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Abstract: Abrasion damage is inevitable for hydraulic
structure concrete, to increase the service life of large
water conservancies and to keep them running safely
and reliably, hydraulic concrete requires a high abrasion
resistance. This review synthesizes current practices defined
by scientific literature in a format focused on allowing quick
comparison and understanding of the current scenario of
anti-abrasion concrete enhancing mechanism, measuring
methods, and approaches to enhance concrete abrasion
resistance. Besides, the review highlights the application of
widely used materials and potential materials application,
like silica fume and fibers which are mature research at pre-
sent, and effective but preliminary used materials like nano-
particles, to better understand the development of higher
abrasion resistance of concrete. According to the present
research, it indicate that incorporating enhancement mate-
rials into concrete to achieve better abrasion resistance are
basically through the way of hardening cement paste, con-
trolling internal crack propagation, or using stronger coarse
aggregate to enhance its ability for anti-abrasive. Finally,
based on the systematic literature review, a discussion on
major areas holding the significant potential to improve
current practices is presented and practical recommen-
dations are provided to advance toward more direct and
optimized methods.
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1 Introduction

A large amount of concrete are damaged because of the
hydraulic structures abrasion, and such an adverse occur-
rence will result in high maintenance costs and shorter life
of these structures. The abrasive wear that results from
attack by water borne sand/stone at high flow speed or
impact from great rocks have become a major problem for
hydraulic concrete. Basically, abrasion is the most preva-
lent and unavoidable failure for hydraulic structures [1],
even under the situation of abrasion-resistant materials
used in hydraulic structures, still different degrees of
damage occurs on the structure surface, which, in some
cases, invalidates the regular operation [2]. As a result,
preventing abrasion damage to hydraulic structures is cru-
cial for ensuring their safe operation and durability needs.
Therefore, summarizing and categorizing the research
about abrasion resistance of concrete will be of great
help to better understand the mechanism of concrete
abrasion, and make it easier to develop higher anti-
abrasion concrete materials.

According to the operation of hydraulic structure,
abrasion damage generally results from constant friction
and impact of waterborne silt, sand, gravel, rocks, ice,
and other debris on concrete surfaces during the opera-
tion of a hydraulic structure. The rivers in the Yellow
River basin have almost rapid flow accompanied by
hard sediment and prismatic particles. Concrete for use
in hydraulic structures must possess adequate abrasion
resistance for fast-flowing water and sediment in each
specific application [3]. The sand content and transport
data collected at Lijin hydrological station in the Yellow
River estuary’s coccyx channel from 1964 to 2012 showed
that the total sand volume entering the coccyx section
during this time was 30.35 billion tons, with an average
annual transport of 620 million tons and an average
annual sand content of 23.86% [4]. Figure 1 demonstrates
the sand content of hydropower stations in the Yellow
River basin measured from June to September 2019, sig-
nificant changes occurred during the operation of the
hydraulic structures. The sand content reached a very
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Figure 1: The sand content of the hydropower stations from June to
September in 2019.

high level, which will have a significant impact on the
structural safety operation (data courtesy: Yellow River
Conservancy Commission of the Ministry of Water
Resources).

Correspondingly, many measures have been applied
to control the hydraulic structures’ abrasion damage in
the Yellow River basin, to reduce the difficulty of damage
rehabilitation. For example, C60 silica powder concrete
was used in Lijiaxia Water Conservancy Hub Project’s
three-hole drainage channel as the abrasion-resistant
layer, which was completed in 2001, and during the
pre-flood inspection of the drainage buildings in May
2003, the surface of the open channel section’s bottom
plate abrasion-resistant layer was discovered with gen-
eral cracks. Similar destruction forms could be found in
the Longyangxia Hydropower Station, during an inspec-
tion in 2006, the dried hard cement mortar and silica
powder mortar used for the abrasion-resistant protective
surface of the spillway, was locally damaged, and peeling
was noticed, which impeded the proper operation of the
spillway building [3]. As shown in Figure 2, the Xinjiang
Jingou River drainage channel suffers abrasion damage,
and the coarse aggregate in the worn and damaged con-
crete has been exposed. After repeated action of abrasive
materials, although the coarse aggregate still stays on the
matrix, the abrasive material smoothens the surface of
the coarse aggregate [5]. Therefore, it is necessary to
study a number of anti-abrasion materials to resist abra-
sion damage for safety operation and higher durability.

Previous studies evaluated that the most effective
and widely used method to resist abrasion damage will be
applying higher abrasion resistance concrete materials.
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Figure 2: The concrete trough of the sand drainage channel formed
by abrasion [5].

In recent years, researchers have investigated a variety
of approaches to improve the abrasion resistance of
hydraulic concrete but there still exists sufficient room
for anti-abrasion concrete materials development.

According to previously published studies, the enhance-
ment methods of concrete abrasion resistance can be divided
into three categories. The first was to increase the strength
of cement paste, a more rigid cement shell will be more
resistant to the impact of high speeds of sand-containing
water flow, like silica fume concrete, high-strength con-
crete, and HF concrete are this types of materials, which
have a significant improvement in abrasion resistance and
at the same time with a considerable increase in compres-
sive strength [6,7]. The second method was to control the
cracks generated during the abrasion process, by inhibiting
the cracks developed to delay the breaking of concrete, and
thus improved the concrete abrasion resistance. The com-
pressive strength of this type of concrete usually depends
on its enhancement materials’ strength, but the abrasion
resistance and splitting tensile strength of concrete were
improved significantly, such as fiber-reinforced concrete,
epoxy concrete, efc. [8,9]. The last type of method was
mixing with harder or more wear-resistant concrete coarse
aggregates like iron ore, iron steel grit, and other special
aggregates [10]. Although the outstanding abrasion resis-
tance manifestation can be seen in concrete made with
special aggregates, the application of special aggregates
was limited due to their scarce resources. Thus, widely
employed in engineering applications has been restricted,
and adverse to further research.

Traditional anti-abrasion concrete materials have shown
insufficient resistance to the abrasion damage, therefore,
studies for the higher abrasion resistance concrete which
proposed more stringent requirements to meet the more
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severe needs are being urgently needed. With the increas-
ing enthusiasm for high dams constructed globally, there
are 892 dams over 100 m, 77 are over 200 m, and 22 of them
are over 250 m. The Shuangjiangkou Hydropower Station
which is under construction in China currently, it already
reaching a height of 312 m. The higher hydraulic structure
will cause higher water flow velocity, and the spillway,
dissipation pools, protection tank, and other parts of the
structure’s safety and durability will become a critical issue.

With the development of nanomaterials technology,
modifying concrete with nanomaterials has been widely
employed by many researchers in recent years. In gen-
eral, nanoparticles can be interpreted as a generic term
for a variety of particles with geometrical dimensions
between 1 and 100 nm [11]. Thanks to the crystal grains’
very small size, the proportion of interfacial elements
compared to the nanomaterials will become tremendous,
and correspondingly, the crystal grain’s boundary defects’
volume ratio will also be enormous. So, one of the local
interfaces to another with different periods will be the
reason for different interface’s atoms arrangement, and
this will result in an overall different microstructure from
the crystalline and glassy states [12,13]. Therefore, nano-
materials have many different properties compared to
ordinary materials. However, even modified concrete
with nanomaterials has shown many enhancements from
different emphasis, but research on the influence effects
of nanomaterials on concrete abrasion resistance is still
insufficient, no matter from the comprehensive enhance-
ment mechanism study of nanomaterials to concrete, or
the actual engineering application with nanomaterials to
enhance the concrete abrasion resistance, etc., research on
the application of nanomaterials to enhance the abrasion
resistance of concrete is still in the early stage, but it will
undoubtedly lead the direction toward a higher abrasion
resistance concrete’s future development.

In this context, the present study on abrasion resis-
tance of concrete has been summarized, and discussed
the forms, measurement, repair measures, and enhance-
ment materials of concrete abrasion resistance. This study
has shown the research state of concrete’s abrasion resis-
tance, enabled us to understand the practical problems
associated with the abrasion resistance of hydraulic struc-
tures, and helped us to seek viable engineering solutions
for these problems. Incorporating different materials into
the concrete will be the most effective way to enhance the
abrasion resistance of concrete. Therefore, a comprehensive
summary of the application of different materials used to
enhance its abrasion resistance was conducted to investi-
gate the mechanism of abrasion resistance of concrete, with
the widely used materials at present and potential material
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application but with preliminary used materials in the
future. Based on this, this study contributes to our under-
standing of the mechanism and enhancing methods of
hydraulic anti-abrasion concrete, combined with the imper-
fections and restrictions of present materials and the feasi-
bility and possibility analysis of exploring materials, and
thereby help to promote the development of the higher
anti-abrasion concrete materials.

2 Concrete abrasion resistance
research at present

The service life of large water conservancies and relia-
bility of these hydropower stations during the operation
is markedly influenced by the abrasion resistance of
concrete, so how to improve the abrasion resistance
and durability of concrete has become a key point in
the hydropower industry. Generally speaking, the research
on abrasion resistance of hydraulic structure concrete pri-
marily focuses on the following aspects.

2.1 Concrete abrasion damage forms

The abrasion of concrete is mainly mechanical damage
[14]. A generally established approach is to classify the
abrasive particles into two types: the suspended load and
the bedload, which worked along with the water flow to
uniformly wear the surface of hydraulic structures and
then peeled off the surface layer of concrete. The surface
of structures wears relatively uniformly at first and then
produces uneven abrasion craters progressively under a
consistent abrasive action [14,15] , because of the hetero-
geneous nature of the concrete. Therefore, damage to
hydraulic structures will disturb the water movement,
causing the water flow to separate from the surface of
the structures. Thus, various types of vortices form, which
decreases local pressure and generates a strong impact
force under the compression of the surrounding water
body, worsening damage to the surface of the structures.

Hence, we can conclude that for concrete surfaces,
the abrasion failure mechanism is thought to be through
the formation of plastic craters, followed by protrusion
flattening and platelet removal, and frequently includes a
specific degree of cavitation damage, as shown in Figure 3.
Besides, different abrasive particles also have different
influences on concrete structures. Generally, compared
to the suspended load abrasion, damage on the surface
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Figure 3: The process of abrasion damage to hydraulic structures.

of structures is more noticeable for the damage dominated
by the bedload, the collision effects are more remarkable
since it usually has a relatively large particle size,
causing the concrete surface to bear higher local stress
making the crack expansion more serious. Therefore, after
repeated actions, the structure will be destroyed when the
material strength reaches a limitation. Correspondingly,
wear will be more obvious when the suspended load domi-
nated the abrasion action [16,17].

2.2 Concrete abrasion resistance test

The abrasive resistance of concrete surfaces subjected to
impact and impingement of water flow that carried pre-
determined amount of sand, the flow velocity, the sand
content, the size of abrasive particles, the strength of
concrete, and the abrasion angle were determined by
the degree of concrete abrasion damage. At present, the
widely used abrasion resistance test method will be the
underwater steel ball method, high-speed annulus abra-
sion test, and blown sand method specified in current
specifications such as ASTM C1138M-2005 or SL 352-2006.
These methods were all effective to measure the abrasion
resistance of concrete. For hydraulic concrete, the under-
water steel ball method will be more suitable for the bed-
load situation, and high-speed annulus abrasion test will
be more accurate for suspended-load simulation. However,
in recent years, with the improvement in concrete abra-
sion resistance, these methods lack in test strength. In
order to acquire more accurate measurement findings on
concrete abrasion resistance, various emphases have
been given to perform more systematic abrasion tests
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to satisfy this need. Therefore, many scholars have con-
ducted corresponding research from different perspec-
tives to optimize measuring the abrasion resistance of
concrete.

To investigate the abrasion resistance of concrete,
Grdic et al. [18] developed a sophisticated method of
accelerating sand-containing jets, as can be seen in
Figure 4. Similarly, Tian and Jiang [19] designed a new
high-speed water-scouring instrument primarily consid-
ering the velocity of the water flow to adopt a more rea-
sonable determination approach to measure the abrasion
resistance of concrete. Zarrabi et al. [20] took into account
the impacts of the incident speed, the distance to the
impact point, and the incident angle on the abrasion of
concrete and designed a water-carrying sand experi-
ment to measure the abrasion resistance of concrete
(Figure 5). However, because of the variations in abra-
sive parameters, the wear mechanism will differ during
the abrasion process. Therefore, developing universal
and well-considered criteria to measure the abrasion
damage to hydraulic structures is highly challenging.

2.3 Structural design to improve concrete
abrasion resistance

Optimizing the geometry of hydraulic structures to
straighten the water flow, or implementing appropriate
energy dissipation facilities, can considerably lessen the
cavitation damage [21]. So, the hydraulic concrete’s
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Figure 4: The experiment of accelerating sand-containing jets [18].
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abrasion resistance can be greatly enhanced by reducing
the impact of cavitation damage during the abrasion
process.

As suggested by Wang and Zhang [22], when designing
the water discharge structures, straight lines should be
adopted as much as possible. Besides, a large radius with
small corners should be built for the curved sections,
straight sections should be inserted after and before the
bent part. Similar construction suggestions can be found
in the study of Xiu et al. [23], which states that leaving a
platform with a specific width on both sides of the stilling
pool apron and installing a stone canal at the end will
effectively enhance the abrasion resistance of hydraulic
structures. He et al. [21] also discovered that using aerating
local water flow technology could significantly weaken the
damage from cavitation, thereby enhancing the abrasion
resistance of hydraulic structures. Zhang [2] also noted
that when the velocity and sediment content of a sand-
containing water flow was relatively low, a discharge struc-
ture with a reasonable shape was beneficial for preventing
abrasion damage, and even the usage of specific abrasion-
resistant materials could be overlooked in some situations.
Therefore, controlling the water flow pattern can control the
abrasion resistance of hydraulic concrete substantially.

2.3.1 Repairing materials

It is an effective method to use repairing materials in
damaged hydraulic structures to prolong the period of
anti-abrasion, and particular restoration techniques
appropriately used will guarantee the hydraulic structures’
safe functioning. However, repairing hydraulic concrete

Mechanisms and influential variables on abrasion resistance hydraulic concrete

— 3001

structures is a challenging task requiring much workforce,
materials, and financial resources. Mai et al. [24], by con-
ducting abrasion tests under sandy water flowing at a velo-
city of 40 m/s, discovered that the abrasion resistance of
epoxy resin with a “sea-island structure” was significantly
improved compared to C70 concrete. Sun et al. [25] inves-
tigated the properties and application scope of using SK
abrasion and scratch-resistant polyurea coatings for pro-
tecting the overflow surface of Fuchunjiang Hydropower
Station against abrasion, and demonstrated that their dur-
ability, abrasion resistance, and bonding with concrete
were excellent. In another work, Wang et al. [26] using
the block test on-site comparison method, compared the
repairing conditions of seven various abrasion-resistant
epoxy mortars in the Xiaolangdi sand drainage tunnel.
Comparing results revealed that the construction of epoxy
mortars should match the requirements for abrasion resis-
tance performance, while preventing a soft surface so as to
lead to the best improvement effect. In all kinds of large and
even ultra-large water conservancy projects being carried
out vigorously now, hydraulic structures will face the chal-
lenge of abrasion damage caused by the higher flow rate
and velocity of water flows. Thus, the difficulty of repairing
hydraulic structures affected by abrasion damage from
high-speed sandy water flows also rises linearly.

2.3.2 Different materials for modifying concrete
abrasion resistance

There is a general agreement that using adequate enhance-
ment material in concrete will be the most effective
improvement to increase the abrasion resistance of con-
crete, therefore, most scholars have started research
focused on the use of different materials to enhance
the concrete’s abrasion resistance. At present, research
shows that the abrasion resistance of concrete is mainly
dominated by the strength of the surface cement mortar,
the ability to control the degree of crack development after
damage, and the hardening degree of coarse aggregate.
Therefore, the research on incorporating different mate-
rials into concrete for improving its abrasion resistance
can be categorized into the following aspects.

2.3.3 Mineral admixtures

Silica fume is the most extensively utilized substance to
enhance the concrete abrasion resistance currently. The
silica fume was primarily used for filling the micro voids
of the concrete matrix and the interfacial zones between
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coarse aggregate and mortar. In addition, silica fume is
pozzolanic, i.e., it reacts with calcium hydroxide to pro-
duce more calcium-silicate-hydrate, thereby reducing
porosity and increasing the strength. Generally, the abra-
sion resistance of concrete can be improved by adding
silica fume [27]. Besides, Ashish and Verma [28] Stated
that the loss in permeability can be compensated up to
some extent with the addition of silica fume. As a result,
incorporating silica fume into concrete optimized the
cement paste, and markedly enhanced the abrasion resis-
tance of concrete.

Some of the researchers studied the concrete abrasion
resistance that only incorporates silica fume. Santanu and
Bratish [29] based on the 28 days strength of concrete,
discovered that the ideal silica fume content of concrete
was not a constant but depended on the water-to-cement
ratio of the concrete. But, replacing cement with 15-25%
of silica fume will considerably improve the mechanical
characteristics of the concrete in the general case. Yogendra
et al. [30] discovered that for the properties of concrete with
a higher water-to-cement ratio, the greater enhancement of
concrete properties would appear in the larger admixtures
replacement of silica fume situation. As demonstrated in
Figure 6, the abrasion resistance of silica fume concrete
improved with increase in its silica fume content due to
the higher content of hydrated calcium silicate regardless
of the test method: the underwater abrasion or the blown
sand abrasion [31]. Regarding the silica fume content of
concrete, Wu et al. [32] studied the interfacial bond strength
of concrete containing 0-7% of silica fume at the same
mass substitution of cement. They found that the early
strength of the bonding interface of concrete was higher

20 Under-water abrasion methods
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Figure 6: The effect of silica fume on the abrasion resistance of
concrete [31].
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at 5% than 4% of silica fume, but the 28 days strength of
the bonding interface of the concrete was higher at a lower
silica fume content. However, the amount of silica fume in
the concrete mixture should not generally exceed 30%,
because the excessive silica fume causes severe early
cracking of the concrete, which is not conducive to the
abrasion resistance of concrete under a high-speed sand-
containing water flow. Simultaneously, including a large
amount of silica fume will significantly impact the work-
ability and fluidity of concrete, which is detrimental to the
actual construction process. Most importantly, silica fume
concrete has various drawbacks, such as sizeable early
shrinkage and high hydration heat concentration, imposing
some limitations on the hydraulic structure applications
demanding abrasion resistance.

To overcome the drawbacks of abrasion resistance of
silica fume concrete, the most effective way to enhance
the inadequacy of silica fume concrete is to combine dif-
ferent materials with silica fume, using the advantages of
other materials to compensate for the shortcomings of
silica fume concrete.

The primary purpose of mixed other mineral admix-
tures was to reduce concrete cracking due to the excessive
heat of hydration [33,34]. Liu and Fang [35] discovered
that fly ash (FA) had a low hydration activity, which
could delay the hydration rate of cement, thereby effec-
tively reducing the high hydration heat of silica fume
concrete in the early stages and preventing the formation
of early cracks; Gil and Golewski [36] stated that the basic
physical mechanism of interaction of FA and silica fume
with concrete is primarily to seal the composite micro-
structure; de Gutiérrez et al. [37] found that FA particles
were unique, spherical, glassy, and bead-shaped, which
could effectively disperse the cement particles and fill the
pores in the cement paste, thereby densifying the cement
paste; Naik et al. [38] experimented with investigating
the impact of FA on the abrasion resistance of concrete
by using three different types of materials. Their results
demonstrated that the type of FA significantly impacted
the abrasion resistance of concrete, FA reduced the abra-
sion resistance of concrete regardless of its type, and the
weakness of concrete was more pronounced in the early
curing periods than in the later stages. Finally, there is a
best content for FA to influence concrete abrasion resis-
tance, which in this study will be 40%, abrasion resis-
tance will be greatly reduced if this content is exceeded, as
depicted in Figure 7. However, it is still an effective way to
add FA into silica fume concrete to enhance its mechanical
property. Through experiments, Ma [34] found that the
strength of concrete was enhanced by increasing the silica
fume content in the range of 3-8%, but the viscosity of
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Figure 7: The effect of FA content on the abrasion resistance of
concrete at a curing period of (a) 28 days and (b) 91 days [38].

concrete will also be increased at the same time, consider-
ably raising the possibility of early cracking of concrete.
Therefore, incorporating FA into concrete can dramatically
improve its abrasion resistance compared to concrete
mixed solely with silica fume.

Although the addition of FA declines the concrete
abrasion resistance strength when the dosage of silica
fume is significant [31,39], it could reduce the amount
of cement, ease the burden of temperature control, alle-
viate the risk of early concrete cracking, and enhance the
workability and fluidity of concrete under the premise of
satisfying various technical requirements. Hence, consid-
ering the resistance of concrete to cracking, abrasion
resistance, and the construction performance, it is still
recommended that 20% FA be mixed with cement to
ensure that the crack resistance of the concrete is not
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too poor to affect its regular use. Meanwhile Ashish and
Verma [40] have pointed out that when using supple-
mentary cementitious materials like silica fume, FA, etc.,
in concrete, a water—cement ratio in addition to pozzo-
lanic material by weight must be considered. There is
a close relationship among water—cement and water—
cementitious material ratio, and water—cementitious mate-
rial ratio could provide the particular amount of water
needed for the hydration process. Therefore, starting the
research focus on the content of supplementary cemen-
titious materials in concrete have become a prominent
necessity.

Besides, there existed the study on different additives
mixed with silica fume concrete to examine their impact
on the abrasion resistance of concrete. Additives pri-
marily considered the regularly used additives such as
water-reducing agents, shrinkage reducers, and expan-
sion agents. Scholars such as Hu [3] and Ding [41] have
reached a more consistent conclusion, that among these
additives, shrinkage reducing agents and expansion agents
negatively influence the abrasion resistance of concrete and
should be avoided in engineering practice to ensure project
quality. However, Li et al. [42] reported that the addition of
expansion agents could prevent the cracking of the high-
strength concrete (strength C60-C80) mixed with silica
fume and equipped with stressed steel bars. Nevertheless,
studies have reported both positive and negative impacts of
water-reducing agents on the abrasion resistance of con-
crete depend on the type and rate of water reduction, and
the actual influence of water-reducing agents is not
noteworthy. Thus, they can be employed in engineering
applications.

2.3.4 Fibers

Fibers are also a widely used material to enhance the
concrete abrasion resistance at present. Unlike silica
fume, fibers are mainly used in concrete to bridge cracks
formed by stress shrinkage, temperature, or dry shrinkage
during hydration, thereby effectively relieved the stress
concentration at the tip of cracks, delayed the develop-
ment of cracks, and controlled the internal cracks in con-
crete. In this case, the internal cracks in concrete were
effectively controlled, strengthened the continuity of the
concrete, and prevented the cracks from further expanding
after the concrete cracks, thus, the resistance of concrete
to high-speed sandy water flows is enhanced. From the
works conducted in this context [43-47], it can be con-
cluded that, unlike ordinary concrete, the cement matrix
peeled off and left pits on the surface of the concrete after
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abrasion damage. Fiber-reinforced concrete made the
damaged pieces stay on the surface of the concrete due
to the restraining effect of fibers, allowing it to withstand
the abrasion damage. Therefore, the resistance of con-
crete abrasion has significantly improved.

Concrete is known to be intrinsically porous and
brittle making surface cracking inevitable, and the abra-
sion of concrete that results from impact of water borne
particles and matrix removal by fracture is a mechanical
degradation process, and fiber used can effectively con-
trol it. Therefore, the different lengths, thicknesses, and
shapes of fiber modified in concrete had been conducted
by many researchers to examine the impact on abrasion
resistance of hydraulic concrete. For example, Nihat [48]
studied the effects of the length of basalt fibers (12 and
14 mm), the fiber content, and the water-to-binder ratio
on the abrasion resistance of concrete. As shown in
Figure 8, the abrasion resistance of the concrete improved
as its water-to-binder ratio declined, for the characteristics
of the basalt fibers. At higher fiber contents of the concrete,
the abrasion resistance weakened as the length of the
basalt fibers increased. However, when the fiber content
of the concrete is at a low situation, longer basalt fibers
will improve the abrasion resistance of concrete more pro-
minently. Moreover, many researchers have proposed the
study of combining fibers of the same type but with dif-
ferent morphological characteristics, using different types
of fibers, or employing fibers together with other materials.
Then they compared the results to the single-fiber compo-
site concrete’s situation, to complete the research on the
mechanism of the abrasion resistance of fiber-reinforced
concrete [49-51]. For example, the use of the polypropy-
lene (PP) fiber effects in limited solidifying contraction and
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Figure 8: The effect of the basalt fiber content on the abrasion
resistance of concrete [48].
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the use of steel fiber increases the compression and tensile
strength. In conclusion, fiber reinforced concrete has only
high strength but also high durability in specific environ-
mental conditions.

PP fibers have been widely used on concrete to
improve its abrasion resistance. The concretes with PP
fiber are beneficial in restricting the drying shrinkage,
increasing the split tensile strength, and restraining the
initiation and development of cracks in cement pastes
and concrete. Horszczaruk [52] investigated the effect of
three different PP fibers on the concrete abrasion resis-
tance using a fiber content of 0.9%, and discovered that
regardless of the length and Young’s modulus of PP
fibers, the PP-fiber-reinforced concrete samples’ surface
will be uniformly abrasive, indicating the significant
enhancement of the abrasion resistance of hydraulic con-
crete. Meanwhile, Liu and Wang [44] reported that PP
fibers could directly improve the resistance of concrete
to micro-cutting wear damage. de Gutiérrez et al. [37] also
found that when PP fibers were evenly distributed
inside the concrete, the compressive strength of concrete
change slightly, and in a few cases, there might even be a
modest reduction in compressive strength. Nonetheless,
PP fibers still dispersed the energy generated by concrete
shrinkage, enhanced the internal continuity of the con-
crete material, reduced the scale of micro-cracks, and
weakened the concrete stress concentration during the
stressing process, resulting in an improvement in the brit-
tleness and abrasion resistance of concrete. Similar results
were also reported by Lu et al. [45] and Andrzej [53]. Addi-
tionally, Zoran et al. [18] conducted a corresponding experi-
ment on the influence of different PP fibers on the abrasion
resistance of concrete. They concluded that in the case of a
low water-to-binder ratio, the PP fiber compacted the pore
and decreased the pore size to better enhance the abrasion
resistance of concrete, as shown in Figure 9. It can be con-
cluded that the group of composed fibrillated fibers have a
better performance in concrete mechanical properties, than
the monofilament fibers with a circular cross-section and
smooth surface. On the whole, the abrasion resistance of
fiber-reinforced concrete is far preferable to that of ordinary
concrete.

We can conclude that the strengthening mechanism
of PP fibers will be controlling, easing, and restricting
[18,47,54]. The PP fibers distributed in a large number
in the unit volume of concrete, hindered the development
of micro-cracks, and consumed a large amount of energy,
making it more difficult for cracks to spread further.
When cracks form, PP fibers restricted the expansion of
the crack tips. Therefore, a large amount of energy must
be consumed to break or bypass the fibers so that cracks
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Figure 9: The effect of PP fiber type on the abrasion resistance of
concrete [18].

can continue developing. In other words, PP fibers can
control the crack expansion and ease the stress concen-
tration. Furthermore, after high-speed sand-containing
water damages the surface of concrete, the shattered con-
crete blocks were strongly constrained and stayed on the
concrete surface, so the impact of cavitation damage cor-
respondingly weakens, which indirectly improved the
abrasion resistance of the concrete.

However, the work of Sheng and Fang [55] on the
bonding of PP fibers with concrete demonstrated that
the bonding between the cement matrix and untreated
PP fibers is very weak, the fibers drawn from the matrix
have a smooth surface and hardly stick to cement. Thus,
the effect of untreated PP fibers on improving the abra-
sion resistance of concrete is minimal, so they must be
modified. Changing the hydrophobicity or increasing the
surface roughness of PP fibers to enhance their bonding
with the cement matrix, is illustrated in Figure 10. Hence,
using PP fibers to achieve stronger abrasion resistance of
concrete can be a research direction. For this purpose,
Liao et al. [56] modified PP fibers by blending and spin-
ning them with additives and reported that the “wall-
attachment” effect of low-molecular-weight additives
boosted the hydrophilicity of the fibers while guaranteeing
that the fibers were well dispersed in the cement. Shi [57]
also modified PP fibers with additives and carried out
convex and concave thread treatments on the surface of
the PP fibers to further strengthen their bonding with con-
crete. The modified PP fibers enhanced the toughness and
abrasion resistance of concrete prominently.

Regarding the improvement in the abrasion resis-
tance of concrete reinforced with steel fibers, Ji et al. [58],
through experimentation, found that steel fibers acting as

Mechanisms and influential variables on abrasion resistance hydraulic concrete

— 3005

Pulled fibers are baSically non-adhesive to

(b)

Figure 10: The bonding between (a) unmodified and (b) modified PP
fibers and cement [55].

the micro-reinforcement of cracks in concrete during the
hardening stage of cement due to their high elastic mod-
ulus, which better transfers the force applied to the con-
crete matrix, effectively limited the formation of internal
cracks in the concrete, and prevented the further expan-
sion of the cracks. Shi and Xie [59] also stated that when
steel fibers were evenly distributed inside the concrete,
they considerably improved the ability of controlling the
development of internal cracks in the concrete and thus
enhanced the abrasion resistance of concrete due to their
strong toughness and flexural tensile strength. In addi-
tion, different fibers with a low elastic modulus, such as
polyethylene fibers, steel fibers etc., generally increase
the compressive strength of concrete considerably. Ju
et al. [60] compared the effect of different types of fibers
on the abrasion resistance of concrete and showed that
the unit water consumption of concrete mixed with steel
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fibers was relatively higher than that of the concrete
mixed with other fibers under a similar slump and air
content. Nevertheless, steel fibers still caused the most
significant increase in the compressive strength of con-
crete and enhanced its abrasion resistance markedly.
Besides, Liu [61] stated that a minimum dosage of steel
fibers in concrete was required to form a network struc-
ture. In fact, below this optimum content of steel fibers,
the strength of the concrete cannot increase, and a weak
interlayer is formed inside the concrete, which creates a
peeling layer at the fiber—cement matrix interface, making
it easier for the concrete to separate under the action of
abrasion, thus, the performance of all aspects of the con-
crete declines. Abid et al. [62] also investigated the abra-
sion resistance of C30 concrete containing three different
amounts of steel fibers and compared the results with the
data on the abrasion resistance of C40 and C50 concrete
(Figure 11). Their results showed that steel fibers effectively
promoted the abrasion resistance of the concrete, and the
abrasion resistance improved as the steel fiber content of
the concrete increased, the performance of the C30 con-
crete reached that of the C40 concrete but was still lower
than that of the C50 concrete. It was also observed that the
reinforcing effect of steel fibers had a similar increasing
tendency at different curing periods.

It can be concluded that when steel fibers are uni-
formly distributed in concrete, they can alleviate and
weaken the intense stress concentration generated by
defects such as micro-cracks and pores in concrete formed
under the action of high-speed sand-containing water
flows. Moreover, similar to PP fibers, they can reduce the
expansion of cracks, improve the toughness of concrete,
and enhance its abrasion resistance, and it is improves the
abrasion resistance of concrete. However, there are certain
distinctions between these two types of fibers in enhan-
cing the abrasion resistance of concrete. By observing the
surface of the concrete structure damaged by a high-speed
sandy water flow, Wu [63] reported that the cementitious
material on the concrete surface peeled off when the ulti-
mate tensile strength of concrete was lower than the con-
centrated tensile stress. Since the tensile strength of steel
fibers is much higher than that of concrete and the elastic
modulus of steel-fiber-reinforced concrete increases with
the fiber content, steel fibers can effectively control the
mass loss of concrete to mainly bear the load after cracking,
which enhances the abrasion resistance of the concrete.
Nevertheless, due to their low modulus of elasticity, PP
fibers cannot play a role in strengthening the concrete,
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similar findings can also be found in the studies of Liu [61]
and Hu et al. [64]; however, according to Liu [61], during
abrasion damage to concrete, steel fibers are generally
removed from the surface of the specimen, as shown in
Figure 12. Therefore, the impact of steel fibers on the abra-
sion resistance of concrete is often weaker than PP and PP
fibers.

In other words, steel fiber due to its high elastic mod-
ulus can significantly improve the strength of concrete;
however, to the ductility and toughness of concrete, the
enhancement was relatively insignificant when compared
to the use of lower elastic modulus fibers like PP fiber. And
combined with the higher cost, therefore, for the modified
abrasion resistance of hydraulic concrete, steel fibers may
not be the best choice to apply in practical engineering.

2.3.5 Special aggregate

Because the internal aggregate can continue to endure
the abrasive damage after the cement surface of concrete
was abraded by high-speed sand-containing water flow,
the high-strength aggregate used can eminently enhance
the abrasion resistance of concrete.

According to Liu et al. [65], the anti-abrasion proper-
ties of each constituent of concrete, especially the coarse
aggregate, can significantly impact the overall abrasion
resistance of concrete. In general, the more rigid the
aggregate was, the stronger its bonding with the cement
matrix became, and thus the more substantial the abra-
sion resistance of concrete was. The data on the concrete
exposed to high-speed sandy water abrasion for a long
time indicated that the particle size of coarse aggregate

Figure 12: The exposed steel fibers due to the mass loss from the
surface of steel-fiber-reinforced concrete [61].
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influences the formation of pores in the concrete damaged
by abrasion, and the mechanism for the direct bonding
between coarse aggregate and mortar plays a vital role
in the abrasion resistance of concrete. Li and Yang [66]
also demonstrated that the selection of coarse aggregate
markedly impacted the abrasion resistance of concrete
and recommended that gravel be chosen instead of peb-
bles as the coarse aggregate as much as possible for abra-
sion-resistant concrete. The fundamental reason for this
recommendation is that the mechanical characteristics of
pebbles and crushed stones vastly differ, under high-
speed sand-containing water scouring, the weak particles
of pebbles made the concrete surface uneven and formed
other deficiencies. Moreover, the strength of the bonding
of pebbles with cement is inferior to that of crushed stones
with cement. As a result, the resistance of pebble aggre-
gate to the abrasion damage from high-speed sand-con-
taining water flows is weaker than that of the crushed
stone, so the improvement in the abrasion resistance of
the concrete containing pebble aggregate is relatively
limited.

At present, the Los Angeles abrasion test is standard
and reliable for determining the wear loss of aggregate.
Considering the limitations of the existing tests, Mohajerani
et al. [67] studied using modified compaction to replace
the Los Angeles wear test. Esra and Kursat [68] also
established a prediction of the wear resistance of coarse
aggregate and proposed a convenient way to measure the
wear resistance of coarse aggregate, making it easier to
decide on using coarse aggregate to improve the abrasion
resistance of concrete. However, geographical variables
limit employing special aggregate in practical engineer-
ing, so while they have an excellent anti-abrasion func-
tion, they still have several limitations in large-scale
applications.

2.3.6 Other materials

Many other materials have been employed to enhance the
abrasion resistance of concrete in addition to the widely
used silica fume, fibers, and coarse aggregate. For example,
Gurpreet and Rafat [69] incorporated waste foundry sand
with a particle size of 150-600 pm in concrete as fine sand
and found that the formation of a dense matrix helped
improve the abrasion resistance of concrete, and the abra-
sion resistance of concrete improved with the increase in
the waste foundry sand content, regardless of the curing
period; Thomas et al. [70] analyzed the influence of substi-
tuting waste tire rubber particles for part of fine aggregate
on the abrasion resistance of ordinary and high-strength
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concrete. They found that the weak bonding between the
cement paste and the rubber particles did not affect the
abrasion resistance of the resultant concrete, so the rubber
particles could enhance the abrasion resistance of concrete.
Xie and Lou [71] investigated the abrasion resistance of the
concrete reinforced with rubber particles, and found that
the content of the rubber particles was the most crucial
factor affecting the abrasion resistance of concrete. They
reported that the best improvement in the abrasion resis-
tance of concrete was achieved at 15% of rubber particles,
while a rubber particle content of 30% reduced the abrasion
resistance of the concrete. Feng et al. [72] also proposed
using controlled permeability formwork liner construction
technology to pour concrete. It markedly enhanced the
abrasion resistance of concrete and was applied to the over-
flow parts such as drain grooves and gate piers that require
high abrasion resistance.

Even enhancing the abrasion resistance of concrete
by adding different materials is considerable, but there
are some drawbacks to limiting its application, such as
the selection of different materials, the comparison to
traditional materials, and lack of more systematic research.
As a result, further research is required to conduct for the
application of these additives.

3 Concrete abrasion resistance
research in the future

In order to increase the service life of a hydraulic struc-
ture and to retain it for as long as possible in a safe and
reliable condition, the hydraulic concrete must have high
mechanical resistance. Therefore, numerous studies on
the abrasion resistance of concrete have been carried
out. The resistance of concrete to abrasion is influenced
by variables such as strength, aggregate properties, sur-
face finish, and type of hardeners or toppings. In general,
parameters such as cementitious materials content, water
to cementitious materials ratio, air content, type of finish,
and curing are known to affect the characteristics of the
concrete surface layer, including abrasion. However, to
develop concrete with high abrasion resistance, the use
of higher anti-abrasion concrete materials in hydraulic
structures will be the most effective and widely used
way to make sure the safe operation of hydraulic struc-
tures. The concrete cooperated with materials to improve
the abrasion resistance, using more suitable materials will
be the future development of research on higher hydraulic
structure concrete’s abrasion resistance.

DE GRUYTER

3.1 Concrete composed of silica fume and
fibers

The combination of silica fume and fiber brings signifi-
cant reinforcement to concrete specimens. Good mechan-
ical response, abrasion resistance, and satisfactory volume
stability of the concrete can be achieved by the proper
combination of silica fume and fiber. From the research
works of Hasan-Nattaj and Nematzadeh [73], Susanto et al.
[74], and Xue and Lou [75], it can be inferred that the
cracks were caused by the defects of the early hydration
heat release and considerable plastic shrinkage of silica
fume concrete, the stress concentration at the tip of cracks
inside the concrete was reduced due to the “bridging”
effect of fibers in concrete. Thus, adding fibers can effec-
tively inhibit the early crack development of silica fume
concrete. Moreover, the silica fume fills the pores of the
matrix of the fiber-reinforced concrete and produces more
hydrated calcium silicate gel, which can dramatically
enhance the strength and compactness of the concrete,
allowing the concrete to resist the damage from high-
speed sand-laden water flows. Thus, the abrasion resis-
tance of concrete improves as well [62].

As shown in Figure 13, Xue and Lou [75] changed the
fiber content of silica fume concrete to examine the influ-
ence of fiber content on the abrasion resistance of con-
crete. It can be concluded that the abrasion resistance of
silica fume concrete modified by fibers has remarkably
improved, but when fiber content higher than 0.9% has
no significant lifting effect on the abrasion resistance
of concrete. Wang et al. [76] have also experimented on
the ordinary concrete, fiber-reinforced concrete, concrete
incorporating silica fume, and concrete modified by
fibers and silica fume to study the abrasion resistance
of concrete at different water-to-binder ratios. Figure 14
demonstrates that the water-to-binder ratio has the most
dominant influence on the abrasion resistance of con-
crete and adding silica fume and fibers to concrete
enhance its abrasion resistance at the same water-to-
binder ratio.

The recent research on the abrasion resistance of
concrete containing fibers and silica fume has primarily
focused on the ratio of the materials and the selection of
the type of materials. Wang et al. [77] and Ryu et al. [78]
carried out corresponding studies on the influence of
mixed fibers on the mechanical properties of silica fume
concrete. It is easy to establish that, compared to the case
of using one kind of fiber, the synergistic effect of mixing
fibers can better inhibit the expansion of cracks inside the
concrete when the concrete is subjected to external forces.
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Further, fibers of different lengths or thicknesses can
diminish the stress concentration inside the concrete in
different ways, and the improvement in the abrasion resis-
tance of concrete is evident. Tavakoli et al. [79] investi-
gated the impact of the shape of fibers on the abrasion
resistance of concrete. They found that fibers with multiple
anchor points had a better restraining effect on the cracks
due to the wavy shape at both ends, the adhesion between
the fibers and the matrix was great, and they had a better
effect on improving the abrasion resistance of concrete
when compared to other fibers with different shapes of
the same type. Yoo et al. [80] studied the effect of the fiber
content on the performance of silica fume concrete.
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Generally, with an increase in the fiber content of con-
crete, its mechanical properties improved. However,
adding fibers more than their optimal content reduces
their bonding with the concrete matrix because of their
uneven dispersion and thus agglomeration in concrete.
Hence, the role of fibers cannot be fully exerted, and the
abrasion resistance of concrete declines. But, in summary,
there was an increase in abrasion resistance of silica fume
concrete mixtures due to the inclusion of fibers

3.2 Concrete reinforced with nanoparticles

With the development of nanotechnology and the decrease
in nanomaterials production cost, more and more scho-
lars have applied nanomaterials to concrete, making the
concrete obtain very special strength manifestation and
mechanism properties [81]. The materials, mainly including
a wide range of organic, inorganic, metallic, and non-
metallic materials, are used in the transition region between
macroscopic matter and atomic clusters, is the hot topic of
research in materials science today and has been hailed by
scientists as “the most promising material in 21st century”
[82,83]. Compared to the traditional materials, nanomater-
ials have many brand new physicochemical properties,
such as surface effects, bulk effects, quantum size effects,
macroscopic quantum tunneling effects, interaction effects,
and so on. And that makes nanomaterials compared to
conventional granular materials better enhance the proper-
ties of the concrete.

The addition of nanomaterials into cementitious mate-
rials not only filled its voids, but also promoted the cement
hydration and modified the interfacial microstructure of
cement stone and aggregate, resulting in the strength,
impermeability, and durability of cementitious materials
gaining improvement. Besides, incorporating with some
special nanomaterials will also make the cementitious
materials have the property of photocatalytic effect and
electromagnetic shielding effect. For example, nano-SiO,
and nano-CaCO; will modify the concrete microstructure
and enhance the concrete’s mechanism performance. But
concrete mixed with nano-TiO, is capable of decomposing
S0,, NO,, and other harmful polluting gases emitted from
motor vehicles, to purify the air [84-87]. Meanwhile,
strong electrical conductivity and sensing capacity will
appear with nano metal oxides, which are called smart
cement-based materials. It can be used for long-term mon-
itoring of civil engineering structures facilitate, like the
concrete structures cracking and record the damage situa-
tion, even can knows the weight and speed of vehicles,
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etc., which is meaningful in practical engineering on pre-
venting the cracking and damage of concrete in timely,
and to prevent major unexpected accidents [88,89]. Besides,
Golewski and Szostak [90] used a specifically formulated
chemical nano-admixture, which were in the form of seeds
of the C-S—H phase, to replace FA as a Portland cement
replacement in concrete, and the results show that cal-
cium silicate hydrate seeds cause an increase in mechan-
ical features of composites with cement matrix, and nano-
admixture used will accelerate the strength growth in
concretes [91]. On the basis of the heat of hydration
test, much higher hydration heat was found in mixtures
modified with the nano-admixture [92]. And it can be
found that the nano-admixture in the form of the active
CSH seeds is a modern and innovative form of acceler-
ating the curing of concretes at a very early age, leading
to the formation of a more homogenized and compact
cement matrix structure [93].

3.2.1 Nano-silica

Focused on the research of added nanomaterials in con-
crete to improve its abrasion resistance, nano-SiO, par-
ticles are the widely used materials at present. As an
inorganic chemical material, nano-SiO, is non-toxic,
pollution-free, and tasteless, with a spherical, floccu-
lent, and reticulated quasiparticle microstructure and
insoluble in water [94]. Referring to the practicalities
of using silica fume to enhance the concrete abrasion
resistance, Nano-SiO, benefits from the higher specific
surface area, and smaller particle size has better reinforce-
ment in abrasion resistance of concrete. Golewski [95] mod-
ified siliceous FA, silica fume, and nano-silica in ordinary

Portland cement, and it was found that the modified con-

crete was characterized by a well-developed structure and

had high values of mechanical parameters, besides, it also
showed a significant reduction in CO, emissions.

The modification effects of nano-SiO, in concrete can
be concluded as:

1) Accelerate pozzolanic reaction. In the early stage of
the concrete curing period, nano-SiO, will react with
calcium hydroxide in hydration products to produce
more calcium silicate hydrate gel, which with higher
specific surface area and stronger gluing capacity,
increases the degree of polymerization of C-S—H gel
and orderliness of the structure, resulting in improved
density of concrete and enhanced bonding between
the cementitious paste and aggregates [96—98].

2) Crystal nucleus effect. Due to the high specific surface
area, the nano-SiO, will be as the hydrate seed to
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facilitaing hydration, and the hydration will be carried
out by encompassed with nano-SiO,, the C-S-H gel
grows on the surface of nano-silica, therefore, more
outstanding optimization of the internal microstruc-
ture and microscopic defects of concrete can be seen
[99,100].

3) Filling effect. Enhance the density of matrix, and
reduce the porosity [101].

The research on using nano-SiO, in concrete to enhance
its abrasion resistance is inadequate currently. The influ-
ence of Si0, nanoparticles in concrete is similar to the silica
fume, but with a more outstanding performance. Therefore,
in order to meet the demand for higher abrasion resistance
of concrete in hydraulic structures, adding nano-SiO, in
concrete to replace silica fume, to analyze the mechanism
of nano-SiO, materials to improve the concrete abrasion
resistance, is a new research direction for higher abrasion
resistance new concrete materials. In the research con-
ducted by Jo et al. [102], they monitored the amount of
calcium hydroxide to determine the extent of the pozzo-
lanic hydration, and found that the addition of nano-SiO,
accelerated the early hydration process of concrete, and
was also far more effective than the application of silica
fume. Besides, Hou et al. [103], through the SEM micro-
graph of cement mortar mixed with 1.5% nano-SiO, at
7 days, found that the microstructure of cementitious mate-
rials at this period was neatly distributed and dense. Mean-
while, due to the reaction between nano-SiO, and Ca(OH),,
a large amount of hydration heat will be released, which
will promote the hydration reaction process, resulting in
a restricted content of Ca(OH), crystals, and has a great
enhancement for the early concrete strength [103,104]. As
can be seen in Figure 15, concrete added with 5% nano-SiO,
particles has a smoother microstructure surface, denser
matrix, and higher integrality when compared to the normal
concrete [105], which represents a higher abrasion resis-
tance. In the relatively later stage of concrete curing, because
of the larger specific surface area of nano-SiO,, the surface
adsorption of water is larger, making the cement’s continued
hydration less effective in the later stage. Under the situation
of huge content of nano-SiO,, it will even decrease the con-
crete strength. In general, the incorporation of nano-SiO, has
a significant enhancement on the concrete’s early strength
[106]. Although the growth rate of early self-shrinkage strain
in concrete is higher with increase in the nano-SiO, content
[107,108], and increases in the amount of water used in con-
crete will prominently improve the strength of concrete even
with a small dosage of nano-SiO, [109].

The research on incorporating nano-SiO, into concrete
to enhance its abrasion resistance was mainly focused on
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the content of nano-SiO, in concrete at present. Similar to
the use of silica fume, it’s not increase the content of SiO,
nanoparticles in concrete will have a better improvement
effect in concrete. It’s mainly because the slump of con-
crete will significantly decrease as the added with nano-
Si0,, and also the SiO, nanoparticles evenly dispersed inside
concrete were difficult. So, combined with different experi-
ment conditions and materials, a degree of disagreement
exists in the suggestion for the optimum dosage of nano-
Si0, in concrete. Li [110], by controlling the content of nano-
materials, found that the addition of nano-SiO, will signifi-
cantly increase the concrete’s early strength and durability,
but the final strength’s change is not obvious, and recom-
mended that the optimal dosage of nano-SiO, should not be
over 3% in concrete, otherwise it will have a negative impact
on the concrete fluidity and workability. Huang et al. [111]
studied high-content FA concrete compounded with nano-
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SiO, and PVA fibers (polyvinyl alcohol fibers), and the
results suggested that the dosage of nano-SiO, should be
between 0.5 and 1.5%, the larger content leading to an
excessive reduction in the fluidity of the concrete, which
is detrimental to the dispersion of fibers and affects the
strength of concrete. Li et al. [112] stated that the enhance-
ment of concrete strength in the situation of 4% content of
nano-silica is already weaker than the 3% situation, just
because the limitations of dispersion method. But Xu [13]
studied the C30 concrete and found that the content of
nano-SiO, reached 7%, and the strength of the concrete
would still increase with the extent of nanomaterials. How-
ever, for C60 concrete, the strength of the concrete already
decreased with the nano-SiO, at 3%. Figure 16 demon-
strated that concrete abrasion resistance will be remarkably
enhanced when nano-SiO, and PP fibers were reinforced,
and the abrasion resistance of concrete decreased with the
increase in the content of nanoparticles [113]. Rahman-
zadeh et al. [114] kept the content of nano-silica at 5%,
changed the water—cement ratio, and studied its abrasion
resistance, the results showed that the abrasion resis-
tance of concrete decreased with the increase in the
water—cement ratio, but due to the influence of nano-
Si0,, the abrasion resistance will still be enhanced, as
shown in Figure 17. Besides, Alireza [115] found that the
difference in the average size of nano-SiO, will result in
different content suggestions, when the size of nano-SiO,
is 15 nm, the cement replacement is suggested at 1.0%, but
when the size is 80 nm, the best content in concrete will
be 1.5%.

At the same time, cooperating nanomaterials with
other mineral admixtures were also a popular research
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Figure 16: The effect of different materials on the concrete abrasion
resistance [113].
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direction for improving the concrete property. For example,
Ji et al. [116] studied the concrete mechanical properties by
adding FA and nano-SiO,, and found that the 7 days and
28 days compressive and flexural strengths could be signif-
icantly improved with 0.5% nano-SiO, Zhang et al. [117]
added nano-SiO, to concrete mixed with 50% FA or slag,
and results showed that when the nano-SiO, was mixed at
1%, the concrete setting time was significantly reduced. Sun
et al. [118] stated that high content FA concrete, like incor-
porating 2% nano-SiO, in 40% FA concrete, would result in
the optimum early mechanical properties of concrete; Musa
et al. [119] used the Box—Behnken design method to test the
concrete mixed with nano-silica and crumb rubber, the
results showed that the abrasion resistance of concrete
decreased with an increase in crumb rubber, and enhanced
with an increase in the addition of nano-silica; Nazari and
Riahi [120] found that Portland cement partially replaced
with SiO, and Al,O3 nanoparticles will enhance the concrete
abrasion resistance, and increase in the nanoparticles con-
tent have found to increase the abrasion resistance of con-
crete which was cured in water and saturated limewater.
Similar study has been applied by Shadi and Ali [121] where
Portland cement was partially replaced up to 2.0 wt% with
SiO, and CuO nanoparticles, and it was found that concrete
mixed with SiO, nanoparticles has a better enhancement
than CuO nanoparticles, as can be seen in Figure 18. How-
ever, completely different results can be seen in Figure 19,
Gupta and Kumar [122] through experiments found that
added coir fiber and nano-SiO, will decrease the concrete
abrasion resistance, but the increase in the content of
nano-SiO, from 2 to 3% will compensate for the loss in
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Figure 17: Different mechanical properties change compared to
concrete W/C ratio at 0.46 [114].
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weight, thereby indicating that nano-silica really can fill
the voids and make the concrete more homogeneous.

Although modifying the abrasion resistance of hydraulic
concrete with nanoparticle materials was effective and out-
standing, the influence of many factors such as curing
medium, age of curing, water to cement ratio, aggregate
type, nanopatrticles content, etc., on the abrasion resistance
of concrete incorporating nanoparticles remain unknown.
Therefore, the study about nano-SiO, used in concrete still
needs to pay more attention on it, to obtain higher anti-abra-
sion concrete new material in the future.
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Figure 18: Abrasion resistance of concrete cured in (a) water and (b)
saturated limewater [121].
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3.2.2 Other nanoparticles

Because the main cement hydration product C-S-H gel
belongs to the nanoscale, so aside from the wide applica-
tion of nano-SiO, mixed in concrete, many other nano-
particles have also been used in concrete to improve its
abrasion resistance.

For example, Tian et al. [123] studied the different
contents of nano-CaCO; influence on concrete abrasion
resistance, the results showed that nano-CaCO; mixed
with concrete will promote the cement hydration, rein-
force the concrete microstructure, and improve the con-
crete density. Therefore, the abrasion resistance can be
enhanced effectively. There is approximately 6 times
increase in concrete abrasion resistance compared to
normal concrete when the Nano-CaCOs; content is at
1.5%. Besides, due to adding a little fraction of graphene
oxide (GO) can improve the transport properties, enhance
Young’s modulus, and increase the mechanical proper-
ties. So, researchers have been interested in the applica-
tion of GO to enhance concrete abrasion resistance. Du
et al. [124] found that the addition of GO (up to 0.1% by
weight of cement) can enhance the concrete abrasion
resistance by accelerating the hydration of cement and
providing nucleation sites for hydration, facilitating the
cement clinker consumption, and producing more hydra-
tion products. Du et al. [125] also points out that the sur-
face abrasion resistance of high-volume fly ash (HVFA)
mixtures will be modified by GO, and the micro-hardness,
scratch surface roughness, and scratch hardness of
the HVFA mixture first improved and then deteriorated
with the increase in GO content. The suggestions on GO
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content in HVFA mixtures is 0.05wt%. Li and Gao [126]
also studied the impact of nano-Mg0O and nano-Al,O3 on
concrete abrasion resistance, and through experiments
found that nano-MgO was a benefit to the abrasion resis-
tance of ultra-high performance concrete, but nano-Al,O3
will inhibit the cement hydration, thus there was no
obvious influence on concrete abrasion resistance.

Meanwhile, many scholars have applied nanoparti-
cles to protective covering to enhance its abrasion resis-
tance. The addition of nanomaterials is one of the most
effective ways to reduce the abrasive damage, aside from
improving the abrasion resistance, it will also make
materials acquire some new properties like corrosion pro-
tection, electrical conductivity, self-cleaning, and photo-
catalytic properties [127]. For example, Xu and Cai [128]
used the combined ultrasonic cavitation and high-speed
dispersion, and with the help of dispersant uniformly
dispersed nano-Al,05/ZrO, in epoxy resin. They found
that the new coating has excellent abrasion resistance,
salt spray resistance, and anti-aging properties, at the
same time, the bonding strength between the coating
and concrete will be remarkably improved due to the
high surface activation energy of nanoparticles.

In summary, thanks to the outstanding performance
of nanoparticles, concrete will be effectively enhanced
when mixed with nanoparticles, therefore, more and
more research has been applied in this field to study
the mechanism of nanoparticle reinforcement. However,
the research on concrete abrasion resistance modified
with nanoparticles is still in the preliminary stage, still
more efforts are needed to study the influence of nano-
particles on concrete abrasion resistance.

4 Prospects

In summary, although relevant works have attempted to
increase the abrasion resistance of hydraulic concrete,
the existing research in this field still has the following
insufficient improvement. Based on this, this work recom-
mends some future directions for enhancing the abrasion
resistance of hydraulic concrete.
¢ The abrasion resistance of concrete materials is insuffi-
cient. As the design heads and water flow rate of water
conservancy engineering structures keep rising, there
are also stricter requirements for in-service hydraulic
structure concrete to resist abrasion damage. Therefore,
additional studies are needed to develop abrasion-
resistant concrete that can fulfill more stringent engi-
neering requirements. Nanoparticles will be an
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appropriate material for improved abrasion resistance
of hydraulic concrete, but few studies have been con-
ducted on nanoparticles-modified abrasion resistance
of concrete, besides, the dispersion of nanoparticles in
concrete and the promoting of application in actual
engineering still needs to be further studied. Besides,
the use of supplementary cementitious material such as
metakaolin in concrete will also be a considerable
enhancement direction for abrasion resistance of hydraulic
concrete. Because it reacts with calcium hydroxide
forming C-S-H gel, and also makes refinement in
pore structure which is similar to the use of silica
fume. But the difference will be the delay and dilution
effect of pozzolan will lead to loss of strength at early
ages. And most importantly, modified metakaolin in
concrete showed a reduction in the early age strength
but at subsequent ages, significant improvement in
strength results was noticed, and this will be the
most interesting performance for hydraulic concrete.
Ashish and Verma [129] stated that the increase in CH
consumption is due to highly reactive Si/Al in the
metakaolin, and the higher the replacement levels,
the more the conversion of CH to C-S-H will be.
Meanwhile, the utilization of industrial waste is a
major problem worldwide, like waste foundry sand
(WFS). Researchers incorporate WFS in replacement
to natural sand in concrete, and the results showed
that with the increase in WFS content, compressive
strength tends to decrease at an early age. However,
at later ages, an increase in compressive strength can
be observed. So, the fineness of WES relative to fine
aggregate and the formation of C-S—H gel leads to the
densification and better bonding of concrete [130].
Therefore, paying more attention to the materials which
enhance concrete strength at later ages more promi-
nently will be more meaningful for improving the
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tion into the abrasion resistance of concrete under the
combined action of numerous failure mechanisms is
insufficient. Therefore, further research is needed to
establish the relationship between the abrasion resis-
tance of concrete and these factors.

Research on the abrasion resistance of concrete is
overly related to its compressive strength. Generally
speaking, the abrasion resistance of concrete is mainly
related to the compressive strength, but not all concrete
admixes used to improve its strength result in higher
abrasion resistance, blindly reducing the water-to-cement
ratio of concrete cannot improve the abrasion resistance
of concrete [131]. The abrasion resistance of concrete
depends not only on its structural forms, such as the
strength of the bond between the aggregate and cement
mortar, but also on the proportion of the cement [132].
Therefore, when the water-to-cement ratio of concrete is
too low, the excessively viscous cement paste increases
the compressive strength of the concrete due to the exces-
sive content of the cement paste, but the abrasion resis-
tance of concrete diminishes due to the relatively tiny
amount of aggregates. However, the current works on
the abrasion resistance of concrete have mainly been
carried out based on the research on its compressive
strength. The reliance on the compressive strength of
concrete is excessive, and more systematic research on
abrasion resistance itself is still lacking. The structural
mechanisms, material properties like strength or tough-
ness of concrete, and the concrete material parameters,
such as water-to-cement ratio, aggregate, and cement
properties which will impact the abrasion resistance
of concrete most significantly, still need to be further
investigated.

hydraulic concrete abrasion resistance, and the selec- 5 COI’ICIUSiOI’I
tion and proportion of materials, the combination of
different materials, or the development of new mate-
rials, will all be the potential research direction.

¢ The factors influencing the abrasion resistance of con-
crete are not comprehensively considered. Current
research on the abrasion resistance of concrete mainly
focuses on the single-factor influence and only con-
siders which material has the most significant impact
on the abrasion resistance of concrete. However, there
are few studies on the abrasion resistance of concrete
under the combined effect of multiple environmental
factors, such as freezing and thawing, acid, alkali, and
salt erosion, and temperature change, or the expected
impacts of two or more influencing factors. The investiga-

This study provides a general overview of the different
existing approaches for enhancing abrasion resistance of
hydraulic concrete published in standards and scientific
documents and discusses major areas holding significant
potential to improve current practices. The information is
presented as a practical guide to assist understand the
mechanism of concrete abrasion, enhanced methods,
and widely applied or potential materials of anti-abrasion
concrete that facilitate the development of higher anti-
abrasion concrete materials. From this work, the fol-
lowing outlines can be concluded:
e At present, the abrasion resistance of hydraulic con-
crete is mainly enhanced using the following three
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aspects: (1) changing the river flow pattern during the
abrasion process to weaken the cavitation damage; (2)
using more abrasion-resistant and well-connected repair-
ing materials on the damaged structure to continue to
endure the abrasion process; and (3) employing various
materials to improve the abrasion resistance of concrete
to directly resist the damage influence.

The following four ways primarily improve the abrasion
resistance of concrete when using different abrasion-
resistant materials in concrete: (1) reducing the content
of calcium hydroxide crystals and increasing the cal-
cium silicate hydrate gels in concrete; (2) reducing the
concrete porosity and increasing the strength of the
cement paste; (3) using materials with superior hard-
ness or abrasion resistance after the surface layer of
concrete was washed and peeled off to resist the impact
of abrasion damage; and (4) restricting the develop-
ment of cracks inside the concrete during the process
of abrasion damage to alleviate further damage to con-
crete, improve the brittleness of the concrete, and ease
cracks and other defects so that the concrete main-
tains continuity, delaying the abrasion damage to
concrete.

The current experimental studies focus on the abrasion
effects that are associated with the composite properties
of concrete. Several strategies are known to improve the
concrete resistance to abrasions, such as the increase
in concrete compressive strength, the enhancement of
coarse aggregate content and hardness, or the addition
of reinforcing fibers and silica fume to the concrete.
Nevertheless, abrasion resistance is not a bulk property
such as strength but rather is a surface property that
depends primarily on surface layer characteristics; there-
fore, future research should pay more attention to the
abrasion itself to obtain the higher abrasion resistance
of hydraulic concrete.

The current abrasion-resistant concrete material shows
insufficient abrasion resistance and utilizing more appro-
priate materials in concrete to improve its abrasion resis-
tance was still the most effective way. Concrete modified
with nanoparticles will enhance its abrasion resistance
effectively, similar to the enhanced mechanism of silica
fume but much better effectively and with many new
properties, which show that modified concrete abrasion
resistance with nanoparticles was a reliable method.
However, the research on nanoparticles incorporated to
improve concrete abrasion resistance still stays in the
preliminary stage, the enhancement mechanism, optimum
dosage, and the synergistic effect with other reinforcing
materials still need more research. Besides, the reaction
between abrasion resistance with other special properties
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such as self healing and self-sensing of nano-particles con-
crete, still need further research about it.

¢ Modified abrasion resistance of concrete with nanopar-

ticles was effective. Based on the present research we
can figure that nano-silica with an ideal effect on
the compactness of concrete can replace the applica-
tion of silica fume to enhance its abrasion resistance.
However, the suggested dosage, particle size distribu-
tion, and combination with other enhancing materials
still need further research. Besides, the even dispersion
of nanoparticles in concrete and promoting the appli-
cation in reality engineering will be the barriers to
development. Meanwhile, when increasing the abra-
sion resistance of concrete, enhancing its strength and
durability together is also the requirement for the
higher anti-abrasion concrete materials development.
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