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Abstract: Spacers are important components in reinforced concrete structures to provide cover between
the steel reinforcement and the formwork. Cementitious spacers are of particular interest for coastal
engineering structures, as they are compatible with cement-based chloride-resistant high-performance
concrete compared to plastic and steel spacers. However, the cementitious spacer–concrete interface
was found to be highly porous and microcracked. This study investigated the effect of surface
treatment on the chloride ion transport at the cementitious spacer–concrete interface. A surface
treatment technique for potential mass production was introduced and the state-of-practice tests of
the hardened concrete were modified to evaluate the performance of the spacer–concrete composite
specimens. The results showed that the surface treatment on a cementitious spacer improved the
bonding between the spacer and concrete at the interface. The surface treatment of the spacer
improved the compressive strength and the chloride resistance of the composite specimen locally
compared to those without surface treatment. The advantage of surface treatment on the chloride
resistance was partially represented in either the diffusion coefficient or the column electric flux.
The maximum chloride ion penetration depth at the spacer–concrete interface was recommended as
an additional proxy for the evaluation of the chloride resistance performance of composite specimens.

Keywords: surface treatment; cementitious spacer; chloride resistance; concrete

1. Introduction

Spacers are important components in reinforced concrete structures to provide adequate cover
between the steel reinforcement and formwork or the nearest concrete face. Although the small
spacers seem inconsequential compared to the overall reinforced concrete structure, they are indeed
vital to ensure the correct placement of reinforcement to the design requirements and to produce
durable reinforced concrete [1,2]. Spacers of various shapes and sizes are utilised in the construction
industry and they can be generally classified into three categories based on the materials: cementitious
spacer, plastic spacer, and steel chair. As the steel chair is welded to the reinforcement cages, it is
recommended [1] that the steel chair should not be used off faces exposed to aggressive agents
(e.g., chloride ion). The plastic spacers were found to be susceptible to degradation by ultra-violet
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radiation [1] and among the three types of spacers, to have the largest increase in the transport of
aggressive agents when exposed to the marine environment [3]. The cementitious spacer, if not carefully
designed (i.e., the mix design) or manufactured, could also result in early corrosion at the spacer
location as observed in the field investigation [4,5]. Thus, for the construction of reinforced concrete
structure subjected to extreme weathering and chemical corrosion in offshore areas, the cementitious
spacers were widely used because of the desired engineering properties of cement, which can be
designed to have comparable strength, durability, and porosity to the surrounding cement-based
chloride-resistant high-performance concrete (HPC).

The engineering concern of permanently leaving considerable amounts of spacers along the
reinforcement in a structure is that the presence of spacers potentially facilitates the ingress of aggressive
agents [2,6] through paths such as the spacer itself, or its interface with concrete, in addition to the
concrete near the spacer, as illustrated in Figure 1. The quality (e.g., microstructure, porosity) of the
spacer and the surrounding concrete (i.e., the possible penetration path 1 and 3 in Figure 1) can be
improved by carefully calibrated variables, such as water-to-binder ratio (W/B), the type and amount
of mineral admixtures as well as the maximum size of aggregates. Extensive researches [7–10] have
been conducted in this regard and conclusions have been applied in the construction industry to build
durable costal structure e.g., [11]. However, although the spacer–concrete interface has been well
recognised as a weak link with regard to ingress in practice, only a few laboratory investigations [2,12]
are available to explain the phenomena and to improve the interface. Furthermore, limited guidance on
the evaluation of the properties of the spacer and its collective performance with concrete, particularly
at the spacer–concrete interface, is available for site engineers and contractors.
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Figure 1. Schematic plot of the possible penetration paths of the aggressive agent through (1) the spacer,
and (2) the interface between the spacer and concrete, and (3) the concrete.

The state-of-practice codes and standards [13–17] provide general specifications on the spacers
and their placement. It is specified that the spacer should be durable and it should not lead to the
corrosion of reinforcement or the spalling of concrete cover. Moreover, the spacer should be fixed to
reinforcement bars at a spacing not exceeding 50 times the diameter of the rebar or 1000 mm and the
layout of the spacer can be in staggered rows for parallel bars. However, the code-of-practice neither
offers guidance on how to reduce the negative effects of spacers nor provides a recommendation on
the performance testing of the spacer itself or the spacer–concrete specimen.

The recent laboratory findings have advanced the knowledge of the production and application
of the spacers. The study conducted by Alzyoud et al. [2,18] has systematically evaluated the effects
of commercial spacers on the mass transport properties and the microstructure between the spacer
and concrete. The results from a series of experiments on assorted spacers have shown that spacers
increase the mass transport, which is due to a porous spacer–concrete interface that spans the cover
where preferential transport occurs. By investigating the reinforced concrete columns exposed in the
tidal zone for more than 30 years, the study of Strømme [19] also observed that the presence of plastic
spacer increased the chloride penetration along with the spacer–concrete interface. Therefore, it is of
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great engineering importance to improve the interface between the spacer and concrete so that the
overall structure reaches the expected design performance, particularly the durability and mechanical
properties. The quality of the spacer–concrete interface could be influenced by its rough surface texture.
Muslim et al. [12] have introduced a range of surface textures to semi-circular cementitious spacers that
were later cast into the concrete to form the cylindrical specimens. Their tests on composite specimens
have shown that spacer surface texture positively contributes to its interlocking with concrete, leading
to a significant improvement in the bond strength of the spacer–concrete interface. However, the effect
of surface textures on mass transport properties has remained unclear.

These codes of practice and research conclusions have significant implications on the construction
practice, such as the surface treatment of spacers on construction sites and the spacer–concrete
performance testing during the construction processes. Following the current spacer specifications and
suggestions, the spacer should be compatible with the surrounding concrete in terms of mechanical
property and durability. Moreover, the spacer should be manufactured in a factory or prepared on the
construction site in such a way that it has an adequately rough surface to increase the bonding with
concrete at the spacer–concrete interface. Furthermore, the state-of-practice testing of the hardened
concrete (i.e., taking a sample of the fresh concrete on site and testing the corresponding hardened
concrete for compressive strength and other engineering properties) can be adapted to evaluate the
performance of a spacer–concrete composite specimen (i.e., composed of the fresh concrete and the
spacer that is used on site) through compressive strength testing as well as other durability tests.
By testing the quality of the spacer and the spacer–concrete composite specimen during the construction
process, the structural design can be conducted properly (e.g., with sufficient cover and the correct
position of reinforcement bar). Moreover, it also provides a long-term estimation of construction
performance, particularly at the spacer location, to avoid or mitigate the undesirable corrosion observed
in the field investigation.

This study investigated the influence of surface treatment on the performance of a chloride-resistant
spacer–concrete composite specimen. In the following section, the methodology utilised in this study is
described. In particular, the preparation of the spacer–concrete composite specimen and the modified
testing method for the resistance to the chloride ion of the composite specimen were introduced.
The results of the compressive strength and the chloride-resistance properties of the composite specimen
were discussed. Recommendations on the manufacturing of spacers with a rough surface in a factory
and on the testing of the spacer–concrete composite specimen were provided based on the results of
this study.

2. Materials and Methods

2.1. Materials

The following materials were used for the mix of the chloride-resistant spacer and HPC and the
associated properties are as follows:

1. Portland cement CEM II 42.5R was used for all mixes. The density, the specific area, and the
water requirement of standard consistency were 2.97 g/cm3, 380 m2/kg, and 25.2%, respectively.
The soundness conformed to British standard BS EN 197-1:2011 [20]. The initial and final setting
times were 183 min and 275 min, respectively. The 3 day and 28 day flexural strengths were
6.3 MPa and 9.0 MPa, respectively. The 3 day and 28 day compressive strengths were 29.7 MPa
and 58.4 MPa, respectively.

2. Fly ash was produced from the burning of anthracite or bituminous coal with a density of
2.19 g/cm3. The fineness was 23.6%, classified as category N, and the loss on ignition was
4.84%, classified as category A, conforming to British standard BS EN 450-1:2012 [21]. The water
requirement was 98%.
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3. Ground-granulated blast slag (GGBS) was used. The density and the specific area were 2.82 g/cm3

and 440 m2/kg, respectively. The 7 day and 28 day activity indexes were 87% and 102%,
respectively, conforming to British standard BS EN 15167-1:2006 [22].

4. Sand with a maximum particle size of 5 mm was used as the fine aggregate. The fineness modulus
of sand was 2.3, complying with British standard BS EN 12620:2002+A1:2008 [23] medium grading.
The pre-dried particle density was 2754 kg/m3. The loose bulk density and the percentage of
voids were 1448 kg/m3 and 47.4%, respectively.

5. Two types of gravel (of 5–10 mm particle size and of 10–20 mm particle size) were used as the
coarse aggregate (denoted as G5–10 and G10–20, respectively). The pre-dried particle density,
the loose bulk density, and the percentage of G5–10 were 2685 kg/m3, 1278 kg/m3, and 52.4%,
respectively. The pre-dried particle density, the loose bulk density, and the percentage of G10–20
were 2738 kg/m3, 1451 kg/m3, and 47.0%, respectively. G5–10 and G10–20 were mixed by a
2:3 ratio by mass to comply with the British standard BS EN 12620:2002+A1:2008 [23] overall
grading (denoted as G5–20).

6. Polycarboxylate superplasticiser produced by Guangdong Jiangmen Qiangli Building Material
Technology Co., Ltd., was used. The solid content was 20%.

7. A retarder was used as the surface treating agent. The retarder was mainly made of the sodium
gluconate retarder for concrete, which had a notable retardation effect. The solid content was 20%
and the usage of the retarder for the surface treatment of the spacer was about 0.2~0.3 kg/m2.

8. Tap water was used as the batch water.

2.2. Mix Design of Concrete and Spacers

The mix proportions of the chloride-resistant HPC, chloride-resistant small-size coarse aggregate
concrete spacer and chloride-resistant mortar spacer (hereafter denoted as C, SS, and MS, respectively)
are presented in Table 1. Tang and Utgenannt [5] have suggested that the corrosion at the spacer
locations may be due to the highly porous structure within the spacer itself. The supplementary
cementitious materials (e.g., GGBS and fly ash) and polycarboxylate-based admixture were considered
in the mix of concrete and spacer to improve their microstructures, as several studies [24] showed that
these materials had a positive influence on the chloride resistance of concrete.

Table 1. Mix proportions of concrete and spacers.

Mix ID W/B Total Binder
(kg/m3)

GGBS
Dosage (%)

Fly Ash
Dosage (%)

Superplasticiser
(%)

Sand Ratio
(%)

C * 0.35 430 50 15 1.5 40
SS + 0.36 500 33 27 1.2 50
MS 0.36 625 33 27 1.2 100

* G5–20 aggregate was used for the chloride-resistant HPC(C). + G5–10 coarse aggregate was used for the small-size
coarse aggregate concrete spacer (SS).

2.3. Preparation of Spacers

The spacers used in this study were prepared in a manner that could be easily integrated
with the current manufacturing process in a spacer factory. Through a field investigation of the
spacer manufacturers and construction sites in Guangzhou, China, it was observed that commercial
cementitious spacers are produced in a relatively short time (i.e., the average time for the mixing and
curing of a spacer among the investigated factories was 5 days) compared with the time needed for
the preparation of the standard concrete specimen (i.e., 28 days). This is because the economic cost
of manufacturing spacers (e.g., materials, equipment, labour) would increase as the manufacturing
time increases, leading to decreased benefits. Moreover, it has been noted that the water curing
method is adopted at the early stage of the cement-hardening process in most manufacturing processes,
which is expected to improve the hydration of the cement and ensure the strength development and
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low-porosity of the inner structure of the spacer. Additionally, after water curing for a certain amount
of time, the cementitious spacers were usually exposed to the air to complete the drying process, which
reduces the curing cost and also prepares the spacers in a convenient state for trade and transport.
Taking the aforementioned manufacturing process into account, the spacers in the present study are
prepared through the following steps:

1. The mixed materials of the chloride-resistant small-size coarse aggregate concrete spacers (SS)
and chloride-resistant mortar spacers (MS) were cast into a 40 mm × 40 mm × 160 mm rectangular
steel mould and were unmoulded after 24 h;

2. The spacers were first cured in water at 20 ◦C for 3 days and then were exposed to the air at room
temperature for 1 day;

3. The spacers were cut to the size of 40 mm × 40 mm × 80 mm for the subsequent experiments.

It is worth pointing out that the considered curing scheme for spacers is plausible and efficient for
mass production in a factory and the optimal curing scheme is currently under investigation by the
authors of this study. Other factors (e.g., dehydration due to the time lag between the manufacturing
and application of spacers) that may affect the quality of the spacers were beyond the scope of this study.

2.4. Surface Treatment of Spacers

The surface treatment of spacers aimed to roughen the surface of the spacers to improve the
adhesion and bonding between the spacer and the concrete at the interface. Alzyoud et al. [2] utilised
sandpaper or scored the notches on plastic spacers to improve the quality of the spacer–concrete
interface. However, these approaches may not be cost-effective for mass production in a factory, as it
would require intensive labour and additional specialised apparatus. Muslim et al. [12] introduced
surface textures to improve the spacer–concrete interface. Although this approach is promising, it is
currently not practical for in-factory manufacturing, as it requires a set of new moulds with various
surface textures that is not readily available.

In light of these surface-treatment approaches and the state-of-practice concrete production,
the research presented in this paper has introduced a different surface treatment approach using a
hardening retarder. The retarder is widely used in massive concrete construction (e.g., dam and deep
beam) to slow the hardening of concrete and to release the heat of hydration over time. Using retarder
on the surface of the spacers allows the cement on the surface to remain unset while the inner portion
of each spacer reaches its initial setting time. After removing the surface laitance, the aggregate of the
spacers would be partially exposed, forming a “natural” rough surface.

The proposed approach can be easily implemented within the current spacer manufacturing
process. Specifically, before filling the spacer mould, the inner surface of the mould was covered
with a thin film of retarder material to slow down the hardening of the cementitious material on
the inner surfaces (i.e., the surfaces in contact with the mould). After filling the mould, the as-cast
surface (i.e., the upper edge of the mould) was carefully levelled, on which a thin film retarder material
was sprayed evenly. A spacer can only be unmoulded when its inner part reaches the initial setting
time. The surface laitance was removed under running water before entering the water curing stage.
Examples of spacer surface with and without this surface treatment are presented in Figure 2. Since
the spacer was tiny in size and its surface area was small in quantity, the amount of retarder used per
spacer was minimal compared to that usually used in the concrete design. The cost of the surface
treatment agent per spacer in this study was negligible (around one cent U.S. dollar), which made it
economically feasible for the mass production of spacers with surface treatment.



Appl. Sci. 2020, 10, 5196 6 of 13

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 13 

Taking the aforementioned manufacturing process into account, the spacers in the present study are 
prepared through the following steps: 

1. The mixed materials of the chloride-resistant small-size coarse aggregate concrete spacers (SS) and 
chloride-resistant mortar spacers (MS) were cast into a 40 mm × 40 mm × 160 mm rectangular steel 
mould and were unmoulded after 24 h; 

2. The spacers were first cured in water at 20 °C for 3 days and then were exposed to the air at room 
temperature for 1 day; 

3. The spacers were cut to the size of 40 mm × 40 mm × 80 mm for the subsequent experiments. 

It is worth pointing out that the considered curing scheme for spacers is plausible and efficient 
for mass production in a factory and the optimal curing scheme is currently under investigation by 
the authors of this study. Other factors (e.g., dehydration due to the time lag between the 
manufacturing and application of spacers) that may affect the quality of the spacers were beyond the 
scope of this study. 

2.4. Surface Treatment of Spacers 

The surface treatment of spacers aimed to roughen the surface of the spacers to improve the 
adhesion and bonding between the spacer and the concrete at the interface. Alzyoud et al. [2] utilised 
sandpaper or scored the notches on plastic spacers to improve the quality of the spacer–concrete 
interface. However, these approaches may not be cost-effective for mass production in a factory, as it 
would require intensive labour and additional specialised apparatus. Muslim et al. [12] introduced 
surface textures to improve the spacer–concrete interface. Although this approach is promising, it is 
currently not practical for in-factory manufacturing, as it requires a set of new moulds with various 
surface textures that is not readily available. 

In light of these surface-treatment approaches and the state-of-practice concrete production, the 
research presented in this paper has introduced a different surface treatment approach using a 
hardening retarder. The retarder is widely used in massive concrete construction (e.g., dam and deep 
beam) to slow the hardening of concrete and to release the heat of hydration over time. Using retarder 
on the surface of the spacers allows the cement on the surface to remain unset while the inner portion 
of each spacer reaches its initial setting time. After removing the surface laitance, the aggregate of the 
spacers would be partially exposed, forming a “natural” rough surface. 

The proposed approach can be easily implemented within the current spacer manufacturing 
process. Specifically, before filling the spacer mould, the inner surface of the mould was covered with 
a thin film of retarder material to slow down the hardening of the cementitious material on the inner 
surfaces (i.e., the surfaces in contact with the mould). After filling the mould, the as-cast surface (i.e., 
the upper edge of the mould) was carefully levelled, on which a thin film retarder material was 
sprayed evenly. A spacer can only be unmoulded when its inner part reaches the initial setting time. 
The surface laitance was removed under running water before entering the water curing stage. 
Examples of spacer surface with and without this surface treatment are presented in Figure 2. Since 
the spacer was tiny in size and its surface area was small in quantity, the amount of retarder used per 
spacer was minimal compared to that usually used in the concrete design. The cost of the surface 
treatment agent per spacer in this study was negligible (around one cent U.S. dollar), which made it 
economically feasible for the mass production of spacers with surface treatment. 

 
Figure 2. Examples of spacer surface with and without surface treatment: (a) the spacer without surface
treatment; (b) the chloride-resistance small-size coarse aggregate concrete spacer (SS) with surface
treatment; and (c) the chloride-resistant mortar spacer (MS) with surface treatment.

2.5. Preparation of Spacers and Concrete Composite Specimen

The composite specimen containing the spacer and concrete was designed to test the collective
performance of the two components. Alzyoud et al. [2] have designed a cylindrical composite specimen
of 100 mm in diameter and 25 or 50 mm in height, having the spacer in the middle of the bottom
surface of the specimen (i.e., the lower edge of the mould). This type of composite specimen has been
tested for the mass transport properties and to evaluate the microstructure of the spacer–concrete
interface. Strømme [19] drilled cores of 100 mm in diameter containing spacer from the column of
1.2 m in length and 0.6 m in diameter, which were exposed to the marine environment. These samples
were used to evaluate the influence of spacer on chloride diffusion and reinforcement corrosion in
concrete. Muslim et al. [12] considered a cylindrical sample 100 mm in diameter and 50 mm in height
that contained half-spacer and half-concrete for bond strength and mass transport testing. These types
of cylindrical composite specimens have a similar diameter to the cylinder specimen used for the
testing of hardened concrete in British standard BS EN 12390-1:2012 [25] (i.e., d mm diameters and
2d height, where d could be 100 mm), although the height of the composite specimen is considerably
different from that of the concrete specimen.

It would be convenient for both the manufacturers and contractors if the spacer–concrete composite
specimen conforms to a standardised shape and dimension as those specified for the hardened concrete
testing. First, it will facilitate the quality control process, as the performance of a composite specimen
with a spacer (i.e., compression strength and chloride resistance) can be directly compared with the
control concrete specimen without a spacer, which helps examine whether the spacer and concrete as a
whole meet the requirements of the structural designers and clients. Moreover, it takes advantage of
the existing standards and apparatus for the testing of hardened concrete, although certain adaptations
to the current practice and training for technicians and workers are needed.

This study proposes a spacer–concrete composite specimen based on the conventional cubic
concrete specimen, as illustrated in Figure 3. The 40 mm × 40 mm × 80 mm spacers with and without
surface treatment were placed in the middle of the bottom surface of the 100 mm3 cubic steel mould and
the chloride-resistant HPC Mix C was cast around the spacer. The spacer–concrete composite specimen
was compacted in two layers and each layer was vibrated by a vibrating table until no significant release
of air bubbles was observed. The spacers were manually held in place during the vibration process
and the check showed little relative movement between the spacer and mould. It is worth noting
that the vibrating table may not be available on the construction site for the preparation of composite
specimens. Alternatively, compacting by hand with a compacting rob or bar is recommended and
great care is needed to ensure that the spacer is in place. The composite specimen was cured in a fog
room at a temperature of 20 ◦C ± 2 ◦C and a relative humidity of ≥95% for 28 days.

The composite specimens are labelled in the following order: spacer type-surface-treatment-
concrete. For example, the composite specimen comprising a small-size coarse aggregate concrete
spacer (SS) with surface treatment (T) and chloride-resistant HPC (C) is referred to as the SS-T-C sample.
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2.6. Test Methods

In comparison with the testing of hardened concrete, Muslim et al. [12] applied the splitting tensile
testing, conforming to British standard BS EN 12390-6:2009 [26], to the half-spacer and half-concrete
composite specimen to estimate the interface bond strength between the spacer and the concrete.
The same rationale can be extended to other existing test methods for hardened concrete.

The present study has applied the compressive strength testing, conforming to the China code
GB/T 50081-2019 [27], to the 28 day and 56 day cubic composite specimens to determine the compressive
strength, particularly at the spacer location. In GB/T 50081-2019 [27], the cubic specimen of 150 mm
× 150 mm × 150 mm was considered as the standard specimen and the compressive strength of the
non-standard specimen should consider the size effect. In this study, the non-standard cubic specimen
of 100 mm × 100 mm × 100 mm was utilised and a size-effect factor of 0.95 was applied according
to the code. As the spacer locations in a real construction project are not specified by the structural
designers, it is important to ensure that any spacer that replaces a portion of the concrete does not
significantly impair the overall compressive strength.

This study evaluated the resistance of the composite specimen to chloride ion penetration by
examining the diffusion coefficients and the coulomb electric flux from non-steady-state migration
experiments conforming to the China code GB/T 50082-2009 [28]. The test methods in the China
code for the evaluation of the rapid chloride migration coefficient DRCM and the coulomb electric
flux follow the same principles as the European standard NT BUILD 492 [29] and the American
standard ASTM C1202 [30], respectively. However, to identify the effect of spacers on the chloride
resistance of the composite specimen, some modifications were made to the test methods. First, a
slice 50 ± 1 mm thick and 100 mm in diameter was cut from the bottom portion of the composite
specimen and the surface that was nearer to the bottom surface (i.e., the opposite surface to the as-cast
surface) is the surface exposed to the chloride solution. This modification on the preparation of the
test specimen is intended to reproduce the actual chloride ion erosion process that begins from the
exposed surface where the spacers are placed. Moreover, to estimate the long-term collective durability
of the spacer and the concrete, the chloride ion diffusion testing was also performed on the 56 day
composite specimen. The modified testing on the chloride resistance of the composite specimen may
provide a straightforward evaluation of the composite specimen performance, particularly at the
spacer–concrete interface.

3. Results and Discussion

3.1. Compressive Strength

The compressive strength results are presented in Figure 4. As shown, the compressive strengths
of composite specimens were generally lower than that of the control chloride-resistant HPC (C),



Appl. Sci. 2020, 10, 5196 8 of 13

suggesting that a partial replacement of the concrete by the spacer would reduce the compressive
strength of the specimen. Moreover, the compressive strength of the composite specimen with surface
treatment (T) was approximately 5% higher than those without surface treatment (N). This is expected
as the surface treatment is intended to improve the bonding between the spacer and the concrete.
Additionally, the compressive strength of the composite specimen containing the chloride-resistant
mortar spacers (MS) was generally higher than those containing the small-size coarse aggregate
concrete spacers (SS).
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Figure 4. Compressive strengths of the specimens. The control chloride-resistant high-performance
concrete was denoted by C. The chloride-resistant small-size coarse aggregate concrete spacers and the
chloride-resistant mortar spacers were denoted by SS and MS, respectively. The composite specimen
with and without surface treatment were denoted by T and N, respectively.

The theoretical and experimental failure modes of the spacer–concrete composite specimens under
the compressive load are illustrated in Figure 5.
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Figure 5. Failure modes of the spacer and concrete composite specimens after the compressive strength
testing: (a) the theoretical failure mode of the spacer and concrete composite specimen, where the red
line indicates the expected cracking pattern; (b) the composite specimen without surface treatment (N);
and (c) the composite specimen with surface treatment (T).

As shown in Figure 5a, the spacer and concrete composite specimen (with a spacer 80 mm in
height) was expected to fail along the red line due to the hoop effect, as an analogy to the concrete
specimen. However, the composite specimen without the surface treatment of the spacer had an
unsatisfactory failure mode as shown in Figure 5b. The applied compressive load crushed the specimen
along the smooth spacer–concrete interface, suggesting that the bond between the spacer without
surface treatment and concrete was weak. On the contrary, the composite specimen with surface
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treatment of the spacer presented a failure mode that was consistent with the theoretical failure
mode (Figure 5c), suggesting that the bond between the spacer and concrete was sufficient. These
results indicate that the surface treatment that allows the aggregate to be partially exposed can form a
sufficient bond at the spacer–concrete interface, which locally improves the mechanical property of the
composite specimen.

These results have important engineering implications in terms of the strength of the concrete
structure. The overall resistance strength of the structure at the spacer location may be compromised
due to the existence of the spacer. Moreover, when the critical load is applied at the spacer location,
the concrete may crack along the smooth spacer–concrete interface, which can be avoided or mitigated
by introducing the surface treatment of the spacer.

3.2. Resistance to Chloride Penetration

The chloride ion diffusion coefficients are presented in Figure 6. As shown, the 28 day DRCM
values of composite specimens, except for the MS-T-C specimen, were generally higher than that of the
control concrete specimen. The 56 day DRCM values of the composite specimens were slightly smaller
than the control specimen except for the SS-T-C specimen. The 28 day DRCM values of the composite
specimen with the surface treatment of the spacer were systematically smaller than those without
surface treatment. Similar observations hold for the 56 day DRCM values for the composite specimens
with mortar spacer. The composite specimens with mortar spacer (with or without surface treatment)
had generally lower DRCM values than those with the small-size aggregate spacer.
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These results suggest that the composite specimens with a spacer had a similar capacity to resist
the chloride ion as the control concrete specimens over time. The lower 56 day DRCM values for the
composite specimens compared to the control concrete may be because the cementitious spacer was
prepared in advance and the total curing time of the spacer (i.e., the curing of the spacer and the
curing of the composite specimen) was slightly longer, which will be further investigated in a future
study. Moreover, the surface treatment could improve the resistance to chloride penetration at the
spacer location.

It is worth noting that the calculation of the diffusion coefficient, DRCM, was based on the average
value of the penetration depth of the chloride ion at the split surface. To visualise the penetration depth,
the 0.1 mol/L silver nitrate solution was sprayed on to the freshly split section. It was observed that a
higher-than-average penetration depth occurred at the spacer–concrete interface for the composite
specimen without surface treatment, as presented in Figure 7a, which was considered to be a significant
defect in the specimen and was ignored in the calculation of the diffusion coefficient. As presented in
Figure 7a,c, regarding the composite specimen without the surface treatment of the spacer, the white
silver chloride precipitation on the split surface presented a peak along the spacer–concrete interface,
although the penetration depth in the spacer area was similar to that in the concrete area. In terms of
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the composite specimen with the surface treatment of the spacer (Figure 7b,d), the penetration front
was nearly horizontal and no peculiar peak occurred at the spacer–concrete interface. These results
suggest that surface treatment improves the quality of the spacer–concrete interface by forming a
sufficient interlink with the concrete. Further analysis (e.g., microstructural analysis, scanning electron
microscopy (SEM) or micro X-ray fluorescence (µ-XRF) elemental mappings) will be taken in the future
study to visualise the chloride ingress.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 13 
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Figure 7. Chloride ion penetration depths of SS: (a) a picture of the split surface of the specimen without
surface treatment where a significant defect at the spacer–concrete interface occurs; (b) a picture of
the split surface of the specimen with surface treatment; (c) a schematic plot of the split surface of the
specimen without surface treatment where a significant defect at the spacer–concrete interface occurs;
and (d) a schematic plot of the split surface of the specimen with surface treatment.

The 6 h coulomb electric flux is presented in Figure 8. The 28 day coulomb electric flux of the
composite specimen was lower than that of the control concrete, and the 56 day coulomb electric
flux was similar between the composite specimen and the control concrete. The surface treatment
of the spacer contributed positively to the resistance to chloride ion of the composite specimen with
a mortar spacer while it negatively contributed to that with the small-size aggregate spacer. These
results suggest that the benefit of surface treatment of the spacer is unclear.

It is worth noting that the aforementioned issue of the spacer–concrete interface (Figure 7) of
the composite specimen without the surface treatment of the spacer also affected the testing of the
coulomb electric flux. Since the chloride ion could deeply penetrate the composite specimen at the
spacer–concrete interface, it also results in an excessively large electric flux which is considered as an
outlier sample.

Several engineering implications can be drawn from these results. First, the surface treatment
improved the quality of the spacer–concrete interface, judging from the penetration depth on the
split surface of the composite specimen. Moreover, the effect of the surface treatment of the spacer
to the chloride resistance capacity was partially observed in either the diffusion coefficient DRCM or
the column electric flux, as the poor quality at the interface would result in the outlier data that were
excluded in the data process. Additionally, for the evaluation of chloride resistance of the composite
specimen in engineering practice, this study recommends to note and report the maximum chloride ion
penetration depth at the spacer–concrete interface as an additional indicator to the diffusion coefficient
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DRCM. If the maximum penetration depth at the interface is higher than the average penetration
depth for a certain critical percentage, the spacer–concrete interface can be identified as a potential
penetration path of an aggressive agent and the spacer would require surface treatment to improve the
quality of the spacer–concrete interface and ultimately, the durability of the overall structure. Among
the international standards of the testing of the resistance of concrete to chloride ion, the precision of
testing and the identification of outliers vary. The Chinese standard GB/T 50082-2009 [28] has specified
that the individual test determination that is more than ±15% of the median diffusion coefficients or
coulomb electric flux is an outlier. As per NT BUILD 492 [29] and ASTM C1202 [30], the coefficient of
variation of the corresponding chloride resistance testing varies from approximately 10% to 30%. As a
rule of thumb, the critical percentage was recommended as 30% (twice as the 15% tolerance per China
code) taking into account the precision and practicality of this testing method.
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4. Conclusions

This study evaluated the influence of spacer surface treatment on the performance of
chloride-resistant spacer and concrete composite specimens via the modified non-steady-state migration
experiments, as well as the compressive strength. The surface treatment method proposed in this
study can be adapted by spacer manufacturers for mass production. A spacer (both with and without
surface treatment) 40 mm × 40 mm × 80 mm in size was placed in the middle of the bottom surface of
a 100 mm3 cubic mould and formed a composite specimen with concrete. The composite specimen
and testing method utilised in this study can be easily integrated with the state-of-practice testing of
hardened concrete. The main conclusions are as follows:

• The surface treatment of the spacer had a positive effect on improving the bonding between the
spacer and concrete at the interface. The surface treatment technique using retarder to roughen
the surface of the spacer can be easily integrated within the current manufacturing process.

• The state-of-practice tests on the hardened concrete can be modified to evaluate the performance of
the spacer–concrete composite specimens and provide an estimation of the long-term mechanical
and durability properties of the structure at the spacer locations.

• The spacer–concrete composite specimen had a lower compressive strength and a similar resistance
to the chloride ion than the control concrete.

• The surface treatment on the spacer improved the compressive strength of the spacer–concrete
composite specimen locally, compared to those without surface treatment. The surface-treated
spacer exposed a partial aggregate, thereby forming a sufficiently strong interlink at the concrete
interface. The failure mode of the composite specimen with surface treatment of the spacer was
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similar to that of the concrete. However, the composite specimen without the surface treatment of
the spacer experienced debonding at the interface when a critical load was applied.

• The surface treatment of the spacer improved the resistance to chloride ions of the composite
specimen compared to those without surface treatment. The advantage of surface treatment was
partially represented by either the diffusion coefficient DRCM or the column electric flux, as the
poor quality at the interface would result in the outlier data that were excluded in the data process.

• The maximum chloride ion penetration depth at the spacer–concrete interface can be used as an
additional proxy for the evaluation of the chloride resistance performance of composite specimens.
If the maximum penetration depth at the interface is 1.3 times higher than the average penetration
depth, the spacer–concrete interface can be identified to have a weak bond and the spacer would
require surface treatment to improve the quality of the spacer–concrete interface.
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