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Development of cost-effective low carbon hybrid textile reinforced concrete 
for structural or repair applications 

Mohammad Alma’aitah a, Bahman Ghiassi b,* 

a Centre for Structural Engineering and Informatics, Faculty of Engineering, University of Nottingham, Nottingham NG7 2RD, United Kingdom 
b School of Engineering, University of Birmingham, Birmingham, United Kingdom   

A R T I C L E  I N F O   
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A B S T R A C T   

This paper presents a comprehensive experimental program on the development of ductile, sustainable, and low- 
cost TRC composites for structural or repair applications. For this purpose, a range of ternary and quaternary 
blended cement mixes made of Ordinary Portland Cement, Fly Ash, Limestone and Silica Fume (with 70% to 80% 
cement replacement levels) with a target compressive strength of 30 MPa and a slump of > 300 mm were 
developed. The most suitable mixes were then used for the development of AR-glass-based TRCs with and 
without the addition of 2% PP, AR-glass and PVA short fibres. The performance of the developed TRCs was 
investigated in terms of cost, sustainability, flexural behaviour, bond behaviour, drying shrinkage and 
compressive strength. The results showed that the developed TRCs show a significantly higher flexural strength 
and deformation capacity while having a lower drying shrinkage, cost and environmental impact than those 
available in the literature.   

1. Introduction 

Textile reinforced concretes (TRCs) are novel composite materials, 
from the family of strain-hardening cementitious composites (SHCC), 
which consist of continuous textiles (or grids) embedded in a cement- 
based matrix [1]. Compared to common SHCCs composed of short 
randomly distributed fibres (also referred to as Fibre Reinforced Con-
crete – FRC – or Engineered Cementitious Composites – ECC – in the 
literature), TRCs show higher tensile strength but a quasi-ductile 
behaviour [1–8]. This, together with the expected higher durability of 
TRC composites, have led to a growing interest in their application for 
the development of new thin/shell structural components or for the 
repair of existing deteriorated structures [9]. 

As a result of specific workability and compatibility requirements for 
the matrix of TRC composites, fine grade concrete is commonly used to 
produce these composites. This leads to the need for using high cement 
contents to achieve the target mechanical properties, which adversely 
affects the environmental benefits of using these composites [10,11]. 
The development of low carbon mixes without highly affecting the cost 
or mechanical performance of TRC composites is therefore highly rele-
vant and can help in further enhancement of the sustainability of the 
structural components made of these composites. 

Replacement of cement with Supplementary Cementitious Materials 
(SCMs) such as Fly Ash (FA), Limestone (LS) or Blast Furnace Slag (BFS) 
has been the subject of concrete and cement research for rapidly 
reducing the carbon emissions associated with concrete constructions. 
However, this has been mainly focused on the performance of binary, or 
to a limited extent ternary blends (this latter with low cement replace-
ment levels or low water/binder ratios [12–14]), and studies on qua-
ternary blends are still very scarce [15]. Similarly, the few existing 
studies on the use of low carbon matrices in TRC composites are limited 
to binary or ternary systems (see Section 2). To enhance the sustain-
ability of TRC matrices, low carbon quaternary blended cements with a 
target compressive strength of 30 MPa are developed and proposed in 
this study. 

A disadvantage of TRCs is that most of their deformation capacity 
and crack distribution are utilised at low load levels (after mortar 
cracking and under service loads). This leads to the development of wide 
cracks and low energy dissipation capacity at the ultimate limit state. 
Few recent studies proposed the addition of short fibres to address this 
disadvantage [1,3,16–19]. Barhum and Mechtcherine [1,3] observed 
that adding short cut Alkali Resistant (AR)-glass and carbon fibres can 
lead to the enhancement of cracking strength and tensile strength of AR- 
glass TRC composites (i.e. the textile was a grid of AR-glass). Hinzen and 
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Brameshuber [16] observed the addition of PVA and aramid short fibres 
does not have a significant influence on the first cracking strength in AR- 
glass based TRCs. Gong et al. [17] showed the addition of short fibres 
could enhance the cracking strength, tensile strength, and crack spacing 
of carbon-based TRCs. However, the results in this field are still limited, 
and further investigations are still needed to better understand the 
synergy between short fibres and textiles and their role in optimisation 
of the performance of TRC composites. 

This is also addressed in this paper by investigating the effect of the 
addition of short fibres into the concrete mixes on the physical (fresh 
properties and drying shrinkage) and mechanical (compressive strength, 
bond behaviour and flexural response) properties of the developed 
TRCs. Polypropylene (PP), polyvinyl alcohol (PVA) and alkali-resistant 
glass (AR-glass) fibres are used for this purpose. An AR-glass textile is 
used as the main reinforcement due to its specific mechanical charac-
teristics and low-cost [20]. 

2. A short review of previous low carbon SHCCs 

The use of low cement content concretes as the matrix of TRC or ECC 
composites are still at an early age. A review of mix designs made of low 
carbon blended cements, with a maximum compressive strength of 40 
MPa are presented in Table1 and Table 2. The concrete mixes are 
labelled as PCXFAY, PCXFAYLSZ, PCXFAYSFG, or CEMIIXFAY. In this 
terminology, X shows the weight fraction of ordinary Portland Cement 
(PC) or CEMII, Y shows the weight fraction of Fly Ash (FA), Z shows the 
weight fraction of Limestone (LS), and G shows the weight fraction of 
Silica Fume (SF) used as the binder in the mixes. 

It can be observed that 30% to 80% replacement of cement (CEM I or 
CEMII) with SCMs is a common practice in the development of low 
carbon mix designs. In most cases, a binary blend is considered and the 

application of ternary or quaternary blends is very scarce. FA, LS and SF 
are the most common SCMs used, water/biner (w/b) ratio of the mixes 
ranges from 0.25 to 0.3, and sand/binder (s/b) ratio of 0.36 is used in 
most cases except two studies in which an s/b ratio of 0.95 and 1.73 was 
used. 

FA is a waste of coal combustion in power plants and has an average 
particle size of 10–30 µm, similar to conventional PC, but it has a high 
proportion of spherical particles [10]. The use of high volume FA in the 
mix design can improve the workability, durability, and strain capacity 
while lowering the drying shrinkage [21–23]. An advantage of using FA 
is that it leads to the reduction of the alkalinity of the pore solution of the 
matrix, hence decreasing the risk of alkali corrosion when glass or basalt 
textiles are used [2,10,24,25]. However, an increase in the FA content 
generally delays the hydration process and therefore leads to the 
reduction of the early age compressive strength [21,23,26]. As high- 
volume FA content in concrete leads to the reduction of early-age 
strength, lower s/b ratios (and therefore high binder contents) are 
commonly used in these mixes compared to conventional mixes. Also, 
the maximum sand size is usually kept below 0.2 mm in the case of ECCs 
or 1.2 mm in the case of TRCs. This often leads to increased costs for the 
development of ECC or TRC mixes compared to conventional concrete 
mixes. SF is a highly reactive pozzolana made up of very tiny spherical 
particles with an average size of around 100 nm. It enhances the matrix 
packing density when employed in cement-based systems. It also in-
teracts with calcium hydroxide, one of the leading cement hydration 
products, causing the matrix to become denser with a higher strength, 
especially at earlier ages. This also leads to a significant increase in the 
durability, especially against chemical attacks, of the concrete [10]. The 
use of LS is known to improve the early age compressive strength while 
significantly cutting the cost of concrete production [27]; hence can be 
used as a suitable SCM to counteract the adverse effects of FA in the early 

Table 1 
Low carbon ECC mixes from literature.  

Reference Concrete mix Max. sand size [mm] s/b w/b Short fibre* Compressive strength 
[MPa] 

Sahmaran et al. [28] PC20FA80  0.20  0.36  0.27 2% PVA (8 mm) 37 
PC20FA80  1.19  0.36  0.27 2% PVA (8 mm) 34 
PC20FA80  2.38  0.36  0.27 2% PVA (8 mm) 31 

Şahmaran et al. [29] PC31FA69  0.40  0.36  0.30 2% PVA (8 mm) 39 
PC31FA69  0.40  0.36  0.30 2% PVA (8 mm) 41 
PC31FA69  0.40  0.36  0.30 2% PVA (8 mm) 39 
PC31FA69  0.40  0.36  0.30 2% PVA (8 mm) 38 
PC31FA69  0.40  0.36  0.30 2% PVA (8 mm) 42 
PC31FA69  0.40  0.36  0.30 2% PVA (8 mm) 40 

Zhang et al. [21] PC32FA68  0.25  0.36  0.25 2% PVA* 36 
PC20FA80  0.25  0.36  0.25 2% PVA* 24 

Pakravan et al. [30] PC45FA55  0.20  0.36  0.26 1.2% PVA (8 mm) 40 
PC45FA55  0.20  0.36  0.26 2% PVA (8 mm) 40 

Zhu et al. [31] PC20FA80  0.15  0.36  0.25 2% PVA (8 mm) 40 
Siad et al. [27] PC28FA62LS10  0.40  0.36  0.27 2% PVA** 38 

PC25FA55LS20  0.40  0.36  0.27 2% PVA** 36 
Pan et al. [32] CEMII35FA65  0.30  0.36  0.30 2% PVA (12 mm) 34 

CEMII29FA71  0.30  0.36  0.30 2% PVA (12 mm) 28 
CEMII25FA75  0.30  0.36  0.30 2% PVA (12 mm) 20 

Jin et al. [33] CEMII27FA73  0.30  0.36  0.25 2% PVA (12 mm) 41 
CEMII24FA76  0.30  0.36  0.25 2% PVA (12 mm) 40 
CEMII22FA78  0.30  0.36  0.25 2% PVA (12 mm) 39 
CEMII20FA80  0.30  0.36  0.25 2% PVA (12 mm) 37 

Victor L. et al. [23] PC33FA67  0.25  0.36  0.26 2% PVA (8 mm) 34 
PC29FA71  0.25  0.36  0.26 2% PVA (8 mm) 38 
PC27FA73  0.25  0.36  0.26 2% PVA (8 mm) 35 
PC24FA76  0.25  0.36  0.26 2% PVA (8 mm) 27 
PC22FA78  0.25  0.36  0.26 2% PVA (8 mm) 24 
PC15FA85  0.25  0.36  0.26 2% PVA (8 mm) 21 

Mustafa and Li [34] PC31FA69  0.20  0.36  0.27 2% PVA (8 mm) 36 
Yu et al. [35] PC19FA81  0.25  0.36  0.26 2% PVA (12 mm) 16 
Yu et al. [26] PC18FA80SF2  0.21  0.2  0.30 2% PVA (12 mm) 23 

* length of short fibres is presented in parentheses. 
** length of short fibres used are not mentioned in the paper. 
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age strength. 

3. Experimental methods and procedures 

The experimental plan consisted of developing a range of low carbon 
mixes from quaternary blended cements with a target compressive 
strength of 30 MPa (28 days) and workability of > 300 mm. Three best 
mixes were then selected to investigate the drying shrinkage, textile-to- 
concrete bond behaviour and flexural performance of TRC plates made 
of AR-glass and the developed mixes. The role of the addition of 2% by 
volume fraction of AR-glass, PVA and PP short fibres on these parame-
ters was also investigated. A systematic cost and sustainability analysis 
was followed to identify the most suitable combinations and was used in 
combination with the flexural test results to compare the performance of 
the developed TRCs with those available in the literature. 

3.1. Materials characterisation 

3.1.1. Concrete mixes 
Aiming at developing low carbon low-cost ternary and quaternary 

blended concrete mixes with a 28-day compressive strength of 30 MPa 
and a suitable workability (>300 mm), a total of 36 different mix pro-
portions were designed, see Table3. These included 11 different ternary 
and quaternary blended cement binders, consisting of FA, SF and LS and 
PC (with PC replacement levels of 70%, 75% and 80%, by weight, the 
cement replacement levels can be calculated as 1 – the value presented 
in column 2 of Table3, different sand sizes (0.0–0.6 mm, 0.0–1.0 mm, 
0.0–2.0 mm, 0.0–8.0 mm), w/b ratios of 0.3 and 0.4, and s/b ratios of 
0.5, 1.0 and 1.88. The FA content changed from 40% to 78%, the SF 
content varied between 0% and 5%, and the LS content ranged from 0% 
to 25% of the total binder ratio. The FA (CEMEX) used in this investi-
gation was (450-N) with a fineness category of N and a loss on ignition 

Table 2 
Low carbon TRC mixes from literature.  

Reference Concrete mix Max. sand size [mm] s/b w/b Short fibre Textile Compressive strength 
[MPa] 

Halvaei M. et al [36] PC45FA55  0.21  0.36  0.25 – Carbon 40 
Halvaei M. et al [18] PC45FA55  0.21  0.36  0.25 0.5% Carbon (8 mm) Carbon 40 

PC45FA55  0.21  0.36  0.25 1% Carbon (8 mm) Carbon 40 
Deng et al [37] PC20FA65P15*  1.18  0.36  0.32 2% PVA (8 mm) Carbon 31 
Barhum and Mechtcherine [1] CEMII63FA27SF10  1.00  0.95  0.30 – Glass 36 
Peled A. et al [2] CEM III B70FA25SF5  0.60  1.73  0.40 – Glass 35 

*Mineral powder. 

Table 3 
Concrete mixes.  

Concrete mix PC [%] FA [%] SF [%] LS [%] s/b Sand size 
[mm] 

w/b Sand [kg/m3] Total binder content 
[kg/m3] 

Super 
plasticizer 
[%*] 

M2 [1.88–2-0.40] 20 78 2 –  1.88 0–2  0.40 1206 640  0.60% 
M3 [1.88–2-0.40] 20 75 5 –  1.88 0–2  0.40 1206 640  0.60% 
M4 [1.88–2-0.40] 20 60 – 20  1.88 0–2  0.40 1206 640  0.60% 
M5 [1.88–2-0.40] 20 58 2 20  1.88 0–2  0.40 1206 640  0.60% 
M6 [1.88–2-0.40] 20 63 2 15  1.88 0–2  0.40 1206 640  0.60% 
M7 [1.88–2-0.40] 20 68 2 10  1.88 0–2  0.40 1206 640  0.60% 
M5 [1.88–8-0.40] 20 58 2 20  1.88 0–8  0.40 1206 640  0.90% 
M5 [1.88–8-0.30] 20 58 2 20  1.88 0–8  0.30 1206 640  0.90% 
M5 [1.00–8-0.30] 20 58 2 20  1.00 0–8  0.30 910 910  0.50% 
M5 [0.50–8-0.30] 20 58 2 20  0.50 0–8  0.30 575 1150  0.90% 
M5 [1.88–2-0.30] 20 58 2 20  1.88 0–2  0.30 1206 640  1.88% 
M5 [1.00–2-0.30] 20 58 2 20  1.00 0–2  0.30 910 910  0.90% 
M5 [0.50–2-0.30] 20 58 2 20  0.50 0–2  0.30 575 1150  0.90% 
M5 [1.88–1-0.30] 20 58 2 20  1.88 0–1  0.30 1206 640  1.88% 
M5 [1.00–1-0.30] 20 58 2 20  1.00 0–1  0.30 910 910  0.90% 
M5 [0.50–1-0.30] 20 58 2 20  0.50 0–1  0.30 575 1150  0.50% 
M5 [1.88–0.6–0.30] 20 58 2 20  1.88 0–0.6  0.30 1206 640  2.00% 
M5 [1.00–0.6–0.30] 20 58 2 20  1.00 0–0.6  0.30 910 910  0.90% 
M5 [0.50–0.6–0.30] 20 58 2 20  0.50 0–0.6  0.30 575 1150  0.50% 
M8 [1.88–2-0.30] 25 55 5 15  1.88 0–2  0.30 1206 640  1.50% 
M8 [1.00–8-0.30] 25 55 5 15  1.00 0–8  0.30 910 910  0.90% 
M8 [0.50–8-0.30] 25 55 5 15  0.50 0–8  0.30 575 1150  0.90% 
M8 [1.00–2-0.30] 25 55 5 15  1.00 0–2  0.30 910 910  0.90% 
M8 [0.50–2-0.30] 25 55 5 15  0.50 0–2  0.30 575 1150  0.90% 
M9 [1.00–8-0.30] 30 50 5 15  1.00 0–8  0.30 910 910  0.90% 
M9 [0.50–8-0.30] 30 50 5 15  0.50 0–8  0.30 575 1150  0.90% 
M9 [1.00–2-0.30] 30 50 5 15  1.00 0–2  0.30 910 910  0.90% 
M9 [0.50–2-0.30] 30 50 5 15  0.50 0–2  0.30 575 1150  0.50% 
M10 [1.00–8-0.30] 30 40 5 25  1.00 0–8  0.30 910 910  0.90% 
M10 [0.50–8-0.30] 30 40 5 25  0.50 0–8  0.30 575 1150  0.50% 
M10 [1.00–2-0.30] 30 40 5 25  1.00 0–2  0.30 910 910  0.90% 
M10 [0.50–2-0.30] 30 40 5 25  0.50 0–2  0.30 575 1150  0.50% 
M11 [1.00–8-0.30] 30 60 5 5  1.00 0–8  0.30 910 910  0.90% 
M11 [0.50–8-0.30] 30 60 5 5  0.50 0–8  0.30 575 1150  0.50% 
M11 [1.00–2-0.30] 30 60 5 5  1.00 0–2  0.30 910 910  0.90% 
M11 [0.50–2-0.30] 30 60 5 5  0.50 0–2  0.30 575 1150  0.50% 

*By mass of binder content. 
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category of B, the PC was Ordinary Portland Cement type I, the SF was a 
dry silica fume powder (Elkem Microsilica 920), and the LS was a high 
purity calcium carbonate powder (Longcliff). The particle size distri-
bution of PC, FA, SF, LS, and sand are shown in Fig. 1. The chemical 
compositions provided by the manufacturers are also listed in Table 4. 
To achieve sufficient workability, the amount of superplasticiser, Sika 
ViscoCrete 20RM, was slightly changed in different mixes from 0.5% to 
2% mass of the total binder content. 

To facilitate the discussions and comparisons, the mixes are labelled 
as MI, where MI is the mix number, followed by a code representing the 
mix design parameters as [Y-Z-K], where Y is the s/b ratio, Z is the 
maximum aggregate size in mm and K is the w/b ratio. Where the 
composition of the binder was important, the mixes are labelled as 
(PCXFAYSFMLSZ), where X is the weight fraction of the PC, Y is the 
weight fraction of the FA, M is the weight fraction of SF, and Z is the 
weight fraction of the LS with respect to the total weight of the binder. 
Between different mixes with different numbers, i.e. MIs, the binder 
composition (M2-M11) and the role of mix design parameters (M5, M8- 
M11) are changed. 

3.1.2. Textile reinforcement 
The textile used in this investigation was a bidirectional textile made 

of AR-glass rovings (Mapegrid G220) with a mesh spacing of 25 mm ×
25 mm. The properties of the textile are presented in Table 5 according 
to the technical datasheets provided by the manufacturer. The experi-
mental results performed by the same group and on the same textile 
showed an average tensile strength, Young’s modulus, and rupture 
strain of 875 MPa (CoV = 13%), 65.94 GPa (CoV = 5%), and 1.77% 
(CoV = 10%), respectively, in the warp direction, and 685 MPa (9%), 
69.87 GPa (4%), and 1.45% (11%), respectively, in the weft direction 
[38]. 

3.1.3. Short fibres 
The geometrical and mechanical properties of short AR-glass, PVA 

and PP fibres, provided in the technical datasheets of the manufacturers, 
are presented in Table 6. The volume fraction of the fibres was 2% in the 
mixtures. 

3.2. Mix preparation and specimen’s curing 

All solid ingredients, including PC, FA, SF, LS and sand, were mixed 
for 2 min. After that, half of the water and superplasticiser were added to 
the dry mixture and mixed for another 2 min. The rest of the water and 
superplasticiser were then added, and the mixing continued for another 
2 min. Once the freshly mixed mortar achieved a uniform consistency, 
short fibres were added to the mixture (only in mixes with short fibres) 

followed by another 2 min of mixing. The compressive, drying 
shrinkage, pull-out and flexural test specimens were kept in the moulds 
and covered with a plastic sheet for 24 h. After that, the specimens were 
demoulded and stored in water for seven days. Subsequently, the spec-
imens were stored in the laboratory environment under controlled 
temperature (T = 20 ◦C) and relative humidity (R.H. = 55 ± 5%) until 
the testing day. 

3.3. Workability 

Mini-slump tests were conducted, on three identical samples for each 
mix, to measure the consistency and workability of the developed mixes. 
The tests were conducted using a mini-slump cone with a top diameter of 
70 mm, a bottom diameter of 100 mm, and a height of 60 mm, as shown 
in Fig. 2. The spread of the mortar after removal of the cone was 
measured as the average of the diameters measured along two diagonals 
once the flow stopped [28,39,40]. 

3.4. Concrete compressive strength 

Compressive tests were performed on concrete cubes according to BS 
EN 12390-3: 2019 [41]. Three cubes of 50 × 50 × 50 mm3 were pre-
pared and tested for each mixture. The tests were performed under 
force-controlled conditions at a rate of 1.5 kN/s and at 7, 28 and 60 days 
after casting. 

3.5. Drying shrinkage 

These tests included investigating the role of the matrix, the short 
fibres addition to the mixes, and reinforcement with textile on the drying 
shrinkage of the matrix. The tests were only performed on mixes M9, 
M10 and M11 (selected as the best mixes, see Section 4.1.1) with and 
without 2% volume fraction of AR-glass, PVA or PP short fibres resulting 
in a total of 12 combinations of matrices. The specimens were prepared 
with the dimensions of 280 × 75 × 20 ± 2 mm3 from these mixes with 
and without a single layer of AR-glass grid (placed in the middle of the 
specimens). The thickness of the specimens was selected in accordance 
with the flexural test specimens to better understand the shrinkage of 
the developed TRCs and mixes under actual geometrical details. The 
specimens’ preparation and curing methods were based on the BS ISO 
1920-8 [42]. The changes in the length of the samples were periodically 
measured using the test setup shown in Fig. 3. 

3.6. Pull-out tests 

These tests were conducted to investigate the role of mix design and 
short fibre addition on the single roving-to-concrete bond behaviour. A 
pull-pull test setup, as proposed in [43], was developed and used for this 
purpose, see Fig. 4, in which the specimens are gripped from the bottom, 
and the roving is pulled from the top, resembling a tensile test setup. The Fig. 1. Particle size distribution of PC, FA, SF, LS and sand.  

Table 4 
Chemical composition of PC, FA, SF and LS.  

Chemical composition, %  PC FA SF LS 

Cl- %  0.05  0.01  0.30  – 
SO3 %  3.34  0.65  2.00  – 
CaO %  64.72  4.63  1.00  – 
SiO2, Al2O3, Fe2O3 %  27.34  82.55  –  – 
Na2O %  0.23  2.52  –  – 
MgO %  1.09  1.85  –  – 
PO₄3− %  –  0.39  –  – 
K2O %  0.63  –  –  – 
SiO2 %  –  –  85.00  – 
Si %  –  –  0.40  – 
CaCO3 %  –  –  –  98.25 
Others %  –  –  –  1.75 
Loss on ignition %  3.40  5.18  4.00  43.60  
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specimens were prepared by embedding a single AR-glass roving, taken 
from the textile grids along the wrap direction, in mixes M9, M10 and 
M11 with and without short AR-glass, PP and PVA fibres (resulting in a 
total of 12 different matrix combinations). Three specimens were pre-
pared and tested for each combination resulting in a total of 36 
specimens. 

The embedded length of the roving inside concrete was 30 mm. The 
dimensions of the bottom part of the specimens were 250 × 80 × 20 
mm3. From the total 250 mm length of the bottom part, 80 mm was in 
the clamping area. To avoid failure and cracking of the concrete in this 
area, an additional layer of textile was placed over a length of 100 mm of 
the samples, as shown Fig. 4. From the top, the roving was embedded in 
a mortar prism of 200 × 19 × 19 mm3 to facilitate gripping during the 
tests. The tests were carried out at the age of 60 days using an Instron 
tensile testing machine controlled by crosshead displacement at a 1 mm/ 
min rate. Two LVDTs were positioned on both sides of the specimens to 
record the slip, as shown in Fig. 4. 

3.7. Four-point bending tests 

Six specimens with dimensions of 410 × 90 × 20 mm3 were prepared 
from each matrix combination and tested under a four-point bending 
configuration, as shown in Fig. 5. The samples were, again, prepared 
from mixes M9, M10 and M11 with and without short fibres (12 com-
binations) reinforced with two layers of the AR-glass textile placed at 7 
mm and 14 mm from the bottom of the samples. The number of textile 
layers was chosen to ensure achieving strain hardening response in the 
developed TRCs. 

The lamination method was followed for the preparation of these 

Table 5 
Properties of AR-glass textiles.  

Table 6 
Properties of short fibres.  

Type of short fibres Length of fibres 
[mm] 

Diameter 
[μm] 

Density 
[g/cm3] 

Tensile strength 
[MPa] 

Young’s modulus 
[GPa] 

Volume 
[%] 

Weight 
[kg/m3] 

AR-glass 12 20  2.68 1000–1700 72.0 2%  53.6 
PVA 8 38  1.30 1600 40.0 2%  26.0 
PP 12 32 ± 1.6  0.91 400–500 2.7–9.0 2%  18.2  

Fig. 2. Mini-slump test.  

Fig. 3. Drying shrinkage test setup.  
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specimens, i.e., the fresh concrete was poured on the bottom 7 mm of the 
mould. After that, the first layer of the textile reinforcement was placed 
on top of the freshly laid concrete, with the wrap direction placed along 
the longitudinal direction of the specimens, then gently pushed in and 
smoothed. This was followed by the application of a second 7 mm layer 
of concrete. The second layer of the textile was then placed on top of 
that, which was again covered with another layer of concrete. The 
moulds were covered with plastic sheets for 24 h to prevent moisture 
loss. The specimens were demoulded after 24 h and then stored in water 
for 7 days. Subsequently, the specimens were stored in a climate- 
controlled room at 22 ± 2 ◦C and RH of 55 ± 5% until the testing day. 

The tests were carried out at the age of 60 days using an Instron 
testing machine controlled by crosshead displacement at a rate of 1 mm/ 
min. The applied load was measured using the internal load cell of the 
testing machine, and the vertical displacement of the specimens at mid- 
span was recorded using a video extensometer [44]. 

4. Results and discussion 

4.1. Concrete mix development 

4.1.1. Workability and strength 
The initial selection of the mixes was performed based on the average 

slump and 7-day (7 d) compressive strength values, see Table 7. The 
Coefficient of Variations (CoVs) of the compressive strength test results, 
also presented in the table, is acceptable (between 1.1% and 20.0%). 

It can be observed that the addition of SF in the ternary mixes from 
2% to 5% (in mixes M2 [1.88–2-0.40] and M3 [1.88–2-0.40]) led to the 
increment of the compressive strength and decrement of the 

workability. A similar effect is also observed in the quaternary mixes 
when SF increased from 0% to 2% (in mixes M4 [1.88–2-0.40] and M5 
[1.88–2-0.40]). Also, the addition of LS, e.g. in mixes M2 [1.88–2-0.40], 
M7 [1.88–2-0.40], M6 [1.88–2-0.40] and M5 [1.88–2-0.40] from 0% to 
20%, led to a slight increment of the compressive strength from 4.93 
MPa to 6.13 MPa, 5.73 MPa and 6.37 MPa, respectively. On the other 
hand, increasing the LS (and hence reduction of the FA) in these mixes 
(M2 < M7 < M6 < M5) led to the reduction of the workability from 310 
mm to 245 mm due to increment of the specific surface area of the 
powdered material [45]. 

As the compressive strength of these initial mixes, M2 [1.88–2-0.40] 
to M7 [1.88–2-0.40], were in the range of 4 MPa to 6.37 MPa, the w/b 
ratio was reduced from 0.4 to 0.3 in the mix with the best mechanical 
performance (mix M5 [1.88–2-0.40] >>> M5 [1.88–2-0.30]). Decre-
ment of the w/b had a significant influence on the compressive strength 
(increased 60%) and workability (decreased 60%) of the mixes, as ex-
pected [31]. The decrement of the s/b ratio always led to a significant 
increment in workability. This increment, however, was higher in mixes 
with larger aggregate sizes (e.g. in mixes M5 with an aggregate size of 
0–2 mm, the mini-slump flow increased from 100 mm to 260 mm and 
320 mm with the decrement of s/b from 1.88 to 1.00 and 0.5 (i.e. M5 
[1.88–2-0.30], M5 [1.00–2-0.30] and M5 [0.50–2-0.30]), whereas it 
increased from 100 mm to 230 mm and 285 mm in mixes with an 
aggregate size of 0–1 mm (i.e. M5 [1.88–1-0.30], M5 [1.00–1-0.30] and 
M5 [0.50–1-0.30])). Meanwhile, decrement of the s/b ratio led to the 
increment of the compressive strength of mixes with a sand size of 0–0.6 
mm (M5 [1.88–0.6–0.30], M5 [1.00–0.6–0.30] & M5 [0.50–0.6–0.30]) 
and 0–1 mm (M5 [1.88–1-0.30], M5 [1.00–1-0.30] & M5 [0.50–1- 
0.30]), but did not show a significant influence on the compressive 

Fig. 4. Pull-out test setup.  

Fig. 5. Four-point bending test (dimensions in mm).  
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strength of mixes with a sand size of 0–2 mm (M5 [1.88–2-0.30], M5 
[1.00–2-0.30] & M5 [0.50–2-0.30]). This observation confirms the 
importance of decreasing the s/b ratios in mixes with extremely small 
aggregate sizes (<1 mm) to achieve the target compressive strengths (as 
commonly followed in the literature in ECC or TRC mixes, see Table 11). 

Decreasing the aggregate sizes led to a slight decrement of the 
compressive strength and the slump but a significant increment of the 
price in the mixes considered here. For example, the compressive 
strength of mixes M5 [0.5–8-0.3], M5 [0.5–2-0.3] and M5 [0.5–1-0.3] 
were 12.72 MPa, 10.89 MPa, 10.06 MPa and 10 MPa, respectively. 
Whereas the price of sand with a size of 0–1 mm is five times higher than 
that of 0–2 mm, see Table 12. For this reason, it was decided to keep the 
sand sizes to 0–2 mm and 0–8 mm in the next mixes. 

Having achieved a maximum compressive strength of 13.61 MPa in 
these mixes, it was decided to decrease the amount of cement replace-
ment level from 75% and 70% in mixes M8 to M11. Here the SF was kept 
constant at 5%, and the investigation was focused on the role of LS 
content (from 5% to 25%), s/b ratio (1.88, 1.00 and 0.5) and sand size 
(0.2 mm and 0–8 mm). It can be observed that mixes M9 [0.50–2-0.30] 
(PC30FA50SF5LS15), M10 [0.50–2-0.30] (PC30FA40SF5LS25) and 
M11 [0.50–2-0.30] (PC30FA60SF5LS5), have the highest 7 d compres-
sive strength (19.35 MPa, 15.65 MPa, 18.26 MPa, respectively) and 
slump values (370 mm, 360 mm, 360 mm, respectively), and therefore 
were selected as the best mixes for the development of low carbon TRC 
composites in the next sections (s/b = 0.5, sand size of 0–2 mm, and w/c 
= 0.3). It seems that the increment of LS from 5 to 15% leads to an 
increment of the compressive strength from 18.26 MPa to 19.35 MPa, 
but further increasing this value to 25% leads to a decrement of the 
compressive strength to 15.65 MPa. This shows that the optimum 

amount of LS in the mixes falls in the range of < 25% and > 5%, which 
can be better investigated in future studies. 

The 28 days [28 d] and 60 days [60 d] strength and slump of these 
selected mixes are also presented in Table 8. The tests were performed 
on the mixes without and with short fibres (2% volume fraction of PP, 
PVA or AR-glass) to also investigate the role of short fibre addition on 
the compressive strength. 

It can be observed that the compressive strength of mixes M9 
(PC30FA50SF5LS15), M10 (PC30FA40SF5LS25), and M11 
(PC30FA60SF5LS5) are 37 MPa, 34 MPa and 30 MPa, respectively, at 28 
d and 40 MPa, 36 MPa and 33 MPa, at 60 d. Again, mixes with 15% LS 
show the highest compressive strength values, confirming the observa-
tions made at 7 d (i.e. the optimum falls in the range of 5% and 25%). 
The results show that the mixes have achieved the target compressive 
strength of 30 MPa at 28 d. It can also be observed that the 60 d test 
results are slightly higher than those of 28 d, although the observed 
differences are in the range of 1 standard deviation. 

As expected, adding short fibres reduces the workability (from 360 
~ 370 mm to 120 ~ 200 mm). This reduction, however, is dependent on 
the type of fibre (i.e. the mixes reinforced with short AR-glass fibres 
show the highest workability, followed by the mixes reinforced with 
PVA and PP fibres). On the other hand, the addition of short fibres led to 
a slight reduction of the compressive strength in mixes M9 and M10, but 
not in mix M11. 

4.2. Drying shrinkage 

The drying shrinkage of the concrete mixes M9, M10 and M11 
without any reinforcement is shown in Fig. 6. It can be clearly seen that 
the drying shrinkage of samples made of mix M10 (PC30FA40SF5LS25) 
is the lowest, followed by M11 (PC30FA60SF5LS5) and M9 
(PC30FA50SF5LS15). These values are 357 (µm/m), 392 (µm/m) and 
482 (µm/m), at 60 days, respectively. 

This observation, which requires further investigations in future 
studies, is the result of complex interactions between LS and FA. As the 
amount of FA increases in the mix design, the density of the matrix in-
creases, thus limiting internal moisture evaporation and shrinkage [46]. 
Also, FA particles that have not been hydrated serve as fine aggregates 
and prevent shrinkage deformation. On the other hand, increasing the 
LS will lead to a reduction in shrinkage because these act as fillers be-
tween cement particles [45,47]. In these mixes, it seems that the com-
bination of 25% of LS and 40% of FA has led to the least total shrinkage. 
Meanwhile, the mix with 15% LS (M9) has the highest total shrinkage, 
which is in line with the observations made on the compressive strength 
of the mixes (mix M9 showed the highest mechanical properties; hence a 
higher hydration degree is achieved). 

The high amount of binder content and the absence of coarse 

Table 7 
Slump and compressive strength of concrete mixes.  

Concrete mix Slump 
[mm] 

7 d compressive strength 

Mean 
[MPa] 

CoV 
[%] 

M2 [1.88–2-0.40] 310  4.93  10.0 
M3 [1.88–2-0.40] 245  6.17  13.3 
M4 [1.88–2-0.40] 310  4.00  13.2 
M5 [1.88–2-0.40] 245  6.37  9.3 
M6 [1.88–2-0.40] 260  5.73  13.5 
M7 [1.88–2-0.40] 190  6.13  2.1 
M5 [1.88–8-0.40] 220  6.21  6.8 
M5 [1.88–8-0.30] 100  9.77  7.3 
M5 [1.00–8-0.30] 280  13.61  1.5 
M5 [0.50–8-0.30] 330  12.72  4.9 
M5 [1.88–2-0.30] 100  10.40  1.2 
M5 [1.00–2-0.30] 260  10.35  19.1 
M5 [0.50–2-0.30] 320  10.89  7.2 
M5 [1.88–1-0.30] 100  6.13  20.0 
M5 [1.00–1-0.30] 230  11.31  4.6 
M5 [0.50–1-0.30] 285  10.06  1.1 
M5 [1.88–0.6–0.30] 100  5.20  3.7 
M5 [1.00–0.6–0.30] 240  9.81  5.7 
M5 [0.50–0.6–0.30] 295  10.00  2.2 
M8 [1.88–2-0.30] 100  11.54  15.9 
M8 [1.00–8-0.30] 220  11.95  18.2 
M8 [0.50–8-0.30] 290  13.87  7.1 
M8 [1.00–2-0.30] 235  12.19  3.2 
M8 [0.50–2-0.30] 330  14.60  3.8 
M9 [1.00–8-0.30] 280  16.72  3.2 
M9 [0.50–8-0.30] 330  17.30  5.5 
M9 [1.00–2-0.30] 260  17.80  4.2 
M9 [0.50–2-0.30] 370  19.35  0.8 
M10 [1.00–8-0.30] 240  13.46  4.0 
M10 [0.50–8-0.30] 350  14.79  8.8 
M10 [1.00–2-0.30] 230  13.13  8.0 
M10 [0.50–2-0.30] 360  15.65  2.6 
M11 [1.00–8-0.30] 290  13.31  11.6 
M11 [0.50–8-0.30] 330  17.49  3.8 
M11 [1.00–2-0.30] 310  15.6  2.7 
M11 [0.50–2-0.30] 360  18.26  3.6  

Table 8 
Compressive strength for concrete mixes.  

Concrete 
mix 

Short 
fibre 
type 

Short 
fibre 
[%] 

Slump 
[mm] 

28 
d compressive 
strength 

60 
d compressive 
strength 

Mean 
[MPa] 

CoV 
[%] 

Mean 
[MPa] 

CoV 
[%] 

M9 –  – 370 37  1.46 40  1.86 
PP  2.00% 125 31  10.79 33  10.74 
Glass  2.00% 200 26  10.48 31  8.72 
PVA  2.00% 180 30  2.44 32  8.34 

M10 –  – 360 34  7.31 36  5.11 
PP  2.00% 120 26  6.01 30  8.34 
Glass  2.00% 170 29  9.30 33  3.62 
PVA  2.00% 160 27  2.10 31  15.07 

M11 –  – 360 30  4.62 33  8.92 
PP  2.00% 130 30  6.12 33  7.62 
Glass  2.00% 165 31  3.60 32  10.10 
PVA  2.00% 160 29  4.83 32  16.16  
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aggregates in the mix design of SHCCs (ECC or TRC) leads to a higher 
shrinkage in those mixes compared to conventional concrete mixes 
[23,48]. This problem can be addressed by the replacement of cement 
with FA, as explained before [23,28,46,48]. As an example, Yang E. et al. 
(2007) [23] reported a reduction of the drying shrinkage of ECC bars, 
with dimensions of 285 × 25 × 25 mm3 from 1800 µm/m to 900 µm/m 
when the FA content was increased from 55% to 85% of the total binder 
content. The mixes proposed in this study, M9, M10 and M11, present 
significantly lower shrinkage values even at 40% to 60% FA additions 
(maximum of 500 µm/m). This can be attributed to the role of larger size 
aggregates [28] (0–2 mm sand size) and the addition of LS [49] in the 
quaternary cement blends used in this study. 

Fig. 7 presents the effect of adding textile reinforcement (only one 
layer is considered here) and short fibres on the drying shrinkage of the 
specimens prepared with different mixes. There is a clear reduction of 
the shrinkage with the addition of short fibres to the mixes, as expected. 
This reduction, however, is dependent on the type and properties of the 
added short fibres and on the mix design. PP fibres, having the lowest 
modulus of elasticity, introduce the lowest impact on reducing the 
shrinkage strain (followed by PVA and AR-glass). The addition of short 
fibres has the highest impact on the reduction of shrinkage of mix M9, 
which had the highest shrinkage itself among other mixes (see Fig. 6). 
The effect of the addition of a single layer of textile on the total 
shrinkage is not conclusive and requires further investigations in future 
studies. 

4.3. Single roving pull-out test results 

The average force-slip curves of the specimens, the peak load and its 
corresponding slip, and the toughness or absorbed energy, defined as the 
area under the force-slip curve until the peak load, are presented in 
Fig. 8 and Table 9. The failure mode of the specimens was always roving 
slippage followed by tensile rupture of the roving in a few cases (this can 
be observed in the sudden drops of the force in the force-slip curves), 
Fig. 8b. It can be observed that the CoVs of the pull-out loads for the 
samples without short fibre reinforcement are very low (~5%) and 
slightly higher in those made of mixes with short fibres (<15%, despite 
M11 + short AR-glass specimens), but still in an acceptable range. The 
CoVs of the slip corresponding to the peak loads are higher, but this is 
generally expected in these tests [50]. 

Mix M9 (PC30FA50SF5LS15) generates the highest bond perfor-
mance with the glass roving. The peak pull-out load and toughness of the 
samples prepared with this mix are (825 N, 1706 N.mm) compared to 
(648 N, 882 N.mm) in M10 (PC30FA40SF5LS25) and (631 N, 1391 N. 
mm) in M11 (PC30FA60SF5LS5) specimens. This is also in line with 
the observations made on the compressive strength of the mixes (M9 >
M10 > 11). Also, the higher shrinkage observed in specimens prepared 

with the mix M9 (Fig. 6) leads to higher confinement of the specimens 
and the development of higher bond strength. 

The addition of short fibres to the M9 specimens leads to a reduction 
of the peak pull-out load and toughness of the specimens. This value in 
specimens made of M9 (PC30FA50SF5LS15) without short fibres is 
approximately 32% higher than that of those made of M9 with short 
fibres (PuM9 = 825 N, PuM9-PP = 626 N, PuM9-glass = 553 N, PuM9-PVA =

605 N). In all cases, the failure mode changed from tensile rupture to 
roving slippage, probably because the presence of short fibres at the 
roving-to-concrete interface led to a reduction of the effective bond 
length. The bond stiffness is also reduced, after the addition of short 
fibres, with no specific difference between different fibres (Fig. 8b). 

In M10 specimens, the addition of short AR-glass fibres did not lead 
to a significant change in the peak load (648 N vs 667 N, the difference is 
smaller than the standard deviation of the results) or the bond stiffness 
and failure mode. However, similar to mix M9, the addition of PP and 
PVA fibres to the matrix led to a reduction of the peak pull-out load and 
bond stiffness. The failure mode also changed to roving slippage; hence a 
larger toughness is observed. 

In M11 specimens, again, the addition of short AR-glass fibres did not 
change the failure mode (roving rupture) or the peak load and toughness 

Fig. 6. Drying shrinkage of mixes M9, M10 and M11 without any 
reinforcement. 

Fig. 7. Drying shrinkage of samples made of mix (a) M9; (b) M10; (c) M11 with 
and without short fibres and/or a single layer of AR-glass textile. 
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(considering the CoVs of the results). The addition of short PP and PVA 
fibres led to a slight decrement in the peak load. This reduction can be 
attributed to the weak chemical bond formed with the matrix, especially 
with high content of FA [51]. 

4.4. Flexural behaviour 

The individual experimental load-deflection curves of the specimens 
are averaged for the purpose of comparisons between different mixes, 
and the results are presented in Fig. 9. The average first concrete 
cracking strength, ultimate flexural strength, deflection capacity and 
toughness of the specimens are also calculated and presented in 

Table 10. It should be noted that the failure mode of all the tested 
specimens was tensile rupture of AR-glass textile and the ultimate flex-
ural strength of the samples is calculated from the recorded peak load 
resisted by the samples, whereas the ultimate deflection capacity cor-
responds to the ultimate deflection of the specimens before failure. The 
toughness is calculated as the area below the force-displacement curve 
and until a deflection of 10 mm to allow consistent comparisons between 
different specimens. 

Among the TRC samples without any short fibres, i.e. those only 
reinforced with two layers of AR-glass textile and made of mixes M9 
(PC30FA50SF5LS15), M10 (PC30FA40SF5LS25) and M11 
(PC30FA60SF5LS5), the cracking strength, σcr, is not statistically 

Fig. 8. Single roving-to-concrete pull-out test results (a) typical failure modes and average load-slip curves obtained from samples made of mix (b) M9; (c) M10 and 
(d) M11 with and without short fibres. 

Table 9 
Summary of the single roving-to-concrete pull-out test results.  

Matrix Short fibre Slip at peak load Peak load/per fibre Toughness 

Mean 
[mm] 

CoV 
[%] 

Mean 
[N] 

CoV 
[%] 

Mean 
[N.mm] 

CoV 
[%] 

M9 –  3.03  18.02 825  5.03 1706  21.47 
(PC30FA50SF5LS15) PP  2.58  26.05 626  5.55 1191  20.05  

AR-Glass  2.29  24.40 554  15.72 996  37.61  
PVA  2.32  20.39 606  3.77 1034  19.59 

M10 –  1.97  19.72 648  5.29 883  24.86 
(PC30FA40SF5LS25) PP  3.27  17.49 596  5.16 1349  20.23  

AR-Glass  2.03  16.03 667  15.67 956  21.07  
PVA  2.70  27.09 591  7.38 1142  13.65 

M11 –  2.99  18.30 631  11.39 1391  20.16 
(PC30FA60SF5LS5) PP  4.35  20.78 614  16.55 1959  33.00  

AR-Glass  2.60  60.73 737  32.08 1291  64.74  
PVA  2.84  36.69 611  10.43 1275  36.91  
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different between mixes (σcr-M10 > σcr-M9 > σcr-M11 but the differences 
are less than a standard deviation of the results), while the ultimate 
flexural strength, σfu, (or load) and deflection capacity are the highest in 
the samples made of mix M11 (PC30FA60SF5LS5) (σfu-M11 > σfu-M9 >

σfu-M10). The toughness and the number of macro cracks (those with a 
width of > 0.5 mm and observable with the naked eye) are also highest 
in these samples, despite having the same reinforcement ratio (two 
layers of glass textile). At failure, four macro cracks were formed in M11 
specimens, while only two macro cracks were formed in M9 and M10 

specimens. This shows that with the decrement of LS and increment of 
FA in the mixes, the ultimate flexural strength and toughness are 
increased, and the specimens show a higher tension stiffening response. 
The ultimate deflection capacity, however, does not seem to follow this 
trend as it is highest in mixes M10 and M11 (M11 > M10) and lowest in 
mix M9. 

The addition of short fibres serves an essential role in enhancing the 
first-cracking strength, ultimate flexural strength, crack spacing and 
toughness of the developed TRC composites, see Fig. 9 and Table 10, 

(a) (b)

(c) (d)
Fig. 9. Average flexural load-deflection curves of TRC plates: (a) comparison of TRCs without any short fibres; and the effect of short fibre addition in TRCs made of 
(b) M9; (c) M10; and (d) M11. 

Table 10 
Summary of the flexural test results.  

TRC concrete mix Cracking strength (σcr) Ultimate flexural strength (σfu)  Deflection at failure  Toughness at 10 mm deflection No. of macro cracks Ave. 
crack spacing 
[mm] 

Mean 
[MPa] 

CoV 
[%] 

Mean 
[MPa] 

CoV 
[%] 

Mean 
[mm] 

CoV 
[%] 

Mean 
[kN.mm] 

CoV 
[%] 

M9  5.4  12.9  13.0  2.7  8.0  0.2  8.4  11.5 2 76 
M9 + PP  4.1  10.1  13.9  6.3  25.5  0.0  11.5  4.0 4 39 
M9 + glass  18.8  7.1  18.8  7.4  16.4  0.0  18.0  7.2 2 76 
M9 + PVA  5.3  8.3  19.9  7.3  19.8  1.1  15.3  10.7 6 28 
M10  6.1  15.3  11.5  10.1  12.0  1.9  9.4  10.8 2 93 
M10 + PP  4.5  24.2  13.2  10.2  20.0  0.1  11.8  9.0 4 36 
M10 + glass  20.6  20.8  20.6  11.2  17.7  4.3  21.5  9.3 2 95 
M10 + PVA  6.2  11.1  20.5  12.8  20.1  2.1  18.6  8.7 5 28 
M11  5.0  3.7  15.8  14.3  12.7  11.4  13.0  13.2 4 36 
M11 + PP  4.5  6.9  15.3  4.1  34.3  5.0  12.4  1.0 5 33 
M11 + glass  16.3  14.0  17.0  7.7  21.7  6.2  17.3  6.5 2 97 
M11 + PVA  7.8  1.6  21.0  3.9  21.1  3.1  18.7  4.0 7 25 

*CoV is the coefficient of variation corresponding to the value presented in the left column. 
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[18,52,53]. The main reason is that the micro-cracks are bridged by fine, 
well-distributed short fibres, which leads to the reduction of the crack 
growth and, as a result, the development of macro-cracks [3]. This role 
is, however, dependent on the distribution of the short fibres inside the 
matrix as well as the characteristics of the short fibres used, including 
their geometry, strength, elastic modulus, and their bond with the ma-
trix [54]. 

The results, Table 10, indicate that the addition of short AR-glass 
fibres has a significant influence on the first cracking load of all the 
mixes, which is also consistent with the results presented in [55]. The PP 
and PVA short fibres, on the other hand, do not have a significant in-
fluence on the first cracking load of the samples, as also observed in 
[1,16]. This can be attributed to the extremely low elastic modulus of PP 
fibres and the low chemical bond formed between PVA short fibres and 
the concrete mix. 

The ultimate flexural load was increased with the addition of PVA 
and AR-glass fibres but did not change significantly with the addition of 

PP fibres (M− PVA > M− Glass > M− PP). The addition of PP fibres did 
not have a significant influence on the ultimate flexural capacity of the 
specimens, but it led to the maximum deflection capacity (deflection at 
the ultimate load) compared to the other short fibres. PP fibres, 
compared to PVA and AR-glass fibres, have the lowest tensile strength 
but excellent deformation capacity. PP fibres are also hydrophobic, 
leading to a weak chemical bond at the fibre/interface and thus a sig-
nificant deformation capacity [51]. 

As for the toughness, calculated as the area under the load–deflection 
until 10 mm deflection [18], the M9 (PC30FA50SF5LS15) and M10 
(PC30FA40SF5LS25) specimens reinforced with short AR-glass fibres 
show the highest values, followed by the specimens reinforced by PVA 
and then PP fibres. However, in M11 (PC30FA60SF5LS5) mixes, the 
specimens reinforced with PVA fibres show the highest toughness. 
Finally, the crack spacing is smallest in the specimens reinforced with 
short PVA fibres and PP fibres, and the addition of short AR-glass fibres 
seems to not have any influence on the average crack spacing. 

Fig. 10. Fracture surfaces of flexural samples: (a) and (b) rupture of AR-glass fibres; (c) PVA fibres pulled out of the (d) grooves; (e) PP fibres pulled out of the 
(f) grooves. 
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Fig. 10 shows the scan electron microscope (SEM) images taken, after 
the four-point bending tests, on the fractured surfaces of the specimens 
and on the surface of the short fibres. It can be observed that the short 
AR-glass fibres are ruptured at the fracture surfaces with no obvious 
slippage, see Fig. 10a and b. These results are in agreement with the 
flexural tests data, see Table 10, in which it was observed that the 
addition of short AR-glass fibres has the most significant influence on the 
stiffness and first cracking load of all the mixes. These specimens also 
showed a high flexural strength but a low deformation capacity which is 
the resulting effect of the strong bond of glass fibres with the matrices. In 
contrast, although PVA fibres also had a strong bond with the matrices, 
most of the PVA short fibres were not ruptured (probably because of 
their shorter length), and their surfaces were slightly abraded or 
damaged, showing that the PVA fibres remained to keep bridging the 
cracks until they were completely pulled out. Also, the slightly damaged 
surface creates a jamming effect inside the matrix, contributing to an 
increase in load and fibre pull-out resistance (slip-hardening effect), see 
Fig. 10c and d. As a result, these specimens exhibited a high flexural 
capacity and a significant deflection capacity. 

In the case of samples reinforced with short PP fibres, the grooves 
that remained in the matrix show the fibres are completely pulled out at 
the fracture surface, Fig. 10e and f. Also, the surface of the pulled PP 
fibres has a uniform texture with no damage. These observations 
confirm the results of the flexural test, in which the addition of PP fibres 
did not significantly influence the ultimate flexural capacity of the 
specimens compared to the specimens which did not have any short fi-
bres, but it led to a significant enhancement of the maximum deflection 
capacity (deflection at the ultimate load) compared to the other speci-
mens (with and without short fibres). It should be noted that PP fibres 
are more hydrophobic than PVA fibres, hence do not form a strong 
chemical bond with the matrix, resulting in a limited contribution of the 
reinforcing fibres to the final strength, but contributing to its ductility 
[51,54,56]. 

Fig. 11 and Table 11 demonstrate the flexural strength and ultimate 
flexural strain capacity (calculated according to ASTM D6272-17 [57] to 
allow direct comparison between specimens with different sizes) of 
several previously published studies (all are four-point bending tests 
except [30] which adapted a three-point bending scenario) on ECC or 
hybrid TRC composites made of concrete mixes with a compressive 
strength of 30 MPa to 40 MPa. Although the comparison between 
different results can be affected by the differences in the type of rein-
forced, geometrical dimensions of the specimens, etc., these data clearly 
show that the TRC composites developed in this research show a higher 
flexural strength and deflection capacity. ECC mixes usually have a low 
flexural strength (5 MPa to 16 MPa in the database covered here) but a 
high ultimate flexural strain capacity (<2.5%). The hybrid TRCs, taken 
from the literature, on the other hand, show a higher flexural strength 
(15 MPa to 16 MPa) but a much lower ultimate flexural strain (<0.5%). 

The TRC components developed in this study show both characteristics 
simultaneously, i.e. a high flexural strength (15 MPa to 21 MPa) and a 
high deformation capacity (flexural strains of up to 3.6%). For example, 
the TRC mixes made of M9 (PC30FA50SF5LS15), M10 
(PC30FA40SF5LS25) and M11 (PC30FA60SF5LS5) with short fibres 
show a similar flexural strain capacity to those developed in 
[14,23,24,26], but a higher flexural strength. Also, the ultimate flexural 
strength and strain capacity of our mixes are at least two times higher 
than those developed in [20–22,25,27–29]. 

4.5. Environmental and economic impact 

The energy intensity, CO2 emissions, and cost of the ingredients used 
to develop the mixes are summarised in Table 12. These data are 
collected from publications in the literature and various material sup-
pliers in the UK. Using the values presented in Table 12, the carbon 
footprint, embodied energy and cost of the developed mixes and a 
number of concrete mixes used for ECC and TRC composites are calcu-
lated and presented in Table 13, Table 14 and Table 15. 

As discussed before, the most common mix designs used for the 
development of ECCs or TRCs are CEM I or CEM II replaced (around 30% 
to 80%) with SCMs (binary or ternary blends), e.g. mix M45 (PC45FA55) 
in Table 14. The mix M45 (PC45FA55) is the most common mix used for 
TRCs and is formulated with approximately PC (583 kg/m3), FA (700 
kg/m3) and silica sand (467 kg/m3) with a maximum aggregate size of 
0.2 ~ 0.6 mm. 

The mixes developed in this study, M9 (PC30FA50SF5LS15), M10 
(PC30FA40SF5LS25) and M11 (PC30FA60SF5LS5), without any short 
fibres, have lower cement dosage, larger aggregate sizes and comparable 
strength, which has led to 31% and 25% reduction of the carbon foot-
print and embodied energy, respectively, compared to mix M45 
(PC45FA55). Also, the cost for the development of 1 m3 of these mixes 
(M9, M10 and M11) is approximately half of the mix M45 (PC45FA55). 

Comparing mixes M9, M10 and M11, which have 30% of PC, with 
ECC concrete mixes with 29% to 31% PC in Table 14, it can be seen that 
our mixes are significantly cheaper while showing similar compressive 
strength, carbon footprint and embodied energy, and better flexural 
strength and deflection capacity (see previous Section 4.4). For example, 
the carbon footprint and embodied energy for concrete mix used by 
Şahmaran and Li [30], PC31FA69 (without short fibres), are 393 (kg 
CO2 /m3) and 2289 (MJ/m3), slightly different to M9 
(PC30FA50SF5LS15), M10 (PC30FA40SF5LS25) and M11 
(PC30FA60SF5LS5). However, the cost of the concrete mix used by 
Şahmaran and Li [30] is almost 105% higher than that of M9 
(PC30FA50SF5LS15), M10 (PC30FA40SF5LS25) and M11 
(PC30FA60SF5LS5). 

The most common short fibres used for ECCs is PVA at a 2% volume 
fraction. This translates to over half of the embodied energy and cost and 
8 ~ 15% of the carbon footprint of ECC mixes. In comparison with M45 
(PC45FA55) with 2% PVA, the embodied energy, carbon footprint and 
the cost of M9 (PC30FA50SF5LS15), M10 (PC30FA40SF5LS25) and M11 
(PC30FA60SF5LS5) with 2% PVA are approximately 13%, 30% and 
22%, respectively, lower. 

In a few studies in which short fibres were added to the matrix of TRC 
components, see Table 15, no specific preference for the choice of short 
fibres can be observed. The short fibres include PVA, carbon, steel, PE 
and glass. Short carbon fibres have the highest energy intensity and 
carbon footprint, 230 MJ/kg and 29.4 CO2 emissions per unit mass (kg/ 
kg), respectively, and are the most expensive. Using these fibres, 
therefore, leads to the most costly and least sustainable TRC mixes (see 
Halvaei et al. [29] and Zhu et al. [50] mixes in Table 15), but with the 
highest tensile strength or stiffness. At the same time, short AR-glass 
fibres have the lowest energy intensity, CO2 emissions and cost. For 
example, the embodied energy, carbon footprint and cost of mix M9 
(PC30FA50SF5LS15) with 2% AR-glass fibres is approximately 39%, 
10%, and 100% lower than M9 (PC30FA50SF5LS15) with 2% PVA. The 

Fig. 11. Comparison of the ultimate flexural strength and flexural strain at 
failure of the developed TRCs with those selected from the literature. 
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cost of AR-glass fibres compared with PVA and carbon fibres is nearly 
one-tenth, making them a suitable and cost-effective choice for use. 
Meanwhile, the mixes developed with PP fibres present a slightly higher 
energy intensity and carbon footprint but a lower cost than those 
developed with AR-glass. 

5. Conclusions 

A comprehensive experimental investigation was presented in this 
study to develop high performance, ductile, sustainable, and cost- 
effective AR-glass TRC composites. Ternary and quaternary blended 
cements reinforced with 2% volume of three different types of short fi-
bres (PP, PVA, Glass) were developed for this purpose. According to the 
experimental tests, the following conclusions can be drawn:  

• From 36 different mix configurations, the target compressive 
strength and workability were achieved with quaternary blended 
cement mixes with s/b = 0.5, w/c = 0.3, the maximum aggregate 
size of 2 mm and 70% cement replacement with SCMs. Three qua-
ternary mixes M9 (PC30FA50SF5LS15), M10 (PC30FA40SF5LS25) 
and M11 (PC30FA60SF5LS5) with a 28-day compressive strength of 
37 MPa, 34 MPa and 30 MPa, and a slump of 370 mm, 360 mm and 
360 mm were selected as the matrix for the development of low 
carbon TRCs. The addition of 2% volume of short fibres was found 
feasible, as it did not significantly affect the compressive strength of 
the mixes. Although this addition led to a significant reduction of the 
slump of the mixes, the final slump values were still reasonable for 
ensuring a flow of the mix among the textile mesh. Mixes reinforced 
with PP fibres showed the lowest slump compared to the ones rein-
forced with AR-glass and PVA.  

• The drying shrinkage results indicated that all the selected mixes, 
M9 (PC30FA50SF5LS15), M10 (PC30FA40SF5LS25) and M11 
(PC30FA60SF5LS5), had a significantly lower shrinkage (maximum 
of 500 µm/m) compared to those commonly used in the literature, 
due to the larger aggregate size (0–2 mm) and the presence of LS. Mix 
M10 (containing 25% LS powder) showed the lowest drying 
shrinkage among the other mixes (maximum of 380 µm/m). As 

Table 11 
A literature review on the flexural response of TRC and ECC mixes with concrete compressive strength of around 30 MPa.  

Reference Concrete mix Max. sand size [mm] s/b Short fibre Type Comp. strength 
[MPa] 

Ultimate flexural strength 
[MPa] 

Flexural strain at failure 
[mm] 

Sahmaran et al. [28] PC20FA80  0.20  0.36 2% PVA ECC 37  8.61  2.64 
PC20FA80  1.19  0.36 2% PVA ECC 31  9.60  1.72 
PC20FA80  2.38  0.36 2% PVA ECC 31  9.20  2.06 

Şahmaran et al. [29] PC31FA69  0.40  0.36 2% PVA ECC 39  7.80  2.09 
PC31FA69  0.40  0.36 2% PVA ECC 39  7.80  1.85 
PC31FA69  0.40  0.36 2% PVA ECC 38  7.80  2.10 
PC31FA69  0.40  0.36 2% PVA ECC 40  8.60  3.58 

Zhang, et al. [21] PC32FA68  0.25  0.36 2% PVA ECC 36  10.00  2.27 
PC20FA80  0.25  0.36 2% PVA ECC 24  9.00  2.21 

Pakravan et al. [30] PC45FA55  0.20  0.36 1.2% PVA ECC 40  9.10  1.78 
PC45FA55  0.20  0.36 2% PVA ECC 40  10.20  1.84 

Zhu et al. [31] PC20FA80  0.15  0.36 2% PVA ECC 40  4.30  1.44 
Siad et al. [27] PC28FA62LS10  0.40  0.36 2% PVA ECC 38  8.20  0.92 

PC25FA55LS20  0.40  0.36 2% PVA ECC 36  8.10  0.83 
Pan et al. [32] CEMII35FA65  0.30  0.36 2% PVA ECC 34  5.20  0.80 

CEMII29FA71  0.30  0.36 2% PVA ECC 28  5.00  0.71 
CEMII25FA75  0.30  0.36 2% PVA ECC 20  4.70  1.32 

Jin et al. [33] CEMII24FA76  0.30  0.36 2% PVA ECC 40  16.70  1.83 
CEMII22FA78  0.30  0.36 2% PVA ECC 39  14.50  2.00 
CEMII20FA80  0.30  0.36 2% PVA ECC 37  13.90  2.40 

Halvaei M. et al. [36] PC45FA55  0.21  0.36 – TRC/ 
C* 

40  12.80  1.44 

PC45FA55  0.21  0.36 0.5% Carbon TRC/C 40  12.80  1.11 
PC45FA55  0.21  0.36 1% Carbon TRC/C 40  16.00  1.24 

C*: Carbon textile. 

Table 12 
Energy intensity, CO2 eq emissions kg/kg and cost for materials used in this 
study.  

Type of material Energy intensity 
[MJ/kg] 

CO2 eq emissions 
[kg/kg] 

Price 
[£/kg] 

Cement 4.50a 0.82b  0.12 
Fly ash-type N 0.00a 0.00a  0.34 
Silica fume 0.00a 0.00a  0.40 
Limestone 1.50e 0.028f  0.18 
Sand 0–2 mm 0.07a 0.01b  0.25 
Sand 0–1 mm 0.07a 0.01b  1.24 
Superplasticizer 35.00a 1.67c  1.24 
Water 1.20a 0.19a  – 
PVA short fibres 101.00* 1.71*  41.41 
AR glass short 

fibres 
22.50* 0.16*  4.80 

Polypropylene 
(PP) 

95.00 s 2.00*  3.00 

Carbon short fibres 230.00* 29.40*  38.63 
Steel short fibres 45.00* 16.00*  2.70 
Aramid short fibres – 21.40*  34.37 
PE short fibres 94.00* 2.00*  44.30 
AR-glass textile 44.43w 6.50w  £7.90/m2 

a; [26], b; [58], c; [59], e; [60], f;[61], s; [54] w; [62], *; [54]. 

Table 13 
Energy intensity, CO2 eq emissions kg/kg, and the cost of concrete mixes used in 
this investigation.  

Concrete mix Energy intensity 
[MJ/m3] 

CO2 eq emissions 
[kg/m3] 

Price 
[£/1 m3] 

M9 2465 379 436 
M9-PP 4194 415 491 
M9- glass 3671 387 693 
M9-PVA 5091 423 1513 
M10 2557 370 415 
M10-PP 4286 407 470 
M10- glass 3763 379 672 
M10-PVA 5183 415 1492 
M11 2293 368 453 
M11-PP 4022 404 508 
M11-glass 3499 376 710 
M11-PVA 4919 412 1530  
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Table 14 
Energy intensity, CO2 eq emissions and cost for ECCs used in the literature.  

Reference Concrete mix Max. sand size 
[mm] 

s/b Short fibres Comp. 
strength 
[MPa] 

Energy intensity 
[MJ/m3] 

CO2 eq emissions 
[kg/m3] 

Price 
[£/m3] 

Sahmaran et al. [28] PC20FA80  0.20  0.36 – 37 1453 250 878 
PC20FA80  0.20  0.36 2% PVA 37 4079 294 1955 
PC20FA80  1.19  0.36 2% PVA 31 4094 294 1531 
PC20FA80  2.38  0.36 2% PVA 31 4094 294 1531 

Şahmaran et al. [29] PC31FA69  0.40  0.36 – 39 2186 379 847 
PC31FA69  0.40  0.36 2% PVA 39 4812 423 1924 
PC31FA69  0.40  0.36 2% PVA 39 4760 411 2011 
PC31FA69  0.40  0.36 2% PVA 38 4750 411 2011 
PC31FA69  0.40  0.36 2% PVA 40 4789 414 2012 

Zhang et al. [21] PC45FA55  0.25  0.36 – 47 3236 552 871 
PC45FA55  0.25  0.36 2% PVA 47 5862 596 1948 
PC32FA68  0.25  0.36 – 36 2118 363 936 
PC32FA68  0.25  0.36 2% PVA 36 4744 407 2013 
PC20FA80  0.25  0.36 – 24 1556 274 994 
PC20FA80  0.25  0.36 2% PVA 24 4182 318 2071 

Pakravan et al. [30] PC45FA55  0.20  0.36 – 40 3236 552 871 
PC45FA55  0.20  0.36 1.2% PVA 40 4812 578 1517 
PC45FA55  0.20  0.36 2% PVA 40 5862 596 1948 

Zhu et al. [31] PC20FA80  0.15  0.36 – 40 2037 303 962 
PC20FA80  0.15  0.36 2% PVA 40 4663 347 2039 

Siad et al. [27] PC28FA62LS10  0.40  0.36 – 38 2216 346 826 
PC28FA62LS10  0.40  0.36 2% PVA 38 4842 390 1903 
PC25FA55LS20  0.40  0.36 2% PVA 36 4880 367 1900 

Pan et al. [32] CEMII45FA55  0.25  0.36 – 47 3236 552 871 
CEMII45FA55  0.25  0.36 2% PVA 47 5862 596 1948 
CEMII35FA65  0.30  0.36 – 34 2620 440 890 
CEMII35FA65  0.30  0.36 2% PVA 34 5246 484 1967 
CEMII29FA71  0.30  0.36 – 28 2307 384 908 
CEMII29FA71  0.30  0.36 2% PVA 28 4933 428 1985 
CEMII25FA75  0.30  0.36  20 2037 336 893 
CEMII25FA75  0.30  0.36 2% PVA 20 4663 380 1970 

Jin et al. [33] CEMII24FA76  0.30  0.36 2% PVA 40 4538 361 1998 
CEMII22FA78  0.30  0.36 2% PVA 39 4427 339 2004 
CEMII20FA80  0.30  0.36 2% PVA 37 4097 276 2031 

Li et al. [23] PC33FA67  0.25  0.36 – 34 2469 418 898 
PC33FA67  0.25  0.36 2% PVA 34 5095 462 1975 
PC29FA71  0.25  0.36 – 38 2226 375 907 
PC29FA71  0.25  0.36 2% PVA 38 4852 419 1984 
PC27FA73  0.25  0.36 2% PVA 35 4684 388 1992 
PC24FA76  0.25  0.36 2% PVA 27 4538 361 1998 
PC22FA78  0.25  0.36 2% PVA 24 4427 339 2004 
PC15FA85  0.25  0.36 2% PVA 21 4097 276 2031 

Şahmaran and Li [34] PC31FA69  0.20  0.36 – 36 2289 393 890 
PC31FA69  0.20  0.36 2% PVA 36 4915 437 1967 

Yu et al. [35] PC19FA81  0.25  0.36 2% PVA 16 1615 267 934 
Yu et al. [26] PC18FA80SF2  0.21  0.20 2% PVA 23 4427 339 2004 
Mündecke & Mechtcherine [63] CEM II45FA55  0.20  0.48 2% PVA N/A 5628 539 1983  

Table 15 
Energy intensity, CO2 eq emissions and cost for TRCs used in the literature.  

Reference Concrete mix Max. sand size 
[mm] 

s/b Short fibre Textile Comp. strength 
[MPa] 

Energy intensity 
[MJ/m3] 

CO2 eq emissions 
[kg/m3] 

Price 
[£/m3] 

Halvaei M. et al. [36] PC45FA55  0.21  0.36 – Carbon 40 3236 551 871 
Halvaei M. et al. [18] PC45FA55  0.21  0.36 0.5% Carbon Carbon 40 5306 816 1219 

PC45FA55  0.21  0.36 1% Carbon Carbon 40 7376 1080 1566 
Deng et al. [37] PC20FA65MP15*  1.18  0.36 – Carbon 36 2083 291 853 

PC20FA65MP15  1.18  0.36 2% PVA Carbon 36 4709 335 1930 
PC38FA42SF5MP15  1.18  0.36 – Carbon 52 3009 460 810 
PC38FA42SF5MP15  1.18  0.36 1.5% PVA Carbon 52 4979 494 1617 

Zhu et al. [64] PC43FA52SF5  0.60  0.90 – Basalt -** 2895 435 1258 
PC43FA52SF5  0.60  0.90 1.5% Steel Basalt – 8160 622 1574 
PC43FA52SF5  0.60  0.90 1.5% Carbon Basalt – 9105 1229 2301 
PC43FA52SF5  0.60  0.90 0.5% Glass Basalt – 3197 437 1322 

Li et al. [65] PC45FA55  0.60  0.36 – Basalt – 3341 577 903 
PC45FA55  0.60  0.36 2% PE Basalt – 5165 615 1763 

*Mineral powder **Compressive strength not provided. 
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expected, the addition of short fibres led to a significant reduction in 
the drying shrinkage. Among different short fibres, AR-glass fibres 
had the highest impact on the reduction of the drying shrinkage, 
followed by the PVA and PP fibres, which is in line with their elastic 
modulus. The results on the role of the addition of textiles on the 
drying shrinkage were inconclusive, and future investigations will be 
needed for a better understanding of the underlying mechanisms.  

• The pull-out results showed that mix M9 (PC30FA50SF5LS15) 
generated the highest bond strength (M9 > M10 > M11) and 
toughness (M9 > M11 > M10) with the glass rovings, which is in line 
with the compressive strength and drying shrinkage results (both 
were highest in this mix). The lowest bond strength but a good 
toughness obtained in mix M11 (PC30FA60SF5LS5) translated to the 
higher number of macro cracks and ultimate flexural strength in TRC 
components. The addition of short fibres to the mixes (besides short 
AR-glass) generally led to a slight reduction of the bond strength in 
most cases, an increased deformation capacity, and a change of 
failure mode from the roving tensile rupture to slippage. 

• The TRC composites prepared without the addition of any short fi-
bres did not show a significant difference in terms of first cracking 
strength under bending. Those made of mix M11 (PC30FA60SF5LS5) 
showed the highest ultimate flexural strength and deformation ca-
pacity, followed by those made of M9 (PC30FA50SF5LS15) and M10 
(PC30FA40SF5LS25) in terms of flexural capacity, and of M10 and 
M9 in terms of deformation capacity. This shows that with the 
addition of LS (from 5% to 25%) and reduction of FA (from 60% to 
40%), the final flexural strength of the TRCs decreases. The deflec-
tion capacity, however, did not follow this trend; i.e. it is the highest 
in mixes M10 and M11 and lowest in mix M9.  

• All TRC composites reinforced with short AR-glass fibres showed 
considerably higher cracking strength under bending compared to 
those without short fibres. Meanwhile, TRC mixes reinforced with 
short PP and PVA did not significantly differ in cracking strength. 
TRC plates made from mixes reinforced with AR-glass and PVA short 
fibres showed higher ultimate flexural strength and toughness 
compared to those without any short fibres or those reinforced with 
short PP fibres. The addition of short PP fibres did not change the 
ultimate flexural capacity significantly but led to the greatest 
improvement of the deflection capacity. A comparison between the 
TRC components developed in this study with literature showed a 
considerably higher flexural strength and deformation capacity was 
achieved in this study. 

• Compared to the typical mixes used in the literature for the devel-
opment of TRCs, the materials cost, embodied energy, and carbon 
footprint of the mixes developed in this study were significantly 
lower (around 50%, 25% and 31%, for mixes M9, M10 and M11, 
respectively). Compared to the low carbon mixes used for the 
development of ECCs, the mix designs proposed and developed in 
this study have a comparable carbon footprint but a significantly 
lower cost at the same strength class. 
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