
Construction and Building Materials 422 (2024) 135754

Available online 16 March 2024
0950-0618/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Abrasion damage of concrete for hydraulic structures and mitigation 
measures: A comprehensive review 

Qiong Liu a,b, Lars Vabbersgaard Andersen a, Mingzhong Zhang b, Min Wu a,* 

a Department of Civil and Architectural Engineering, Aarhus University, Aarhus 8000, Denmark 
b Department of Civil, Environmental and Geomatic Engineering, University College London, London WC1E 6BT, UK   

A R T I C L E  I N F O   

Keywords: 
Concrete durability 
Hydraulic structures 
Abrasion damage 
Hydraulic parameters 
Concrete properties 
Mitigation methods 

A B S T R A C T   

Abrasion damage of concrete induced by sediment-laden flow has been a significant durability problem for 
hydraulic structures. Due to the complexity of dynamic fields and concrete properties as well as the interaction 
effects between them, many aspects are still subjected to debate despite the tremendous efforts that have been 
made. In light of this and in order to further advance our understanding, this work aims to present a state-of-the- 
art review on critical aspects of the abrasion behavior of concrete. Important theoretical basics and mechanisms 
behind abrasion-induced concrete damage are presented first and different performance indicators that have 
been used for abrasion damage characterization are discussed. Following that, relevant abrasion test methods are 
comparatively reviewed and the effects of important hydraulic parameters and concrete properties on concrete 
abrasion behavior are analyzed in depth. Moreover, representative prediction models proposed for the estimation 
of concrete abrasion damage are discussed. In addition, an overview of recent development strategies for 
improving concrete abrasion resistance is presented. Based on the critical analysis of the research status, some 
important research gaps and challenges are highlighted.   

1. Introduction 

The abrasion damage of concrete for hydraulic structures is a phys
ical process of continuous loss of material on the surface, mainly caused 
by hydrodynamic loads. Globally, there are a large number of hydraulic 
structures, e.g., various water-conveying tunnels, pipelines, and dams, 
which are being exposed to severe hydroabrasion/abrasion damage, as 
seen in Table 1. The excessive abrasion depth puts hydraulic concrete 
infrastructure operations at risk and leads to high maintenance costs, 
among others [1]. More seriously, the mega-failures of hydraulic con
crete structures induced by long-term abrasion may endanger public 
safety. The abrasion damage accumulated in the long term or caused by 
significant flood disasters has been a critical concern for hydraulic 
concrete structures. 

Therefore, comprehensive considerations must be given in the initial 
design stage to improve the abrasion resistance of such structures, in 
particular, for infrastructures that require a long service life. Among 
others, an optimized hydraulic design and operation regime, together 
with the selection of concrete materials, may substantially reduce con
crete abrasion damage, and consequently the required maintenance and 
refurbishment costs. This will bring significant benefits for the 

stakeholders of the facilities, e.g., in terms of safe operation and cost- 
effectiveness [8], and more generally for an overall sustainable society. 

Hydroabrasion has been investigated for a few decades, and most 
studies have been developed based on laboratory tests [9–17]. However, 
in many cases, the obtained experimental outcomes vary considerably 
due to the absence of standardized test conditions and procedures. Be
sides, comprehensive evaluation and assessment of concrete abrasion 
damage are found to be lacking in most obtained results, typically as a 
consequence of limited influencing parameter data and weak external 
validity [18]. Furthermore, effective strategies for improving concrete 
abrasion resistance should be promoted so that durability performance 
can be ensured even if hydraulic structures are exposed to a harsh 
environment, e.g., high flow velocity and high sediment flux conditions. 
Various methods have been suggested in this regard, including, e.g., the 
use of discontinuous fibers, supplementary cementitious materials, 
ductile rubber particles, and coating materials [19–22]. 

Despite the great efforts that have been made in the research com
munity, the fundamental mechanisms behind concrete abrasion damage 
have not been revealed comprehensively and durability designs of hy
draulic structures concerning concrete abrasion damage are far from 
being resolved yet. Therefore, a state-of-the-art review on the abrasion 
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behavior of concrete for hydraulic structures is highly desirable. To fill 
the gap, this review focuses on the mechanisms and physics behind 
concrete abrasion damage, test methods to measure and assess abrasion 
damage, abrasion prediction models, and the effects of governing hy
draulic and concrete parameters as well as the thorough strategies to 
improve concrete abrasion resistance. Based on this, the remaining 
challenges in producing concrete with high abrasion resistance for hy
draulic structures can be identified. 

The contents of the work are structured as follows. In Section 2, the 
theoretical background related to concrete abrasion damage is intro
duced and discussed. In Section 3, typical laboratory and in-situ test 
methods are presented and analyzed, followed by the representative 
prediction models in Section 4. In Section 5, the effects of hydraulic 
parameters and relevant concrete properties on the concrete abrasion 
behavior are analyzed in depth. In Section 6, representative measures 
and strategies for increasing the abrasion resistance of concrete are 
critically reviewed. In Section 7, research gaps and perspectives are 
proposed and discussed. Finally, in Section 8, some conclusions are 
drawn based on the discussions. Ultimately, this work aims to shed light 
on the important aspects of concrete abrasion damage by reviewing the 
existing knowledge, thus providing a basis for designing durable hy
draulic concrete structures. 

2. Theoretical background 

2.1. Flow dynamics 

2.1.1. Regimes for sediment transport 
The abrasion damage of concrete is governed by complicated in

teractions between the flow and concrete material among which the 
dynamics of the sediments transported in the flow contribute a lot [8]. 
The motion of sediment particles can be characterized by rolling or 
sliding, saltation, and suspension [23]. The rolling motion occurs when 
the sediment particles are transported in contact with the concrete 
surface. An increasing flow velocity leads to the saltation of sediment 
particles with the trajectory of the moving sediments hopping away 
from the concrete surface and then impacting it under vertical acceler
ations. According to the findings in [24], the excess weight of sediment 
particles is supported by continuing upward impulses imparted by cur
rents of fluid turbulence. This phenomenon takes turbulence intensity 
into account for the initiation and development of the sediment sus
pension [6]. 

It should be noted that sediment transport conditions are not con
stant and even different transport modes are highly intermittent in na
ture [25]. As reported in [26,27], the critical Shields number was in the 
range of 0.002–0.100 for the transition from rolling to saltation. 

According to Francis’s definition sketch, when the hop length of the 
saltating particle is larger than 1000D (D is the mean grain diameter 
determined by the mean aperture of sieves), the suspension mode ap
pears [28]. The velocity-based criterion described in Eq. (1) also implies 
the suspension threshold that the fluctuation of the vertical flow velocity 
component exceeds the terminal particle settling velocity [29]: 

w′ > Vs (1)  

where w′ is the vertical flow velocity component, Vs is the terminal 
particle settling velocity. 

The bound of transport modes can be comprehensively described as a 
function of the transport stage T∗which is defined as the ratio of the 
Shields parameter to the critical friction velocity (Eq. (2)) [30]. 

T∗ =

(
U∗

U∗c

)2

(2)  

where U∗ is the Shields parameter and U∗c is the critical friction velocity. 
Based on the measured results in [7], the suspension probability of 

abrasive sediments could be up to 41% when the mean particle size was 
6.3 mm and the mean flow velocity was 12 m/s. This means that almost 
half of the sediment particles are transported through suspension. 
However, it was reported in [6] that abrasive sediments were domi
nantly transported in saltation mode with minor parts in rolling mode 
and some small particles with a size of 5 mm in suspension mode under 
the low fluid velocity of 0.53 m/s. The inconsistency (or variety) of the 
reported findings in those researches may be attributed to the different 
experimental conditions regarding, e.g., the roughness of the flume bed, 
the particle size, the flow velocity, etc. 

2.1.2. Energy conversion theory 
As presented above, there may exist three sediment transport modes 

in the abrasion process. In the suspension mode, almost all the kinetic 
energy is used to transmit the sediment-laden flow. The kinetic energy of 
the rolling particles is orders of magnitude smaller than that of those in 
the saltation mode [6]. As for the saltation mode, some kinetic energy 
would be converted into fracture energy that causes the initiation of 
cracks and concrete abrasion damage [31]. According to the specifica
tion of the input kinetic energy Ui, it can be divided into three compo
nents, as shown in Fig. 1. In general, there is limited kinetic energy 
absorbed by the concrete material (Ua), while a large amount of input 
kinetic energy is used to rebound the sediment particles (Ur). Differen
tial thermal expansion tends to cause concrete fracturing. However, 
thermal energy (Uh) generated due to the continuous impact actions of 
abrasive particles is limited under water conditions. As a result, the ki
netic energy of the flow causing the concrete abrasion damage is 
determined by the flow velocity Vρ and the total mass m of the 
sediment-laden flow within the abrasion duration. 

2.2. Flow-concrete interaction 

As discussed above, sediment particles in the suspension mode will 
not contact the concrete surface and thus there is no related mechanical 
behavior that can cause abrasion damage in this mode. As for the rolling 
mode, abrasive sediments abrade the top film of the concrete surface 
[33]. In addition, the mechanical stresses induced by the saltation of 
sediment particles are the prime culprits that eventually cause cracking 
and spalling of the concrete surface layer [1]. There are two different 
abrasion wear mechanisms involved in the saltation mode, namely, 
cutting wear and impact deformation. Cutting wear is mainly associated 
with the horizontal component of the impact force and impact defor
mation is mainly associated with the normal component of the impact 
force (Fig. 2(a) and (b)) [34]. Finnie [35] first proposed the concept that 
abrasive particles cut into the material, thus resulting in abrasion ma
terial loss. However, according to the investigations in [36], cutting 

Table 1 
Some field cases of concrete abrasion damage in hydraulic structures.  

Ref. Type of hydraulic 
structures 

Location Abrasion 
duration 

Abrasion 
depth 

[2] Stilling basin of the 
Vrhovo HPP spillway 

Slovenia 297 hours 0.2–0.8 mm 

[3] 
Coastal Stepped 
Revetment UK 1 year 3.5–4.5 mm 

[4] Confederation Bridge Canada 20 years 50 mm 
[5] Dam US - Up to 3 m 

[6] Sediment bypass tunnel 
(Palagnedra) 

Switzerland - Up to 2 m 

[7] Sediment bypass tunnel 
(Hintersand) 

Switzerland - 1–4 mm/year 

[7] 
Sediment bypass tunnel 
(Runcahez) Switzerland - 

< 1.5 mm/ 
year 

[7] 
Sediment bypass tunnel 
(Val d’Ambra) 

Switzerland - 3 mm/year 

[7] Sediment bypass tunnel 
(Asahi) 

Japan - 22 mm/year  
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wear has a minor effect on brittle materials. Then, Bitter supplemented 
the impact deformation mechanism to account for the abrasion damage 
caused by a normal attack [37]. In general, the material abrasion process 
is affected by a combination of force components parallel with the 
abrasion surface and normal to it when abrasive particles impact the 
concrete surface at a random angle (Fig. 2(c)). Consequently, abrasive 
particles not only dig into but also plow through surface layers, finally 
resulting in the material loss of concrete [38]. 

2.3. Abrasion damage evolution 

2.3.1. Abrasion process 
Essentially, the abrasion damage of concrete exposed to the 

sediment-laden flow may be considered as a progressive material loss 
process primarily induced by the mechanical degradation of concrete. 
According to the findings in [40], the chronological sequence of the 
abrasion damage progress of concrete includes the following stages:  

(i) The motion of water causes pre-abrasion and the associated micro 
cracking. The micro-cracks initiate when the tensile strain arising 
from the deformation around the impact point exceeds the tensile 
strain capacity of concrete materials. With the loading time or the 
flow velocity increasing, intersecting micro cracks would accu
mulate and thereby cause the detachment of the eroded fragment 
on the top surface layer of mortar. Thus, the mortar contributes a 
lot to the concrete abrasion resistance in the first stage [36].  

(ii) The repeated impacts of abrasive sediments carried by the water 
flow lead to penetrating cracks in the mortar matrix. Once such 
cracking appears, the flow tends to penetrate further into con
crete and travel along interfacial cracks. More cement matrix will 
be destroyed, and some aggregates protruding out of the abrasion 
surface are subjected to the direct impact loads of the sediment- 
laden flow.  

(iii) Some fine aggregates are taken out totally under the repeated 
impacts of the sediment-laden flow. This can be attributed to the 

fact that these fine aggregates with round, smooth, and small 
surfaces have less adherence to the cement matrix as compared 
with coarse aggregates [11]. As a result, tiny voids of the same 
aggregate size are generated in the concrete system which may 
cause undesirable cyclic effects on the crack development. 

(iv) The total removal of aggregates may be followed once the abra
sion of mortar reaches a certain depth comparable to the size of 
the aggregate [18]. As a consequence, a relatively rough abrasion 
surface may appear. In addition to the total removal of coarse 
aggregates, aggregate fracture may also occur in this stage when 
the large-size aggregates are subjected to super high-speed flow 
impacts. 

2.3.2. Abrasion zones 
The abrasion distribution zones of concrete may be divided accord

ing to the distance to the entry point of the sediment-laden flow, as 
shown in Fig. 3. The impact deformation contributes a lot to the abrasion 

Fig. 1. Energy conversion theory. 
Adapted from [32] 

Fig. 2. Mechanical behavior: (a) cutting wear, (b) impact deformation, and (c) a combination of impact deformation and cutting wear [39].  

Fig. 3. Abrasion zones divided according to the distance to the entry point of 
the sediment-laden flow. 
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damage in Zone 1. Zone 2 is the middle zone where the scratching 
damage affects the most due to the rolling of abrasive particles. Zone 3 
located in the flow downstream is partly or fully covered by sediments, 
where concrete is shielded from abrasion damage to some extent [6,36]. 
When the flow with low velocity cannot carry coarse sediments or the 
flow receives a relatively large supply of sediments (e.g., larger than its 
sediment transport capacity), some coarser sediments may stop on the 
concrete surface, thus forming an alluvial cover. In such a case, the 
minimum rate of concrete abrasion damage would be expected in Zone 
3. 

2.4. Quantification of abrasion damage 

The quantification of abrasion damage is of considerable significance 
for the assessment of concrete abrasion damage. Abrasion damage 
characterization, including the mass/volume loss (rate), abrasion depths 
as well as depth distributions, and the affected areas, would be signifi
cant performance parameters to quantitatively compare and analyze the 

abrasion damage phenomena. 
Concrete mass loss or relative mass loss rate (that is the mass loss 

divided by the loading duration or the initial mass of the sample) is 
among the most frequently used parameters to characterize abrasion 
damage [41] since it can be obtained rather easily by weighing the mass 
before and after abrasion tests. However, there exist limitations in 
quantifying concrete abrasion damage through mass-loss related pa
rameters due to the variation in concrete density for different mixtures, 
among others. 

Volume loss may be a good indicator to quantify the abrasion dam
age of concrete with various densities [10,11]. Such an indicator for 
quantifying the material volume loss is calculated based on the known 
density of the concrete mixture and mass loss measurement [42]. In 
those standard abrasion tests (see Table 2), the volume loss is defined 
according to the volume of the specimen before and after abrasion tests, 
whereas the volume is calculated based on the real mass in the air and 
the apparent mass when suspended in the water [10]. Besides, the 
abraded volume can also be determined by the volume of the non-stick 

Table 2 
Summary and comparison analysis of different abrasion test methods.  

Method Type Measurement Advantage Disadvantage Application 

Standard 

ASTM 
C418  
[9] 

Sandblasting 
test methods 

Ratio of volume loss 
and abrasion area  

• It simulates the action of abrasive 
sands.  

• Controllable for the severity of the 
abrasion damage.  

• The abrasive sands are generally of 
small size.  

• The abrasive sands are not 
transported by water but by high- 
pressure air.  

• Evaluate the abrasive 
resistance of concrete 
for hydraulic 
structures 

ASTM 
C779  
[44] 

(1) Revolving- 
disk methods 
(2) Dressing- 
wheel methods 
(3) Ball-bearing 
methods 

Abrasion depth  

• Testing procedures differ in the 
type and degree of the abrasive 
force.  

• Shorten the testing time and 
accelerate the reflection of 
concrete abrasion damage.  

• The test procedures are performed 
without water which leads to low 
similarity to the actual field 
conditions.  

• Only mechanisms of dry friction can 
be simulated.  

• Sufficient abrasion may not be 
achieved.  

• Measure the abrasion 
resistance of concrete 
for pavements and 
floors 

ASTM 
C944  
[45] 

Rotating-cutter 
methods 

Abrasion depth or 
mass loss  

• Suitable and efficient for 
estimating abrasion damage of 
highway and bridge concrete 
mainly subjected to compression 
loads.  

• Only grooving caused by dry friction 
can be simulated.  

• Not representative of hydroabrasion.  

• Estimate the abrasion 
resistance of concrete 
for highways and 
bridges 

ASTM 
C1138  
[10] 

Underwater 
steel ball 
methods 

Mass loss or mass loss 
rate  

• Suitable for studying abrasion 
induced by sediment rolling, 
sliding, and impacting.  

• Eliminate the need to use large and 
long water channels and reduce 
the experimental costs.  

• There exist evident shape differences 
between steel balls and waterborne 
particles.  

• The testing time of 72 hours for a 
single abrasion test is too long.  

• Evaluate the abrasion 
resistance of concrete 
for hydraulic 
structures 

Disk grinding  
[46,47] 

(1) Böhme abrasion 
test methods 
(2) Wide disc test 
methods 

Mass loss, volume 
loss, abrasion depth  

• Suitable for studying abrasion 
induced by grinding  

• The testing procedure is not 
representative of hydroabrasion.  

• The testing time is long.  

• Estimate the abrasion 
resistance of concrete 
for roads and 
highways 

Waterborne sand impact [17,19,40,48, 
49] 

Mass loss, volume 
loss, abrasion depth, 
or abrasion rate  

• High similarity to the field flow 
environment.  

• Multiple abrasion mechanisms 
including impacting deformation, 
cutting wear, and sliding 
scratching can be revealed.  

• It is hard to achieve the desired 
sediment content and ensure the 
homogeneity of the sediment-laden 
flow.  

• The robustness, i.e. various and 
complex flow conditions (e.g., flow 
velocity, abrasive shape, and 
sediment contents) may be limited.  

• Evaluate the abrasion 
resistance of concrete 
for hydraulic 
structures 

High-pressure hydro-abrasive jet [11,50, 
51] 

Mass loss, volume 
loss, abrasion depth, 
or abrasion rate  

• Accelerate the abrasion process 
through high-speed flow.  

• Effective in testing the relative 
abrasion resistance of different 
concrete mixtures.  

• Stress concentration may occur due to 
the water jet with high pressure 
acting on a small surface area.  

• The flow velocity under high pressure 
is larger than that in the field.  

• Evaluate the abrasion 
resistance of concrete 
for hydraulic 
structures 

Scaled physical-model [6,8,52,53] Abrasion depth  
• High similarity to the field 

conditions.  
• Advanced data recording system.  

• The transferability of the results 
obtained from scaled physical-model 
tests to field applications is difficult, 
due to potential scale effects.  

• Evaluate the abrasion 
resistance of concrete 
for hydraulic 
structures 

In-situ abrasion [15,16] Abrasion depth  • Accurate abrasion damage data.  
• Field measurement for hydraulic 

structures is challenging.  
• In-situ tests are not cost-effective. 

-  
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plastic material that is filled in the abrasion crater [43]. One common 
issue of using mass- and volume-loss related parameters is that the re
sults are normally expressed as the average of the entire tested samples, 
which cannot demonstrate an important characteristic, namely the 
distribution of abrasion damage on the concrete surfaces. 

Abrasion depths are another important variable to characterize 
concrete abrasion damage. Since it can be measured at different spots, 
the results may be used to reflect the distribution of abrasion damage. 
However, accurate measurement of abrasion depths may be a chal
lenging task, as the abrasion depth is rather shallow in most cases. Ac
cording to the experimental investigations in [54], abrasion depths seem 
to distribute unevenly on the abrasion surface area and thus abraded 
concrete surfaces appear rugged, which also makes the measurement 
process more complex. As reported in [55], abrasion depths are mostly 
defined as the average or the maximum value, i.e., based on the mea
surement of a single or only a few spots on the abrasion surface using a 
digital dial gauge [41]. The depth penetration can also be measured 
using transducers, which is especially relevant when the penetration on 
the concrete surface is slight [56]. In addition, the WMP ECLIPSE CNC 
machine was used by Horszczaruk [20] to measure the decreased height 
of the concrete surface with a maximum resolution of 0.01 mm. It is of 
interest to highlight that the methods based on three-dimensional (3D) 
scanners outperform most other measurement techniques due to the 
ability to capture the morphology of the concrete abraded surface and 
evaluate the abrasion depth accurately. Apart from the abrasion depths, 
the abrasion area distributions corresponding to different abrasion 
depth intervals can also be obtained from the abrasion morphology [54]. 
In addition, the abrasion width or length as an indirect measurement can 
also be used to determine the abrasion area from the cross sections [48]. 
Such information is very relevant for analyzing concrete abrasion 
damage and predicting the long-term effects. 

3. Abrasion test and damage quantification methods 

The main abrasion test methods available are listed in Table 2, 
among which the most typical ones are illustrated in Fig. 4. The standard 
test method ASTM C1138 [10] is a representative one for evaluating the 
relative abrasion resistance of concrete. Besides, waterborne sand 
impact methods are also widely used to simulate the concrete abrasion 
behavior [17,19,48,49], and high-pressure hydro-abrasive jet methods 
are used to test the effects of high-speed flow [11]. In addition, scaled 
physical-model test methods provide close similarity to the field con
ditions [6]. The above test methods reproduce the typical forces with 
varied successes to simulate concrete abrasion damage. However, due to 
the complexity and variety of hydraulic conditions, the obtained out
comes from laboratory tests appear to vary considerably, and therefore, 
the relevance of the obtained laboratory results is questionable 
regarding the real-world scenario. Last but not least, in-situ tests have 
also been adopted, which provide results from the field directly [15,16]. 

3.1. Standard test methods 

The US standard test methods are widely used to investigate concrete 
abrasion behavior including ASTM C418 [9], ASTM C779 [44], ASTM 
C944 [45], and ASTM C1138 [10]. The ASTM C418 method simulates 
concrete surface abrasion based on the sandblasting procedure. For the 
ASTM C779 method [44], three types of abrasion test machines are 
involved including the revolving-disk machine, dressing-wheel ma
chine, and ball-bearing machine, mainly simulating cutting actions of 
abrasive tools. The ASTM C944 method suggests the use of a rotating 
cutter and a drill press to consider the rubbing and grinding stresses. 
Different from the above three tests under dry abrasion conditions, the 
ASTM C1138 tests are performed underwater using steel balls to simu
late actions of waterborne particles (see Fig. 4(a)). As seen in Table 2, 
main performance indicators, e.g., abrasion depth and mass loss-related 
parameters are used to estimate scuffing damage on the surface and 

abrasion material loss. Despite the ease of use for these standard test 
methods, their application to complex hydraulic conditions is ques
tionable due to the low similarity to the field flow conditions. 

3.2. Disk grinding test methods 

The Böhme abrasion test methods are widely used in EU countries to 
assess concrete abrasion damage. In the testing procedure, the steel 
grinding disk is placed horizontally and made to rotate with the abrasive 
(20 g of corundum powder) spreading on the surface. After a series of 
turns of the Böhme disk, the surface of the concrete is ground due to the 
friction. Generally, the Böhme abrasion test is performed in dry condi
tions [46]. However, according to the testing procedure in [57], approx. 
13 ml of water (i.e. 180–200 droplets) per minute is poured on the test 
track to develop wet conditions. Similarly, “the wide disc test” described 
in the EN 1338 standard [47] can also be used to consider grinding wear 
of concrete using corundum (white fused alumina) as the abrasive agent 
and vertically placed rotating-disk as the abrasive tool. Main perfor
mance indicators, i.e., abrasion depth and mass or volume loss-related 
parameters can be used to assess grinding damage on the concrete 
surface. 

3.3. Waterborne sand impact methods 

Waterborne sand impact methods are also widely used for the 
determination of the abrasion resistance of concrete [17,19,49]. The 
waterborne sands, which are mostly quartz sands acting as abrasives in 
the case of laboratory experiments, are mixed with pure water to form 
the sediment-laden flow. The circulating sediment-laden flow typically 
powered by a pump in the test system continuously impacts the concrete 
surface at a designated constant speed, and finally leads to abrasion 
wear under long-term repeated loading, as seen in Fig. 4(b) [58]. The 
waterborne sand impact methods yield almost the realistic concrete 
abrasion conditions that occur in the field and provide a comprehensive 
assessment of abrasion damage based on various performance in
dicators, e.g., mass loss, volume loss, abrasion depth, and abrasion rate, 
as seen in Table 2. Various abrasion mechanisms including impacting 
deformation, cutting wear, and sliding scratching can be revealed. Thus, 
the similarity between laboratory conditions and field environments is a 
great advantage, but the robustness and reliability of the methods under 
various and complex flow conditions may be limited in some cases due 
to potential constraints in creating the desired conditions and rather 
expensive experimental costs. 

3.4. High-pressure hydro-abrasive jet methods 

The kinetic erosion by the high-speed flow has a significant impact 
on the abrasion process of concrete. Generally, abrasion damage 
induced by the high-speed flow is simulated by high-pressure water jet 
methods [11,50,51]. As seen in Table 2, this method can accelerate the 
abrasion damage and shorten the time needed to differentiate the 
abrasion-resistant performance of different concrete mixtures [59]. 
Similar to waterborne sand impact methods, the abrasion damage ob
tained through high-pressure hydro-abrasive jet methods can also be 
comprehensively assessed based on various performance indicators. 
However, the generated abrasion damage is highly associated with the 
stress concentration phenomenon. This is because the water jet exported 
from the small size nozzle typically possesses a considerably high 
pressure and acts on the small surface area, as shown in Fig. 4(c) [60]. 
Even though the methods are effective in testing the relative concrete 
abrasion resistance, the link between the obtained experimental results 
and those from the field tests is rather difficult to establish. 

3.5. Scaled physical-model test methods 

Although the methods introduced in Sections 3.1.1 to 3.1.3 can be 
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Fig. 4. Typical abrasion test methods: (a) ASTM C1138 methods [10], (b) waterborne sand impact methods [40], (c) high-pressure hydro-abrasive jet methods [11], 
and (d) scaled physical-model test methods [6]. 
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applied to study the abrasion behavior of concrete to different extents, 
the results measured at a laboratory scale may be less representative for 
the reality [61]. It is known that the applicability of the laboratory 
methods for assessing the abrasion behavior of the concrete can only be 
achieved by performing tests under lab conditions very similar to those 
in the actual operating hydraulic environment, including most (if not 
all) of the relevant hydraulic and hydrological parameters [62]. Based 
on this, the scaled physical-model test methods are desirable to inves
tigate the concrete abrasion behavior of hydraulic structures [12,13,63]. 
Auel [6] studied the relation between the flow parameters and the 
abrasion behavior of concrete in a scaled sediment bypass tunnel model 
where Laser-Doppler-Anemometry (LDA) was applied for the measure
ment of instantaneous flow velocities and concrete abrasion depth, as 
seen in Fig. 4(d). However, in some cases, the recorded abrasion depth 
was less than 0.25 mm beyond the range of the laser accuracy. Despite 
the fact that it is a scaled test model, the costs are pretty high. Besides, 
the model calibration for the field application could be another problem 
because of complex hydraulic conditions and challenges to obtaining 
accurate results from in-situ investigations. Last but not least, the 
transferability of the results to field applications is difficult due to po
tential scale effects. 

3.6. In-situ abrasion test methods 

In-situ abrasion tests can provide accurate abrasion data in the field 
but they are rarely carried out due to the huge costs and, more impor
tantly, the accessibility to relevant sites. Kryžanowski et al. [15] 
analyzed the abrasion damage of concrete linings located at the lower 
Sava River in the southeast of Slovenia. The concrete structures were 
exposed to suspended sediment-laden flow, so the dominant abrasion 
mechanism was grinding rather than impacting. As mentioned in 
Table 2, the average abrasion depth was used to assess concrete abrasion 
damage. However, the abrasion surface was rough due to the fluctuation 
of the water current. Thus, there was a measuring precision of ±10− 4 m 
for different observation points, which gave rise to doubt about the 
reliability of the measurement. Additionally, a field test site selected by 
Jacobs et al. [16] was the Runcahez sediment bypass tunnel located in 
the Swiss Alps. Sediment flux was always accumulated in the channel 
center, thus leading to the inaccuracy in the observed abrasion patterns. 

To sum up, it should be noted that there are no single tests that can 
adequately assess the abrasion resistance of concrete for hydraulic 
structures under all possible conditions. Another important point to be 
mentioned is that the similarity or relevance between the laboratory 
tests and field conditions is poor because the natural field conditions are 
rather robust and complex. The reliability and representativeness of 
laboratory methods for exploring a complex physical phenomenon are 
largely dependent upon their ability to adequately simulate the actual 
conditions. 

4. Abrasion prediction models 

Durability design and service life assessment of hydraulic concrete 
structures are generally based on concrete abrasion prediction models. 
Different models have been proposed to investigate and predict the 
abrasion damage of concrete, including empirical models, semi- 
empirical models, probability-based statistical models, and models 
based on machine learning methodologies. 

4.1. Empirical models 

Empirical models are widely used to predict concrete abrasion due to 
the ease of access to experimental data. At present, the most widely used 
models show a proportional relation between concrete abrasion depth 
and its compressive strength [64–67]. With the variations of 
water-cement ratio, fly ash and rubber incorporation, and abrasion 
loading time, linear, polynomial, logarithmic, and powder functions 

have been applied to predict concrete abrasion depth. 
In some empirical models, concrete tensile and flexural strength, 

abrasion duration, and flow velocity are taken as independent variables 
to quantify concrete abrasion, e.g., mass loss and abrasion rates [68–71]. 
Based on all of the above discussions, the classification and framework 
of empirical models can be summarized in Table 3. 

The empirical models are effective in characterizing the relation 
between abrasion material loss and governing influential parameters 
[40,41,65]. However, it is found that only one parameter is considered 
as a variable in the models while other influential parameters are 
considered in the constant coefficient. Consequently, the applicability of 
those models is questionable. This is because the wide variation in 
influential factors (hydraulic conditions and concrete properties) makes 
it unlikely that a single set of parameters can describe adequately the 
dependence of abrasive wear on any influence parameter. 

4.2. Semi-empirical models 

The accuracy of the prediction models may be improved using more 
advanced methods, e.g., semi-empirical models, developed based on a 
combination of experimental measurements and mathematical theories. 
As mentioned in Section 2.1.2, energy conversion is involved in the 
abrasion process. Based on this, a formulation derived expressing 
abrasion as a function of kinetic energy was proposed by Bitter [37], as 
given by Eq. (3). However, only wear due to repeated impact defor
mation is considered in this model. This is inconsistent with the dis
cussion in Section 2.2 that two forms of abrasion mechanical behavior, 
namely impact deformation and cutting wear, may exist simultaneously. 
On the basis of Bitter’s model, a modified model was proposed that can 
consider the impact loads and account for the cutting effects of abrasive 
particles, expressed as Eq. (4) [72,73]. 

WD =
1
2

M(Vsinα − K)
2

ε (3)  

W = WD +WC =
1
2 M(Vsinα − K)

2

ε +
1
2 MV2cos2αsin2α

φ
(4)  

where W is the total volume loss caused by abrasion wear at the 
impacting angle of α and flow velocity of V, WD and WC are the abrasion 
wear caused by normal impact deformation and tangential cutting ac
tion, ε and φ are the contributing factors of kinetic energy associated 
with the impact deformation and cutting wear, M is the total mass of the 
sediment-laden flow within the loading duration, K is the critical ve
locity component normal to the concrete surface below which no 

Table 3 
The framework of existing empirical models. [40,41,65,66–71].  

Empirical 
model 

Format Relation 

Linear 

War = afc + b 
Relation between abrasion rates War and 
concrete compressive strength fc [40] 

D = at 
Relation between wear depth D and abrasion 
time t [41] 

Polynomial 

D = a1 + a2fc +

a3f2
c 

Relation between wear depth D and concrete 
compressive strength fc [65] 

Ml = a1 +

a2ff/t + a3f2
f/t 

Relation between mass loss Ml and concrete 
flexural or tensile strength ff/t [68] 

Exponential Ml = eafc 
Relation between mass loss Ml and concrete 
compressive strength fc [41] 

Logarithmic D = a + blnfc 
Relation between wear depth D and concrete 
compressive strength fc [67] 

Power 
D = afb

c 
Relation between wear depth D and concrete 
compressive strength fc [66] 

War = avb Relation between abrasion rates War and flow 
velocity v [69–71]  
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abrasion occurs, and the expression sin2α is chosen for data fitting 
without mechanistic significance behind it. 

Ishibashi [74] proposed a prediction model based on flume experi
ments operated at supercritical flow conditions. The model also consists 
of a kinetic energy term accounting for the impact actions of the flow 
and a friction work term accounting for the cutting stresses of the flow, 
as indicated by Eq. (5). It is found that the latter term considers cutting 
abrasion wear to be a multiple compared to its kinetic term according to 
Eqs. (6) and (7). This is inconsistent with the discussion in Section 2.1.1 
that most abrasive particles are transported in saltation mode and thus 
impact deformation is the dominant abrasion condition. Besides, the 
material properties of the flume bed in Ishibashi’s model are considered 
in the coefficients C1 and C2 whereas only one group of coefficients is 
provided for concrete materials. In such a case, the variation in concrete 
performance cannot be considered in the model. 

Va = C1Ek +C2Wf (5)  

Ek = 1.5Vts

∑
EiNini (6)  

Wf = 5.513μdVts

∑
(

Up

Wim

)

EiNini (7)  

where Va is the abraded invert volume, Ek is the total kinetic energy 
transmitted by saltation particles and Wf is the total friction work 
induced by grinding particles, C1 and C2 are material property constants, 
Ei is the energy transmitted by a single particle, Ni is the impact fre
quency within the total invert length, ni is the amount of particles per 
unit of sediment volume, μd is the dynamic friction coefficient and Vts is 
the amount of transported sediment over a certain period, Up is the 
horizontal velocity component of the particle, and Wim is the vertical 
velocity component of the particle. 

Some researchers demonstrated that the marginal influence of cut
ting wear was investigated on brittle materials (e.g., concrete and 
bedrock), especially when exposed to flow with rounded grains as pre
sent in river systems [75]. 

As a result, Sklar proposed a model mainly focusing on the impact 
wear. The basic form of the model is defined as below: 

E = ViIrFe (8)  

where E is bedrock abrasion rates, Vi is the average volume of rock 
detached per impact, Ir is the frequency of particle impacts per unit area 
per unit time, and Fe is the fraction of the river bed exposed to the flow. 

Furthermore, the model can be simplified in terms of the shear stress, 
as shown below: 

E =
qsw2

siY
LSkvσ2

T
(1 −

qs

qt
) (9)  

where qs is the sediment supply per unit width, wsi is the vertical 
component of the particle velocity, Y is Young’s modulus, LS is the total 
hop length, kv is related to the conversion efficiency of kinetic energy 
from impinging particles to the inverted material (the suggested value kv 

= 106 for bedrock as well as concrete), σT is the tensile yield strength of 
the rock, and qt is the sediment mass transport capacity per unit width. 

4.3. Probability-based statistical model 

A probability-based statistical model for predicting abrasion wear of 
concrete was proposed by Dandapat and Deb [18]. In the 
probability-based statistical model, the sediment-laden flow is defined 
as the continuous flow layers arriving on the concrete surface. Based on 
such an assumption, the total abrasion mass loss can be calculated by 
accumulating the damage from all sublayers. The detailed expression of 
the model is given by Eqs. (10) and (11). The probability-based statis
tical model mainly focuses on the effects of mesoscale geometry of 

aggregates on concrete abrasion damage without taking the influences 
of other key parameters (e.g., flow characteristics and other concrete 
properties) into account. Therefore, the lack of comprehensive analyses 
on various influencing parameters may limit its application. 

Meroded(t) =
∑ng

i=1

(
Mtotal

exposed

)i
× ρi (10)  

where Meroded(t) is the eroded mass induced by one layer action at any 

time t, 
(

Mtotal
exposed

)i
is the total mass of aggregates in the exposed area, ρi is 

the distribution of the conditional probability, and i is the ith sediment- 
laden flow layer. 

Mlayer
eroded =

∫ T

0
Meroded(t)dt (11)  

where Mlayer
eroded is the total eroded mass over the total abrasion duration T. 

4.4. Models based on machine learning 

The prediction models established based on machine learning 
methodologies may greatly improve prediction accuracy and ensure 
applicability to more general conditions. Gencel et al. [76] established 
models to consider the effects of aggregate contents, cement contents, 
and external load conditions on concrete abrasion behavior. The ob
tained results showed that models established based on machine 
learning methodologies exhibited better prediction performance as 
compared with general linear models. However, the prediction accuracy 
of models may be compromised due to a small database (about 50 data 
points). Ghafoori et al. [77] built prediction models based on machine 
learning methodologies using the data points obtained from ASTM C779 
tests. Similarly, Malazdrewicz and Sadowski [78,79] established models 
based on experimental records of ASTM C944 tests. In [80], two ma
chine learning methodologies, i.e. random forests (RFs) and artificial 
neural networks (ANNs), were adopted to predict concrete abrasion 
depth based on 690 experimental data points, where 12 influencing 
parameters were considered to account for the complexity of the abra
sion damage for hydraulic concrete structures. It should be noted that 
some of the reported models can effectively predict concrete abrasion 
damage. However, for those models established on a small data set from 
a specific case study, their applicability under other complicated field 
conditions seems to be less convincing. Consequently, a large data set is 
desirable for models established based on machine learning 
methodologies. 

5. Factors influencing concrete abrasion damage 

5.1. Environmental conditions 

5.1.1. Abrasion time 
Concrete abrasion damage is a cumulative process of material loss, 

indicating a close relation to the abrasion loading time. In general, only 
when the micro-cracks are developed to be interconnected with the 
abrasion duration extending and the mortar layer peels away gradually, 
the erosion process can be investigated. Fig. 5 shows the variation of 
concrete abrasion depth over abrasion loading duration under different 
experimental conditions. It is found that the abrasion depth of concrete 
can be described as an approximately linear function of the abrasion 
loading time [41,55,64,67,78,81–85]. However, under different exper
imental conditions, the linear relationship appears to vary significantly. 
This can be illustrated by the comparison of abrasion depth at the 
loading time of 60 minutes where the largest abrasion depth of 2.85 mm 
and the smallest abrasion depth of about 0.43 mm can be investigated 
simultaneously [41,85]. Besides, it is found that the abrasion depth of 
concrete exposed to the flow for 20 minutes is 2.1 mm [84], which is 
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close to the abrasion depth value of concrete under 60-minute loading 
[78]. This can be explained by the low W/B ratio for concrete mixtures 
in [78], thus leading to higher abrasion resistance. 

Hocheng and Weng [50] reported the linear correlation between the 
abrasion loading time and the concrete mass loss at the flow velocity of 
30 m/s [86]. Momber and Kovacevic examined the effects of abrasion 
time on the abrasion material loss at the high velocity of 253 m/s but in 
a short exposure duration of 1 s. The non-linear correlation between the 
abrasion loading time and mass loss was developed. The slow growth of 
abrasion mass loss was investigated at the later loading stage [60]. This 
can be explained by the abrasion process as introduced in Section 2.3.1. 
The top layer mortar is easily abraded away at super-high velocity 
loading, after which aggregates with high abrasion resistance are 
exposed, thus leading to the reduction in abrasion mass loss. Besides, it is 
found that there exists a lower limit of the loading time beyond which 
concrete abrasion damage appears. According to the theory in [60,87], 
the critical loading time can be defined as the ratio of a certain critical 
crack length to the cracking velocity. 

tc = lcr/vcr (12)  

where tc is the critical loading time, lcr is the critical crack length, and vcr 

is the cracking velocity of the material. The cracking velocity of concrete 
can be estimated according to [87] 

vcr = 0.25
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Em/ρm

√
(13)  

where Em is the Young’s modulus of the concrete material, and ρm is the 
concrete density. 

Based on the proportionality model between applied energy and 
surface generation, the critical crack length can be found as 

lcr =
̅̅̅̅̅̅̅̅̅̅̅
0.5Se

√
(14)  

where Se is the surface area of abrasion material that can be estimated 
through graphical and numerical methods [60]. 

5.1.2. Flow velocity 
Flow velocity is one of the critical parameters significantly affecting 

concrete abrasion damage. In terms of the influence of the flow velocity 
on the abrasion mass loss of concrete, some data published in the 
literature are summarized, as presented in Fig. 6 [54,48,60,69,70,88, 
89]. According to the results in [11,54,65], when the flow velocity 
ranged from 2.5 m/s to 10 m/s, the measured mass loss of concrete 

increased greatly from 18.7 g to 115.2 g. The rising trend of abrasion 
mass loss can also be investigated when concrete is exposed to the flow 
with a higher velocity ranging from 20 m/s to 100 m/s. However, the 
influence of high-speed flow loads on abrasion mass loss appears to vary 
considerably. A slight increase in the mass loss from 2.1 g to 21.2 g was 
reported in [68] when concrete was operated at super high-speed flow 
conditions of over 50 m/s. Overall, increasing the flow velocity leads to 
increased abrasion damage. According to the energy conversion theory 
(as introduced in Section 2.1.2), high-speed flow indicates high kinetic 
energy transferred to the concrete surface area [48,54]. The energy 
exerted on the concrete would convert into the fracture energy that leads 
to the formation and propagation of cracks, followed by abrasion ma
terial loss of concrete under abrasion loading. 

In addition, there may exist a threshold velocity below which the 
kinetic energy is not large enough to drive the development of cracks, 
and hence the abrasion process is not induced [36]. Besides, the influ
ence of the flow velocity on the abrasion mass loss of concrete can also 
be explained in terms of the sediment transport capacity of the flow 
[90]. At a relatively small flow velocity, the sediments may be settled. In 
this case, only a small portion of fine sediment particles can be trans
ported as abrasives to cause abrasion damage, whereas the large-size 
particles may settle down on the surface and form a cover layer thus 
protecting the underneath concrete surface from abrasion damage, as 
described in Fig. 3. When the flow velocity reaches a level that can drive 
large sediment particles rolling or hopping, the abrasion rates tend to 
increase correspondingly [91]. As mentioned in Section 2.1.1, the 
increasing flow velocity may result in the shifts of the transport mode 
from rolling to saltation, and further to suspension. Consequently, an 
increase in the saltation hop length may occur, thereby leading to the 
reduction of the transmitted energy and less abrasion material loss [8]. 

5.1.3. Sediment content 
The contents of abrasive sediments also influence concrete abrasion 

rates due to their abrasive tool effects mentioned earlier [92]. As shown 
in Fig. 7, the relation between abrasion rates and abrasive sediment 
contents (5%, 11%, 18%, and 25%) is approximately linear [71]. The 
effects of sediment contents vary with the change in the flow velocity. 
When the flow velocity is higher (114–135 m/s and 140–165 m/s), 
abrasion rates increase by 203% and 391% with the sediment contents 
increasing from 5% to 25%. However, a slight increase in abrasion rates 
can be investigated at the flow velocity of 57–61 m/s and 80–96 m/s. 
This is because the transporting capacity of the flow at the lower velocity 

Fig. 5. Relation between the abrasion loading time and concrete abra
sion depth. 

Fig. 6. The relation between the flow velocity and the abrasion mass loss [54, 
48,60,69,70,88,89]. 
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is smaller. As a result, less abrasive sediments are transported in the flow 
and less abrasion material loss occurs [93]. Sklar and Dietrich [94] 
developed theoretical analyses on the influences of the sediment supply, 
and results indicated that the abrasion rates exhibited a similar 
increasing trend with the increase of the sediment contents. However, 
the effects of sediment contents are too complex to fit into a linear 
coefficient. 

Theoretically, the hydrodynamic loading can be assumed as a fatigue 
loading process. With the sediment contents increasing, the number of 
fatigue loading cycles increases and thus abrasion rates increase as well. 
From the perspective of energy conversion, the kinetic energy exerted on 
the concrete depends on the mass of the flow [86]. Accordingly, abra
sion rates increase with the mass of transported sediments increasing. 
On the other hand, the abrasive sediment contents can affect concrete 
abrasion damage by limiting the exposure extent of the concrete to the 
flow [92]. The abrasion rates may peak at an intermediate level of the 
sediment transport rates due to the burial of the concrete by transient 
sediment deposits (see Section 2.3.2). Such a case occurs especially 
when the low-speed flow cannot carry the sediment particles or 
high-volume sediments are supplied to the flow [95]. As a result, some 
sediment particles would rest on the concrete to form a cover layer and 
thereby reduce the exposure extent of concrete to the flow, finally 
leading to a reduction in concrete abrasion rates. Besides, the presence 
of the slurry layer could affect the motion of coarse aggregates in the 
flow and further reduce their friction on concrete materials, thereby 
decreasing the abrasion damage induced by coarse aggregates [96]. 

5.1.4. Flow impact angle 
The flow impact angle (α as shown in Fig. 3) is another important 

parameter affecting concrete abrasion. Many researchers have explored 
the relation between concrete abrasion rates and the impact angle [48, 
97,98]. According to the findings in [97], the smallest abrasion rates 
occurred at the minimum impact angle of 15◦ and the highest abrasion 
rates occurred at the maximum impact angle of 75◦. This observation is 
consistent with the findings in [98]. As introduced in Section 2.2 [34, 
37], concrete abrasion damage is attributed to two types of abrasion 
mechanisms, namely the cutting wear and impact deformation, which 
are closely related to the impact angle of the flow [8]. According to 
findings in [98], the mass loss rate increases with the impact angle 
ranging from 0◦ to 90◦, however, the dominant driver of concrete 
abrasion damage varies significantly. This means that when the impact 
angle of the flow is larger than 45◦, the impact deformation contributes 
more to the abrasion damage. On the contrary, when the impact angle is 
less than 45◦, the cutting wear dominates the abrasion material loss 
[99]. Besides, it is interesting to note from Fig. 8 that the maximum 

abrasion rate occurs at the medium impact angle of 70◦ rather than the 
maximum impact angle of 90◦ [48]. Neither the depth nor the width of 
abrasion is at its maximum at the impact angle of 70◦. With the impact 
angle decreasing, the direct abrasion area increases but the abrasion 
depth tends to decrease. As a result, the rather “contradictory” results in 
Fig. 8 may be due to the different performance indicators used for 
quantifying concrete abrasion damage, as mentioned in Section 2.4. 

5.1.5. Abrasive sediment particle properties 
The properties of abrasive sediment particles can also affect concrete 

abrasion. Bajracharya et al. [100] found that the abrasion rates 
increased as the abrasive particle size increased. However, it should be 
noted that below a critical size of the sediment particle, the size effect 
may be negligible [101]. There also exists an upper limit, i.e., not 
necessarily the largest particle size, beyond which the abrasion rates 
become almost independent of any further increase in size [36]. This is 
due to the fact that a change of transport mode of sediments from sus
pension to rolling may occur and thus the velocity cannot reach the 
threshold for particle motion, finally resulting in a significant reduction 
in abrasion rates [102]. The size effect was also reported by Turowski 
et al. [103] who found that more than 40% of the kinetic energy was 
used to deliver the largest grains with a dimension of over 86 mm. These 
large-size particles contributed a lot to abrading concrete surfaces, 
whereas particles with this size class only accounted for less than 10% of 
the total sediment volume. 

In addition, the shape of sediment particles is another important 
particle property concerning concrete abrasion. The local stress at the 
impact spot appears when abrasive sands impact or slide over the con
crete surface and it increases with decreasing contact area according to 
the Hertzian pressure [104]. As a result, angular gravel particles would 
result in the production of an indentation or micro-cracks in the concrete 
surface, especially when the hardness of the concrete is smaller than that 
of abrasive particles [105]. As a typical abrasive material, the hardness 
of quartz sands is 7–10 Mohs whereas the hardness of normal concrete is 
6–7 Mohs. Sklar and Dietrich [106] revealed that the use of quartzite 
sands as abrasive materials increased the abrasion rates, compared with 
the limestone abrasives. Bovet [107] reported that angular particles 
caused higher specific abrasion rates than rounded particles. However, 
the angularity of abrasive particles will reduce and the shape of abrasive 
sands tends to become round and smooth with exposure time increasing 
[96]. 

Fig. 7. The effects of sediment concentration on abrasion rates [71].  
Fig. 8. Relation between the impact angle and concrete abrasion damage 
described by different performance indicators [48]. 
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5.2. Concrete properties 

5.2.1. Strength and hardness 
Concrete strengths are among the most relevant factors that influ

ence the abrasion resistance of concrete. As discussed earlier, impact 
deformation is one of the dominant abrasion mechanisms while the 
generated compression loads at the impact point can squeeze and force 
materials downward. The produced horizontal tensile stresses can tear 
the concrete surface apart [54]. In this regard, these tensile stresses are 
the prime culprits for crack initiation in the hardened mortar and frac
tures around aggregate particles. The accumulated cracks finally cause 
concrete abrasion damage. Many researchers explored the effects of 
concrete tensile strengths on abrasion damage [19,48,49,108,109,110]. 
Besides, the flexural strengths equal to or slightly larger than the failure 
stress in tension are also attractive to describe the effects of concrete 
strengths on abrasion resistance [20,40,94,111–113]. Compressive 
strengths are usually used as a parameter to assess the concrete abrasion 
resistance [20,40,68,114–121], although it is well acknowledged that 
the abrasion damage is not directly associated with the failure under 
compression. However, it should be noted that compressive strengths 
are highly associated with other properties, e.g., tensile and flexural 
strengths. 

The available data for the effects of concrete strengths on abrasion 
mass loss are summarized in Fig. 9, in which it can be found that con
crete abrasion damage generally decreases with the increase in concrete 
strength. This is because mortar phases in concrete with a low strength 
generally have a high porosity and low hardness, which tend to be easily 
abraded away under repeated hydraulic loads [122]. Moreover, ac
cording to the abrasion process theory discussed in 2.3.1, small-size 
aggregates in the concrete tend to be taken out totally due to the weak 
interfacial bond between the mortar matrix and aggregates in the 
low-strength concrete. From Fig. 9, it is found that the abrasion mass loss 
of concrete is distributed in a wide range from 0.66 g to 211.37 g. 
Mostly, the abrasion mass loss is smaller than 48 g, 77 g, and 129 g, 

when the tensile, flexural, and compressive strengths are larger than 
2 MPa, 4 MPa, and 30 MPa, respectively. As for those concrete mixtures 
with super-high strengths (≥120 MPa for compressive strength) [117, 
123], the abrasion mass loss is approximately 0. Fig. 10 summarizes the 
relation between abrasion depth and concrete compressive strength [15, 
55,65,68,78,85,90,115,120,124–132]. Concrete abrasion depths 
generally decrease with the increase of compressive strength. However, 
there is no significant change in the abrasion depth of concrete with 
super-high compressive strength (over 110 MPa). Besides, it is found 
that around 80% of concrete mixtures exhibit abrasion depth less than 
4 mm [64,67,85,111,124,128]. 

As a typical material property for evaluating concrete performance 
and because of the easiness of measurement, concrete strengths have 
been frequently used as a performance indicator to consider concrete 

Fig. 9. Effects of concrete strengths on abrasion mass loss: tensile strengths [19,48,49,108,109,110]; flexural strengths [20,40,94,111–113]; and compressive 
strengths [20,40,68,114–121]. 

Fig. 10. Effects of concrete compressive strengths on concrete abrasion depth 
[15,55,65,68,78,85,90,115,120,124–132]. 
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abrasion resistance. However, the applicability of the strength as a single 
indicator may remain questionable since the wide variation in concrete 
performance and flow characteristics makes it inaccurate that a single 
set of parameters can describe adequately the dependence of abrasion 
damage on strengths [133]. As a result, the governing concrete prop
erties, e.g., porosity, and concrete hardness should be considered in the 
assessment of abrasion damage instead of a single parameter. 

In addition, concrete hardness which is highly associated with con
crete strength performance also affects the performance of the materials 
against abrasion penetration and plastic deformation. When the 
sediment-laden flow impacts the concrete with high hardness, the flow 
may rebound all around rather than penetrate along the micro cracks. 
Therefore, concrete abrasion resistance increases with the improvement 
in the hardness. However, after a certain point, an increase in hardness 
leads to reduced elasticity, and hence causes a reduction in concrete 
abrasion resistance [8]. As reported in [134], aggregates were major 
components affecting concrete hardness. The abrasion depth of concrete 
composed of different types of coarse aggregates (gabbro, basalt, 
granite, limestone, quartzite, dolomitic limestone, and trap rock) was 
investigated in [4,131], and results indicated that concrete with hard 
aggregates, e.g., granite and trap rock, experienced the least abrasion 
depth of less than 0.2 mm whereas concrete with limestone experienced 
the most loss of over 1.2 mm. 

5.2.2. Toughness 
Apart from concrete strength and hardness, concrete toughness is 

another significant parameter that affects concrete abrasion resistance 
from the perspective of macroscopic mechanical properties [135]. 
However, it has to be pointed out concrete toughness is highly associ
ated with the tensile or flexural strengths of concrete. As a result, con
crete toughness is not a focus among the existing studies on the abrasion 
resistance of concrete. It was reported that concrete abrasion material 
loss was decreased by up to 50% when the flexural toughness of concrete 
increased from 0.58 J to 1.01 J due to the addition of elongated rubber 
particles [136]. According to the findings in [137], the abrasion length 
of concrete decreased by 25.0% with the toughness increasing from 
3430 kJ to 8410 kJ. This is most probably because the critical cracking 
displacement of concrete is beyond the crack affected by abrasion 
damage when rubber particles in the concrete mixture yield toughness. 
Similarly, the incorporation of fibers can increase concrete abrasion 
resistance by up to 28.6% since their bridging effects can delay the 
propagation of micro cracks and improve the toughness of concrete [48, 
96]. The incorporation of plastic aggregates can also divert the propa
gation of micro cracks and improve concrete toughness due to their high 
hardness, thereby increasing concrete abrasion resistance by 54.5% 
[128]. Nevertheless, concrete toughness and strength/hardness may be 
a contradictory pair of indexes in some cases. For example, the use of 
silica fume may increase the compressive strength but decrease the 
toughness of concrete, especially due to the early cracking of the con
crete [138]. Therefore, it is necessary to achieve a balance between them 
when considering the abrasion resistance of concrete. 

5.2.3. Pore structure 
According to the abrasion process described in Section 2.3.1, mortar 

paste peels off first from the concrete structure, followed by the total 
removal of individual aggregate particles. In this regard, the pore 
structure that affects the mechanical properties of the mortar phase has 
influences on concrete abrasion resistance [139]. The general trend is 
that the higher the concrete porosity, the lower the strength of the 
mortar matrix and the more the abrasion material loss of concrete [140]. 
According to the observations in [64], increasing the contents of voids in 
concrete mixtures from 23% to 28% resulted in a reduction in 
compressive strengths by 52%, simultaneously causing a 154% increase 
in concrete abrasion depth. In addition, a linear increasing trend was 
reported in [141,142] when concrete porosity ranged from 10% to 30%. 
However, further research is needed to understand the relation between 

concrete porosity and abrasion resistance to get more insights into the 
fundamental mechanisms behind concrete abrasion damage. 

5.2.4. Aggregate properties 
The aggregate properties can affect the abrasion behavior of concrete 

as aggregates are exposed to the flow directly once the top mortar layer 
is abraded away. The use of aggregates with larger hardness can increase 
concrete hardness correspondingly, thus leading to better mechanical 
responses of concrete to the impact loading of the sediment-laden flow 
[143]. The Mohs hardness of calcined bauxite is about 8.5, higher than 
that of basalt aggregates (Mohs hardness: 7.0). Thus, using calcined 
bauxite aggregates in concrete mixtures yielded a 3.6% reduction in 
abrasion mass loss [115]. Among other concrete mixtures containing 
dolomite (Mohs hardness: 3.5–4.0) and marble (Mohs hardness: 
3.0–4.0) [144], concrete containing basalt aggregates exhibited better 
abrasion resistance, as demonstrated by the least abrasion mass loss at 
16.2 g [125,134]. 

Besides, the abrasion resistance of concrete is influenced by the 
aggregate angularity. The presence of angular aggregates may lead to 
the initiation of cracks induced by the local stress at the aggregate 
corner, thereby increasing abrasion material loss. However, the angular 
aggregate can interlock with the surrounding mortar well, and thus the 
probability of aggregate total removal decreases. It is found from Table 4 
that the abrasion mass of concrete slab comprising angular aggregates is 
about 10.9% higher than that of the slab with rounded aggregates, 
which indicates the effects of the local stress play a dominant role in 
abrasion material loss. In addition, it is found that the abrasion mass of 
concrete with flaky aggregates is 20.8% higher than that of concrete 
with non-flaky aggregates [18]. This may be attributed to the higher 
specific area of flaky aggregates exposed to the flow loading. Besides the 
effects of the aggregate type and shape, a few studies explored the 

Table 4 
Summary of effects of aggregate size, angularity, flakiness, and type on concrete 
abrasion mass loss.  

Ref. Aggregate 
type 

Angularity Flakiness Maximum 
size (mm) 

Mass 
loss 
(g) 

[40] 
Basalt Angular Non-flaky  5.0  96.5 
Basalt Angular Non-flaky  13.0  62.6 
Basalt Angular Non-flaky  25.0  59.4 

[18] 

- 
50% round 
+50% 
angular 

50% 
flaky+50% 
non-flaky  

20.0  48.7 

- 
50% round 
+50% 
angular 

50% 
flaky+50% 
non-flaky  

16.0  50.5 

- 
50% round 
+50% 
angular 

50% 
flaky+50% 
non-flaky  

12.5  53.8 

- 
50% round 
+50% 
angular 

50% 
flaky+50% 
non-flaky  

10.0  63.4 

- Angular 
50% 
flaky+50% 
non-flaky  

20.0  52.4 

- Round 
50% 
flaky+50% 
non-flaky  

20.0  46.7 

- 
50% round 
+50% 
angular 

Flaky  20.0  52.0 

- 
50% round 
+50% 
angular 

Non-flaky  20.0  41.2 

[125] 
Dolomite Angular Non-flaky  16.0  19.1 
Marble Angular Non-flaky  16.0  24.5 
Basalt Angular Non-flaky  16.0  16.2 

[115] 
Basalt Angular Non-flaky  7.0  24.9 
Calcined 
bauxite 

Angular Non-flaky  7.0  24.0  
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influence of the maximum aggregate size on concrete abrasion resis
tance [18,40]. As shown in Table 4, the mass loss of concrete comprising 
aggregates with a maximum size of 10 mm is 30.2% higher than that of 
concrete comprising aggregates with a maximum size of 20 mm [18]. A 
similar trend was reported in [40] that concrete abrasion mass 
decreased by 38.8% when the maximum size of aggregates in concrete 
mixtures increased from 5 mm to 25 mm. This can be explained from the 
perspective of the concrete abrasion process as discussed in Section 2.3.1 
that large-size aggregates are harder to be abraded away since larger 
areas can be adhered to the surrounding mortar. 

6. Strategies for enhancing concrete abrasion resistance 

6.1. Fiber incorporation 

The inclusion of discontinuous fibers has been the most widely 
adopted strategy for improving concrete abrasion resistance [20–22, 
120,145]. Table 5 summarizes the used fiber materials and their effects 
on concrete abrasion resistance. Since the tensile strengths, length, 
aspect ratios, and shape are different for various types of fibers, and the 
adopted fiber fractions range from 0.03 vol% to 16.8 vol%, the perfor
mance of fibers in improving concrete abrasion resistance varies 
significantly. Regardless of the properties of fibers, a general trend can 
be found that concrete abrasion resistance increases with the fiber 
contents in concrete mixtures increasing. It is found from Table 5 that 
increasing the contents of steel fibers from 0.5 vol% to 1.0 vol% causes a 
4.7–8.8% reduction in concrete abrasion depth [146]. A similar trend 
was reported in [147] that abrasion mass loss was decreased by 
15.1–40.6% when the content of steel fibers increased from 0.25 vol% to 
0.83 vol%. Steel fibers are effective in improving concrete abrasion 
resistance, mainly associated with three positive effects. 

The first one is associated with the hardness properties of steel fibers. 
This means that the presence of steel fibers with high hardness can help 
concrete resist deformation induced by dynamic loads and protect the 
surrounding mortar from abrasion damage [41], as shown in Fig. 11. 
This can be evidenced by the comparison analyses in [65] concrete 
mixtures with steel fibers outperformed the PVC fiber reinforced con
crete in terms of abrasion resistance (36.7% higher) due to the higher 
hardness of steel fibers. 

The second effect of steel fibers in improving concrete abrasion 
resistance is associated with their fiber-bridging properties. As 
mentioned above, the impact of the sediment-laden flow will cause 
horizontal tensile stresses in the top layer of the concrete [54]. The fibers 
stretching across the crack interface can transfer the tensile stress to 
bridging fibers and yield toughness and residual strength [161], thus 
minimizing and retarding the overall cracking propagation and concrete 
abrasion damage. The fibers with larger tensile strength and higher 
aspect ratios can lead to better toughness and higher abrasion resistance 
of the concrete. Using two types of fibers (1: aspect ratio of 55 and 
tensile strength of 1500 MPa; 2: aspect ratio of 40 and tensile strength of 
1200 MPa), concrete abrasion mass is reduced by 15.1–40.6% and 
9.6–34.9%, respectively [147]. In addition, the shape and length of steel 
fibers can also affect their fiber-bridging effects and concrete abrasion 
resistance. As seen in Table 5, the use of medium hook-ended fibers 
(35 mm) can lead to up to 7.6% and 51.8% increase in tensile splitting 
strength as compared with short straight (13 mm) and long corrugated 
fibers (38 mm). As expected, the largest reduction in abrasion rates 
(about 26%) is obtained in concrete with medium hook-ended fibers, 
owing to the anchorage effect of the hook-ended shape. On the contrary, 
the reduction in abrasion rates of concrete with long corrugated fibers 
(38 mm) is smallest at 9%. This is because long corrugated fibers cannot 
homogenously distribute in the concrete system, thus leading to a 7.4% 
reduction in tensile strength as compared with concrete containing 
medium hook-ended fibers [96]. The positive effects induced by the 
fiber-bridging role of steel fibers can further confirm the previous dis
cussion in Section 5.2.2 that an increase in fracture toughness can lead to 

improvement in concrete abrasion resistance. 
The third effect of steel fibers can be explained by the formation of a 

shadow zone behind fibers, especially in the case of shallow impact 
angles [69], as shown in Fig. 11. Once steel fibers are exposed to the 
flow, the shadow region will be formed due to the highly 
erosion-resistant properties of fibers which protect the concrete struc
ture behind the fibers from being abrasion loads. 

It was reported in [69] that the typical values for height and length of 
the observed ‘shadow region’ were about 2–5 mm and 5–10 mm, thus 
leading to a decrease in abrasion area of about 10–50 mm2 [69]. Apart 
from the positive effects of fiber incorporation into concrete mixtures, it 
should be noted excessive fibers cause physical difficulties in ensuring 
the considerably homogeneous distribution of the fibers within the 
concrete system and alter the internal pore structure of concrete. The 
porous interphase region between fibers and mortar matrix may accel
erate the crack propagation in concrete mixtures, thus causing negative 
effects on concrete abrasion resistance [149]. As reported in [148], fiber 
volume fractions beyond 2.5 vol% may result in a significant reduction 
in the compressive strengths, thereby weakening the abrasion resistance 
of concrete. 

In addition, other types of fibers, e.g., carbon fibers, basalt fibers, 
polyester fibers, polyvinyl alcohol (PVA) fibers, polypropylene (PP) fi
bers, polyacrylonitrile (PAN) fibers, polyvinyl chloride (PVC) fibers, 
glass fibers, and rubber fibers may also be used to enhance the concrete 
abrasion resistance [49,67,120,127,150,152,154,155]. Similar to steel 
fibers, these fibers can also act as crack arresters in concrete mixtures 
through their fiber-bridging effects [150]. As reported in [152], the use 
of longer basalt fibers (24 mm in length) caused a larger increase in 
concrete abrasion resistance, but the maximum abrasion resistance was 
obtained when fiber contents were 0.07 vol% rather than 0.14 vol%. 
This can be explained by the longer fibers being better at bridging cracks 
[152], whereas a higher amount of fibers might deteriorate their 
dispersion in concrete composites, which in turn might cause a decrease 
in strengths and abrasion resistance. The inclusion of some polymeric 
fibers, e.g., PVA and PAN fibers, can increase concrete abrasion resis
tance. This is due to the presence of hydroxyl groups in the molecular 
chains of PVA and PAN fibers which is beneficial for generating a strong 
bond with the matrix and preventing the further development and 
extension of cracks [162]. Besides, PAN fibers with an uneven groove 
shape can be interlocked closely with the surrounding mortar matrix, 
therefore forming a disordered “skeleton” structure. The “skeleton” 
structure can ensure the continuity of the internal structure of the con
crete and prevent the generation of microcracks [153]. According to the 
findings in [163], less peeling damage of mortar is observed and a 
7.0–17.5% increase in abrasion resistance can be investigated when 
using 0.1–0.4 vol% PAN fibers. This is because the presence of PAN fi
bers with kidney shape cross-section can enable 91% larger flexural 
strength. 

However, the application of PVA and PAN fibers in concrete mixtures 
is restrained due to their exceptionally high costs and environmental 
impacts in the production and manufacturing process [164]. In this case, 
waste and recycled fibrous materials, e.g., PP fibers, rubber fibers, glass 
fibers, and PVC fibers have become an alternative solution in the con
struction industries [154,165,166], which can not only improve con
crete abrasion resistance but also contribute a lot to the reduction of 
solid wastes (waste tire, polymer, glass, and PVC cables). The 
enhancement effects of PP fibers for concrete abrasion resistance are 
highly associated with their tensile strength. As reported in [21,49], 
using PP fibers with larger tensile strength (560–770 MPa) can lead to 
37.4% reduction in abrasion mass loss, while the abrasion mass loss can 
only be reduced by 7.1% by incorporating PP fibers with tensile strength 
of about 300 MPa. Abrasion depth of concrete with rubber fibers is 
decreased by 7.3–17.6% due to their brush effects of rubber fibers [156]. 

In addition to industrial fibers, natural fibers can also be used in 
concrete mixtures [120,158]. As reported in [158], the abrasion resis
tance of concrete containing 0.97 vol% pig fibers can be increased by 
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Table 5 
Summary of the effects of fiber incorporation on concrete abrasion resistance.  

Ref. Type of fiber 
Tensile 
strength of 
fiber (MPa) 

Length 
(mm) 

Diameter 
(mm) 

Aspect 
ratio 

Fiber 
shape 

Content 
(vol%) 

28- 
d compressive 
strength (MPa) 

Tensile 
strength 
(MPa) 

Outcome 

[148] Steel fiber 1100 5 - 30 Straight  2.00 55.2 - 
42.0% reduction in 
abrasion weight loss 

[147] 

Steel fiber 1200 30 0.75 40 Hook- 
ended  

0.25 72.1 3.3 
9.6% reduction in 
abrasion mass loss   

0.45 59.9 3.7 16.0% reduction in 
abrasion mass loss   

0.64 58.2 4.4 24.5% reduction in 
abrasion mass loss   

0.83 55.0 4.9 
34.9% reduction in 
abrasion mass loss  

Steel fiber 1500 30 0.55 55 
Hook- 
ended  0.25 69.5 3.4 

15.1% reduction in 
abrasion mass loss         

0.45 64.5 3.8 20.8% reduction in 
abrasion mass loss         

0.64 59.7 4.4 28.3% reduction in 
abrasion mass loss         

0.83 57.4 5.0 
40.6% reduction in 
abrasion mass loss 

[146] Steel fiber 2600 15 0.200 75 Straight  

0.50 28.7 3.8 
4.7% reduction in 
abrasion depth  

0.75 34.4 4.5 7.9% reduction in 
abrasion depth  

1.00 35.3 4.7 8.8% reduction in 
abrasion depth 

[96] Steel fiber 

2850 13 0.200 

- 

Straight  1.00 86.7 7.4 
12.5% reduction in 
abrasion rates 

1120 35 0.550 
Hook- 
ended  1.00 80.5 7.9 

26.0% reduction in 
abrasion rates 

650 38 2.100 Corrugated  1.00 75.9 7.3 9.0% reduction in 
abrasion rates   

1120 35 0.550  Hook- 
ended  

0.50 63.4 6.0 8.3% reduction in 
abrasion rates   

1120 35 0.550  
Hook- 
ended  1.50 102.6 9.6 

28.4% reduction in 
abrasion rates 

[20] 

Steel fiber 1400 30 0.500 60 Hook- 
ended  

0.90 91.8 - 

17.0% reduction in 
mass loss and 11% 
reduction in 
abrasion depth 

PP fiber 310 19 1.000 50 Straight  0.20 98.2 - 

25.8% reduction in 
mass loss and 16.4% 
reduction in 
abrasion depth 

[149] Steel fiber 1050 30 0.750 - 
Hook- 
ended  

1.00 51.0 - 
8.0% reduction in 
abrasion loss 

[65] 
Steel fiber - 50 - - Straight  0.90 91.8 - 30.0% reduction in 

mass loss 

PVC fiber - 19 - - Straight  0.13 98.3 - 
19.0% reduction in 
mass loss 

[150] Carbon fiber 690 5 0.010 - Straight  0.27 - - 
40.0% reduction in 
wear depth 

[151] Carbon fiber 4100 2 0.070 - Straight  

5.60 48.1 2.8 
16.3% reduction in 
weight loss  

11.20 53.5 3.5 25.6% reduction in 
weight loss  

16.80 51.6 3.2 
14.0% reduction in 
weight loss 

[152] Basalt fiber - 

12 

0.013–0.020 - Straight  

0.07 62.4 - 
1.8% reduction in 
abrasion volume 
loss 

12  0.14 56.9 - 
4.4% reduction in 
abrasion volume 
loss 

24  0.07 63.5 - 
4.0% reduction in 
abrasion volume 
loss 

24  0.14 58.9 - 
3.8% reduction in 
abrasion volume 
loss 

[67] Polyester fiber 400–600 12 0.030–0.050 - Straight  
0.03 32.8 - 3.1% reduction in 

abrasion depth  

0.04 33.5 - 
6.3% reduction in 
abrasion depth 

(continued on next page) 
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Table 5 (continued ) 

Ref. Type of fiber 
Tensile 
strength of 
fiber (MPa) 

Length 
(mm) 

Diameter 
(mm) 

Aspect 
ratio 

Fiber 
shape 

Content 
(vol%) 

28- 
d compressive 
strength (MPa) 

Tensile 
strength 
(MPa) 

Outcome  

0.05 33.5 - 
9.4% reduction in 
abrasion depth 

[48] Polyester fiber - - - - Straight  

0.20 37.4 3.3 12.7% reduction in 
abrasion rates  

0.40 38.1 3.7 2.8% reduction in 
abrasion rates  

0.60 34.8 3.9 
25.4% reduction in 
abrasion rates 

[68] 

PE fiber 2500 6, 12, 18 0.027 

- Straight  

0.04 45.1 - 
11.3% reduction in 
mass loss  

0.08 45.9 - 21.4% reduction in 
mass loss  

0.12 46.5 - 31.2% reduction in 
mass loss 

PVA fiber 1830 12 0.015  0.09 46.5 - 
9.1% reduction in 
mass loss 

PAN fiber 800 12 0.013  0.08 44.5 - 
16.8% reduction in 
mass loss 

Basalt fiber 2300 12 0.017  0.17 48.7 - 4.3% reduction in 
mass loss 

[127] PVA fiber 1660 12 ± 1 0.080–0.090 - Straight  0.10 45.3 3.1 
9.3% improvement 
in abrasion 
resistance strengtha 

[49] PP fiber 
274.0 ±
26.9 12 - - Straight  0.10 38.0 3.5 

13.5% reduction in 
abrasion mass loss  

PP fiber 300.7 ±
31.7 

12 - - Straight  0.10 30.7 2.8 7.1% reduction in 
abrasion mass loss 

[22] PP fiber 400 20 0.450 - Straight  

0.25 43.4 4.4 
2.4% reduction in 
abrasion volume 
loss  

0.50 40.8 4.7 
4.7% reduction in 
abrasion volume 
loss  

0.75 39.2 4.8 
9.7% reduction in 
abrasion volume 
loss  

1.00 38.5 4.5 
13.6% reduction in 
abrasion volume 
loss  

1.25 36.3 4.3 
11.0% reduction in 
abrasion volume 
loss 

[21] PP fiber 560–770 12–19 0.100 - Straight  

0.05 52.1 - 23.0% reduction in 
mass loss  

0.10 53.6 - 
37.4% reduction in 
mass loss  

0.15 46.8 - 
32.5% increase in 
mass loss 

[153] PAN fiber 1051 12 0.012 - 
Uneven 
groove  

0.10 77.3 3.7 
7.0% reduction in 
abrasion mass loss 
per unit area  

0.20 76.8 3.7 
12.4% reduction in 
abrasion mass loss 
per unit area  

0.30 75.7 3.9 
15.0% reduction in 
abrasion mass loss 
per unit area  

0.40 76.1 3.8 
17.5% reduction in 
abrasion mass loss 
per unit area 

[154] Glass fiber 1750 10 0.012 852 Straight  

1.00 40.7 - 
7.1% reduction in 
weight loss  

1.50 38.2 - 
24.9% reduction in 
weight loss  

2.00 36.1 - 29.4% reduction in 
weight loss 

[155] Rubber fiber - 20 2.000–5.000 4–10 Straight  

1.39 39.4 - 5.1% reduction in 
abrasion depth  

2.78 36.1 - 
14.5% reduction in 
abrasion depth  

4.17 30.9 - 
17.9% reduction in 
abrasion depth  

5.56 27.2 - 23.9% reduction in 
abrasion depth 

(continued on next page) 
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28.8%, larger than that of concrete containing 1.94 vol% and 2.91 vol% 
pig fibers. This may be explained by the fact that the appropriate content 
of pig fibers with large water absorption capacity can reduce the effec
tive water-cement ratio, thus lowering the porosity in hardened concrete 
and improving the abrasion resistance. However, when large contents of 
pig fibers with low density are incorporated and float up in the top 
surface layer, mortar paste would be more easily damaged [167]. As 
reported in [120,159], there was a limit for coir fiber content (0.3 vol%) 
over which, the abrasion depth was increased by up to 60%. This may be 
due to the fact that the natural fibers with tensile strength of less than 
100 MPa are insufficient in fiber bridging effects [168]. However, the 
addition of coir fibers with a length of 20–50 mm leads to a decrease in 
concrete workability, thus resulting in an increase in the concrete 
porosity and abrasion damage. 

In summary, it is found that fiber incorporation can lead to an almost 
consistent tendency in concrete abrasion resistance. However, previous 
studies mainly focused on the fiber types and contents of the abrasion 
resistance of concrete. Further studies, e.g., concerning the effects of 
fiber embedment angle in concrete and interfacial bond with mortar are 
far from being sufficient. 

6.2. Use of supplementary cementitious materials (SCMs) 

SCMs play a significant role in mitigating carbon dioxide emissions 
associated with concrete production. Besides, the use of SCMs can 
improve the long-term mechanical properties and durability of concrete 
mixtures [169]. SCMs are frequently used in concrete mixtures due to 
either pozzolanic or hydraulic activity, which is closely associated with 
their chemical compositions. The chemistry and hydrate phases of 
several types of commonly used SCMs, e.g., fly ash, silica fume, and 
ground granulated blast-furnace slag (GGBS) are shown in Fig. 12 [170]. 
It should be noticed that the C–S–H phase accounts for the major part of 

the hydrate phases, which is the most important phase in hydrated 
cement systems. It has been qualitatively observed that the incorpora
tion of fly ash and silica fume results in the reduction of the amount of 
portlandite but leads to the increment in the formation of C–S–H gels. As 
for GGBS, little effects could be identified on the amount of portlandite 
in the hydrate phases when compared with that of pure cement systems, 
unless the substitution ratio is high [170]. The effects of SCM types and 
contents on concrete abrasion depths and mass loss are summarized in  
Tables 6 and 7. The adopted contents of fly ash and GGBS are in a wide 
range of 15–70 wt% and 10–60 wt% while the contents of silica fume 
are smaller ranging from 5 wt% to 20 wt%. Besides, the effects of some 
novel cementitious materials, e.g., Nano-TiO2, Nano-SiO2, Cathode ray 
tube (CRT) glass powders, and rice husk ash are also investigated. 
Nevertheless, it is found that using SCMs in concrete mixtures does not 
lead to a consistent tendency in concrete abrasion resistance. 

6.2.1. Fly ash 
Fly ash has been one of the most commonly used SCMs in the con

struction of abrasion-resistant concrete structures [55,81,82,84,171, 
179]. As seen in Table 5, the effects of fly ash as a replacement for 
cement on concrete abrasion resistance are inconsistent. With class F fly 
ash contents of no more than 22.5 wt%, concrete abrasion depth can be 
reduced by up to 18.4% [66,84]. This is because the use of fly ash can 
result in the formation of a less porous and denser microstructure system 
through its both physical and chemical effects during the freshly mixed 
and subsequent hydrating states [180]. Besides, the addition of fly ash 
can improve the interfacial bond of the aggregate-mortar matrix [180], 
which implies the role of fly ash in mitigating crack development. The 
interface behavior and pore structure as well as strength of concrete can 
affect concrete abrasion resistance which is consistent with the previous 
discussion in Sections 5.2.1 and 5.2.3. However, increasing fly ash 
contents to 30.0 wt% and 37.5 wt% would weaken concrete 

Table 5 (continued ) 

Ref. Type of fiber 
Tensile 
strength of 
fiber (MPa) 

Length 
(mm) 

Diameter 
(mm) 

Aspect 
ratio 

Fiber 
shape 

Content 
(vol%) 

28- 
d compressive 
strength (MPa) 

Tensile 
strength 
(MPa) 

Outcome  

6.95 23.8 - 
38.5% reduction in 
abrasion depth 

[156] Rubber fiber - 20 2.000–5.000 - Straight  

5.00 36.9 - 7.3% reduction in 
abrasion depth  

10.00 34.0 - 13.1% reduction in 
abrasion depth  

15.00 30.9 - 
17.6% reduction in 
abrasion depth 

[157] 

Hybrid fiber 
(steel fiber, 
glass fiber, 
synthetic fiber, 
PP fiber) 

1150, 3400, 
338 and 620 

30, 10, 
40, and 
40 

0.900, 0.013, 
0.750, and 
0.750 

33.33, 
769, 
53.33, and 
53.33 

Straight  1.00 36.4 - 
16.7% increment in 
abrasion mass loss 

[158] 
Natural fiber 
(pig hair) 99 36 0.160 249 Straight  

0.97 72.2 - 
28.8% reduction in 
mass loss  

1.94 71.8 - 
20.3% reduction in 
mass loss  

2.91 68.4 - 
10.7% reduction in 
mass loss 

[120] 
Natural fiber 
(coir fiber) - 20–50 - 170–200 Straight  

0.11 44.0 - 6.0–9.0% reduction 
in mass loss rates  

0.22 45.7 - 
15.0–17.0% 
reduction in the 
mass loss rates  

0.33 39.5 - 
21.0–27.0% 
reduction in the 
mass loss rates 

[159] 
Natural fiber 
(coir fiber) - - - - Straight  

0.30 11.4 3.5 8.9% reduction in 
abrasion depth  

0.40 7.9 2.3 
30.0% increase in 
abrasion depth  

0.50 6.9 2.0 
60.0% increase in 
abrasion depth  

a The abrasion resistance strength is calculated by multiplying the abrasion time and the abraded surface area which is then divided by the abrasion mass loss. 
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compressive strength by 11.9–15.3%, and thus concrete abrasion resis
tance is reduced by 6.3–15.5% [84]. As is known, the CaO content of fly 
ash is lower as compared with Portland cement, especially for class F fly 
ash with CaO contents less than 18% [181]. The loss of the amount of 
CaO contents leads to a reduction in the generation of C-S-H gels, 
thereby inhibiting the development of concrete strength and abrasion 
resistance [182]. As reported in [81,138], concrete compressive 
strengths were decreased by 28.2–37.9% and abrasion depths were 
increased by 44.8–100.0% due to the loss of hydration reaction products 
at a higher replacement level of class F fly ash (40–50 wt%). 

Unlike class F fly ash, the CaO contents of class C fly ash are generally 
larger than 18.0 wt%. High-calcium fly ash can promote hydration re
actions, thus producing more calcium silicate hydrate (C-S-H) and 

calcium aluminate hydrate (C–A–H). The produced hydration products 
can improve the pore structure of concrete, which is highly related to 
concrete abrasion resistance (as discussed in Section 5.2.3). As reported 
in [183], concrete containing class C fly ash possessed superior abrasion 
resistance as compared with concrete containing class F fly ash. 
Replacing cement with 18.0 wt% fly ash can lead to a 9.5% decrease in 
concrete abrasion depth as compared with concrete with 36.0 wt% fly 
ash (2.3%) [78]. This is because higher contents of fly ash may lead to a 
reduction in C-S-H gels and thereby weaken concrete compressive 
strength (see Table 5). Moreover, negative effects induced by 
high-volume fly ash were reported in [82] that concrete containing 
50.0 wt% and 70.0 wt% class C fly ash exhibited 42.0% and 77.5% rise 
in abrasion depths (2.84 mm and 3.55 mm), as compared with concrete 

Fig. 11. Strengthening effects of steel fibers on concrete abrasion resistance [41,69,160].  

Fig. 12. Main chemistry diagram of fly ash, silica fume, and GGBS, and the hydrate phases in the CaO–Al2O3–SiO2 system [170].  
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without fly ash (2.00 mm) [82]. This is consistent with the trend of 
concrete containing high-volume class F fly ash. Besides, the curing age 
can affect the abrasion resistance of fly ash concrete, as reported in 
[125]. 

In summary, using fly ash as the replacement for cement may not 
always lead to the improvement of concrete abrasion resistance. The 
moderate levels of cement replaced by fly ash may cause positive effects 
on concrete abrasion resistance while replacing a larger part of the 
cement is not recommended as far as concrete strength and abrasion 
resistance is concerned. Besides, the abrasion resistance of concrete 
incorporating fly ash is largely determined by the chemical properties of 
fly ash. Consequently, it should be noted that both the fly ash types and 
the appropriate contents of fly ash that can have positive influences on 
concrete abrasion resistance are largely subject to debate [98]. More 
studies are required to understand the effects of fly ash contents and 
types on the interface behavior, pore structure, and strength to get more 
insights into concrete abrasion resistance. 

6.2.2. Silica fume 
As seen in Tables 6 and 7, a general trend can be found that incor

porating silica fume (0.0–20.0 wt%) in concrete mixtures can 

considerably decrease concrete abrasion depth and concrete mass loss 
by up to 9.0% and 30.1%. Due to the small particle sizes (typically be
tween 0.1–0.3 µm), silica fume may be used for filling the micro voids in 
the mortar phase and strengthening the interfacial zones between coarse 
aggregates and mortar [184]. More importantly, silica fume has high 
contents of SiO2 in a range of between 85 wt% and 98 wt%. Together 
with the high surface area (small particle sizes), silica fume can react 
effectively with portlandite from cement hydration and generate sec
ondary C-S-H gels. Thus, an optimized microstructure can be formed, 
thereby increasing concrete strengths and strengthening concrete 
abrasion resistance [134]. As reported in [17], with the contents of silica 
fume increasing from 0 wt% to 10.0 wt%, concrete strength increased 
by 23.0% and abrasion mass loss decreased by 25.4%. However, adding 
silica fume to concrete mixtures may bring negative effects, such as 
decreasing concrete toughness and increasing the risk of early cracking 
of the concrete [113]. Therefore, the amount of silica fume to be used for 
replacing cement should be considered with caution as excessive silica 
fume may lead to cracking, especially when the curing conditions are 
improper, e.g., high-temperature curing [131]. This is consistent with 
the findings in [98] where an upper limit value was proposed (not 
exceeding 20.0 wt%) for using silica fume as a replacement for cement, 

Table 6 
Summary of effects of contents and types of SCMs on concrete abrasion depth.  

Ref. Additive type Content (wt%) W/B ratio 28-d compressive strength (MPa) Abrasion depth (mm) Effects on abrasion depth 

[84] Class F fly ash  

0.0  0.40  61.5  1.74  0.0%  
15.0  0.40  60.4  1.42  -18.4%  
22.5  0.40  55.9  1.57  -9.8%  
30.0  0.40  54.2  1.85  +6.3%  
37.5  0.40  52.1  2.01  +15.5% 

[81] Class F fly ash  

0.0  0.41  37.2  0.58  0.0%  
40.0  0.40  26.7  0.84  +44.8%  
45.0  0.41  24.7  1.02  +75.9%  
50.0  0.40  23.1  1.16  +100% 

[171] Class F fly ash  

0.0  0.35  58.2  1.23  0.0%  
15.0  0.35  55.6  1.42  +15.8%  
25.0  0.35  53.8  1.49  +20.8%  
35.0  0.35  45.2  1.49  +20.8% 

[82] Class C fly ash  
0.0  0.36  43.4  2.00  0.0%  

50.0  0.33  31.9  2.84  +42.0%  
70.0  0.36  17.5  3.55  +77.5% 

[78] Class C fly ash  
0.0  0.35  43.1  2.10  0.0%  

18  0.35  48.0  1.90  -9.5%  
36  0.35  47.1  2.05  -2.3% 

[57] Fluidal fly ash  

0.0  0.40  48.4  7.39  0.0%  
20.0  0.40  61.5  6.75  -8.6%  
30.0  0.40  61.6  5.94  -19.6%  
40.0  0.40  58.3  7.91  +7.0%  
50.0  0.40  47.8  8.43  +22.7% 

[172] GGBS  

0.0  0.52  35.2  32.20  0.0%  
20.0  0.55  35.9  30.10  -6.5%  
40.0  0.54  38.3  20.90  -35.1%  
60.0  0.58  32.9  50.30  +56.2% 

[124] Silica fume  
0.0  0.40  47.0  1.33  0.0%  

10.0  0.40  22.0  1.30  -2.3%  
20.0  0.40  30.7  1.21  -9.0% 

[173] 
Nano-TiO2  

0.0  0.42  59.1  26.57  0.0%  
1.0  0.42  69.7  9.47  -64.4%  
3.0  0.42  66.6  10.71  -59.7%  
5.0  0.42  60.0  13.93  -47.6% 

Nano-SiO2  
1.0  0.42  66.4  10.33  -16.2% 

3.0  0.42  61.2  13.23  -50.2% 

[174] CRT glass powders  

0  0.44  54.7  1.49  0.0%  
5.0  0.44  49.8  1.49  0.0%  

10.0  0.44  45.3  1.46  -2.0%  
15.0  0.44  56.3  1.47  -1.3%  
20.0  0.44  46.5  1.49  0.0%  
35.0  0.44  34.8  1.60  +7.4% 

[175] Rice husk ash  

0  0.47  32.8  0.72  0.0%  
5  0.47  34.0  0.62  -13.9%  

10  0.47  35.8  0.59  -18.1%  
15  0.47  35.1  0.63  -12.5%  
20  0.47  33.1  0.68  -5.6%  
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beyond which concrete abrasion resistance may decrease. 

6.2.3. Granulated blast-furnace slag (GGBS) 
GGBS can be utilized as a partial replacement for Portland cement. 

This is primarily due to the high calcium content of GGBS, thus 
endowing its hydraulic activity and potentiality for improving concrete 
abrasion resistance. As reported in [185], concrete containing 20.0 wt% 
and 40.0 wt% GGBS exhibited a marginal increase in abrasion resistance 
by 0.4% and 0.7%, respectively [185]. According to the findings in 
[176], increasing the content of GGBS from 0 wt% to 20 wt% and 40 wt 
% resulted in a significant decrease in concrete abrasion mass loss by 
27.6% and 51.7%, while further addition of GGBS to 60 wt% caused an 
81.9% increase in abrasion mass loss [176]. This is most probably 
because not all cementitious materials can participate in the pozzolanic 
reaction in the case of high contents of GGBS. Similar results reported in 
[109] indicated that there was a limit for GGBS content (50 wt%) over 
which, the thermal expansion and autogenous shrinkage may induce 
cracks, thus impairing the concrete strength and abrasion resistance. 

Apart from fly ash, silica fume, and GGBS, nano silica [186], palm oil 
fuel ash [22], ferronickel slag [178], CRT glass powders [174], and rice 
husk ash [175] with potential pozzolanic properties, have also been 
incorporated in concrete mixtures aiming to improve concrete abrasion 
resistance. Although there is research progress in using SCMs to improve 
concrete abrasion resistance, more work is required to understand 
important aspects, e.g., the appropriate contents and the associated 
mechanisms. It is worth mentioning that alternative and sustainable 
SCMs determine the sustainable future (common SCMs have almost been 
used to the maximum potential), but their effects and mechanisms on 
concrete abrasion resistance still need systematic investigations. 

6.3. Rubber particle incorporation 

Some studies have investigated the effects of rubber particles on the 
abrasion resistance of concrete, shown in Fig. 13 where inconsistent 
results are reported [187–190]. However, it is found concrete abrasion 
resistance is generally increased by up to 76.9% with the use of rubber 
particles less than 10.0 wt% for partial replacement of fine aggregates. 

This is because the inclusion of rubber particles can absorb energy and 
act as brush tools as well as springs. As discussed in Section 2.2, energy 
conversion is involved in the concrete abrasion process, which is highly 
related to concrete cracking and abrasion damage evolution. Besides, 
the rubber particles protruding out of the abrasion surface can serve as 
brushes which can prevent the surface layer of the concrete from 
continuous sliding of abrasive particles. Moreover, according to the in
vestigations in [191], rubber particles would act as the impedance and 
springs to cause a delay in crack initiation and propagation, and 
distributed rubber powders may prevent the catastrophic failure of 
concrete. 

As reported in [187], concrete abrasion depth was reduced with the 
rubber contents increasing to 20.0 wt%. However, according to the 
findings in [189], negative effects occurred with increasing rubber 

Table 7 
Summary of effects of contents and types of SCMs on concrete abrasion mass loss.  

Ref. Type Content (wt%) W/B ratio 28-d compressive strength (MPa) Abrasion mass loss (g) Effects on abrasion mass loss 

[176] GGBS  

0.0  0.48 34.9  11.60  0.0%  
20.0  0.48 35.5  8.40  -27.6%  
40.0  0.48 36.7  5.60  -51.7%  
60.0  0.48 39.2  21.10  +81.9% 

[177] GGBS  

0.0  0.55 36.0  6.96  0.0%  
20.0  0.55 44.0  5.53  -20.5%  
40.0  0.55 45.0  4.08  -41.4%  
0.0  0.55 30.0  9.80  0.0%  

20.0  0.55 30.0  10.51  +7.2%  
40.0  0.55 32.0  12.14  23.9%  
0.0  0.35 66.0  3.16  0.0%  

20.0  0.35 65.0  4.42  +39.9%  
40.0  0.35 70.0  6.36  +101.3%  
0.0  0.35 46.0  5.37  +69.9%  

20.0  0.35 49.0  5.68  +79.7%  
40.0  0.35 51.0  7.14  +125.9% 

[178] GGBS  

0.0  0.46 -  39.31  0.0%  
10.0  0.46 -  35.93  -8.6%  
20.0  0.46 -  30.83  -21.6%  
30.0  0.46 -  27.48  -30.1%  
40.0  0.46 -  20.64  -47.5%  
50.0  0.46 -  25.99  -33.9%  
60.0  0.46 -  41.71  +6.1% 

[17] Silica fume  
0.0  0.36 61.4  120.60  0.0%  
5.0  0.38 72.6  104.40  -13.4%  

10.0  0.40 75.5  90.00  -25.4% 

[138] Silica fume  
0.0  0.50 39.3  509.00  0.0%  
5.0  0.50 47.3  406.00  -20.2%  

10.0  0.50 50.4  356.00  -30.1%  

Fig. 13. The effects of rubber contents on concrete abrasion depth [187–190].  
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content up to a certain level (13.1 wt%), beyond which concrete abra
sion depth increased by 5.0%. This is most probably due to the weak 
interface between rubber particles and mortar in high W/C concrete 
(0.50). The weak interface generally acts as an inner flaw leading to the 
crack initiation and accelerating the breakdown of the cement matrix 
and abrasion material loss [192]. According to the results in [190], the 
abrasion depth increased once the rubber contents were larger than 
4.0 wt%. This may be because there is no significant change in the en
ergy absorption capacity and spring effects when small contents of 
large-size rubber particles are incorporated but a significant reduction in 
the interfacial bond between rubber particles and mortar. Nevertheless, 
it has to be pointed out that fine rubber particles passing from a 1-mm 
sieve may be interlocked with mortar better as compared with tire 
chips and crumb rubber. Thus, using 7.0 wt% finer rubber particles can 
lead to up to 33.2% reduction in the abrasion depth of concrete [188]. 

Considering the hydrophobicity of rubber particles and their poor 
interface bond performance, it is desirable to incorporate a modest 
content of rubber aggregates into the concrete to avoid a significant 
decrease in concrete performance [193]. However, the poor interfacial 
bond behavior and the impact on overall concrete properties of rubber 
particles have not been systematically analyzed, which hinders the po
tential engineering applications. Therefore, further studies are required 
to comprehensively understand the weak interface effects and possibly 
explore modification and optimization techniques aiming at strength
ening the interface between rubber particles and mortar, e.g., using 
polyvinyl alcohol (PVA) solution to treat the rubber surface and improve 
its hydrophilicity properties [192]. 

Apart from the approaches discussed above, which are means to 
improve the intrinsic abrasion resistance of concrete, a surface protec
tive layer/lining has been proposed to protect the concrete beneath 
hydraulic structures. As reported in [194], polyurea waterproof adhe
sive (PUA), iron sheet (IS), and rubber layer (RB) can effectively restrain 
the evolution of abrasion damage, which can be evidenced by 73–79%, 
80–92%, and 12–16% reduction in abrasion rates. The abrasion depth of 
concrete elements with surfaces coated by impregnating paints is about 
5 times smaller than that without surface protective layers, indicating 
the effectiveness of impregnations in filling pores on the concrete sur
face layer and improving its abrasion resistance. As discussed in Section 
5.2.1, the abrasion resistance of concrete is closely related to the 
compressive strength, so high-strength concrete (over 80 MPa) may be 
applied as a protective layer for hydraulic structures [195]. Geopolymer 
and flexible protective coating materials are in-situ applied on the 
concrete surfaces along the coast to protect concrete structures exposed 
to the marine environment [196]. However, it is worth mentioning that 
the experience from the field application is not always that encouraging 
with surface protective materials, which may most likely be due to, e.g., 
the complexity added in the field implementation, imperfect surface 
bonding, or the thermal incompatibility between coating materials and 
the concrete beneath [192]. Therefore, very limited studies have con
ducted abrasion tests to investigate the effects of protective materials on 
the abrasion resistance of hydraulic concrete structures. Further 
research can be concentrated on strengthening the surface bond be
tween concrete and protective layers to promote the practical applica
tions of surface protective materials. 

7. Research gaps and future perspectives 

7.1. Research gaps 

Based on the discussions above, there are some major research gaps 
within the field of concrete abrasion studies. Some of them are listed in 
the following:  

(1) As discussed in Section 3, standard testing methods that can 
effectively simulate abrasion characteristics and reflect the 
complex hydraulic conditions in the field are still missing. There 

remains a significant gap between the results obtained from 
laboratories and the field.  

(2) In Section 2.4, the description and characterization of concrete 
abrasion damage are strongly influenced by the performance in
dicators adopted. Apart from the frequently used material (mass/ 
volume) loss, the affected abrasion area is of particular interest, 
including the abrasion depth, groove shape/profile, etc. Howev
er, reliable quantifications of these parameters are not always 
that straightforward, partly due to, e.g., the rather shallow depths 
of the abraded areas in laboratory tests. Consequently, the re
ported experimental results and conclusions deviate, or they are 
even contradictory to each other in the literature (see Section 
5.1.4).  

(3) As presented in Section 2.2, the abrasion damage of concrete is 
caused mainly by mechanical actions, including cutting abrasion 
and impact actions, while in field conditions concrete can also be 
affected by chemical and physicochemical processes, e.g., freeze- 
thaw [197], sulfate, and chemical attacks. In most cases, abrasion 
studies are conducted without considering other degradation 
mechanisms simultaneously. In order to reflect the field cases, 
studying the coupling effects of several degradation mechanisms 
is important, which also seems a significant research gap to be 
filled.  

(4) Although extensive models have been established to predict 
concrete abrasion damage, the comparison of different models is 
still lacking. Besides, the application of models to complicated 
field conditions may be questionable. 

(5) In Section 5, it can be found that there have been significant ef
forts to reveal the influences of important factors on concrete 
abrasion damage, including typical hydraulic parameters and 
concrete properties. However, due to the complexity of the con
crete abrasion problem, quantifying the impact of each parameter 
is never an easy task, which is especially true when several 
influencing parameters are involved and sometimes intertwined 
in a single process. It may be adequate to state that the current 
understanding of the effects of the various influencing factors on 
concrete abrasion is generally qualitative. Further quantification 
analyses are still needed to understand the working mechanisms 
incurred by the different factors.  

(6) As discussed in Section 6, various materials, including e.g., 
several types of fibers, SCMs, and rubber particles, have been 
added to concrete mixtures, and surface protective materials have 
also been applied to improve concrete abrasion resistance. 
However, the enhancing performance of additions on concrete 
properties and particularly the fundamental mechanisms behind 
them are far from being fully understood. Besides, the abrasion 
resistance of concrete incorporating additions is largely depen
dent upon their specific types and dosages. However, the research 
on a specific addition type is normally limited, and the appro
priate contents of additions are often debatable. The research on 
sustainable, eco-friendly, and effective additions in concrete 
mixtures is of particular interest, e.g., biochar [198], ceramic 
waste powder [199], and rice husk ash [175], while so far rele
vant studies remain limited. 

7.2. Future perspectives 

In regards to the durability performance of concrete for hydraulic 
structures exposed to abrasion risks, the following aspects may be 
considered for future research:  

(1) Standardized test methods and procedures need to be established 
in which a good correlation between laboratory tests and field 
conditions can be achieved. In this context, maybe more than one 
test method should be considered to account for the different 
working mechanisms involved in the different abrasion zones. 
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(2) More accurate quantification of concrete abrasion damage, e.g., 
the abrasion depth and the profile of the abrasion area, can be 
explored. Such data would be of high relevance for more in-depth 
analyses and correlating with numerical studies. 

(3) Studies on the abrasion damage of concrete for hydraulic struc
tures under various environmental loadings or degradation 
mechanisms are of high value, as they can be more representative 
in field conditions.  

(4) Fundamental mechanisms behind the effects of various additions 
incorporated into concrete mixtures for the enhancement of 
abrasion resistance need to be further explored. In addition, more 
sustainable, eco-friendly, and effective additions should be 
considered for improving concrete abrasion resistance. Details 
such as addition dosages and types, as well as the working 
mechanisms, should be explored in depth.  

(5) The prediction of concrete abrasion damage is a very important 
subject. In general, existing empirical models are far from being 
adequate. Numerical modeling concerning concrete abrasion 
damage is only at the early stage. With no reference to more 
details herein, there is a lot of work to be done in this regard. 

8. Summary and concluding remarks 

This work provides a comprehensive review related to various as
pects of the abrasion damage of concrete for hydraulic structures. The 
main contents include the theoretical background on concrete abrasion, 
test and characterization methods, abrasion prediction models, key 
influencing parameters, and approaches to improving concrete abrasion 
resistance. Besides, some remaining research gaps are also identified and 
discussed. Based on the review, the following conclusions can be drawn:  

(1) The abrasion damage of concrete subjected to the sediment-laden 
flow is highly associated with energy conversion, indicating that 
the larger the kinetic energy, the more the abrasion material loss. 
The kinetic energy is highly dependent of the flow velocity and 
sediment contents. The increase in the flow velocity and sediment 
content leads to an increment in the kinetic energy transmitted by 
the flow and thus more abrasion material loss of concrete. During 
the interaction between the flow and concrete materials, there 
exist two types of abrasion wear mechanisms, namely impact 
deformation and cutting wear. The abrasion damage of concrete 
is a physical process of accumulated material loss during the long- 
term abrasion period, which can be linked closely to the crack 
evolution process. Based on the distance to the entry point of the 
sediment-laden flow, the abrasion damage of concrete for hy
draulic structures may be divided into three zones, and the extent 
of the damage tends to decrease as the distance increases.  

(2) Concrete abrasion damage can be characterized quantitatively by 
different performance indicator(s)/parameter(s), including 
abrasion mass/volume loss, abrasion depths/widths, abrasion 
area distributions, and abrasion rates. The combined use of those 
indicators may present a better description of the concerned 
abrasion damage.  

(3) The abrasion resistance of concrete may be tested by various 
methods, including standard methods, waterborne sand impact 
methods, high-pressure hydro-abrasive jet methods, scaled 
physical-model test methods, and in-situ test methods.  

(4) The empirical models are mainly used to estimate concrete 
abrasion damage. They can be applied simply to establish the 
relation between concrete abrasion damage and an influencing 
parameter. However, the influence of other influencing factors on 
concrete abrasion damage cannot be effectively reflected. The 
semi-empirical models may improve the prediction accuracy to 
some extent by combining experimental data and mathematical 
theory but require more assumptions. The probabilistic model 
mainly focuses on the special case so its application to other 

hydraulic conditions is not convincing. The models established 
based on machine learning methodologies are promising to pre
dict concrete abrasion damage. This kind of models consider most 
of the relevant influencing parameters according to the obtained 
dataset, so it can be used for comprehensive evaluation of con
crete exposed to complex conditions. However, the prediction 
accuracy may be compromised due to the small dataset adopted.  

(5) Concrete abrasion resistance is affected by a number of factors, 
especially hydraulic conditions and concrete properties. Impor
tant parameters include, e.g., flow velocity, flow impact angle, 
sediment content, abrasive particle property, exposure time, 
concrete strength, and concrete pore structure. However, there 
are large variations in the reported results concerning the effects 
of the parameters, indicating the complexity of the abrasion 
problem. 

(6) A number of approaches for improving concrete abrasion resis
tance are discussed. It is noted that the incorporation of fibers 
into concrete mixtures enhances concrete abrasion resistance. 
However, the fiber volume fractions may not go beyond 2.5 vol%, 
since it may cause physical difficulties in obtaining a homoge
neous distribution of the fibers in the concrete system. Supple
mentary cementitious materials used in concrete mixtures, e.g., 
fly ash, silica fume, and GGBS, may increase concrete abrasion 
resistance, but the reported effects are quite inconsistent and 
highly dependent on the types and the contents of additions. The 
inclusion of an appropriate amount of rubber particles can 
improve concrete abrasion resistance. Surface protective mate
rials can act as a physical barrier to prevent abrasion damage of 
the concrete beneath if the interface bond between the protective 
materials and the concrete can be secured. 

Last but not least, it should be highlighted that limited information 
exists in current design codes and recommendations concerning con
crete abrasion design, which leaves the industries directionless in their 
work. The research work also has a limited impact on the current con
struction practice. From a practical and more general perspective, it may 
be important to emphasize that researchers may need to spend more 
efforts in communicating the research results to relevant stakeholders, 
so the state-of-the-art knowledge can be passed on. Researchers may be 
the best that can influence and strengthen the link between research and 
industry. Durable and sustainable hydraulic structures with excellent 
abrasion resistance may only be achieved through common efforts from 
both academia and industry. 
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