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Design and performance of fiber-reinforced shrinkage compensating 
eco-friendly concrete 
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A B S T R A C T   

Eco-Crete is an ecological and economical concrete that benefits from high packing density of solid materials and 
reduced paste. Eco-Crete can enhance the service life of structures by reducing the risk of shrinkage cracking. In 
this study, shrinkage mitigating materials included an expansive agent (EA), a shrinkage reducing admixture 
(SRA), and a lightweight sand (LWS), as well as steel and synthetic fibers were used to minimize the risk of 
cracking. A total of 35 fiber-reinforced Eco-Crete mixtures were prepared with 350 kg/m3 of cementitious 
materials and 55 % substitution of fly ash and slag. Key fresh and mechanical properties in addition to plastic, 
restrained, and drying shrinkage were evaluated. Results showed that 32-week drying shrinkage of Eco-Crete 
made with shrinkage mitigating strategies was limited to 400 µstrain, and none of the selected Eco-Crete mix
tures experienced cracking up to 112 d under restrained shrinkage testing. Mixtures incorporating only EA and 
synthetic fibers exhibited excessive initial expansion and minor plastic shrinkage cracking. Eco-Crete mixtures 
developed at least 40 MPa compressive strength after 56 d. Mixtures made with EA and SRA presented the 
highest flowability and mechanical properties and the lowest drying shrinkage. The use of synthetic fibers 
exhibited a better flexural pre-cracking performance than steel fibers. However, steel fiber-reinforced mixtures 
showed 250 % greater flexural toughness. The use of steel fibers was more effective than synthetic fibers in 
reducing long-term shrinkage and limiting initial expansion caused by the high content of EA. Statistical analysis 
and embodied carbon assessment revealed the advantages of using Eco-Crete made with 5 % EA and 0.5 % SRA 
and 0.5 % synthetic fibers to secure low-shrinkage Eco-Crete.   

1. Introduction 

High-performance concrete (HPC) is commonly proportioned with 
high content of cementitious materials [1]. The use of high content of 
cementitious materials and low mixing water in addition to various 
chemical admixtures in HPC can increase the cost and the vulnerability 
of HPC to shrinkage cracking [2–4]. Therefore, although the strength is 
high, the concrete is not economic and service life of the structures made 
with HPC can be compromised. Ecological and economical concrete 
(Eco-Crete) is a novel environmentally-friendly concrete, which benefits 
from low cement content, high replacement content of portland cement 
by supplementary cementitious materials (SCMs), high packing density 
of solid particles, and low water-cementitious materials ratio (w/cm) 
[5–10]. Eco-Crete design seeks limiting the binder volume to about 10 % 
of the concrete volume. 

Optimization of the particle size distribution using the suggested 
approaches such as optimization curves, particle packing models, and 

discrete element modelling [7–9,11,12] leads to higher packing density. 
Higher packing density reduces the thickness of lubricating layer 
covering the particles, leading to lower cementitious materials and 
water demand. The substitution of CO2 neutral SCMs and fillers for 
cement enhances the ecological characteristics and flowability of the 
concrete. Fennis and Walraven [8] reported that by using a particle 
packing density approach, concrete mixtures with 50 % lower cement 
content and 25 % less carbon footprint can be designed. Proske et al. [6] 
designed and tested an eco-friendly concrete composed of 90 kg/m3 

cement, 60 kg/m3 slag, and 250 kg/m3 fly ash (w/cm = 0.36). The 
authors reported that the mixture can provide adequate workability, 50 
MPa compressive strength after 28 d, and equal resistance to long term 
carbonation compared to the reference mixture made with 270 kg/m3 of 
cement and 10 kg/m3 of fly ash. A 35 % reduction in the global warming 
potential by the substitution of slag and fly ash compared with reference 
concrete was calculated. While according to the literature [13] the use of 
9 to 14 kg/m3 binder for earning each MPa compressive strength in 
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conventional concretes is suggested, using packing density, lower w/cm, 
and high content of SCMs and fillers is expected to promote the me
chanical properties and durability of Eco-Crete. Compos et al. [10] re
ported that using 450 kg/m3 binder (295 kg/m3 cement, 64 kg/m3 silica 
fume, and 89 kg/m3 stone powder (a waste material from the limestone 
sand production process) in concrete proportioned with w/cm of 0.28 
can achieve 0.67 packing density, 200 mm slump, and 85 MPa 
compressive strength after 28 d. Excellent durability based on the ul
trasonic pulse velocities (5160 m/s), and negligible corrosion risk (205 
KΩcm) for the modified concrete were reported. The low cement and 
high SCM contents can reduce self-desiccation and autogenous 
shrinkage [14,15]. The enhanced packing density of the aggregate 
skeleton can reduce the paste volume and drying shrinkage, and the 
enhanced packing density of the powder phase can promote imperme
ability [16–18]. Weng and Liao [19] reported up to 40 % reduction of 

autogenous and drying shrinkage with coupled use of 20 % fly ash and 
20 % slag in HPC with 0.34 w/cm owing to the lower water consump
tion, slower hydration, and microstructure improvement by these SCMs. 
Lai et al. [20] reported that substituting 35 % of cement with fly ash or 
limestone filler in concrete with 0.4 w/cm can increase the packing 
density of the binder phase from 0.850 to 0.863 and 0.864 and reduce 
the 90-day shrinkage from 690 to 570 and 470 µstrain, respectively. Eco- 
Crete can also be reinforced with fibers to reduce the risk of cracking and 
crack widths, hence extending service life [21,22]. Fibers promote Eco- 
Crete’s performance by providing adequate bond strength and 
enhancing resistance to shrinkage cracking [23–26]. Arezoumandi et al. 
[26] utilized 0.3 % micro synthetic fibers in Eco-Crete proportioned 
with 305 kg/m3 binder composed of 20 % fly ash, and w/cm of 0.4 to 
construct large-scale reinforced concrete beams. The beams were 
examined by four-point bending test, and approximately 5 % higher 
bonding strength for the fiber-reinforced Eco-Crete beams compared to 
the reference beam made of conventional concrete with 350 kg/m3 

cement and similar w/cm was observed. Aghaee et al. [24] used 0.5 % 
hybrid (micro–macro) steel fibers in Eco-Crete (w/cm = 0.4) incorpo
rating 350 kg/m3 binder that 55 % of cement was substituted by fly ash 
and slag. The mechanical properties and shrinkage of fiber-reinforced 
Eco-Crete mixtures subjected to 1 and 14 days of moist curing was 
compared with the corresponding non-fiber-reinforced Eco-Crete mix
tures. The results indicated up to 9 % higher 56 d compressive strength, 
up to 26 % higher 56 d flexural strength, and 29 % lower shrinkage for 
both fiber-reinforced Eco-Crete mixtures compared to those of non-fiber- 
reinforced Eco-Crete mixtures, after 16 weeks. 

In addition to the use of packing density, low and alternative binders, 
and fibers in Eco-Crete, utilizing shrinkage mitigating materials such as 

Table 1 
Physical and chemical characteristics of cementitious materials.   

Cement FAC GGBS EA 

SiO2, % 18.7 40.4 36.8 12.6 
Al2O3, % 4.04 19.8 9.2 5.7 
Fe2O3, % 3.56 6.3 0.76 1.9 
CaO, % 65.9 24.4 37.1 82.6 
MgO, % 1.7 3.5 9.5 0.1 
SO3, % 2.4 1.0 0.06 – 
Na2O eq., % 0.97 0.9 – 0.9 
Blaine fineness, m2/kg 390 490 – – 
Specific gravity 3.14 2.71 2.86 3.12 
LOI, % 1.5 – – –  

Fig. 1. Particle-size distribution of aggregates  

Table 2 
Physical and mechanical characteristics of fibers.  

Fiber Type Structural synthetic fibers (Type M) Structural synthetic fibers (Type S) Structural steel fibers (Type C) 

Shape 

Color Gray White Silver 
Specific gravity 0.91 0.91 7.85 
Length, mm 38 51 60 
Aspect ratio 79 74 65 
Modulus of elasticity, GPa – 9.5 200 
Tensile strength, MPa 600–650 600–650 1100  

K. Aghaee and K.H. Khayat                                                                                                                                                                                                                  
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shrinkage reducing admixtures (SRA), expansive agents (EA), and pre- 
saturated lightweight sand (LWS) can enhance shrinkage cracking 
resistance of Eco-Crete [5,27–29]. The SRA decreases surface tension 
and alkalinity of the pore solution, and restrains the development of 
autogenous shrinkage [30–33]. Furthermore, SRA lowers the evapora
tion rate in the matrix and mitigates the drying shrinkage [34–37]. 
Different types of EAs are commonly used to compensate for shrinkage 
by initial expansion induced by the formation of ettringite, Ca(OH)2, and 
Mg(OH)2 platelet crystals in calcium sulfoaluminate (CSA), CaO- and 
MgO-based EAs, respectively [38–41]. Since high performance con
cretes are highly impermeable and external water can hardly infuse the 
matrix, internal curing with porous materials is a promising curing 
approach [42–46]. Additionally, in the case of using EA in Eco-Crete, 
adequate water for extending the hydration of EA can be provided by 
internal curing [47,48]. Using pre-saturated LWS as an internal curing 
material compensates for the relative humidity drop in matrix and 
mitigates shrinkage and risk of cracking [24,25,49,73]. Mehdipour and 
Khayat [5] employed 20 % LWS coupled with 7.5 % CaO-based EA in 
ecological and economical self-consolidating concrete made with w/cm 
of 0.45 and 315 kg/m3 binder (50 % fly ash) and 0.3 % synthetic fibers. 
The 56 d compressive strength was 28 MPa, drying shrinkage of the 
concrete was limited to 100 µstrain, and no cracking was reported after 
56 d. 

Different approaches such as packing density, use of low paste vol
ume, low w/cm, use of SCMs, and shrinkage mitigating materials can be 
employed to reduce shrinkage of fiber-reinforced Eco-Crete. Of special 
interest in this paper is the evaluation of the individual and combined 
use of EA, SRA, and LWS on eliminating long-term shrinkage and 
enhancing the crack resistance of fiber-reinforced Eco-Crete that has not 
been determined in previous studies. This study investigated the 

performance of fiber-reinforced Eco-Crete mixtures proportioned with 
w/cm of 0.4 and 350 kg/m3 cementitious materials made with indi
vidual and combined shrinkage mitigating materials and various fiber 
types. Key fresh, hardened, and visco-elastic properties were evaluated. 
Statistical data analysis and embodied carbon assessment of the inves
tigated mixtures were explored to identify optimum Eco-Crete mixtures. 

Table 3 
Mixture proportions of 18 Eco-Crete mixtures (w/cm = 0.4).  

Mixture Cement, kg/ 
m3 

FAC, kg/ 
m3 

GGBS, kg/ 
m3 

Sand, kg/ 
m3 

Agg. 25 mm, kg/ 
m3 

Agg. 9.5 mmkg/ 
m3 

EA, % SRA, % LWS, % Fiber, % 

REF0.5FR (S) 157.5 122.5 70 744 650 465 0 0 0  0.5  

10EA0.5FR (M) 142 110 63 744 650 465 10 0 0  0.5 
10EA0.25FR (M)  0.25 
10EA0.5FR (S)  0.5 
10EA0.25FR (S)  0.25 
10EA0.35FR (C)  0.35 
10EA0.17FR (C)  0.17  

5EA0.5SRA0.5FR (M) 150 116 67 744 650 465 5 0.5 0  0.5 
5EA0.5SRA0.25FR 

(M)  
0.25 

5EA0.5SRA0.5FR (S)  0.5 
5EA0.5SRA0.25FR (S)  0.25 
5EA0.5SRA0.35FR (C)  0.35 
5EA0.5SRA0.17FR (C)  0.17  

5EA25LWS0.5FR (M) 150 116 67 570 650 465 5 0 25  0.5 
5EA25LWS0.25FR (M)  0.25 
5EA25LWS0.5FR (S)  0.5 
5EA25LWS0.25FR (S)  0.25 
5EA25LWS0.35FR (C)  0.35 
5EA25LWS0.17FR (C)  0.17  

Table 4 
Cracking potential classification adopted from ASTM C1581.  

Cracking time, tr (day) Average stress rate, S (MPa/day) Cracking potential 

0 < tr ≤ 7 S ≥ 0.34 High 
7 < tr ≤ 14 0.17 < S < 0.34 Moderate – High 
14 < tr ≤ 28 0.10 ≤ S < 0.14 Low – Moderate 
tr > 28 S < 0.10 Low  

Table 5 
Fresh properties of the 18 investigated Eco-Crete mixtures.  

Mixture Slump, 
mm 

Air 
content, % 

Unit weight, 
kg/m3 

HRWR 
demand, mL/ 
m3 

REF0.5FR (S) 190  3.5 2444 1170 
10EA0.5FR (M) 135  6.0 2330 1170 
10EA0.25FR (M) 165  6.5 2323 830 
10EA0.5FR (S) 175  6.4 2265 1170 
10EA0.25FR (S) 170  6.0 2321 830 
10EA0.35FR (C) 200  5.8 2295 850 
10EA0.17FR (C) 210  4.8 2285 600 
5EA0.5SRA0.5FR 

(M) 
180  3.6 2391 1170 

5EA0.5SRA0.25FR 
(M) 

200  6.0 2307 830 

5EA0.5SRA0.5FR (S) 160  4.5 2355 1170 
5EA0.5SRA0.25FR 

(S) 
195  6.4 2274 830 

5EA0.5SRA0.35FR 
(C) 

195  4.2 2423 850 

5EA0.5SRA0.17FR 
(C) 

210  5.0 2373 600 

5EA25LWS0.5FR 
(M) 

175  4.9 2285 1170 

5EA25LWS0.25FR 
(M) 

205  5.3 2249 830 

5EA25LWS0.5FR (S) 155  4.7 2307 1170 
5EA25LWS0.25FR 

(S) 
195  5.2 2258 830 

5EA25LWS0.35FR 
(C) 

210  5.6 2309 850 

5EA25LWS0.17FR 
(C) 

195  4.9 2335 600 

*Note: None of the mixtures showed any bleeding. 

K. Aghaee and K.H. Khayat                                                                                                                                                                                                                  
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Fig. 2. Shrinkage of a) 10EA mixtures reinforced with Types S and C fibers, b) selected mixtures reinforced with Type S, c) selected mixtures reinforced with Type 
C fibers 
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2. Experimental program 

2.1. Materials 

2.1.1. Cementitious materials 
A Type I/II cement was used. Class C fly ash (FAC) and ground 

granulated blast-furnace slag (GGBS) were employed as SCMs. A CaO- 

based EA was used to compensate for drying shrinkage by the initial 
expansion due to the hydration of CaO and formation of portlandite (Ca 
(OH)2). Table 1 presents the physical and chemical properties of the 
cementitious materials. 

2.1.2. Admixtures 
A polycarboxylate-based high-range water reducer (HRWR) with 

good workability refinement was used. An aqueous solution of highly 
purified vinsol resin type air entraining agent (AEA) was incorporated to 
improve the air void system. An SRA was used to mitigate shrinkage. The 
HRWR, AEA, and SRA had 23 %, 12.5 %, and 15 % solid contents, 
respectively. The specific gravities of the HRWR, AEA, and SRA are 1.05, 
1.01, and 1.002, respectively. 

2.1.3. Aggregates 
Continuously graded natural sand with fineness modulus of 2.60, 

specific gravity of 2.61, and saturated surface dry (SSD) water absorp
tion value of 0.36 % was used in this study. Pre-saturated expanded 
shale LWS with a fineness modulus of 3.17 and SSD specific gravity of 
1.83 was utilized for internal curing. The LWS water absorption and 
desorption, were 23.5 %, and 70.3 %, respectively, that were measured 
according to ASTM C128 and ASTM C1761. Crushed limestone aggre
gates with a nominal maximum aggregate size of 9.5 and 25.4 mm were 
used. The specific gravities of aggregates are 2.51 and 2.72, respectively, 
and their water absorption were 1.16 % and 1 %, respectively. Fig. 1 
shows the particle size distribution of the aggregates. 

Table 6 
Shrinkage of Eco-Crete mixture at different ages.  

Mixture Age (day) 

7 28 112 224 

10EA0.5FR (M) 435 215 55 45 
10EA0.25FR (M) 565 325 245 175 
10EA0.5FR (S) 220 − 60 − 180 − 280 
10EA0.25FR (S) 50 − 290 − 400 − 415 
10EA0.35FR (C) 80 − 190 − 295 − 305 
10EA0.17FR (C) 40 − 155 − 215 − 280 
5EA0.5SRA0.5FR (M) 55 − 165 − 265 − 270 
5EA0.5SRA0.25FR (M) 50 − 180 − 270 − 305 
5EA0.5SRA0.5FR (S) 115 − 145 − 210 − 295 
5EA0.5SRA0.25FR (S) 15 − 145 − 255 − 290 
5EA0.5SRA0.35FR (C) 100 − 65 − 170 − 225 
5EA0.5SRA0.17FR (C) 65 − 150 − 200 − 265 
5EA25LWS0.5FR (M) 190 − 50 − 140 − 205 
5EA25LWS0.25FR (M) 210 − 95 − 210 − 260 
5EA25LWS0.5FR (S) 255 30 − 125 − 140 
5EA25LWS0.25FR (S) 40 − 145 − 315 − 350 
5EA25LWS0.35FR (C) 220 − 15 − 110 − 125 
5EA25LWS0.17FR (C) 300 70 − 30 − 50  

Table 7 
Plastic shrinkage test results on Eco-Crete mixtures.  

Mixture Number of 
cracks 

Crack 
width, mm 

Crack 
length, mm 

Crack 
density, % 

REF0.5FR (S) 0 – – 0 
10EA0.5FR (S) 23 0.05 to 0.3 10 to 165 0.0077 
5EA0.5SRA0.5FR 

(S) 
0 – – 0 

5EA25LWS0.5FR 
(S) 

0 – – 0  

Fig. 3. Restrained shrinkage of selected Eco-Crete mixtures made with Type S fibers  

Table 8 
Cracking potential classification adopted from ASTM C1581.  

Mixture Cracking time, tr 
(day) 

Average stress rate, S 
(MPa/day) 

Cracking 
potential 

REF0.5FR (S) N.A. S = 0.003 ≪ 0.10 Low 
10EA0.5FR (S) N.A. S = 0.003 ≪ 0.10 Low 
5EA0.5SRA0.5FR 

(S) 
N.A. S = 0.0004 ≪ 0.10 Low 

5EA25LWS0.5FR 
(S) 

N.A. S = 0.003 ≪ 0.10 Low  

K. Aghaee and K.H. Khayat                                                                                                                                                                                                                  
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2.1.4. Fibers 
As shown in Table 2, different types of structural macro steel and 

synthetic fibers, which are macro copolymer (polypropylene and poly
ethylene) fibers, were employed. To evaluate the characteristics of 
different types of fibers on Eco-Crete mixtures, low and moderate con
tents (0.25 % and 0.5 % for synthetic fibers, 0.17 % and 0.35 % for the 
steel fiber) were utilized. Table 2 presents the physical and mechanical 
characteristics of the structural synthetic and steel fibers. The structural 
synthetic and steel fibers, which were incorporated based on the volu
metric fraction of concrete are denoted as Type M, Type S, and Type C 
fibers throughout this article. 

2.2. Mixture proportioning 

A total of 18 mixtures made with single (EA) and binary combina
tions (EA-SRA and EA-LWS) of shrinkage mitigating materials were 
examined. Table 3 presents the mixture proportioning of the investi
gated mixtures. The EA and SRA were incorporated at 5 wt.% and 0.5 wt 
% of cementitious materials; LWS substituted 25 vol% of sand. The 
content and combinations of shrinkage mitigating materials were 
selected based on the previous studies by the authors [50–52], and are 
evaluated statistically and ecologically. The Eco-Crete mixtures in this 
study are denoted based on the contents of EA, SRA, LWS, and fibers. For 
example, 5EA25LWS0.17FR (C) refers to the mixture made with EA at a 
dosage of 5 wt% of cementitious materials, LWS at a dosage of 25 vol% 

of natural sand and reinforced with 0.17 vol% Type C fibers. The 
REF0.5FR is the reference mixture made without any shrinkage miti
gating materials and containing 0.5 % Type S synthetic fibers. The w/cm 
was maintained at 0.40 for all mixtures. 

2.3. Mixing and curing procedures 

The sand and LWS when applicable was homogenized in mixer for 
30 s. This was followed by the addition of the coarse aggregates that 
were mixed with sand for two minutes. Fibers and half of the water 
mixed with the AEA were gradually introduced to the mixture. After
ward, the cement, FAC, GGBS, and EA were added and mixed for one 
minute. Subsequently, the other half of the water mixed with high range 
water reducer (HRWR) was added and mixing was resumed for four 
minutes. The mixer was then switched off for two minutes to assess and 
adjust the flowability of the concrete. The concrete was remixed for an 
additional two minutes. 

All the samples were demolded 24 h after casting and were then 
subjected to six days of moist curing in lime-saturated water at 23 ±
2 ◦C. The samples were then transferred to a dry curing chamber with 
relative humidity and temperature of 50 % ± 4 % and 23 ± 2 ◦C, 
respectively. 

Fig. 4. Compressive strength and modulus of elasticity of the 10EA, 5EA0.5SRA, and 5EA25LWS FRSCC mixtures  
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2.4. Testing methods 

2.4.1. Fresh properties 

2.4.1.1. Slump, density, air content, and bleeding. Testing on fresh 
properties and sampling of the Eco-Crete mixtures were completed 
within 15 min from the end of mixing. The slump, unit weight, air 

content, and bleeding of the Eco-Crete mixtures were evaluated ac
cording to ASTM C143 [53], ASTM C138 [54], ASTM C231 [55], and 
ASTM C232 [56], respectively. 

2.4.2. Visco-elastic properties 

2.4.2.1. Plastic shrinkage, drying shrinkage, and restrained shrinkage. The 

Fig. 5. Flexural load–deflection curves of the investigated mixtures a) reinforced with Type S and b) Type C fibers  

K. Aghaee and K.H. Khayat                                                                                                                                                                                                                  
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drying shrinkage test was conducted on 75 mm × 75 mm × 285 mm 
samples according to ASTM C157 [57]. The samples were demolded 
after 24 h and kept in water tank at 23 ± 2℃ up to a week. The samples 
were then stored in a curing room at constant temperature of 23 ± 2℃ 
and relative humidity of 50 ± 5 %. The volume change was measured 
using a digital comparator up to 32 weeks, with more frequent readings 
during the first month. 

The plastic shrinkage test was performed on slab samples with di
mensions of 560 mm and 350 mm, and a height of 100 mm, in accor
dance with ASTM C1579 [58]. Two 32 ± 1 mm high stress risers were 
placed at 90 ± 2 mm inward from each end of the mold at the sides and 
another one with a height of 64 ± 2 mm at the center of the mold. The 
concrete was cast in a layer and properly consolidated on a vibrating 
table. The samples were immediately transferred to a tunnel shape 
environmental chamber in which the temperature and relative humidity 
were maintained at 36 ± 3℃ and 30 % ± 10 %, respectively. A fan with 
over 4.7 m/s airflow was placed in the tunnel. Two heat lamps were used 
to ensure minimum evaporation rate of 1 kg/m2.h at 100 ± 5 mm above 
sample’s surface. The experiments were terminated after 24 h, and the 
number, length, width, and density of plastic shrinkage cracks were then 
recorded. 

The drying shrinkage test was conducted on 75 mm × 75 mm × 285 
mm samples according to ASTM C157 [57]. The samples were demolded 
after 24 h and cured in lime-saturated water at 23 ± 2℃ for one week. 
The samples were then stored in a curing room at 23 ± 2℃ and relative 
humidity of 50 % ± 4 %. The drying shrinkage was measured using a 
digital comparator up to 32 weeks with frequent readings during the 
first month of drying. 

The restrained shrinkage test was performed on ring samples with 
external and internal diameters of 405 and 330 mm, respectively, in 
accordance with ASTM C1581 [59]. Although the maximum size 
aggregate of Eco-Crete mixtures was 25 mm, the ring test was not per
formed based on the AASHTO T 334 [60]. concrete ring thickness was 
38 ± 1.5 mm and the height was 150 mm. That was done to promote 
Eco-Crete vulnerability to cracking and accelerate time to cracking. 
Restraining rings with thickness of 13 mm were used. Two samples were 
cast for each mixture. The concrete was placed in two layers and each 
layer was adequately consolidated. Immediately after casting, the 

eccentric washers were loosened to not be in contact with the rings. The 
samples were demolded after 24 h and moist cured using wet burlap 
covered with plastic sheet up to a week. The samples were then kept in a 
curing room at constant temperature of 23 ± 2℃ and relative humidity 
of 50 % ± 4 %. Three 120 Ω strain gauges with gauge factors of 2.12 ±
0.5 % were mounted in the interior and at middle height of each steel 
ring to record the strain of the ring due to the concrete volume change. 
The strain gauges were connected to a data acquisition system, and the 
strain measurements were automatically recorded at 20-minute in
tervals, immediately after casting up to 112 d. The concrete ring samples 
were visually inspected for crack formation every day. The stress rate of 
each ring sample at the test termination time was calculated using Eq. 
(1). 

q =
G
⃒
⃒αavg

⃒
⃒

2√tr
(1)  

where q is stress rate (MPa/day), n is day at the test termination time, G 
is a constant based on the ring dimensions (in this test is 72.2 GPa), 

⃒
⃒αavg

⃒
⃒

is the absolute value of the average strain rate factor [(m/m)/day 0.5], tr 
is elapsed time at the time of test termination (day). 

The average stress rate (S) of the two ring samples was calculated to 
the nearest 0.01 MPa/day to estimate the cracking potential of the 
mixtures according to Table 4. 

2.4.3. Mechanical properties 

2.4.3.1. Compressive strength, modulus of elasticity, and flexural strength. 
The compressive strength tests were conducted on 100 × 200 mm cyl
inders according to ASTM C39 [61]. The concrete cylinders were ground 
at the ends before the test to apply a uniformly distributed vertical load 
according to ASTM C617 [62]. The loading rate was controlled to secure 
compressive stress of 0.25 ± 0.05 MPa/s. 

The modulus of elasticity was performed on 100 × 200 mm cylinders 
at 3 and 56 d using according to ASTM C469 [63]. The samples were 
subjected to three cycles of loading and unloading. The testing proced
ure was set to crosshead travels at a rate of about 1 mm/min. The load 
rate was maintained to secure compressive stress within the range of 

Table 9 
Flexural properties of the 10EA, 5EA0.5SRA, and 5EA25LWS mixtures.  

Mixture Flexural strength, 
MPa 

Deflection at peak 
load, mm 

Residual strength at net deflection 
of L/600, MPa 

Residual strength at net deflection 
of L/150, MPa 

Toughness (area from 0 to L/ 
150), kgf-mm 

10EA0.5FR (M)  3.7  0.534  1.3  1.3 731 
10EA0.25FR (M)  5.2  0.034  1.1  1.0 657 
10EA0.5FR (S)  5.9  0.032  1.5  1.9 937 
10EA0.25FR (S)  5.7  0.475  4.2  1.0 800 
10EA0.35FR (C)  5.1  0.030  3.1  2.8 1679 
10EA0.17FR (C)  4.5  0.030  0.7  0.5 437 
5EA0.5SRA0.5FR (M)  6.0  0.043  1.4  1.5 823 
5EA0.5SRA0.25FR 

(M)  
4.3  0.024  0.8  0.8 472 

5EA0.5SRA0.5FR (S)  5.8  0.044  1.6  2.0 1013 
5EA0.5SRA0.25FR 

(S)  
4.7  0.021  0.8  0.8 482 

5EA0.5SRA0.35FR 
(C)  

6.1  0.042  5.2  3.7 1984 

5EA0.5SRA0.17FR 
(C)  

6.3  0.039  2.3  1.4 1177 

5EA25LWS0.5FR (M)  5.1  0.044  1.4  1.5 823 
5EA25LWS0.25FR 

(M)  
4.0  0.024  0.7  0.6 423 

5EA25LWS0.5FR (S)  4.4  0.036  1.6  1.8 939 
5EA25LWS0.25FR 

(S)  
1.8  0.056  1.1  1.1 615 

5EA25LWS0.35FR 
(C)  

5.0  0.113  4.0  2.6 1797 

5EA25LWS0.17FR 
(C)  

1.8  0.143  1.0  0.9 508  
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250 kPa/s. The specimen was loaded up to 40 % of the average failure 
load obtained from the compressive strength test. The modulus of 
elasticity was calculated based on Eq. (2). 

E = (S2 − S1)/(ε2 − 0.000050) (2) 

where E is modulus of elasticity per MPa, S2 is stress corresponding to 
40 % of ultimate load, S1 is stress corresponding to ε1 (0.000050), and ε2 
is longitudinal strain produced by stress S2. 

The flexural strength testing was conducted on 75 × 100 × 400 mm 
prismatic samples at 90 days according to ASTM C1609 [64]. The 
loading rate was maintained at displacement control of 0.05 mm/min 
until the failure. The flexural strength or modulus of rupture was 
calculated based on Eq. (3). 

F = PL/bd2 (3) 

where, F is the strength (MPa), P is load (N) (testing machine 
readout + contact load), L is span length (mm) (distance between bot
tom supports), b is average beam width (mm), and d is average beam 
depth (mm). The residual loads at deflections of L/600 and L/150 were 
obtained and the residual strengths calculated. Moreover, toughness 
which is associated with the ductility of the samples, was achieved by 
calculating the area under the load–deflection curve up to L/150 
displacement. 

3. Results and discussion 

3.1. Fresh properties 

Table 5 presents the fresh properties of 18 Eco-Crete mixtures. The 
slump, air content, and unit weight values were 170 ± 40 mm, 5 ± 1.5 
%, and 2350 ± 100 kg/m3, respectively. The use of Type M synthetic 
fibers in 10EA mixture, i.e., 10EA0.5FR (M), led to the lowest slump 
value, which could be attributed to high water absorption of the EA and 
synthetic fibers. The hydration caused by the use of relatively high 
content of EA results in the formation of portlandite and higher specific 
surface area of compared to cement, which leads to slump reduction 
[51,52,65]. Higher slump values in the mixtures made with steel fibers, 
despite the lower HRWR demand, can be related to lower surface area 
and water absorption of the steel fiber compared to the synthetic fibers 
[66]. The highest average air content was obtained by the 10EA mix
tures, followed by the 5EA25LWS and 5EA0.5SRA mixtures. The syn
thetic fiber-reinforced mixtures presented higher air content than the 
steel fiber-reinforced mixtures. As expected, the 5EA25LWS mixtures 
presented lower unit weight compared to the other mixtures, and syn
thetic fiber-reinforced mixtures exhibited lower unit weight than the 
steel fiber-reinforced ones. 

3.2. Visco-elastic properties 

3.2.1. Drying shrinkage 
Fig. 2 and Table 6 present the shrinkage profiles of the Eco-Crete 

mixtures. The highest 7 d expansion of 565 µstrain was obtained by 
the 10EA0.25FR (M) mixture. On average, the highest 7 d expansion was 
obtained by the 10EA mixtures (230 µstrain), followed by the 
5EA25LWS (205 µstrain), and 5EA0.5SRA mixtures (65 µstrain). The 
higher expansion of the former two mixtures was due to the high content 
of EA in the 10EA mixture, and the presence of internal curing water 
coupled with EA in the 5EA25LWS mixture. 

The final volume change at 224 d was limited to − 415 µstrain. On 
average, the lowest shrinkage after 224 d was recorded for the 10EA 
mixtures (-175 µstrain), followed by the 5EA25LWS (-190 µstrain), and 
5EA0.5SRA mixtures (-275 µstrain). On average, the lowest shrinkage 
during the dry curing (between 7 days and 224 d of age) was recorded 
for the 5EA0.5SRA mixture (-340 µstrain), followed by the 5EA25LWS 
(-390 µstrain), and 10EA mixtures (-410 µstrain). Comparing the 

Table 10 
56 d compressive strength, 90 d flexural strength, and 224 d shrinkage of the 
investigated mixtures in statistical analysis.  

Mixture 56 d Compressive 
strength, MPa 

90 d Flexural 
strength, 
MPa 

224 
d Shrinkage, 
μstrain 

10EA0.5FR (M) 52 3.7 46 
10EA0.25FR (M) 46 5.2 173 
10EA0.5FR (S) 47 5.9 − 279 
10EA0.25FR (S) 46 5.7 − 414 
10EA0.35FR (C) 42 5.1 − 305 
10EA0.17FR (C) 46 4.5 − 279 
5EA0.5SRA0.5FR (M) 52 6.0 − 270 
5EA0.5SRA0.25FR (M) 45 4.3 − 307 
5EA0.5SRA0.5FR (S) 52 5.8 − 294 
5EA0.5SRA0.25FR (S) 40 4.7 − 289 
5EA0.5SRA0.35FR (C) 55 6.1 − 226 
5EA0.5SRA0.17FR (C) 54 6.3 − 266 
5EA25LWS0.5FR (M) 45 5.1 − 205 
5EA25LWS0.25FR (M) 40 4.0 − 261 
5EA25LWS0.5FR (S) 51 4.4 − 139 
5EA25LWS0.25FR (S) 44 1.8 − 349 
5EA25LWS0.35FR (C) 46 5.0 − 127 
5EA25LWS0.17FR (C) 48 1.8 − 50 
0.5FR (S) 56 – − 215 
5EA0.5FR (S) 59 – − 215 
10EA0.5FR (S) 56 – − 119 
5EA1SRA0.5FR (S) 56 – − 136 
5EA2SRA0.5FR (S) 58 – − 170 
10EA1SRA0.5FR (S) 54 – 13 
10EA2SRA0.5FR (S) 52 – 87 
5EA12.5LWS0.5FR (S) 57 – − 225 
5EA25LWS0.5FR (S) 59 – 88 
10EA12.5LWS0.5FR (S) 56 – − 163 
10EA25LWS0.5FR (S) 59 – − 273 
5EA1SRA12.5LWS0.5FR 

(S) 
64 – − 197 

10EA1SRA12.5LWS0.5FR 
(S) 

57 – − 162 

5EA2SRA12.5LWS0.5FR 
(S) 

56 – − 280 

5EA2SRA25LWS0.5FR (S) 56 – − 206 
10EA1SRA25LWS0.5FR 

(S) 
66 – − 123 

10EA2SRA25LWS0.5FR 
(S) 

62 – − 159  

Fig. 6. Comparison of measured and predicted 56 d compressive strength  
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average drying and final shrinkage values reveals the importance of high 
content of EA and moist curing in initial expansion. In addition, the 
shrinkage mitigating performance of SRA even at low content and in the 
absence of moist curing is evident. 

Comparing the effect of fibers on the volume change of the Eco-Crete 
mixtures, steel fibers were very effective in limiting initial expansion 
induced by 10 % EA. Limited expansion would reduce the risk of early 
age cracking, which unless can be induced by excessive expansion of 10 
% EA. The steel fibers were also more effective than the synthetic fibers 
in mitigating drying shrinkage up to 224 d. This can be attributed to the 
higher modulus of elasticity of the steel fibers compared to the synthetic 
fibers, as discussed in previous studies [22,67]. 

The shrinkage profiles of the investigated mixtures show that the 
effect of the two contents of the steel fibers on shrinkage was insignifi
cant. Therefore, the lower fiber content (0.17 %) can be preferred and 
applied for restraining volume change. 

3.2.2. Plastic and restrained shrinkage 
Table 7 presents results of the plastic shrinkage on selected Eco-Crete 

mixtures made with the Type S synthetic fibers. The results show that 
after the 24-hours duration of the test, only the 10EA0.5FR (S) mixture 

Fig. 7. Prediction profiler of Eco-Crete mixtures for 56 d compressive strength  

Fig. 8. Comparison of measured and predicted 90 d flexural toughness  
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experienced cracking. The width of the cracks was limited to 0.3 mm, 
and the crack density was less than 0.01 % of the slab surface. The cracks 
were not concentrated in the stress riser regions and were spread over 
the concrete surface. Such cracking can be due to the high content of EA, 
where the hydration of CaO consumed water and prevented the 
migration of bleeding water to the concrete surface. Additionally, as 
discussed in Section 3.2.1 the 10EA mixtures reinforced with synthetic 
fibers showed excessive early expansion, which confirms plastic 
shrinkage cracking. The formation of calcium hydroxide crystals by high 
content of EA induces excessive early-age expansion (Section 3.2.1) that 
contributes to early age cracking. The use of SRA and LWS coupled with 
lower content of EA eliminated plastic shrinkage cracking. Such 
improvement was due to the delaying hydration by SRA and water 
diffusion by pre-saturated LWS that compensated for the plastic 
shrinkage [68–70]. 

The results of the restrained shrinkage testing on selected Eco-Crete 
mixtures made with Type S synthetic fibers are shown in Fig. 3. 

Although the REF0.5FR (S) mixture presented the highest shrinkage, 
none of the mixtures experienced cracking up to 112 d. The Eco-Crete 
mixtures did not experience significant volume change after 28 days 
of testing. The coupled use of EA and SRA caused insignificant expansion 
shrinkage over the testing time. 

The developed stress rate at the test termination time was calculated 
according to Eq. (1) and cracking potential of the Eco-Crete mixtures 
was determined, as shown in Table 8. Although the cracking potential of 
all the mixtures is low (very low), the 5EA0.5SRA0.5FR (S) exhibited the 
best performance. 

3.3. Mechanical properties 

3.3.1. Compressive strength and modulus of elasticity 
Fig. 4 displays compressive strength versus modulus of elasticity of 

the investigated mixtures. The 56 d compressive strength and modulus 
of elasticity ranged from 40 to 55 MPa and 31 to 45 GPa, respectively. 

Fig. 9. Prediction profiler of Eco-Crete mixtures for 90 d flexural toughness  
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Using various shrinkage mitigating systems reduced the average 56 
d compressive strength of shrinkage compensating Eco-Crete mixtures 
from 5 % to 12 %. The highest average 56 d compressive strength and 
modulus of elasticity were exhibited by the 5EA0.5SRA mixture, fol
lowed by the 10EA and 5EA25LWS mixtures. The creation of micro 
cracks and porosity into the matrix due to excessive expansion of 10 % 
EA led to the strength reduction [51]. Higher mechanical properties 
were observed using synthetic fibers at the moderate content compared 
to the low content; the opposite occurred when the steel fiber was used. 

3.3.2. Flexural strength 
Fig. 5 shows flexural load–deflection curves of selected mixtures 

reinforced with Types S and C fibers at moderate contents. The flexural 
strength, deflection at first crack, residual strength, and toughness of the 
mixtures are tabulated in Table 9. The results indicated the better flex
ural performance of 5EA0.5SRA mixtures compared to the other mix
tures. The average flexural strength and deflection upon the first crack of 
the different shrinkage compensating systems ranged from 3.7 MPa to 
5.5 MPa and 0.04 mm to 0.19 mm, respectively. The highest flexural 
strength and the lowest deflection upon the first crack were recorded for 
the 5EA0.5SAR mixtures. The 5EA0.5SAR mixtures also presented the 
highest residual strength and toughness, followed by those of the 10EA 
and 5EA25LWS mixtures. The synthetic fibers presented a better flexural 
performance up to the first crack, and on average showed higher flexural 
strength compared to the steel fiber, while the steel fiber was signifi
cantly more effective in post cracking behavior. On average, the flexural 
toughness values using the steel fiber were nearly two and half times 
higher than those of the synthetic fibers. 

The load–deflection curves shown in Fig. 5 indicate that the mod
erate content of steel fiber, can provide superior post-cracking perfor
mance, followed by the Type S synthetic fiber. The low strength drops 
especially in the 5EA0.5SAR0.35FR (C) and 5EA25LWS0.35FR (C) 
mixtures, refers to the proper confinement, cracks bridging, and resis
tance against the crack propagation by the moderate content of streel 
fiber [71]. 

3.4. Statistical data analysis 

In order to conduct statistical data analysis, an additional 17 mix
tures including 0.5 % synthetic fibers with individual, binary, and 
ternary combinations of the shrinkage mitigating materials at different 
contents were cast and tested for compressive strength and shrinkage. 
Table 10 lists the characteristics of the 35 Eco-Crete mixtures, which 
were used to evaluate the efficacy of the selected shrinkage mitigating 

strategies. 
A multiple regression analysis of variance was carried out using the 

least-squares method in JMP software to evaluate the importance of 
individual and combined effects of the EA, SRA, and LWA on 56 
d compressive strength, 90 d flexural strength, and 224 d shrinkage of 
the Eco-Crete. The statistical significance level, which refers to the 
probability that a chosen random sample is not representative of the 
population, was 5 %. Fig. 6 shows the correlation between the actual and 
predicted 56 d compressive strength values with an R2 of 0.74. 

To better understand the effect of fibers and shrinkage mitigating 
materials on 56 d compressive strength of Eco-Crete, Eq. (4) (valid for 
the range of variables considered in this study) was derived from the 
model. 

EA+ 0.07LWS+ 110.8FR+ 22.3SRA+ 0.08EA × LWS − 8.5EA

× FR − 1.0LWS × FR − 0.3EA × SRA+ 0.03LWS × SRA − 38.1SRA × FR
(4) 

where, EA is the percentage of EA (% cwt), SRA is the percentage of 
SRA (% cwt), LWS is the volume percentage of replaced sand by LWS, FR 
is the volumetric content of synthetic fibers. 

The 56 d compressive strength prediction profilers of various 
shrinkage mitigating strategies, 10EA, 5EA0.5SRA, and 5EA25LWS, are 
shown in Fig. 7. The prediction profiler graphically illustrates the effect 
of change in each variable content on a given response (compressive 
strength, flexural strength, and shrinkage). Desirability numbers corre
spond to the overall response of the model based on the targeted goal 
(maximizing, minimizing, or match target), ranged between 0 and 1 
were obtained. Higher desirability numbers for a given property reflect a 
greater performance. 

The highest desirability number for the 56 d compressive strength 
was 0.56 recorded for the 5EA0.5SRA mixtures. The 10EA and 
5EA25LWS mixtures had similar desirability numbers of 0.5. 

Fig. 8 shows the correlation between the actual and predicted 90 
d flexural toughness values with an R2 of 0.78. The effect of fibers and 
shrinkage mitigating materials on 90 d flexural toughness of Eco-Crete, 
is formulated in Eq. (5). 

726.2+(EA − 6.7)[(225.1 − 600.2FR) + (FR − 0.375)(395 − 2370SRA)

+ (LWS − 8.3)(14.9 − 39.8FR) ]
(5) 

The 90 d flexural strength prediction profilers of various shrinkage 
mitigating strategies, 10EA, 5EA0.5SRA, and 5EA25LWS, are shown in 
Fig. 9. It is observed that the highest desirability number at 0.77 was 
obtained for the 5EA0.5SRA mixtures. The result of the 90 d flexural 
strength prediction profilers indicates that the 5EA25LWS and 10EA 
mixtures presented desirability numbers of 0.71 and 0.54, respectively. 

Fig. 10 shows the correlation between the actual and predicted 224 
d shrinkage values with an R2 of 0.69. The effect of fibers and shrinkage 
mitigating materials on 224 d shrinkage of Eco-Crete, is formulated in 
Eq. (6). 

− 77.8EA+ 3.0LWS − 538.9FR − 115.3SRA − 1.6EA × LWS+ 178.9EA

× FR+ 18.9LWS × FR+ 23.9EA × SRA − 3.0LWS × SRA
(6) 

The 224 d shrinkage prediction profilers of various shrinkage miti
gating strategies, 10EA, 5EA0.5SRA, and 5EA25LWS, are shown in 
Fig. 11. It is observed that the highest desirability number at 0.60 was 
obtained for the 5EA25LWS mixtures. The result of the 224 d shrinkage 
prediction profilers indicates that the 10EA and 5EA0.5SRA mixtures 
exhibited desirability numbers of 0.49 and 0.39, respectively. 

3.5. Embodied carbon 

The carbon footprint of the investigated mixtures in this study was 

Fig. 10. Comparison of measured and predicted 224 d shrinkage  
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analyzed using Concrete Embodied Carbon Footprint Calculator. Three 
scenarios including a mixture of conventional concrete made of only 
350 kg/m3 cement reinforced with 0.5 % synthetic fibers (Mixture 1), 
and two Eco-Crete mixtures with similar components to the mixtures 
investigated in this study reinforced with 0.35 % steel fiber (Mixture 2) 
and 0.5 % synthetic (Mixture 3) were analyzed. Table 11 presents the 
mixture design of the investigated mixtures for the embodied carbon 
assessment. 

Fig. 12 and Table 12 present the overall embodied carbon of the 

selected mixtures per kg of concrete and the detailed contribution of the 
mixtures’ ingredients in the embodied carbon [72]. It was assumed that 
the concrete type is in-situ, steel type is world average, and there is no 
transport from concrete producer to construction site. There is not any 
steel fiber option in the software, thus the effect of raw steel and hooked 
end steel fibers used in this study was considered to be similar. 

The results revealed that the embodied carbon of Eco-Crete mixtures 
was up to 49 % lower than the conventional concrete made with only 
cement and 0.5 % of synthetic fibers. Fig. 12 shows that the mixture 
incorporating only cement resulted in the highest embodied carbon. The 
Eco-Crete mixture made with 0.35 % steel fiber rated the second with 37 
% lower embodied carbon than the conventional concrete made with 
only cement and 0.5 % of synthetic fibers. Assuming insignificant 
embodied carbon by the synthetic fibers (as suggested by the software) 
the lowest embodied carbon was associated with the Eco-Crete made 
with 0.5 % synthetic fibers. 

Fig. 11. Prediction profiler of Eco-Crete mixtures for 224 d shrinkage  

Table 11 
Mixture design of evaluated mixtures for embodied carbon assessment.  

Mixture Cement, kg/m3 FAC, kg/m3 GGBS, kg/m3 Fiber, % (Type) 

Mixture 1 350 – – 0.5 (synthetic) 
Mixture 2 157.5 122.5 70 0.35 (steel) 
Mixture 3 157.5 122.5 70 0.5 (synthetic) 
w/cm = 0.4, HRWR = 1 kg/m3, AEA = 0.1 kg/m3 

Total aggregate = 1859 kg/m3  

K. Aghaee and K.H. Khayat                                                                                                                                                                                                                  



Construction and Building Materials 408 (2023) 133803

14

4. Conclusions 

Shrinkage mitigating strategies using EA, SRA, and LWS and various 
types of steel and synthetic fibers were employed to enhance the per
formance of an ecological and economical high-performance concrete 
(Eco-Crete). Eighteen Eco-Crete mixtures were prepared and tested for 
fresh properties, mechanical properties, and visco-elastic properties. 
The following conclusions were drawn.  

• Using 10 % EA resulted in the lowest slump due to the hydration and 
formation of portlandite. Mixtures made with the steel fiber pre
sented lower air content, and higher slump despite of lower HRWR 
demand compared to those of synthetic fibers due to the lower spe
cific surface area of the steel fibers.  

• Various shrinkage mitigating strategies limited the 32-week drying 
shrinkage of fiber-reinforced Eco-Crete to about 400 µstrain. 
Although significant initial expansion was obtained using 10 % EA, 
the highest and lowest drying shrinkage were recorded for the 10EA 
and 5EA0.5SRA mixtures, respectively, which indicates the benefit of 
efficient combination of shrinkage mitigating materials. The steel 
fiber proved to be more effective than the synthetic fibers in miti
gating long-term drying shrinkage.  

• Among the selected mixtures subjected to the plastic shrinkage 
testing, only the 10EA mixture experienced minor cracking (up to 
0.3 mm crack width and 0.01 % crack density). Such cracking was 
due to the presence of high EA content and high moisture demand for 
the hydration of EA in the corresponding mixture. None of the 
studied Eco-Crete mixtures subjected to restrained shrinkage test 
experienced cracking up to 112 d.  

• Eco-Crete mixtures secured at least 40 MPa compressive strength. 
The highest average 56 d compressive strength and modulus of 
elasticity were obtained by the 5EA0.5SRA mixture. Higher 
compressive strength and modulus of elasticity were observed using 
synthetic fibers at the moderate content and steel fiber at low con
tent, which justifies the use of lower content of steel fiber. 

Fig. 12. Comparing embodied carbon of selected mixtures  

Table 12 
Detailed contribution of mixtures’ ingredients and overall estimated embodied 
carbon of selected mixtures per kg of concrete.  

Materials Mixture 1 Mixture 2 Mixture 3 

Contribution in embodied carbon (%) 

Cement 91.1 65.3 81.1 
GGBS 0.0 1.3 1.6 
FAC 0.0 0.2 0.3 
Admixture 0.6 0.9 1.1 
Aggregate 4.0 6.3 7.8 
Transport of constituents 3.3 5.3 6.6 
Concrete batching plant operations 0.5 0.8 1.0 
With mixing waste 0.5 0.4 0.5 
Steel reinforcement 0.0 19.4 0.0 
kg CO2 per m3 concrete 350 219 177 
kg CO2 per kg concrete 0.149 0.093 0.075  
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• The highest flexural properties presented by the 5EA0.5SAR mix
tures. The synthetic fibers presented a better flexural performance 
until the first crack. However, the flexural toughness values using the 
steel fiber were nearly two and half times higher than those of the 
synthetic fibers due to the higher modulus of elasticity and confining 
effect of the steel fibers.  

• The use of Eco-Crete with 55 % SCM and synthetic fibers resulted in 
49 % lower embodied carbon production compared to the mixture 
made without SCM. The results of statistical data analysis and 
embodied carbon of Eco-Crete mixtures showed that low carbon 
footprint concrete with adequate mechanical properties and low 
shrinkage made with 5 % EA and 0.5 % SRA or 5 % EA and 25 % LWS 
can be produced to be used for bridge and infrastructure 
construction. 
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