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Abstract: An estimate shows that approximately 50% of global annual construction activities
account for the repair and retrofitting of structures and constructed facilities. Therefore, structural
rehabilitation and repair are becoming hot topics among researchers, in order to find innovative
and comprehensive solutions. Ultra-high-performance concrete (UHPC) is designed to achieve high
strength and long-term durability. Such types of concrete offer a solution for complicated repair
and retrofitting jobs. Although many benefits of using UHPC have been derived, many concerns
have also been identified with the use of UHPC—sustainability is considered a critical concern
due to the requirement of large proportions of cement, which results in an increase in cost and
environmental impacts. This paper presents a recipe for UHPC that contains a small ratio of cement
and a large proportion of fly ash, i.e., up to 50%, as a cement replacement material (CRM). In order to
achieve long-term durability and increase bonding with old concrete or brickwork for repair and
retrofitting purposes, ultra-fine calcium carbonate (UFCC) is also added. In selecting an appropriate
material for structural repair, it is essential to acquire an understanding of the material behavior.
Therefore, this research was focused on providing a comprehensive guide to the behavior and
strength performance of UHPC. The experimental results have shown that the highest strength of
UHPC with low cement content can be achieved using a binary combination of high-volume fly ash
(HVFA) and ultra-fine CaCO3 (UFCC) as a substitution for cement by up to a ratio of 50% in the
recipe. The UHPC with low cement content displayed excellent repair and retrofitting potential
for structural strengthening in regions of high stress by developing a strong bond with the existing
concrete substrate.

Keywords: High-performance concrete (HPC); high-volume fly ash (HVFA); ultra-fine CaCOj3
(UFCCQ); structural repair and retrofitting; sustainable design of structures

1. Introduction

The Transportation for America Report [1] highlighted that in the last four decades, a total number
of 607,380 concrete bridges were found to be structurally deficient. On estimation, that is approximately
11% of the total number of constructed concrete bridges in the USA. Therefore, a comprehensive
program for the reinstatement of such bridges has been rolled out. With the help of trends and
statistics, by 2028, an estimated cost of $20.5 billion per year will be incurred through the rehabilitation,
retrofitting, and replacement of deficient bridges in the USA [1]. Similarly, in the United Kingdom, the
fraction of the maintenance cost of constructed facilities is continuously increasing in comparison to
the construction cost of new facilities. A study predicted that the market size for the maintenance,
repair, and improvement of built facilities would reach £28 billion, which will be 2.8 times larger than
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the size of the £10 billion markets for the construction of new facilities [2]. An analysis performed by
Lam et al. [3] reported that from the beginning of 2002, approximately 50% of the activities conducted
in the construction sector comprise structural maintenance jobs. In the Malaysian scenario, Kayan [4]
highlighted that a significant number of buildings in Malaysia are deteriorating with time and urgently
require maintenance and retrofitting programs. Between 2003 and 2005, the Malaysian Government
increased its National Budget for building maintenance by 73% [5].

In the last 50 years, concrete has become the primary and most popular construction material
in the world. The successful history of the application of concrete in many state-of-the-art structures
was achieved by preparing the right recipe and specifications, adopting correct detailing, and paying
due attention to supervision and quality control. In addition, an acceptable level of workmanship
and routine maintenance can make concrete structures highly durable, reliable, and cost-effective [6].
However, in many cases, such criteria are not practiced well, particularly in medium- to low-level
construction projects. As a consequence, many concrete structures are deteriorating before reaching
their expected service life, and the number of concrete structures in this category keeps on increasing.
For maintaining or reinstating the failing structures, rehabilitation or repair programs are necessary [1-5].
The literature shows that, in the past, many repaired and retrofitted concrete structures did not perform
satisfactorily; almost 50% of them could not be sustained for over 10 years [7,8]. ]. When a repaired
structure does not perform well, the possible reasons could be: a lack of engineering fundamentals,
recommended guidelines are not followed, and incompatible materials are selected for the repair job.
Since the beginning of this century, the deterioration and damage of concrete structures earlier than
expected has become a hot issue in many parts of the world because this raises concerns around public
safety, the rising cost of repair and retrofitting and the resulting pressure on the economy. Therefore,
urgent attention needs to be paid to these concerns by developing an appropriate engineering approach
to reduce the problem to a minimum level. At the same time, the primary functions and the adequacy
of the structural capacity should be maintained. The frequency and extent of repair interventions
should be kept at a minimum level, allowing only preventive maintenance without or with minimal
service disruption [8,9].

Developing reliable and cost-effective repair materials that show high durability and comply
with functional requirements is quite challenging [7]. The effectiveness and success level of such
materials and techniques vary in terms of levels of satisfaction. In some cases, materials were initially
found to be very useful, but later lost their level of satisfactory performance. Therefore, many repair
systems did not perform well in the long term and were subject to premature failure. For example,
to repair a bridge deck by applying a concrete overlay, it is mandatory that the overlay material must
be compatible with the substrate material, and there must be a perfect bond between the new and
old surfaces for the transmission of load within the system. The objective of the recent development
of UHPC is that it should show extremely low permeability and outstanding mechanical properties.
Therefore, UHPC can be considered an excellent candidate for the repair and rehabilitation of critical
concrete structures, which are subjected to heavy mechanical loads and are exposed to the extreme
surrounding conditions [10-13]. It has been observed that the majority of concrete structures that have
undergone strengthening or rehabilitation are subjected to adverse loading and ambient conditions.
Therefore, designing the most suitable rehabilitation system for a given job requires a comprehensive
and performance-based approach that is able to avoid ineffective repair and maintenance that may
lead to both money and material wastage [14].

The application of high-performance materials and innovative techniques plays a vital role
in developing mechanical strength and enhancing the integrity and durability of the rehabilitated
structure. It is recommended that the repair materials should have high fluidity and show higher
compressive strength compared to the substrate concrete [15]. The dimensional behavior of the repair
material concerning the substrate concrete is one of the challenging tasks in order to achieve the desired
performance of the system throughout the service life. Differential dimensional changes cause the
development of internal stresses between the repair material and the substrate. The possible effects
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of inducing high internal stresses include the development of tension cracks, loss of load-carrying
capability, delamination, and deterioration. Special efforts are made to reduce internal stresses, and
care must be taken in selecting appropriate materials that might be capable of maintaining dimensional
compatibility and developing perfect bonds with the substrate material [12,16-18]. An experimental
study conducted by Lee et al. [19] revealed the potential of UHPC as a repair material due to the high
mechanical properties, fluidity, and bond strength exhibited. Also, UHPC showed very low creep and
shrinkage properties. The extremely low porosity and intricated pore structure of UHPC resulted
in low permeability and high durability. Therefore, the extraordinary attributes of UHPC make it a
state-of-the-art material for the retrofitting of complex concrete structures subjected to extreme loading
and ambient conditions.

For placing a concrete overlay on the old concrete substrate, concrete structures need homogeneity
and continuity in the load flow pattern [20]. In this case, if the new concrete overlay develops low
bond strength with the old concrete, a weak link in the repaired system will form, which requires an
engineered solution [8,20]. Espeche and Leon [21] discussed two different mechanisms of developing
the bond strength between two cementitious materials; one of the mechanisms is called adhesive
bonding, which takes place at the micro-scale, and the other mechanism is known as cohesive bonding
that occurs at the macro-scale. A perfect, strong, and durable bonding is the primary requirement of
the long-lasting and successful repair system [17]. A study showed that good bond strength could be
achieved by using Rapid Hardening Portland Cement in the new concrete against the old concrete;
in this system, no bonding agent was used [22]. Momayez et al. [17] investigated the bond strength
of new concrete-containing silica fume (SF) content that ranges from 0-10%. Their study concluded
that the addition of SF in the overlay concrete showed significant improvement in the bond strength
using four different techniques: pull-off, bi-surface shear, splitting prism, and slant shear. The most
beneficial effects of SF were achieved using an optimum amount of 7%.

This study aimed to develop a green, sustainable, and cost-effective UHPC mix for possible
application as a high-performing repair material. Therefore, in designing the mix proportions, it was
intended to keep the cement content low by using high-volume fly ash (HVFA) up to 70%. It was
anticipated that 70% FA content with 30% cement might cause negative impacts on the strength
development at the early ages [23]. Therefore, it was required to address the issue of low strength
development. In some studies, researchers have introduced different types of nanomaterials, such
as titanium oxide (TiO,), zinc dioxide (ZnO,), calcium carbonate (CaCQ3), silicon dioxide (SiO5),
and carbon nanotubes to improve the early strength development of HVFA concrete [24-27]. However,
the production of all these materials is highly energy-intensive, which impacts on the cost and
environment [28]. Ultra-fine calcium carbonate (UFCC) composed of a mean particle size of 3.5 pm
and produced consuming less energy, was considered an environmentally friendly material. Hence,
UFCC was selected to compensate for the deficiency of using HVFA. It was expected that UFCC
would enhance the characteristics of concrete mixes to a high-performance level by filling up the voids
within the binder particles, rheological characteristics, and would form secondary hydration products
through pozzolanic activity. Through seeding effects, UFCC can accelerate the hydration leading to an
increased early strength [27,29-31]. The principal objective of the experimental study was to determine
the optimum replacement of FA-UFCC in UHPC and to assess the characteristics of the optimum mixes
as a high-performance repair material.

2. Experimental Program

2.1. Materials

For this experimental program, FA, SF, and UFCC were used as CRM; all these materials are locally
produced. The Lafarge cement Malaysia supplied Portland Cement-I. Table 1 shows the chemical
composition of all binding materials, which was analyzed using X-ray fluorescence technique (XRF).
Scanning electron microscopy (SEM) images of all binders were taken to determine the morphological
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character and crystalline structure, which is shown in Figure 1. Crushed granite with a maximum size
of 10 mm was used as coarse aggregate (CA), and river sand with a fineness modulus of 2.8 was used
as the fine aggregate (FA). The CA to FA ratio was kept constant to 1.5 in all concrete mixes, refer to
Table 3. Polycarboxylic Ether-based superplasticizer (SP) was used in all mixes. The straight steel
fibers (SE) content of 1.0% by volume was used in this study for achieving ductility and post-cracking
performance; the fiber properties are shown in Table 2.

Table 1. The chemical composition of OPC, FA, SF, and UFCC using XRF analysis.

Parameter OPC FA SF UFCC
5i0, 12.38 36.41 90.4 0.19
Al,O4 2.86 16.95 0.71 0.07
Fe, O3 5.32 20.54 1.31 0.05
TiO, 0.17 1.59 - -
MnO 0.09 0.18 - -
Chemical MgO 0.99 2.26 - 0.8
composition (%) CaO 73.50 14.4 0.45 -
Na,O - 1.03 - -
KO 0.80 2.23 - -
P,0s5 0.44 1.35 - -
SO3 3.11 2.19 0.41 -
CaCOs3 - - - 97.5
Others 0.34 0.87 6.72 1.39
LO.I 4.7 1.7 5.4 43
Physical properties Dsp (um) 20.8 244 0.16 35

L.O.I = loss of ignition; D5y = mean particle size.

Table 2. Characteristics of steel fiber.

Fiber Properties Measurement
Length, mm 20
Diameter, mm 0.2
Aspect ratio (I/d) 100
Tensile strength, MPa >2300

UFCC
Figure 1. SEM images of OPC, FA, SF, and UFCC.
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2.2. Proportioning and Preparation of Concrete Mixes

A total of 17 mix proportions were prepared, which were divided into three phases designated
as A, B and C. The purpose of developing these mixes was to determine the optimum content of FA,
SF, and UFCC for obtaining the highest possible response of UHPC. Details of the mix proportions
are given in Table 3. For all concrete mixes, water to binder ratio (W/B) was kept constant to 16%;
the dosage of SP varied from 1.5-4% for obtaining the desired workability.

Table 3. UHPC mix proportions in kg/ma’.

% Binder
Phase Mix ID Binder CA Sand % SP
OoPrC FA SF UFCC
MFO0 900 100 - - - 930 620 4
ME30 900 70 30 - - 930 620 25
A MF40 900 60 40 - - 930 620 25
MF50 900 50 50 - - 930 620 2
MF60 900 40 60 - - 930 620 2
MF70 900 30 70 - - 930 620 1.5
MF0S10 900 90 0 10 - 930 620 4
MEF30510 900 60 30 10 - 930 620 2.5
B MF40S10 900 50 40 10 - 930 620 25
MF50510 900 40 50 10 - 930 620 25
MF60S10 900 30 60 10 - 930 620 25
MF40U2.5 900 57.5 40 - 2.5 930 620 2
MF40U5 900 55 40 - 5 930 620 2
C MF40U10 900 50 40 - 10 930 620 2
MF37.5U2.5 900 50 38 - 2.5 930 620 2
ME35U5 900 50 35 - 5 930 620 2
ME30U10 900 50 30 - 10 930 620 2

Where; CA is coarse aggregate, and SP is superplasticizer.

A 60-liter-capacity pan mixer was used for mixing purposes. All concrete mixes were mixed
according to the procedure stated in Table 4. After casting the samples in the molds, they were covered
using a plastic sheet to avoid any premature drying. After 24 h, samples were stripped out of molds
and placed in the shelves for ambient curing (AC) at room temperature of 27 + 2 °C until the time
of testing.

Table 4. UHPC mixing time.

Mixing Procedure Time (min)

Add CA
Add binder
Add 50% water + 50% SP
Add 50% water + 50% SP
Add SE fiber

N O1 O U1 W

Total mixing time 20

2.3. Preparation and Curing of Samples for a Repair System

Evaluation of the bond strength between the deteriorated concrete substrate and the newly
laid overlay is an essential characteristic for achieving the desired performance of the repair system.
In some cases, for example, repairing a bridge deck, an overlay is cast for the reinstatement of the
lost capacity of the deck. The overlay also protects the substrate against the ingress of any external
agents such as chloride ions. In many cases, the overlay fails to perform the desired functions due to
premature damages. One of the principal causes of damage in the repair system is the weak bond
at the interface of the old and new surface that allows passage for moisture and ions ingress [10,32].
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Therefore, specifying and assessing the bond strength of the concrete overlay at the interface of the old
substrate is compulsory [17]. In this study, the bond strength of the UHPC overlay and the normal
strength concrete (NC) substrate was investigated using slant shear testing method and the flexural
test; testing and sample details are shown in Table 5.

Table 5. Specimens used for observing the performance of UHPC as repair materials.

Specimen Type Repair Plan Testing
C
‘ Flexural
NC
= |
g |
A
§ /
| : 0 " e Fracture
100 mm

Slant Shear

-

g
EI
=3
e

Inclination 45°

-
50 mm

Samples were prepared in two stages; in the first stage, the concrete substrate (simulating to the
existing part of the structure) was cast using grade-40 (which is the 28-day compressive strength)
concrete designated as NC. Mix proportion details of NC are given in Table 6; all samples were cast
and cured at room temperature. In stage two, after 28 days of curing, substrate samples were cut
and underwent roughening operations. Proper surface preparation before the application of overlay
materials is of critical importance to develop a strong and durable bond between the existing concrete
substrate and the overlay material. Roughening treatment on the substrate surface was performed
using a wire brush (WB) before overlay casting as recommended by Tayeh et al. [33]; Figure 2 shows
the treated surface of a sample used in this study.

Table 6. Mix proportion and compressive strength of NC substrate.

Material Q;:;I:gy
OPC (Type 1) 352
CA (max. 20 mm) 1318
Sand (FM. = 2.8) 565
W/B 0.54
Cube strength @ 28days 43 MPa
Cylinder strength @28days 38 MPa

Figure 2. Substrate before and after surface treatment.
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For slant shear test, a composite cylinder of size 100 x 200 mm, as illustrated in Table 5, was used.
These dimensions are slightly larger than the size recommended in ASTM C882 [34]. Different methods
can be used in obtaining the inclined surface in the concrete substrate. ASTM C882 [34] recommended
that the use of dummy sections that are made up of epoxy-resin mortar, fit the mold, and are equal to the
one-half the volume of the specimen with an angle of 45° from vertical. Similarly, Piancastelli et al. [35]
used oiled wooden-inserted steel-beam molds to form the slant surfaces in the substrate. Abu-Tair et
al. [36] and BS EN 12615 [37] first cast the concrete specimens and later cut. In this study, specimens
were cut to obtain an inclined surface. For casting the composite cylinders, the roughened NC substrates
were then placed inside the molds in the position where the slanting side was facing upward and
UHPC overlay was added, as shown in Figure 3. After casting, the composite cylinders were cured
under ambient condition until the time of testing.

(b) (c)

Figure 3. NC substrate prior to overlaying of UHPC: (a) slant cur cylindrical samples; (b) cylindrical
molds (c) notched samples in the molds.

For flexural strengthening and fracture testing, the composite beam specimens with sizes of
100 x 100 x 500 mm were cast. The notch on the beam for fracture testing was obtained by cutting the
specimens into one-halves using a concrete cutter. Beam specimens were cast with and without UHPC
overlay-material: the overlay thickness was 15 and 20 mm. Before the overlay casting, the surface
of the roughened NC substrates was moistened for 10 min and then wiped; which was intended to
create a saturated surface dry condition (SSD). SSD condition is required for avoiding the water film
on substrate surfaces, which may reduce the bond strength between two concrete materials [38].

The slant shear and flexural tests were performed at the age of 28 days after casting of the
composite samples. For this study, mix type ME30U10 was selected for overlay. The selection was made
based on the results of the overall compressive strength and its pozzolanic strength index (PASI) value.

2.4. Compressive Strength Test

Concrete compressive strength of non-composite specimens with cube sizes of 100 mm was
determined according to the procedure described by BS EN 12390-3 [39]. Compressive strength test
was conducted at the age of 7, 28, and 90 days. Three specimens were tested for each mix at every age
of testing. The test was performed at a constant loading rate of 3.0 kIN/s.

2.5. Slant Shear Test

The slant shear test was performed according to the procedure prescribed by ASTM C882 [34],
which is a widely accepted method and recommended by many codes of practices and standards for
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assessing the bond strength of the layered samples [40]. The test was performed at a constant loading
rate of 3.0 kN/s. As discussed above in Section 2.3, UHPC was overlaid on the vertically-inclined-at-45°
slant plane of the NC substrate specimens to form the composite cylinder specimens of dimensions
100 x 200 mm as shown in Figure 3. The bond strength was calculated using Equation (1) as follows:

P
S=— 1

o M
where S is the bond strength (MPa), P is the maximum force recorded (N), and Ay is the area of the
slant surface (mm?). In this case, the slant surface area can be taken as a nominal value of 7t x (100/2) x

((100/cos 45°)/2) = 11,107 mm?.

2.6. Flexural Strengthening and Fracture Test

Flexural strength test was performed by applying a four-point loading configuration,
which consisted of two supporting rollers (end supports) and two upper rollers held by the articulated
cross member. The testing procedure complied with the requirements of BS EN 12390-5 [41]. The beam
was placed evenly on the supporting roller 300 mm apart. The load was applied at a constant rate of
0.2 kN/s continuously until failure. The maximum load and crack pattern were measured and recorded.
Flexural strength was calculated using Equation (2).

_FL
dy d2

Jer 2)

where f is the flexural strength (MPa); F is the maximum force recorded (N), L is the distance between
supporting rollers (mm), and d; and d; are the lateral dimensions of the specimen (mm).

For evaluating the fracture performance of the composite structure, the four points bending test
was conducted on notched specimens. In the preparation of the test sample, a substrate was cast by
creating a through-notch as shown in Figure 4a. The purpose of creating a through-notch was for
simulating the crack in the actual structure (the old concrete substrate before laying the overlay).

Overlay thickness (Ho)=15 mm/20 mm

(a) (b)

Figure 4. Flexural test on the notched specimen: (a) illustration of a notched substrate with overlay;
(b) tested notched sample with overlay in the laboratory.

3. Results and Discussions

3.1. Compressive Strength Test

As the first objective of this research was to achieve high compressive strength of the UHPC using
low cement content and HVFA for complying with the aspiration for sustainable development goals.
HVFA was selected based on a variety of benefits experienced by many researchers: it reduces the water
demand, improves the workability, minimizes the thermal cracking and drying shrinkage, reduces
the chances of reinforcement corrosion, and controls sulfate attack and alkali-silica expansion [42].
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Figure 5 shows the results of the compressive strength and PASI of all concrete mixes determined
at the age of 7, 28, and 90 days. PASI was used to evaluate the pozzolanic activity of cement-based
composite. The PASI is defined as the ratio of the compressive strength of blended cement concrete in
which up to 70% of Portland cement is replaced by pozzolan to the compressive strength of a reference
concrete (pure cement) under the same curing conditions. Figure 5a shows the results of concrete mixes
of phase-A, which are FA-based mixes. It can be observed that with the increase in the FA content
(30-70%), there is a reduction in strength at an early age. The reduction of PASI with the increase
of FA percentage can be represented in a sharp downward linear trend with correlation coefficients
(R?) of over 0.9. The reduction in both strength and PASI of phase-A concrete was due to a reduction
in the heat of hydration, which slowed down the setting time that caused a reduction in the early
age strength.

Concrete mix prepared in phase-B contained FA and 10% SF; when the cement was replaced with
70% FA in mix MF70, the 7-day compressive strength was obtained as 45 MPa; on the other hand,
concrete mix MF60S10 that replaced 70% cement with 60% FA plus 10% SF showed 7 days strength
as 60 MPa, which is 25% higher than the strength of MF70. In general, concrete mixes in phase-B
showed 12-58% higher compressive strength than the corresponding concrete mixes in phase-A.
This phenomenon can be explained by the dispersion of cement grains, which leads to improved
gel phase development [29]. In phase-A mixes, the highest 28-day strength was obtained as 127
MPa (MF30) and highest 28-day strength of phase-B was obtained as 130 MPa (M40510). The PASI
value at 28 days for phase-A and phase-B was seen in a downward trend after mix MF50 and mix
MF40S10, respectively.

Concrete mixes of phase-C contained UFCC (2.5-10%) together with FA; the significance of adding
UFCC was obtained at the early age strength; all mixes in this phase showed over 80 MPa strength
at the age of 7 days, which is considered quite high early strength. The highest 7-day compressive
strength was obtained as 95 MPa of the mix MF40U10 with a PASI value of 94%; the same mix showed
the highest 28-day strength and PASI as 135 MPa and 104%. It indicates the effectiveness of UFCC in
offsetting the low strength at the early age of HVFA. With the increase of age, the strength of UHPC
with FA-UFCC combination increased rapidly. The compression strength of UHPC with only FA (50%
replacement) was 140 MPa at 90 days; this value was gradually increased by about 16% to 160 MPa
when 10% of UFCC was incorporated and combined with 40% FA. Higher compressive strength value
for the FA-UFCC combination indicates the effectiveness of UFCC in offsetting the low strength of
UHPC-containing HVFA at a later age. The 90-day PASI value was the highest for mix MF40U10;
the value then showed a downward trend with a lowest PASI value of 94%.

The strength enhancement due to the inclusion of UFCC in UHPC-containing HVFA is acceptable
when compared to results obtained by Refs. [25,27,29,43]. In their studies, they explained that the
inclusion of nano-CaCOj3 improves the microstructure by forming additional C-S5-H gels and decreases
the CH and Ca;SiO4 of HVFA concretes. Not only that, the CaCO3 powder led to a much denser
microstructure, but it is also responsible for changing the formation of the hydration products which
contributed to the improvement of early age and later age compressive strength and durability
properties. UFCC has high reactivity and active filler effects in reducing the pore space and its
connectivity inside the concrete [29].
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Figure 5. Compressive strength at different concrete ages for Phase A, B, and C.
3.2. Slant Shear Strength

Slant shear test is an important test that helps to develop the right strategy for repairing an inclined
substrate, which is quite complicated. With this test, the designer can assess the quality of the bond
material and bonding process. During testing of the composite cylinder, the failure in the substrate
will be an indication that the interfacial bond zone is stronger than the substrate, which may be used to
qualify the bond material for the repair job. On the other hand, if the interfacial bond zone fails during
the test, this means that the bond material and configuration is weaker than the substrate material.
In general, it is preferred that for any repair job, the bond zone should be either of the same strength as
the substrate or stronger than the substrate. In this testing program, failure of all samples was visually
examined for classifying the type of failure, such as bond failure, substrate failure, overlay failure,
or combination of different modes. Table 7 shows the recommended values of the bond strength as
specified in the American Concrete Institute (ACI) document titled, Guide for the Selection of Materials
for the Repair of Concrete [44]. These values are considered as the minimum acceptable bond strength.
Table 8 shows 28-day slant shear test results performed in this research study. The bond strength of
different samples was estimated using Equation (1).

Figure 6 illustrates two possible types of failure modes that can happen: interface failure and
substrate failure. The experimental results showed that the interfacial bonding of all UHPC/NC
specimens was quite a bit stronger than that of the substrate; almost in all cases, the failure happened
in the substrate, whereas the interfacial zone remained intact; no separation or debonding was
observed. It can be generalized that when UHPC overlay materials are used for repairing the damaged
substrate, most likely a Type B failure mode occurs. In the cases where both substrate and overlay
are made of normal-strength concrete, usually, Type-A failure occurs. The mean bond strength for
UHPC/NC specimens was obtained at 105% higher than that of the NC/NC specimens. The significant
enhancement could generally be attributed to more excellent adhesion and interlocking between the
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UHPC and the roughened NC substrate surfaces. The roughened surface with exposed aggregates
developed superior adhesion with excellent interlocking with the UHPC overlay. It contributed to the
exceptional interfacial shear bond strength of the composite. The synergy of HVFA, together with
UFCC, is shown in improving the transition zone in concrete through the micro-filler effect, and due
to excellent pozzolanic activity [45-48]. It could also be the reason that the roughed and textured
surface of the substrate supplied the source of CH for initiating the spontaneous pozzolanic reaction.
Hence, it could have established a mechanical bond as well as a chemical bond at the interface of the
composite; such a mechanism can be classified as a “mechano-chemical” bond [33].

Type A: interface failure ~ Type B: substrate failure

Figure 6. Failure modes for the slant shear test.

Table 7. The recommended minimum value for bond strength [44].

. Testing Age Bond Strength
Testing (days) (MPa)
1 3-7
Slant shear test 7 7-12
28 14-21

Table 8. Slant shear strength at 28 days and failure mode of different material combinations.

Normalized

Upper/Low Max Force Bond Strength Failure
Material No P N) S(Mpa) ~ShearStrength — \p g
S/Vfe
1 201 18.1 3.0 A
2 205 18.5 3.1 A
3 205 185 3.1 A
I;Tszl;T;: 4 204 18.4 3.0 A
¢ 5 205 18.5 3.1 A
6 203 18.3 3.0 A
Mean 204 18.5 3.0
COov 2.57 0.03 0.003

SD 1.60 0.16 0.053
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Table 8. Cont.

Upper/Low No Max Force Bond Strength Sll:le (::I;:le?;th Failure
Material P (kN) S (MPa) Mode
S/vEc
1 450 40.5 6.7 B
2 410 36.9 6.1 B
3 401 36.1 59 B
UI;P:CQI;TC 4 378 34.0 5.6 B
5 398 35.8 5.8 B
6 405 36.5 6.0 B
Mean 407 36.6 6.0
Ccov 564 4.59 0.12
SD 23.73 2.14 0.34

COV = coefficient of variance; SD = standard deviation; f. = cylinder strength at 28 days.

As stated in the ACI Concrete Repair Guide [44], a specified minimum acceptable bond strength
based on the slant shear strength should be specified for designing the repair material. So, this guide is
considered a useful document for designing the material and configuration for repair and retrofitting
of a damaged concrete substrate. Referring to these guidelines, all the specimens tested in this study
complied with the requirements of minimum bond strength. The bond strength results of the slant
shear test show that the bond between UHPC/NC has an excellent performance. The bond strength
of UHPC/NC samples at the age of 28 days exceeded the requirements as specified by ACI 546R-04.
Tayeh et al. [33] reported that the bond strength for concrete repair without any treatment was far lower
than the recommended value. They found that the surface preparation of concrete mostly controlled
the development of adhesion and the bond strength. Besides bond strength, the normalized shear
strength results were also considered. The normalized shear strength results shown in column 5 of
Table 8 indicate that UHPC has twice the shear resistance as NC. It means that structural elements that
are subjected to high shear could be strengthened with UHPC. The COV varies from 1.0 to 5.8%; hence,
the test can be considered consistent.

3.3. Flexural Strength

In the current practices, retrofitting and strengthening of the damaged structural member is
continuously increasing. The basic principle of retrofitting is treating a damaged structural member for
reinstating it to the original design strength level. The superior ductility and durability characteristics
of UHPC allow it to be used as an alternative to conventional concrete overlay materials [49]. In this
section, the effectiveness of UHPC as an overlay and the behavior of damaged NC beam retrofitted
with UHPC overlay was studied. NC beams of length 500 mm, width 100 mm and depth 100 mm
were cast using grade-40 concrete in the laboratory and cured under ambient temperature for 72 days
before the UHPC was laid on top of it. These composite specimens will be cured under ambient
temperature for another 28 days before testing, making the total age of concrete substrates during
testing be 100 days. In this study, the four-point bending test was used, and a total of 30 beams were
cast. Each result indicated below was from an average of three specimens. NC beams cast without
any retrofitting material were taken as control specimens. Notched layered beams were used in order
to simulate a possible evolution of crack, which can result from restrained shrinkage between the
substrate and the overlay material. The damaged beams were retrofitted with UHPC overlays on
top of the substrate with 15-mm and 20-mm-thick layers to find its optimum. Results obtained were
compared with the control beam. The flexural strength of composite structures on both un-notched
and notched beams is shown in Table 9.
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Table 9. Flexural strength results on un-notched and notched beams.

Overlay
Material Thickness Subst_rf\te Flexural Strength Failure Mode
Condition (MPa)
(mm)
NC - - 4.8
UHPC - - 15.8
15 4.3
NC/NC 20 un-notched 42
15 6.6
UHPC/NC 20 un-notched 6.7
15 0.3
NC/NC 20 notched 0.4
15 1.3
UHPC/NC 20 notched 1.7

The effects of flexural strengthening with UHPC bonding at 15-mm and 20-mm thickness on
un-notched beams were higher than NC control specimens by 37.5% and 40%, respectively. The flexural
strength of these composite materials was also higher than specimens with NC overlay by about 55%
and 60% respectively for NC overlay thicknesses of 15 mm and 20 mm. The increase of UHPC overlay
thickness from 15 mm to 20 mm influenced the flexural strengthening by about 13%. These findings
were similar to the previous study performed by Lee et al. [12,50]. Their results indicated that the use
of a 10-mm-thick UHPC bonding layer is sufficient to increase both compressive and flexural strengths.
The flexural strength for the composite beam with 10-mm UHPC overlay was improved by 54% from
4.7 MPa (NC specimen) to 7.2 MPa at 7 days. Also, the abrasion resistance of a UHPC overlay was
reported to be approximately eight times higher than that of the NC overlay.

On the other hand, specimens with notched substrates show little flexural strength. When similar
NC was used as an overlay, the flexural strength recorded on notched beams was between 0.3 and
0.4 MPa. Flexural strength was, however, improved with the application of UHPC overlays. UHPC



Sustainability 2019, 11, 4671 14 of 16

overlays with thickness heights of 15 mm and 20mm significantly improved the fractured flexural
strength at 330 and 333% compared to specimens strengthened with NC. Earlier studies on the flexural
behavior of UHPC as overlays have reported the optimum overlay height that ranges between 10
to 45 mm. After varying the numbers of rebar and fiber volumes, Yuguang et al. [51] reported
that a 30-mm-thick UHPC overlay made without any rebar could endure the maximum traffic load.
Besides the flexural strength, it is also clear that UHPC overlays change the failure mode of composite
beams. The presence of fibers prevents composite beams from experiencing sudden brittle failure.
Composite beams with UHPC strengthening were seen to be intact at failure with interface cracking.

4. Conclusions

e  This study concluded, that with the 50% replacement of cement with 40% FA and 10% UFCC
together with 1% steel fibers using very low W/B (0.16), 28-day concrete strength was achieved
as 135 MPa whereas at the age 90 days it was obtained as 162 MPa. Due to the dilution effect of
using a large amount of FA, the hydration of cement was delayed and was compensated with the
addition of 10% UFCC content, which enhanced the 7-day compressive strength to 25%.

e  This study was focused on developing a high-performance repair material with a low carbon
footprint; it was evaluated by conducting a series of slant shear and flexural tests. The mean
bond strength of all UHPC/NC specimens was obtained higher than the minimum bond strength
recommended by ACI Concrete Repair Guide.

e  The dominant failure mode in the slant shear test was the normal concrete substrate failure mode,
which indicates a strong interfacial bond between the UHPC overlay and the substrate. This type
of failure is considered a preferred mode of failure for high-performance repair systems.
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