Durability of hydrophobic treatments on concrete monuments
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SUMMARY: The protection of historical concretaustures is a challenge for the coming years. Hytaipc
treatment may reduce the deterioration processenvpibviding protection against water penetrationidiing
commercial products - mainly silane or siloxaneeither water or solvent based formulations — werersitted
to different ageing processes including UV radiatiary-wet cycles, thermal shocks, freeze-thawesycl
carbonation and their effectiveness has been eteduan the basis of contact angle, vapour and dtior
permeability and, capillarity water absorption. Thesults obtained clearly show that hydrophobiatmeents
display a good behaviour under the main ageing dmrts.
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INTRODUCTION

Concrete is a highly durable building and constactnaterial though, in many cases, it is subjetdedtensive
environmental attack such as carbonation, chlomigration or freeze/thaw cycles [1]. For the duligbiand

maintenance of buildings and structures, as wefbagconomic reasons, it is absolutely necessartest or
reduce these processes at an early stage whera dintjted surface layer is affected [2]. Howevermany of
these structures and buildings in Europe are ajreaate than 50 years old, the level of deterioratibconcrete
has, in many cases, become a very critical proff8nTherefore many concrete structures and buiiglirequire
substantial repair to restore them to a workingddton [4].

Concrete cultural heritage

Among building structures, concrete monuments, aies and houses are an important part of our alltur
heritage and correspond to a period of architechistory which was promising and enthusiastic tfee social
development of humanity. Specific needs exist faerventions on historical constructions, suchespect of
the original appearance, colour or texture anddeape integration, which include the use of lowraggjve
surface preparation techniques and selection ¢f diality aesthetic materials [5].

The first buildings entirely based on concrete wenexted in France and Great Britain durin§ &éntury [6, 7].
From 1906 to 1908, the apparently first concretegioeis monument was built overseas [8], i.e., Uity
Temple, a Unitarian Universalist church, by ardttitErank Lloyd Wright in Oak Park, lllinois: he aady
played with the texture and the colour of the mater using specific aggregates [6]. This freeddnstmapes
would have inspired P#aik, Slovenian architect, to select concrete asrttan material for his project in
Vienna: the church of theéloly Ghost erected between 1910 and 1913 [9], the first ahlouilt with this
material in Europe [3]. Many examples of concredseal « free » shapes exist in architecture. Ibéggnning
of the 50’s, Le Corbusier imagines a curved declibg on lightly inclined walls for th€hapelle Notre-Dame
du Haut de Roncham(France) (Fig. 1). In San Francisco (USA), hypédparaboloids allowed architect-
engineer Pier Luigi Nervi [10], with the help ofchitect Pietro Belluschi, to build, the tri-dimeosal greek
cross shape deck that cov&tsMary of the Assumptidathedral between 1965 en 1970, (Fig. 2).



Figure 1. Chapelle Notre-Dame-du-Haut, Ronchanffigure 2. Cathedral of Saint Mary of the Assumption
(www.photos.igougo.com) San Francisco, Arch. P.L. Nervi, Photo Nicolas
Janberg, Structurae 2005

More recently, emblematic concrete-based religimmument is the Gaudi’'Sagrada FamiliaChurch in
Barcelona [11]. This, however, is a counter exangblthe advantages pointed out by architects: stilsunder
construction for more than 100 years!

Concrete has been definitively a material used ady for developing infrastructure but also for desy
architectural and artistic developments [12] destbhy architects and urban developers.

Hydrophobic treatment of concrete

As concrete is a porous material, it is essentdiglrotect it against water penetration: hydrophot@atments can
provide a significant protection system. The EN4-20standard defines hydrophobic impregnation esnarete
treatment for producing a water repellent surfade= inner surface of the pores is coated but thhespare not
filled. No film forms on the concrete surface amqgbe@arance of the latter is slightly affected orharged (Fig.
3). The hydrophobic treatment will reduce the apson of water, improve chemical resistance, redgeilkali-
aggregate reaction and, if applicable, reducingradié ion penetration.
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Figure 3. Hydrophobic treatment principle. Figure 4. Interaction between water and a
hydrophylic (top) or hydrophobic (bottom) concrete

surface.

The major objective of a hydrophobic treatmentisnicrease the contact angle of water (Fig. 4) raidicing
surface free energy of concrete or mortar [13].0kding to the equation of Young-Dupre (eq. 1),

(vys -vs)) /yL = cosh (equation 1)

whereys,, y. andysy are the interfacial free energy and the surfaee &mergy of liquid and solid into contact
with liquid vapour, respectively, an@l the contact angle (Fig. 4): # is increasing, it means that césis
decreasing. Ag, is constant, it means also thatis decreasing.



With increasing contact angle, less wetting of sheface will occur.. Moreover, it will not penegathe pore
system of concrete if the surface of the pore heenlreated: absorption forces become repulsiare$oand
water is “expulsed” from the surface [14].

The most common products belong to the silane famvilarious kinds of silanes result depending on the
different alkoxy or alkyl groups linked to the sidn atom. These products do not act all in the saraener
(Fig. 5): in general, the larger the molecule @& #ikyl group, the better the water repellencyhefsilane.
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Figure 5. Influence alkyl group type on the hydropic efficiency of a silane [15].

Some products induce hydrophobic film formationt thadly resists in alkaline media (even if alkajnivas
necessary for the initial reaction). Some silanéh aikoxy groups may polymerize if, during the &pgtion,

they come into contact with water and may hydralykey lose their penetrating power and cannottredth

the concrete [16]. The silane molecules are vergllsthO to 15 Angstroms) and can penetrate eveera dense
concrete, applying additional layers if necessBBnetrations of more than 5 mm in concrete [17]oliserved.
The water repellency of concrete treated with sikamas been found to be still effective after 3ttin®
exposure to outdoor climate: these products havebdl effect on water absorption [17].

A second group of this family is constituted bygokiloxanes. Siloxanes react with the silica cowdiin the
concrete to form a hydrophobic layer. Siloxane mgles are oligomers and therefore larger than thaes
molecules (25 to 75 Angstroms). These products atapanetrate as deeply into the surface and may@ot
appropriate for the protection of dense concretes.

In this research project, existing products — myabdsed on silanes and siloxanes were subjecteldfévent
ageing processes including UV radiation, moistemiygjes, thermal shocks, freeze-thaw cycles andoceation
and efficiency has been evaluated on the base mfacoangle, capillarity absorption, vapour andooke
permeability.

EXPERIMENTAL

Materials

The concrete formulation was prepared followingndtad “NBN EN 1766” using CEM | 52.5 and W/C ratib
0.7. Six batches were prepared with the same raieh ®@ne produced five slabs (40x40x8 cm). Each whab
cut into four samples of 20x20x8 cm; 8 cm cylindtisamples were cored into slabs for permeabiiypillary
absorption and chloride ion diffusion tests. Alirgdes were stored for 28 days in a humid chamb@¥e(®RH);
and then they were placed in a chamber at 23°C688d relative humidity for drying before applyingeth
hydrophobic treatments.

As the study focuses on the durability of hydroghotreatments on existing concrete structures, only
penetrating water-repellents were tested. The mtsdselected correspond to those in used in Noréstevn
Europe climate conditions. Duplicate sets of sasplere treated with either of two products: thetfia water-
based repellent commercial product. The data stiefes it as an alkyl alkoxy silane product, hdoith



referred to as “water based”. The second produd aailoxane resin an alcohol based solvent, hertbef
referred to as “solvent based”. The hydrophobiattrents were brushed on to the surface of the smmpl
following the recommendations of the manufactuiidre studied face is the smooth “mold face”. Thidesis
intended to represent the external wall of a boddi

Methods

Permeability to water vapour

The water-vapour transmission rate was evaluatedrding to the dish method for free films, folloito the
ISO 7783 standard [20]. This test uses a differéncelative humidity between the two faces of mpke. The
water-vapor permeability rate is determined asnatfan of the amount of water vapor which passesuth the
specimen. For this test, cylindrical samples ofrBdiameter and 3 cm thickness were prepared. Temldaces
were waterproofed with epoxy resin. The sampleiosa a glass cup and the edges are sealed witlnveager
to reduce moisture transfer to only one directiarsaturated solution of potassium nitrate KNguarantees a
relative humidity of 93.2% in the cup. The devieepdlaced in a conditioning chamber where the redati
humidity is 60% at 20°C. The thickness of the egl@nat air layer is evaluated.

The standard proposes also a classification of kenip three classes by water-vapor transmission

Table 1: Classification by water-vapor transmissouivalent layer

Class Sy (meters)
High (1) <0,14
Medium (I1) 0,14t0 1,4

Low (Il1) >1,4

Capillary absorption

The measurement of the liquid water transmissiaffent w was carried out following standard EN 1062-3
[21] after ageing. Cylindrical samples with a didemeof 8 cm and different of heights were prepafedly one
face is treated with water-repellent, the otheesveaiterproofed with epoxy resin. The treated fadenmersed in

5 mm water and the sample is weighed after 1h3Bh6h and 24h. The coefficient of water-liquid peability

w is calculated from the slope of the linear parthef curve.

Table 2: Classification by liquid water permealilit

Class Liquid water permeability w (kgfhi™)
High () >0,5
Medium (I1) 0,1t00,5
Low (Il1) <0,1

Chloride ions permeability

An accelerated chloride permeability test was peréml. This test followed standard ASTM C 1202-92]]2
The test principle is to apply a 60V current pagshrough the sample. The sample is in contact batin cells
through the railings. One cell contains a 0.3 M Naéblution and the second a 3% w/v NaCl solutione T
positive terminal of the generator is connectethtoNaOH reservoir and the negative terminal onrN&€l one
(Fig.6). The test consists in measuring the intensity of cheent generated by a constant voltage of 60V
maintained for 6h. The current induces theig€lthe sample to move towards the positive terinitiee more
chloride ions pass through the sample and the hifjleecurrent. The amperage is measured every 80tes for

6 hours.

Core samples of 8cm diameter and 5¢cm thick werd. Uglee lateral faces of the samples were coverdd wi
epoxy resin. Before testing, the samples were iraetefor one week in a solution of NaOH for satorati
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Figure 6. Diagram of the electrical assembly fdodHe ion permeability.

Following ASTM 1202-97 recommendations, the eleathiarge passing through the sample can be detmin
as follows:

Q =900 (Io+150 + Iso + -+ + I300 + 1330 + I360)
Wherel; is the amperage after i minutes.
This equation is valid for sample with a sectio®6fmm. A correction is needed:
0 =0 x (3.158 5
3.75
Q* is the electric charge passing through a sampi®ofm (3,158 in) of diameter.
The standard proposes a classification of samglesrding to their chloride ions penetrability.

Table 3: Chloride ion penetrability based on chgrassed (ASTM 1202-97)

Charge Passed (Coulombs) Chloride lons Penetsabilit
> 4000 High (1)
2000-4000 Moderate (II)
1000-2000 Low (l11)
100-1000 Very Low (IV)
<100 Negligible (V)

Contact angle measurement

A water drop is placed with a computer-assistethggron to the sample surface. The contact andiedes the
hydrophobic surface and the droplet of water (Bigsdneasured by a CDD camera linked to the compute

Accelerated ageing

UV light exposition

To simulate the deterioration process caused blighiinthe samples were placed in a chamber to sxpbe
treated face with UVA lamps. The lamps are elealijcequivalent to an ordinary 40-watt fluoresctarp. It
provides a simulation of sunlight in the critichbst wavelength region from 365 nm down to the sola off of
295 nm. Its peak emission is at 340 nm. This depiogides cycles of 4 hours of UV exposition folledvby 4h
of condensation, for a total duration of 700 hours.

Freeze/thaw cycles

The samples were exposed to 20 freeze/thaw cyebeseach cycle, the samples were immersed for twwoshin
salted water at -15°C then immersed in water atiembemperature for two hours. Just one surfasxp®sed,
while the others are sealed with epoxy resin.



Thermal shocks

Each sample is exposed to infrared lamps (245VW\258nd a water-jet in a storm simulation tank; thee of
samples offer slight inclination of about 3° (relatto the horizontal) to allow water to flow quigkThe surface
temperature can reach up to 60°C. For each cywesamples are exposed to infrared lamps for 5Hrdand
then sprayed with water at 12°C for 15 minutes. S&ples are exposed to 20 freeze/thaw cyclesnetidoy
10 heat shocks cycles. Tests were performed osaime samples that underwent freeze/thaw cycles.

RH cycling
For this test, the six faces of the 20x20x8 cm daswere treated with one or the other hydrophabints and
four samples for each agent were tested. The ¢esists in exposing the samples to different negatiumidity:

each cycle lasts for two weeks: the samples ase dtored in an atmosphere of 90% RH (for 1 weekl) then
50% RH (for 1 week).

Carbonation

The resistance to the carbonation process indugethé applied hydrophobic agent was also asse§des.
samples are exposed to carbonation for one moith.cbnditioning chamber contains a gaseous mix @ith
CO, concentration of 50% (v/v) and a 60% RH. The spacéhe chamber is limited, and small samples
(20cmx8cmx8xcm) were used. The hydrophobic agestapplied on the six faces.

RESULTS

The wettability of a surface is directly relatedie value of the contact angle between the watsslet and the
solid. The contact angle evolution after ageingii®n in Figure 7. The contact angle for untreatedcrete is
below 50°. We note that, before ageing, the praxlmctet already requirements, especially siloxasated,
which leads to superhydrophobic behaviour (145Rg ®btained data show that even after subjectaedtificial
ageing, the products keep their hydrophobic perfme. Nevertheless, in two cases, the products thoesr
performance reaching angles below 90°: the watsed@roduct with UV light exposure and the solMesed
with the thermal shocks cycles. Considering thisapeter, the effectiveness of the solvent baseduygto
treatment is better than that of the water baseduyut.
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Figure 7. Water contact angles after ageing.

The influence of UV light ageing was evaluated ohly the resistance to chloride ion penetration .(Bjg
Before ageing, both untreated and treated sampésemt moderate chloride ions permeability (I)e Malues
are between 2900C and 3900C. After UV lights trestis, the chloride penetration resistance is atific
diminished by almost twice as much for both watgellents. For the solvent based product, the ctaue
charge increases from 2914C to 4910C, and for theembased product from 3446C to 6007C. The treated



concretes fall then into another classificationugr@l) and present a high level of chloride ion gteability. The
solvent based product is more efficient againsbrités penetration than water based product befgeeng and
after UV treatment.
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Figure 8. Chloride ion penetration before and dit¢A exposure.

The efficiency of hydrophobic treatment on wates@ption reduction is evident (Fig. 9). The valeekases
from 0.112 kg/rth®® for untreated samples to 0.0405 kgt for solvent based product treated and to 0.0058
kg/m?h®* for water based product treated sample. The vimtsed product seems to be more effective asithe
coefficient has a ten-fold decrease compared topkatneated with solvent based product thus siggifily
reducing water penetration.

Most ageing processes slightly degrade the effectiss of water-repellent with regard to water paititiey,
but without compromising their performance. In fdot every ageing process except thermal shobkssample
remains in the low permeability class (<0.1 kgfr).

For the water based product, the coefficient ofewditjuid permeability stays at a low value (0.afirk’h™) for
each ageing process except for thermal shocksr &fig ageing, the surface of the water based ptoeated
sample was badly degraded which explains the higdfficient measured after this ageing. On the otizerd,
the solvent based product treatment offers a gesttance to ageing exposure and stays in the lass c
permeability.
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Figure 9. Coefficient of water-liquid permeabilityafter ageing



Before ageing, a hydrophobic treatment doesn’t seetmave any influence on the water-vapour perntigabi
(Fig. 10). The values of treated samples are diodhat of the untreated sample (3 m for untrease@,m for

water based product and 4.3 m for solvent basedugtdreated, respectively). The values of equivdieyer of

aged sample are in the same order of magnitudslamd a low variation. For each sample after ag#ieglass
of permeability is quite low. The resulting var@is are certainly due to a "sampling effect" andbpbly

resulted from the natural variation of the concrete

6
"

£S5 \
3 X
o 4 * N
g .
NN -
S ~~"'«..,‘"‘ Q \\\ M untreated
T2 NN -
2 "‘.\\ S \\\ ."'\\ 2 water based product
g1 - N|—
ol % Q % ‘Q Il solvent based product

0 - : ~ : t‘ : :\ : b‘ : ) |

& . & Cé—’ o \ch) \Q/c’
Q}Q'Q A\\% ‘:}\o (\’5\'\ C\(a é(.:
& N Y & N
& A NS &
< © A% G
> Q QO
SR

Figure 10. Water-vapour permeability after ageing.

CONCLUSIONS

In order to reduce the natural deterioration ofarete used in cultural heritage buildings, the Hilitg of two
water-repellent agents was assessed after vanitfisia ageing exposures. Five ageing processeevapplied
on concrete samples treated with the water-regslimd the changes of the measured propertiessasses

Thermal shocks and UVA exposure are the most atiigeing process: UV light may break the Si-O-@ids
of solvent based product molecules at the surfadeeoconcrete; however, molecules that penetriatedt may
remain intact.

The hydrophobic treatments tested showed a very iltfluence on the water-vapour permeability. The
variations in the data probably come from a sangpéffect. Such treatments do not prevent the tesnsf
moisture in and out of the concrete.

Regarding the water-liquid permeability and the taoh angle, as expected, the products offer a geod
behavior and improve the permeability class. Thegist very well to ageing processes and don't lose
effectiveness.

The solvent based product tested is more effedtiam the water based product. It offers betterinigic
properties and is more durable regarding laboraamsing. Moreover, only the solvent based prodectains
stable and neutral from visual color inspectioreiatindergoing different ageing procedures. Theraabf the
solvent can be an explication. The solvent basedymt uses an alcohol solvent which is more effedfian the
agueous solvent, but is less appealing for ecadbgimnsiderations.

The application of a solvent based product basedomhobic treatment has an important influencestucing

concrete deterioration and can be a solution fergfreservation of cultural heritage that uses iagerial. It

reduces water penetration into concrete and renedfastive even when weathered. However the contioima
of several ageing factors may affect its durahilithis can be remediated by periodical reapplicatb these
treatments thus avoiding their loss of performamesr time
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