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Abstract
The objective of this research is to investigate the bond performance of high-strength lightweight concrete (HLWC) sub-
strate and lightweight engineered cementitious composites (LECC) used as overlay repair materials with varying amounts 
(0%, 30%, 70%, and 90%) of fly ash cenosphere (FAC) as a replacement of sand with different surface roughness conditions 
(as-cast surface and grooved surface). In the preparation of the LECC mixtures, a novel combination of polyvinyl alcohol 
(PVA) and glass fibers (GF) was used. Mechanical properties such as compressive strength, flexural strength, and density 
of the HLWC and LECC were tested. Additionally, the bond strength at the interface between the HLWC substrate and the 
LECC was evaluated by conducting both the slant shear test and the direct shear test (bi-surface) at the age of 28 days. Results 
indicated that replacing the sand with 70% FAC reduced the density of the LECC by about 35% and improved the specific 
strength ratio by about 8.6% relative to the mixture with 0% FAC. Results also showed that for both tests (slant shear and bi-
surface shear), maximum bond strength was recorded for the grooved surface. For the grooved surface under the slant shear 
test, replacing the sand with 30% and 70% FAC provided a bond strength of 21.85 MPa and 18.35 MPa, respectively. For bi-
surface shear, replacing the sand with 30% and 70% FAC showed a bond strength of 13.85 MPa and 10.3 MPa, respectively. 
This research reported on the production of a repair material with comparable strength, a high specific strength ratio, and 
an outstanding strength-to-weight reduction ratio, making it the perfect option for repair applications where durability and 
load-bearing capability are essential.

Keywords  Lightweight engineered cementitious composite · Fly ash cenosphere · Bi-surface shear test · Grooved surface · 
Slant shear test

1  Introduction

Deterioration of existing concrete structures is common 
due to aging, overloading, accidental damage, and expo-
sure to fire. In recent years, repairing such structures has 

become more attractive than demolition and reconstruction 
for several reasons such as cost, reducing the consumption 
of natural resources, and conserving virgin lands from being 
landfills for demolition waste [11]. The bond strength in the 
interface zone between two concretes plays a crucial role in 
ensuring the uniform performance of both materials. The 
bond strength depends mainly on two factors, (1) the rough-
ness and interlocking of the bonding area and (2) the chemi-
cal reaction between the substrata and the overlay material.

Engineered Cementitious Composites (ECC) is a type of 
cement-fly ash-based composite that is reinforced with fibers 
[36]. ECC is known for its exceptional tensile strain capacity 
and high ductility, achieved by including a moderate amount 
of fibers (usually 2% by volume) [35]. Additionally, ECC 
exhibits excellent compressive strength, often ranging from 
40 to 120 Mpa [44]. Due to such desirable properties, ECC 
has been used as repair materials [18, 49].
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Researchers have studied the use of ECC strengthen-
ing in reinforced concrete structures such as beams, col-
umns, and beam-column junctions [34, 37]. When ECC is 
added to a structural element, many tiny cracks develop 
on the surfaces experiencing tension or complicated stress, 
such as the beam's underside and the joint's core region. 
Despite this, the structural element's load-bearing capabil-
ity remains unaffected. This process of successive crack-
ing typically leads to a ductile failure mode. The results 
indicated that the binding strengths between ECC and 
concrete, such as interfacial tensile strength and interfa-
cial shear strength, are sufficient to transmit force from 
the original RC structure to the strengthening layer. The 
binding strength is positively correlated with the surface 
roughness.

An essential component of the ECC is the usage of up to 
2% (by volume) of fiber to enhance the tensile strain capac-
ity. Different types of fibers were used in the development of 
ECC such as polyvinyl alcohol (PVA) fibers [19, 20],Jiang-
tao [45], polypropylene (PP) [49], glass fibers (GF) [31] and 
combination of these types of fibers [13]. A recent study 
that was conducted by the authors of this paper [3] to find 
the best combination of PVA fiber and GF found that the 
a combination of 1.5% PVA + 0.5% GF provided the best 
performance. Therefore, in this research, this hybrid com-
bination of fibers was employed.

The density of ordinary-weight ECC is approximately 
2100 kg/m3. The construction of lightweight ECC (LECC) 
has gained scientific attention due to inherited high ductility 
and lower unite weight [11, 23, 25]. To produce LECC, vari-
ous lightweight aggregates/fillers, such as expanded glass, 
glass cenospheres, fly ash cenospheres (FAC), and pumice, 
can be used. Hanif et al. [20] investigated the suitability of 
using glass cenospheres to replace up to 50% of cement in 
the production of LECC. Results indicated that replacing 
cement with 30% glass cenospheres resulted in a density of 
about 1162 kg/m3 and corresponding compressive strength 
of 33 Mpa. Additionally, FAC was employed by [19, 20] to 
replace cement in the range of 30–70% to develop LECC. 
They found that the density was ranging between 1260 
and 1612 kg/m3 and the compressive strength was ranging 
between 30.38 Mpa and 55.92 Mpa. Moreover, Zhou et al. 
[49], examined the suitability of FAC as sand replacement 
material in the range of 20–60% in the production of LECC. 
Results showed that by increasing the FAC content, the den-
sity was reduced and reached its minimum value of 1380 kg/
m3 for the mixture with 60% FCA. According to the above 
studies, FAC shows promise for recycling into cementitious 
materials that can be used to create lightweight ECC [30]. 
FAC, together with fly ash, are significant byproducts of 
coal power stations. FAC are hollow particles that develop 
when glass cools rapidly after coal combustion for power 
production [47].

Extensive research has focused on investigating the bond 
between substrate and overlay concretes [11, 32, 38],B. [40, 
50]. These investigations have mostly been conducted on 
composite specimens of a substrate (regular concrete) and 
an overlay material. Limited studies investigated the bond 
performance between high-strength lightweight concrete and 
lightweight ECC made with high volume fraction (up to 90% 
FAC) as sand replacement material and included a hybrid 
combination of (1.5% PVA + 0.5% GF) fibers [3]. Therefore, 
this study will investigate the bond behavior at the inter-
face between hybrid fiber-reinforced (1.5% PVA + 0.5% GF) 
lightweight ECC containing a high-volume fraction of FAC 
and high-strength lightweight concrete surfaces with differ-
ent surface preparation.

2 � Materials and methods

Each analyzed sample consists of two different types of 
concrete, namely the substrate concrete (high strength light-
weight concrete (HLWC)) and the overlay material, Light-
weight Engineered Cementitious Composite (LECC), with 
different proportions of FAC, replacing sand at percentages 
of 0%, 30%, 70%, and 90% and hybrid fibers (1.5% (Poly-
vinyl alcohol) PVA + 0.5% Glass fibers (GF). Many factors 
were considered, including the test method, proportions of 
FAC, and the roughness of the substrate at 28 days’ age of 
the composite samples.

2.1 � Materials

Cement: for all mixtures, Ordinary Portland cement from 
MASS Iraq Company was used. The cement undergoes test-
ing to verify its compliance with Iraqi Standard No. 5/1984 
(Iraqi Standards NO.5 1984) and BS EN 197–1 [15].

Sand: natural sand from AL-Ekhaider region was used 
in this research. Table 1 presents the sieve analysis results 
conducted on the natural sand. The natural sand was spread 
out and allowed to dry in the open air. Additionally, the 
chemical and physical characteristics were examined. The 
findings indicate that the natural sand grading complied with 
the Iraqi Specification No. 45/1984, (Iraqi Standards NO.45 
1984), and ASTM C128, [6].

Coarse aggregate: this research used lightweight 
expanded clay aggregate (LECA) (Fig. 1). LECA is made 
from porous ceramic materials with uniformly small closed-
cell pores as well as firmly sintered and durable exterior sur-
faces. Table 2 presents the sieve analysis of LECA that fol-
lows the ASTM C330-17a [8] Limits. Additionally, Table 3 
displays the physical and chemical characteristics of LECA. 
As advised by ACI 211.2–98 (ACI 211.2–98 2004), LECA 
soaked in water for at least 48 h due to its high water absorp-
tion capacity to prevent it from absorbing water during 
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mixing. After that, it was distributed in laboratory air until 
the surface dried, leaving the aggregate in a saturated and 
surface-dry state (SSD).

Silica fume: in this research, silica fume, which is avail-
able commercially under the name MasterRoc®MS 610 OR 
BASF silica fume from Master Builders Solutions, was used 
to replace cement partially by 15%. The used Silica fume 

density of 0.55–0.7 kg/L, and chloride concentration of less 
than 0.1% [24].

High-range water reducer (HRWR): High-performance 
concrete superplasticizer Master Glenium 54 was used in 
this research. A percentage of 3.7% was added to the mix-
tures to generate a workable flow for ECC. Table 4 displays 
the properties of the Master Glenium 54.

PVA fiber: Polyvinyl Alcohol (PVA) was used in this 
research. Figure 2 shows the used PVA fiber and Table 5 
presents the properties of the PVA fiber.

Glass fiber (GF): a different kind of fiber, was added to 
ECC with PVA fiber in this research. Figure 3 shows the 
used GF and Table 5 presents the properties of the GF.

Fly Ash: Fly ash has been a common ingredient in struc-
tural concrete, which normally has an ash percentage of 

Table 1   Physical and chemical 
properties and the grading of 
the used sand

Size of sieve 
mm

% Cumulative 
passing

Limits of IQS No. 45/1984 
as in (Zone 2)

Physical properties Test results

10 100 100 Specific gravity 2.62
4.75 90 90–100 Absorption 0.91%
2.36 88 75–100 Fine material passing from 

the sieve (75 µm)
2.3%

1.18 72 55–90 Fineness modulus 2.67
0.60 55 35–59
0.30 23 8–30 Chemical properties
0.15 5 0–10 Sulfate content 0.21%

Fig. 1   lightweight expanded clay aggregate (LECA)

Table 2   Grading of used LECA coarse aggregate

Size of sieve 
(mm)

Cumulative passing % Limits of ASTM 
C330-17a, 2017

Structural LECA

12.5 100 100
10 99 80–100
8 66 –
6 44 –
4.75 7 5–40
2.36 2 0–20
1.18 0 0–10

Table 3   Physical and chemical properties of LECA

Chemical properties Physical properties

Chemical composi-
tion

Percentage 
by weight%

Properties Test results

CaO 3.78 Specific Gravity 1.2
SiO2 61.58 Water Absorption 12%
Al2O3 16.99 Bulk density kg/m3 700
Fe2O3 7.62
MgO 2.56
SO3 0.19
Na2o 1.03
Loss on Ignition 0.2

Table 4   Properties of the superplasticizer (Master Glenium 54)

Color Whitish to straw

Specific gravity 1.07
PH 5–7
Chloride content None
Toxicity Danger hazardous material
Fire Not fire-propagating
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10–30% (Pradhan, and Panda, 2017). However, in ECC 
mixes, Fly ash content ranges from 120 to 220% [39]. The fly 
ash used in this research was provided by Eurobuild Flyash 
and it complies with BS EN 450 [14]. The used Fly ash was 
class F. It had a Blaine-specific surface area of 2970 cm2/g 
and a specific gravity of 2.70 g/cm3. Table 6 lists the chemi-
cal properties of fly ash.

Fly ash cenospheres (FAC): In this work, fly ash ceno-
spheres (FAC) having a bulk density of around 400 kg/
m3 were utilized as lightweight fine aggregates to replace 
sand in proportions of 0%, 30%, 70%, and 90% by weight. 
The range of the FACs’ particle size was 45 µm to 300 µm. 
Table 7 lists the chemical components of the FAC. FAC 
particles have a low apparent density and good thermal insu-
lation because of their thin shell and hollow microstructure. 
Table 8 presents the physical properties of FAC. The FAC 
utilized in this study is shown in Fig. 4.

2.2 � High‑strength lightweight concrete (HLWC) 
substrate and lightweight engineered 
cementitious composites (LECC) overlay mix 
properties

2.2.1 � LWC substrate mixes properties

The mix design of the HLWC has been designed to attain a 
compressive strength results of 50 Mpa at the age of 28 days 
according to the ACI Committee 211.2–98 (ACI 211.2–98 
[1]) and ACI 211.4R-08 (ACI. 211.4R-08 [2]) guidelines. 
Table 9 shows the mixture ratio and mix details for HLWC. 
This mix design was selected following range of trial mixes 
to achieve both the required strength and proper workability.

2.2.2 � LECC overlays mix properties.

Table 10 presents the mix design of the ECC. The entire 
amount of cementitious material, or cement and fly ash 
(Type F) in ECC, is known as the binder system. In this 
research, the standard fly ash-to-cement ratio of 1.2 was 
used [39],S. [42],Jing [46]. For proper stiffness and volume 
stability, ECC uses fine silica sand with a sand-to-binder 
ratio (S/B) of 0.36. To achieve a suitable combination of 
fresh and hardened qualities, ECC has a water-to-binder 
(w/b) ratio of 0.26 and an HRWR of 0.012. Many trial 
mixes have been prepared to achieve the optimum dosage 
of HRWR to get fresh properties for ECC mortars with a 
mini-slump flow range between (240–260) mm, while at 
the same time achieving an easy to mixing with fiber (PVA 
and Glass fiber) without the wrapping and twisting of the 

Fig. 2   Polyvinyl Alcohol fiber geometry

Table 5   Properties of PVA and 
GF

Fiber Fiber length 
(mm)

Diameter (µm) Tensile 
strength 
(Mpa)

Young’s 
modulus 
(Gpa)

Fiber Elon-
gation (%)

Density (kg/m3)

PVA 12 39 1600 40 4–10 1.3
GF 12 – 2200 80 0–4 2.78

Fig. 3   Glass fiber geometry

Table 6   Chemical properties of Fly Ash (Type F) used

Chemical composition % by weight

Al2O3 24.62
SiO2 48.53
CaO 9.49
Fe2O3 7.59
K2O 2.51
MgO 2.28
Na2O 1.18
SO3 2.48
Loss on ignition 1.69
Activity
 28 d activity index 90%
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fibers, which restricts the operation of mixing and pouring. 
and complete penetration of prepared mortars through the 
reinforcement and concrete mold specified for repair. The 
dosage of hybrid fibers volumes of (PVA 1.5% + GF 0.5%) 
that has been used in this research are based on a recent 
study that was conducted by the authors of this paper [3] 
to find the best combination of PVA fiber and GF.

Four mixes of LECC, substituting different proportions of 
FAC for sand, 0%, 30%, 70%, and 90% were used as overlay 
materials as shown in Table 11.

2.3 � Preparation of composite specimens 
(HLWC‑LECC)

Composite specimens with varying HLWC substrates and 
LECC overlay materials were created and tested in succes-
sion. The interface bond strength at age 28 days was assessed 
using both the slant shear test and the bi-surface shear test. 
The samples used in this research were 75 × 150 mm cyl-
inders with a 30° inclination angle (α) measured about the 
vertical axis (ASTM C882/C882M 2020). The remaining 
test specimens were 150 mm cubes, of which one-third 
contained the overlay material (LECC) and the other two-
thirds were the HLWC substrate (Ayat [27]). To create an 
HLWC substrate in these styles, wood cubes with a height 
of 150 mm and a base size of 50 × 150 mm were cut, as 
indicated in Fig. 5 and Fig. 6. Wood cylinders were cut in the 
slanted dimension of the cylinder shape and the designated 
direction. Primarily, the casted HLWC substrate filled half 
the cylindrical molds and two-thirds of the cubic molds. 
The newly mixed HLWC substrate mixes remained in the 
molds for a day. Subsequently, the specimens underwent 
a 28-day immersion in water. The HLWC substrate sam-
ples undergo two types of surface preparation procedures: 
grooved (grooves inclined at about a 45-degree angle) and 
as-casting.

It is necessary to moisten the HLWC-substrate interface 
to attain saturated surface dry (SSD) conditions before 
applying the overlay, as stated by Beushausen et al. [12]. 
Wetting the HLWC substrate overlay interfaces, followed 
by wiping with a damp cloth. To finish these cylinders, SSD 
slanted cutting specimens were put into cylinder molds with 

Table 7   Chemical composition 
of FAC

Si02 AlO3 Fe2O3 MgO CaO K2O SO3 Na2O

69.4 23.12 3.10 0.80 1.04 0.30 1.20 0.02

Table 8   Physical characteristics of FAC

Apparent density
(g/cm3)

Bulk density
(g/cm3)

Crushing strength
(Mpa)

Moisture % Melting point
°C

Thermal 
conductivity
W/mK

Moisture content
(%)

0.78 0.44 70 0.10 1600 0.08 0.20

Fig. 4   Fly ash cenospheres (FAC)

Table 9   Mix proportions of 
HLWC (kg/m3)

Nomenclature Cement kg/m3 Sand
kg/m3

LECA
g/m3

Silica fume
kg/m3

Water
kg/m3

HRWR by wt. of cm (%) W/C

HLWC 550 678 400 81 160 1.7 0.25

Table 10   ECC Mix Design 
Proportions by Weight for ECC Mix Design Cement Fly ash Sand Water HRWR​ Hybrid fiber Vol.%

1 1.2 0.8 0.56 0.012 PVA 1.5% + GF 0.5%
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the bevel side facing up. The employed overlay materials 
were then poured on top of the HLWC substrate concrete. 
In contrast, SSD bi-surface cutting specimens were put into 
cube molds, and to finish the cubes, an overlay material 
made up of one-third of the cubes was applied.

2.4 � Surface preparation

Many investigations have determined that the degree of 
roughness of the substrate surfaces has a significant impact 
on the bond strength between two materials [12, 17, 28].

High accuracy was considered in the implementation 
of this stage as a rough surface that ensures a relatively 
perfect bond between the concrete substrate body and the 
repairing material is required to ensure that the LECC 
repair material contributes to bearing part of the stresses. 
In this study, the grooving method and as-cast surface 
method were used to obtain quantitative surface roughness 
parameters for the lightweight concrete surfaces of the 
specimens. To guarantee an excellent interlock between 
the concrete surface and the LECC layer, grooves were cut 
at an angle of 45 degrees using specialized stone-cutting 

discs to provide a precise binding. The applied grooves 
were 2 mm wide and had a depth of 2.5 mm and the dis-
tance between these grooves was 18–20  mm (Fig.  7). 
Following the roughing procedure, a water extrusion and 
compressed air cleaning were used to make sure there 
was no dust left. The specimens were then allowed to dry 
before the LECC repair material was applied.

2.5 � Test setup

The most common test procedures for estimating the bond 
strength at the interface between concrete substrate and 
overlay repair material are Pull-off, pull-off, splitting 
prism, slant shear, and Bi-Surface shear methods [16], A 
[26]. According to A Momayez et al. [26] slant shear and 
Bi-Surface shear test methods can predict values of the 
bond strength of composite materials that are about 80% 
of the bond strength of samples cast monolithically. There-
fore, both tests were considered in this research to evaluate 
the performance of the bond strength of composite materi-
als under various parameters.

2.5.1 � Slant shear test

The slant shear test was conducted according to ASTM 
C882/C882M (ASTM C882/C882M [10]). The slant shear 
test is considered one of the most reliable methods that pro-
vide consistent results of bond strength [11, 25]. As can be 
seen in Fig. 8a, specimens were evaluated using a standard 
compression device. The application of the loading followed 
the ASTM C39/C39M (ASTM C39/C39M [10]) recom-
mendations. Recording the maximum load values allowed 

Table 11   LECC mixtures with different cenosphere content

Nomenclature LECC uses differ-
ent percentages of 
FAC in replacement 
of sand

Number of samples tested

Com-
pressive 
strength

Flexural 
strength

Density

0% LECC0 3 3 3
30% LECC30 3 3 3
70% LECC70 3 3 3
90% LECC90 3 3 3

Fig. 5   Wood slices for a-slant 
shear, b-bi-surface shear test
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Eq. (1) to calculate the applied stress σo (Mpa) needed to 
cause bond rupture.

P is the maximum applied load (in Newtons) and Ae is 
the slant surface’s elliptical area (in mm2). Equations (2) 
and (3), which describe the shear and compressive strengths 
of the bond in Fig. 8(b), together determine the maximum 
applied stress.

(1)�
o
= P∕Ae

In Eqns. (2) and (3), α = 30◦ while τn and σn are shear 
and compressive stresses acting on the bond plane, 
respectively. τn and σn are related in the form as in Eq. 4 
[48].

(2)�
n
= �

o
cos �

(3)�
n
= �

o
sin 2�

(4)�
n
= c + � �

n
= c + tan�. �

n

Fig. 6   Preparation of composite 
specimens a-slant shear, b- bi-
surface shear

Fig. 7   Roughing process a- 
half cylinder grooved and as 
cast surface b- Two-thirds of 
the cube grooved and as cast 
surface
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where c, μ, and ϕ are cohesion, coefficient of friction, and 
internal angle of friction of the bond, respectively. For each 
mixture three specimens were prepared and tested for Slant 
shear.

2.5.2 � Bi‑surface shear test

Momayez et al. (A [26]) suggested a Bi-surface shear test 
technique to ascertain the average shear bond strength 
between two kinds of concrete. This study followed 
the suggested approach as this test yields reliable find-
ings and is simple to administer. For each mixture three 
specimens were prepared and tested for Bi-surface shear. 
All specimens were subjected to a continuous loading 
rate of 2 kN/s using a 2000 kN digital testing apparatus. 
Equation (5) was utilized to ascertain the values of the 
bi-surface shear strength. To determine the direct shear 
strength, the mean of the two shear force values was 
considered. Figure 9 displays the testing apparatus and 
configuration.

where: τv = Bi-surface shear bond strength (Mpa), Pv = Ulti-
mate load indicated by the testing machine (N), Av = Area of 
interface in shear (mm2).

2.5.3 � Compressive strength and flexural test

The compressive strength test of the HLWC was conducted 
using three cubes of 150 mm × 150 mm × 150 mm accord-
ing to the ASTM C39/C39M (ASTM C39/C39M [10]). To 
find the compressive strength of LECC, three cube speci-
mens measuring 70 mm × 70 mm × 70 mm were made. 

(5)�� = P�

/

(2 × Av)

The compressive strength test was conducted according 
to the ASTM C109 (ASTM C109/C109M-13e1 [5]). For 
each mixture three specimens were prepared and tested for 
compressive strength.

The flexural strength of both the HLWC and the LECC 
was conducted using four prisms with dimensions of 
100 mm × 100 mm × 40 mm according to ASTM C293/
C293M (ASTM C293/C293M [7]) for each mixture. For 
each mixture three specimens were prepared and tested for 
flexural strength.

2.5.4 � Density test

The apparent density test was conducted according to ASTM 
C642 (ASTM C642-21 [10]). To ascertain the density of 
LECC, the 50 mm cubes were used. Firstly, the samples 
were dried at 105 °C in an oven. The specimens were then 

Fig. 8   Slant shear test a- 
compression test, b- Stresses 
developed at the interface

Fig. 9   Bi-surface shear test
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allowed to cool in the air. After that, the specimen is sus-
pended by a wire in water, and the apparent mass immersed 
is calculated. For each mixture three specimens were pre-
pared and tested for density.

It is possible to calculate the apparent density using 
Eq. (6):

where:
ρA is the apparent density of the sample (in g/cm3);
ρw is the density of water (in g/cm3);
A is the mass of the oven-dried sample in air (in g); and.
D is the apparent mass of the oven-dried sample in water 

(in g).

3 � Results and discussion

3.1 � Mechanical properties

The mechanical properties of the HLWC (Compressive 
and flexural strength) and density were tested at 28 days 
(Table 12). The same tests were performed on the LECC 
mixtures with different FAC content, and the results are 
summarized in Table 13. From Table 12 and Table 13, the 
compressive strength of the LECC samples made with up to 
70% FAC was higher than that of the HLWC. This perfor-
mance could be mainly attributed to the pozzolanic reaction 
of the Fly ash and FAC which generates secondary hydrated 
calcium silicate gel (C–S–H) that in turn produces a denser 
structure and thus improves the compressive strength [11], 

(6)�A =
[

A∕(A − D)
]

⋅ �w

[41]. On the other hand, the lower compressive strength of 
the mixture with 90% FAC (LECC90) relative to the HLWC 
could be attributed to its lower density in comparison with 
the density of the HLWC. Regarding the flexural strength, 
it can be seen from Tables 12 and 13 that all the LECC 
mixtures have shown higher flexural strength relative to the 
HLWC. This is mainly attributed to the presence of fibers in 
the LECC [29]. According to Table 13, replacing the sand 
with up to 70% FAC resulted in higher specific strength % 
(compressive strength/ density) relative to the ECC mixture 
with 0% FAC (LECC0). Considering both strength and den-
sity, it can be stated that the positive impact of using FAC 
in ECC is developing a higher specific strength and reduc-
ing the overall weight of ECC making it a perfect option 
for repair applications where durability and load-bearing 
capability are essential. [43]. In a comparison with the find-
ings of [49], comparable density and compressive strength 
were recorded for the mixture with 30% FAC. Additionally, 
in this research higher replacement levels (70% FAC) have 
shown higher compressive strength (59 MPa) in coopera-
tion with their mixture that contain 60% FAC that showed 
about 42 MPa.

Figure 10 shows the density compressive strength of 
LECC mixtures. As can be seen in Fig. 10, the density of the 
mixtures decreased with increasing the FAC content. For the 
mixture with 90% FAC (LECC90), the density was reduced 
by about 41% relative to the control mixture (LECC0). On 
the other hand, increasing the FAC content resulted in a 
significant reduction in the compressive strength reaching 
about 48% for the LECC90 relative to LECC0. The reduc-
tion in the compressive and flexural strength of LECC with 
increasing the FAC content could be attributed to the light-
weight and hollow nature of the FAC that contributed to 
the decrease in the density and strength of the LECC [33, 
49]. Figure 11 presents the specific strength (strength per 
unit density) results of the mixtures. The specific strength of 
LECC30 and LECC70 were higher than the control mixture 
(LECC0). The improved specific strength of LECC is attrib-
uted to the incorporation of lightweight FAC. On the other 
hand, the lower specific strength of the LECC90 relative to 
the control mixture could be attributed to its low compres-
sive strength.

Table 12   Mechanical Properties of HLWC

Mechanical property Unite HLWC Number 
of samples 
tested

Compressive Strength Mpa 54.25 3
Flexural Strength Mpa 6.80 3
Density (kg/m3) 1605 3

Table 13   Mechanical Properties of LECC

Nomenclature % of FAC as replace-
ment of sand

Density
kg/m3

Average of compressive 
strength at 28 days (Mpa)

Flexural strength
at 28 days (Mpa)

specific strength % 
(compressive strength/
Density)

LECC0 0% 2180 84 21.50 3.85
LECC30 30% 1780 70 19.60 3.93
LECC70 70% 1410 59 16.35 4.18
LECC90 90% 1290 44 12.80 3.41
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3.2 � Slant shear and Bi‑surface bond strength test 
results

Tests for slant shear and bi-surface shear have yielded bond 
strength values for the composite HLWC substrate—LECC 
overlay specimens; these values indicate the average bond 
strengths. Table 14 shows the sample bond strength values.

Based on the outcomes of the slant shear test, the applied 
stress (σo) on the interfacial bond was calculated by applying 
Eq. (1) to divide the maximum force at bond failure derived 
from compression loading by the elliptical area (Ae). The 
bonding shear strength has been determined using the bi-
surface shear test by dividing the highest applied force by 
the bonded surface area, or Eq. (5). Figures 12 and 13 show 
the average bi-surface and slant shear strengths for HLWC 
that are 28 days old, with surface preparations of as-cast 
and grooved surfaces. The slant shear approach produced 
stronger bond strengths for HLWC substrates than the bi-
surface shear method for all LECC repair materials (varying 
FAC percentages) and surface preparations. This could be 

attributed to the fact that the slant shear test's high compres-
sive stresses lead to increased friction forces and interlock, 
which raise the shear failure load (A [26]). Additionally, it 
was observed that the maximum bond strengths declined 
with increasing the FAC content, this could be attributed 
to the reduced density and the smoother surface of the FAC 
relative to natural sand that reduced the ability of concrete 
to distribute loads effectively [33].

Surface roughness has a significant impact on the 
strength of the bond between HLWC and the repair mate-
rial (LECC) in both slant shear and bi-surface shear tests. 
As seen in Figs. 12 and 13, the samples with grooved sur-
face provided better performance relative to as-cast sur-
face. This could be attributed to the fact that the grooved 
surface provided better interlock between the rough sur-
face of the HLWC and the overlay material as reported by 
[11, 25]. Bond strengths of specimens with as-cast sur-
faces containing up to 70% FAC were higher than those 
reported by [11] and the samples with grooved surfaces 
have shown comparable performances.

Fig. 10   Compressive strength 
and density with different % of 
FAC as replacement of sand

Fig. 11   Compressive strength 
and specific strength with dif-
ferent % of FAC as replacement 
of sand
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3.3 � The coefficient of friction

Table 14 summarizes the computed coefficient of friction (μ) 
values for the specimens under study. The results obtained 
show that as compared to as-cast specimens, there was an 
increase in the μ values between the overlay of the grooved 
surface specimens and the substrate (HLWC). The values of 
μ ranged from 2.39 to 3.00 and 1.44 to 2.47 for the grooved 
and as-cast substrate specimens, respectively. The μ results 
show that the kind of substrate surface preparation and the 
interlocking effects between the overlay and concrete sub-
strate are responsible for the high μ values of grooved sur-
face relative to as-cast surface [11].

3.4 � The failure modes

The location of the failure, which may be represented by 
several failure modes that are visually inspected and docu-
mented, can provide insight into the quality of the connec-
tion between the HLWC substrate and the overlay material 
(LECC). The failure modes were classified into four types, 
interfacial bond failure -A-, interface failure and small pieces 

(thin layer) broken on the HLWC substrate -B- as shown in 
Fig. 14. Interfacial failure with a thick layer of HLWC sub-
strate -C- as shown in Fig. 15, and complete substrate failure 
-D- as shown in Fig. 16. A significant case of failure modes in 
the slant shear test and bi-surface shear test occurred across the 
HLWC substrate, except for a few cracks in the LECC over-
lay of the as-cast and grooved substrate surface. Moreover, in 
some cases specifically, in samples with 0–70% FAC interface 
failure occurred after failure in the HLWC substrate, and there 
was no separation between the LECC layer and the substrate, 
indicating the strength of the bonding (26.21–18.35 Mpa, 
respectively) between those layers. Regarding the composite 
specimen’s complete failure, it occurred in only two cases 
where the strength of the LECC was comparatively low to 
the HLWC as shown in Fig. 16. Interfacial failure with a 
thick layer of HLWC substrate -C- was identified as the most 
favorable failure mechanism. Subsequently, the occurrence of 
interfacial failure involves the fragmentation of tiny fragments, 
namely a thin layer, on the HLWC substrate -B-. In general, 
it can be seen that LECC exhibits more strength compared to 
HLWC, providing a stronger contact in LECC-HLWC com-
posite constructions. The bond strength exhibited excellent 

Table 14   Slant shear bond strength, coefficient of friction, and failure modes of specimens for HLWC-LECC

Encodings Slant shear 
strength, σo (Mpa)

Average slant shear 
strength, σo

Shear stress, 
τn (Mpa)

Normal stresses 
σn
(Mpa)

coefficient of 
friction,
μ

Failure Mode

Grooved H-LECC0-G 25.21 26.21 22.69 3.49 2.56 B
H-LECC0-G 26.33 B
H-LECC0-G 26.82 B
H-LECC30-G 20.20 21.85 18.92 3.46 2.39 B
H-LECC30-G 22.51 C
H-LECC30-G 22.84 B
H-LECC70-G 18.15 18.35 15.89 2.57 3.00 B
H-LECC70-G 19.01 C
H-LECC70-G 17.89 C
H-LECC90-G 8.15 8.25 7.14 1.31 2.42 C
H-LECC90-G 9.03 B
H-LECC90-G 7.57 D

As-cast H-LECC0-A 18.88 18.39 15.92 2.42 2.47 B
H-LECC0-A 19.23 C
H-LECC0-A 17.06 B
H-LECC30-A 17.05 16.81 14.55 2.27 1.46 B
H-LECC30-A 14.78 B
H-LECC30-A 18.60 C
H-LECC70-A 13.46 14.64 12.67 1.80 2.17 C
H-LECC70-A 14.78 C
H-LECC70-A 15.68 C
H-LECC90-A 7.85 7.16 6.20 0.96 1.44 B
H-LECC90-A 7.01 D
H-LECC90-A 6.62 C
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Adhesive force and resilience, as shown by the occurrence 
of interface failure after the damage of the HLWC substrate.

4 � Conclusions

This study investigated the bond behavior at the interface 
between hybrid fiber-reinforced lightweight ECC containing 
a high-volume fraction of FAC and high-strength lightweight 
concrete surfaces with different surface preparations. Based 
on the findings on this research, the following conclusions 
were drawn:

Fig. 12   Average slant shear 
bond strengths
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•	 In the development of LECC, replacing the sand with 
70% FAC resulted in a notable decrease in density 
reached about 35%, and provided a higher specific 
strength ratio of about (8.6%) relative to the mixture with 
0% FAC.

•	 For the slant shear test, the replacement of sand with 30% 
FAC in the LECC resulted in a reduction of the bond 
strength by about 9% and 16% for as-cast surface prepa-

ration and grooved surface preparation, respectively rela-
tive to the control mixture. This reduction reached about 
20% and 30%, respectively when FAC content reached 
70%.

•	 Regarding the bi-surface shear test, results indicated that 
replacing the sand with 70% FAC in the LECC resulted 
in a reduction of the bond strength by about 25% for both 

Fig. 13   Average Bi-surface 
strengths
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Fig. 14   Interface failure and 
small pieces (thin layer) broken 
on the HLWC substrate -B- 

Fig. 15   Interfacial failure with 
a thick layer of HLWC substrate 
-C-
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as-cast and grooved surface preparations relative to the 
control mixtures with 0% FAC.

•	 The surface grooved treatment increased the coefficient 
of friction between the repair material (LECC) and 
HLWC layer.

•	 The production of an LECC repair material with a high 
specific strength ratio provides an outstanding strength-
to-weight reduction ratio, making it the perfect option 
for repair applications where load-bearing capability are 
essential.
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