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A B S T R A C T   

Researchers are looking for new eco-friendly products to preserve non-renewable and non-biodegradable re-
sources. Fibres obtained from natural sources offer indisputable advantages over synthetic reinforcement ma-
terials, including low density, low cost, abundance, comparable strength, non-toxicity and minimum 
environmental impact. However, when using natural fibres in a pure Portland cement matrix, the mechanical 
strength is significantly reduced due to the alkalinity of the cement. To date, there has been no study on the 
durability and mitigation of Ensete ventricosum (Ev) fibres in cementitious matrices. Therefore, in this study, the 
effects of partial replacement of Portland cement with different supplementary cementitious materials (SCM) 
including metakaolin (MK), fly ash (FA) and scoria (SC) were investigated. The composites, varying in matrix 
composition and reinforced by aligned Ev fibres, were subjected to 0 and 25 wet-dry cycles before being tested in 
a four-point bending configuration. A detailed investigation of the cracking behaviour was carried out using 
optical Digital Image Correlation techniques. The microstructure of the Ev fibres was next examined using 
scanning electron microscopy. The flexure tests showed that after 25 wet/dry cycles, Ev fibre reinforced com-
posites with 100% Portland cement matrix had completely lost their ductility and strength while ternary matrices 
of 70% FA and 10% MK exhibited minimal degradation, demonstrating that partial replacement of Portland 
cement by SCMs can reduce the degradation of natural fibres in cement-based composites.   

1. Introduction 

The growing environmental concern and awareness of industrial 
pollution is driving the construction and manufacturing industries to 
seek out innovative materials that are abundant in supply, durable, 
sustainable, economical and environmentally friendly. Cementitious 
composites reinforced with natural fibres are one of the most promising 
structural materials for sustainable engineering at the moment [1]. 
Natural fibres’ unique qualities make them an effective reinforcement in 
cement-based composites. Natural fibres require just a relatively low 
level of industrialization to be processed, and the effort consumed for 
their manufacturing is small when compared to an equivalent weight of 
the most typical synthetic fibres. As a result, the cost of manufacturing 
these composites is low [2]. In developing countries, natural fibres have 
been used as reinforcement for cement matrices, primarily to manu-
facture low-cost thin components. Natural fibres such as abaca [3,4], 

bagasse [5], bamboo [6,7], coir [8], cotton [9,10], fique [11], flax 
(linen) [12], banana [13], hemp [14,15], jute [16], kenaf [17], ramie 
[18], ensete [19] and sisal [20] have been increasingly popular in 
cement paste, mortar and concrete in recent decades. To date, sub-
stantial progress in the tensile, flexural, impact, fracture toughness, 
crack resistance, and fatigue behaviour of cement composites reinforced 
with natural fibres has been reported [20–23]. 

Due to its low cost, low density, high strength and renewability, 
Ensete ventricosum fibre promises to be a good natural reinforcement 
for cement composites [19,24,25]. Ensete ventricosum, also known as 
False banana, is a tall monocarpic perennial herbaceous plant that is a 
member of the genus Ensete and the families Musaceae and Scitamineae. 
Ensete ventricosum plants are widely used throughout Central and 
Eastern Africa, including Ethiopia, Rwanda, Mozambique, Tanzania, 
Uganda, and Zambia, as well as in Asia and North America. Ethiopia is 
the biggest producer [19,24]. Due to its local abundance, the fibre has an 
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enormous valorisation potential to make locally sourced and affordable 
building products in Ethiopia and beyond, which is therefore explored in 
this research. The fibre of Ensete ventricosum is extracted from the 
pseudostem and leaves of the plant. Compared to most common bast and 
leaf fibres, Ensete fibres have relatively low density, moderate moisture 
content, and high specific strength. Compared to other natural fibres 
used in reinforced green composites, it is abundantly available, inex-
pensive, reduces energy use, sequesters carbon dioxide, and is biode-
gradable. It is now used to make ropes (for example, for anchoring 
domestic animals), ground and table mats, coffee bags, and as a rein-
forcement in gypsum room decorations, mud house building, and panels 
[26]. 

The use of natural fibres as reinforcement in cement-based com-
posites has been described in a number of studies [27–34]. Since most of 
these studies use short fibres, the increase in flexural strength is limited 
because of the short fibre length and the restricted amounts that can be 
mixed with the cement matrix (around 4–6 % volume fraction). This 
type of composite exhibits tension softening, low tensile strength, and is 
more prone to durability issues due to more fibre ends exposed to 
cement matrix, making the material suited for non-structural applica-
tions [35,36]. Cement composites reinforced with aligned natural fibre 
are a new class of sustainable construction materials with superior 
strength and ductility. These improvements in strength and ductility can 
be attributed to the composite action that exists between the fibres and 
matrix, resulting in a distributed microcrack system as the fibres bridge 
the cracks and transfer loads [37]. Only few experimental studies 
[19,21,38,39] have been conducted by researchers to reinforce cement- 
based composites with unidirectional fibres, but their results showed 
significantly improved post-cracking performance, tensile strength, and 
toughness. The following limitations are associated with continuous 
natural fiber reinforced composites: local stresses at the fiber interfaces 
with the matrix; density variations in transverse directions; and inho-
mogeneous response to unidirectional loading. In this study, long- 
aligned natural fibres were used to achieve post-cracking strain hard-
ening behaviour of the composite. 

However, significant concerns about the durability of natural fibres 
in a cementitious matrix have limited the use of natural fibre reinforced 
concrete. The considerably lower resistance to the high alkaline envi-
ronment of the cementitious matrix can reduce the reinforcing effect of 
these fibres and lead to premature failure of the composites. As a result, 
the deterioration of natural fibres in a cement matrix has emerged as the 
major problem to be solved in order to produce durable natural fibre 
reinforced cement composites [40,41,42–50]. Natural fibre cement 
composites are only considered suitable in the construction sector if they 
have exceptional serviceability and strength properties [51]. A material 
must be durable in the various exposure situations in which it is actually 
used in order to be called serviceable. Therefore, durability is charac-
terized as resistance to degradation by external factors such as weath-
ering, chemical reactions, and wear, and by internal factors such as 
alkali-fibre reaction, volume changes, permeability, and water absorp-
tion. A variety of factors contribute to the deterioration of natural fibre 
composites, including fibre properties, matrix properties, composite 
casting techniques, and composite product properties. Among the above 
factors, the fibre properties and the exposure medium have the greatest 
and most threatening effects [52]. 

Researchers have identified numerous methods to improve the 
durability of natural fibre cement composites, such as replacing Portland 
cement with additional supplementary cementitious materials (SCMs) 
(fly ash, silica fume, granulated blast furnace slag, metakaolin, etc. 
[42,48,50,53–58]) or modifying the fibre surface (beating [47], 
bleaching [47,59,60], hornification [61,62], treating the fibres with 
alkali [63,64], treating with chemicals, coupling agents and additives 
[65–67]), pulping the fibres [59,68] and CO2 curing [69–71]). SCMs 
have been a major focus of attempts to increase the durability of natural 
fibre reinforced cementitious materials exposed to wet/dry cycling. It 
has been demonstrated that natural pozzolans reduce composite 

deterioration. Lowering the pH of the pore solution, removing excess CH 
by the creation of extra C–S–H, and refining the pore structure (matrix 
densification) are all expected to improve durability [58]. 

Several studies have demonstrated the durability of natural fibres in 
a matrix with SCM after wet/dry cycles, for example, by using a binary 
matrix with 30 % silica fume, 50 % slag, 90 % slag, and 30 % metakaolin 
by weight. Ternary and quaternary blends of 10 % silica fume/70 % slag, 
10 % metakaolin/70 % slag, and 10 % metakaolin/10 % silica fume/70 
% slag by weight appear to reduce wet/dry cycle degradation[58]; 
however, substituting 40 % by weight of Portland cement with slag did 
not significantly improve the durability of sisal fibre–mortar composites 
after 46 wet/dry cycles [72]. As such, for every type of fibre and SCM the 
conditions under which they can be combined to make a durable com-
posite needs to be investigated. 

Berhane [55] used locally available natural pozzolanic materials as a 
partial cement replacement to prevent the degradation of sisal fibre (2 % 
by volume). According to the results of the study, the sisal fibre in 
mortar specimens made with 100 % Portland cement became brittle 
after 6 months and the specimen lost almost all its durability. In contrast, 
mortar samples made with 40 % scoria and 40 % pumice retained their 
ductility after 180, 365, and 730 days. Wei et al [73] investigated the 
partial replacement of Portland cement in cement composites reinforced 
with sisal fibres by studying the microstructure, mechanical perfor-
mance, and interfacial properties between the fibre and cement matrix. 
The results show that the combination of metakaolin and nanoclay can 
increase cement hydration more effectively and have better micro-
structural and mechanical properties compared to blends without them. 
The interfacial bonding between the fibre and the cement matrix as well 
as the flexural properties of cement composites reinforced with sisal 
fibres were significantly improved. 

The present study aims to improve the durability of Ev fibre rein-
forced cement composites by substitution of the Portland cement with 
several SCMs. Based on previously mentioned literature findings, 
following compositions were considered: fly ash (20 and 30 %), meta-
kaolin (10 and 20 %), and ground Scoria (30 and 40 %) as binary 
matrices, and a ternary matrix of 70 % fly ash plus 10 % metakaolin. A 5 
vol% of aligned Ev fibres was used, since previous findings indicated 
that these cementitious composites with a 5 % volume fraction pre-
sented excellent mechanical properties (multiple cracking behaviour, 
significant flexural strength and post-cracking stiffness) [19]. Before the 
composites were examined under a four-point bending configuration, 
they were subjected to either 0 or 25 wet/dry cycles. DIC was used to 
measure the strain and the displacement during loading and to visualise 
cracks formed on the specimen surfaces. Scanning electron microscopy 
(SEM) was used to study the degree of deterioration of the fibres after 
they were exposed to a wet/dry cycle. The ultrasonic pulse velocity 
(UPV) before and after the wet/dry curing and isothermal calorimetry 
after the exposure were also measured. Finally, the performance 
improvement of the composite was discussed. 

2. Material and methods 

2.1. Material characteristics 

2.1.1. Ensete ventricosum (Ev) fibres 
Ensete Ventricosum (Ev) fibres (Fig. 1 (a)) with a moisture content of 

8 % were obtained from Jimma zone, Ethiopia. The raw Ev fibres, with 
white color and rough surface (Fig. 1 (b)) had an average diameter and 
density of 140 ± 3 μm and 1.01 ± 0.2 g/cm3, respectively. The rough 
surface of the fibre promises a desirable bond strength between the fibre 
and the cement matrix but also poses the risk of cement hydration 
products being deposited on the fibre surface. The fibres were cut to 490 
mm before being embedded in the cement matrix. The fibre strand used 
in this study had an irregular cross-section [19,41]. These fibres were 
mechanically characterised by Tsegaye Beyene et al [19]. 
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2.1.2. Matrix 
The matrix consisted of Portland cement, which is branded as CEM-I 

52.5 N by Holcim Belgium and comprises just Portland clinker (K). As a 
partial mass substitute for Portland cement, the following supplemen-
tary cementitious materials (SCMs) were used: (1) fly ash (FA), (2) 
metakaolin (MK), and (3) ground scoria (SC). The metakaolin (Fig. 2 (b)) 
and scoria (Fig. 2 (c)) were sourced from a quarry in the refit valley area 
of Welliso and Hosahina, respectively, in Ethiopia. It was broken down 
into small bits before being processed into powder with a grinding 
machine. It was then sieved through a 75 µm sieve. Fly ash (Fig. 2 (a)) is 
a pozzolan that is produced by the burning of charcoal. This research 
made use of commercially available fly ash. The Oxide Compositions of 
the PC, FA, MK, and SC are shown in Table 1. Blaine fineness was 
determined by the air-permeability test based on the American Standard 
ASTM C204-11[74], for the determination of density, pycnometer 
method was used Table 2. The overall SiO2, Al2O3, and Fe2O3 content of 
FA, MK, and SC is 90.5 %, 96.2 %, and 79.6 %, respectively, which is 
greater than the 70 % specified by ASTM C618 12 [75] for class F 
pozzolanic material. 

The mortar matrix employed in this investigation has a mix design of 
1:2:0.5–0.53 (cementitious material: sand: water by weight). Natural 
river sand with a maximum aggregate size of 850 µm was used to create 
mortar specimens. At a dosage of 0.6–0.7 % of cement weight, a 
commercially available MasterGlenium 51 superplasticizer was utilized. 

2.1.3. Specimen manufacturing 
The specimens were produced using a plywood mold with di-

mensions of 450 × 60 × 22 mm (length, width, thickness). Composites 
with a fibre volume fraction of 5 % were produced by introducing a layer 
of longitudinally oriented Ev fibres. Before the matrix manufacturing, oil 
was applied to the mold surface, and the fibres were cut to a length of 
490 mm, weighed, and separated (Fig. 3 (a)). A mechanical mixer with a 
capacity of 20 L was used to prepare the matrix. For homogenization, 

Fig. 1. (a) Ensete (Ev) fibre bundles, (b) SEM surface observation.  

Fig. 2. SEM map of (a) fly ash (b) metakaolin and (c) scoria.  

Table 1 
Chemical composition of the cementitious materials.  

Compositions Cementitious materials (%) 
CEM I 52.5 Scoria Fly Ash Metakaolin 

SiO2 18.3 52.9 53.6 72.9 
Al2O3 5.1 14.5 34.0 23 
Fe2O3 4.7 12.2 2.9 0.32 
MgO 1.2 7.76 0.68 < 0.01 
CaO 63.8 5.8 4.08 < 0.02 
Na2O 0.63 0.92 0.12 < 0.01 
K2O – 3 0.84 0.52 
MnO – 0.2 < 0.01 < 0.01 
P2O5 – 0.61 1.2 < 0.01 
TiO2  – 0.7 0.71 0.05 
LOI 2.1 1.34 1.49 2.91 
SO3 3.3 < 0.01 – – 
CL-1 0.05 < 0.01 – –  
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cementitious materials and sand were dry mixed for 5 min, followed by 
adding water and superplasticizer slowly and blending for 5 min. A 5 
mm mortar layer was poured on the bottom of the mold (Fig. 3 (b)). A 
layer of aligned fibres was then applied to this mortar layer (Fig. 3 (c)). 
The exact position and orientation of the fibres were maintained by first 
stretching the strands (using manual tension) and then anchoring them 
to the mold’s edges. Finally, mortar was used to fill the rest of the mold. 
To allow the mortar to thoroughly penetrate the fibre layer, a vibrating 
table was used (vibration was used for 30 s at a very slow speed). Excess 
mortar was removed using a ruler after filling the mold, and the mold 
was sealed with a thick plastic sheet (Fig. 3 (d)). The composites were 
allowed to cure for 28 days at room temperature (Fig. 3 (e)). The side 
surface of the beam was then coated with a speckle pattern for DIC 
monitoring (Fig. 3 (f)). 

2.1.4. Specimen configurations 
The matrix composition of the specimens that were tested is shown in 

Table 3: eight mixtures of mortar mix were used, and six specimens were 
cast for each. Three specimens were used in the accelerated wet/dry 
curing procedure, while three others were used as control specimens. 

2.2. Test methods 

2.2.1. Mechanical properties 
The specimens were subjected to four-point bending tests on an 

Instron 5900R test bench at a controlled crosshead speed of 2 mm/min. 
The spacing between the supports and the loading pins was 350 mm and 
100 mm, respectively (Fig. 4 (a)). Digital Image Correlation (DIC) was 
used during the four-point bending tests to obtain a precise measure-
ment of the strain and cracking pattern (Fig. 4 (b)). DIC is a non-contact 
optical technique for measuring surface strain and displacement. It is a 
reliable and cost-effective method that has found widespread applica-
tion in the field of materials testing [77]. The specimens’ side views 
(onto which a speckle pattern was applied) were monitored using DIC to 
measure the vertical displacement and strains, whereas the reaction 
force was collected directly from the loading bench. The test images 
were captured and post-processed using vic-Snap and vic-3D software 

Table 2 
Physical properties of cement and SCM materials.  

No. Cement and SCMs 
materials 

Fineness by Blaine (cm2/ 
gm) 

Density (kg/ 
m3) 

1 CEM-I 4050 3150 [76] 
2 Metakaolin 12,570 ± 1,500 2560 ± 31 
3 Fly ash 2030 ± 890 2200 ± 90 
4 Scoria 3925 ± 107 2800 ± 100  

(a) (b) (c) 

(d) (e) (f) 

Fig. 3. Production of Ev fibre cement composites consists of (a) weighing the fibre, (b) placing the first matrix layer (5 mm), (c) straightening the fibres, (d) adding 
second matrix layer and sealing specimens with rigid plastic foil, (e) specimen curing, (f) painting speckle pattern on hardened specimens. 

Table 3 
Cast specimens’ configurations.  

Sr. 
No. 

PC-SCMs % 
Replacement 

Designation Total 
number of 
specimens 

1 Plain 
mortar 

CEM-I 0 Reference 
(PC) 

6 

2  
binary 
blend 

fly ash 20, 30 20FA,30FA 12 
3 metakaolin 10, 20 10MK, 

20MK 
12 

4 scoria 30, 40 30SC, 40SC 12 
5 ternary 

blends 
fly ash +

metakaolin 
70 % FA + 10 

% MK 
10MK70FA 6  
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from Correlated Solutions. The data post-processing was set up with a 
DIC subset of 21 pixels, a step of 7 pixels, and a strain filter size of 11 
pixels. The lens had a focal length of 17.5 mm, and the CCD cameras had 
a resolution of 2546x2048 pixels. 

2.2.2. Microstructural analyses 
A Phenom scanning electron microscope was used to perform a 

microstructural examination. Fibres were taken from one of the failed 
specimens and mounted on SEM for evaluation. 

2.2.3. Isothermal calorimetry 
Isothermal calorimetry was used to measure the heat of hydration 

using TAM air isothermal calorimeter set to 20 ◦C. Pastes were prepared 
by mixing cementitious material with water and a superplasticizer. Glass 
vials were filled with about 10 g of paste and inserted into the calo-
rimeter. All experiments were conducted, and data were collected for at 
least 168 h (7 days) after casting. The heat of hydration of the reference, 
binary, and ternary blends at W/B of 0.50 were measured using Type I 
cement with fly ash (20FA, 30FA), metakaolin (10MK, 20MK), Scoria 
(30SC, and 40SC), and 10MK + 70FA, according to the mix design. 

2.2.4. Durability 
The durability of the natural fibre composite was evaluated using 

four-point bending tests conducted after accelerated aging of specimens 
compared to unaged specimens. The specimens were subjected to 0 and 
25 wet/dry cycles following the standard BS EN 12467:2012 [78]. A 
wet/dry cycle was defined as 6 h of oven drying at 60 ± 5 ◦C and 20 % 
RH, followed by 10 min of air-drying at 22 ± 5 ◦C and 60 % RH, fol-
lowed by 17 h and 50 min of soaking in water at 20 ± 2 ◦C. Wet/dry 
cycles were repeated to simulate rain-heat conditions during natural 
weathering. The wet/dry cycles were carried out in an oven and a water 
bath. These aging conditions favour some important chemical and 
physical deterioration mechanisms in the fibre reinforced cement com-
posites. These conditions facilitate the attack of alkaline pore water on 
the Ev fibres as well as the migration of some cement hydration products 
from the matrix to the fibre cores and interface regions [71]. In this 
study, the post-cracking flexural strength and post-cracking toughness 
obtained from the load–deflection curves were used to evaluate the 
durability of the samples. 

2.2.5. Ultrasonic pulse velocity (UPV) 
UPV testing is a non-destructive testing technique used to determine 

the uniformity and relative quality of concrete, as well as to detect voids 
and cracks and estimate the crack depth [79]. The specimens were 
submitted to an ultrasonic velocity test at intact state before and after 
wet/dry cycling, as specified in the ASTM C597 standard [79]. Two 
transducers are mounted on the specimen located directly opposite each 
other (direct transmission mode). The longitudinal, elastic stress waves 
are generated by the emitter that is held in direct contact with the 
concrete surface. The receiver transducer captured the pulses after 
traveling through the concrete and converted them into electrical energy 
[80]. The transit time it takes an ultrasonic pulse to pass through 

concrete is measured and knowing the exact transducers’s distance, the 
ultrasonic pulse velocity (UPV) was obtained. UPV is calculated by 
dividing the path length by the transit time. UPV is an indicator of 
material quality, generally associated to the density and voids content in 
the material. For instance, a high UPV value indicates a dense and 
compact medium [81,82]. 

To guarantee that the wave is efficiently transmitted from the emitter 
to the specimen, the surface of the transducer was coupled with a thin 
vacuum grease layer. The UPV was measured along the thickness (22 
mm) of the specimens. The measurement along the length was not 
chosen because it was not possible due to dense textiles in the middle 
section and rough edges. At different ages, the UPV is compared 
considering the transducers mounted at the same position as before. 

This approach is effective for assessing the material’s homogeneity in 
addition to its density, porosity, and interfacial bonding of the fibres to 
the matrix. Based on the impacts of environmental loading on the ma-
terial, fibre–matrix bonding may be indirectly measured using UPV 
(because the fibre–matrix interface is viewed as the reinforcement 
boundary limit). The ULTRASONIC PULSE ANALYZER was used to 
perform ultrasonic measurements on an emitting frequency of 54 kHz 
and with a sampling rate of 2 MHz. The emitted pulse has an amplitude 
of 2500 V. The transducers used had a 30 mm diameter. 

3. Results and discussion 

3.1. Crack and failure pattern 

Fig. 5 and Table 4 present crack pattern observations from DIC at the 
ultimate load. As these DIC results show, all control (unaged) Ev fibre 
reinforced composite specimens exhibited multiple cracks. After 25 wet/ 
dry cycles, the binary matrix (PC-FA, PC-MK, and PC-SC) and ternary 
matrix (PC-MK-FA) specimens reinforcement with Ev fibres still showed 
some cracks, indicating that the Ev fibre reinforced cement modified 
with FA, MK and SC showed little strain hardening behaviour in the 
post-cracking stage. In comparison, the reference specimens (PC), which 
underwent 25 wet/dry cycles, often showed only one crack and softened 
in the post-cracking stage. 

When analysing the failure mechanisms of fibres from different 
matrix and aging environments at the end of testing, different failure 
mechanisms were observed within the specimens: Unaged specimens 
fail as a result of fibre pullout and fracture, whereas aged specimens with 
SCM replacement fail as a result of fibre fracture. Fibre pull-out 
appeared much earlier in reference specimens (PC) because the inter-
face was much more damaged, resulting in post-cracking softening 
behaviour. To further investigate the mechanisms of fibre failure, frac-
tured specimens were analyzed with optical microscopes after the 
bending tests. As shown in the optical microscope image of unaged 
specimens, both fibre fracture and pullout were observed (Fig. 6 (a)), 
while in aged specimens with SCM, fibres fracture was exclusively 
observed (Fig. 6 (b)). Fig. 6 shows typical optical microscope observa-
tions of unaged and aged 20FA fractured specimens. The same obser-
vation was made in the other SCM specimens. The importance of 

(a) (b) 

350 mm

100 mm 

CCD digital camera 

Fig. 4. (a) Four-point bending test setup, (b) DIC equipment.  
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reinforcing fibres in crack arrest and bridging is evident, as good me-
chanical performance and energy absorption in tensile responses are 
achieved [2]. Delamination behaviour was observed in the 10MK70FA 
specimens. The fibres and matrix form delamination cracks as the cracks 
propagate parallel to the direction of the reinforcing fibres (Fig. 5). 
Cracks of this type could be due to the thicker fibre bundles with respect 
to the thickness of the specimens. 

3.2. Mechanical properties of Ev fibre-SCM composite before wet/dry 
cycling 

Fig. 7 illustrates load–deflection curves of Ev fibre-cement compos-
ites with cement substitution by FA, MK, and SC after 0 and 25 wet/dry 
cycles. From Fig. 7 it is seen that, without accelerated aging, flexural 
strength values of the fibre cement-SCM composites decreased signifi-
cantly compared to the 100 % Portland cement matrix composites, 
suggesting that dilution effects from the smaller amount of cement in 
PC-SCM blends were more significant than those from pozzolanicity of 

these SCMs. Pastes prepared with higher SCMs replacement have lower 
flexural strength, lower C–S–H gel concentrations, and increased 
porosity as reported by other authors [83]–[85]. All specimens had a 
smooth surface prior to wet/dry cycling; however, due to extensive 
watering, the specimens lost this quality after wet/dry cycling. Digital 
microscopes (Levenhuk DTX 50 Zoom 400X) were used to acquire sur-
face images of specimens. In order to approximate the porosity of the 
SCM-based composite, images were captured in areas with a large 
number of pores. As the SCM replacement level increased, the pores on 
the specimens also increased as shown in Fig. 8, which could explain the 
decrease in flexural strength. In concrete, the structure of pores, and the 
size and number of pores impact both mechanical and durability prop-
erties [86]. Due to the fact that the total porosity of concrete affects 
flexural strength as well as durability, understanding the relationship 
between them is useful and beneficial [87]. 

3.3. Effect of SCMs replacement on mechanical properties after wet/dry 
cycling 

The use of pozzolanic fillers such as metakaolin, fly ash and scoria in 
natural fibre reinforced cementitious composites can result in a reduc-
tion of the matrix’s alkalinity and calcium hydroxide content, which can 
slow down the degradation process [48]. Fig. 7 (c - f) shows the effect of 
cyclic wet/dry conditions on the flexural strength of Ev fibre PC- FA 
blends. Composites with 20 % and 30 % FA were tested after 25 wet/dry 
cycles, and their peak strength was 0.59kN and 0.47kN, respectively. 
The composites failed as a result of fibre fracture, which was 73 % and 
39 % higher than the reference specimen (PC), which failed due to fibre 
pull out with a maximum failure load of 0.34kN. FAs provide thus a 
slightly higher ultimate strength due to the filling effect and pozzolanic 
reactions following the wet/dry cycles [88]. These results appear to 

(a)                          Control (b)                         25 wet/dry cycle  

Fig. 5. Crack pattern observation from DIC at ultimate load.  

Table 4 
Number of cracks at maximum applied load.  

Composition Number of cracks at peak load 
Control 25 wet/dry cycle 

Reference (PC) 12.7 ± 3.2 1.3 ± 0.4 
20FA 9.7 ± 0.9 2.3 ± 0.5 
30FA 10.3 ± 1.2 2.3 ± 0.5 
10MK 10.0 ± 2.1 2.7 ± 0.9 
20MK 3.7 ± 0.5 2.3 ± 0.5 
30SC 7.7 ± 1.2 2.3 ± 0.5 
40SC 7.7 ± 2.4 3.7 ± 0.9 
MKFA 9.7 ± 1.2 4.0 ± 0.8  

(a) (b)  

Fig. 6. An optical microscope observation of fractured 20 FA specimens (a) unaged specimens (b) aged specimen.  
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agree with [58]. In the absence of wet/dry cycles, the post-cracking 
toughness of 20FA and 30FA composites was not monotonic, and the 
tendency was greater when FA was added at 20 %, and it was lower 
when FA was added at 30 %. However, after 25 cycles, the 20 % and 30 
% replacements had a toughness of 79 % and 100 % greater than the 
reference, respectively. A reduction in the flexural strength and deflec-
tion of Ev fibre cement composites after 25 wet/dry cycles compared to 
the mechanical behaviour before aging suggests that the natural fibres 
embedded in the cement composites degraded severely in the cyclic 
wet/dry environment, however, FA reduced this deterioration to a lower 
extent than the reference specimens. The 20FA and 30FA composites lost 
about 64 % and 57 % of their original strength, respectively, while plain 
composites without SCM lost 87 % of their original strength. 

To reduce the alkalinity of the matrix, natural metakaolin was also 
used as a substitute for 10 and 20 wt% Portland cement. Table 5 illus-
trates the results of the PC-MK flexural strength. After 25 wet/dry cycles, 
the peak strength of the 10 % and 20 % MK composites was 118 % and 
55 % higher than the 100 % PC composition, respectively. Before wet/ 
dry cycling, the 10 % MK composites had better toughness than the 
reference specimens (Table 5), while the 20 % MK composites had lower 
toughness. After 25 wet/dry cycles, the toughness values of 10 % and 20 
% MK were 143 % and 150 % higher compared to the reference speci-
mens, respectively. 

Thirdly also scoria was considered as a suitable pozzolanic material. 

With a combined SiO2, Al2O3, and Fe2O3 content of more than 70 %, it 
meets the specifications for a material of this type [75]. Mixtures of Ev 
fibres PC - SC with a replacement content of 30 % and 40 % were 
therefore prepared. As Fig. 7 (k-n)) shows, the strength of the control 
(unaged) specimens decreases with an increasing amount of SC. 
Compared with the reference (PC) specimens, the 30SC showed lower 
strength but higher toughness. After 25 wet/dry cycles, 30SC and 40SC 
had greater post-cracking flexural strength than the reference group 
(PC) by 73 % and 70 %, respectively. Similarly, the post-cracking 
toughness was increased by 57 % and 64 % for 30SC and 40SC, 
respectively. After 25 wet/dry cycles, composites with 30SC and 40SC 
lose 62 % and 31 % of their strength compared to reference composites. 

To evaluate both economy and performance, finally also a ternary 
cementitious mortar mix containing 70 % fly ash and 10 % metakaolin 
was investigated. Fig. 7 (o) and (p) show the flexural properties of the Ev 
fibre reinforced PC-MK-FA specimens, and prove that these ternary 
blends were successful in preventing damage from wet/dry cycling. 
After 25 wet/dry cycles, the ternary composite of 70 % FA and 10 % MK 
showed no signs of physical degradation (the strength of the 10MK70FA 
was even 12 % higher after 25 wet/dry cycles than for unaged speci-
mens). 10MK70FA provided the highest flexural strength and toughness, 
with values 2.4 and 10.3 times higher than the reference group (100 % 
Portland cement), respectively. The reason for this is once again the 
difference between the chemical composition and pozzolanic activity of 

Fig. 7. Typical load–deflection curves for Ev fibre reinforced beams after 0 (left) and 25 wet/dry cycles (right).  
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MK and FA in cement. It is very likely that 10MK70FA has higher 
alumina and amorphous silica content (Table 1). As a result, they opti-
mally enhance the durability of natural fibre reinforced cement-based 
composites via the filler effect and the pozzolanic reaction [86,89]. 
Consequently, the alkalinity of cement paste can be reduced, thus 
improved strength is obtained. It was found that after 25 wet/dry cycles 
the strength of PC matrix was a bit higher when SCMs were incorpo-
rated. This increase in strength is due to several factors including the 
pozzolanic reaction producing stronger hydration products (such as 
C–S–H gels and crystals), the high reactivity of SCM using more CH for 
hydration, and the lower porosity due to the finer SCM particles bridging 
the voids between the cement particles [12]. It has been demonstrated 
that wet/dry cycling causes alkali leaching from pure Portland cement in 
natural fibre cement composites [59]. During alkali leaching, mono-
sulfate aluminate hydrate is thought to be destabilized, resulting in the 
formation of ettringite [90]. Secondary ettringite production has pre-
viously been considered as a mechanism for natural fibre cement 
degradation [47]. As a result, it is proposed that the addition of SCMs 
improves composite durability by minimizing alkali leaching (i.e. fa-
voring monosulfate stabilization). It is thought that the creation of 
additional C–S–H leads to greater alkali adsorption [58]. It is possible 
that the 25 wet/dry cycles performed after 28 days of curing in a mixture 
containing a high amount of SCM could have had a curing effect on this 
immature mixture and affect its strength. Prolonged curing time should 
be considered in the future to avoid this effect. 

The development of post-cracking toughness, which can be utilized 
as a sign of the energy absorption capabilities of composites after 
cracking, provides more evidence on the fibre’s deterioration than the 
post-cracking flexural strength [41]. Among all groups, the Ev fibre - PC 
composite (reference group) deteriorated the most severely, demon-
strating the lowest natural fibre durability. After 25 wet/dry cycles, the 
reference group’s flexural toughness decreased by 94 % while 
10MK70FA showed no evidence of composite degradation. According to 
[91] fibre deterioration is primarily caused by alkali hydrolysis and cell 
wall mineralization, which result in strength loss and fibre embrittle-
ment. Cellulose, the major structural component, degrades in the high- 
alkaline environment of neat cement paste at its amorphous areas in 
contact with the pore solutions. As a result, cement hydration products, 
particularly CH, migrate into the natural fibres’ lumens and cell walls. 
Due to this, fibres are less able to withstand tension and deformation. 

3.4. Scanning electron microscopy (SEM) analysis 

The effect of SCMs on the degradation of Ev fibres in cement matrix 
was investigated using SEM on the typical fracture surface of Ev fibres 
(Fig. 9). The Ev fibres in the cement matrix suffer significant degradation 
after 25 wet/dry cycles. Without cycles, the fibre surfaces was smooth 
and there was a minimum deposition of cement hydration products on 
the fibre surface Fig. 9 (a)). When wet/dry cycles were not performed, 
optical microscope and SEM analysis revealed that fibre pullouts were 

Fig. 7. (continued). 
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the most common mode of failure. After 25 wet/dry cycles, examination 
of the Ev fibres at the fracture surfaces, as shown in Fig. 9 (b), indicates 
that fibre fracture was the most common mode of failure. This indicates 
that the fibre became brittle after 25 wet/dry cycles, which was most 
likely due to the mineralization of the fibre [47]. Fibre failure occurred 
by pullout and fracture, which was associated with three mechanisms: 
Detachment of the fibre cement, subsequent reprecipitation of hydration 
products in voids of the fibre cement interface, and embrittlement of the 
fibres due to mineralization [47,59]. 

The microstructure morphology of Ev fibre PC-FA matrix after 0 and 
25 wet-dry cycles is shown in Fig. 9 (c - f). Unaged specimens (Fig. 9 (c) 
and (e)) exhibit a smooth surface as compared to the aged samples, 
which contributes to poor fibre–matrix bonding and leads to fibre 
pullout as the dominant failure mechanism. The figure also shows that 
the fibre lumens were covered by fewer deposits of hydration products, 
elemental fibre cells were visible, and FA particles were present, coated 
with layers of small amounts of hydration products. On the other hand, 
after 25 wet/dry cycles (Fig. 9 (d) and (f)) smoothed FA particles were 
present, indicating that they had not reacted or were acting as an inert 
material that increases the packing effect and serves as a precipitation 
nucleus for the hydration compound [92]. On the rough surface and 
lumens, more hydration products were visible. The accumulation of 
hydration products on the fibre surface caused this effect of fibre frac-
ture [47]. Ev fibres had better durability when treated in 30FA 
compared to 20FA and the reference because of their compact fracture 
surface, which not only prevents the precipitation of cement hydration 
products in the fibres but also mitigates the exfoliation of cellulose mi-
crofibrils [93]. 

SEM was also used to examine typical fracture surfaces of Ev fibre 
from PC-MK mixes (Fig. 9 (g) to (j)). The PC-MK fibres had a rough 
surface, and the lumen voids were filled with cement hydration 

products. Both ettringite/monosulfate and calcium hydroxide (CH) were 
produced in the fibre lumen [94]. The primary fibre cells were visible 
and rough in the MK-modified fibre reinforced composites, showing that 
the PC-MK matrix had improved bonding after 25 wet/dry cycles (Fig. 9 
(h) and (j)). As can be observed, the fibre in 20MK (Fig. 9 (j)) was more 
stable than the fibres in the reference. The best durability of the Ev fibres 
was found in 20MK, which not only significantly minimizes the pre-
cipitation of cement hydration products in the fibres, but also prevents 
the cellulose microfibrils from peeling due to the compact fracture 
surface [93]. A similar result was observed in the specimens from PC-SC 
(Fig. 9 (k) to (n)). Fibre fracture appears to be the most common failure 
mode after 25 wet/dry cycles. 

SEM was also used to analyse the microstructures of the fibre from 
the PC-MK-FA ternary matrix (Fig. 9 (o) and (p)). From the SEM mi-
crophotographs of the Ev fibres, it was evident that the fibre had a 
rougher surface (indicating effective interfacial bonding between fibre 
and matrix [95]), elemental fibre cells were visible, FA particles were 
covered with layers of hydration products, and the fibre surface is 
covered with deposits of hydration products. Fibre fractures caused by 
flexural loading were visible in microscopic images. Deposition of hy-
dration products on the fibre surface was responsible for this fibre 
fracture effect [47]. The microstructural analysis showed an improve-
ment in the fibre structure preservation against degradation when 
compared to the reference. 

3.5. Isothermal calorimetry 

In order to evaluate the effects of fly ash, metakaolin, and scoria on 
cement paste reaction, the thermal properties of plain cement paste, 
binary blends, and ternary blends were determined by calorimetry. 

Fig. 10 (a) and (b) shows the heat flow and cumulative heat flow per 

Fig. 7. (continued). 
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gram of each cementitious material for 168 h from the start of cement 
hydration with and without SCM. As the fly ash, metakaolin, and scoria 
content increase, the heat released during the hydration process de-
creases. This indicates that increasing the SCMs content while 
decreasing the Portland cement content leads to a decrease in reactivity, 
at least in the first 168 h. It is possible that afterwards still an important 
part of the reaction occurs. Metakaolin was found to be a more reactive 

SCM than fly ash in this mix composition. This is due to the higher SiO2 
content (Table 1). The heat evolution peak of the 10MK mixture occurs 
last, which means that the lower the metakaolin replacement content, 
the lower the reactivity. On the other hand, the heat evolution peak of 
the 20FA and 30SC mixtures appears first in their respective categories, 
which suggests that the higher the fly ash and scoria replacement con-
tent, the slower the reaction is and FA and SC act as a filler and have no 
significant impact on the reactivity of the mixture. The height of the 
peak decreased by 21.7 % and 31.1 % respectively when fly ash addi-
tions of 20FA and 30FA were used. In contrast, scoria additions of 30SC 
and 40SC led to decreases of 47.9 % and 56.6 % respectively. Further-
more, the cumulative heat flow shows that as replacement levels in-
crease from 20FA to 30FA, 10MK to 20MK, and 30SC to 40SC, the total 
heat release after 7 days decreases by 7.9 %, 8.2 %, and 14.3 %, 
respectively. As expected, the MKFA paste (10 % metakaolin and 70 % 
fly ash) showed the lowest and slowest heat release, with the FA, MK and 
SC pastes releasing less heat than the reference. Thus, increasing the MK 
content does not increase the overall amount of reactive material, but 
only accelerates the initial reactivity rate during the first few hours. The 
results show that increasing the content of fly ash, metakaolin, and 
scoria decrease the maximum of the heat flow peak and delays its 
occurrence for FA and SC while advance its occurrence for MK 
replacement. This is most likely due to the diluting effect of the cement, 
making less tricalcium silicate (C3S) available for increased FA, MK, and 
SC addition. In addition, the delayed reaction that occurs between the 
aluminosilicates in FA, MK, and SC and the calcium hydroxide (C–H) 
released from the cement could be another reason for the observed peak 
[96]. As can be seen from the heat flow diagrams, the replacement of 

(a) PC (b) 20FA (c) 30FA 

(d) 10MK (e) 20MK (f) 30SC

(g) 40SC (h) 10MK70FA

Fig. 8. Digital microscope observation of SCM-based specimens.  

Table 5 
Post-cracking strength and post-cracking toughness of Ev fibre cement- SCM 
blend after 0 and 25 wet/dry cycles.  

Composition Post-cracking strength (MPa) Post-cracking toughness (kN. 
mm) 

control 25 wet/dry 
cycle 

control 25 wet/dry 
cycle 

Reference (PC) 36.03 ±
2.7 

4.4 ± 0.3 22.7 ±
1.1 

1.4 ± 0.3 

20FA 20.9 ± 0.9 7.6 ± 0.6 30.6 ±
8.6 

2.5 ± 0.5 

30FA 14.2 ± 0.3 6.1 ± 0.09 21.9 ±
1.8 

2.8 ± 0.4 

10MK 21.9 ± 0.9 9.6 ± 0.7 23.8 ±
2.6 

3.4 ± 0.7 

20MK 9.6 ± 0.5 6.8 ± 0.4 12.7 ±
0.9 

3.5 ± 0.08 

30SC 19.6 ± 2.2 7.6 ± 0.2 27.9 ±
0.9 

2.2 ± 0.3 

40SC 10.9 ±
1.01 

7.5 ± 0.5 15.2 ±
2.8 

2.3 ± 0.3 

MKFA 9.5 ± 0.6 10.6 ± 0.8 9.4 ± 0.2 14.5 ± 1.9  
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Fig. 9. SEM micrographs of the Ev fibres on fracture surface of fibre reinforced cement mortar after 25 wet/dry cycles: (a) and (b) PC, (c) to (f) FA, (g) to (j), MK, (k) 
to (n), SC and (o) and (p), MKFA. 
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cement with fly ash, metakaolin, and scoria results in a higher degree of 
cement hydration at early ages. The acceleration periods for the neat PC, 
20FA, 30FA, 30SC, 40SC, and MKFA begin after 10 h, but the 20MK 
begins 3.5 h earlier, indicating that the C–S–H formation rate was 
accelerated. The increasing C–S–H value and improved Si/Ca ratio 
contribute to more calcium and alkali ions being bound [41,97]. MKFA, 
on the other hand, had a longer induction period than neat PC: after 10 h 
of hydration, the acceleration period begins, and the first heat flow peak 
does not appear until 23.5 h. This could be due to its large particle size 
and high water absorption, which prevents cement hydration at an early 
stage (the first 15 h), and the release of which will provide additional 
water to the unhydrated cement, resulting in cement hydration at a later 
stage [41]. The cement replacement with fly ash, metakaolin, and scoria, 
decreases the alkalinity of the cement matrix and minimizes the alkali 
hydrolysis of the natural fibres accordingly. The higher flexural strength 
after 25 wet/dry cycles compared to the reference also indicates, at least 
in part, a lower alkali attack. Other researchers found comparable re-
sults with metakaolin [91], silica fume and rice husk ash [98], diato-
maceous earth and limestone [41]. 

3.6. Ultrasonic pulse velocity 

In this experimental program also the effect of a wet/dry cycle on 
UPV was investigated. Before wet/dry cycling, the UPV value increased 
when the amount of cement was replaced by SCMs. Table 6 shows that 
the UPV of 20FA, 30FA, 10MK, 20MK, 30SC and 40SC, were higher than 
the UPV of PC, the percentage increases were 9.9, 8.1, 6.0, 4.8, 8.7, and 
2 %, respectively. All binary matrix composites containing SCMs had 
higher velocity than the reference specimen, which can be attributed to 
the more porous microstructure of the specimens containing Portland 
cement than fly ash, metakaolin, and scoria [99]. According to Wang et 
al [100], fly ash substitution increases UPV as a result of pore water 
saturation, whereas the PC mixture does not. The following are the 
reasons why the ultrasonic velocity of fly ash concrete increased as pore 
water saturation increased. Although concrete is relatively dense, its 

interior has a large number of pores. Because the pore structure of 
concrete remains constant for a given level of fly ash replacement and 
strength, the free water content in concrete increased as pore water 
saturation increased. Because sound waves propagate much faster in 
solids than in water or air, the ultrasonic velocity increased as the degree 
of saturation increased [100]. Fly ash is distinguished by its ability to 
absorb and reduce leakage due to its significant water absorption 
qualities (up to 80 %) [101]. When 20FA and 30FA are compared in 
their unaged state, the percent drop in UPV is nearly identical (Fig. 11). 
A higher FA content is responsible for a slower and sometimes negligible 
increase in UPV because of the “saturation effect” and also because FA 
has less pozzolanic activity, so it contributes less to strength develop-
ment [102]. By adding finer MK, SC, and FA to the specimens, extra 
C–S–H gel was formed which densified the specimens and reduced 
cracks and porosity [103], this increased the UPV. 

Contrarily to the binary matrix composites with relatively limited PC 
replacement, the 10MK70FA in which 80 % of the cement was 
substituted with metakaolin and fly ash showed a decrease of the UPV 
values by about 28 % compared to the reference specimen. At higher 
cement replacement levels (80 %), the UPV decreased significantly, 
indicating that the dilution effects caused by the lower cement content 
in PC-SCM blends were more significant than pozzolanicity effects from 
the SCMs themselves. Other authors also reported that pastes prepared 
with higher SCMs replacement have increased porosity [83–85]. For 
10MK70FA, the increased porosity could be attributed to the presence of 
more smooth FA particles that have not been reacted or are acting as an 
inert material that increases the packing effect and serves as a precipi-
tation nucleus for the hydration compound. Another reason for the 
decreased UPV could be the high concentration of C–S–H phases in 
10MK70FA, which causes discontinuity of the pores [104]. 

As a result of 25 wet/dry cycles, the UPV values decreased. Fibre 
dimensional changes caused by wet/dry cycling also caused fibre- 
cement debonding [59], and the wet/dry cycles caused a damaged 
matrix filled with voids, resulting in a decrease in UPV values. More 
interfaces are built as a result of debonding, and the UPV signal is further 
scattered in transmission mode [99]. Microscopic examination revealed 
that the fibres do not appear to be damaged after 25 wet/dry cycles. 
Interfacial bonding between fibres and matrix is, on the other hand, 
compromised. 

4. Conclusion 

This study investigated the use of supplementary cementitious ma-
terials as a partial replacement for cement as a means to mitigate 
degradation of cement composites reinforced with ensete fibres. Fly ash, 
metakaolin, and scoria blends were used in binary and ternary blends 
with Type I cement. Flexural tests were performed after 0 (control 
specimens) and 25 wet/dry cycles. Microstructural behaviour and 

Fig. 10. Effect of different SCMs on the hydration of Portland cement (a) Heat Flow), (b) cumulative heat flow.  

Table 6 
Effect of SCMs content on Ultrasonic Pulse velocity.  

.Composition Ultrasonic pulse velocity (m/s) 
Control 25 wet/dry cycle 

Reference (PC) 2777 ± 17 2452 ± 173 
20FA 3052 ± 63 2826 ± 59 
30FA 3001 ± 194 2794 ± 103 
10MK 2943 ± 48 2739 ± 45 
20MK 2911 ± 89 2620 ± 87 
30SC 3019 ± 139 2726 ± 185 
40SC 2829 ± 218 2653 ± 140 
MKFA 2147 ± 93 2042 ± 25  
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chemical changes were studied by scanning electron microscopy and 
thermal analysis. Measurements of UPV were performed to determine 
the effects of the wet/dry cycles. 

As concluded from the mechanical tests, unaged Ev fibre reinforced 
PC-SCMs exhibited strain hardening in the post-cracking stage as well as 
a significant increase in flexural strength compared to plain mortar 
specimens. After 25 wet/dry cycles, the specimens showed only limited 
post-cracking strain hardening. Flexural tests revealed that the PC 
composites lost their ductility and strength after 25 wet/dry cycles. The 
incorporation of SCMs in binary blends with limited replacement wt% 
(10 – 40 %) resulted in a modest increase in the durability of Ev fibre 
reinforced cement composites. 

The ternary blend of 70 % FA and 10 % MK, however, showed the 
best durability, as the measured post-cracking flexural strength and 
toughness did not reduce after 25 wet/dry cycles. Even though unaged 
control specimens of this ternary blend showed a significantly lower 
flexural strength than control PC specimens, this 10MK70FA composi-
tion proved capable to prevent degradation of the composite after 25 
wet/dry cycles. 

A microstructural study of the Ev fibre reinforcement showed that it 
undergoes a mineralization process when used in conventional Portland 
cement matrices. Ev fibres exposed to the aging process in PC–MK/FA/ 
SC composites showed no signs of fibre degradation. UPV showed 
capable to monitor the durability of natural fibre reinforced cement 
composites by assessing the material’s homogeneity in addition to its 
density, porosity, and interfacial bonding. 
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[31] G. Mármol, S.F. Santos, H.S. Jr, M.V. Borrachero, J. Monzó, J. Payá, Mechanical 
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[62] J.E.M. Ballesteros, V. dos Santos, G. Mármol, M. Frías, J. Fiorelli, Potential of the 
hornification treatment on eucalyptus and pine fibers for fiber-cement 
applications, Cellulose 24 (5) (Mar. 2017) 2275–2286, https://doi.org/10.1007/ 
s10570-017-1253-6. 

[63] D. Sedan, C. Pagnoux, A. Smith, T. Chotard, Mechanical properties of hemp fibre 
reinforced cement: Influence of the fibre/matrix interaction, J. Eur. Ceram. Soc. 
28 (1) (Aug. 2008) 183–192, https://doi.org/10.1016/j. 
jeurceramsoc.2007.05.019. 
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