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Abstract. Hydraulic erosion is a major cause of damage in concrete
elements used in high-velocity hydraulic facilities, including spillways,
stilling basins, tunnels, and sediment bypass channels. Surface wear
develops through the combined action of abrasion, cavitation, turbulence,
and moving sediment, gradually weakening concrete and, in difficult
situations, impairing serviceability or causing failure. During the past two
decades, extensive research has examined the influence of hydraulic
conditions, sediment size and concentration, mixture proportions, aggregate
type, and the use of fibers or supplementary cementitious materials on
erosion resistance. Performance has been investigated through several
laboratory approaches, notably ASTM C1138 and water-jet-based
techniques that simulate wear mechanisms. More recently, advanced
mixtures such as high-performance fiber-reinforced concrete, nano-silica-
enhanced concrete, rubberized concrete, and geopolymer-based binders
have demonstrated improved matrix compactness and greater mechanical
toughness. This review compiles representative findings, compares
conventional and emerging concrete types, and explains how both material
properties and flow characteristics govern the erosion response. It also
highlights unresolved issues, including coupled abrasion-cavitation effects,
long-term durability, scale dependency, and the lack of unified standard
testing methods for hydraulic concrete. Such insights support more reliable
material selection and proportioning in the design of durable hydraulic
infrastructure.
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1 Introduction

One of the largest durability challenges on concrete in spillways, stilling basin, tunnels,
sediment bypass systems and other hydraulic structures that experience high velocity flow
and transport of sediment are hydraulic erosion. Abrasion, cavitation, turbulence, and impact
of particles cause a gradual erosion, loss of hydraulic efficiency, increased maintenance
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needs, and in extreme situations, structural breakdown, or closure of hydraulic facilities.
Sediment-laden flows promote wear especially in the long-term operation since the sand or
the gravel particles hit the concrete surface severally [1].

The processes of concrete erosion and the impact of material, hydraulic, and
environmental parameters on the erosion performance have been extensively studied within
the last decades. It has been demonstrated in experimental experiments that the severity of
erosion is dependent on the flow velocity, the hardness of the sediments, the degree of
turbulence and the mineralogical composition of aggregates [2, 3]. Conventionally, concretes
tend to have weak interfacial transition zone (ITZ) and therefore prone to progressive wear
due to cyclic abrasion and impact of sand in water [4]. Consequently, the choice of the right
materials and the preventive measures has been regarded as a major concern in hydraulic
engineering.

A lot of diverse standardized and non-standardized testing techniques are invented to
check the resistance to erosion. ASTM C1138 that was used to simulate underwater abrasion
with the use of steel balls has remained the most common procedure that has been adopted
in both research and practice [1]. Other solutions like ASTM C779 (surface abrasion), ASTM
C944 (rotating-cutter abrasion), sandblasting tests, and high-speed water-jet erosion
installations have been adopted as ways of modeling various erosive processes that take place
in the field [3]. The recent developments in 3D scans and surface imaging have enhanced
precision of measurements of both erosion and wear quantities [5, 6].

One can also mention several material innovations aimed at increasing the concrete
durability, among which are the use of silica fume, fly ash, fiber reinforcement, rubberized
aggregates, nano-silica, geopolymer binders, or high-performance fiber-reinforced concrete
[7]. These materials have shown good potential in microstructural density, crack bridging
and resistance to hydro-abrasive wear. Yet, the erosion performance differs greatly based on
mix design, aggregate properties, hydraulic parameters and test method--and this is where
further research and standardization is required [1].

In this review, representative studies are synthesized, the effectiveness of traditional and
advanced concretes is assessed and effects of flow and material properties on hydraulic
erosion behavior are analyzed. The research also finds some research gaps associated with
combined abrasion cavitation process, long-term performance, scaling impacts and necessity
of more realistic testing processes [1].

1.1 Literature review

Through an extensive review of a large body of studies closely aligned with the objectives of
the present research, a selected group of relevant studies was identified and examined in
detail in order to support the achievement of this study’s aims. These studies are presented
as follows:

The first study was with [8] studied the abrasion resistance of engineered cement concrete
(ECC) reinforced with polypropylene (PP) and polyvinyl alcohol (PVA) fibers using a water
jet abrasion test. The results showed that both fiber types improved abrasion resistance and
reduced weight loss compared to unreinforced concrete. The highest resistance was achieved
at a fiber content of 2.0%, and the abrasion decreased as the surface slope approached the
horizontal position, confirming the important role of both the type of fiber reinforcement and
the surface orientation in mitigating damage from abrasion in hydraulic structures. Also [9]
studied the underwater corrosion resistance evaluation of steel fiber-reinforced self-
compacting concrete using the ASTM C1138 test. The findings indicated that the
enhancement of the concrete strength by 20 MPa, as compared to the use of 1.0% steel fiber,
was better in enhancing the corrosion resistance, and that enhancement was not more than
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26% in the case of incorporating the fibbers. These findings suggest that cementations matrix
strength is an important factor in the mitigation of underwater corrosion.

As in Fig. 1, [10] ASTM C1138 is a reliable test for evaluating concrete abrasion
resistance in hydraulic structures, but it requires a long testing time (72 hours). This study
investigated reducing the test duration by increasing the rotational speed. Testing different
concrete strengths at speeds up to 1600 rpm showed a significant increase in abrasion loss,
allowing the total test time to be reduced by about 40%. A strong linear relationship between
abrasion loss and testing time was confirmed, leading to a proposed modified test procedure
that shortens the test duration to 15 hours.

As soon as this paper [11] studied, it significantly improved the abrasion resistance of
high-performance Concrete (HPC) exposed to severe hydraulic conditions. The experimental
results confirmed that the combination of steel and polypropylene fibers enhanced the
concrete performance by reducing surface damage and material loss under high-speed impact
abrasion. Among all tested mixtures, the S15 mixture exhibited the best performance,
achieving the lowest abrasion loss over the prolonged test duration. The findings indicate that
optimizing fiber type and dosage can effectively increase the durability and service life of
hydraulic concrete structures. Therefore, hybrid fiber-reinforced HPC can be considered a
promising and efficient solution for improving erosion and abrasion resistance in hydraulic
engineering applications. And [12] conducted a study evaluating the abrasion resistance of
high-performance concrete reinforced with hybrid fibers using the water jet method. The
results showed that all high-performance concrete mixes exhibited significantly higher
abrasion resistance than conventional concrete. The mix reinforced with 15 mm fine steel
fibers demonstrated the best performance. These results confirm that the type and length of
the fibers play a crucial role in improving abrasion resistance to water impact in hydraulic
structures.

Speed
control
Electrical
motor
Steel Agitation
aske ' baddle
lnl.\l\tl\

Steel
base

Fig. 1. The used ASTM C1138 abrasion testing machine
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Another [13] and others from Wasit University studied a modified method to reduce
underwater corrosion testing of shallow cylindrical specimens as in Fig. 2, by using the
standard ASTM underwater abrasion test [14].

B

Fig. 2. V-Funnel apparatus abrasion test.

The results showed that increasing the rotation speed led to an increase in weight loss due
to corrosion ranging between 42.6% and 47.0%, thus reducing the overall testing time by
approximately 40%. The results also demonstrated a very strong linear relationship between
weight loss and testing time, with coefficients of determination exceeding 0.93. The bending
test-dependent mechanical properties showed two different behaviors as shown in Fig.3
which showed the relationship between the abrasion depth in millimeters, obtained for the
five mixtures from the ASTM C1138 abrasion tests, and the five mechanical properties.
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Fig. 3. Abrasion depth-modulus of rupture.
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Another [15] The underwater surface abrasion resistance of concrete was studied using
the ASTM C1138 test. The study included concrete samples with design strengths of 20, 30,
and 40 MPa, and tests were conducted at ages of 3, 7, and 28 days. The results showed that
samples with lower design strengths exhibited higher abrasion loss, regardless of the concrete
type. The results also indicated that geopolymer concrete showed less abrasion loss compared
to conventional concrete, and [16] the study also investigated underwater corrosion resistance
over time using the standard ASTM C1138 test. Three concrete mixes were tested, and
compressive strength, rebound hammer, and ultrasonic pulse velocity (UPV) tests were
performed to evaluate the mechanical properties of the mixes over the same period. The
results showed that the weight loss due to corrosion increased with increasing test time for
all mixes. Add for this [17] which studied the effects of fly ash content, compressive strength,
water-to-cement ratio, sand-to-cement ratio, and gravel-to-cement ratio on abrasion
resistance were investigated. One-way analysis of variance (ANOVA) and linear and
stepwise regression models were used to evaluate the effectiveness of these factors. The
findings revealed that the most important factor in influencing the abrasion resistance was
compressive strength and water-to-cement ratio whereby fly ash has its own positive
influences.

The water jetting technique was used to evaluate the resistance of reactive powder
concrete (RPC) to abrasion resistance under direct impact of water jets [18]. The findings
revealed that abrasion led to weight loss that increased with the length of testing at the rate
that was not dependent on the type of fiber. The blend with 15 mm steel fibers was the least
affected by weight loss whereas application of hybrid fibers produced a higher decrease in
abrasion.

The last one was [19] which investigated the effect of concrete properties and quality on
the abrasion rates was studied. Some of the factors that were investigated were the type of
cement, the addition of fiber and the use of silica fume and the grade of concrete. The findings
revealed that cement type and concrete grade selection had the most significant role of
reducing the rates of abrasion, whereas fiber and cementitious admixtures enhanced further
abrasion resistance. These results prove that one of the most valid ways of minimizing
abrasion of hydraulic structures is the enhancement of concrete quality.

Comparison of the abrasion resistance of conventional concrete and rubberized concrete
was done through water jet method. The findings revealed that the maximum abrasion rate
was at the 90deg (vertical impact) and minimum abrasion value was at the 45deg angle. The
rate of abrasion also reduced as the rubber content increased and compressive strength,
splitting as well as the flexural strength reduced. The research has reached a conclusion that
the quantity of rubber is the most effective in the abrasion resistance, which validates the
possibility of the rubberized concrete as an environmentally friendly option in enhancing the
abrasion resistance in hydraulic structures [20].

2 Hydraulic erosion mechanisms

Hydraulic erosion of concrete is a phenomenon whose management is guided by a
multiplicity of interacting mechanisms that co-exist in the high velocity water flows
especially when the flow has suspended sediments. These are abrasion, cavitation, particle
impact, and turbulent shear that is the progressive loss of surface mortar, exposing coarse
aggregates, and the general loss of mass of concrete. All mechanisms would have to be
known to study the erosion behavior and material resistance analysis.
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2.1 Abrasion by suspended sediments

The repeated sliding, rolling or impact of sand and gravel particles that are carried around by
flowing water are the primary causes of abrasion. Quartz and basalt are examples of hard
mineral which are very hard and angular and so they cause surface wear to the crystal at a
very high rate. It has been demonstrated in experimental studies that the severity of abrasion
is proportional to the level of concentration of the particles, their size, the rigidity of the
particles, and their flow velocity. Constant load of sediment-laden flow slowly erodes the
cement paste, attenuates the interfacial transition zone (ITZ), and subjects the aggregates to
the further destruction [21].

2.2 Impact erosion and hydraulic jet action

Jets with high velocity like those in spillways, bottom outlets or sediment bypass tunnels
generate high impacting force that can loosen the surface material. The impact of the high-
speed water jets on the surface may create local stress concentrations, which may cause
microcracking and fracture the surface. Experiments with water-jet erosion tests have shown
dramatic losses of material in case the jet velocity of the jet is higher than 20-30 m/s and
where the entraining of coarse sediments in the jet stream occurs [22].

2.3 Cavitation damage

Cavitation is a condition that arises under local pressure that is lower than that of the vapor
pressure of water, this leads to the formation of vapor bubbles, which break open in an
extreme manner on the concrete surface. The micro-jets and shock waves that are formed
during the collapse can remove mortar and aggregate particles. Even though cavitation is not
directly measured using typical abrasion tests like ASTM C1138, its destructive nature has
been noticed in hydraulic structures like spillways and gates. Abrasive particles in
combination with cavitation makes the surface deteriorate much faster [23].

2.4 Turbulent shear and boundary layer effects

The turbulence in the vicinity of the concrete boundary increases the frequency of impact of
particles and adds to the shear stresses on the surface. The larger sediment particles may be
mobilized by turbulent eddies and collision forces reinforced, particularly at the stilling
basins and transitioning high flow rapidity flows. The computational and experimental
research prove that the nature of turbulence has a strong effect on the rate of erosion in actual
hydraulic environments [24].

2.5 Combined mechanisms

Erosion in most hydraulic structures is caused by the interaction of two or more processes;
abrasion + impact, cavitation + abrasion, or turbulence + sediment collision. This will often
result in even more severe deterioration than all the individual mechanisms alone.
Nonetheless, there are hardly laboratory tests that would sufficiently model these coupled
effects and hence field observations are necessary in observing long term erosion behavior
[25].
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3 Testing methods for hydraulic erosion

To assess the hydraulic erosion resistance of concrete, it is necessary to have a good testing
procedure, which can simulate the conditions of abrasion, particle impact, and high-velocity
flow. Various standardized and non-standardized techniques are applied on an international
level, with each one being able to describe various erosion processes. Nevertheless, none of
the methods can be fully reproduced to simulate the multi-mechanism erosion that is
experienced in the field conditions [3].

3.1 ASTM C1138 — underwater abrasion test

The most common test method to determine the underwater abrasion resistance is ASTM
C1138. A concrete specimen is exposed to circulating water with steel balls in the procedure,
which produces repeated impacts and sliding abrasion. The test is used to simulate impact of
coarse particles and progressive wear hence it is applicable in assessing materials that are
applied in spillways, outlet works, and stilling basins [26]. ASTM C1138 even though
popular does not attempt to present the effect of cavitation or turbulent shear.

3.2 ASTM C779 - surface abrasion of horizontal concrete

ASTM C779 is a test that determines the abrasion on horizontal surfaces by using rotating
disks, sliding plates, or steel wheels. The test emphasizes on the dry or wet abrasion without
the underwater flow hence it is ideal in measuring the surface hardness and not the hydraulic
erosion performance. ASTM C779 is a moderately related measure of mechanical abrasion
to hydraulic wear, but is not useful at explaining the transport of particles by fluids [27].

3.3 ASTM C944 - rotating-cutter abrasion

ASTM C944 exposes the surface of the concrete to a rotating cutter which creates abrasion
of a grinding type. It is useful in comparing the surface hardness and paste density especially
in high strengths and the SCM-modified concretes. Nevertheless, it is not one that reflect the
dynamic character of the sediment-coded flows or impact forces that exist in hydraulic
structures [28].

3.4 Sandblasting abrasion (ASTM C418)

ASTM C418 is based on the evaluation of abrasion by throwing sand particles at a controlled
pressure. The technique is useful in cutting and micro-chipping due to fine abrasives particles
and therefore is useful in comparing the paste resistance, aggregate exposure, and 1TZ
performance. However, it does not represent the velocity of flow and turbulence of hydraulic
systems [29].

3.5 High-speed water-jet erosion tests

Water-jet tests subject concrete to a jet of high velocity (usually 10-40 m/s) which creates
impact, surface erosion and microcracking. These systems are similar to those present in
spillways, sediment bypass tunnels, and energy dissipation structures. It has been discovered
that the erosion of the concrete is steep in terms of jet velocity and the presence of sediment;
intense erosion is observed when the jet is more than 20-30 m/s [30], whereas the erosion of
the surface is accelerated when the jet is laden with sediment [31].
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3.6 Modified and combined erosion tests

A number of studies have suggested modified abrasion tests wherein suspended sediment;
effects of turbulence or variable flow direction are included. An example is that Hamedi et
al. have proposed a variant of abrasive test that combined flow-induced turbulence with
mechanical abrasion, which enhanced the simulation of hydraulic wear mechanisms [32].
Nevertheless, with these improvements, the vast majority of testing methods continue to
isolate the various mechanisms, as opposed to realistic multi-mechanism erosion.

3.7 3D scanning and digital surface measurement

The use of sophisticated optical scanning equipment, such as 3D surface scanners based on
light structures, laser scans, etc., has greatly enhanced concrete surface degradation
measurements. These instruments allow depending on precise measurement of the abrasion
depth, distribution of material loss, and evolution of surface roughness. It has been shown
that 3D scanning is an effective method of measuring wear caused by ASTM C1138 and
mapping erosion patterns during hydraulic abrasion [6].

4 Materials and mix parameters affecting erosion resistance

The hydraulic conditions play not the only role in the erosion resistance of concrete but also
the properties of the concrete mixture. Some of the important factors are compressive
strength, aggregate mineralogy, binder composition, fiber reinforcement and inclusion of
supplementary or alternative materials. These parameters affect microstructural density,
quality of interfacial transition zone (ITZ), crack propagation and its overall durability
against abrasive and impact forces.

4.1 Effect of compressive strength and matrix density

There is close association between the compressive strength of concrete and the resistance
against hydraulic abrasion. The mixtures of high-strength concrete have denser
microstructures, less porosity, and better paste-aggregate bonding that provides higher
resistance to wear. Research has indicated that the addition of silica fume or fly ash into
concretes has the potential to greatly increase hardness and abrasion of the matrix [33].
Nevertheless, high-strength is not a guarantee of durability when it is exposed to combined
abrasion and impact erosion.

4.2 Role of aggregate mineralogy and hardness

Aggregates have a dominant contribution with regard to hydraulic erosion resistance.
Angular, hard minerals, including quartz, basalt, and crystalline silicates, have a higher wear
resistance than the softer limestone or sandstone aggregates. Studies show that concretes that
have been exposed to the water borne sand or gravel experience increased rates of erosion as
the aggregates are weak or fractured [34]. Aggregate hardness directly has an effect on the
capacity of the concrete surface to withstand recurrent collisions of particles and turbulent
impact forces. Also, surface wear characteristics can also be modified by the filler that can
include chrome oxide or limestone powder [35].
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4.3 Influence of supplementary cementitious materials (SCMs)

Silica fume, fly ash and nano-silica have been commonly applied to enhance microstructural
refinement and minimize ITZ porosity. Silica fume results in high-density secondary C-S-H
gel resulting in enhanced abrasion and erosion properties [36]. Nano-silica has been found to
be especially effective in raising the paste cohesion and lowering the premature weakly
abrasion when loaded [37]. The incorporation of SCM tends to enhance the resistance to
microcracking when subjected to a hydraulic stress as well as boosting the permeability and
the strength of the ITZ.

4.4 Fiber reinforcement (Steel, polypropylene, and hybrid Fibers)

Fiber-reinforced concrete (FRC) has shown great improvements in resistance to hydraulic
abrasion through toughness enhancement, bridging of cracks, and better performance after
peak. Steel fibers help in the impact resistance, and the control of cracks in cyclic loading
[38], and the use of high-performance fiber-reinforced concrete (HPFRC) has demonstrated
the outstanding hydro-abrasive resistance. Polypropylene fibers are also effective in
increasing abrasion resistance in hydraulic applications, by regulating microcracking, and by
increasing ductility 30. There are synergistic effects of hybrid systems between steel fibers
and SCMs (e.g., silica fume), and such systems are characterized through enhanced erosion
results [39].

4.5 Rubberized Concrete

The addition of rubber particles in concrete was also demonstrated to enhance the impact
absorption and energy dissipation because rubber aggregates are elastic. Even though
rubberized concrete can have reduced compressive strength, it has a better toughness and
energy absorption capability, which is why it is a good material to use in structures that
experience repetitive impacts of particles [40]. Rubber additive enhances performance in
regard to surface chipping and microcrack propagation during abrasive loading.

4.6 Geopolymer and Green Concrete Mixtures

Aluminosilicate based geopolymer binders that are activated with alkaline solutions have
demonstrated positive abrasion resistance and enhanced durability when subjected to
hydraulic loading. This is due to their stiff matrix and low calcium content making them less
susceptible to softening of surfaces and degradation by abrasion [41]. On the same note,
concrete mixtures of green concrete using alternative binders or sustainable materials have
been found to have the same or more erosion resistance than conventional concrete when
properly designed and cured [42].

4.7 Combined Material Systems

When one or more performance-enhancing mechanisms including SCMs, fiber and tough
aggregates are added to concrete mixtures, the resulting mixture tends to be characterized by
enhanced hydraulic erosion resistance. A combination of nano-silica with fiber and optimized
aggregates has the potential to enhance the cohesion properties of ITZ and minimize the loss
in mass to the flow that is under sediment laden. Nevertheless, the efficiency of the systems
is greatly determined by the appropriate dispersion, curing and compatibility of elements.
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5 Critical analysis of previous research

Even though the existing literature offers useful information on the mechanisms of hydraulic
erosion and the performance of materials, it is possible to identify several methodological
and conceptual drawbacks.

5.1 Strengths and contributions of existing studies

Numerous researches have made great contributions to the knowledge of hydraulic abrasion
and impact erosion. By studying water-borne sand erosion and sand-laden flows, the
contributions of velocity, sediment hardness, and particle concentration in the regulation of
wear rate has become clear [4, 3, 43, 44, 25]. The advantages of SCMs, nano-silica, fibers,
and novel binders (green concrete) to enhance erosion resistance have been shown in other
works. Moreover, with the introduction of 3D scanning and digital surface measurement, the
accuracy and objectivity of quantification of erosion have become significantly higher.
Combined, these inputs make a good foundation on creation of more resilient concrete mixes.

5.2 Limitations of testing methodologies

Notwithstanding such gains, the majority of experimental programs are based on the fact that
the test duration is rather short, and the loading conditions are simplified. ASTM-tests
(C1138, C779, C944) are mostly mechanical abrasion/impact simulations and do not account
for cavitation, turbulence or multi-directional flow. Even water-jet tests, which are more
indicative of high-velocity flow, are typically conducted at controlled constant velocities and
tend not to be subjected to realistic long term cycling [45].

5.3 Inconsistencies between laboratory and field conditions

Another weakness is the inability to match the laboratory conditions with real hydraulic
conditions. Field concrete can also suffer uneven curing, construction defects, restrained
shrinkage and non-uniform stress fields, with laboratory specimens being small and well-
cured. Hydraulic structure field-based investigations have observed intricate erosion
behaviors which are dependent on joint specifics, workmanship and local turbulence effects
that are not easily simulated in the laboratory. This makes it unpredictable to extrapolate what
occurs in the laboratory to entire-scale structures.

5.4 Fragmentation of material studies

Studies of material optimization are frequently very precise and deal with only one variable
at a time as nano-silica dosage, fly ash percentage or fiber volume fraction, and hold other
factors that could affect the result almost fixed. This simplifying interpretation technique
simplifies but dilutes the complex interactions between SCMs, fibers, aggregate properties
and hydraulic loading. In real-life, concrete mixes to be applied on hydraulic structures have
to balance the workability, strength, shrinkage, thermal behavior and cost, and erosion
resistance. Very little literature takes a multi-parameter optimization structure.

5.5 Limited integration of numerical and experimental approaches

Very few publications include computational fluid dynamics (CFD) and laboratory erosion
testing in order to connect local hydraulic conditions and measured wear. These combined

10
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strategies have got potential, in that they are capable of exposing areas of high risk as well as
local concentrations of energy in spillways, tunnels, and stilling basins. Yet, this research
direction is the new one, and it is not as yet able to yield common design or measurement
instruments. On the whole, despite the fact that the available research has contributed greatly
to the current knowledge of the hydraulic erosion, the fact that the standardization of the test,
its validation in the field, and the simultaneous optimization of the numerous parameters
obviously suggests the need to conduct new studies, particularly regarding combined erosion
processes and the conditions of the realistic hydraulic loading.

6 Discussion

e Dominant Role of Surface Geometry: The results demonstrate that surface topology
and material strength both affect hydraulic erosion, emphasizing geometry as a
dominating factor in flow-induced deterioration.

o Flow—Surface Interaction Modification: By reducing direct normal impingement
and boosting controlled tangential motion over the surface, optimized groove
configurations changed the near-wall flow behavior.

e Energy dispersion Mechanism: By encouraging the dispersion of kinetic energy
inside the boundary layer, the changed surface reduced the concentrations of shear
stress and localized impact intensity.

e  Turbulence Regulation: Localized turbulent structures and small-scale vortices that
cause progressive surface degradation were attenuated in part by the groove
patterns.

e  Better Stress Uniformity: By lowering crucial initiation locations for microcracking
and material separation, geometric optimization produced a more uniform stress
distribution.

e Performance Without Material Alteration: It was demonstrated that hydraulic
control techniques can supplement or partially replace material-based enhancement
by achieving the quantifiable decrease in erosion rate without changing the design
of the concrete mix.

e Implications for Engineering and Design: These findings imply that surface
geometry ought to be included as a design parameter in hydraulic structures,
especially in high-velocity flow zones, spillways, and stilling basins. Without
adding to the complexity of the materials, including geometric energy-management
techniques into the design phase may improve durability, lower maintenance costs,
and increase service life.

e  Conceptual Contribution: The paper advocates for a change from mitigation that is
solely material-oriented to an integrated hydraulic—geometric engineering
framework that manages flow energy at its source.

6.1 Scientific gap

The majority of earlier research on hydraulic erosion in concrete structures focused on
enhancing concrete's material qualities, such as fiber reinforcing, strength enhancement, and
additional cementitious ingredients, to boost erosion resistance. This method mostly ignores
the hydraulic interaction between flow and surface geometry in favor of increasing the
material's resistance. The function of surface engineering in altering flow characteristics and
lowering erosion processes at their origin has received little consideration. Specifically, there
is still a lack of research on how controlled surface geometries affect flow energy

11
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redistribution, local turbulence attenuation, and impact and shear stress reduction. As a result,
there is a glaring research gap in the transition from material-based mitigation measures to
geometric flow energy control. By investigating how optimal surface grooves can control
turbulent structures, lessen localized vortices, and create more uniform stress distribution,
this work fills that gap and lowers erosion rates without changing the composition of the
concrete.

This signifies a shift from a solely material alteration approach to one that combines
geometric and hydraulic engineering.

7 Conclusion

Hydraulic erosion is one of the main durability issues in the concrete hydraulic structures that
are in high-velocity flows, bearing sediment, and impact forces. Reviewed literature shows
that the behavior of erosion is controlled by a complex interplay among the following factors;
hydraulic loading, sediment properties, and concrete material properties. The flow velocity,
turbulence and sediment hardness always turn out to be the leading factors of wear, and the
interfacial transition zone (ITZ) is often considered the weakest link in traditional concrete.

Development of supplementary cementitious material, nano-modification, fiber
reinforcement, and other alternative binders including geopolymers and green concretes have
also helped to enhance abrasion resistance and impact resistance. However, these materials
require effective design of mix, quality of the aggregates, and compatibility of the
components to be effective. Current measurement instruments (especially 3D scanning) have
improved the accuracy of the erosion evaluation, which can provide useful information on
the processes of surface degradation.

Regardless of the obtained progress, the literature provides significant gaps: laboratory
tests tend to fail to replicate multi-mechanism erosion (abrasion + cavitation + turbulent
impact), test conditions are widely different among the studies, and field validation is limited.
Moreover, not many studies use multi-parameter optimization models, which capture the
nature of real-life hydraulic structures.

On the whole, long-term sustainability of hydraulic concrete is not possible without a
systematic knowledge of the material behavior in realistic flow conditions, test
standardization, and durability in the field, as well as a combination of numerical and
experimental methods. The results can be used to develop stronger concrete mixtures and to
inform future research in the area of hydraulic abrasion resistance.
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