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A B S T R A C T   

Sprayable engineered cementitious composites (ECC) has demonstrated in field applications as a promising 
repair material. However, the large cement dosage that leads to a high carbon footprint and potential restrained 
shrinkage cracking suggests needed improvements. In this study, a sprayable ECC was developed using calcined 
clay limestone cement (LC3), calcium sulfoaluminate (CSA) expansive additive and polypropylene (PP) fiber to 
increase the material greenness and durability. The sprayability and mechanical performance were examined by 
the flow table and uniaxial tension tests. The one-time build-up thickness achieved was 45 mm for vertical 
spraying and 35 mm for overhead spraying at 20–30 min rest-time, and up to 80 mm for vertical spraying at 50 
min rest-time. The ECC had a comparable strength but higher tensile strain capacity (5.7%) and reduced crack 
width (30 μm at 1% tensile strain) when sprayed, in comparison to specimens prepared by casting. A spray- 
repaired layered ECC-concrete composite revealed multiple cracking and strain-hardening performance under 
flexural loading. The advantages of low carbon, low shrinkage, low cost, and ultra-high ductility of the developed 
sprayable ECC promote broader applications in infrastructure repair.   

1. Introduction 

Concrete is the most widely used construction material due to its 
good mechanical performance, longevity, low cost, and wide availability 
[1,2]. However, due to its brittleness, concrete suffers from cracking that 
lowers the safety and durability of structures. Shotcrete technology is 
attractive for infrastructure repair with advantages of mold-free, cost-
effectiveness, less variation in mechanical performance, and high con
struction efficiency but remains quasi-brittle even when reinforced with 
steel fibers [3]. 

Engineered Cementitious Composites (ECC) is a fiber-reinforced 
ductile concrete designed for at least a 3% tensile strain capacity [1]. 
Sprayable ECC [4,5] has been developed with rheology controlled by 
water reducer, viscosity modified agent, and calcium aluminate (CA) 
cement. Structures repaired or retrofitted with sprayable ECC include 
irrigation channels [6], tunnel lining [6], masonry walls [7], dams [8,9], 
and culverts [10]. However, the high cement dosage in ECC composi
tions increases the environmental concerns of CO2 emissions, since 
5–8% of the total anthropogenic CO2 emissions are attributed to cement 
production [1,11]. Additionally, the large cement volume of ECC results 
in considerable shrinkage up to 1500 με at 28 days [12,13], increasing 

the restrained cracking risk [14,15]. Therefore, sprayable ECC can be 
further enhanced in both environmental and shrinkage-reduction 
aspects. 

In recent years, calcined clay limestone cement (LC3) has been 
developed for mitigating the environmental impacts of cement pro
duction [16,17]. The LC3 cement incorporating 50% clinker, 30% 
calcined clay, 15% limestone, and 5% gypsum reduces 20–35% of CO2 
emissions compared with ordinary Portland cement (OPC) [11,18]. In 
one study [19], the introduction of LC3 into ECC composition provides a 
48% reduction of carbon emission compared to conventional M45-ECC. 
Meanwhile, the novel LC3-ECC exhibited a tensile strain capacity larger 
than 6% and good durability due to the tight crack width. A 
medium-strength ECC with 33–65 MPa of compressive strength at 28 
d was developed based on LC3 cement; however, the tensile strain ca
pacity was reduced to 0.57–1.58% [20]. LC3 has shown viability in 
developing low carbon ECC with superior tensile ductility but has not 
been used in spray applications. The altered rheology of LC3 paste [21, 
22] is expected to influence the pumpability and sprayability of LC3 
cement. There is a need to investigate the rheological property of 
LC3-based ECC for spray applications. 

The expansive calcium sulphoaluminate (CSA) cement/additive 
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possesses the advantages of shrinkage compensation and rapid hard
ening, suggesting its advantageous incorporation in sprayable ECC. By 
increasing the CSA content, low shrinkage or expansion could be ob
tained [23,24]. On the other hand, the CSA has a significant effect on 
rheology development due to the rapid hardening property [25]. Rapid 
hardening CA cement, similar to CSA, was utilized for sprayable ECC 
[4], in which 5% of CA replacement of OPC obtained two-stage rheology 
suitable for spraying [4]. However, excessive CA (10%) resulted in a 
rapid increase of viscosity adverse to spray application. It is hypothe
sized that a low shrinkage CSA-containing ECC may be developed for 
spraying by adopting a moderate CSA ratio; however, its flowability and 
sprayability require deliberate design and careful examination. 

ECC usually employs a 2% by volume of synthetic fiber. Polyvinyl 
Alcohol (PVA) fiber [4,8], polyethylene (PE) fiber [26–28], and 
high-tenacity polypropylene (HTPP) fiber [19,29,30] are the most 
commonly used fibers. Despite the disadvantage of lower strength and 
stiffness, PP fiber shows promise as a lower-cost fiber than PVA or PE in 
ECC designed for repair applications. Due to the smaller diameter, the 
number of PP fiber (12 μm diameter) is about 10.6 times of PVA fiber 
(39 μm diameter) for a given dosage and the same fiber length [30]. The 
enlarged quantity of PP fiber increases the difficulty of ECC pumpability 
and sprayability. The matrix rheology also affects the PP fiber dispersion 
and mechanical performance of hardened PP-ECC [31]. 1.5% PP fiber is 
utilized to develop a sprayable ECC [29]; however, the mechanical 
performance (0.87 MPa ultimate tensile strength and 1% tensile strain 
capacity at 28 days) is inadequate for structural repair. To develop a 
sprayable PP-ECC for structural repair with at least 2.5 MPa ultimate 
tensile strength and 3% tensile strain capacity, a larger fiber dosage (at 
least 2% volume fraction) is needed, which requires rheology control of 
the LC3 matrix to assure suitable pumpability and sprayability. 

This research aims at developing a sprayable ECC with advantages of 
ultra-high ductility, low-shrinkage, low-carbon, and low-cost. LC3 
cement, CSA additive, and 2% volume of PP fiber were utilized to attain 
these objectives. The flowability range suitable for spraying was eval
uated by flow table test conforming to ASTM C1437 [32]. Spray tests 
were conducted to verify the sprayability and sprayed layer build-up 
ability. The mechanical properties of the sprayed ECC were investi
gated in terms of compressive strength, tensile performance, flexural 
performance, and interfacial bonding strength between ECC and 
concrete. 

2. Design of sprayable ECC 

Control of fresh property is crucial for ECC processing to obtain 
different types of ECC. Cast, sprayable, self-consolidating, and extruded 
ECC has been developed by adjusting the rheology of the fresh matrix 
[1]. While different indices such as viscosity, tribology, and pump 

pressure [4,33,34] have been used for shotcrete design, the deform
ability obtained by a mini-slump flow test is proposed here as a simple 
and practical index for characterizing the rheology properties [35]. 
Fig. 1 depicts the conceptual design principle of sprayable ECC using the 
deformability index (defined in Section 3.2). The requirements of 
rheology control vary with different processing stages as follows:  

(1) Mixing stage: A moderate viscosity assures the fiber dispersion 
uniformity, leading to a robust strain-hardening property [31]. 
Furthermore, lower flowability is preferred for PP-ECC to attain a 
robust strain-hardening effect [30].  

(2) Pumping stage: Before spraying, the fresh ECC is conveyed from 
the mixer to the spraying nozzle by a pump. To pump through the 
hose under proper pump pressure, the fresh ECC requires 
adequate initial high deformability, defined as the minimum 
pumping deformability (Dpump

min ) in Fig. 1. Since workability ex
periences reduction during the time interval between the end of 
mixing and start of pumping, the Dpump

min is smaller than the mini
mum deformability of robust ductility. On the other hand, a high 
flowable matrix, even like water, can be pumped, but the low 
viscosity is inadequate for dispersing the PP fiber. Hence, the 
range of deformability index for pumpability is larger than that 
for robust ductility.  

(3) Spraying stage: Spray quality is determined by many factors, such 
as spray gun pattern, nozzleman skill, spray direction, air pres
sure, and material cohesion. Material cohesion is one of the most 
critical factors to determine the atomization ability at the nozzle 
of the sprayed ECC. The minimum required deformability for 
atomization is named Dspray

min in Fig. 1.  
(4) Build-up stage: A two-stage rheological property was designed for 

sprayable ECC [4]. During the first stage (before spraying), high 
deformability is desired for mixing, pumping, and accommoda
tion of required work-time. In the second stage (after spraying), 
the deformability of fresh ECC should decrease rapidly to allow 
the building-up of enough thickness of the repair material on the 
substrate. Rest time is defined as the time just after mixing and 
before spraying. Optimal rest time is required according to the 
above two-stage rheological property to obtain a good atomiza
tion quality and build-up ability. The maximum allowable 
deformability for building up required thickness is defined as 
Dspray

max . 

Fig. 1. The material deformability principle for designing the sprayable ECC. Sprayable ECC is designed to achieve a deformation index Dspray
min < D < Dspray

max to meet 
requirements for pumpability, robust ductility, atomization ability, and build-up ability. 
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3. Experimental program 

3.1. Materials 

The mixture in this study was developed according to Ref. [19], 
where the composite cement comprised 63 kg/m3 of OPC (Type І, 
Lafarge Holcim Cement Co), 147 kg/m3 of metakaolin (MK, Sikacrete® 
M − 100), 73 kg/m3 of limestone (LS, Omya), and 206 kg/m3 of CSA. 
The CSA weight was proposed by the manufacturer (Komponent®, CTS 
Cement Manufacturing Corp) to obtain a shrinkage compensation effect. 
1077 kg/m3 of fly ash (FA, Boral Material Technologies Inc) was used to 
increase the greenness of the ECC composition. The 12 μm diameter and 
10 mm length PP fiber (Saint-Gobain Brazil) has 6 GPa Young’s modulus 
and 850 MPa tensile strength. The PP content was 2% by volume, while 
the water/binder ratio was 0.3. Water reducer (WR, AVDA® 190 from 
GCP Applied Technologies) was incorporated at 0.7%, 0.8%, and 0.9% 
weight of the binder. The mix proportions are listed in Table 1. 

3.2. Spray test 

A mini-slump cone (diameter d0 = 10 cm) was used for measuring 
and quantifying the deformability. During sample preparation, all solid 
ingredients were mixed in a 5.6-liter mixer for 10 min. The water pre
mixed with SP was then added to the dry ingredients and mixed for 6 
min at 100 rpm. Finally, 2% of PP fibers were added and mixed at 200 
rpm for an additional 6 min. The resulting fresh ECC was used for the 
flow table test at 10-min intervals. After lifting the inverted cone away 
from the ECC, the table was dropped 25 times in 15 s according to ASTM 
C1437 [32]. The maximum spread diameter (d1) and the diameter 
perpendicular to d1 (marked as d2) were recorded and used for calcu
lating the deformability index (D) [4] as follows: 

D=
(d1 × d2) − d2

0

d2
0

(1) 

For developing a new sprayable ECC, the optimization of flowability 
suitable for spraying requires trial tests. For this purpose, and for 
reducing the required materials, labor, and time necessary for a full- 
scale spray test, a hand-held 3.5-liter spray hopper was utilized to 
investigate the relationships of rest time, WR content, and maximum 
build-up thickness. As shown in Fig. 2, the air inlet was connected with a 
500 kPa air system, and the ECC was sprayed out from the 8 mm 
diameter nozzle onto a vertical plywood substrate. The spray tests were 
performed every 5 min and lasted 2 min. After each test, the maximum 
build-up thickness was recorded. The video recording the process of 
spray tests can be found in the Appendix. 

After obtaining the target flowability by the small spray hopper, 
spray tests with a larger volume of ECC were conducted using a 
CARROUSEL® pump on wheels (Fig. 3) available from Quikspray® to 
demonstrate robust sprayability. 30-liter ECC was mixed by a Hobart 
mixer following the same procedure as the flow table test (sequence of 
dry material-fluid-fiber mixing). After 20 min rest-time, the ECC was 
sprayed onto a vertical and overhead plywood substrate using 500 kPa 
air pressure. 

3.3. Mechanical performance test 

The samples of ECC were prepared by both cast and sprayed 
methods, where the cast samples were vibrated for 30 s. No vibration 

was applied to the sprayed samples. Only the ECC with 0.8% solid 
weight of WR was used in the mechanical performance test due to their 
preferred rheological properties (Section 4.1). To prepare the 50 mm 
cubes and dogbone specimens, their molds were placed on the ground, 
and the ECC was sprayed directly or cast into the molds (Fig. 4). The 
excess materials outside the dogbone molds (Fig. 4) were removed once 
the spraying was finished. The rough surface was trowelled along one- 
direction gently and carefully at the rest-time of 40 min when the ECC 
had the build-up ability so that the surface finishing process had mini
mum effect on the internal porosity and fiber alignment, which differed 
from the cast samples. It should be noted that surface trowelling is al
ways adopted in practical engineering, and may improve the density and 
fiber alignment of the sprayed ECC, particular those with thinner 
thickness [36]. 

The specimens were demolded 24 h later. After curing for 28 days in 
20 ± 3 ◦C and 40 ± 5% RH environment, the cube samples were tested 
under compression loading according to ASTM C109 [37]. The dogbone 
specimens were tested on an Instron system at a rate of 0.5 mm/min. 
Two linear variable displacement transducers (LVDT) with an 80 mm 
gauge length were employed to measure the deformation [19]. The 
average and maximum crack width were measured per [19,30], 
respectively. 

The interfacial bond strength and bending behavior between the 
concrete substrate and ECC were studied. The concrete [5] used natural 
river sand (particle size of 0.3–4 mm and a sand/binder ratio of 1.62), 

Table 1 
Mix ratios of ECC matrix (kg/m3).  

Mixture OPC CSA MK LS FA Water WR 

WR-0.7% 63 206 147 73 1077 470 11.0 
WR-0.8% 63 206 147 73 1077 470 12.5 
WR-0.9% 63 206 147 73 1077 470 14.1  

Fig. 2. The spray hopper for build-up thickness tests.  

Fig. 3. The CARROUSEL® pump from Quikspray® for spray test with 30- 
liter ECC. 
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and crushed natural stone coarse aggregate (maximum particle size of 
10 mm with weight equal to sand). The water/OPC ratio was 0.45. The 
concrete was cast into the cube mold (Fig. 5 (a)) and the bending 
specimen mold (Fig. 6 (a)) to half height. After curing for 28 days, the 
specimen surface was cleaned with 700 kPa compressed air and then 
moistened with water. Any excess water on the surface was removed by 
a paper towel. The rest of the molds was then filled with the cast or 
sprayed ECC and air-cured for 28 days. 

Splitting tensile strength tests (Fig. 5(b)) were conducted on the ECC- 
concrete composite cubes [8] at a rate of 15 kN/min. As proposed by 
Ref. [39], the ratio of loading strip width to specimen length (Fig. 5(b)) 
is designed as 1/6 to minimize the effect of specimen size difference on 
the measured splitting tensile strength. A correction to the standard 
formula [38] has been made to account for the non-uniform tensile 
stress distribution. The corresponding splitting tensile strength is 
calculated using Eq. (2) [39]. 

fsplit = 0.61
P
A

(2)  

where P is the applied load of splitting tensile test, and A is the section 
area of the cube specimens (100 × 100 mm2). 

Four-point bending tests (Fig. 6(b)) of layered ECC/Concrete speci
mens were conducted at a rate of 0.5 mm/min [5], with the ECC posi
tioned on the tensioned side of the beam. The deflection of the bending 
specimen was measured by two LVDTs attached at the midspan of the 

specimen. 

4. Results and discussions 

4.1. Sprayability 

The build-up ability of the sprayed ECC was examined with a small 
spray hopper (Fig. 2). Fig. 7 depicts the maximum build-up thickness of 
the sprayed ECC on vertical plywood at different rest-time. The thick
nesses of WR-0.8% at the rest times of 10 min, 25 min, and 40 min are 
shown in Fig. 8. The maximum build-up characteristic showed a two- 
stage development, consistent with the rheological property described 
in Ref. [4]. At the early stage, the material was too flowable for 
building-up on the plywood. There was a distinct turning point in 
rest-time, however, after which the build-up ability increased signifi
cantly due to the rapid hardening of CSA cement. 

The rest time of the turning point was approximate 10 min, 18 min, 
and 30 min for WR-0.7%, WR-0.8%, and WR-0.9%. Before spraying, 
time is required for the ECC to be pumped and conveyed through the 
hose to the nozzle. Hence, appropriate rest time should be reserved to 
meet the expected deformability loss before spraying. The optimal rest 
time could be larger than 15 min [1] for working and transporting, 
indicating that the rest time of WR-0.7 is inadequate. Besides, lower 
flowability is beneficial for the ductility of PP-ECC; therefore, the 
WR-0.8% was adopted in this study for testing the mechanical perfor
mance of the sprayed ECC. 

Fig. 9 plots the deformability as a function of rest time for the three 
mixes with varying amounts of WR. As expected, the deformability 
decreased with the rest time, while higher WR content resulted in higher 
initial deformability. The deformability of WR-0.7% was 2.5 at 10 min, 
equal to that of WR-0.8% at 20 min. The results in Fig. 7 showed that the 
turning point time of WR-0.7% and WR-0.8 for build-up thickness were 
around 10 min and 20 min, respectively, indicating that 2.5 was the 
maximum allowable deformability for the build-up requirement of the 
sprayable ECC. Though the deformability (>2.5) may build-up enough 
thickness by increasing the material adhesion such as bonding agent 
[29]) or the surface roughness [8], it is proposed that deformability of 
2.5 be conservatively adopted as a maximum value for building-up of 
sprayed material without sliding off under gravity. 

On the other hand, excessively low deformability may hinder ECC 
sprayability. Below a minimum critical deformability Dspray

min , the sprayed 
ECC cannot obtain a good atomization quality. Larger air pressure makes 
the material easier for atomization. However, the excess pressure causes 

Fig. 4. Dimensions of dogbone-shape mold for uniaxial tension test.  

Fig. 5. (a) 100 mm cube specimen and (b) setup of the interfacial split tensile 
test [8]. 
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the segregation of PP fiber from the matrix. For the sprayable PP-ECC, 
PP fibers were found separated from the matrix when the air pressure 
was larger than 500 kPa. PVA-ECC could tolerate a higher (700 kPa) air 
pressure without fiber separation because the hydrophilic PVA fiber has 
a better bonding with the matrix than the hydrophobic PP fiber. The ECC 
employs fiber for attaining the unique characteristic of multiple cracks 
and high ductility, which may be lost due to the loss of fiber during the 
spray process. Thus, the air pressure for spraying PP-ECC was limited to 

500 kPa, and Dspray
min = 1.8 was proposed to assure a good atomization 

quality for sprayable PP-ECC. 
Consistent with the results of small spray hopper, the ECC (WR- 

0.9%) sprayed with CARROUSEL® pump was too flowable for building 
up thickness at rest time 20 min, while the atomization quality of ECC 
(WR-0.7%) was unsuitable for spraying after 35 min. Using the proposed 
deformability range of 1.8–2.5, 30-liter ECC (WR-0.8%) sprayed with 
the CARROUSEL® pump at rest time 20 min simultaneously meets the 

Fig. 6. (a) Bending specimen (300× 76.2× 40 mm) and (b) 4-pt bend test setup.  

Fig. 7. The relationship of the maximum build-up thickness and rest-time for 
mixes with different WR levels. 

Fig. 8. The build-up thickness of ECC (WR-0.8%) at different rest-time sprayed with the small spray hopper.  

Fig. 9. The decrease in deformability of the sprayed ECC with rest-time.  
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atomization and buildability functions. The maximum build-up thick
ness of the sprayed ECC was 45 mm for vertical spray and 40 mm for 
overhead spray (Fig. 10). The atomized ECC was sprayed evenly onto the 
plywood without dripping, sloughing, and rebound. The superior 
rheological properties contributed by CSA cement and LC3 cement ac
count for the good performance of sprayability. Also, no aggregates 
(sand, stone) were used for the ECC composition in this study. The lower 
density of the ECC reduced the defects caused by the negative effects of 
gravity [8]. Further, the material cost is reduced due to less waste of ECC 
caused by dripping and rebound that demand an additional 5–8% ma
terial cost in typical shotcreting operation. 

4.2. Uniaxial tensile performance 

Ultra-high ductility contributed by multi-cracks is the unique prop
erty of ECC. Fig. 11 (a) illustrates the tensile stress and strain relation
ship of the sprayed ECC and the cast ECC. Both the first cracking strength 
and the ultimate tensile strength of sprayed ECC were lower than that of 
cast ECC. The ultimate tensile strength of the cast ECC (2.8 MPa) 
decreased to 2.6 MPa due to the spray processing. A 10% reduction of 
compressive strength was found for sprayed ECC compared with the cast 
ECC (from 22.1 MPa to 20.0 MPa as listed in Table 2). However, the 
tensile strain capacity of the sprayed ECC was increased from 4.7% to 
5.7% compared to the cast ECC. 

The spray process affects the air content of the matrix and the me
chanical property of the sprayed ECC. Usually, minimizing the air voids 
or squeezing out the excess air could mitigate the negative effect of air 
entrainment by spray process, e.g., the sprayed ECC obtained a com
parable strength and ductility to the cast ECC [5] by properly designing 
the sprayability. However, some studies ignored the atomization quality 
of the sprayable ECC, resulting in excess air voids in the matrix during 
the spray process. The macro flaws reduced the matrix strength and 
affected the fiber dispersion, leading to reduced strength and ductility 
[40,41]. Approximate 20–50% of the ultimate tensile strength and 
20–67% of tensile strain capacity reductions were observed [14,29,40, 
41], as summarized in Table 3. Another method is introducing excess air 
in the original composition and squeezing out the excess air during the 
spraying process, leading to a more compacted matrix than the cast one 
[42]. However, controlling the air content in practical engineering is 
difficult, especially during the spray process, uncontrollable air content 
leads to the variation of mechanical performance. 

In this study, the fresh property of the sprayed ECC was deliberately 
designed using CSA cement, LC3 cement, and PP fiber. The good at
omization quality led to the compact matrix and avoided large voids in 
the sprayed ECC. Therefore the ultimate tensile strength was only 0.2 
MPa lower compared to the cast ECC. The flaws imported by sprayed air 
promoted the initiation of the cracks, attaining a larger tensile strain 

capacity. Fig. 12 illustrates that the sprayed ECC generated more cracks 
than the cast ECC, improving the ductility of the sprayed ECC. Fig. 11(b) 
shows that the sprayed ECC presented smaller observed crack width at 
all strain levels. The relatively large crack width is one of the main 
challenges for the PP-ECC when compared with PVA-ECC [30]. The 
average crack width of cast ECC was 75–150 μm, which was comparable 
to the published results [29,30]; however, significantly larger than that 
of the PVA-ECC (30–80 μm). The average crack width of the sprayed 
ECC was only 30 μm at 1% and below 90 μm at 5%. While the average 
crack width was below 100 μm, the maximum crack width (Fig. 11 (c)) 
of both cast and sprayed ECC was nearly 3 times the average crack 
width, consistent with [43]. The tiny crack width was attributed to more 
cracks initiated at a relatively low-stress level due to the flaw imported 
by air. Though the mechanical properties of PP fiber are inferior to PVA 
fiber, the sprayed ECC reinforced with PP fiber had comparable average 
crack width and superior ductility than the sprayed ECC with PVA fiber, 
and smaller maximum crack width than that reported for PVA-ECC [43]. 

4.3. Flexural and bonding performance of ECC-concrete layered 
composite 

The flexural load and deflection response of the ECC-concrete com
posite is illustrated in Fig. 13. No obvious differences in load capacity 
were found between the sprayed ECC-concrete and cast ECC-concrete 
composites. Under plane cross-section assumption per [44], the first 
crack occurred in the bottom ECC layer at approximately 4 MPa, which 
was comparable to the commercial polymer repair mortar reported in 
Refs. [5]. Distinct from conventional mortar, the ECC-concrete sustained 
a higher load after the first crack due to the pseudo strain-hardening 
property of ECC. The ultimate flexural strength increased to 5.6 MPa 
and 5.9 MPa for sprayed and cast ECC-concrete composite, respectively. 
Similar to uniaxial tensile properties, the sprayed ECC-concrete dis
played a slightly lower strength and higher deflection, attributed to the 
air voids and increased ductility of the sprayed ECC. 

The deflection capacity of the layered ECC-concrete was 7.4–8.1 mm 
(Table 2), which was more than 30 times that of the concrete repaired 
with commercial polymer mortar [5]. Although the average deflection 
capacity of the sprayed ECC was comparable to that of the cast ECC, the 
sprayed specimens showed greater variability, plausibly due to the 
increased flaw size range induced by air entrainment. Compared to the 
concrete repair with PVA-ECC [5], the deflection capacity in this study 
was increased more than two times. A larger deflection capacity is more 
important than the higher strength capacity, especially for repairing 
infrastructure such as bridge, tunnel, and pavement, of which the cracks 
were mainly caused by uneven/imposing deformation other than over
load. The high ductility of ECC assures improved deformation capacity, 
and energy absorption capacity for the ECC repaired system. 

Fig. 10. Spray test using the CARROUSEL® pump.  
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Fig. 14 displays the crack patterns of the flexural ECC-concrete 
composite. As the load increased, the first crack was observed in the 
ECC layer around the midspan of the composite. During the pseudo 

strain-hardening stage, more microcracks were generated in the ECC, 
and the cracks propagated up to the concrete layer. Eventually, a macro 
crack was formed in the midspan of the concrete layer. As the load 
continued to increase, the concrete macrocrack propagated along with 
the interface of ECC and concrete, and more cracks were generated in 
the bottom ECC layer. The ECC worked as a plastic hinge, redistributing 
the stress. The crack width of concrete was also restrained, leading to no 
local failure in the ECC-concrete composite. Further increase in load 
generated more microcracks in the ECC layer, and the concrete layer 
also presented multiple cracking properties. 

Since no deliberate roughening of the concrete surface was intro
duced prior to ECC spraying, full bonding between the two materials 
that could lead to concrete spalling [36] was avoided. Instead, the 
moderate bond promoted local debonding along the interface at 

Fig. 11. Tensile performance of the sprayed ECC and cast ECC.  

Table 2 
Measured mechanical performance of the sprayed and cast ECC.   

fc 
(MPa) 

fsplit 

(MPa) 
ft 
(MPa) 

εt (%) Fbend 

(N) 
Deflection 
(mm) 

No. of 
specimens 

3 6 3 4 

Cast 22.1 ±
0.5 

2.3 ±
0.6 

2.8 ±
0.2 

4.7 
± 0.9 

2812 ±
176 

7.4 ± 0.7 

Sprayed 20.0 ±
0.7 

2.2 ±
0.4 

2.6 ±
0.2 

5.7 
± 0.8 

2695 ±
290 

8.1 ± 4.2 

Note: fc, fsplit, ft, εt, and Fbend denotes the compressive strength, splitting tensile 
strength of interfacial bonding, ultimate tensile strength, tensile strain capacity, 
and flexural load. 

Table 3 
The comparison of the tensile strength and strain capacity performance in pre
vious researches.  

Tensile performance ↓a ≈a ↑a 

Reference [29] [14] [40] [41] [5] [42] This study 
ft (MPa) Cast 1.1 3.0 4.0 5.2 4.4 5.0 2.8 

Spray 0.9 2.2 2.3 4.3 4.4 6.2 2.6 
εt (%) Cast 3.0 3.0 3.0 2.9 1.7 1.2 4.7 

Spray 1.0 2.3 1.7 2.2 1.6 3.1 5.7  

a The notation ↑, ≈, ↓ represents the tensile performance was increased, 
comparable, and decreased by the spray process. 

Fig. 12. Crack patterns of the dogbone samples unloaded after the final tested 
points shown in Fig. 11(a). 
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midspan (Fig. 14), leading to more microcracks in ECC as loading 
increased. No delamination failure was found, indicating that the 
ECC-concrete worked as an integral composite element under flexural 
load. ECC-concrete composite altered the failure mode from brittle to 
ductile. 

The interfacial bond strength was measured by a split tensile test 
consistent with [8]. Though the measured strength depends on the 
interface roughness and specimen geometry [39,45], it is suitable for 
demonstrating the difference between cast ECC and sprayed ECC under 
the same testing condition. The bond strength of sprayed and cast ECC 
was found comparable (Table 2), indicating that the sprayed process had 
little effect on the interfacial bonding. Meanwhile, a commercial poly
mer modified mortar [5] expected to have an enhanced bond perfor
mance was used as a reference. The bond strength of the 
polymer-modified mortar was 2.07 MPa, slightly lower than the devel
oped ECC. Xu [8] proved that the interface roughness had a more sig
nificant influence on the interfacial shear strength than on the interfacial 
bond strength. The increased shear resistance due to rough surface im
pedes the cracks propagating along with the ECC-concrete interface [8], 
leading to local failure in the concrete layer [5], rather than the multiple 
cracks as observed in Fig. 14. Meanwhile, a strong bond between the 
ECC and concrete may lead to reflective cracking and limit the ductility 
of ECC-concrete composite [36]. Hence, the rough interface was not 
recommended for the ECC-concrete repair system under flexure. The 
optimal interface roughness for assuring both bonded and flexural per
formance requires further studies. 

5. Conclusions 

A sprayable ECC was developed using LC3 cement, CSA cement, and 
PP fiber with characteristics of low carbon, low shrinkage, and low cost 
for infrastructure repair. The fresh properties were deliberately designed 
suitable for spraying while maintaining ultra-high tensile ductility. The 
following conclusions can be drawn:  

• Flow table test is found to be a simple and practical method for 
designing the rheology of sprayable ECC. The maximum deform
ability index of 2.5 is proposed for thickness build-up without drip
ping, while the minimum deformability index of 1.8 is recommended 
for good atomization quality of ECC at the spray nozzle. The spray air 
pressure should not exceed 500 kPa for the PP-ECC to maintain 
cohesiveness between the hydrophobic PP fiber and the matrix 
during spray operation. The deformability range determined assures 
the attainment of desired fresh and hardened performance of the 
sprayable ECC.  

• The desired two-stage rheology for sprayability is found to be 
attainable through tailoring the amount of CSA cement and water 
reducer. As a result, a build-up thickness of 45 mm for vertical 
spraying and 30 mm for overhead spraying was achieveable at 
20–30 min rest time. The maximum build-up thickness could reach 
78 mm for vertical spraying at 50 min rest time.  

• Good material atomization at the spray nozzle is found necessary for 
minimization of large flaws caused by air entrainment in the sprayed 
ECC. As a result, minimal differences in compressive and tensile 
strength were found between spraying and casting processes.  

• Through deliberate design of ECC matrix and atomization quality, 
the sprayable PP-ECC developed in this study attained a remarkable 
tensile strain capacity of 5.7%, significantly larger than that previ
ously reported for sprayed ECC reinforced with PVA fiber. The crack 
width of the sprayed PP-ECC during strain-hardening was 30–90 μm, 
comparable to that of PVA-ECC.  

• For the ECC-concrete composite, fracture localization in the concrete 
layer was found to be suppressed by the strain-hardening ECC. The 
ECC-concrete composite worked as an integral structure without 
delamination, revealing multiple cracking and strain hardening ef
fects with a ductile failure mode. This modified behavior suggested a 
highly durable repaired system using sprayable ECC. 

Fig. 13. Flexural load versus deflection relationships of ECC-concrete composite.  

Fig. 14. The crack patterns of the ECC-concrete composite under flexural loading.  
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