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Abstract - Dams are hydraulic structures that are 

designed for various purposes with significant relevance to 

the population for which they are intended. Therefore, their 

durability and operating conditions are factors that deserve 

special attention in both the project and service phases. 

One of the ancillary reinforced concrete structures dams 

with adverse conditions, allowing the arise of several 

pathologies, is the bottom outlet. The high-speed flow 

containing sediments and the high relative humidity present 

are examples of factors with a negative effect on the 

durability of reinforced concrete bottom outlets.  

In this sense, this thesis focuses on the analysis of 

pathologies with frequent occurrence in reinforced concrete 

bottom outlets of dams and on the study of protection and 

repair methodologies for their rehabilitation based on the 

European standard EN 1504 and the guidelines of the 

American Concrete Institute. 

Such knowledge is put into practice by means of a 

rehabilitation of a reinforced concrete bottom outlet of an 

embankment dam, analyzing the pathologies and defining 

procedures for protection and repair. 
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1. INTRODUCTION 

Dams are hydraulic structures which, taking into account 
their surroundings, influence on the environment, longevity and 
performance indexes, always render them situations in which 
great accuracy is needed in the design phase, construction as 
well as in maintenance in the service phase. 

The present work will focus on reinforced concrete 
structures of bottom outlets, whether they belong to concrete or 
embankment dams. Bottom outlets are ancillary structures of 
great importance and indispensable for these structures. 

Bottom outlets allow the flow from the upstream to the 
downstream of the dam, thus providing the following functions 
[2]: 

• Complete or partial emptying of the basin for 

cleaning, inspection or in case of structural risk; 

• Checking of the water level during the first filling 

or in special cases, for example when there is 

instability of the reservoir slope; 

• Assist the evacuation of sediment deposits in the 

basin; 

• Feeding the watercourses. 

The high levels of humidity (without permanent 

submersion) present in bottom outlets favor the occurrence of 

corrosion, whether through carbonation or through the 

achievement of the critical chlorine content. Such phenomena 

causes degradation of the reinforcement, and subsequently, due 

to the appearance of the products of corrosion, cracking can 

occur on the surface of concrete. 

The flow rate in bottom outlets can generally reach values 

in the order of 40 to 50 m/s [3]. Such velocities cause erosion 

of concrete by cavitation, and with the transport of sediments at 

high speed it is also possible the occurrence of erosion. 

For these reasons when the flow velocity exceeds 10 m/s the 

bottom outlet is usually shielded by means of steel liners [3]. 

Another possible solution is to use conventional steel tubes 

inside the reinforced concrete gallery, reducing the hydraulic 

capacity of the section (needs to be verified for each case) but 

avoiding in this way a direct contact of the flow with the 

mailto:joao.leao@ist.utl.pt


2 

 

concrete structure. These structures are anchored to the 

concrete. 

In this thesis will be studied a practical case of a bottom 

outlet of an embankment dam. The case study will serve as an 

example of the application of the concepts of identification and 

characterization of the pathologies as well as the procedures of 

protection and repair discussed throughout the dissertation. 

2. CHARACTERIZATION OF PATHOLOGIES IN 

REINFORCED CONCRETE BOTTOM OUTLETS 

2.1 CORROSION OF THE REINFORCEMENT 

Corrosion of reinforcement is one of the main pathologies, 
with possibility of occurrence in reinforced concrete structures, 
that have a negative effect on their durability. 

Concrete has high alkalinity (pH in the order of 12.5 to 13.5) 
due to the calcium hydroxide formed during the hydration of 
the cement paste. For this reason, a thin passive film of iron 
oxide (γFe2O3) is formed on the surface of the reinforcement, 
which prevents the occurrence of corrosion [4]. In addition to 
the "passivation" of the reinforcement, the concrete covering 
provides a physical protection to the passage of the aggressive 
agents. 

The destruction of the passive film initiates the corrosion 
mechanism. The disappearance of the film can occur due to the 
decrease of the pH in concrete to values lower than 10-11 due 
to carbonation or, when the chloride content in the concrete 
covering exceeds its critical value. 

The corrosion mechanism is an electrochemical process that 
is equal for both carbonation and chloride action. 

The area of the reinforcement that lost the passive film 
works like the anode, occurring in this region the dissolution of 
the steel (see equation 1.1). 

𝐹𝑒 → 𝐹𝑒2+ +  2𝑒−                              (1.1) 

Through the reinforcement, which assumes the function of 
an electric conductor, the electrons released in the dissolution 
process are transported to the cathode, where the oxygen 
reduction occurs (see equation 1.2). 

2𝑒−  +  𝐻2𝑂 +  
1

2
𝑂2  → 2𝑂𝐻−                     (1.2) 

Finally, the hydroxides flow through the concrete, which 
acts as an electrolyte, towards the anode. The combination of 
the hydroxide and iron ions form the iron hydroxide (see 
equation 1.3), and rust will arise from the oxidation of this 
element (see equations 1.4 and 1.5). 

𝐹𝑒2+ +  2𝑂𝐻−  → 𝐹𝑒(𝑂𝐻)2                       (1.3) 

4𝐹𝑒(𝑂𝐻)2 +  𝑂2 +  𝐻2𝑂 → 4𝐹𝑒(𝑂𝐻)3              (1.4) 

2𝐹𝑒(𝑂𝐻)3  → 𝐹𝑒2𝑂3. 𝐻2𝑂 + 2𝐻2                 (1.5) 

The products of corrosion are then created, which due to 
their greater volume (up to ten times higher than steel [4]) will 
create stresses in the concrete, thus causing cracking. 

Chloride ions, unlike carbonation, do not decrease the pH of 
concrete, but when they reach their critical content, they will 

also destroy the passive film. Concerning the critical chlorine 
content, its investigation in laboratory tests showed that when 
the chloride concentration is higher than 0,4% of the weight of 
cement (if the chlorides are already present in the concrete in the 
time of construction) or 0,2% (in case they enter by diffusion) 
the corrosion occurs [1]. 

The process of corrosion due to carbonation is caused by the 
penetration of carbon dioxide into concrete. Its dissolution in 
water will form an acid that will react with the calcium 
hydroxide present in concrete (see equations 1.6 and 1.7) [1]. 

𝐶𝑂2 + 𝐻2𝑂 →  𝐻2𝐶𝑂3                            (1.6) 

𝐻2𝐶𝑂3 +  𝐶𝑎(𝑂𝐻)2  → 𝐶𝑎𝐶𝑂3 +  2𝐻2𝑂             (1.7) 

The higher the permeability of the concrete and its w/c ratio 
the higher the carbonation rate [5]. 

2.2 EROSION 

The erosion of concrete in bottom outlets occurs due to the 
transport of sediments in the flow at high speed. The erosion 
process can be described in three steps (Figure 1) [6]: 

• The water will initially "peel" the concrete surface, 
leaving the aggregates exposed; 

• Then the impact of the particles carried by water in the 
substrate will cause cracks. Consequently, voids are 
created in the substrate along the concrete aggregates 
leading to their removal; 

• With the appearance of voids on the surface of 
concrete, water and its sediments will fill this space 
and remove the concrete. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The concrete resistance to erosion depends on several 
factors, among which: permeability, porosity, w/c ratio and its 
compressive strength. 

When concrete presents high porosity the size and extension 
of the voids created will be considerably greater, thus 
increasing the damages caused by erosion. 

Figure 1: Erosion process on the concrete surface. 1 - Cement paste; 2 

- Aggregates; 3 - Cracking around the aggregates (adapted from [6]). 

 



3 

 

Directly related to porosity is the w/c ratio, and the higher 
the ratio value, the more porous the concrete will be. Thus, 
concrete with low w/c ratio presents lower porosity and, 
consequently, higher resistance to erosion. Studies have shown 
that for three samples with an w/c ratio of 0.28, 0.36 and 0.50 
the erosion rate increased proportionally by about 45% and 
76%, respectively [6]. 

As porosity decreases, the concrete becomes more 
impermeable, leading to the conclusion that the more permeable 
the concrete, the lower its resistance to erosion. Such a 
relationship is approximately linear [6]. 

In another study, Ramesh [7] concluded that erosion 
resistance increases with the use of a concrete with higher 
compressive strength. Besides the use of more resistant 
concrete, the addition of pozzolans, mainly of silica fume, 
presents good results. 

In order to protect the concrete surface against erosion, 
coatings (polyurethanes, epoxides or acrylics) or steel liners are 
usually applied on the surface of concrete [8]. 

2.3 CAVITATION 

In the flow of a liquid, vapor bubbles, also called cavities, 

are formed in areas where the local pressure drops to the vapor 

pressure. When transported to places where the pressure is 

higher than the vapor pressure, the bubbles will collapse, thus 

causing pressure fluctuations, vibrations and noise [9].  

Cavitation occurs when the vapor bubbles collapse near the 

surface of concrete and the forces resulting from its collapse 

overcome the cohesive forces of the material. 

The flow velocity in bottom outlets can reach values 

between 40 and 50 m/s. The destruction of structural elements 

due to the effect of cavitation occurs in situations of flow 

velocities greater than 30/35 m/s [9]. 

In extreme cases of cavitation, the concrete surface presents, 

from the point of origin of the deterioration, large 

discontinuities (holes) usually represented in a pattern called 

"Christmas-tree configuration". 

In bottom outlets in order to protect the reinforced concrete 

surface from the phenomenon of cavitation, steel liners, 

coatings (neoprene or polyurethane) and/or aeration systems are 

generally used. 

2.4 CRACKING 

Reinforced concrete, depending on the atmospheric 

environment in which it is inserted, may or may not develop 

several pathologies. However, in most cases and transversally 

to all types of concrete and all the conditions that surround it, 

concrete will crack. 

Only cracks that compromise correct operation, structural 

behavior, durability or that render the aesthetic aspect of the 

structure unacceptable should be repaired. The EC2 defines 

maximum width of acceptable cracks depending on the 

exposure class of the structure, varying this value, for 

reinforced concrete structures, between 0.3 and 0.4 mm [10]. 

Depending on the type of action that gives rise to cracks 

these can be classified into three categories [11]: 

• Passive, cracks that are stabilized without moving, 

because the cause of their origin no longer exists (e.g. 

plastic shrinkage); 

• Active, cracks that are not stabilized, with cyclic or 

uniformly increasing movements (e.g. corrosion, 

thermal variations, direct actions); 

• Latent, passive cracks that after the repair process can 

become active (e.g. elimination of expansion joints). 

The causes for the appearance of cracking can be divided 

into two large groups: cracking due to structural or non-

structural motifs. 

Cracking due to structural reasons can occur due to applied 

external loads (overload or improper design), temperature 

variations, concrete shrinkage and excessive movement. 

In the case of cracking due to applied external loads the 

cracks width depend essentially on the strength class of the 

reinforcement used, the concrete covering and the spacing 

between reinforcements. The increase of each of these factors 

implies the increase of the cracks width [12]. Thus, a good 

distribution of the reinforcements together with the use of larger 

quantities of steel would be the most viable option to reduce 

cracking. 

Cracking due to non-structural reasons can occur due to 

plastic shrinkage, plastic settlement, thermal shrinkage or alkali 

aggregate reactions.  

Plastic shrinkage is a phenomenon that occurs when there is 

a great loss of water present inside the concrete structure by 

evaporation, leading to its shrinkage. If the shrinkage 

movement is restricted by the innermost concrete, tensions 

arise, resulting in cracking [12]. 

In order to prevent cracking by plastic shrinkage it is 

recommended the use of concrete with low w/c ratio. It will also 

be essential to protect the surface of the concrete structure 

against wind and sun, wet the surface of the concrete after 

placement and start curing as soon as possible [13]. 

Cracking by plastic settlement takes place due to the 

tendency of the concrete to continue to consolidate after its 

vibration. The presence of already consolidated concrete, 

reinforcement and/or formwork will restrict this movement 

creating tensions inside the concrete structure that will lead to 

its cracking [12]. 

The cracking by plastic settlement increases with the use of 

larger diameter reinforcement and its spacing, with the w/c ratio 

of the concrete, with a poor vibration of the concrete and with 

the reduction of the concrete covering [12]. 

2.5 DETERIORATION OF THE STEEL LINERS 

Nowadays, in bottom outlets, steel structures are usually 

anchored to the concrete for routing the flow, thus protecting 

the reinforced concrete structure from erosion. In this thesis, the 
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focus will be on the use of steel liners, anchored to the concrete, 

placed on the walls of bottom outlets. 

Not only the reinforced concrete structure may suffer 

degradation, but the steel liners may also be subject to it. In 

extreme cases disintegration and detachment from the concrete 

surface may occur, thus losing all desired protection 

effectiveness. 

Corrosion occurs when the metal is exposed to an 

atmospheric environment containing oxygen and humidity. In 

the case of bottom outlets steel liners, these are in conditions 

that are conducive to the occurrence of corrosion. 

Under normal conditions corrosion never has a generalized 

effect, starting by attacking at distinct points of the metal which 

are, of course, more susceptible to corrosion. This type of 

phenomenon is called "pitting" [1]. In some cases, corrosion 

may even destroy the steel liner at the point of actuation well 

before it expands to the remaining surface. In the case of bottom 

outlets steel liners another aspect becomes quite adverse, the 

fact that they are placed vertically. Such a position implies that 

corrosion products can slip and fall due to gravity forces. In 

addition, if the products are soluble in water, corrosion currents 

may increase [1]. 

In a study by Abelev [14], several types of steel coated with 

different protective layers were subjected to flow velocities up 

to 60 m/s (Table 1). 

Table 1: Results of laboratory cavitation tests of various types of steel at a 

flow of 60 m/s (adapted from [14]). 

Type of material  Test result 

Carbon steel Signs of “pitting” after 25 hours  

Stainless steel  
No signs of erosion after 200 

hours 

Carbon steel coated 

with epoxy resin 

Some signs of degradation after 

40 hours 

Carbon steel coated 

with rubber 

Some signs of degradation after 

100 hours 

 
 

By consulting the results obtained in the tests, it can be 

concluded that not only the concrete structure may be subjected 

to cavitation phenomena, but also the steel liners may be 

damaged in such circumstances. It is therefore of utmost 

importance not only the protection of the steel liners against 

such phenomena but also the definition of a strict maintenance 

plan. 

3. PROCEDURES OF PROTECTION AND REPAIR BASED ON 

THE EUROPEAN STANDARD EN 1504 AND THE GUIDELINES 

OF THE AMERICAN CONCRETE INSTITUTE. 

3.1 PREPARATION OF THE REPAIR SURFACE 

Before the concrete structure protection and repair 

procedure is carried out, it is essential to prepare the surface so 

that the "new" structure can take full advantage of the properties 

of the applied materials. 

If the area of the structure to be repaired does not need to be 

removed and only the surface needs repair, the concrete should 

be cleaned, by removing any loose material (dust and 

impurities) and eliminating contamination products. Cleaning 

can be carried out using a compressed air jet (it must be ensured 

that it is clean), sand blasting, water or steam jet.  

When the structure has cracks and/or delamination of the 

concrete that jeopardize structural safety or if surface cleaning 

is not sufficient to remove the contamination products, all 

concrete containing these defects should be removed (by means 

of pneumatic hammers, cutting discs, hydro-demolition or 

milling machines). 

Regarding the reinforcement, if they are in good condition, 

although they do not need to be replaced, they must meet the 

following requirements prior to the application of new concrete 

[15]: 

• Must not contain traces of grease, oil, dust, sand or 

other contaminants; 

• The entire diameter of the reinforcement must be 

properly cleaned and its cleaning must not damage the 

structural elements; 

• Concrete and reinforcement must be protected from 

possible contamination, except in the case that the 

cleaning of the reinforcement is carried out 

immediately before the application of concrete; 

• If they are contaminated with aggressive agents, the 

whole circumference of the reinforcement should be 

cleaned with low pressure water jet (18 MPa). 

In situations where there is a large loss of section (usually 

greater than 25% of the original section) a repair of the 

reinforcement will be necessary. This can be done by means of 

additional steel sections in the damaged zone or in more serious 

cases with total reinforcement replacement [11]. 

3.2 CORROSION OF THE REINFORCEMENT 

For the preservation or restoration of the passivity of the 

reinforced concrete element the EN 1504 standard defines five 

procedures. Among them the increase of the concrete covering 

with concrete or mortar and the replacement of the 

contaminated or carbonated concrete. The application of this 

method can be accomplished by applying the concrete or mortar 

by hand, moulded with the use of formwork or by projection. 
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On the other hand, the guide ACI 222R-01 defines various 

materials that offer a greater resistance against the corrosion of 

reinforcement phenomena: concrete containing silica fume, 

polymers or concrete modified with latex. 

The methods laid down in the EN 1504 standard and in the 

ACI guidelines to increase the resistivity of concrete consist of 

surface protection systems. These systems are designed to 

protect the structure against the penetration of aggressive agents 

to increase their durability, as follows: 

a) Hydrophobic impregnation. It is a treatment based on 

silanes, siloxanes or silicones [11] that line the interior of the 

surface pores of the concrete making its surface repellent to 

water. The protection of the concrete surface using hydrophobic 

impregnation can be effective for more than ten years. 

b) Impregnation. It consists on the application of low 

viscosity liquids such as silicates (usually sodium or potassium) 

or some epoxy and acrylic resins [11] which, due to their easy 

absorption, partially fill the pores of concrete. A discontinuous 

fine film (10-100 μm) occupies the concrete surface, thereby 

reducing its porosity. 

c) Coating. It is a process that results in the application 

of a product (acrylic, epoxy, vinyl or polyurethane) that after 

drying forms a continuous protective layer (100 to 5000 μm 

[11]) on the surface of concrete. 

The first step in the application of surface protections is the 

preparation of the substrate. The surface must be cleaned, by 

removing any elements that could jeopardize the effectiveness 

of the repair. 

The application of impregnation and hydrophobic 

impregnation can be done by painting with a roller or spray gun, 

via gel or vacuum method. When it comes to small areas the 

most suitable will be the roller while for larger areas the more 

appropriate would be the spray gun. 

Another procedure recommended in cases where there is a 

risk of corrosion or where corrosion has already started is the 

cathodic protection. This protection system consists of a 

permanent electrochemical method, since the system remains in 

the structure, based on the alteration of the potential of the 

reinforcements. 

The purpose of cathodic protection is to change the potential 

of the reinforcement to more negative values, to force the steel 

to act as a cathode and thus slow or even end corrosion.  

The mechanism of cathodic protection consists on the use 

of a source of direct current that supplies electrons to the steel. 

The current source, in this case, is acting as an anode and may 

be placed on or outside the concrete surface. With the receipt of 

electrons, the reinforcement will suffer a reduction of its 

potential, thus causing an increase in the intensity of the 

cathodic reactions, reducing or suppressing the dissolution of 

the steel [11]. 

Finally, another procedure defined by the EN 1504 standard 

is the re-alkalization. It consists on an electrochemical process 

that has the objective of restoring the passivity of the 

reinforcement, by increasing the pH of concrete, in situations in 

which it has been destroyed by the action of carbonation. 

In a similar way to cathodic protection, its operation consists 

on the application of an imposed current, the reinforcement 

being connected to the negative pole and an external electrode, 

placed on the concrete surface, to the positive pole. Due to the 

passage of current through the concrete, the electrolysis process 

leads to the production of hydroxide ions (OH-), contributing to 

the increase of the pH around the steel to values between 13 and 

14, thus allowing the restoration of the passivity of the 

reinforcement. 

3.2 EROSION 

For repair of reinforced concrete structures with signs of 

deterioration due to erosion, the ACI guidelines recommend the 

use of high-strength concrete reinforced with steel fibers 

containing silica fume or polymers. In addition to the 

application of repair mortars, the EN 1504-03 standard defines 

the use of coatings and impregnations as a method of protection 

against erosion. As a protection methodology, the ACI 210R-

93 guide also defines the use of steel liners. 

Silica fume is a material of pozzolanic characteristics 

composed of particles typically averaging a diameter of 0.1 μm 

(100 times less than Portland cement) [5]. 

Due to their small size, the silica fume particles will fill the 

pores present in the cement-aggregate border thus reducing the 

porosity of concrete. The presence of silica fume in these zones 

will consequently cause a reduction of the permeability of 

concrete and increase the binding forces between the 

cementitious paste and the aggregates which will translate into 

a significant increase in the compressive strength of concrete. 

Due to the reduction of the permeability of concrete and the 

increase of its resistance, the presence of silica fume will 

consequently improve its abrasive resistance, reducing its wear 

depth due to erosion by about 25 to 35% [16]. 

Another solution is to reinforce concrete with steel fibers 

(length less than or equal to 50 mm and diameter between 0.3 

and 0.5 mm) in an amount of about 80 kg/m3 [5]. The 

incorporation of steel fibers in concrete improves its resistance 

to compression. For high flow velocities, the erosion resistance 

is significantly improved. 

It is also recommended the use of polyurethane and 

neoprene coatings for the protection of concrete against erosion. 

It should be noted that attention must be paid to the bonding of 

these materials to concrete, as any defect can significantly 

reduce the effectiveness of the protection system. In addition to 

the application of the coatings, the impregnation of the concrete 

substrate has been the target of several studies, usually with 

success, and has already been used with excellent results in the 

Detroit Dam, United States [17]. 
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Figure 2: Injection of cracks with polyurethane resins 

(photo courtesy of Prof. Rui Vaz Rodrigues) 

3.3 CAVITATION 

As in the case of the erosion resistance of concrete, an 

increase in the compressive strength and a lower w/c ratio lead 

to a higher resistance to cavitation. Thus, as for erosion, the ACI 

210R-93 guide recommend as good repair solutions of 

structures subject to cavitation the use of high strength concrete 

reinforced with steel fibers or containing silica fume. 

In addition to these materials, the guide also refers the 

application of epoxy concrete or mortar, in which cement is 

replaced by epoxy resins. The resistance to cavitation for this 

type of material is about 10 to 100 times greater than traditional 

concrete, but some problems related to the cost associated with 

its use make this solution impracticable nowadays. 

Another common solution to both concrete erosion 

pathologies is the application of steel liners on the walls of the 

bottom outlets to protect the surface of the concrete.  

One of the solutions to avoid cavitation in bottom outlets is 

the aeration of the flow. Studies have shown that, for flows with 

a velocity of about 30 m/s, the degradation (in terms of weight 

of concrete lost) due to cavitation can be reduced by half when 

an air concentration of 1% is achieved. 

For flow rates in the order of 45 m/s it was found that air 

concentrations at the base of the flow between 7 and 8% are 

also sufficient to prevent degradation of reinforced concrete 

structures due to cavitation. The introduction of air into the flow 

can be accomplished by pumping or by producing a region of 

pressure below the atmospheric by using baffles, ramps or steps 

that will introduce air into the flow. The second alternative is, 

in general, the most commonly used because of the economic 

costs associated with pumping air. 

3.4 CRACKING 

The crack repair procedure common to EN 1504 and to the 

ACI 224.1R-93 guide is crack injection. In addition to the 

injection, the ACI guide also refers the superficial sealing of 

cracks. It should be noted that for the repair to have the desired 

success it will be necessary to identify with exactness the 

location and extent of the cracks and to determine the cause and 

type (passive, active or latent) of the same before choosing the 

method to be used [12]. 

Injections are a method with fast execution and that when 

well performed ensure good structural safety, however they 

require a skilled workforce and their application may be limited 

by ambient temperature [12]. 

The EN 1504-5 classifies the injection products into three 

distinct categories: 

• Category F, materials with good adhesion to the 

concrete that are able to transmit forces through cracks 

and defects (e.g. epoxy resin and cement mix); 

• Category D, materials capable of withstanding 

movements after application (e.g. polyurethane 

resins); 

• Category S, materials that after their reaction and 

when in contact with water expand providing 

impermeability to the cracks. However, its adhesion to 

the concrete is deficient (e.g. acrylic gel and 

polyurethane resins). 

Epoxy resins have a good adhesion to concrete, except when 

it has a wet surface [5], and can restore the structural strength 

of the concrete element. However, due to their high modulus of 

elasticity, they are not an effective solution when the structure 

will undergo additional deformations. In relation to 

polyurethane resins (Figure 2), these are essentially used when 

cracks are encountered with water and are intended to ensure 

leak tightness or in situations where there is great possibility of 

movement of the cracks. 

 

 

 

 

 

 

 

 

 

 

The injection application process goes through the 

following steps [12]: 

2) Cleaning the cracks. The first stage of the repair will be 

to clean the cracks by removing all contamination products (oil, 

grease, sand or other debris) in order to ensure the best adhesion 

conditions between the injected material and the concrete.  

3) Sealing of cracks. When there are narrow cracks and if 

the concrete element does not present major damage, they 

should be sealed in order to prevent the injection material from 

coming out before hardening. 

4) Installation of the injection nozzles. Drill holes are 

provided for insertion of steel tubes to connect to the injection 

machine. It is recommended to place tubes on all exterior 

surfaces of the element of repair and at all cracks bifurcation 

points if there are any.  

5) Mixing of resin components. The mixture can be made 

by two different methods. The first consists of a mixture 

(usually using mechanical processes) prior to application 

according to the manufacturer's instructions. This method is 

referred to as "batch" or batch method. Another method is the 

continuous method in which the resin and the hardener pass 

through metering pumps before entering the mixing head [5]. 

6) Injection. When the injection product used is a cement 

mix, prior to application the cracks should be saturated with 
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water. If resins are used and if cracks are wet it is advisable to 

dry them internally prior to injection (except for resins that 

require contact with water to react) [5]. Generally, 24 h after the 

sealing application, injection can be started.  

The injection process should be carried out uninterrupted 

until the end, always paying attention to the pressure so that 

it does not exceed the resistance of the surface sealing [5]. If 

the resin consumption is being excessive without reaching the 

next tube, the injection process should be interrupted until the 

cause is determined. In vertical cracks the process of injection 

should be carried out the bottom to the top of the crack. In the 

case of horizontal cracks the injection should begin in a 

central hole and be performed alternately in the adjacent 

holes. 

7) Removing the seal. After the injection material has 

hardened the seals, injection tubes and excess resin that are 

visible should be removed. 

3.5 PROTECTION OF THE STEEL LINERS 

One of the procedures for protection of steel liners against 

corrosion is the application of paint systems, a subject 

addressed by ISO 12944 for carbon or light alloy steels with a 

minimum of 3 mm thickness [18]. In the process of selecting 

the paint system to apply ISO 12944 defines a variety of factors 

to consider in order to optimize both the performance and the 

investment of the solution to be applied. 

Depending on the atmospheric characteristics in which the 

structure is inserted the corrosion rate may vary. This will be 

dependent on the relative humidity of the air, the occurrence of 

condensation on the steel surface, the presence of UV radiation 

and the amount of pollution present in the atmosphere [18]. The 

ISO 12944 standard thus defines categories of aggressiveness 

of atmospheric corrosivity in terms of loss of mass or thickness 

of standard samples. 

Taking in to account the aggressiveness of corrosion 

category and the durability intended for the protection it can be 

defined: the type of paint to be used; the total thickness of the 

paint system; the required surface preparation; the minimum 

and maximum coating intervals. 

4. PRACTICAL CASE OF A REINFORCED CONCRETE 

BOTTOM OUTLET 

The case study of this dissertation focuses on the 

rehabilitation and reinforcement of a concrete structure of the 

bottom outlet type integrated into an embankment dam, based 

on a practical case. 

Several pathologies were found in the bottom outlet, and in 

this chapter the characterization of all of them will be carried 

out and, later, their protection and repair procedures will be 

defined. 

Three distinct cracking zones were found (Figure 4), with 

the cracks present in the bottom outlet itself (D3 in Figure 4) 

and in the upper and lower access/aeration zones. The 

maximum crack width reached 10 mm, exceeding the 

maximum allowable size. Through the realization of a 

calculation model it was possible to conclude that the cracks 

had a structural nature. 

In some areas of the bottom outlet, there were visible 

reinforcements with signs of corrosion, due to the delamination 

of the concrete covering (Figure 3). It is possible to conclude 

that the concrete covering in this situation was insufficient, and 

that this fact increased the corrosion of the reinforcement. 

Consequently, due to the tensions created by the appearance of 

products of corrosion (greater volume than steel) the 

detachment of the concrete covering occurred. This pathology 

probably occurred due to a poor execution of the construction 

work (there being an imperfect fulfilment of the covering) in a 

corner zone where the propensity of this type of pathology is 

higher.  

 

 

 

 

 

 

 

 

 

 

Due to the corrosion type and due to the fact that it is not 

visible a dissolution of the reinforcement in large quantities, it 

may be considered corrosion by carbonation, since the structure 

is located away from the sea, and no evidence exists of high 

chloride ratios. 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4: Layout of the structure with reference to the cracking 

zones (A - access/aeration zone, D - bottom outlet). 

Figure 3: Corrosion of the reinforcement, with delamination of 

the concrete covering, in the bottom outlet (photo courtesy of 

Prof. Rui Vaz Rodrigues). 



8 

 

Concrete degradation zones were found and it was possible 

to observe the aggregate exposure on the surface (Figure 5). 

More severe cases of concrete degradation were observed, with 

large cavities on its surface. Such signs of deterioration are due 

to erosion of the concrete due to the transport of sediments in the 

flow at high speed. 

 

 

 

 

 

 

 

 

It is still possible to observe the deterioration of the steel 

liners, occurring its detachment from the walls of the bottom 

outlet and its almost total disappearance on the surface (Figure 

6). Such deterioration occurred due to the corrosion of the steel. 

It is possible to observe the destruction of small areas of the 

vertical liners. Such holes created by the corrosion allowed the 

water of the flow to enter the border between the concrete and 

the steel liners leading to its detachment. 

 

 

 

 

 

 

 

 

 

 

4.1 POSSIBLE PROCEDURES OF PROTECTION AND REPAIR 

a) Repair of the cracks 

Product to apply:  

• Injection resin with epoxy base, the type of “Sikadur-

53” or equivalent. 

 

 

 

Repair scheme: 

1. Removal of grease, oils, old coatings and loose 

particles, the cracks should be clean and dry; 

2. Creation of a "V" section aperture, centered with the 

axis of the crack, about 30 mm wide and 10 mm deep. 

Cleaning of the dust created. Sealing of the crack with 

an epoxy resin; 

3. Drilling holes in the sealant material, with a spacing of 

0.75 m, to place the tubes that will connect with the 

injection system; 

4. Mixing the components of Sikadur-53 material 

through a batch process; 

5. Injection of the material (24 hours after sealing). Due 

to cracks being horizontal, the injection should begin 

in a central hole and be performed alternately in the 

adjacent holes. 

b) Repair of concrete deteriorated by corrosion of the 

reinforcement 

Products to aplly: 

• Adhesive and corrosive coating agent for application 

on the reinforcement, the type of “Sikatop Armatec 

110 EpoCem” or equivalent; 

• Application of a structural repair mortar with 

resistance class R4 according to EN 1504-3, the type 

of “Sika Monotop-412 SFG” or equivalent; 

• Application of an adjustment layer with resistance 

class R3 according to EN 1504-3, the type of “Sika 

Monotop-723 N” or equivalent. 

Repair scheme (Figure 7): 

1. Removal of degraded concrete up to 10 mm bellow the 

reinforcement, or up to 30 mm below the 

reinforcement if it needs replacement; 

2. Cleaning of reinforcement with low-pressure water jet; 

3. Cleaning and preparation of the repair substrate 

(removal of oils, dust, debris and any elements that 

may affect the adhesion of the new material); 

4. Protection of the reinforcement by application of an 

anticorrosive coating, the type of “Sikatop Armatec 

110 EpoCem” or equivalent, with a minimum of two 

layers with 2 mm each; 

5. Wet-mix shotcrete application of a structural repair 

mortar with resistance class R4 according to EN 1504-

3, the type of “Sika Monotop-412 SFG” or equivalent 

with a minimum thickness of 40 mm; 

6. Wet-mix shotcrete application of a adjustment layer 

with resistance class R3 according to EN 1504-3, the 

type of “Sika Monotop -723 N” or equivalent and a 

minimum thickness of 1 mm. 

Figure 5: Erosion of concrete, with exposure of the 

aggregates, after the disappearance of the steel plates (photo 

courtesy of Prof. Rui Vaz Rodrigues). 

Figure 6: Corrosion and detachment of the steel plates 

(photo courtesy of Prof. Rui Vaz Rodrigues). 
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c) Repair of concrete deteriorated by erosion 

Products to apply: 

• Adhesive and anti-corrosion protection agent, the type 

of “Sika Monotop 910-N” or equivalent; 

• Application of adhesion primer, the type of “SikaTop 

121” or equivalent; 

• Application of an erosion protection mortar with 

resistance class R4 according to EN 1504-3, the type 

of “Sika Abraroc SR” or equivalent; 

• Application of an adjustment layer with resistance 

class R3 according to EN 1504-3, the type of “Sika 

Monotop-723 N” or equivalent. 

Repair scheme (Figure 8): 

1. Cleaning and preparation of the substrate, creation of 

simple repair geometric shapes; 

2. Cleaning of the reinforcement by brushing or 

polishing. Application of an anticorrosive coating the 

type of “Sika Monotop 910 N” or equivalent; 

3. Application of an adhesion primer the type of 

“SikaTop 121” or equivalent; 

4. Application of a structural repair mortar with 

resistance class R4 according to EN 1504-3, the type 

of "Sika Abraroc SR" or equivalent, with a minimum 

thickness of 40 mm; 

5. Application of an adjustment layer with resistance 

class R3 according to EN 1504-3, the type of "Sika 

Monotop -723 N" or equivalent, with a minimum 

thickness of 1 mm; 

 

 

 

 

 

 

 

 

d) Protection of the steel liners 

Products to apply: 

• Application of a primer in the transport and storage 

stage, the type of “Hempel Shopprimer ZS 15980” or 

equivalent; 

• Application of an epoxy primer, the type of “Hempel 

Hempadur Zinc 17360” or quivalent; 

• Application of a corrosion protection with a good 

resistance to abrasion, the type of “Hempel Hempadur 

Quattro 17634” or equivalent; 

• Application of a finish, the type of “Hempel 

Hemuthane Enamel 58510” or equivalent. 

Repair scheme: 

1. Application of a primer the type of "Shopprimer ZS 

15980" or equivalent with a thickness between 20-25 

μm; 

2. Cleaning of the steel liner surface (free of oils, grease 

and other contaminants) and surface preparation with 

abrasive blasting of grade Sa 2
1

2
. Application with 

pistol of a primer the type "Hempadur Zinc 17260" or 

equivalent and thickness of 60 μm; 

3. Application of two layers of a corrosion protection 

paint, the type of "Hempadur Quattro 17634" or 

equivalent, with pistol and thickness of 100 μm each. 

The surface must have an abrasive jet blasting grade 

of Sa 21/2; 

4. Finishing application with pistol, the type of 

"Hemuthane Enamel 58510" or equivalent, with 60 

μm. 

5. CONCLUSION 

In this dissertation, a practical case of a reinforced concrete 
bottom outlet with signs of deterioration due to several causes 
was studied, and a rehabilitation approach was developed for 
each pathology. 

The procedures of protection and repair as well as the 
materials suitable for each case were addressed based on the 
European standard EN 1504 and the guidelines of the American 
Concrete Institute. The choice of materials suitable for the type 
of structure in question is of particular importance. Through the 
study of several examples of structures with signs of excessive 
deterioration it is possible to conclude that this occurs in many 
cases due to a poor choice of materials to apply. 

For the practical case, a computational model was 
developed to investigate the cause of the appearance of cracking 
in the structure. It was concluded that some of the cracks had a 
structural nature. This can be the case in "old" reinforced 
concrete structures that were built in the middle of the XX 
century, due to the less refined computational analysis models 
available at that time. 

Figure 7: Outline of the steps 4, 5 and 6 of the repair 

process. 

Figure 8: Outline of the steps 2, 3, 4 and 5 of the repair 

process. 
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It was defined not only the procedures of protection and 
repair for each of the pathologies as well as the materials to be 
applied in each specific case. It should also be noted that in 
some cases associated with a significant degradation of 
concrete, the technique of partial demolition and rebuilding of 
the reinforced concrete of the structure should be evaluated. 

In future work the focus would be in a comparative study on 
the durability and the economic factor associated, on the one 
hand, with the use of steel liners for the protection of concrete 
and, on the other hand, with the alternative approach of using 
conventional steel pipes with a loss of the hydraulic capacity. 
Thus, providing additional information for a more effective 
choice between the traditional rehabilitation approach or the use 
of an alternative methodology. 

 

REFERENCES 

 

[1] BROOMFIELD, John P., “Corrosion of steel in concrete – 

Understanding, investigation and repair”, E & FN SPON. 

[2] QUINTELA, A. Carvalho (1990), “Estruturas 

Hidráulicas”, Instituto Superior Técnico. 

[3] SCHLEISS, Dr. Anton (2008), “Aménagements 

Hydrauliques”, École Polytechnique Fédérale de 

Lausanne. 

[4] VIEIRA, Nuno Henrique Pinto (2016), “Estudo e 

Reabilitação de um viaduto”, Dissertação para a obtenção 

do grau de Mestre em engenharia civil, Instituto Superior 

Técnico. 

[5] BRITO, Jorge, FLORES, Inês (2005), “Diagnóstico, 

Patologia e Reabilitação de Construções em Betão 

Armado”, Apontamentos da cadeira de Patologia e 

Reabilitação da Construção, Instituto Superior Técnico. 

[6] LIU, Yu-Wen, YEN, Tsong, HSU, Tsao-Hua, (2005), 

“Abrasion erosion of concrete by water-borne sand”, 

Cement and Concrete Research. 

[7] KUMAR, Ramesh, “Abrasion resistance of concrete 

containing marginal aggregates”, Construction and 

Building Materials 

[8] ACI 210R-93 (1998), “Erosion of Concrete in Hydraulic 

Structures”, ACI Committee 210. 

[9] QUINTELA, A. Carvalho., RAMOS, C. Matias., (1980), 

“Protecção contra a erosão de cavitação em obras 

hidráulicas”, Ministério da habitação e obras públicas, 

LNEC. 

[10] Norma Portuguesa EN 1992-1-1 (2010), “Eurocódigo 2 - 

Projeto de estruturas de betão”, Instituto Português da 

Qualidade. 

[11] COSTA, A. (2011), “Reparação de Estruturas de Betão”, 

Folhas de apoio às aulas de Reabilitação e Reforço de 

Estruturas, Instituto Superior Técnico. 

[12] ACI 224.1R-93 (1998), “Causes, Evaluation and Repair of 

Cracks in Concrete Structures”, ACI Committee 224. 

[13] COSTA, A. (2011), “Corrosão do aço e deterioração do 

betão”, Folhas de apoio às aulas de Reabilitação e Reforço 

de Estruturas, Instituto Superior Técnico. 

[14] ACI 222R-01, “Protection of Metals in Concrete Against 

Corrosion”, ACI Committee 222. 

[15] Norma Portuguesa EN 1504 (2006), “Produtos e sistemas 

para a proteção e reparação de estruturas de betão”, 

Instituto Português da Qualidade. 

[16] ACI 234R-06, “Guide for the Use of Silica Fume in 

Concrete”, ACI Committee 234. 

[17] ACI 210R-93 (1998), “Erosion of Concrete in Hydraulic 

Structures”, ACI Committee 210. 

[18] European Standard EN ISO  12944 (1998), “Corrosion 

Protection of Steel Structures by Protective Paint 

Systems”. 


