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A B S T R A C T

Aimed at realizing the effective strengthening and durable repair of concrete structures, particu-
larly in emergencies like traffic interruption triggered by broken roads and damaged bridges,
nine groups of specimens were designed and tested in this paper to develop the high-early-
strength Engineered Cementitious Composites (HES-ECC) featured as both high early-strength
and superior long-term-deformability. The high-early-strength effect of sulphoaluminate cement,
silica fume, and Portland cement on HES-ECC was compared, as well as their influence on the de-
formation ability of HES-ECC. Moreover, the interfacial behaviors between HES-ECC and existing
concrete structure were clarified, considering the effects of interfacial agents, interfacial treat-
ment methods, and interfacial roughness. The results indicate that HES-ECC with 6% silica fume
mixed could obtain both the high early-strength and superior long-term-deformability. The flex-
ural strength at 3 h could reach 66.67% of that at 28d. The compressive strength could reach up
to 28.7 MPa at 3 h, and the ultimate tensile strain could remain 4.21% at 28d. Cement paste in-
terfacial agent could enhance the chemical adhesive bonding between HES-ECC and existing con-
crete while polymer modified interfacial agent was incompatible. The increased roughness of
chiseled interface was beneficial to both the bearing capacity and the deformation ability. Inter-
facial shear performance of the grooved interface was scarcely deteriorated even if the roughness
decreased by 54.18% compared with the chiseled interface. The recommended interfacial treat-
ment is chiseled interface combined with grooved interface, as well as a thickness of 1–2 mm ce-
ment paste interfacial agent. This study provides valuable and credible experimental data for pro-
moting the application of HES-ECC in repairing existing concrete structures in practice.

1. Introduction
Structural concrete has been used for construction widely due to its superior mechanical performance but low cost. However, lack

of durability has become a challenging problem for conventional concrete under severe serving conditions like fatigue, impact,
freeze-thaw cycles, chloride penetration, etc. Effective strengthening and durable repair are often required to reduce the lifecycle cost
and prolong the service life of existing concrete structures [1–4]. Common repair materials for the concrete structures can be classi-
fied into pure cement-based materials (Portland cement, magnesium phosphate cement, high alumina cement, etc.), polymer modi-
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fied cement-based materials (styrene-butadiene rubber (SBR) latex modified, acrylic and some vinyl copolymers modified, etc.), and
pure polymers (epoxy resin, polyester, polyurethane, etc.) as a whole [5]. Unfortunately, it is estimated that more than half of con-
crete repairs end in failure, of which three-quarters result from the absence of durability of the repair materials [6,7]. Cement in re-
pair materials could lead to the change of interfacial microstructure and the increase of interfacial drying shrinkage stress. It further
resulted in the cracking and debonding of the repair layers [8,9]. Regarding polymer in repair materials, for instance, resin was found
to react with the cement by Sasse and Fiebrich [10]. The durability of repair materials was weakened in such a situation with the in-
creased alkalinity and the softened resin.

Engineered Cementitious Composites (ECC) with characteristics of multiple-cracking and strain-hardening has been regarded as
an ideal material for strengthening and repair [11]. It was introduced to overcome the brittle fracture and poor durability of conven-
tional cementitious materials based on the fracture mechanics, statistics, and micromechanics. Both strength criterion and energy cri-
terion should be considered during the design process of ECC [12,13]. It has a superior ability of deformation and crack-controlling.
The ultimate tensile strain can steadily reach over 3% and the crack width is controlled under 60–100 μm at the limit state, improving
the durability of ECC in harsh environments such as resistance to penetration of corrosive substances [14]. Besides, sufficient de-
formability also helps to enhance the composite effect between ECC repair layer and existing concrete structures. Meanwhile, it fur-
ther guarantees the load-bearing capacity and improves the ductility of the integral structure after repair [15,16].

Given the outstanding mechanical properties and durability of ECC, considerable efforts have been devoted to investigating its ap-
plicability as repair materials. And the interfacial behaviors between ECC and existing concrete is one of the key issues. The influence
of loading conditions, strength of ECC, interfacial treatment methods, interfacial roughness, interfacial agents, construction technolo-
gies, etc. is taken into account [7,17–26]. It was found that the interfacial roughness had a marked impact on the interfacial behaviors
between ECC and concrete. The calculation method of nominal interfacial strength and the evaluation criteria of failure mode were
proposed [17,18]. Besides, suitable interfacial agents could also help to fill in the voids of the existing concrete and improve the mi-
crostructure of interface [7,19]. The degradation of interfacial behaviors under harsh environments was also considered such as high
temperature, freeze-thaw cycles, sulfate attack, etc. The interfacial shear strength increased with temperature below 400 °C while de-
creased with increasing temperature above 400 °C [23]. Salt freeze-thaw erosion had a very negative effect on the interfacial fracture
performance, including initial crack stage, stable crack propagation stage, and instability failure stage [25]. Compared with the fail-
ure of concrete/concrete interface after 60 sulfate and wet-dry cycles, the corrosion resistance coefficient of ECC/concrete interface
remained above 60% even after 120 cycles [26].

In addition to the desirable interfacial behaviors, strength development during the early age is also essential for repair materials,
especially for the application in emergencies such as road repair and bridge strengthening, which are closely associated with the eco-
nomic benefits and social impacts. ECC with high-early-strength can provide sufficient strength instantly and extend the maintenance
interval remarkably at the same time [6]. Medium-early-strength ECC (MES-ECC) featured as self-healing was developed by adding
accelerator to ordinary Portland cement, with compressive strength reaching 24 MPa at age 3 d [27]. Wang and Li [6,28] proposed
two systems of high-early-strength ECC (HES-ECC) with proprietary rapid-hardening cement and Type III Portland cement, respec-
tively, in which artificial flaws were introduced to guarantee the long-term deformability. HES-ECC with proprietary rapid-hardening
cement obtained 24 MPa within 3 h after casting, and the long-term tensile strain was greater than 2.0%. The compressive strength of
HES-ECC produced by Type III Portland cement and calcium nitrate-based accelerator could reach 21 MPa within 4 h, and the long-
term tensile strain was greater than 3.0%. Besides, according to the research of Şahmaran et al. [29], the compressive strength of HES-
ECC was tested to be 20 MPa within 6 h by applying high-early-strength Portland cement and calcium nitrate-based accelerator,
while the combination of sulphoaluminate cement and silica fume was reported as 25 MPa within 6 h in Ref. [30]. However, the ulti-
mate tensile strain was limited to merely 1.8% [30]. HES-ECC produced by proprietary rapid-hardening cement without artificial
flaws obtained an ultimate tensile strain over 6% at the age of 7 h, but it reduced to 0.7% at the age of 3d inversely [6]. Similarly, that
of HES-ECC produced by Type III Portland cement without artificial flaws was slightly higher than 1.0% at 28d [6]. HES-ECC in cur-
rent researches can hardly obtain both high early-strength and superior long-term-deformability. Deterioration of deformation ability
and disappearance of multiple-cracking can result in severe adverse repair effects. The durability of HES-ECC repair layer is weakened
and the safety of the integral structure is decreased.

Thus, as to HES-ECC, it is essential to ensure the high-early-strength as well as the long-term ability of deformation and crack-
controlling. Moreover, desirable interfacial behaviors between HES-ECC and existing concrete structures are also need to be provided.
But few relevant studies have been conducted. Yildirim et al. [29,31] studied the interfacial behaviors between HES-ECC and concrete
through direct tension and slant shear tests, taking the influence of compressive strength and self-shrinkage of HES-ECC into consider-
ation. But the interfacial treatment methods, interfacial agents, and some other factors were not involved. Thus, aimed at proposing a
kind of HES-ECC featured as both high early-strength and superior long-term-deformability, the high-early-strength effect of sulphoa-
luminate cement, silica fume, and Portland cement on HES-ECC was compared. And their influence on the deformation ability of HES-
ECC was studied at the same time. On this basis, the interfacial behavior tests between HES-ECC and existing concrete were further
carried out to choose the optimal interfacial agents, interfacial treatment methods, and interfacial roughness. It provides useful refer-
ences and suggestions for the design and construction of HES-ECC as repair materials for existing concrete structures in practice.

2. Experimental program
2.1. Materials and mixtures

Raw materials within the mixtures of HES-ECC include L•SAC425 low-alkali sulphoaluminate cement (SAC), Class Ⅱ fly ash (FA),
silica fume (SF), P•Ⅱ425R Portland cement (PC), 80–100 mesh quartz sand, water, solid citric acid, PCA®-Ⅷ polycarboxylate-series
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superplasticizer (SP), and polyvinyl-alcohol fiber (PVA, the length is 12 mm, the diameter is 38 μm, the elastic modulus is 42.8 GPa,
and the tensile strength is 1620 MPa). Chemical compositions of raw materials can be found in Table 1, and detailed mixture propor-
tions of HES-ECC are listed in Table 2. Mixture A3S0P0 was taken as the controlled group, and the influence of the mass ratio between
SAC and FA (SAC/FA ratio) and the addition of SF and PC were studied. Given the early-strength and long-term-deformability of HES-
ECC, A3S6P0 was selected as the optimal mixture to further test the interfacial behaviors between HES-ECC and concrete. River sand
with fineness modulus 2.18 and coarse aggregate with maximum particle size less than 16 mm were used for preparing the existing
concrete in the interfacial bond tests. Two types of interfacial agents were prepared, namely cement paste interfacial agent and poly-
mer (SBR latex with solid content 50%) modified interfacial agent (Table 3). The cubic compressive strength of concrete, cement
paste interfacial agent, and polymer modified interfacial agent was tested to be 41.8 MPa, 41.5 MPa, and 29.4 MPa at testing age 3 h
in the interfacial bond tests, separately, which further increased up to 46.3 MPa, 61.4 MPa, and 60.1 MPa at testing age 28d.

2.2. Specimen preparation
Specimens for the flexure, compression, and uniaxial tension tests were cast following the similar procedure in Ref. [32]. For the

interfacial bond tests, specimens were fabricated by four steps as shown in Fig. 1: (ⅰ) concrete substrate was cast and cured until 28d;
(ⅱ) then, one of the side surfaces of the concrete substrate, regarding as the interface, was chiseled or grooved (Fig. 2); (ⅲ) after wet-
ting the interface repeatedly, the interfacial agent was brushed with a thickness of 1–2 mm; (ⅳ) finally, HES-ECC side was poured,
and the composite specimens were cured till the testing ages. All specimens were cured under temperature 20 ± 2 °C and relative hu-
midity 95 ± 5%, following the Chinese Standard GB/T 50081 [33]. To measure the interfacial roughness, so-called “sand filling
method” was applied [23]. Specifically, the interface was covered with standard sand to the same height as the highest point of the in-
terface, and the mass of sand was measured. Converted into volume and divided by cross-sectional area, the roughness coefficient of
interface was then obtained.

The testing ages 3 h, 6 h, 1d, 7d, and 28d counting from adding water to the dry binder when mixing HES-ECC are labeled as A-E,
respectively. With gradual increase of the interfacial roughness, the chiseled interfaces are labeled as Ⅰ, Ⅱ, Ⅲ, while the roughness
grade Ⅳ corresponded to the grooved interface (Fig. 2). Specimens for interfacial bond tests are named as “T/V–N/P/S-X-Y”, among
which the first letter “T” represents the splitting tests while “V” represents the direct shear tests. The second letter “N”, “P”, “S” repre-
sents no interfacial agent, cement paste interfacial agent, and polymer modified interfacial agent, respectively. The suffix “X” repre-
sents the type of interface and “Y” denotes the testing age. Detailed roughness coefficient of specimens for interfacial bond tests are
listed in Tables 6 and 7.

Table 1
Chemical compositions of raw materials (by mass, %).

Raw materials CaO SO3 Al2O3 SiO2 Fe2O3 TiO2 MgO K2O LOI

SAC 55.13 16.66 16.37 5.96 2.41 1.15 0.77 0.73 0.82
FA 4.89 0.63 43.85 41.28 4.77 1.65 1.20 0.72 1.01
SF 0.45 1.08 0.13 96.35 0.06 / 0.35 0.89 0.68
PC 64.16 2.33 5.86 20.65 3.56 0.27 1.42 1.27 0.48

Table 2
Mixture proportions of HES-ECC (by mass).

No. SAC FA SF PC Quartz sand Water Citric acid/Ca (%) SP/C (%) Fiber volume ratio (%) SAC/FA SF/C (%) PC/C (%)

A2S0P0 0.667 0.333 0.00 0.00 0.35 0.32 0.12 0.81 2.0 2 0 0
A3S0P0 0.750 0.250 0.00 0.00 0.35 0.32 0.12 0.81 2.0 3 0 0
A4S0P0 0.800 0.200 0.00 0.00 0.35 0.32 0.12 0.81 2.0 4 0 0
A3S2P0 0.735 0.245 0.02 0.00 0.35 0.32 0.12 0.81 2.0 3 2 0
A3S4P0 0.720 0.240 0.04 0.00 0.35 0.32 0.12 0.81 2.0 3 4 0
A3S6P0 0.705 0.235 0.06 0.00 0.35 0.32 0.12 0.81 2.0 3 6 0
A3S0P4 0.720 0.240 0.00 0.04 0.35 0.32 0.12 0.81 2.0 3 0 4
A3S0P8 0.690 0.230 0.00 0.08 0.35 0.32 0.12 0.81 2.0 3 0 8
A3S0P12 0.660 0.220 0.00 0.12 0.35 0.32 0.12 0.81 2.0 3 0 12

a C represents the binder, which contains SAC, FA, SF, and PC in HES-ECC.

Table 3
Proportions of other mixtures in the interfacial bond tests (by mass).

Mixture Water PC SAC River sand Coarse aggregate SP/Ca (%) SBR latex Defoamer

Concrete 0.38 1.00 / 0.76 1.48 0.13 / /
Cement paste interfacial agent 0.28 / 1.00 / / 0.92 / /
Polymer modified interfacial agent 0.21 / 1.00 / / / 0.15 0.0012

a C represents the binder, which contains PC in concrete and SAC in cement paste interfacial agent.
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Fig. 1. Casting process of specimens for (a) splitting tests (b) direct shear tests.

Fig. 2. Different types of interface.

2.3. Test methods
2.3.1. Flexure and compression tests

Three-point bending tests of prisms (160 mm × 40 mm × 40 mm) were conducted to test the flexural strength of HES-ECC fol-
lowing the Chinese Standard GB/T 17671–1999 (idt ISO 679:1989) [34]. The flexural strength is calculated by 𝜎f = 1.5Ff L∕b

3, where
Ff is the load applied at midspan, L is the distance between the bottom supports (100 mm), and b is the width (40 mm). Cubic speci-
mens (70.7 mm × 70.7 mm × 70.7 mm) were used for compression tests of HES-ECC following the Chinese Standard JGJ/T 70 [35].
For both flexure and compression tests, three specimens were tested at the ages of 3 h, 6 h, 1d, 7d, and 28d for each group.

2.3.2. Uniaxial tension tests
The standard dumbbell-shaped specimens (Fig. 3(a)) were prepared for testing the uniaxial tension behaviors of HES-ECC, follow-

ing the recommendations of Japan Society of Civil Engineers (JSCE) [36]. Considering the limited testing time during the early stage,
four dumbbell-shaped specimens in one group were tested at ages 3 h and 1d, while six specimens were tested at age 28d. The elec-
tronic universal testing machine (10 kN) was used to apply the uniaxial tensile load, and two linear variable displacement transducers
(LVDTs) were installed on both sides of the specimen to measure the tensile deformation with a gauge length of 80 mm (Fig. 3(b)).

2.3.3. Interfacial splitting tests
The specimen size and the testing scheme of interfacial splitting tests are illustrated in Fig. 3(c). Four composite cubic specimens

with a size of 150 mm × 150 mm × 150 mm were tested under uniaxial compression at the ages of 3 h and 28d. The load was ap-
plied by a 300 kN electronic universal testing machine with a loading speed of 0.5 kN/s. By incorporating an arc-shaped steel block
and adjusting the position of the specimen, the vertical stress-bearing surface was ought to be the interface between HES-ECC and
concrete. To reduce the stress concentration, two pieces of plywood (150 mm × 20 mm × 4 mm) were placed between the steel
block and the specimen. The splitting tensile strength is then calculated by 𝜎t = 2Ft ∕𝜋A, where Ft is the applied load, and A is the
cross-sectional area (150 × 150 mm2).

2.3.4. Interfacial direct shear tests
A type of Z-shaped specimen [23] (Fig. 3(d)) was adopted for the interfacial direct shear tests. Three specimens were tested under

uniaxial compression with a loading speed of 0.5 kN/min by the same machine used in the splitting tests after curing for 28d. An arc-
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Fig. 3. Specimens and testing instruments (a) dumbbell-shaped specimen (b) sketch of the instrument for uniaxial tension tests (c) sketch of the instrument for splitting
tests (d) Z-shaped specimen (e) the front of the instrument for direct shear tests (f) the backside of the instrument for direct shear tests.

shaped steel block was placed above the specimen, along with a 40 mm wide steel block setting underneath, as shown in Fig. 3(e). To
capture the deformation and the crack propagation within the interfacial zones, the Digital Image Correlation (DIC) system was
equipped. Two LVDTs were installed on the backside of the specimen to measure the relative slip of the interface (Fig. 3(f)). The inter-
facial shear strength σs is then calculated by dividing the shear load by the cross-sectional area of the interface (100 × 100 mm2).

3. Test results and discussion
3.1. Flexure and compression tests

The average value and the standard deviation of the flexural and compressive strength of HES-ECC are listed in Table 4 and Table
5, as well as the strength growing rate between adjacent testing ages. Influence of SAC/FA ratio, SF, and PC on the flexural and com-
pressive strength of HES-ECC at different testing ages are illustrated in Figs. 4 and 5. The flexural and compressive strength of all
groups increased with age.

3.1.1. Effect of SAC/FA ratio
As the dominant cementitious component in this research, SAC features fast hydration and high early-strength [37], which can

greatly influence the mechanical behaviors of HES-ECC as repair material. Despite the sustaining flexural strength growth of A2S0P0,
A3S0P0 and A4S0P0 over time, the strength growth from 3 h to 6 h was most evident compared with other intervals regardless of the
SAC/FA ratio. And A4S0P0 reached the peak as 34.02%. Furthermore, the HES-ECC tended to have a higher flexural strength with the
increase of SAC/FA ratio. At age 28d, the flexural strength of A3S0P0 and A4S0P0 increased by 10.06% and 13.21% compared with
A2S0P0, separately, with SAC/FA ratio rising from 2.0 to 3.0 and 4.0. This is owing to the slow hydration characteristics of FA, which
are completely contrary to SAC [38]. The increased SAC/FA ratio obtains a higher hydration rate of the binder, which densifies the
matrix and also enhances the bonding between fibers and matrix [37].

A similar tendency can be found in the compressive strength of HES-ECC when increasing SAC/FA ratio. The compressive strength
of A3S0P0 and A4S0P0 was 3.72% and 6.20% higher than that of A2S0P0 at age 3 h, and was 3.73% and 9.68% higher at age 28d. Be-
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Table 4
Flexural strength of HES-ECC at different testing ages (MPa).

No. 3 h (A) 6 h (B) 1d (C) 7d (D) 28d (E)

AVE (SD)a IR AVE (SD) IR AVE (SD) IR AVE (SD) IR AVE (SD)

A2S0P0 9.1 (1.12) 32.97% 12.1 (0.53) 7.44% 13.0 (0.74) 9.23% 14.2 (1.07) 11.97% 15.9 (1.06)
A3S0P0 9.5 (0.68) 33.68% 12.7 (0.92) 8.66% 13.8 (0.74) 13.04% 15.6 (1.10) 12.18% 17.5 (0.70)
A4S0P0 9.7 (0.63) 34.02% 13.0 (0.91) 11.54% 14.5 (1.20) 8.97% 15.8 (0.85) 13.92% 18.0 (0.74)
A3S2P0 11.2 (0.96) 15.18% 12.9 (0.76) 8.53% 14.0 (0.47) 14.29% 16.0 (1.07) 10.63% 17.7 (1.21)
A3S4P0 12.4 (0.77) 10.48% 13.7 (1.56) 10.95% 15.2 (0.79) 10.53% 16.8 (1.16) 11.90% 18.8 (1.90)
A3S6P0 12.6 (1.08) 16.67% 14.7 (1.22) 4.76% 15.4 (0.82) 10.39% 17.0 (0.79) 11.18% 18.9 (1.63)
A3S0P4 11.8 (0.94) 16.10% 13.7 (1.43) 2.92% 14.1 (0.91) 17.73% 16.6 (1.14) 7.23% 17.8 (1.08)
A3S0P8 11.9 (0.53) 18.49% 14.1 (0.27) 8.51% 15.3 (0.34) 9.80% 16.8 (0.42) 6.55% 17.9 (1.32)
A3S0P12 12.1 (0.23) 23.14% 14.9 (0.67) 4.03% 15.5 (1.55) 10.32% 17.1 (0.86) 8.19% 18.5 (1.34)

a AVE represents the average value. SD represents the standard deviation. IR represents the increasing rate between adjacent ages.

Table 5
Compressive strength of HES-ECC at different testing ages (MPa).

No. 3 h (A) 6 h (B) 1d (C) 7d (D) 28d (E)

AVE (SD) IR AVE (SD) IR AVE (SD) IR AVE (SD) IR AVE (SD)

A2S0P0 24.2 (0.13) 25.62% 30.4 (0.91) 13.16% 34.4 (1.19) 28.49% 44.2 (1.15) 21.49% 53.7 (0.40)
A3S0P0 25.1 (0.12) 30.68% 32.8 (0.59) 13.72% 37.3 (2.68) 24.93% 46.6 (0.90) 19.53% 55.7 (0.49)
A4S0P0 25.7 (0.89) 31.13% 33.7 (0.71) 21.36% 40.9 (3.53) 22.49% 50.1 (1.44) 17.56% 58.9 (0.72)
A3S2P0 26.4 (1.28) 30.68% 34.5 (0.32) 12.17% 38.7 (1.22) 23.00% 47.6 (1.14) 18.07% 56.2 (1.27)
A3S4P0 27.6 (1.13) 31.16% 36.2 (1.11) 11.05% 40.2 (1.15) 21.39% 48.8 (0.97) 17.01% 57.1 (0.99)
A3S6P0 28.7 (1.26) 32.06% 37.9 (1.42) 10.55% 41.9 (0.50) 18.62% 49.7 (1.13) 16.50% 57.9 (0.79)
A3S0P4 26.0 (1.20) 27.31% 33.1 (1.22) 11.48% 36.9 (0.89) 23.85% 45.7 (1.39) 19.47% 54.6 (0.72)
A3S0P8 26.6 (0.64) 25.19% 33.3 (1.26) 10.21% 36.7 (2.90) 21.25% 44.5 (1.01) 17.30% 52.2 (1.29)
A3S0P12 27.9 (0.78) 15.05% 32.1 (1.68) 13.40% 36.4 (1.52) 20.60% 43.9 (1.31) 16.63% 51.2 (1.60)

Table 6
Roughness and splitting tensile strength.

No. Roughness (mm) Splitting tensile strength (MPa) No. Roughness (mm) Splitting tensile strength (MPa)

TNⅡA 1.39 AVE = 1.45 SD = 0.08 2.19 AVE = 1.94 SD = 0.18 TNⅡE 1.49 AVE = 1.50 SD = 0.05 2.29 AVE = 2.45 SD = 0.11
1.56 2.04 1.56 2.53
1.49 1.80 1.51 2.41
1.35 1.75 1.44 2.57

TPⅡA 1.47 AVE = 1.48 SD = 0.04 2.10 AVE = 2.12 SD = 0.09 TPⅡE 1.35 AVE = 1.46 SD = 0.08 2.43 AVE = 2.68 SD = 0.16
1.44 2.27 1.43 2.86
1.55 2.01 1.48 2.74
1.48 2.08 1.56 2.69

TSⅡA 1.41 AVE = 1.44 SD = 0.05 1.87 AVE = 1.86 SD = 0.14 TSⅡE 1.43 AVE = 1.44 SD = 0.07 2.10 AVE = 2.19 SD = 0.12
1.52 1.70 1.55 2.36
1.39 1.81 1.39 2.24
1.44 2.08 1.38 2.06

sides, a higher SAC/FA ratio resulted in the rise of increasing rate before 1d. The strength growth slowed down later, and the HES-
ECC with the highest SAC/FA ratio even exhibited the lowest growing rate, reflecting the high-early-strength effect of SAC.

3.1.2. Effect of SF
Addition of SF with high activity could remarkably increase the flexural strength of HES-ECC, especially the early-strength within

3 h after casting. The flexural strength at the age of 3 h was increased by 32.63% when substituting the binder (SAC and FA) with
only 6% SF. Nevertheless, different from the controlled group A3S0P0, the strength growth from 3 h to 6 h was insignificant, and mi-
nor difference was found in the increasing rate among different testing intervals. The flexural strength of A3S2P0, A3S4P0 and
A3S6P0 at age 3 h took up 63.28%, 65.96%, and 66.67% of that at age 28d, respectively, while that of A3S0P0 was merely 54.29%.
At the following testing ages, the proportion of flexural strength of A3S0P0, A3S2P0, A3S4P0 and A3S6P0 compared with age 28d ba-
sically came to the same level, ranging from 72.57% to 77.78% at age 6 h, from 78.86% to 81.48% at age 1d, and from 89.14% to
90.40% at age 7d. From another perspective, in spite of a higher flexural strength generated by more SF at each age, the difference be-
tween A3S6P0 with most SF and A3S0P0 still decreased with age (3.1 MPa, 2.0 MPa, 1.6 MPa, 1.4 MPa, and 1.4 MPa at each testing
age). However, compared with A2S0P0, A4S0P0 showed a persistent growth (0.6 MPa, 0.9 MPa, 1.5 MPa, 1.6 MPa, and 2.1 MPa at
each testing age). As the mineral admixture, SF occupies only a small part in the cementitious system of HES-ECC. It can hardly bring
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Table 7
Roughness, relative slip, shear stiffness, and shear strength in the interfacial direct shear tests.

No. Roughness (mm) Relative slip (mm) Shear stiffness (N•mm−3) Shear strength
(MPa)

Upward Flat Total

VNⅠE 0.50 AVE = 0.52
SD = 0.02

0.2747 AVE = 0.2745
SD = 0.0200

0.0156 AVE = 0.0152
SD = 0.0011

0.2903 AVE = 0.2896
SD = 0.0189

85.55 AVE = 89.13
SD = 2.88

2.39 AVE = 2.50
SD = 0.220.54 0.2988 0.0137 0.3125 92.60 2.80

0.52 0.2499 0.0162 0.2661 89.24 2.30
VNⅡE 1.43 AVE = 1.48

SD = 0.04
0.3197 AVE = 0.3282

SD = 0.0069
0.0132 AVE = 0.0245

SD = 0.0086
0.3329 AVE = 0.3527

SD = 0.0154
93.68 AVE = 94.43

SD = 2.45
3.04 AVE = 3.19

SD = 0.151.48 0.3285 0.0262 0.3547 91.87 3.15
1.52 0.3365 0.0340 0.3705 97.74 3.39

VNⅢE 2.83 AVE = 2.75
SD = 0.07

0.3177 AVE = 0.3056
SD = 0.0425

0.0746 AVE = 0.1011
SD = 0.0336

0.3923 AVE = 0.4068
SD = 0.0171

111.46 AVE = 108.09
SD = 14.12

3.80 AVE = 3.52
SD = 0.202.77 0.2486 0.1486 0.3972 123.45 3.37

2.65 0.3506 0.0802 0.4308 89.36 3.38
VNⅣE 1.26 AVE = 1.26

SD = 0.03
0.3345 AVE = 0.2953

SD = 0.0277
0.0839 AVE = 0.1034

SD = 0.0163
0.4184 AVE = 0.3986

SD = 0.0162
92.80 AVE = 108.02

SD = 12.73
3.29 AVE = 3.45

SD = 0.211.23 0.2763 0.1024 0.3787 107.31 3.32
1.30 0.2750 0.1238 0.3988 123.96 3.75

VPⅡE 1.52 AVE = 1.46
SD = 0.05

0.3054 AVE = 0.2474
SD = 0.0419

0.0202 AVE = 0.0408
SD = 0.0215

0.3256 AVE = 0.2881
SD = 0.0275

118.73 AVE = 139.42
SD = 20.74

3.70 AVE = 3.62
SD = 0.271.39 0.2285 0.0317 0.2602 131.77 3.26

1.48 0.2082 0.0704 0.2786 167.77 3.91
VSⅡE 1.34 AVE = 1.47

SD = 0.10
0.2584 AVE = 0.2479

SD = 0.0344
0.0204 AVE = 0.0630

SD = 0.0484
0.2788 AVE = 0.3108

SD = 0.0231
79.76 AVE = 92.75

SD = 10.80
2.17 AVE = 2.50

SD = 0.251.52 0.2837 0.0378 0.3215 92.28 2.78
1.56 0.2015 0.1307 0.3322 106.20 2.55

Fig. 4. Effects of different components on the flexural strength of HES-ECC with age (a) SAC/FA ratio (b) SF (c) PC.
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Fig. 5. Effects of different components on the compressive strength of HES-ECC with age (a) SAC/FA ratio (b) SF (c) PC.

a distinct transformation on the hydration products of the whole system. It mainly plays an important role in promoting the early
strength at the initial period, while SAC contributes more to the strength growth later.

Not only the flexural strength, but also the compressive strength of HES-ECC benefits from the incorporation of SF. The early com-
pressive strength of A3S2P0, A3S4P0 and A3S6P0 at 3 h increased up to 26.4 MPa, 27.6 MPa, and 28.7 MPa, separately. It helps to
promote the secondary hydration, filling and densifying the matrix at the same time [30]. However, different from changing SAC/FA
ratio, the high-early-strength effect of SF on the compressive strength of HES-ECC mainly acted within 6 h after mixing. The compres-
sive strength of A3S6P0 was 3.6 MPa, 5.1 MPa, 4.6 MPa, 3.1 MPa, and 2.2 MPa higher than that of A3S0P0 at each age, respectively.

3.1.3. Effect of PC
The addition of PC exhibited a similar effect with SF on the flexural strength of HES-ECC. By contrast, addition of SF and PC is

more effective on the flexural strength development of HES-ECC during the early stage than increasing SAC/FA ratio. However, the
effect of PC is less distinct compared with SF. With the same dosage, SF obtained a higher flexural strength by 0.6 MPa, 0.1 MPa,
1.1 MPa, 0.2 MPa, and 1.0 MPa than PC at each age, respectively.

With regard to A3S0P4, A3S0P8 and A3S0P12, the contribution of PC to the compressive strength of HES-ECC was only limited
within 3 h, while loss of compressive strength even happened after that. A higher compressive strength up to 11.16% was obtained at
age 3 h with the proportion of PC rising from 0% to 12% with interval 4%. Compared with A3S0P0, the 6 h compressive strength of
A3S0P12 was declined by 2.13% while that of A3S0P4 and A3S0P8 were higher. Decrease of compressive strength related to the addi-
tion of PC was found in each group in the rest testing ages, among which the compressive strength of A3S0P12 decreased by 0.9 MPa
(2.41%), 2.7 MPa (5.79%), and 4.5 MPa (8.08%) than that of A3S0P0, respectively. PC can provide OH− ions and alkaline environ-
ment needed for the reaction of SAC, accelerating the hydration process in the early stage [29]. Nevertheless, given the internal addi-
tion method, part of SAC is replaced by PC, of which the proportion is considerable to some extent, triggering the decline of strength
later. Comparing three different strategies, it can be found that increasing SAC/FA ratio has little effect on the early compressive
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strength, but it is more obvious during the later stage conversely. SF presents exactly the opposite effect, and the compressive strength
of A3S6P0 at age 3 h can reach up to 28.7 MPa. Although the addition of PC improves the early compressive strength, it is unfavor-
able later.

3.2. Uniaxial tension tests
Fig. 6 presents the representative stress-strain curves in uniaxial tension tests, and corresponding tensile strength σy and ultimate

tensile strain εy are concluded in Figs. 7 and 8. The tensile strength of all groups developed consistently with age.

3.2.1. Effect of SAC/FA ratio
The increasing rate of uniaxial tensile strength of HES-ECC after 3 h was scarcely influenced by SAC/FA ratio. Compared with the

test results at the age of 3 h, the strength growth of A2S0P0, A3S0P0 and A4S0P0 was 1.6 MPa, 1.5 MPa, and 1.6 MPa at age 1d, and
was 2.9 MPa, 3.1 MPa, and 2.7 MPa at age 28d, respectively. But similar to the increased flexural strength observed in Section 3.1.1,
increasing SAC/FA ratio was also beneficial to the tensile strength. The tensile strength of A3S0P0 and A4S0P0 was 1.76%–5.34% and
6.59%–15.67% higher than that of A2S0P0 at different testing ages, respectively.

Contrary to the development of tensile strength, the ultimate tensile strain of A2S0P0, A3S0P0 and A4S0P0 showed a downward
trend over time, with the gradual loss of characteristics of multiple-cracking and strain-hardening. As can be seen from the crack pat-
tern in Fig. 9(a), from 3 h to 1d and then to 28d, the crack number decreases but the crack width and spacing increases. At the begin-
ning of hydration, the matrix strength and the bond strength between matrix and fiber are relatively low. During the process of ten-
sion, the cracking strength of the matrix is easy to reach and the fiber can be pulled out from the matrix smoothly. With hydration re-
action proceeded, both the matrix strength and the bond strength increase continuously. It leads to the transition of failure mode from
fiber pull-out to pull-off, which further results in the decline of ultimate tensile strain [6,38]. In addition, regarding the increased
SAC/FA ratio, it also had adverse effects on the ultimate tensile strain. There existed an evident decline in ultimate tensile strain of
A3S0P0 by 19.22%, 24.83%, 38.89% compared with A2S0P0, and by 36.84%, 25.51%, 50.74% as to A4S0P0 at different testing ages,
separately. Mineral admixture FA is a kind of vitrified microsphere with regular shape. The lubrication effect of FA is weakened with
the SAC/FA ratio increased, which makes the fiber hard to pull out and leads to the deterioration of deformation ability eventually
[39].

3.2.2. Effect of SF
Distinguished from changing the SAC/FA ratio, by comparing Fig. 7 (a)–(b), it is obvious that the application of a little SF can have

a distinct effect on the tensile strength of HES-ECC, particularly at age 3 h. Compared with 3.66 MPa of A3S0P0 at age 3 h, the tensile
strength of A3S6P0 could reach 5.59 MPa, increasing by 52.73%. But this also triggered a slowdown as to the growth of later strength.
The tensile strength of A3S6P0 only increased by 0.5 MPa and 1.7 MPa at 1d and 28d compared with 3 h, but that of A3S0P0 in-
creased by 1.5 MPa and 3.1 MPa.

The utilization of SF not only improved the tensile strength, but also the ultimate tensile strain. The ultimate tensile strain of
A3S2P0, A3S4P0 and A3S6P0 was enhanced by 14.73%, 20.11%, and 23.23% at 3 h compared with A3S0P0, by 72.85%, 73.30%,
and 132.58% at 1d, and by 89.70%, 91.52%, and 155.15% at 28d, respectively. SF is constituted by spherical particles with large spe-
cific surface area and strong activity [30]. The matrix was densified and the interface between fiber and matrix was optimized, en-
hancing both the bearing capacity and the deformation capacity of HES-ECC under tension. In addition, the ultimate tensile strain of
HES-ECC decreased with age when the dosage of SF was no more than 4%, and there barely existed any difference between the ulti-
mate tensile strain of A3S2P0 and A3S4P0 at each testing age. However, with the dosage of SF further increased to 6%, the ultimate
tensile strain of A3S6P0 was improved from 4.35% at 3 h to 5.14% at 1d, and then decreased to 4.21% at 28d, reflecting the lubrica-
tion effect of SF thoroughly. Moreover, a more stable deformability at different ages was realized by addition of SF (Fig. 9(b)). The
fluctuation value of ultimate tensile strain as to A3S2P0 among different ages was only 0.92%, while that of A3S0P0 reached 1.88%.

3.2.3. Effect of PC
The utilization of PC also helped to enhance the tensile strength of HES-ECC, although it was less effective at age 3 h. The tensile

strength was only 5.04 MPa with 12% PC mixed, comparing 5.01 MPa with 2% SF mixed. Nevertheless, as illustrated in Fig. 7 (b)–(c),
the superiority of PC reached the peak at 1d, but it remained the same level as that of SF at 28d basically, ranging from 7.01 MPa to
7.31 MPa and from 7.17 MPa to 7.31 MPa for A3S2P0, A3S4P0 and A3S6P0 and A3S0P4, A3S0P8 and A3S0P12 at 28d, separately. It
may benefit from the degradation of compressive strength observed at 6 h and later after incorporation of PC, which makes it easier
for fibers to pull out and further improve the strain-hardening characteristic. Stress-strain curves of A3S0P4, A3S0P8 and A3S0P12 at
1d in Fig. 6 also present this characteristic, especially for A3S0P12.

The tendency of ultimate tensile strain changing with age after incorporation of PC is similar to that of A3S6P0, which can be de-
scribed as inverted “V". The ultimate tensile strain of A3S0P4, A3S0P8 and A3S0P12 at 1d was 6.39%, 24.52%, and 17.21% higher
compared with that of 3 h, matching the superiority of tensile strength and the characteristic of strain-strengthening after applying PC
at 1d. When it comes to 3 h and 28d, the strengthening effect on ultimate tensile strain was not as good as that of SF. The ultimate ten-
sile strain of A3S0P4, A3S0P8 and A3S0P12 was 1.98%–21.81% and 44.85%–80.00% higher than that of A3S0P0 at age 3 h and 28d,
while that of A3S2P0, A3S4P0 and A3S6P0 was 14.73%–23.23% and 89.70%–155.15%, respectively. Comparing three different
methods, it can be found that increasing SAC/FA ratio can enhance the tensile strength but is unfavorable to the ultimate tensile
strain. Both the tensile strength and ultimate tensile strain can benefit from the addition of SF and PC. And HES-ECC mixed with SF
even shows a superior deformation ability during the later stage. The ultimate tensile strain of A3S6P0 at age 28d can reach up to
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Fig. 6. Representative stress-strain curves of HES-ECC in uniaxial tension tests at different testing ages (a) A2S0P0 (b) A3S0P0 (c) A4S0P0 (d) A3S2P0 (e) A3S4P0 (f)
A3S6P0 (g) A3S0P4 (h) A3S0P8 (i) A3S0P12.
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Fig. 7. Effects of different components on the tensile strength of HES-ECC with age (a) SAC/FA ratio (b) SF (c) PC.

Fig. 8. Effects of different components on the ultimate tensile strain of HES-ECC with age (a) SAC/FA ratio (b) SF (c) PC.

Fig. 9. Representative crack development of HES-ECC in uniaxial tension tests (a) A3S0P0 (b) A3S6P0 (The number of crack and the average crack width are marked at
the top right.).

4.21%. According to the test results of this study, SF is the most conducive cementitious materials to both the high early-strength and
the superior long-term-deformability of HES-ECC. The optimal dosage of SF is recommended to be 6% with SAC/FA ratio remain 3.0.

3.3. Interfacial splitting tests
The roughness and splitting tensile strength of each specimen in the interfacial splitting tests are listed in Table 6. The roughness

of all specimens kept approximately the same, and the influence of different interfacial agents on the splitting tensile strength at dif-
ferent ages was investigated. When applying cement paste interfacial agent, the splitting tensile strength was 9.28% higher than that
of the unprocessed specimens at age 3 h. Inversely, polymer modified interfacial agent had a negative influence on the splitting ten-
sile strength, with a reduction by 4.12% compared with those without treatment. According to the fracture section of the specimens in
splitting tests at age 3 h (Fig. 10), as to the unprocessed specimen, the laitance on the concrete surface was spalled off and adhered to
the HES-ECC side. A thin layer of discontinuous laitance could be easily discovered in the middle and lower part of TNⅡA-N, even
with a small fragment of concrete in the upper left corner. The bond between concrete and HES-ECC mainly consists of mechanical in-
terlocking, chemical adhesive bonding, intermolecular forces (van der Waals force), and fiber bridging effect [18,23]. During the
process of tension, the effect of chemical adhesive bonding is dominant while mechanical interlocking can hardly play a role [18].
This phenomenon has already been reflected by specimens without the interfacial agent. The interfacial behavior was further opti-
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Fig. 10. Section morphology of the interfacial splitting specimens after tests (a) TNⅡA (b) TPⅡA (c) TSⅡA (d) TNⅡE (“O” represents the existing concrete side, “N” rep-
resents the HES-ECC side).



Journal of Building Engineering 68 (2023) 106060

13

B. Jiang et al.

mized by treating with the cement paste. A large volume of concrete block was observed in the upper half of TPⅡA-N, with the frac-
ture interface transferred from the casting interface to the existing concrete side. With regard to the remaining part of TPⅡA-N and the
corresponding position of TPⅡA-O, the brushed interfacial agent was still visible. Interfacial agent can permeate into the existing con-
crete, increasing the contact area, and filling the voids. Meanwhile, it also enhances the water retention capacity, which promotes the
hydration and improves the bonding strength [23]. Wang [19] reported the positive effect of SBR latex modified interfacial agent on
the interfacial behaviors between ordinary fiber reinforced cementitious composites and concrete. However, from the test results in
this research, SBR latex was incompatible with the cement with high-early-strength. A mass of interfacial agent was found on fracture
section TSⅡA-O and TSⅡA-N, with little laitance adhered to the HES-ECC and without concrete fragment. The early compressive
strength of polymer modified interfacial agent was fairly low, taking up only 70.60% of that of cement paste interfacial agent at age
3 h. Besides, brushing the interfacial agent also causes the loss of roughness and the deterioration of fiber bridging effect [23].

The splitting tensile strength of TNⅡ, TPⅡ, and TSⅡ further increased by 26.29%, 26.42%, and 17.74% at age 28d, respectively. As
shown in Fig. 10(d), the fracture section of TNⅡE-N had a thicker and more continuous laitance layer than that of TNⅡA-N, as well as
some residual HES-ECC with exposed fibers on TNⅡE-O. With regard to TPⅡE and TSⅡE, section morphology was basically the same
as that at age 3d. The failure modes observed in this research is identical to that summarized in the literature, namely interface
debonding and concrete fracture [17]. Furthermore, the influence of different interfacial agents on the splitting tensile strength kept
unchanged as that at age 3d, that is, the application of cement paste interfacial agent increased the splitting tensile strength by 9.39%,
while it was reduced by 10.61% after using the polymer modified interfacial agent. Despite the fact that the strength of polymer modi-
fied interfacial agent recovered to the same level as that of the cement paste interfacial agent at age 28d, its contribution to the im-
provement of bonding properties was still inadequate. Rapid hydration of HES-ECC during the early stage makes it difficult for poly-
mer modified interfacial agent to penetrate and function.

3.4. Interfacial direct shear tests
The roughness, relative slip, shear stiffness, and shear strength of each specimen in the interfacial direct shear tests are listed in

Table 7, further compared in Fig. 11. The relation curves between direct shear stress and relative slip show an apparent two-stage
characteristic, namely, the upward stage and the flat stage. Shear stiffness is defined as the secant stiffness at the turning point be-
tween the upward stage and the flat stage as marked in Fig. 12. Fig. 14 exhibits the typical development process of the crack pattern
with different interfacial treatment methods obtained by DIC.

As to the chiseled groups without interfacial agents, the relative slip at the flat stage, total relative slip, shear stiffness, and shear
strength all showed an ascending trend with the roughness increasing from 0.52 to 2.75. To be specific, compared with the group
VNⅠE with the smoothest interface, the relative slip of VNⅡE and VNⅢE at the flat stage was increased by 0.0093 mm and
0.0859 mm, and by 0.0631 mm and 0.1172 mm for the total relative slip, respectively. A rougher interface reduced the brittleness of
shear fracture significantly, enhancing the deformation ability in the meantime. Besides, VNⅡE and VNⅢE had a higher shear stiff-
ness by up to 21.27%, and a higher shear strength by up to 40.80% compared with VNⅠE. The increase of roughness directly resulted
in the expansion of interfacial contact area, strengthening the adhesive bonding force while enhancing the mechanical interlocking
effect [21,23]. As presented in Fig. 13(a), there was merely a thin layer of discontinuous laitance on VNⅠE-N, and the coarse aggregate
in concrete was invisible on VNⅠE-O. Both existing concrete and post-casting HES-ECC remained intact. VNⅡE illustrated the mechani-
cal mutual effect between concrete and HES-ECC intuitively. The surface of VNⅡE-N was surrounded by the broken concrete, while
there existed a block of HES-ECC in the middle of VNⅡE-O. The fiber bridging effect of ECC improved the shear performance during
the process of interaction. As to VNⅢE, the fracture section of HES-ECC side was full of broken concrete, of which the coarse aggre-
gate was sheared and the breakage depth was further enlarged.

The roughness of VNⅣE with grooved interface was just between VNⅠE and VNⅡE. But its shear properties almost reached the
same level as those of VNⅢE. Even if the roughness decreased by 54.18%, the shear strength was only 0.07 MPa lower. Deeper
grooves were formed in grooved interface than that by chiseling. Besides, the post-casting HES-ECC was filled to form a whole in local
regions, which could be regarded as dowels embedded in the existing concrete. Meanwhile, the excellent deformation ability of ECC
guaranteed the sufficient deformation ability of these dowels to prevent the premature failure on the HES-ECC side. Concrete fracture
triggered the ultimate failure as shown in VNⅣE-N (Fig. 13(d)), and none of broken ECC dowels was observed in VNⅣE-O.

With regard to crack development, there were evident differences among different interfacial treatment methods. As shown in Fig.
14 (b), crack initiated on the upper side along the interface of the grooved specimen, of which the corresponding load took up 75.0%
of the ultimate load Pu. Except local grooves, the rest parts of the grooved interface consist of original smooth surface without any

Fig. 11. Comparison of the interfacial direct shear tests (a) relative slip (b) shear stiffness and shear strength.
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Fig. 12. Relationship between direct shear stress and relative slip (a) VNⅠE (b) VNⅡE (c) VNⅢE (d) VNⅣE (e) VPⅡE (f) VSⅡE.

treatment (Fig. 2), which is prone to cracking. Conversely, none of cracks could be found on the chiseled specimen at 75.0% Pu (Fig.
14 (a)), and a small crack was observed in the concrete part far away from the interface at 92.6% Pu. The crack of the grooved inter-
face extended to the middle part gradually, with the crack width increasing at the same time. With load reaching 94.2% of the ulti-
mate load, several discontinuous cracks appeared in the middle and lower parts, and the concrete near the grooved interface showed
a diagonal crack at 95.1% Pu. Then, several cracks extended into the concrete and HES-ECC until failure. The process from initial
cracking to ultimate fracture of the specimen with chiseled interface, by contrast, was much shorter. Obvious cracks were generated
on the interface at 99.7% Pu, as well as a consequent fracture immediately. The cracks barely penetrated into the concrete and HES-
ECC, and the continuity of these cracks from concrete to HES-ECC was also reduced.

Influence of the interfacial agents on the direct shear performance is similar to that in the splitting tests. Compared with VNⅡE, the
shear stiffness and shear strength of VPⅡE increased by 47.64% and 13.48% after the cement paste interfacial agent was applied. On
the contrary, the total relative slip was decreased by 0.0646 mm, although it presented a more evident shear deformation at the flat
stage (Fig. 12 (e)). The fiber bridging effect was restricted and the deformation ability was degraded on account of the barrier of the
interfacial agent [23]. It can also be supported by the fracture section in Fig. 13(e). The discontinuous cement paste interfacial agent
interweaved with the broken surface layer of concrete in VPⅡE-N, and none of broken HES-ECC could be discovered in VPⅡE-O. After
applying the polymer modified interfacial agent, VSⅡE had a 21.63% lower shear strength. The change of relative slip and shear stiff-
ness was not obvious. There existed a large area of polymer modified interfacial agent on the fracture section VSⅡE-O and VSⅡE-N,
while the broken concrete only occupied a small percentage.

It can be found from the interfacial behavior tests that suitable interfacial treatment is indispensable while repair existing concrete
structures with HES-ECC. Chiseled interface combined with grooved interface is recommended to bear both the tensile and shear
load, respectively. That is, the original smooth surface in the rest parts of grooved interface except local grooves are chiseled. In addi-
tion, a thickness of 1–2 mm cement paste interfacial agent is recommended to enhance the interfacial bond strength a step further.

4. Conclusions
To realize the effective strengthening and durable repair of concrete structures, HES-ECC featured as both high early-strength and

superior long-term-deformability was developed. The influence of SAC/FA ratio, SF, and PC on the high-early-strength and deforma-
tion ability of HES-ECC was comprehensively investigated. Moreover, the interfacial behaviors between HES-ECC and existing con-
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Fig. 13. Section morphology of the interfacial direct shear specimens after tests (a) VNⅠE (b) VNⅡE (c) VNⅢE (d) VNⅣE (e) VPⅡE (f) VSⅡE.
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Fig. 14. Typical development process of crack pattern in the interfacial direct shear tests (a) Specimen with chiseled interface (VNⅢE) (b) Specimen with grooved in-
terface (VNⅣE) (Percentage marked in the figures is the ratio of the corresponding load at each cracking state to the ultimate load Pu).

crete were clarified, with optimal interfacial treatment recommended. Based on the test results, the following conclusions can be
drawn:
(1) The high-early-strength effect of SAC/FA ratio, SF, and PC on the flexural strength of HES-ECC could be ranked as SF > PC >

SAC/FA ratio. And the high-early-strength effect of SAC/FA ratio, SF, and PC on the compressive strength of HES-ECC peaked at
1d, 6 h, and 3 h, respectively. When the dosage of SF was 6%, the flexural strength of HES-ECC at 3 h could reach 66.67% of that
at 28d, and the compressive strength could reach 28.7 MPa. Overused PC is unfavorable to the compressive strength after 3 h.

(2) Increasing SAC/FA ratio enhances the uniaxial tensile strength of HES-ECC but reduces the ultimate tensile strain. Addition of
SF and PC can improve both the uniaxial tensile strength and ultimate tensile strain simultaneously. The high-early-strength
effect of SF on tensile strength is more efficient, and HES-ECC mixed with SF has a more superior deformation ability. The
optimal dosage of SF is recommended to be 6% with SAC/FA ratio remain 3.0. The ultimate tensile strain can reach up to 4.21%
at 28d, combining both the high early-strength and the superior long-term-deformability.

(3) Cement paste interfacial agent helps to enhance the chemical adhesive bonding, transferring the fracture interface from the
casting interface to the existing concrete side in the splitting tests. The interfacial splitting tensile strength increased by 9.28%
and 9.39% at 3 h and 28d compared with those without interfacial agent, respectively. SBR latex is incompatible with the high-
early-strength cement. After treating with polymer modified interfacial agent, the splitting tensile strength showed a decline by
4.12% and 10.61% at 3 h and 28d compared with those without interfacial agent, respectively.

(4) The increased roughness of chiseled interface increases the bearing capacity and enhances the deformation ability
significantly. Interfacial shear performance of the grooved interface was scarcely deteriorated even if the roughness
decreased by 54.18% compared with the chiseled interface. The shear strength was increased by 13.48% with cement paste
interfacial agent and decreased by 21.63% with polymer modified interfacial agent. The recommended interfacial treatment
is chiseled interface combined with grooved interface, as well as a thickness of 1–2 mm cement paste interfacial agent.

The material design part of this paper failed to consider multiple parameters at the same time. In future studies, the influence of
some other mineral admixtures and accelerators should be considered by orthogonal experiments to obtain the HES-ECC with a
higher early-strength and a more superior long-term-deformability. As to the interfacial behaviors part, researches on the interfacial
behaviors between HES-ECC and existing concrete structures under harsh environments are also indispensable and meaningful.
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