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Abstract: Hydraulic structures operate under permanent or cyclic exposure to water, dissolved salts,
sulfates, freeze-thaw action, abrasion, and seepage pressure. Under such conditions, material
selection determines not only structural capacity but also durability, maintenance demand, and
whole-life cost. This paper systematizes the performance of modern concretes and reinforcement
types applicable to hydraulic construction, including high-strength concrete, concrete with
supplementary cementitious materials, ultra-high-performance concrete (UHPC), fiber-reinforced
concrete, stainless-steel reinforcement, and fiber-reinforced polymer (FRP) bars and strengthening
systems. The analysis is based on standards, official technical reports, and peer-reviewed studies. It
is shown that low-permeability concrete mixtures with SCMs provide improved sulfate and chloride
resistance; UHPC delivers very high mechanical performance and excellent durability; stainless-
steel reinforcement offers strong corrosion protection in severe chloride exposure;, and FRP bars
provide corrosion-free reinforcement with reduced weight, though with design limitations related to
stiffness, temperature sensitivity, and brittle failure mode. The paper proposes a practical selection
framework for hydraulic structures and concludes that the most efficient solution is rarely the
cheapest initial option, instead, it is the combination that minimizes transport of aggressive agents
and maintenance interventions during the design life.
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Introduction

Hydraulic structures such as dams, spillways, culverts, retaining walls, intake towers, pump stations,
quay walls, and underground hydraulic facilities are expected to perform safely for decades under
aggressive environmental exposure. Unlike ordinary buildings, these systems often remain in contact
with water or humid soil, experience wet-dry cycling, hydraulic abrasion, dissolved sulfates or
chlorides, and in many climates repeated freeze-thaw action. Therefore, structural performance
depends on two interrelated requirements: adequate mechanical resistance and long-term durability
[11, [3], [8].

Conventional reinforced concrete remains the most common structural material for hydraulic
engineering; however, chloride-induced corrosion of steel, sulfate attack, scaling, and cracking can
substantially shorten service life if the material system is not properly designed. ACI 222R identifies
reinforcement corrosion as one of the key deterioration mechanisms in concrete structures and
emphasizes preventive measures such as low-permeability concrete, adequate cover, and corrosion-
resistant reinforcement [3]. For hydraulic construction, these recommendations are particularly
important because inspection and repair are often expensive and operationally disruptive.

In recent decades, several material classes have improved the engineering toolkit for hydraulic
structures. These include (i) concrete mixtures containing supplementary cementitious materials
(SCMs) that reduce permeability and improve sulfate resistance, (ii) high-strength and ultra-high-
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performance concrete with dense microstructure and high compressive and tensile capacity, (iii) fiber-
reinforced concrete with improved crack control and toughness, and (iv) stainless-steel and FRP
reinforcement systems intended to reduce or eliminate corrosion [1]-[8]. The aim of this article is to
organize these options into a formal engineering comparison and to propose a selection logic suitable
for OAK-style scientific publication.

Aggressive Exposure Hydraulic Structures

Freeze-thaw
Chlorides and cycles

mineralized water Scaling, cracking, Abrasion / cavitation
Depassivation of steel, loss of surface integrity
pitting corrosion Surface wear,
section loss

— 7 L=

Hydraulic reinforced
concrete structure

Hydraulic pressure
and seepage

Leakage risk,
durability demand

Sulfates and
auto-aggressive water
Expansion, softening, Wet-dry cycles

microstructural damage i
Transport acceleration,

crack propagation

Author's schematic based on sources [1], [3], [8].
Figure 1. Aggressive exposure mechanisms acting on hydraulic reinforced-concrete structures
(author’s schematic based on [1], [3], [8]).
Materials and methods
The study uses comparative analysis of normative and scientific sources. The principal documentary
basis includes FHWA reports on UHPC [1], [2], guidance documents on corrosion protection of
reinforcement [3], ACI design guidance for FRP bars [4], NIST materials-resilience work on FRP
composite systems [5], a peer-reviewed review on stainless-steel reinforcement [6], a review of basalt
FRP bars and their durability [7], and National Academies guidance on the use of SCMs in durable
concrete [8].
The comparison was carried out according to five engineering criteria: (1) resistance to ingress of
aggressive agents; (2) cracking and serviceability behavior; (3) corrosion resistance of reinforcement;
(4) constructability and compatibility with hydraulic works; and (5) life-cycle efficiency. Qualitative
ratings used in the diagrams are an authorial synthesis of the cited literature rather than direct test
values from a single experimental campaign.
Concrete technologies for hydraulic structures
A first line of defense in hydraulic concrete is a dense and durable cementitious matrix. According to
the National Academies review of SCMs for concrete, partial replacement of Portland cement with
suitable slag cement or Class F fly ash can reduce permeability and improve sulfate resistance when
properly proportioned and cured [8]. FHWA also notes that fly ash may reduce permeability and
improve late-age durability [8]. For hydraulic structures exposed to sulfate-bearing soils or
mineralized water, SCMs reduce the transport of aggressive ions and help stabilize long-term
performance.
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High-strength concrete (HSC) and performance-oriented mixtures with reduced water-to-
cementitious-material ratio are beneficial because they provide denser microstructure, lower
absorption, and improved compressive capacity. In practice, these mixtures are useful in spillway
piers, retaining walls, thick slabs, and pressure-bearing elements where reduced crack width and
lower permeability are desired. However, dense concrete alone does not eliminate reinforcement
corrosion if cracks form and chloride thresholds are exceeded; therefore, concrete selection must be
integrated with reinforcement strategy [3].

UHPC represents the highest level of cementitious performance among currently deployable concrete
families. FHWA defines UHPC as a cementitious composite with compressive strength above 150
MPa, post-cracking tensile strength above 5 MPa, and enhanced durability because of a discontinuous
pore structure [1]. The 2006 FHWA materials characterization report further documents UHPC
strength, tensile response, creep, shrinkage, and durability, confirming extremely low transport
properties compared with ordinary concrete [2]. For hydraulic structures, the principal advantage of
UHPC is not only high strength but also excellent resistance to chloride penetration, freeze-thaw
deterioration, and microcrack-driven permeability growth.

Fiber reinforcement at the concrete level is also important. Metallic or mineral fibers bridge
microcracks and improve post-cracking behavior. In hydraulic elements subject to abrasion, impact,
cavitation, or thermal gradient effects, fiber-reinforced concrete can delay crack localization and
improve residual load-bearing capacity. This makes it especially useful in spillway liners, thin shells,
precast hydraulic panels, and local repair zones. When fibers are used within UHPC, tensile ductility
and crack dispersion become much better than in ordinary plain concrete [1], [2].

Table 1.
Comparative characteristics of modern concrete types for hydraulic structures
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Source: author’s synthesis based on [1], [2], [3], [8].
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Reinforcement technologies and corrosion resistance

The principal weakness of ordinary reinforced concrete in hydraulic service is corrosion of carbon-
steel bars. ACI 222R explains that chlorides, carbonation, and moisture can break down the passive
layer on steel and initiate corrosion; the resulting rust products expand, crack the cover, and accelerate
deterioration [3]. Once this cycle becomes active, repairs are costly and often need repeated
intervention.

Stainless-steel reinforcement directly addresses this mechanism. A peer-reviewed review of stainless-
steel rebars shows substantially higher corrosion resistance than black steel in chloride-bearing
environments and highlights their value in marine and de-icing exposures, where life-cycle
assessment often justifies the higher initial cost [6]. In hydraulic structures where access is difficult
or uninterrupted service is critical, such as intake structures or quay walls, stainless-steel
reinforcement may provide one of the most rational long-life solutions.

FRP bars provide a different strategy: they eliminate electrochemical corrosion of the reinforcement.
ACI 440.1R and ACI CODE-440.11-22 recognize FRP bars as noncorrosive reinforcement systems
for structural concrete and emphasize their favorable strength-to-weight ratio together with their
distinct mechanical behavior [4]. NIST likewise identifies FRP composite systems as important
materials for resilient infrastructure because they can serve as internal corrosion-resistant
reinforcement and as external strengthening systems [5].

The engineering limitations of FRP bars must nevertheless be respected. Relative to steel, many FRP
bar types have lower elastic modulus, no yield plateau, stronger dependence on temperature and resin
performance, and a more brittle ultimate behavior. Therefore, design often becomes governed by
serviceability, crack width, and deflection rather than nominal strength [4]. Peer-reviewed reviews of
basalt FRP bars also note the need to verify durability under alkaline concrete pore solution,
temperature cycling, and long-term exposure [7]. For this reason, FRP is highly promising for severe
corrosion exposure, but it should be applied within a code-based design framework and not treated
as a direct one-to-one substitute for steel.

In rehabilitation practice, externally bonded or near-surface-mounted FRP systems can be used to
strengthen existing hydraulic structures with limited demolition. This is valuable where increasing
capacity, restoring stiffness, or extending service life is needed while avoiding major shutdowns.
NIST and ACI documents both support the growing role of such systems in resilient infrastructure

[4], [5].

Table 2.
Comparative characteristics of reinforcement systems
Reinforcement Corrosion Structural Best application Life-cycle
type behavior behavior zone assessment
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Source: author’s synthesis based on [3], [4], [5], [6], [7].

Comparative Performance of Material Options for Hydraulic Structures
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Figure 2. Relative performance of material options for hydraulic structures. Scores are authorial
synthesis of the cited sources, not a single laboratory dataset.

Engineering discussion
For hydraulic structures, the most effective material strategy is usually a combination rather than a
single “best” material. In massive but accessible structures under moderate exposure, conventional
reinforced concrete can remain justified if low permeability, adequate cover, good curing, and crack-
control detailing are ensured. Where sulfate-bearing groundwater, chloride contamination, or
frequent wet-dry cycles are expected, concrete with SCMs should be treated as a baseline durability
requirement rather than an optional improvement [3], [8].
In severe exposure zones, particularly splash zones, intake mouths, lock walls, and portions of
hydraulic structures where maintenance access is difficult, either stainless-steel reinforcement or FRP
bars should be considered. Stainless-steel reinforcement is attractive where designers want familiar
steel behavior together with much stronger corrosion resistance [6]. FRP bars are attractive where
eliminating corrosion is the dominant requirement and where code-compliant design can
accommodate lower stiffness and different failure mode [4], [5], [7].
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UHPC is most justified when a structure requires an unusually dense, durable, and high-capacity
material, or where repair intervention must be minimized over a long service life. It is especially
effective for overlays, jackets, thin precast units, hydraulic edges exposed to abrasion, and critical
joints because its dense pore network strongly limits transport of aggressive substances [1], [2]. Even
when the initial cost is high, the expected reduction in repair frequency can make UHPC efficient
over the design life.
The engineering-economic meaning of efficiency can be expressed in generalized form as
E=(RxD)/(Co+Cpn)

where E is efficiency, R is structural reliability, D is durability/service life, Co is initial cost, and Cn,
is maintenance and repair cost over the life cycle. In aggressive hydraulic service, materials with
higher initial cost may still produce a higher overall efficiency when they substantially reduce
maintenance interventions [1], [3], [6].

Material Selection Framework for Hydraulic Structures
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Figure 3. Engineering framework for selecting concrete and reinforcement systems for hydraulic
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Figure 4. Illustrative structural zones of a hydraulic facility and preferred material strategies.
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Conclusions

1. For hydraulic structures, durability should be treated as a primary design objective equal to load-
bearing capacity, because aggressive transport of chlorides, sulfates, moisture, and freeze-thaw action
often governs service life [1], [3], [8].

2. Concrete mixtures with supplementary cementitious materials provide a practical and economical
route to lower permeability and improved sulfate resistance; therefore, they are recommended as a
baseline solution for many hydraulic applications [8].

3. UHPC offers the highest integrated performance in terms of strength and durability and is
especially suitable for critical elements, thin sections, overlays, joints, and severe exposure zones
where long service life is required [1], [2].

4. Stainless-steel reinforcement is one of the most reliable options where designers need steel-like
mechanical behavior together with substantially improved corrosion resistance [6].

5. FRP bars and FRP strengthening systems are promising for highly corrosive environments and
rehabilitation works, but they require design attention to stiffness, temperature effects, and brittle
failure mode in accordance with dedicated standards [4], [5], [7].

6. The most efficient solution for a hydraulic structure is the material combination that minimizes
ingress of aggressive agents and reduces maintenance interventions over the full design life, not
necessarily the combination with the lowest first cost.

References
[1] Russell, H., and Graybeal, B. Ultra-High Performance Concrete: A State-of-the-Art Report for
the Bridge Community. FHWA-HRT-13-060. McLean, VA: Federal Highway Administration, 2013.
[2] Graybeal, B. Material Property Characterization of Ultra-High Performance Concrete. FHWA -
HRT-06-103. McLean, VA: Federal Highway Administration, 2006.
[3] ACI Committee 222. Guide to Protection of Reinforcing Steel in Concrete Against Corrosion
(ACI 222R-19). Farmington Hills, MI: American Concrete Institute, 2019.
[4] ACI Committee 440. Guide for the Design and Construction of Structural Concrete Reinforced
with FRP Bars (ACI 440.1R-15); and ACI CODE-440.11-22. Farmington Hills, MI: American
Concrete Institute, 2015/2022.
[5] National Institute of Standards and Technology (NIST). Reliability of Fiber Reinforced Polymer
(FRP) Composite Systems in Resilient Infrastructure. Gaithersburg, MD: NIST, 2026.
[6] Lollini, F. Review of corrosion behaviour of stainless steel reinforcement in concrete. Cement and
Concrete Research, 2019.
[7] Mohamed, O. A., et al. Durability and Mechanical Properties of Concrete Reinforced with Basalt
Fiber Reinforced Polymer (BFRP) Bars: A Review. Polymers, 2021, 13(9), 1402.
[8] National Academies of Sciences, Engineering, and Medicine. Use of Supplementary Cementitious
Materials for Concrete. Washington, DC: The National Academies Press, 2025.

10 April 2026 19



