Table 1

Characteristics of PC.
Oxides Cao Si0, Al,04 Fe,03 MgO SO; Na,O K;0 LOI
(%) 63.48 18.93 5.22 3.42 1.76 2.69 0.45 0.71 3.17
Specific weight (g/cm?) 3.14 Specific surface (cm?/g) 3400 Setting time initial/final (min.) 165/210
Compressive strength (MPa) (at 2 days) 28.9
Compressive strength (MPa) (28 days) 51.1

Table 2

Chemical and physical characteristics of FA.
Oxides Ca0 Si0, Al,03 Fe,03 MgO SO3 Na,0 K,0 Loss in ignition
(%) 3.86 50.04 28.13 9.48 1.32 0.36 0.25 0.39 1.5
Specific weight (g/cm?) 2.41 Finenes (cm?/g) 2750 Color Brown
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Fig. 1. a) SEM views of HFs, b) XRD pattern of HFs and c) TGA analysis of HFs.

interpreted as the burning of cellulose, which is one of the compo-
nents that make up the hemp fibers, and the second slow burning
reaction as lignin burning. XRD analysis 15 and 23 2theta degree
peaks show characteristic peaks of cellulose.

2.1.4. Foaming agent (F)

The foaming agent contained enzyme-based proteins having
1.03 kg/l was utilized to produce concrete mixtures. Table 3 illus-
trates the physical properties of the agent.

Table 3
Properties of the foaming agent.
Chemical Contents Synthetic liquid air-entraining
Appearance-Color Translucent. pale brown liquid
Density 1.03 £ 0.02 kg/l.
pH Value 501
Chloride <%0.1
Alkali <%5
Freezing —5°C

2.1.5. Silica sand

Silica aggregate is used in the mortar mixtures. Its specific grav-
ity is 2.62 and water absorption is 0.98%. The grain size is under
800 um. D50 and D90 are about 23.8 um and under about
227.5 um respectively.

2.2. Mixture proportions and specimen preparation

The PC was replaced with FA at 10, 20, 30, 40 and 50% by
weight. A total of 450 kg/m?> binder and w/b ratio of 0.5 were uti-
lized in the mixture design of foam concretes as shown in Table 4.
Cement, FA, silica sand and HFs were stirred during 1 min. Water
was put in and stirred for a further 2.5 min to obtain slurry paste.
Foaming agent was then incorporated into slurry paste and after
2.5 min of mixing to get plastic foam concrete. To carry out the rel-
evant tests, fresh foam concrete mix was cast in the mould. Con-
cretes were demoulded and allowed to cure in 20°C water
during 28 days after 24 h.
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Table 4
Mixture desings™.
Code FA (%) Foamcontent (kg/m®) Fiberlength (cm) FiberRatio (%) OPC(kg/m?) FA(kg/m>®) Silica sand(kg/m®) Water(kg/m?) Fibers(kg/m®) w/b
R50 0 50 - - 450 - 1204 225 - 0.5
FAOF50 0 0.5 0.75 450 0 1204 225 3.375 0.5
FA10F50 10 0.5 1.5 405 45 1191 225 6.75 0.5
FA20F50 20 1 0.75 360 90 1178 225 3.375 0.5
FA30F50 30 2 3 315 135 1165 225 135 0.5
FA40F50 40 1 3 270 180 1152 225 13.5 0.5
FA50F50 50 2 15 225 225 1139 225 6.75 0.5
R75 0 75 - - 450 - 988 225 - 0.5
FAOF75 0 1 1.5 450 0 988 225 6.75 0.5
FA10F75 10 1 3 405 45 975 225 13.5 0.5
FA20F75 20 2 1.5 360 90 961 225 6.75 0.5
FA30F75 30 0.5 0.75 315 135 948 225 3.375 0.5
FA40F75 40 2 0.75 270 180 935 225 3.375 0.5
FA50F75 50 0.5 3 225 225 922 225 13.5 0.5
R100 0 100 - - 450 - 771 225 - 0.5
FAOF100 0 2 3 450 0 771 225 13.5 0.5
FA10F100 10 2 0.75 405 45 758 225 3.375 0.5
FA20F100 20 0.5 3 360 90 745 225 13.5 0.5
FA30F100 30 1 1.5 315 135 732 225 6.75 0.5
FA40F100 40 0.5 15 270 180 718 225 6.75 0.5
FA50F100 50 1 0.75 225 225 705 225 3.375 0.5

" Mix ID such as FA10F50 means: 10% FA/fly ash and F/foam content 50 kg/m?

2.3. Testing procedures

Slump test was done to observe workability of fresh concretes
as per ASTM C1437-15 [48]. Transport properties of foamed con-
cretes including dry unit weight, water absorption and porosity
after 90 days were evaluated on the samples in 50 x 50 x 50 mm
by ASTM C642 [49]. In accordance with ASTM C348-19 [50], using
specimens with 40 x 40 x 160 mm size, flexural strength test was
done on three samples for each mixture with 50 N/s speed. Three
samples were used to take the average. To assess the compressive
strength, a total of six specimens obtained after the flexural test
were used to perform the tests as per ASTM C349-18 [51]. Six sam-
ples were used to take the average. Sorptivity of foam concretes
was evaluated on 50 x 50 x 50 mm samples according to ASTM
C1585-20 [52]. As per ASTM D7984-16 [53], the specimens of
20 x 50 x 100 mm size were utilized to measure thermal conduc-
tivity of concretes. To ASTM C 596 [54], the samples of
25 x 25 x 285 mm size were used to perform drying shrinkage of
concretes. 40 x 40 x 160 mm sized concrete samples were sub-
jected to fast freeze-thaw test in accordance with ASTM C666-97
[55]. All foam concrete samples were subjected to a total of 200
freeze-thaw cycles. Compressive, flexural strength, UPV and mass
loss tests were performed every 100 cycles. After concretes sub-
jected to temperature of 200, 400, 600 and 800 °C with a temper-
ature rise of 10 °C/min., they were subjected to cooling slowly (In
oven) and water cooling by spraying with room temperature water
for five min. after samples subjected to high temperatures and F-T,
UPV evaluation were performed to detect internal damage of con-
cretes as per ASTM C597-02 [56].

2.3.1. Taguchi optimization

Each variable used in the study should be examined separately
to determine its effects. If the experimental design is fully factorial,
it is necessary to produce 162 mixtures. Due to the large number of
mixtures in the study, Partial Factorial experimental design was
used to save material and time. For this purpose, Taguchi optimiza-
tion method was applied with the Taguchi L18 orthogonal experi-
ment matrix. In addition, ANOVA analysis was performed to see
the significance rates of variables used for the Taguchi matrix.

3. Results and discussion
3.1. Fresh concrete properties

Slump of all fresh concretes were plotted in Fig. 2. Slump values
raised with increment of foam rate from 50 to 100 kg/m> due to
decreasing solid content. Reference mixtures (R50, R75 and
R100) generally had the highest slump of 21.5 cm, 25.6 cm and
27.7 cm in each foam content group respectively. The slump of
all fresh concretes with foam of 50 kg/m> were in the range of
214 cm and 11.5 cm. The mixtures containing 30 and 40% FA
and 3% HFs with fiber length of 2cm and 1cm (FA30F50,
FA40F50) showed the lowest slump of 15.5 cm and 12.8 cm respec-
tively. With increasing F content, the mixtures revealed higher
slump values due to decreasing solid content. Replacing fly ash
with ordinary Portland cement enhanced slump flow diameter
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Fig. 2. Slump of concretes at F content of 50, 75 and 100 kg/m>.
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because of small round-shape and smooth texture of the FA grains
[57] while inclusion of HFs had a negative impact on the slump due
to the increase in water absorption amount with HFs content[28].
The slump of all fresh concretes with foam of 75 kg/m> were in the
range of 25.6 cm and 16 cm. For the F content of 75 kg/m>, the neg-
ative impact of HFs on the slump were seen in the mixtures con-
taining 3% HFs with 1cm and 0.5 fiber length; the mixtures
FA10F75 and FA50F75 showed the lowest slump due to the higher
HFs ratio of 3% with 1 cm and 0.5 fiber length - despite the lowest
and highest FA content. The slump of all fresh concretes with F rate
as 100 kg/m> were between 27.7 and 17.8 cm. Mixture FA50F100
containing 50% FA with 0.75% HFs provides the highest slump
while FAOF100 containing 3% HFs with 2 cm length has the lowest
slump value at the F content of 100 kg/m?. It can be also concluded
that increment in fiber length had negative effect on the slump val-
ues. Ruano et al. [30] pointed out that HFs actively interact with
the fresh mortar and reduce the workability by taking water from
the fresh mixture and changing the hydration development of
cement paste. Literature includes many studies examining rheol-
ogy of foam concrete - studied by viscometry. Viscosity values
increase as foam content increases in foam concrete production
[58-61]. As a result of the increase in cement content in the mix-
ture, the viscosity values decrease [62]. Benli et al. [62] have shown
that increment of cement dosage in mixture affected viscosity val-
ues decreasing. She et al. [14] has shown that workability increases
when coarse ash is used in foam concrete. Yang et al. [63] used
waste brick powder (WBP) instead of cement and reported that
the workability was affected as the WBP content increased. The
use of fibers in foam concrete reduces workability, but it is a very
important component for crack control [64].

3.2. Compressive strength

Fig. 3 plots compressive strength of 7, 28 and 91- day concretes
with F contents of 50, 75 and 100 kg/m?>. As observed for all mixes,
values raised with the increment in curing age. Also increment of F
volume presents a significant compressive strength reduction in
Fig. 3a-c. The strength ratios for all concretes containing 50 kg/
m? F are higher than for concretes containing 75 and 100 kg/m?
F; there are two exceptions: the mixtures without FA (FAOF75
and FAOF100) at all curing ages. These important compressive
strength reduction may be related with low solid content and neg-
ative effect of FA because of its slow pozzolanic properties [65].
Fig. 3a shows the strengths of concretes with 50 kg/m> F. At 7 days,
with increasing F, lower strength of concretes with FA is seen than
in reference mixture (R50). Also at 7 days, concrete having 0.75%
HFs and no FA (FAOF50) has the highest strength (18.89 MPa).
10% compressive strength enhancement was obtained due to
0.75% HFs when compared to R50. Concrete containing 30% FA
and 3% HFs with 2 cm length (FA30F50) shows 14.67% strength
decrease when compared to R50. The strength of FA10F50 is nearly
the same as for R50. Strength of 28-days specimen with F content
of 50 kg/m>varies between 8.67 and 21.34 MPa. The lowest com-
pressive strength is seen for the FA50F50 specimen and the highest
for FA30F50. At 28 days, the mixtures FAOF50 (0.75% HFs with
0.5cm length), FA10F50 (1.5% HFs with 0.5cm length) and
FA30F50 (3% HFs with 2 cm length) have the compressive strength
9.19%, 2.65% and 10.79% higher than R50. We find that replacing
cement with FA reduces the compressive strength but inclusion
of HFs enhances it remarkably. The compressive strength of 91-
days specimens was between 14.98 and 27.01 MPa for 50 kg/m>
F. All mixtures show greater compressive strength values than
R50, except for FA50F50. The increment of FA reduces strength
because of incomplete pozzolanic reaction in which the growth
of the CSH (calcium silicate hydrate) gel was slowed down by alu-
minum and silicon ions in FA [66]. Fig. 3b exhibits the strength of
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mixes having 75 kg/m F. Actually FAOF75 (1.5% HFs, 1 cm length)
gained the highest compressive strength of 9.76, 12.81 and
13.70 MPa. The mixtures incorporating 10, 20 and 30% FA gained
higher strength than R75 at 7 days. The effect of HFs on strength
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was obviously seen at 75 kg/m> F. Similar strength results were
seen on 28 aged- concrete mixtures. The mixtures FA10F75,
FA20F75 and FA30F75 gained compressive strength enhancements
by 58.81%, 69.85% and 9.34% and FA40F75 and FA50F75 had com-
pressive strength decrease by 44.58% and 23.56% respectively com-
pared to R75 at 28-days. At 91-days, strength enhancements in
comparison with R75 specimens were 52.43%, 46.97% and 9.15%
for FA10F75, FA20F75 and FA30F75 mixtures respectively. Com-
pressive strength of FA40F75 and FA50F75 reduced by 20.38 and
9.75% compared to R75 specimens respectively. Fig. 3c plots
strength of mixes with 100 kg/m>® F. Actually FAOF100 mixture
(3% HFs, 2 cm length) gained the highest compressive strength of
7.76,11.09 and 12.67 MPa which were 7.34, 10.92 and 12.62 times
higher than R100 at 7, 28 and 91 days respectively. At 28 days of
curing, mixtures FA10F100, FA20F100, FA30F100 and FA50F100
gained compressive strength enhancements by 9.45%. 257.21%,
21.39% and 72.13% and FA40F100 had compressive strength
decrease by 3.48% respectively compared to R100 at 28 days. All
91 aged foam concrete specimens showed higher compressive
strength than reference R100 specimens. At 91 days, strength
enhancements in comparison with R100 specimens were 9.22%.
280.58%, 108.25%, 21.35% and 148.54% for FA10F100, FA20F100,
FA30F100, FA40F100 and FA50F100 mixtures respectively.

3.3. Flexural strength

Fig. 4 plots average flexural strength of 7, 28, and 91- day con-
cretes. Flexural strength decreases with increasing F due to
decreasing solid content and increasing porosity. The results indi-
cated that flexural strength values strongly depended on the HFs
ratio and FA content. With high HFs ratio and low FA content,
higher flexural strength was obtained. The foam concretes exhib-
ited low early-age flexural strength with increasing FA content as
reported in the literature. Fig. 4a plots the flexural strength results
of foam concretes with F contents of 50 kg/m>. As expected, at
7 days curing, the mixture FAOF50 without FA and 0.75% HFs
gained the highest early-age flexural strength of 3.65 MPa which
was 37.73% higher than R50. This can be attributed to the that mix-
ture without FA and high tensile strength properties of HFs [31].
After 28 days, the highest strength was observed as 4.52 MPa,
40.37% higher than R50 for the mixture FA10F50. Flexural strength
enhancements of the mixtures FAOF50, FA30F50 and FA40F50
compared to R50 specimens were 16%, 27.95% and 4.96% respec-
tively. Although FA30F50 and FA40F50 had the same HFs ratio of
3% but the different length of 2 cm and 1 cm, the increment in
the flexural strength between them was 5.6 times higher.
FA50F50 exhibited the lowest early 28- aged flexural strength of
2.41 MPa. After 91 days curing, all mixtures revealed higher flexu-
ral strength than reference concrete R50 and the mixture FA10F50
shown the highest flexural strength (5.88 MPa), 69.94% higher than
R50. Fig. 4b plots the flexural strength results of foam concrete
with 75 kg/m> F. Lower flexural strength rates when compared to
mixes having 50 kg/m> F were obtained because of low solid
amount and higher porosity. At early 7- age of curing, the mixtures
containing FA content between 0 and 30 percent showed higher
flexural strength than reference R75. FA10F75 with 3% HFs, 1 cm
length, performed the best flexural performance at all curing ages
with the flexural strength increase of 240.54%, 354.05% and
395.94% aged 7, 28 and 91 days respectively. FAOF75, FA20F75
and FA30F75 had also higher flexural strength than R75 with
strength increase of 200%, 130.55%, 71.17% and 228.37%, 150%,
84.11% and 28.37%, 16.66% and 15.88% aged 7, 28 and 91 days
respectively. Although the mixtures FA40F75 and FA50F75 had
lower flexural strength than R75 at 7 days, they revealed higher
flexural strength than R75 after 28 and 91 days. Fig. 4c depicts
the flexural strength results of concretes with F contents of
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Fig. 4. Flexural strengths of foam concretes.

100 kg/m?>. The mixtures FAOF100 and FA20F100 with 3% HFs con-
tent revealed the highest 7, 28 and 91 aged strengths. Mixture
FA20F100 with fiber length of 0.5 cm performed better than the
mixture FAOF100 with fiber length of 2 cm. This means that the
mixtures containing short fiber length with the same HFs ratio
showed better performance. Similar flexural strength performance
was also observed for the mixtures FA30F100 and FA40F100 con-
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taining the same HFs ratio of 1.5% with the length of 1 cm and
0.5 cm respectively. Although FA40F100 had higher FA content,
its flexural strength was bigger than FA30F100 at 7 and 28 days.
This is because of short HFs length of FA40F100. Flexural strength
enhancements for the mixtures FAOF100 and FA20F100 compared
to R100 aged 7, 28 and 91 days were 280.48%, 39.86%, 97.71% and
660.97%. 141.83% and 130.85% respectively.

3.4. Dry unit weight and thermal conductivity

Fig. 5 plots dry unit weight and thermal conductivity results of
28 aged concretes. The unit weight outcomes are shown in Fig. 5a.
Unit weights of foam concretes reduced with increasing foam and
FA due to decreasing solid content and lower specific gravity of FA
than cement [67]. Effect of HFs on the dry unit weight has pre-
sented that the fiber addition causes dry unit weight enhancement
in some mixtures having 50 kg/m> F. Dry unit weights of the mixes
having 75 and 100 kg/m> F generally reduced with HFs content and
increasing FA content. Reference concretes R75 and R100 showed
the highest unit weight in the mixtures with 75 kg/m> F and
100 kg/m> F. Concretes with 50 kg/m> F exhibited higher unit
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Fig. 5. a) Dry unit weights and b) Thermal conductivities of foam concretes.
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weight than R50 except the mixes FA20F50 and FA50F50. With
5.8% increase compared to R50. FA30F50 had the highest unit
weight and FA50F50 had the lowest unit weight and revealed
7.11% decrease in unit weight compared to R50. As mentioned
before, R75 had the highest unit weight and FA40F75 showed the
lowest unit weight with 24.69% decrease compared to R75.
FA30R75 had the lowest unit weight reduction of 1% compared
to R75. Reference concrete R100 had the highest unit weight and
FA30F100 showed the lowest unit weight with 30.62% decrease
compared to R100. FAOR100 had the lowest unit weight reduction
of 0.71% compared to reference specimen R100.

Fig. 5b plots thermal conductivity results of foam concretes
with 50, 75 and 100 kg/m? F. Thermal conductivity of concretes
reduced as foam and FA content increased due to decreasing solid
content and increasing porosity. A decrease in the thermal conduc-
tivity was also observed at HFs content of 0.75 and 1.5% but a slight
thermal conductivity increase was seen at HFs ratio of 3%. Mixes
having 50 kg/m> F exhibited less thermal conductivity values than
reference R50. FA50F50 presented the lowest value (0.379 W/mK)
that was 13.07% lower than reference R50. Since the unit weight
and porosity of concretes affect the thermal conductivity strongly,
lower unit weight leads to greater porosity and less thermal con-
ductivity. Since replacing cement with FA decreased the unit
weight of foam concrete. This caused the greater porosity and less
thermal conductivity [68]. The results indicated that mixes having
75 kg/m> F presented less conductivity values than reference R75.
FA40F75 revealed the lowest conductivity rate (0.238 W/mK) that
was 39.89% lower than reference R75. The thermal conductivity
reductions of 7.82%, 14.64%, 18.43%, 3.03% and 31.81% were
obtained for the mixtures FAOF75, FA10F75, FA20F75, FA30F75
and FA50F75 compared to R75. In F content of 100 kg/m>, the
results presented that all mixtures presented lower thermal con-
ductivity values than reference R100 except FAOF100 which was
2.26% higher than R75. FA30F100 showed the lowest conductivity
value (0.226 W/mK) that was 33.91% lower than reference R100.
The thermal conductivity reductions of 12.86%, 7.89%, 22.51% and
26.90% were obtained for the mixtures FA10F100, FA20F100,
FA40F100 and FA50F100 compared to R100 respectively. It can
be concluded that the lowest thermal conductivity changed
depending on FA content. 50% FA, 40% FA and 30% FA were the
optimum contents for lower thermal conductively at 50, 75 and
100 kg/m> F, respectively.

3.5. Porosity and water absorption

Fig. 6a-b plots the unit weight, porosity and water absorption of
concretes. Fig. 6a depicts the relation between porosity and
absorption. As shown from Fig. 6a, with increasing F content, water
absorption and porosity also increased due to decreasing solid con-
tent of mixtures. At low content of FA, water absorption and poros-
ity tended to decrease but increase after 30% FA content because of
slow pozzolanic activity of FA and dilution influence of cement
[36,37]. HFs content affected the water absorption and porosity
of concretes positively at low FA or without FA content and nega-
tively with high FA content. The reference concrete R50 had the
lowest absorption and porosity FA50F50 exhibited the highest
porosity and absorption with an increase of 40.52% and 66.36%
compared to R50 respectively at 50 kg/m> F. FA30F75 presented
the lowest porosity and absorption with decreases of 1.91% and
9.67% compared to R75 and FAOF75 had the highest porosity and
absorption with increases 85.52% and 125.99% compared to R75
respectively at 75 kg/m> F. At 100 kg/m> F, FAOF100 presented
the lowest porosity and absorption with decreases of 19.22% and
26.75% compared to R100 and FA30F100 had the highest porosity
and water absorption with increases 71.15% and 105.93% against
R100 respectively. Fig. 6b shown relation between porosity and
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dry unit weight. As illustrated in Fig. 6b, with increasing foam con-
tent, porosity increased and dry unit weight decreased due to
decreasing solid content of mixtures. Very good relation between
porosity and dry unit weight was clearly observed. At high content
of FA, the mixtures generally had higher dry unit weight with
increasing HFs content at 50 kg/m> F. At 75 and 100 kg/m> F, with
decreasing solid content, reference concretes R75 and R100 exhib-
ited the highest unit weight with increasing FA content because of
less specific gravity of FA than cement.

Fig. 6¢-d shows the link among the porosity and absorption and
dry unit weight of foam concretes and Fig. 6d illustrates the ther-
mal conductivity and porosity and unit weight. Because absorption
and unit weight strongly depends on porosity, very strong relation
between the porosity vs. absorption and porosity and dry unit
weight were established with 0.97 and 0.90 coefficients of correla-
tion respectively. Because thermal conductivity is highly related
with porosity and unit weight of concrete. A very effective link
was also established among the thermal conductivity vs. porosity
and thermal conductivity vs. unit weight as 0.98 and 0.90
correlation.

3.6. Drying shrinkage

Drying shrinkage up to 120 days at different ages for different
concretes is shown in Fig. 7. Obviously, mixtures presented a high
strain at an early age when compared to lately shrinkage. Dry
shrinkage rates grew dramatically during the first 7 days at 50,
75 and 100 kg/m? F. In Fig. 7a-c, higher foam content led to higher
drying shrinkage due to decreasing solid content and FA inclusion
reduced the shrinkage significantly and the mixtures containing

50% FA had the lowest shrinkage at 120 days in all foam contents.
HFs affected the drying shrinkage positively more especially at low
foam content and it seems HFs reduced drying shrinkage slightly at
high foam contents. Many studies proved that replacing cement
with FA reduced the drying shrinkage [69-72]. The reason for the
reduction in the dry shrinkage is because of reaction that FA con-
sumes more free water, departing less water to evaporate and thus
less shrinkage. Reduction in evaporation because of capillarity
while drying due to enhancement in the pore structure of concrete
declines shrinkage [73]. Outcomes indicated that maximum
shrinkage observed in reference concretes R50, R75 and R100 as
shown in Fig. 7a-c. Fig. 7a plots drying shrinkage of concretes hav-
ing 50 kg/m> F. After 91 days, it seems that shrinkage tended to
decrease slightly until 120 days. Reference concrete R50 exhibited
the highest shrinkage at all drying times and with FA inclusion
rate, dry shrinkage reduced and reached the lowest values at 50%
FA replacement. The dry shrinkage reduction of the mixture
FA50F50 compared to R50 was 54.51%. The dry shrinkage reduc-
tion for the mixtures FAOF50, FA10F50, FA20F50, FA30F50 and
FA40F50 compared to R50 was found to be 6.63%, 20.34%,
31.34%, 47.70% and 49.75%. High shrinkage reduction in the mix-
tures FA30F50 and FA40F50 can be due to the high HFs content
of 3%. Fig. 7b presents shrinkage of concretes having 75 kg/m> F.
Similar shrinkage behavior was observed in this foam content mix-
tures. The dry shrinkage reduction of 16.33%, 29.06%, 42.83%,
50.34%, 47.30% and 59.73% compared to R75 was obtained for
the mixtures FAOF75, FA10F75, FA20F75, FA30F75, FA40F75 and
FA50F75 respectively. The reductions at 100 kg/m> F were 1.23%,
18.02%, 29.03%, 36.85%, 47.90% and 51.53% for the mixtures con-
taining FA of 0-50% respectively compared to R100. It can be con-
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Fig. 7. Drying shrinkage values of foam concretes.

cluded from the reduction values that at 3% HFs content, dry
shrinkage reduction was high in comparison with the mixtures
containing low content of HFs.

3.7. Sorptivity

Fig. 8 plots sorptivity values up to 28 days of concretes. As seen
in Fig. 8a-c, the sorptivity of foam concretes increased with
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increasing foam content due to decreasing solid content and
increasing porosity. Fig. 8a presents the sorptivity of specimens
having 50 kg/m> F. In Fig. 8a, reference mixture R50 had the lowest
sorptivity values and the addition of FA increased it and reached
the highest values at a replacement rate of 50% FA. Similar results
was obtained by the authors [36,71,74]. After 14 days, sorptivity of
the mixture FA50F50 showed a sharp increase and 46.26%
enhancement in the sorptivity compared to R50 was obtained for
FA50F50. The effect of HFs on the sorptivity in mixes having
50 kg/m>® F was not clearly seen. Fig. 8b shows the sorptivity of
concretes with foam of 75 kg/m>. Influence of HFs on sorptivity
was clearly seen in this foam content mixtures. After 28 days.
FA10F75 with 3% HFs exhibited the lowest sorptivity with sorptiv-
ity reduction of 23.15% compared to R75 and FA50F75 with 3% HFs
had also lower sorptivity than FA40F75 which had the highest
sorptivity with an increase of 41.78% compared to R75. Fig. 8c plots
the sorptivity of concretes with foam of 100 kg/m?>. In this foam
content, impact of HFs on the sorptivity was very clear and signif-
icant. FAOF100 and FA20F100 containing 3% HFs showed lower
sorptivity than all other mixtures with reduction of 45.65% and
34.45% compared to R100 respectively. FA5S0F100 also showed
lower sorptivity with a decrease of 16.15% than R100. FA30F100
and FA40F100 with 1.5% HFs content had very higher sorptivity
than R100 and FA30F100 depicted the highest sorptivity with an
increase of 61.81% compared to R100. Changes in compressive
strength with the sorptivity rates of 28 aged foam concretes were
given in Fig. 8d. The results indicated that an inverse connection
among strength and sorptivity is established as also mentioned
by Kanellopoulos et al. [75]. There was a clear relation among
strength and sorptivity with a 0.87 correlation ratio.

3.8. High temperature exposure

The foam concretes were firstly dried at 100 °C during 24 h,
later exposed to 250, 500, 750 and 1000 °C during 2 h at 10°C |/
minute heating. After subjection, concretes were subjected to air
cooling.

3.8.1. Compressive strength

Fig. 9 plots compressive strength of after room and high tem-
perature. As plotted in Fig. 9, the compressive strength of concretes
performed very well and generally increased at the temperature
exposure of 250 °C and 500 °C in comparison with the compressive
strength at 20 °C. This enhancement was mostly endorsed because
of pozzolanic reaction and rise in hydration process that produces
higher density C-S-H increasing strength, as reported in the litera-
ture [22,76,77]. Many studies have also focused on mechanical and
durability performance of concrete having FA [8-11] at high tem-
peratures. In short, it has been found that FA improves concrete
performance at high temperatures and the development is impor-
tant at temperatures under 600 °C [78-80] which was in agree-
ment with our results. As shown in Fig. 9, mixtures having 50 kg/
m® F presented bigger strength at all temperature exposure than
mixtures having 75 and 100 kg/m? F. After 750 °C, a sharp strength
decrease was seen on all mixture specimens. Slightly positive
impact of HFs on the strength of foam concretes subjected to high
temperature was clearly seen at temperature range 250-500 °C. As
shown in Fig. 9a, almost all mixtures (a small decline in FA20F50 at
500 °C) exhibited compressive strength enhancements at tempera-
ture of 250-500 °C. Percent enhancements in strength at 250 °C
was 23.2%, 24.9%, 47.7%, 31.7%, 32.7%, 62.3% and 78.3% for the mix-
tures from R50 to FA50F50 in comparison with ambient tempera-
ture strength respectively as shown in Fig. 9a. With 62.3% and
78.3% enhancements, FA40F50 and FA50F50 presented the highest
increment rate. When strength changes of two mixtures R50 and
FAOFA50 without FA and latter with HFs were compared, it can
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be noted that the mixture with HFs had higher strength increase
than R50 but after 750 °C, the strength reduction of these two mix-
tures were nearly the same. FA10F50 and FA50F50 performed the
best temperature performance at 500 °C and FA10F50 gained the
highest strength at 500 °C when compared to strength at ambient
temperature. At 750 °C, FA40F50 and FA50F50 exhibited the best
performance with the strength reduction of 32% and 37.6% when
compared to strength at ambient temperature respectively. At
1000 °C, the lowest strength losses of 65.5, 68.1 and 66.8% were
obtained for the mixtures FA10F50, FA40F50 and FA50F50 in com-
parison with ambient temperature strength. Fig. 9b presents the
variation of strength of mix having 75 kg/m? F. All mixtures in this
foam content exhibited strength increases at 250 °C and percent
enhancements in strength at 250°C were 17%, 32.9%, 58.8%,
36.8%, 20.4%, 93.5% and 33.1% for the mixtures from R75 to
FA50F75 in comparison with ambient temperature strength
respectively. It can be reported that the mixture containing 40%
FA (FA40F75) showed the best performance at all temperature
exposure ranges with increases of 93.5% and 236.1% at 250 °C
and 500 °C respectively and reductions of 34.1% and 64.0% at
750 °C and 1000 °C respectively. Percent reductions of other mix-
tures in strength at 750°C and 1000 °C were between 60 and
66% and 75-84% respectively. Fig. 9c presents the change in
strength of mixes having 100 kg/m> F. All mixtures in this foam
content revealed strength enhancements at 250 °C and percent
enhancements in strength were 18.9%, 23.3%, 21.9%, 8.9%, 2.9%,
70.5% and 23.4% for the mixtures from R100 to FA50F100 in com-
parison with ambient temperature strength respectively. Mixture
having 40% FA (FA40F100) performed the best resistance at all
temperature exposure ranges with increases of 70.5% and 81.86%

10

at 250°C and 500 °C respectively and reductions of 57.5% and
66.8% at 750°C and 1000 °C respectively. Percent reductions of
other mixtures in strength at 750 °C and 1000 °C were between
70 and 85.2% and 72-88% respectively. The mixtures containing
40% FA with foam content of 75 and 100 kg/m> performed best
resistance to all high temperature ranges. It can be concluded that
optimum FA content was 40% as also pointed out by Rais et al. [81].

3.8.2. Flexural strength

Fig. 10 plots flexural strength of concretes. Foam concretes
exposed to elevated temperatures exhibited higher flexural
strength decrease than compressive strength because of micro
cracks and increasing of brittleness; this became a serious danger
when samples were exposed to tensile stress. As seen in Fig. 10,
all mixture specimens lost their strength completely at 1000 °C.
An interesting result was that some mixtures had higher strength
reduction at 250 °C than that at 500 °C. The inclusion of HFs also
affected the flexural strength positively. As foam content increases,
the strength reduction of all mixture specimens increased due to
the decreasing solid content and increase in the porosity. It is
clearly observed in Fig. 10, all concretes had reduced the flexural
strength at all temperature ranges except the concretes FA30F50
and FAOF100 which had enhancements of 0.24% and 12.6% at
500 °C in comparison with ambient temperature strength respec-
tively. According to the relevant literature [82-84], this significant
strength decrease may be because of decomposition of calcium
hydroxide getting matrix cracked. With rising temperature,
strength of foam concrete samples continues to decrease signifi-
cantly. Fig. 10a plots the flexural strength variations of 28-aged
concretes having 50 kg/m?> F after 250-1000 °C. FA20F50 exhibited
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Fig. 9. Compressive strengths of foam concretes.

Fig. 10. Flexural strengths of foam concretes.

the lowest strength reduction of 17.2% and FA50F50 had the high-
est strength reduction of 34.4% at 250 °C. At 500 °C and 750 °C,
FA30F50 showed the best temperature resistance with an enhance-

ment of 0.24% and a reduction of 65% respectively. Fig. 10b plots
the flexural strength variations of 28-aged concretes having
75 kg/m® F after 250-1000°C. FAOF75 exhibited the lowest
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strength reduction of 41% and FA30F75 had the highest strength
reduction of 84.9% at 250 °C. At 500 °C, R75 exhibited the best tem-
perature resistance with a decrease of 1.0%. At 750 °C, FA10F75
illustrated the best temperature resistance with a reduction of
70.5%. Fig. 10c introduces the strength variations of concretes hav-
ing 100 kg/m> F at 250-1000 °C. Strength reduction was higher
than that of the mixtures containing 50 and 75kg/m® F.
FA40F100 revealed the lowest strength reduction of 11.4% and
FA10F100 showed the highest strength reduction of 84.7% at
250 °C. At 500 °C and 750 °C, FAOF100 showed the best high tem-
perature performance with an increase of 12.6% and a reduction
of 68.2% respectively. This may be due to the inclusion of 3% HF
content.

3.8.3. Mass loss

Fig. 11 plots mass loss after exposure to different temperatures.
The mass-loss rate increased as temperature and foam content
increased. It also seems that inclusion of HFs generally decreased
the mass loss of mixtures in comparison with ambient temperature
mass. It appears that highest mass loss was 2% and most of mixture
had mass loss under 1% at 250 °C. The results indicated that mass
loss of mixtures were proportional with compressive strength of
mixes subjected to the same temperatures. Fig. 11a presents the
mass loss of the mixes containing 50 kg/m> F. The mass loss was
in the range of 0.5-1.2% at 250 °C in comparison with ambient
temperature mass. The mixtures containing 40% and 50% FA exhib-
ited 1.2% and 1.0% mass loss which was higher than that of other
mixtures respectively. FASOF50 exhibited the lowest mass loss of
3.3% and 4.8% at 500 °C and 750 °C and the highest mass loss of
4.1% was obtained for the mixtures FA10F50 and FA30F50 after
500 °C in comparison with ambient temperature mass. Reference
mixture R75 showed the highest mass loss after 750 °C and the
mixture FA30F50 had the lowest mass loss at 1000 °C. As shown
in Fig. 11b, FA30F75 exhibited the best performance and
FA10F75 had the worst performance at high temperature in terms
of mass loss after 750 °C. The mixtures showed very similar mass
loss values at 500 °C. As seen in Fig. 11c, FA20F100 had the lowest
loss and R100 had the highest mass loss at 1000 °C. FA50F100
shown the lowest loss and FAOF100 showed the highest loss at
750 °C. FA40F100 revealed the best performance at 500 °C in com-
parison with ambient temperature mass.

3.8.4. Reductions in UPV

Fig. 12a-c plots the ultrasonic velocity after exposure to differ-
ent temperatures. As plotted in Fig. 12a-c, UPV reductions
increased as temperature increased and it seems inclusion of HFs
decreased UPV reduction before the temperature exposure of
500 °C. The range of UPV reductions at 250 °C were between 3.1
and 7% for the mixtures in comparison with ambient temperature
UPV values with foam of 50 kg/m? as plotted in Fig. 12a. FA30F50
had the lowest and R50 had the highest UPV reduction at related
temperature. At 500 °C, UPV reduction ranged from 19.2 to 36.5%
and the lowest reduction belonged to FA10F50 and the highest
reduction belonged to FA40F50. After 750 °C, FA30F50 had the low-
est UPV drop of 60.9% and R50 had the highest UPV drop of 65.9%.
UPV reductions at 1000 °C were in the range of 71-74.6%. Fig. 12b
presents the UPV reductions of the mixtures containing foam con-
tent of 75 kg/m> as compared to ambient temperature UPV values.
Reference mixture R75 and FA30F75 had the same UPV reductions
at all temperature ranges and the lowest UPV reductions of 13.9,
57.3 and 62.3% at 500 °C, 750 °C and 1000 °C in comparison with
ambient temperature UPV values respectively. Fig. 12c presents
the UPV reductions of the mixtures containing foam of 100 kg/m>
as compared to UPV values at ambient temperature. 30% FA
blended foam concretes specimens performed best performance
in terms of UPV results. Fig. 12d presented relations among com-
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Fig. 11. Mass loss variations of foam concretes.

pressive strength and UPV of 28-aged foam concrete specimens
at 20 °C, 250 °C, 500 °C, 750 °C and 1000 °C. As shown in Fig. 12d,
according to the regression analysis, parabolic connection among
compressive strength and UPV rates of foam concretes was sup-
ported via outcomes as 0.845, 0.908, 0.881, 0.712 and 0.777 for
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Fig. 12. Reductions in UPV of foam concretes and compressive strength vs. UPV values.

the coefficient of correlation (R?) at 20 °C, 250 °C, 500 °C, 750 °C
and 1000 °C respectively. A correlation coefficient of 0.7 or higher
is considered as good score by most statisticians [85]. As per
Fig. 12, lessening of compressive strength causes also reduction
in the UPV values.

3.9. Freeze -Thaw (F-T) durability

3.9.1. Compressive and flexural strength

Fig. 13a plots compressive strength behind subjection to F-T. In
Fig. 13a, all concretes showed that compressive strength increases
behind 50F-T. Curing time of sample subjected to F-T cycles, longer
than 28 days compressive strength of concretes which were not
subjected to F-T resulted in increment of strength behind 50F-T
as reported [86]. It seems that HFs had negative effect on the
enhancement of concrete strength when compared to reference
concrete and the concretes without FA. All mixtures without FA
(FAOF50, FAOF75 and FAOF100) showed the lowest strength
increases at all foam contents due to probably the addition of
HFs. As shown in Fig. 13a, the mixtures with 40% and 50% FA
(FA40F50 and FA50F50) presented the highest compressive
strength enhancements as 30.3% and 52.5% respectively and the
mixture without FA (FAOF50) presented the lowest strength
increase. The highest strength enhancement as 119.1% was
achieved for the reference concrete R75 and the lowest strength
increase belonged to the mixture without FA (FAOF75). 30% FA
blended concrete had the highest compressive strength increase
of 109.1% and 20% FA blended concrete showed the lowest strength
increase. It can be concluded that 30% FA blended foam concrete
with foam of 75 kg/m> performed the best at F-T exposure. Very

13

huge strength enhancement of 309.0% was observed for the refer-
ence concrete R100 with foam content of 100 kg/m?>. In this foam
content, 10%FA blended concrete showed the best performance
with strength increase of 106.4% and the strength enhancement
decreased with increasing after 10% FA content.

Fig. 13a plots the flexural strength behind subjection to F-T
cycles. In Fig. 13b, all concretes exhibited the flexural strength
enhancements at all foam contents behind 50F-T cycles and all ref-
erence concretes (R50, R75 and R100) exhibited higher enhance-
ments than foam concretes containing FA and HFs at each foam
content. This means that FA and HFs affected the flexural strength
positively less when concrete exposed to 50F-T cycles. As stated,
R50 exhibited the highest strength increase and 30% FA blended
concrete had the lowest strength increase and among FA blended
concretes, 20% FA blended concretes showed the best perfor-
mance., FA30F75 with foam content of 75 kg/m3exhibited the
highest strength enhancement among FA blended concretes and
FA10F75 had the lowest strength increase. Similarly, FA30F100
exhibited the highest strength enhancement among FA blended
concretes and FA20F75 had the lowest strength increase.

3.9.2. Mass loss and change in UPV

Fig. 14a plots the mass loss behind 50F-T. As plotted in Fig. 14a,
the loss of all concretes decreased with increasing foam content.
The mass loss was e in the range of 0.52-1.28%. It can be also con-
cluded that mass loss decreased with increasing FA content.
FA10F50 with foam content of 50 kg/m>exhibited the highest loss
and FA50F50 had the lowest loss. FAOF75 with foam content of
75 kg/m3exhibited the highest mass loss and FA40F75 had the low-
est mass loss. FAOF100 with foam content of 100 kg/m>exhibited
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Fig. 13. a) Compressive strengths and b) Flexural strengths of foam concretes after
0 and 50F-T cycles.

the highest mass loss and FA40F100 had the lowest mass loss.
Fig. 14b plots the results of UPV variations after 50F-T cycles. As
plotted in Fig. 14b, all concretes showed enhancements in UPV val-
ues after 50F-T cycles. UPV increase varied between 0.3 and 9.8%.
FA40F50 with foam content of 50 kg/m3exhibited the highest
UPV increase and FA10F50 had the lowest UPV increase.
FA10F75, FA40F75 and FAOF75 with foam content of 75 kg/m>-
showed the highest UPV increase and FA10F50 had the lowest
UPV increase. FA10F100 with foam content of 100 kg/m>exhibited
the highest UPV increase and FA40F100 had the lowest UPV
increase.

3.10. MgS04 and Na»SO4 durability assessment

Foam concretes were placed in 5% MgS0,4 and 5% Na,SO,4 solu-
tions after 91 days of curing. Before the foam concretes are put into
sulphate solutions, their initial weights are recorded. Weight loss
and compressive strength of foam concretes kept in sulphate solu-
tions for 150 days were determined. Sulphate solutions were
renewed every week (1 in 7 days) in the 1st month. The solution
was renewed after 15 days in next month. As of the 3rd month,
the solution was changed once a month.
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Fig. 14. a) Mass loss and b) Change in UPV results of foam concretes after 50F-T
cycles.

3.10.1. Compressive and flexural strength after MgSO, exposure

Fig. 15a plots the compressive strength of 91-aged concretes
and 150-aged sulfate-exposed foam concrete mixtures. As shown
in Fig. 15a, all-foam concrete mixtures showed compressive
strength reduction after sulphate exposure and strength reductions
generally increased with increasing foam content. This strength
decrease is because of the conversion of hydration products into
non-binding products like ettringite, gypsum, brucite and thauma-
site [87]. The positive influence of HFs on concrete strengths
exposed to sulphate solutions were more obvious at 75 and
100 kg/m> F. 50% FA blended concrete with foam of 50 kg/m>
exhibited the lowest strength reduction of 4.7% and the highest
reduction of 23% was obtained for the mixture containing 30%
FA. 10% FA blended concrete with foam of 75 kg/m’revealed the
lowest strength reduction of 4.8% and the highest reduction of
64.5% was obtained for the mixture containing 30% FA. 10% FA
blended concrete with foam of 100 kg/m>exhibited the lowest
strength reduction of 11.2% and the highest reduction of 63.9%
was obtained for the reference mixture R100.

Fig. 15b plots the flexural strength of 91-aged foam concrete
mixtures and 150-aged sulfate-exposed concretes. As seen in
Fig. 15b, all foam concrete mixtures showed flexural strength
reduction after sulphate exposure and strength reductions gener-
ally increased with rising foam volume. The positive influence of
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Fig. 15. a) Compressive strengths and b) Flexural strengths of foam concretes at
91 days and after 5% MgSO,4 exposure.

HFs on flexural strength of concretes exposed to sulphate solutions
were more obvious at 50 and 75 kg/m? F. 0% FA blended concrete
with foam of 50 kg/m>3containing 0.75% HFs exhibited the lowest
strength reduction of 9% and the highest reduction of 27.1% was
obtained for the mixture containing 50% FA. 0% FA blended con-
crete with foam of 75 kg/m>3containing 1.5% HFs revealed the low-
est strength reduction of 2.1% and the highest reduction of 40.15%
was obtained for the mixture containing 30% FA. 50% FA blended
concrete with foam of 100 kg/m3exhibited the lowest strength
reduction of 11.4% and the highest reduction of 61.6% was obtained
for the mixture with 10% FA.

3.10.2. Compressive and flexural strength after Na,SO, exposure

Fig. 16a plots the compressive strength of 91-aged concretes
and 150-aged Na,SO4-exposed foam concrete mixtures. As shown
in Fig. 16a, all foam concrete mixtures showed compressive
strength reduction after sulphate exposure and strength reductions
generally increased with increasing foam content. This strength
decline is because of conversion of hydration products into non-
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binding products like ettringite, gypsum, brucite and thaumasite
[87]. The positive influence of HFs on concrete strength exposed
to sulphate solutions were more obvious at all foam contents
because when compared the reference concretes, HFs added foam
concretes had lower strength reduction. Similar to MgSO4 exposed
concretes, 50% FA blended concrete having 50 kg/m> F exhibited
the lowest strength reduction of 1.1% and the highest reduction
of 19.7% was obtained for the mixture containing 30% FA. 40% FA
blended concrete with foam volume of 75 kg/m?> revealed the low-
est strength reduction of 3% and the highest reduction of 79.3% was
obtained for the mixture containing 30% FA. 10% and 40% FA
blended concrete with foam content of 100 kg/m>exhibited
strength enhancement of 26% and 17.7% respectively and the high-
est reduction of 48.3% was obtained for the reference mixture
R100.

Fig. 16b plots the flexural strength of 91-aged foam mixtures
and 150-aged sulfate-exposed foam concrete mixtures. As seen in
Fig. 16b, all foam concrete mixtures showed flexural strength
reduction after sulphate exposure and strength reductions gener-
ally increased with rising foam volume. Positive influence of HFs
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on flexural strength of concretes exposed to sulphate solutions
were more obvious at 50 and 75 kg/m? F. Similar to MgS0, exposed
concretes, 0% FA blended concrete having 50 kg/m> F containing
0.75% HFs exhibited the lowest strength reduction of 6.7% and
the highest reduction of 21.3% was obtained for the mixture con-
taining 50% FA. 20% FA blended concrete foam content of 75 kg/m>-
containing 1.5% HFs revealed the lowest strength reduction of 3.5%
and the highest reduction of 54.3% was obtained for the mixture
containing 30% FA. Reference concrete having 100 kg/m> F exhib-
ited the lowest strength reduction of 11.4% and the highest reduc-
tion of 37.4% was obtained for the mixture with 10% FA.

3.10.3. Mass loss results of foam concretes after MgSO4 and Na,SO4
exposture

Fig. 17a shows the mass loss of 150-aged sulfate-exposed foam
concrete mixtures. As plotted in Fig. 17a, all mixtures showed very
similar mass loss values. A slight enhancement in mass loss were
observed with increasing foam content. 30% FA blended concrete
with foam content of 50 kg/m>exhibited the lowest mass loss
and the mixture containing 50% FA exhibited the highest mass loss
of 3.66%. 0% FA blended with foam content of 75 kg/m3concrete
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Fig. 18. Correlation among compressive strength and durability tests.

revealed the lowest mass loss and the mixture containing 30% FA
exhibited the highest mass loss. Reference concrete having
100 kg/m> F presented the highest loss and the lowest loss was
obtained for the mixture with 0% FA.

Fig. 17b plots the loss of concretes immersed in Na,SO4 solu-
tion. As plotted in Fig. 17, mass loss generally increased as foam
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Fig. 19. Relationship between compressive strength and durability tests.
Table 5
Objective function and optimum mixing ratios.
Mixes Mix ratios Function
Fly ash (%) Foam content (kg/m?) Hemp Fiber Ratio (%) Hemp Fiber Length (cm)
Optimum mix 1 0 50 3 1 Max. (Mechanical properties)
Optimum mix 2 0 50 0.75 1 Min. (Water penet. Depth)
Optimum mix 3 50 100 1.5 1 Min. (Dry bulk density)
Optimum mix 4 50 50 3 0.5 Min. (Drying shrinkage)
Table 6
Predicted and experimental results for maximum mechanical properties.
Mixes Compressive strength (MPa) Flexural strength (MPa)
7 Days 28 Days 91 Days 7 Days 28 Days 91 Days
Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental Predicted Experimental
Optimum 19.43 21.11 2343 25.66 30.21 32.11 3.32 3.25 3.45 3.38 4.22 431
mix 1
Optimum 16.87 18.87 21.32 23.61 26.53 28.57 3.11 3.02 3.32 3.26 3.72 3.86
mix 2
Optimum  1.04 0.89 1.94 1.56 3.62 3.26 0.17 0.21 0.42 0.37 0.51 0.44
mix 3
Optimum 6.73 7.65 14.32 12.56 17.63 18.93 1.05 1.11 1.16 1.23 1.39 1.46
mix 4
Table 7
Predicted and experimental results for drying shrinkage, dry unit weight and water penetration depth.
Mixes Drying shrinkage - pm (1076) Dry unit weight (kg/m?) Water penetration depth (mm)
Predicted Experimental Predicted Experimental Predicted Experimental
Optimum mix 1 1803 1888 1994 2045 5.67 5.42
Optimum mix 2 1780 1803 1979 2009 243 2.58
Optimum mix 3 1272 1309 1088 1060 9.89 10.56
Optimum mix 4 720 745 1746 1712 7.73 7.55
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Table 8

Results of ANOVA analysis.

Construction and Building Materials 294 (2021) 123607

Two-Way ANOVA (o = 0.05)

Variables Compressive and Flexural Strength Water Penetration Depth Dry unit weight Drying Shrinkage
Fly ash (%) A 0.08 0.28 043 0.01
F value 4.03 1.67 1.15 43.32
Effect (%) 21.7 23.2 3.0 474
Level of significance No No No Yes
Foam Content (kg/m?) A 0.01 0.04 0.01 0.01
F value 12.24 5.12 36.99 46.60
Effect (%) 65.7 71.2 95.0 51.0
Level of significance Yes Yes Yes Yes
Fiber length (cm) A 0.34 0.94 0.64 0.37
F value 1.32 0.07 0.47 1.18
Effect (%) 7.1 1.0 1.2 13
Level of significance No No No No
Fiber Ratio (%) A 0.48 0.73 0.73 0.75
F value 1.03 0.33 0.34 0.30
Effect (%) 5.5 4.6 0.8 0.3
Level of significance No No No No
Table 9
Mechanical characteristics of optimization groups after high temperature effect.
Mix ID 250 °C 500 °C 750 °C 1000 °C
Flexural Compressive Flexural Compressive Flexural Compressive Flexural Compressive
Strength strength Strength strength Strength strength Strength strength
Optimum 5.52 35.68 4.48 30.11 2.86 14.32 1.42 7.24
mix 1
Optimum 4.48 36.26 4.01 28.87 241 11.78 1.16 6.89
mix 2
Optimum 0.89 1.90 0.61 1.76 0.32 1.09 0 0.57
mix 3
Optimum 2.04 2341 1.86 21.63 1.54 10.88 0.85 5.89
mix 4

content increased due to increasing porosity. 40% FA blended con-
crete with foam content of 50 kg/m>exhibited the lowest mass loss
and the mixtures containing 50% FA and R50 exhibited the highest
mass loss. 0% FA blended concrete with foam content of 75 kg/m>-
exhibited the lowest loss and the highest loss was observed for
mixture having 30% FA. Reference having 100 kg/m> F presented
the highest loss and the lowest loss was obtained for the mixture
with 0% FA.

3.11. Taguchi optimization

Four different optimizations were carried out for foam con-
cretes belonging to the Taguchi L18 matrix. In the first group val-
ues after 91 days of compressive and flexural strengths were
optimized according to maximized function. The water penetration
depth determined by the 2nd group capillary test was optimized
according to the minimized function. The 3rd group has been opti-
mized with a minimized function to improve thermal properties
and reduce dead loads. Group 4 has been optimized with mini-
mized function to reduce 120-day drying shrinkage. Since high
R? values were obtained between the compressive strengths
obtained after MgS04. Freeze-thaw and high temperature effects
and 91-day compressive strengths. Only mechanical properties
were used in optimization. As the compressive strength of foam
concrete increases. Its resistance against physical and chemical
effects also increases. The correlation between the compressive
strengths for 91 days and compressive strength obtained by means
of durability tests is given in Fig. 18.

S/N ratios of optimization groups are presented in Fig. 19. For
maximum compressive and flexural strength. FA content should
be 0% and the foam content should be 50 kg/m>. A fiber length of
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1cm and a ratio of 3% improves the mechanical properties
(Fig. 19a). In Fig. 19b, FA ratio should be 0% and the foam content
should be 50 kg/m?> for the minimum water processing depth. No
significant influence of fibre length on water penetration depth
was observed. Fiber ratio was determined as 0.75% for the mini-
mum depth of water penetration. In Fig. 19¢, for the minimum
dry unit weight. FA should be 50% and the foam content should
be 100 kg/m>. Dry unit weight values decrease when fiber length
and ratio are 1 cm and 1.5% respectively. In Fig. 19d, a significant
effect of the fiber on drying shrinkage was not observed. If FA is
50% and F is 50 kg/m>. The drying shrinkage values decrease.

Table 5 presents optimum mixing ratios for maximum and min-
imum functions according to S/N ratios.

Validation experiments were carried out for the mixing ratios
determined as a result of the optimization. Prediction and experi-
mental results for the maximum mechanical properties for the
1st group are illustrated in Table 6. In Table 6, 91-day compressive
strength of the optimum mix1 mixture developed for maximum
mechanical properties was estimated as 30.21 MPa. The verifica-
tion test & measured 32.11 MPa with a difference of 6.3.

Table 7 shows the prediction and experimental results of the
optimum mixture recommended for the minimum water penetra-
tion depth. The optimum mix2 developed for the 28th day of the
water penetration depth was determined as 2.58 mm with a 6.2%
difference. Water penetration depths of the mixtures vary between
2.58 and 10.56. Table 7 also shows the prediction and experimental
results of the optimization for the minimum dry unit weight. The
weight of optimum mix3 has been measured as 1060 kg/m>. The
optimum mix3 reduced the dry unit weight by 48.2% compared
to the optimum mix1 mixture. In Table 7, the estimation and
experimental results of the optimum mixture developed for mini-
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Fig. 20. SEM views of optimum mix1 (a.b); optimum mix2 (c.d); optimum mix3 (e.f) and optimum mix4 (g.h) concretes.

mum drying shrinkage are presented. The drying shrinkage value
of the optimum mix4 mixture was measured as 745 x 10 on
the 120th day. With the optimization carried out, the drying
shrinkage value was reduced below 800 x 10°.

It is seen that optimization models applied for 4 different pur-
poses are quite successful. In the optimum mix1 mixture with a
dry unit weight value of approximately 2000 kg/m?, a compressive
strength above 30 MPa was obtained on the 91st day. These results
show that foam concretes can also be used in structural designs. In

19

addition, dry unit weight values have been reduced to approxi-
mately 1000 kg/m> with the optimization made. ANOVA analyzes
of the purpose functions used for optimization are presented in
Table 8. The only variation in foam rate was significant in respect
to compressive and flexural strengths. Change in FA rate on com-
pressive and flexural strengths is 21.7%. Change in foam content
is effective by 65.7%. In terms of the depth of water treatment,
the effect rate was determined to be 71.2%, while only the change
in foam content was significant. The change in fly ash content has
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an effect of 23.2% on the depth of water treatment. Similar results
are observed in dry unit weight values. A statistical significance
was observed for the change in fly ash and foam content in drying
shrinkage. The change in fly ash and foam content can be effective
in drying shrinkage by 47.4% and 51%, respectively. Positive or neg-
ative influence of the fiber properties for physical and mechanical
characteristics of foam concretes has not been observed. Change of
FA and foam content in foam concrete design is more effective and
meaningful. The use of FA in foam concretes, CO, emissions and
environmental impacts will be reduced.

Construction and Building Materials 294 (2021) 123607

For the optimization groups, the high temperature effect was
also investigated from the durability experiments. Experimental
results of flexural and compressive strengths at different tempera-
tures are seen in Table 9.

3.12. SEM analysis

SEM (Scanning electron microscope) images of concretes after
room and high temperature were plotted in Figs. 20 and 21. At
lower magnifications, the samples exhibit a compact

Fig.

20

21. SEM views of optimum mix1 (a.b); optimum mix2 (c.d); optimum mix3 (e.f) and optimum mix4 (g.h) concretes behind 1000 °C.
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microstructure containing pores up to 100 pm. Fig. 20a shows CSH
crystals and CH plates in microstructure images of optimum mix 1.
In Fig. 20b, hemp fiber and air bubbles are seen in the microstructure
images of optimum mix 1. CH plates and micro-cracks are seenin the
microstructure images of Optimum mix 2 (Fig. 20c-d). Micro-cracks
were formed due to the high drying shrinkage behavior of foam con-
crete. Intense CH presence was observed as FA was not used in Opti-
mum mix 1 and 2. It was determined that secondary CSH gels were
formed by consuming CH due to pozzolanic reactions in FA mixtures.
It has also been observed that large CH plates fill the gaps between
cement and fine aggregate particles. In Fig. 20e, dense CSH gels were
observed in the microstructure view of optimum blend 3 with 50%
fly ash. The use of high amounts of binders (FA + cement) in foam
concretes manufactured CSH makes the gels denser. This has also
contributed to the formation of dense structures in secondary CSH
formation using FA. Fig. 20f shows air bubbles in the microstructure
and micro-cracksin the air bubbles. In Fig. 20g-h, CSH gels, CH plates,
and hemp fibers were observed in SEM views of optimum mix 3.
Fig. 21 determined that the high-temperature effect damaged
CSH gels in optimum mixtures. All hydration products, possessing
CSH and CH, have emerged as amorphous forms that have lost their
crystal structures due to the high temperature effect. Small round
structures were observed instead of CSH crystals after exposure to
high temperature (Fig. 21e). It was observed that generally, cracks
are made in the microstructure after a time at high temperatures. It
was determined that by means of breakdown of hydration prod-
ucts, a micro-crack network was formed. It was also observed that
aggregates were separated from the matrix by means of high-
temperature impact. The micro crack network formed is one of
the reasons for the loss of strength in foam concretes. Microcracks
were caused by the dehydration of cement paste due to high
temperature effect and morphological changes in ITZ. It was deter-
mined that hemp fibers were melted with the effect of 1000 °C in
SEM pictures. The melting of these fibers at high temperatures will
also help reduce the vapor pressure that will occur in the concrete.

4. Conclusions

Investigation on mechanical, microstructural, durability and
thermal characteristics of hemp fibers (HFs) reinforced foam con-
cretes with fly ash (FA) and Taguchi optimization approach were
performed and the following conclusions have been noted:

e With increasing F content, the mixtures revealed higher slump
values due to decreasing solid content. Replacing fly ash with
ordinary Portland cement enhanced the slump flow diameter
because of the small round-shape and smooth surface of the
FA’s grains and but inclusion of HFs had a negative impact on
the slump values due to the increase in water absorption
amount with HFs content.

e The addition of HFs results in high compressive strength
enhancements at high foam contents and high later-age com-
pressive strength was observed for mixture having 30% FA at
low foam contents.

o Joint usage of 10% FA and HFs presented the highest flexural
strength at 50 and 75 kg/m? F and joint usage of 20% FA and
HFs presented the highest flexural strength at 100 kg/m?> F.

e Dry unit weight and thermal conductivity declined by incre-
ment of foam volume and the lowest rates were obtained for
mixtures containing 50%, 40% and 30% FA at foam contents of
50, 75 and 100 kg/m> F respectively.

e Drying shrinkage of foam concretes raised by increment of foam
volume but declined by increment of FA content. HFs affected
the drying shrinkage positively more especially at low foam
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content and it seems HFs reduced drying shrinkage slightly at
high foam contents.

e The sorptivity of foam concretes increased with increasing foam
content due to decreasing solid content and increasing porosity.
The sorptivity of foam concretes increased with increasing foam
content due to decreasing solid content and increasing porosity.

e FA10F75 with 3% HFs exhibited the lowest sorptivity with sorp-
tivity reduction of 23.15% compared to R75 and FA50F75 with
3% HFs had also lower sorptivity than FA40F75 which had the
highest sorptivity with an increase of 41.78% compared to R75.

e FA50F100 also showed lower sorptivity with a decrease of
16.15% than R100. FA30F100 and FA40F100 with 1.5% HFs con-
tent had very higher sorptivity than R100 and FA30F100
depicted the highest sorptivity with an increase of 61.81% com-
pared to R100.

e The compressive strength of all concretes performed very well
and generally enhanced after temperature exposure of 250 °C
and 500 °C in comparison with the compressive strength at
20 °C.

e The concretes containing 40% FA with foam content of 75 and
100 kg/m> performed best compressive strength resistance to
all high temperature ranges.

e It can be noted that the mixture with HFs had higher strength
increase than R50 but after 750 °C, the strength reduction of
these two mixtures were nearly the same. FA10F50 and
FA50F50 performed the best temperature performance at
500 °C and FA10F50 gained the highest strength at 500 °C when
compared to strength at ambient temperature. At 750 °C,
FA40F50 and FA50F50 exhibited the best performance with
the strength reduction of 32 and 37.6% when compared to
strength at ambient temperature respectively.

e At 500 °C and 750 °C, FA30F50 revealed the best high tempera-
ture flexural strength performance with an enhancement of
0.24% and a reduction of 65% respectively. At 500 °C and
750 °C, FAOF100 showed the best temperature resistance with
an increase of 12.6% and a reduction of 68.2% respectively,

¢ 30% FA blended foam concrete performed the best at F-T expo-
sure at 75 kg/m?> F. At 100 kg/m?> F, very huge strength enhance-
ment as 309% was observed for the reference concrete R100. In
this foam content, 10%FA blended concrete showed the best
performance with strength increase of 106.4% and the strength
enhancement decreased with increasing after 10% FA content.

e The positive influence of HFs on compressive strength of con-
cretes exposed to sulphate solutions were more obvious at 75
and 100 kg/m> F. 50% FA blended concrete with 50 kg/m> F
exhibited the lowest strength reduction as 4.7% and the highest
reduction as 23% was obtained for the mixture containing 30%
FA.
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