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Abstract
The demand for novel technology for manufacturing lightweight concrete has increased in the global construction industry. 
Therefore, studies that explore alternative lightweight concrete systems for structural applications are urgently needed. The 
objective of this study is to develop structural fibred-foamed concrete (SFFC) by the addition of polypropylene (PP) fibre, 
fly ash (FA), and silica fume (SF). Foamed concrete (FC) was obtained by replacing sand with FA. The properties of the 
FC were enhanced with PP fibre and fine SF. SFFC with dissimilar densities of FC (1000, 1300, 1600, and 1900 kg/m3) is 
essential for examining compressive, flexural, and splitting tensile strengths, drying shrinkage, and creep. The FC with a 
density of 1000–1900 kg/m3 and compressive and splitting tensile strengths of 10–70 MPa and 1.1–4.81 MPa, respectively, 
have been made by the addition of PP fibre and fine SF. Fine SF and PP fibre considerably improved the hardened strength 
of the FC. Additionally, the inclusion of PP fibre significantly enhanced the tensile strength and increased the creep resist-
ance and drying shrinkage. Therefore, SFFC can be used as a substitute lightweight concrete material for the production of 
structural concrete applications in the construction industries today.

Keywords  Creep, shrinkage · Foam agent · Lightweight concrete · Foamed concrete (FC) · PP fibre · Fibre-reinforced 
materials · High-strength concrete · Compressive, flexural, and splitting tensile strengths

Introduction

Foamed concrete (FC), also known as cellular concrete, 
receives considerable attention from builders worldwide 
[1, 2]. The rapidly growing demand for energy-saving and 
environment-friendly construction technology is driving this 
shift in focus [3, 4]. Neat cement with fine sand is used in 
the fabrication of lightweight FC with discrete, uniformly 
distributed, micro- or macroscopic air cells [3, 5–9]. FC pro-
vides unique advantages such as thermal and acoustic insula-
tion and resistance to fire and termite attacks, lowers costs in 
construction, and produces low self-weight and eco-friendly 
structures [10–16]. There are two common methods used for 
producing FC, called method A and method B. Method A 

involves mixing foaming agents into slurry made from water 
and cement [17]. When the concrete strengthens, the foams 
degenerate, and air bubbles of uniform size remain. Mean-
while, method B is practically applied in the production of 
autoclaved aerated concrete (AAC), which is a mixture of 
cement, water, sand, and lime with an amplification agent, 
generally aluminium dust, decanted into a mould [8, 18]. 
The concrete mixture expands about 500% its actual size 
due to the microscopic hydrogen foams produced from the 
interaction between cement and aluminium dust. When the 
hydrogen bubbles evaporate, the AAC is censored into a 
specified volume and treated at steam condition in an auto-
clave or a pressure chamber [17, 19]. The concept of AAC 
was developed approximately one century ago, and this tech-
nique is gaining traction in construction industries [20]. It 
has been applied effectively in more than 40 countries. No 
restriction in size or casting of AAC is specified because it is 
controlled by the requirements of factory autoclaving. How-
ever, all of these requirements can be fulfilled by FC, which 
can be produced by method A [9, 17, 18]. Concrete with a 
density of around 400–1800 kg/m3 and the ability to flow 
and self-compact can be produced through method A [1, 3].

 *	 Y. H. Mugahed Amran 
	 m.amran@psau.edu.sa; mugahed_amran@hotmail.con

1	 Department of Civil Engineering, College of Engineering, 
Prince Sattam Bin Abdulaziz University, Alkharj 11942, 
Saudi Arabia

2	 Department of Civil Engineering, Faculty of Engineering 
and IT, Amran University, 9677 Quhal, Amran, Yemen

http://crossmark.crossref.org/dialog/?doi=10.1007/s41062-020-0262-8&domain=pdf


	 Innovative Infrastructure Solutions (2020) 5:16

1 3

16  Page 2 of 18

Generally, FC is designed to achieve a low compressive 
strength, around 1–10 MPa, and can be applicable in filling 
voids and restoring trenches, but it cannot be used in the 
construction of any structural member [1, 11–13, 16, 21]. 
To achieve the desired strength of at least 25 MPa, engi-
neers and designers practice different innovative solutions 
that are economically and environmentally admissible [1, 
21, 22]. A small water-to-binder (w/b) ratio and the inclu-
sion of silica fume (SF), ultrafine powder of silica, and fly 
ash (FA) as an alternative to sand are recommended in the 
production of high-strength FC [7, 10, 23]. A number of 
studies produced FC with a compressive strength of around 
50 MPa by applying special curing conditions and empha-
sized the relationships between strength, density, and poros-
ity [2, 3, 5, 8, 22, 24, 25]. Several studies have focused on 
the performance and behaviour of FC, but few addressed 
the development of high-strength FC [1, 4, 5, 19, 22, 26]. A 
high-strength, polypropylene- (PP) fibre-reinforced FC was 
described by Brothers et al. [27]. The present paper attempts 
to develop structural fibred-foamed concrete (SFFC) with 
10–70 MPa compressive strength, 1.2–4.81 MPa splitting 
tensile strength, and 1000–1900 kg/m3 density. However, 
there are rare work used fibres to enhance the hardened prop-
erties of FC, except focusing on their influences in ordinary 
concrete performance [28, 29] and for sandy soil [30]. It 
is also was merely studied on the influence of fibres and 
foam agent by volume on FC and merely focused on the 
influential parameter by density, except to some works [19, 
35] developed SFFC with the 28-day compressive strength 
and splitting tensile strengths not even exceeding 50 MPa 
and 2.5 MPa, respectively. However, FC containing SF as 
a replacement for cement up to a certain level was studied. 
The performance properties of SFFC, resistance to creep 
and shrinkage and thermal conductivity, were studied as a 
function of the curing period, w/b ratio, foam volume, and 
PP fibre.

Experiment details

Proportions of materials and mix

Ordinary Portland cement (OPC), which has a hardened 
strength of 75.8 MPa, fulfils all the requirements of ASTM 
Type I cement. Thus, it was used to prepare the specimens 
for this investigation. The chemical structures of the cement, 
SF, and FA are provided in Table 1. Dry and un-compacted 
SF with a SiO2 content of 91.9% was used in this test. A 
residue of approximately 1.56% was obtained after sieving 
the residue through a 45-Am sieve. Class F FA was used in 
accordance with ASTM C 618 [31]. PP fibre with a 100-μm 
diameter and 10-mm length was used (Table 2). Its char-
acteristics are presented in Table 3. A protein-based foam 
agent with an aerated density of 80 kg/m3 was used after 
diluting the water with chemical foam in a ratio of 1: 40 (by 
volume; Tables 4 and 5).

A naphthalene-based superplasticizer was applied in the 
fabrication of flexible and sufficiently flowable mixtures 
(Table 5). The dosage of the superplasticizer and the flow 
of premix paste were low, and the attraction between cement 
particles was significant. However, the bubbles only adhered 
along the exterior of the cement particle clusters. Mean-
while, the bubbles might have bonded together and pre-
vented the contact of various clusters formed by the cement 
particles. Therefore, the bonding between the cement parti-
cle clusters weakened. Hence, a cohesive state was observed 
in the final FC mixture, in which the cementitious particles 
appeared to be wrapped by the foam. Furthermore, only one 

Table 1   Chemical structures of cementing materials, per 1 m3

The chemical compound Chemical composition (%)

Condensed 
silica fume

Fly ash Ordinary 
Portland 
cement

Aluminium oxide (Al2O3) 0.83 24.79 4.24
Silicon dioxide (SiO2) 91.9 53.79 21.10
Sodium oxide (Na2O) – 0.35 0.12
Calcium oxide (CaO) 0.89 8.35 63.45
Magnesium oxide (MgO) 0.23 1.69 1.14
Ferric oxide (Fe2O3) 0.54 6.67 4.57
Potassium oxide (K2O) – 0.103 0.58
Sulphur trioxide (SO3) 0.27 0.67 1.69
Loss on ignition 2 0.19 0.72

Table 2   PP fibre characteristics, per 1 m3

Length 
(mm)

Diameter 
(um)

Density 
(g/cm3)

Modulus 
(GPa)

Elonga-
tion at 
break (%)

Tensile 
strength 
(MPa)

14.8–15.0 100.0 0.93 8.27 8.03 8.11

Table 3   Fibres characteristics

Property Type of fibres

Polypropylene Poly-
vinyl 
alcohol

Polypropylene

Denier 1000 1500 15
Fibre length, mm 12 25 12
Specific gravity (S.S.D.) 0.92 1.31 0.94
Modulus of elasticity, GPa 3.46 29 3.48
Tensile strength, GPa 2.69 0.90 2.79
Fibre diameter, µm 587 398 25
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type of Middle Eastern sand was used, which had spherical 
and smooth-surfaced sand particles. The salt content and 
physical characteristics of the sand are tabulated in Table 6. 
The sand grading curves are revealed in Fig. 1. The details 
on the concrete mixture and proportion of ingredients are 
depicted in Table 7.

Preparation, mixing, fabrication, curing, and testing 
of SFFC specimens

FC was prepared in the workroom by adding the preformed 
foam to a main mixture and homogenizing the mixture 
with a paddle mixer. Three different types of FC were pro-
duced: Sequence I, which contains FA and cement as the 
binder; Sequence II, which consists of combining SF, FA, 
and cement as the binder; and Sequence III, in which only 
cement was used as the binder in the trial mixes. It was 
then combined with cement, FA, and SF as the binder. The 

proportions are presented in Table 7. The homogenous main 
mixture was prepared by combining and mixing continu-
ously the binding materials with a specified amount of water. 
Then, PP fibres were added to this base mix and blended for 
an additional 3 min. The necessary weight of the foam agent 
was computed from the volume and density of the foaming 
included. At that juncture, the foam agent was added to the 
main mixture. The prepared matrix was then mixed until 
no noticeable physical mark of the froth can be seen on the 
surface of matrix, and the froth was consistently dispersed 
throughout the mix. The effective density of the prepared 
FC was measured by obtaining its accurate weight and vol-
ume. A typical variation of around 50–100 kg/m3 was fixed 
between the actual and design density of the FC. As shown 
in Table 7, this variation was within the limits of acceptance.

The ASTM C 469 [32] was used to evaluate the modulus 
of elasticity of SFFC. The protocol of the test was started 
after one hour from the time of removing the moulded cylin-
drical sample from the curing room. The test samples were 
kept at room temperature as stably as possible during the 
procedure of the test. In this test, three samples were used to 
determine the compressive strength before proceeding to the 
modulus of elasticity test. The strain gauges were fixed in the 
faces of the test samples as a part of measuring equipment, 
and then, the samples were positioned on the bearing block 
of the testing machine. Meanwhile, the test samples were 
aligned with the centre of force of the spherically placed, 
higher bearing block and carefully loaded in order to seat 
the gauges and detect their performance. Subsequently, the 
load was continuously applied, and the longitudinal strain 
and applied load were then recorded when the longitudinal 
strain was almost 50 millionths, and the applied load was 
equal to 40% of the eventual load of compressive strength.

A set of standardized test samples of variable sizes 
were chosen with which to investigate selected properties. 
Cubic samples of 150 mm were fabricated for the studying 
of concrete compressive strength at a curing time of 3, 7, 
14, 28, 56, and 90 days and tensile strength at 28 days. 
Prism beams of 100 mm × 100 mm × 525 mm were utilized 
for shrinkage examination at 3, 7, 14, 28, 60, and 90 days. 
For each mix, twenty-five 100-mm cubical specimens and 
four prism beams were casted. The samples were hardened 
for one day after casting and then positioned in a mist 
room with 95 ± 3% relative humidity (RH) and 22 ± 2 °C 
temperature conditions. For the testing of shrinkage, the 
samples were placed for curing in the moulds in a mist 
room for 23.5 ± 0.5 h. After hardening, the samples were 
removed from the moulds and shifted to a testing condi-
tion (20 ± 3 °C, RH > 60%). The initial values were imme-
diately recorded. Then, the samples were placed in the 
remedial room again and treated for a specified period. 
After curing, the samples’ surface water was dehydrated 
with a moist rag. Then, change in span was recorded for 

Table 4   Foam agent characteristics

Foam type AK-350

Colour Dark brown
PH 6.5–7.5
Density 1.19–0.002
Sediment Max. 2%
Max. viscosity at 20% 30 Cst
Max. viscosity at 20% Around 1 to 20

Table 5   Superplasticizer characteristics

Property Result

Consistency Liquid
Colour Dark brown
Density (g/cm3) 1.13 ± 0.03
Recommended dosage (%) 0.3–2.0
Chlorides content Nil
PH 4.8
Solids content (%) 30

Table 6   Type of sand used

Property Southeast Asian sand

Colour Yellow
Specific gravity (S.S.D.) 2.56
Surface Smooth
Fineness modulus 1.72
Chloride content (by mass of aggregate): Not detected
Acid soluble sulphate content (by mass of 

aggregate)
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the calculation of the strain of shrinkage in line with the 
ASTM C 490 [33]. The hardened strength test was con-
ducted in a hydraulic machine of a 2000 kN load capacity 
and a 5 kN/s loading rate. The tensile strength test was car-
ried out in accordance with ASTM C 496 [32]. The major 
findings correspond to the average of the data observed 
from a minimum of three tests on each type of specimen. 
During this experiment, the deviation of the results was 
less than 10% of the average value. The actual fresh densi-
ties of the developed FC are shown in Fig. 2. In all of the 
mixtures, the difference between the desired and actual wet 
density was observed to be within the specified limit of 
not exceeding 10% of the desired wet density. Practically 
speaking, a sufficient flow range in a premixed paste is a 
proof of the effective production of FC. When the value 
of flow seen was lesser than the limit, the combination of 
the developed premixed paste and the foam was consid-
ered incohesive. The binders seemed to be covered by air 
bubbles, which collapsed afterwards. However, when the 
value of flow was greater than the limit, seclusion hap-
pened, and the foam bubbles were inclined to collapse. As 
a finding, the surface of the FC solidified, and the quality 
of the developed FC was poor because the bubbles did 
not stabilize within the mortar. Moreover, the hardened 
FC contained large voids; as a result, the premixed paste 
possessed a low flow value [34, 35]. The size of the voids 
relies on the superiority of the premixed paste, if the con-
dition of the foam remains the same before mixing. The 
most likely reason for the large voids is that small foam 
bubbles collided and conjoined into larger bubbles and 
thereby produced larger voids in the hardened FC. The 
creep test in compression was conducted on Series I, II, 

and III specimens in line with the ASTM C 512 standard 
[36], excluding the possibility that the RH and temperature 
were varied.

Results and discussion

Influential parameters of compressive strength

Curing time

The development of strength along with the curing time for 
the FC is shown in Fig. 3. A general increasing trend was 
observed in the hardened strength of FC with increasing 
time. The percentage of strength growth was initially promi-
nent but reduced with age (Fig. 4). Nevertheless, after 7 days 
of curing, the concrete without SF attained approximately 
65–80% of its strength at 28 days; meanwhile, the speci-
mens encompassing SF gained approximately 80–95% of the 
identical 28-day strength. Valuation between the hardened 
strength developed at 28 and 90 days marked a substan-
tial development in strength with age at the later stage. As 
observed in FC without SF, the 90-day strength was approxi-
mately 75–90% of the conforming 28-day strength. Mean-
while, specimens encompassing SF gained around 80–95% 
of the equivalent 90-day strength. Therefore, the FC with FA 
can gain strength over a long period. Similarly, Kearsley and 
Visagie [37] reported that the strength of 45 MPa can pos-
sibly be accomplished by a 56-day-old FC with a 1500 kg/
m3 density through the use of unclassified FA, which has 
40% of particles and a diameter larger than 45 μm. Another 
researcher [37] developed an FC with a compressive strength 

Fig. 1   Grading curves (% of 
passing) of the sand
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lower than that reported by Pan et al. [38] but that produced 
the same density. Nonetheless, the strength of the former 
was still significantly greater than that of the conventional 
FC. Therefore, high-strength FC cannot be fabricated with-
out adopting any ultrafine material with fineness higher than 
7500 cm2/g, such as SF.

Density and foam volume

The relationship between the 28-day strengths of FC and 
the flow rate of the premixed paste is shown in Fig. 5. 
The hardened strength of FC significantly varied with the 

disparity in the flow level of the premixed paste. Initially, 
the strength increased as the flow increased. After the peak 
was reached, the reverse phenomenon occurred in all of the 
FC with target densities of 1900, 1600, and 1300 kg/m3. 
An optimal point was visible in all of the curves. The peak 
strength was observed at flow values of 210–280 mm. The 
specimens with a target density of 1000 kg/m3, which were 
formed with 0.3 w/b ratio, initially showed an increasing 
trend of compressive strength with the flow. However, the 
apparent peak was observed at a flow value of approximately 
280 mm, which was higher than the previously mentioned 
values. Accordingly, the voids in FC consisting of premixed 

Fig. 2   Fresh density against 
target density
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paste with a low value of flow appeared to be considerable. 
The dissimilarity in the distribution of pore size was another 
potential cause for the disparity in the hardened strength of 
the FC types. Another probable influencing parameter that 
affected the FC strength was the developed bond between 
the particles of cement content. The tide of the premixed 
paste represented the stress of shear within that paste. The 
improper and insufficient dispersion and the repulsion of 
cement particles within the mixture disrupted foaming 
action because the bridging of the foaming particles weak-
ened the bonding between the cement particles. The FC 
strength increased rapidly with the density of concrete mass 
or with lessening foam volume (Fig. 6). Previous outcomes 
[39] indicated that this relationship remained linear within 

the definite ranges of FC densities; however, in the wide 
possible ranges of densities, a curvilinear relationship was 
observed. As shown in Fig. 6, the slope of the strength–den-
sity curve increased with density but decreased with increas-
ing foam volume. The slope was steeper in FC with SF than 
in FC without SF. In FC specimens without SF and with 
density of 1900 kg/m3, 58, 42, and 31 MPa of compressive 
strength was observed in the specimens with foam volumes 
of 20%, 30%, and 40%, respectively. Thus, the densities of 
these FC specimens were only 63%, 57%, and 47% of normal 
concrete, respectively. In FC specimens with SF, when the 
foam volume was 20%, 30%, and 40%, the strength reached 
68.0, 39.5, and 24.8 MPa, correspondingly. Consequently, 
the lightweight FC material can develop strength equal to 

Fig. 4   Rate of development of 
strength at different ages for FC 
without SF
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60 MPa with a density of approximately 60–70% of the tra-
ditional concrete density.

Silica fume

As shown in Fig. 7, with a similar foam volume, the addition 
of fine SF can considerably increase the hardened strength, 
up to 20–30% in most cases [40]. However, in FC with dif-
ferent foam volumes, the observed increment in strength var-
ied. When the volume of foam was 25%, the strength was 
increased nearly by 21% (Fig. 6). When the volume of foam 
was approximately 40% (Fig. 6), the increase in compres-
sive strength was around 30%. Therefore, with the addition 
of suitable foam content, SF can considerably improve the 
FC strength.

PP fibre

The influence of PP fibre on the hardened strength of the FC 
is depicted in Fig. 8. For a specified volume of foam, the PP 
fibre significantly improved the hardened strength. The vari-
ation in the increase rises with foam volume (Fig. 6). The 
compressive strengths of various curing ages for specified 
densities of 1900, 1500, 1300, and 1000 kg/m3 were 19%, 
17%, 28%, and 39% higher than the reference, respectively. 
This advantage was also observed in the FC specimens 
with SF. Nevertheless, in all of the attempts, the addition 
of PP fibre condensed the flowability of the mix. Thus, we 
increased superplasticizer dosage to make the mixes flow-
able [1, 41, 42]. FC with high fibre content failed to progress 
because of poor workability; thus, the inclusion of 0.8% fibre 
content was the best adding level on the basis of a swap 

Fig. 6   Compressive strength 
against percentage of foam 
agent added
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between performance enhancement and flowability loss 
(Fig. 9) [1, 3]. FC with altered fibre volume fraction and dif-
ferent fibre types (Fig. 9) showed different rates of strength 
growth, possibly due to the modification in superplasticizer 
dosage. This modification may have delayed the hydration 
process, especially when the dosage was high [41].

Modulus of elasticity

A higher ratio of cylinder to cube strength was observed 
in cement paste and mortar because the absence of coarse 
aggregate resulted in good homogeneity [43]. Therefore, 
the sizes and shapes of the aggregates had a slight effect 
on the strength of the specimens. Although the FC was 
enclosed in merely fine aggregate, the air bubbles can 
be deemed as aggregates with zero elastic modulus and 

strength. Three dissimilar kinds of fibres were included in 
this research. Figure 10 displays the influence of the vol-
ume of the foam agent on the hardened strength of the FC 
when a similar volume of foam (0.25–0.4%) was used in 
each mix. The FC with 0.25% volume of foam attained the 
peak FC compressive strength for all curing ages because 
the addition of 0.25% foam agent can develop a greater 
elastic modulus than the other additions. Furthermore, 
the specific gravity of type 3 fibres was more similar to 
the specific gravity of the FC than the other types. Such 
specific gravity is essential to the production of a uni-
formly distributed, homogeneous mixture. ACI 318 [40] 
provides the relationship between the elastic modulus in 
line with the measured strength and weight of concrete 
from experimental tests. The relationship was obtained by 
using Eq. (1) [40] (Fig. 11),

Fig. 8   Compressive strength 
against time for FC with PP
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where the value of W (weight of concrete) ranges between 
1440 and 2490 kg/m3.

Influential parameters of splitting tensile strength

Density and water‑to‑binder ratio

As observed in the results, tensile and compressive strengths 
of FC reduced with the increasing volume of foam content 
[1]. The disparity in tensile strength (ft) and the variation in 

(1)E = W1.5
× 33 ×

√

f
c

compressive strength are revealed in Fig. 12. The FC with 
lesser w/b ratio and greater density attained greater tensile 
strength than the other FC specimens, although the compres-
sive strength augmented with tensile strength.

Additionally, Fig. 13 shows the relationship between 
splitting tensile strength and w/b ratio in the four different 
densities. The ratio tended to be higher in FC with low den-
sity than in FC with high density and varied greatly in the 
former and slightly in the latter as the water-to-binder ratio 
increased [1, 3]. In FC without FA and SF, the average ratios 
were 0.0345, 0.0579, 0.0898, and 0.0939 for mixes with den-
sities of 1900, 1600, 1300, and 1000 kg/m3, respectively.

Fig. 10   Modulus of elastic-
ity against percentage of foam 
agent added
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PP fibre

Figure 14 shows the influence of PP fibre on the tensile 
strength of the FC with variable percentages of volume 
of foam in specimens. The inclusion of PP fibre promi-
nently augmented the splitting tensile strength of FC 
[1, 3, 5]. However, the improvement in strength led to a 
sharp growth in foam volume. This result was indicative 
of the valuable influence of the addition of PP fibres. For 
the FC specimens with FA and SF combined with a 20% 
volume of foam, the tensile strength was observed 35.6% 
higher than that of FC deprived of PP fibre; meanwhile, 
for specimens with 25%, 35%, and 40% volumes of foam, 
the tensile strength augmented by 38%, 40%, and 45%, 
correspondingly. Similarly, this increment rate was like-
wise altered after the addition of SF in FC. In FC without 
FA and SF [44], the 28-day tensile strengths at 25%, 20%, 

30%, and 40% volumes of foam were 36%, 31%, 38%, and 
49% greater than the equivalent controls, correspondingly.

Influential parameters of flexural strength

Density and foam volume

The variations in the flexural strength of FC, at 28 days, 
with numerous w/b ratios and densities are shown in 
Fig. 15. The flexural strength of FC usually increases 
with density. Flexural strength had an opposite relation-
ship with w/b ratio, except in the mix design with 1600 kg/
m3 density and 0.2 w/b ratio because the flexural strength 
of this specimen was lower than the flexural strengths of 
the other specimens. This difference in flexural strength 
can be due to the high brittleness of hardened FC with a 
small w/b ratio [1–3]. The formation of a pocket due to 

Fig. 12   Splitting tensile strength 
with different densities

Fig. 13   Splitting tensile strength 
against percentage of foam 
agent added
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localized drying may account for the micro-crack devel-
opment within FC. The pocket may be a result of incom-
plete hydration of cement paste and a resulting strength 
reduction. Several micro-cracks amalgamate readily at 
a low load level and result in low flexural strength. The 
rate of compressive strength to flexural strength generally 
increases with w/b ratio [1–3, 5–7, 19]. FC samples with a 
0.25 w/b ratio and 1600 kg/m3 density displayed a greater 
ratio of compressive strength to flexural strength than the 
samples with densities of 1000 and 1300 kg/m3. Nonethe-
less, FC with low density and increased w/b ratio showed 
greater proportion of upsurge in the ratio of compressive 
strength to flexural strength than the other FC specimens.

Type of fibre

Three dissimilar kinds of PP fibres were utilized in the mix 
design of the specimens. The influence of the kind of PP 
fibres on flexural strength is depicted in Fig. 16. The addi-
tion of type 3 fibre augmented the flexural strength and the 
ratio of compressive strength to flexural strength to levels 
higher than those obtained by using the other fibre types. 
The ductility of hardened FC improved tremendously after 
the addition of type 3 fibre. The addition of the same volume 
of type 3 fibre (0.75%) resulted in a high flexural strength in 
each mix. Thus, the highest values of flexural strengths were 
obtained at all ages. Type 3 fibre had greater elastic modulus 

Fig. 14   Splitting tensile strength 
with different volumes of PP
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than the other types and hence strengthened the FC under 
bending action. Additionally, the specific gravity of type 3 
fibre was nearly similar to that of the FC, unlike the other 
types. Thus, the mixture was homogeneous. Therefore, type 
3 fibre more effectively increases the ductility of hardened 
FC than the other types.

Fibre volume fraction

Figure 17 explains the relationship of fibre volume fraction 
with the ratio of compressive strength to flexural strength. 
The fibre in FC effectively enhanced the flexural strength 
and the ratio of compressive strength to flexural strength [1, 

3, 19, 44], which ranged from 0.19 to 0.52. For example, a 
1.5% fibre volume fraction of type 3 fibre resulted in a lower 
strength than 1% volume fraction of a similar fibre. Nonethe-
less, the ratio of compressive strength to flexural strength 
was still high, and the mix became increasingly ductile. The 
performance of the mixes containing 0.75% and 1% type 
3 fibre volume fractions was superior to that of the other 
mixtures. A 1% volume fraction of fibres appeared ideal, and 
content higher than this fraction might be excessive. For the 
addition of 0.5% volume fraction of fibre, no considerable 
influence was observed. Therefore, a range of volume frac-
tion of fibre limited to between 0.75 and 1% was suitable for 
the effective development of FC.

Fig. 16   Flexural strength 
against type of PP fibres
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Influential parameters of drying shrinkage

Age of drying

Figure 18 illustrates the difference in the shrinkage strain 
of FC with the ratio of foam volume, without addition of 
SF, to age. The samples at similar curing times showed an 
increasing trend in the shrinkage strain at increased foam 
volumes. When the volume of foam increased to around 
55%, the strain of shrinkage was considerably greater than 
shrinkage strains of the other specimens at a similar curing 
time. This result of increasing trends was found to be paral-
lel with the current practice of studies [46, 47]. The whole 
tested specimens deprived of PP fibre showed strain of dry-
ing shrinkage limited to between 400 × 106 and 1250 × 106, 
which was detected beyond 150 days of curing in FC with 

a 1000 or 1900 kg/m3 density. Moreover, the addition of SF 
slightly influenced the shrinkage.

PP fibre

Figure 19 demonstrates the impact of PP fibre on the FC 
shrinkage specimens with dissimilar volumes of foam at 
different curing periods. The inclusion of a large volume of 
PP fibres prominently decreased the drying shrinkage value 
[1, 3, 6, 7, 19, 46]. The drying shrinkage strain in all of 
the FC specimens with PP fibre was between 900 × 106 and 
1300 × 106 at a curing time of 150 days. After the addition 
of type 3 fibre with 3% volume, the drying shrinkage values 
were much lower than those of the FC without fibres. There-
fore, the inclusion of PP fibre in FC can increase the drying 
shrinkage characteristics of FC [46, 47].

Fig. 18   Strain of drying shrink-
age against time
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Creep

According to the ASTM C 512 [36] standard, specimens 
shall be cured and stored under heat of 23 ± 2 °C. Never-
theless, the regular temperature in Malaysia was greater 
than standard. Consequently, 30 ± 2 °C was maintained 
for the curing and storage of the samples. Additionally, the 
standard recommended that the RH for storage samples is 
about 50 ± 5%. The regular RH in Malaysia is greater than 
that limit value. Hence, the samples were stored at RH of 
65 ± 5%. The cylinder specimens (φ150 × 300 mm) were 
moist cured at a heat of 30 ± 2 °C up to the seventh day. 
The samples were consequently placed in a creep chamber 
with a 30 ± 2 °C room temperature and 65 ± 5% RH. The 
samples were prepared for testing at 28 days. The strengths 

of the samples were measured directly before the samples 
of creep were loaded in accordance with ASTM C 39 [45]. 
Around 20–25% stress of compressive strength was applied 
to the specimens. The reading on the strains was recorded 
before loading and immediately after loading on the first 
day (Figs. 20, 21). The creep strain was recorded on a daily 
basis in the first 1 week, then weekly for 1 month, and finally 
monthly up to the end of the half of a year [38, 40]. The 
deformation caused by the other factors rather than the loads 
was measured from unloaded specimens with the same cur-
ing and storage conditions. Strain of creep readings after 
half a year was not considered because of insufficient time. 
The rigs used for creep tests were a hydraulic type. There-
fore, adjustment of loads could be done automatically after 
applying stress to the controller. Thus, it was not necessary 

Fig. 20   Percentage of creep 
strain against time
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Fig. 21   Creep strain against 
time
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to record the loads before the reading on each strain was 
obtained.

In accordance with the ASTM C 512 [36] standard, the 
elastic strain was measured and evaluated through experi-
ments (Fig. 21). At 5 months, the resulting creep strain of 
FC was between 434 and 734 × 10−6. Figures 20 and 21 pre-
sent the ratio of creep strain at different ages to the average 
value of the ratio for all mixes at each age. Approximately, 
50% of the total creep strain occurred at the first month of 
load application. However, no significant effect on water-
to-binder ratio was observed on the creep of FC [1, 3, 5, 7, 
46–48].

Thermal conductivity

The thermal conductivity of FC was tested in line with the 
standards of ASTM C 177 [49]. Thermal conductivity of FC 
greatly depended on the thermal conductivity and relative 
proportion of each constituent. Air has much lower thermal 
conductivity than the other components, and the FC had a 
considerably high void content. Thermal conductivity was 
significantly affected by the volume of the voids [45, 50]. 
Additionally, the void content of FC varied with desired 
density. Therefore, the thermal conductivity of FC with dis-
similar mixing proportions, but the same density, varied only 
slightly because the change in the distribution of pores was 
subtle. Some of the FC specimens were cured in moist con-
dition until the 27th day and then oven-dehydrated at 30 °C 
for a whole day. The temperature was maintained at 30 °C 
for the measurement of thermal conductivity. The specimens 
were then oven-dried at temperatures up to 120 °C, with 
30 °C as a constant increment, and consequently subjected 
to thermal conductivity tests at these temperatures (Fig. 22). 
At 120 °C, the test of thermal conductivity involved cooling 
down the samples in a closed vessel and subjecting them 

to 30 °C, 60 °C, and 90 °C temperatures successively. The 
other specimens were subjected to moist curing until the 
27th day and then oven-dried at 120 °C for a whole day. 
Consequently, the test was performed at 120 °C. Oven dry-
ing was performed for the eradication of the influence of 
moisture content on thermal conductivity [50]. Figure 22 
shows a decreasing trend in the thermal conductivity of 
FC when heat was augmented from 30 °C up to 120 °C. 
Meanwhile, the specimens that were oven-dried at 120 °C 
primarily and thereafter opened at a testing temperature that 
gradually reduced from 90 to 30 °C showed increased ther-
mal conductivity at augmented heat. The thermal conduc-
tivities were 0.56 and 0.64 W/m K at 1600 kg/m3 FC den-
sity and 0.25 w/b ratio. Therefore, the thermal conductivity 
was affected by the moisture content and temperature of the 
FC. In the samples oven-dried at 120 °C before the test, no 
change in weight was observed at low temperatures. There-
fore, no remarkable change in the moisture of the specimens 
was found, and temperature is the key factor that controls the 
variation in thermal conductivity of FC [51]. 

Conclusions

This research paper presents structural fibred-foamed 
concrete made with FA, SF, and PP fibres for structural 
applications, evaluated in terms of specified parameters. 
A structural FC with a density of 1000–1900 kg/m3 and 
correspondent compressive strength and splitting tensile 
strength of almost 10–70 MPa and 1.1–4.81 MPa, respec-
tively, were developed by the inclusion of SF and PP fibres. 
The growth ratio of hardened strengths in FC to curing age 
increased with the inclusion of SF. For instance, the 28-day 
strength of FC with FA was around 80–95% of the corre-
sponding strength observed after 3 months of curing. It is 

Fig. 22   Degree of heating in 
oven against thermal conduc-
tivity
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found that the strength of FC specimens with foam volumes 
of 20%, 30%, and 40% reached 68.0, 39.5, and 24.8 MPa, 
correspondingly. This demonstrated that the addition of 
suitable foam content with fine SF can produce strengths 
equal to 60 MPa with a density of approximately 60–70% 
of traditional concrete. At the specified volume of foam, the 
inclusion of PP fibre and SF enhanced the strengths of FC 
to levels 20–50% greater than those of the corresponding 
reference concrete.

Meanwhile, it is observed that FC with high fibre con-
tent failed to progress because of poor workability; thus, the 
inclusion of 0.8% fibre content was the best adding level on 
the basis of a swap between performance enhancement and 
flowability loss. Also, the FC with 0.25% volume of foam 
attained the peak FC compressive strength for all curing 
ages because the addition of 0.25% foam agent can develop 
a greater elastic modulus than the other additions. Likewise, 
an increment in the tensile strength was seen along with 
increased compressive strength. It is also found that the ten-
sile strength of FC specimens with both FA and SF and a 
20% volume of foam was observed to be 35.6% higher than 
that of FC deprived of PP fibre; meanwhile, for specimens 
with 25%, 35%, and 40% volumes of foam, it was augmented 
by 38%, 40%, and 45%, correspondingly.

This rate of increase was similarly altered with the addi-
tion of SF in FC. In FC without FA and SF, the 28-day ten-
sile strengths at 25%, 20%, 30%, and 40% volumes of foam 
were 36%, 31%, 38%, and 49% greater than the equivalent 
controls, correspondingly. Completely, the FC exhibited the 
great drying shrinkage and creep results of (900–1300) × 106 
and (434–734) × 10−6 at 150 days, respectively. In similar 
mix proportions, the shrinkage increased with foam vol-
ume at the same curing age. The addition of SF had a slight 
influence on drying shrinkage. The same FC mix with PP 
fibre improved the shrinkage resistance property, where the 
values ranged from 900 × 106 to 1300 × 106 at 150 days. 
Furthermore, the thermal conductivity of FC reduced with 
an increase in oven-drying temperature from 30 to 120 °C. 
However, the improvement in hardened strength of FC led 
to a sharp growth in foam volume, observing that the FC 
was reducing with the increase in foam volume and can gain 
long-term strength. This result was indicative of the valu-
able influence of the addition of PP fibres with a suitable 
range of volume fraction limited between 0.75% and 1% 
for the effective development of FC. Therefore, structural 
fibred-foamed concrete (SFFC) is a prospective, lightweight 
concrete product that can possibly be utilized as an alter-
native material for structural concrete applications in the 
construction industries today.
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