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1. Introduction

Chloride ingress, due to capillary suction or diffusion, is one of the most important causes of corroson
of the reinforcement in concrete sructures. Thisis certainly the case for congructions that are highly
exposed to chlorides such as on-shore congructions in marine environment. Those structures can be
protected by means of a protective coating or by a water-repdlent agent. The effectiveness of weater-
repdlent agentsis being studied in the Reyntjens Laboratory. Based on experimentd results, it was
decidedin 1993 to gpply this treatment on the quay-wal of the new container termina a Zecbrugge
harbour. In 1996, aresearch program was executed to eval uate the effectiveness of the treatment after
3 years of exposure in the real marine environment of the North Sea Coast.

This paper gives abrief overview of the durability problem of concrete structuresin marine environment.
The production, application, working mechanisms of hydrophobic agents and their behavior after 3
years of real marine exposure are discussed.

A probability method is proposed for interpretation of test results and prediction of the service life of the
quay-wal. Once the chloride profiles are determined, aredlization of the random diffusion coefficient is
obtained a each point for which there is ameasurement of the chloride content. These are used to
estimate the probahility dendty function of the diffuson coefficient. A rdliability analyssis subsequently
performed for different places on the quay-wall. A reinforced concrete eement is considered to have
failed in the andyss when corroson initiates at the reinforcement, i.e. after acertain chloride
concentration threshold is reached at the reinforcement. The probability of corrosoninitiationintimeis
cdculated for different locations at the quay-wal. The rdevance of the mathematica modd will be
discussed.

This paper contributes firgly to the idea of increasing the durakility of concrete by means of a preventive
hydrophobic trestment against chloride ingress. Secondly it illustrates the methodology for life time
prediction usng a combination of an in-field testing program, the mathematica modeling of the
degradation process due to the action of chloride ions in the environment of exposure and the religbility
approach.

2. The durability problem of concrete structuresin a marine environment
Chloride ingressis one of the most important actorsin the corrosion process of concrete reinforcement
rods. Especidly for off-shore and marine congtructions the expositionto chlorides from sea water and
marine air play an important role. Also, the concrete of swimming- pools or sanitarian ingalationsis
heavily exposed to water rich at chlorides. Theingress of chloride ionsinto the pores of concreteis
caused by diffuson through the pores if they arefilled with water or by capillary suction if the pores are



empty. When the chloride ions reach the reinforcement bars, the passivating oxide layer may be
depassivated, which initiates the loca corrosion of the rods.

The chloridesin the concrete either come from the components of the fresh mix (water, sand,
aggregetes, additives), or from externa contamination agents (marine environment, de-icing sdts). The
chlorides, present in the mix, react in different ways [3] : apart (5%) formsinsoluble sats or islocked in
apore of the dlicatesthat are insoluble in water, a part (85 till 90 %) forms soluble sdts (St of Friedd

: GA.CaCl.10H,0) and a part (5%0) can be found in the concrete as free chlorides, in solution, or
easily soluble by adding water.

The chlorides coming from externa contamination agents after the hardening of the concrete, reect very
little with the solid phase of the concrete, and can be found in the concrete as free chlorides. The water
soluble sdlts (Sdt of Friedd) act as a stock of free chlorides. In the presence of these sdlts, the water in
the pores will enrich itsalf with chlorides until afina concentration is reached that equds the product of
solubility. The chlorides that stand for the corrosion risk of the reinforced concrete structure are the
chlorides in the pore water (the free chlorides) and apart of the soluble chlorides.

Atthe sametimeit isafact that the risk for rust, with a given amount of chlorides in the pore weter, will
be much higher for a carbonated concrete structure.

For congtructionsin a marine environment or for constructions atacked by de-icing sdts, the chlorides
will penetrate through the concrete cover in ardatively short time, and when they reach the stee!
reinforcement surface, the corrosion process can start. Depending on the amount of chlorides, the
corrosion process can take place in an dkaine environment.

3. Quay-wall of the container terminal at Zeebrugge

In order to increase the durability of the concrete, it was decided to apply an hydrophobic trestment on
the quay-wall of the container termind a Zecbrugge. The condruction of the container termina at
Zeebrugge was ordered by the Ministry of the Flemish Community, Sea-Harbour Divison and finished
in 1993. Figure 1 gives agenerd view of the quay-wal. This quay-wal is constructed on top of
cylindrica sunk down reinforced cells (caissons). The origind concept of preventive corroson
protection provided in the use of epoxy coated steel reinforcements. For practica reasons of ease of
goplication it was decided to gpply an dternative solution, consisting of a hydrophobic trestment with
highly concentrated solvent-free compounds based on isobutyl- triethoxy-silane in order to prevent it for
damage caused by (1) chloride penetration, (2) pitting corrosion and (3) AAR.

By means of a preliminary research program [6] , the effectiveness of the hydrophobic agent was
evauated by the following criteria: 1) deep and active penetration to obtain a strongly improved long-
term protection, 2) being applicable in combination with additiona protective coatingsin a multi- layer
system, were the additional layers are applied to dow down the progress of the carbonation front, 3)
easy gpplication on the Site : no specia conditions should be required concerning : pH, moisture content
and temperature of the concrete substrate (- 15 till 45 °C) and 4) being environmentd friendly. A
solvent-free product should be preferred.
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Figure 1: Plan view and cross-section of the quay-wall and locations of the cores

4. Production, application and wor king mechanism of silanes

Various generations of protective products have been developed to counteract the aggressive actions of
the environment againgt concrete. Good results have been obtained with barrier-penetrants : after
penetration in the concrete they form a barrier againgt water and the sdtsdissolved init. Different
families of these hydrophobic agents or waterproofs are aready being used for many yearsin
congtruction indudtry : silicones, siloxanes, slanes, ... . The sllanes used for waterproofing are mostly
dkyl-triakoxy-slanes and thus monomer products. The siloxanes are oligomer or polymer
dkyl-akoxy-sloxanes.

The gtarting product for al dlicont organic compounds is akyl-trichloro-dlane, figure 2. Infigure 2, the
akyl-group is represented by the symbol R. By transformation of this slane with acohol (R'-OH) only,
the corresponding akyl-trialkoxy-slane is produced together with separation of hydrogen chloride.
The reaction with acohol and weter gives oligomer or polymer siloxanes, depending on the amount of
water used. The last two products differ in their degree of polymerization, see figure 2

The hydrophobic trestment reduces the absorption and trangport of liquid water and sats dissolved init.
Wheregs the penetration of water in liquid form should be entirely prevented, the waterproofing should
hardly reduce the diffusion of water vapor. The water-repellents must penetrate as deep as possible
into the concrete subsirate to obtain a guaranteed long-term durability. At the same time amaximum
penetration depth is an essential prerequisite for an effective protection against chloride ingress and
chloride induced corrosion of the reinforcements. The penetration capacity of the waterproofing agent
and its concentration gradient depend on system specific parameters such as molecular size of the active



organo-silicon compound and on the type of solvent used for dilution. Besides, the penetration and the
concentration of the active ingredient so depend on the porosity and the permesbility of the concrete
substrate, on the amount of waterproofing materia gpplied, on the water content of the substrate..... .
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Figure 2: Chemicd stepsin the production of siliconorganic compounds

Furthermore, a good water-repdlent is characterized by a high dkai resistance and improves the
resstance of the substrate againgt freeze-thaw action. Findly, there should be no undesirable side
effects such as color changes of the surface or film formation. Waterproofs generdly do not provide
effective protection against carbonation caused by amospheric CO,. A waterproofing can only affect
the carbonation behavior through changes in the water content of the substrate [2].

Of the dlanes, isobutyl-triethoxy-silane (IBTEO) based water-repellents have been found to be
particularly suitable for waterproofing, especidly if gpplied on low porosity congtruction materids [6].

| sobutyl-triethoxy- silane penetrates deeper in the concrete substrate than other silicon-organic
compounds, in particular compared to Sloxanes. As a consequence, a much longer durability is
achieved. The good performances were confirmed in forced chloride penetration tests [7].

The action of hydrophobic agents sems from their dua character with both hydrophobic aswell as
hydrophilic properties, figure 2. The efficiency, sability and durability of the molecule are determined
by its nature and magnitude. The hydrophilic components react with water. At this reection, ethanal is
separated. The produced silanol can be described as an akyl-slica compound. Thishighly reective
compound reacts with neighboring molecules to make polymers.

Thedlanal isdso adle to react with the inorganic surfaces in the concrete pores. The thus chemicaly
bonded alkyl-groups form a protective coating for the concrete. Capillary suction is not only
counteracted, but even reversed. The capillary forces prevent the penetration of liquid weter, even if the
water is pressurized. This effect can be compared with the working of awater- proof raincoat. Unlike
sloxanes, and thanksto itsdua character, the isobutyl- triethoxy-silane is a so applicable on wet
concrete substrates without remarkable influence on the penetration depth. The adhesion between the
treated surface and an eventualy additiond coating is not affected aswell. In the series of methyl-,
ethyl-, propyl- and isobutyltriethoxy-slane, the IBTEO waterproofing agent has the smdlest hydrolyss



reaction speed, which enables its maximum penetration. Moreover, this penetration capacity is further
improved by the lower surface tenson of the solvent-free sllane, compared to solvent containing, diluted
dlane mixes. Thelower hydrolyss speed keeps the IBTEO hydrophilic during alonger time, and alows
it to penetrate into wet concrete pores before the hydrophobic interfaces are formed.

5. Testing program after 3 years of in-service exposure

In 1996, the in-service performance of the IBTEO water- repellent was evauated [8],[9] on cylindrica
corestaken at different locations in the quay-wall (figure 1) : treated (location 2) and non trested
(locetion 1) locatiors, in the tidal zone, above water level and on top of the quay-wall.

To get aglobd view of the effectiveness of the hydrophobic agent, following characteristics were
measured : penetration depth, porosity, pH at following depths : 0-9 mm, 11-20 mm, 40- 60 mm,
carbonation depth, compressive strength, cement content and chloride content.

The characterigtics relevant for this pgper are summarized intable 1. A full report can be found in
earlier papers[6], [10]. The pH-vauesare somewhat higher at the non-treated location. In the treated
part, pH vauesfrom 12 to 12.5 were found, in the non-treated part values around 12.8 were
measured. However, al pH-vaues are in the region of passvation.

Fully corresponding results are obtained by the measured carbonation depths. For the non-treated
locations, the carbonation depth is limited to 1 mm, for the trested locations a carbonation depth up to 5
mm is measured, which declares the lower pH-vauesin the first zone which are mean vauesfor adepth
fromO till 9 mm. The used water-repdlent has no protective influence on the carbonation process of
the concrete, as mentioned before. The measured penetration depth of the water-repdlent waslimited
to 3.5 mm, which islower than the results obtained in the laboratory tests.

The chloride content was measured at the following depths : 0-9 mm, 11- 20 mm, 40-60 mm.

The content profiles of water soluble chlorides are shown in figure 3. The chloride contents were
determined by means of wet chemicad analys's, according to the Belgian Standard NBN B15-257. The
chloride content, obtained by wet chemicd andysis, equals the amount of free chlorides and a great dedl
of the chlorides, bound under the form of the Sdlt of Frieddl which dissolves in the water during
extraction. Infact, these water soluble chlorides mean the redl danger for corrosion of the
reinforcement.

The relation water soluble to acid soluble chloride content amounts 94 % in our tests[6]. Thus, the
chloride content, present at the binding and transformed into insoluble chloridesis very redtricted. The
chloride loading isfor the greater part caused by the externa contamination, i.e. the marine environment.
It can be observed that the chloride content in the nontrested zones is Sgnificantly higher than in the
trested zones. The absence of an effective barrier, combined with the relatively high porosity, dlowed
the chlorides to penetrate very deep in the concrete. On the contrary, the chloride contentsin the
treated zones are il at acceptable level, and combined with the low carbonation depth, they present no
danger for reinforcement corrosion.
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Figure3 : Water-soluble chloride content by weight of cement at different depthsin the cores

6. Servicelife prediction, areliability analysis

Based on the measured materia properties and chloride profiles, aservice life prediction can be
performed using rdiability and stochastic concepts. It is becoming increasingly important to be able to
predict the service life of concrete for new congtructions and/or concrete in-service. For example, life
predictions are a necessary input to life-cycle cost models, which consider both the durability and cost
of concrete. While this gpproach is not often used, it islikely to have an increesingly important rolein
designing and evauating concrete because of &) applications that require sgnificantly increased service
lives (as off- shore congtructions), b) increased use of concrete in harsh environments (marine climate),
c) the high cost of rebuilding and maintaining the nation’s infrastructure, and d) the development of high
performance concrete for which arecord of long-term performance is not available [1].

Thereiability analysis presented here is gpplicable to concrete deterioration associated with stedl
corrosion initiated by the action of chlorideions. A smilar analysis can be performed for other
deterioration processes as long as the mathematical formulations governing the deterioration mechanisms
aeavailable.

With the present state of knowledge, it is virtualy impossible to introduce a mathematical mode taking
into account dl the variablesinvolved in the corrosion process. To estimate the service life of agiven
concrete e ement, many assumptions have to be made. To mode the chloride transport processin a
porous materid, it is assumed that Fick’s second law gpplies, athough it is a smplified representation of
redlity.

Fick’s second law describes the transport of chloridesin the concrete due to diffusion. As seen before,
the diffuson processis only vaid in saturated conditions. When the pores are empty, capillary forces
drag the outside solution into the concrete, bringing the sdtsaong. Other assumptions are made that
are not vaid for concrete. In the derivation of Fick’slaw it is assumed that the porous materid is
homogeneous, that the medium is nonreactive and nonadsorptive, which are not vaid for concrete [5].



Degpite the differences between the assumptions on which Fick’s law is based and redlity for the
application intended, Fick’ slaw gill provides the only way available to modd chloride diffusion into
concrete. Anyway, the same analysis as presented here, can be performed on more accurate models.

The diffusion law, Fick's second law for one-dimensiond chloride diffusion into concrete, takes the

form:
dCZd?DdCQ, )
dt dx dx @

in which concrete is assumed to be a homogeneous, isotropic materid. When it is assumed that no

reaction occurs between the concrete and chlorides, an explicit solution of this differentid equation can

be obtained, using the following boundary conditions :

- C(xt=0) =C,, 0<x < ¥ (theinitid chloride concentration in the concrete mix) and

- C(x=0t) =Cg, 0 <t < ¥ (the chloride concentration loading from the marine environment)

_ e X 0
C.(41)=Cy+ (Cs- Cy) erfe Tt @

inwhich C;(x,t) isthe amount of chlorides on timet at a distance x from the concrete surface.

A rdiability anadyss provides a means to eva uate the probability of failure of acomponent. Theterm
component describes a sructure or structurd eement whose limit state function is defined in terms of a
single, continuous function known as the limit state function [4]. In the present problem, where only the
diffuson coefficient D is consdered to be random, the limit state function g(D) can be written as:
9(D)=C; - (D). 3
where C; isthe threshold chloride concentration and C(D) is the chloride concentration at a distance x
from the exposed concrete surface at timet.
The function g(D) - the limit sate function - is podtive only if the concrete dement isin a“safe’ date,
i.e. the chloride concentration &t the reinforcement (at a distance x from the concrete surface) isless
than the threshold concentration. Having the probability density function of the diffuson coefficient D,
the probability that the chloride concentration C;

is exceeded can be expressed as:

P =P(C>C)=1- F(C,), (4)
where F(C;) isthe cumulative distribution function of C. Asaresult of the one-by-oneréeationship
between C and D, the exceedance failure probability can be rewritten as:

P =P(C>C)=P(D>D;)=1- Fy(Dy) , ©)
where F,(Dy;) isthe cumulative distribution of D, and D+ is the threshold diffusion coefficient obtained
by inversion of the solution of Fick'slaw : D, =f%(C;). Assuming that the diffusion coefficient hasa
lognormal didtribution the exceedance probability is consequently obtained asfollows :

P =P(C>C,)=1- F?—”(DT)" p0_p & In(Br)- 1,9 ©6)

Xb a Xp a
where | , and x, are the parameters of the lognormal distribution and F (D) isthe standard normal
cumulative digtribution function. Table 1 gives an overview of the materia properties and the water-

soluble chloride contents used in the rdiability andysis[8], [9)].



location coreiden- n Dry amountof | x=45mm x=155mm x=50mm
tification Vo% | densty cement
number [kgm3 [kgm3
%~ 9%CH ey %0 %Cr %" %0 %Cl- %"
/cem H,0 Joem HLO /cem /H,0O
nontreated Al above 1748 | 2157 84 0.359 277 443 0444 3443 5.48 0282 218 274
tidd zone
(location 1 A2 above 0.268 207 331 0416 3217 513 0.236 184 291
tidd zone
figure 1) A3intidd 1457 232 0.248 191 380 0.295 2280 452 0.186 144 285
zone
A4 inticd 1476 | 2224 0433 335 652 0.306 2364 461 0.196 151 295
zone
Treated B5 above 1566 | 2234 2 0.263 224 37 0145 1233 207 0.045 0.38 0.64
tidd zone
(location 2, B6 above 0155 131 221 0195 1.655 278 0034 0.29 0.49
tiddl zone
figure 1) B7inticd 1738 | 2193 0.205 175 259 0111 0944 14 0.039 0.32 0.49
zone
B8intidd 1670 | 2197 0.192 164 253 0126 1070 166 0.043 0.36 057
zone
Treated @ 1486 | 2236 0.084 071 126 0.063 0534 0.95 0.053 0.45 0.80
ontopof C10 0.075 0.64 113 0075 0638 113 0.052 0.44 0.78
quay -wall

Table 1 : materid characterigtics and water - soluble chloride contents

7. Realization of the diffusion coefficient D

With the chloride profiles of the concrete samples exposed during a given period, the diffusion
coefficient can be backcalculated using an inversion of Fick’s second law (eg. 2). Thereisno explicit
solution for the inverse of eg. 2 but a Newton-Raphson root-finding agorithm can be used to find the
diffuson coefficient D associated with the measured concentretion at given time't and distance x [5]. In
the inversion of Fick’s second law, following boundary conditions were used : C, = 0.03 % ClI- and Cg
=7 % CI/H,0.

Theinitid chloride concentration in the concrete mix is taken from comparable concrete mixesfrom
neighboring marine congtructions at their erection time, as there were no test results available of the
origina chloride content from the quay-wal itsdf.

The chloride concentration loading at the concrete surface is taken higher than the chloride
concentration of the salt sea- water, which equals 3,5 percent by weight of water. As can be seen from
table 1, the water soluble chloride content as measured at depths of 0-9 mm and 10-20 mm exceed in
many cases 3,5 percent by weight of water. Comparable results can befoundin [5]. Astheinverson
of Fick’s second is only solublewhen C, < C,(x,t) < Cg, aleast square optimization proved thet avaue
of Cs =7 percent per weight of water resultsin chloride profiles that are nearest to the measured
profiles. The higher value can be explained by the presence of aga at the concrete surface in the tidal
zone, of which the chloride concentration can reach up to 9 percent by weight of water, and by st
crysdlization.

Table 2 gives the mean vaue n{D) and standard deviation s (D) of the diffusion coefficient D for the
groups of cores, taken a different locations. Remarkable is the diffuson coefficient of the non treated
zoneto be nearly an order of magnitude bigger than in the treated locations. Service life number of



years are given in the assumption that no erosion of the concrete surface takes place, which would
remove the water - repdlent, and thus also its beneficia effects on chloride ingress.

H(D) s(D) Savicelife[years] | Servicelife [years]
[cmP/g)x108 [orP/gx108 C;=0.4%Cl/cem |C;=0.7 % Cl/cem
A (non-treated) 9.64 7.0 7.6 12.6
B (treated with IBTEO) | 1.18 1.0 61 105.1
C (treated with IBTEO, | 1.32 1.7 70 123.3
on top of quay-wall)

Table 2 : diffuson coefficients and sarvice life prediction (P=0.5) for the different locations

8. Servicelife prediction

With the computed parameters of the lognorma probakility distribution for the diffusion coefficient, the
savice life can be predicted using the rdiability andyss as outlined above.

A corrogion initiation mode (failure or limit state) can be characterized in a smplified way by specifying
athreshold chloride concentration beyond or above which corroson would start. Based on research,
codes and standards have specified the threshold limit state for the chloride content. The rdligbility
analyssis performed for threshold chloride concentrations that equal 0,4 percent per weight of cement
and 0,7 per weight of cement. Asthe free chlorides mean the red danger for corrosion, only the water
soluble chlorides (table 1) were taken into account (about 94 % of the total amount of chlorides).
Figure 4 shows the failure probability results for the different locations. The results reflect the
assumption that the reinforcement located at 120 mm from the exposed surface, as could be measured
from the taken cores.

For aprobability of failure of 50 percent, table 2 shows the time it will take in years for the threshold
chloride concentration to reach the reinforcement.

For the non-treated locations of the quay-wall, this isin accordance with the obtained test results. After
3years of in-service exposure, the chloride content already exceeds 0,7 percent by weight of cement at
adepth of 50 mm.

Table 3 shows the sengitivities of the probability of corrosion initiation with respect to the limit Seate
function parameters : distance from the exposed concrete surface (), time (t), initid chloride
concentration (C,), surface chloride concentration (C¢) and the threshold concentration (C). The
sengtivities values shown in table 3 correspond to the point at which the probability of corrorion
initiation is 50 percent. The sengitivities values give the variation of the probability of falure for one
percent change in the limit State parameter [4].

The probability of falure is more sengtive to the reinforcement cover thickness than to time and has
intermediate sengtivity to the chloride concentration. This conclusion dso could bedravnin[5]. In
contrary with the treated zones, the probability of falure in the non-trested locations is more sengtive to
the surface concen
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Figure 4 : probability of falurein function of time for two chloride content thresholds
tration, caused by the much higher diffuson coefficient.

0.4%Cl/cem// dP, . dP, c dP, c dP, dP,

- X— — — . .
0.7%Cl/cam dx dt 0 dCO S dCS CT dCT
A: non-treated -0.98/-1.23 0.62//0.62 0.40//0.06 -3.13/-319 0.36//-0.6
B : treated -1.05/-1.04 053//053 -0.03/-02 -0.19/1-0.05 0.55//-051
C :treated, ontop | -081/-054 041/0.41 0.03//0.09 -0.018//0.09 0.43/10.42
of quay-wal

Table 3 : sendtivity andyss

9. Conclusion

As could aready be concluded from laboratory tests, an in-service test program and aservicelife
prediction model show the effectiveness of the highly concentrated, solvent-free compound, based on
isobutyl tri-ethoxy-silane as a water- repe lent after 3 years of redl marine exposure. Although the used
rdiability analysis only takes into account the diffusion process in the concrete, mathematicaly trandated
by Fick’s second law, it proves the impact of this preventive protection method.

This positive result must stimulate engineers to stop considering a hydrophobic treatment as alast
remedy for tresting damage. On the contrary, they should consider the hydrophaobic treatment as afull
phase in the congruction project. In thisway it will be possble to improve durability of concrete
congtructionsin an elegant and economic way.
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