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Abstract

In practice, watcr rcpcl lcnt inlpcgnation has bcen cstablishcd as an cffec-
l ive surface protection syste againsl watcr and dc icin.g sal( al lack. Cfacks
in concrctc, whcthcr impcgnated by a hycLophobing tfculmcnt or not. erc
unavoidablc and clLn thcrcforc lead to serious darrrage. ln absofption tcsls
on labori l tory srmples, the signif icant inl_luence of ctacks c)n the penetral iolr
bchaviour of capil lary watcr has bccn dclcmrincd and quantif icd. The ex'
pc|imenta] rcsults sl low that thc watcf uplake depends on thc cfack width
and thc pcnctratio. dclth of thc \retcf fcfcl lent a8cnt. Thcfc cxi\ts a l l l lxi
mum threshold crrck rvidth dcpending on the penelral ion dcpll l  of thc wllcf
repellenl agent which can mainlain the walcr rcpcl lcr) l  bchaviour'.  I ' inal ly
practical conclusions oflhc prcscnt $ork arc daxwn.
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1 lntroduction

Rcinforced concrctc slructures which are subjcct {o de-icing sall  npplica-

t ions or located in marinc cnvitonmctl ls arc l ikcly, aftcr a cc ain period of

exposure, to cxhibi l  signs of drstrcss duc to inBress of chlofides lDd thc cor

rosion ol thc reinfbrcing stccl. ' lhis nornlr l ly bcconlcs apparcnt wilh the

formrtion of cracks, frcquently accompanied by tust staining al ld ult inlately

spail ing of the concrcte covcr.

Thcrc rre various mcthods ofprolectiug and repair ing coDcfete. The sc

lcction of a nrelhod dcpends on a largc nunber of flctors' c g thc degree of

damagc, the dcsign l i fc, cosls of repair, application mcthods. In practicc' hy-

cirophobing impregnation has been cstablished as an effcctivc suI{ace pro

tection systcm against watcf and dc icing salt at lack []  4l Crucks i

concrctc, whethcf inprcSnated by a hydrophobing trcatment or rot. afe un-

avoidable and can thercfbrc lcad to danregc ll I

In this paper rcsults of absorption lesls on Iaboratory sanlples 1lre prc

scnled. Thlr signif icant inf luenccs of cracks on the pcnclral ion bchaviour oI

capil lary water have becn delennined and quanli f icd-

2 Experimental

An experimcnlal programlrc was undcrtaken 1() obtain ahsorytion dirta for

standard concrete and watcr rePellent concrclc with cracks The influcnccs

of crack type, crack widlh and Penetration dcpth of the hydrolhobjng agcnt

wefe dctcnnined. In this paper lhe investigation of lhe inf luence of crack

width and penetration deplh of the hydrophobing agenl wil i  be prcscnted

only. Al l  results wcrc given in l l l .  Thc concretc mix uscd is cletxi lcd in

Tablc L

Thc concretc samplcs were reinlorced with a stccl tyPe S500b,6 nrnl

diarnctef, a d they had with fol lowing dirncDsions, 5()x300x150 mnr' Three

diffcrcnt hydrophobing ilgents were used lo inlpreg atc one surlacc of thc

sarnple beforc absorption tcsl ing. Thc hydrophobing agcnts a dthcproper

tics arc detailcd in Table 2. Aticfwards, in thc water rcpcllenl surlacc' cracks

with a width of of 0.2 rrm, 0.4 nrn and 0 l l  nrnt wcrc creatcd by a I point

bendinS tcst. Dctai ls of tbc etperimenlal sct ups arc amply dcscfibed in []  l  '

Figurc I shows a schemaiic i l lustration of the gconletry of thc sanplc'
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For absorption Icsting watcf relel lent sanrples \ l i th thc di lDelsidrs
50x200x 150 nlm_' wcrc prcparcd. I hc su rfiLce in contacl with fluitl was 50 x

Table 1: Compos l lon of the slandard concrete

waler/cemenl ratro cemenl contenl waler conlenl sand and

t"l lks/m3t tkdmrl ,il1;'.i
o50 3s0 1847

Table 2: Some detai ls ol  lhe hydrophobing agenis

no.
I-l

lvoe ol  hvdroDhobino-.  -  act ivesubstance mean penelral ion
agenr I . . t  depth s [mm]t-l ' '- '

1

2

3

st lan

7.5

40

100

2 5

5.0

1 5

S 5 0 0 b , o = 6 m m

T
1 5 0  m m

i

c = 3 5 m m

concrete sample sLrdace n contact wlh walef

Figure 1:  Schematc i l lus l raton o l  lhe geometry o l  the sampe
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200 r)rnr/. The samflcs \!ere slorcd al 20"C and 75t; I t . l l  Furthcr dclr i ls ol '

lhe condit ioning arc given in l .  Before capil lary sucl ion sl irr lcd. fbuf faccs

of thc sanrple wcfe sealed wrth a densc lolymef. wbilc thc two end faces re_
rnaincd 1iee. This ensured I dintensional movenlenl of lJroisturc

Vcrlical absofption tesl wcre Perfor lcd with tap watcr' Sanrllcs wcfc

lested ovcf a 24-hour absorption period. A computer-conlrol lcd wciShing

was used to dctennine thc water gain. Detai ls of thc cxlerinental sel ups are

r l ly descr ibed in l5l.

Results

Concrelc samples with dif iefenl impregnation dcpths \ '" i thoul crack and
with bending cracks wcrc investigatcd. The crack wiclth was 0.2 nln, 0 4
mm and 0.8 mm; the crack length was belween 130 nnn and 150 nltn. The

pcnctfal ion dcpth of the hydrophobing agcnt was 2.5 mm, 5 0 mm ard 7 5
nrnr. ln Figures 2 4 lhe watcr gain as a function o1-thc squafe root of t ime
is given for the three concrete samplcs wilh diffcrcnt water repellent trcat

2.4

l ' . " ;=oBmrn I
l -E -w=o .amml
l ' 6 -w=o -2mrn l
| . ' O - n ^ . r r . L  L

6w

e
a'

,.d

. . .6

. , ,F,:8t a
r_€.
o-4.

E-B'

9.9 '

- 6 E u

1 2 1 6

' i i  
1 n

0 5

1 5

time lhl

Figure 2: Water ga n as lLrnct ion of square root of  t ime for waler repe lent
concrele wrth no crack and d l lerent crack widlhs. The penetrat on deplh of lhe

hydrophobing agent is 2 5 mm
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Figure 3: Water gain as funcl ion of square root of  t ime ior water repel lenl
concrete with no cfack and dillerent crack widlhs. The penetration depth of the

hydrophobing agent ls 5.0 mm.
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Figure 4: Water gain as funcl ion ol  square root of  t ime ior water repel lent
concrele wi lh no crack and di f ferenl crack widths. The penetral ion deplh ol  lhe

hydrophobing agent s 7.5 mm.
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nr(]nt. Mean valucs of cxperimental data ffonl three sarnples arc reprcscntcd

wilh di l furcnt markers. l 'he dotted l inc is calcula{ed by l inear |egrcssion

accofding to DIN 52617 [6]
'l'hc cxPeriment^l aesults show thal thc water uptake dcpends on the

crack width and the pcnelration dcpth ofthe hydrophobing agcnl l0 gcneral

\r i th incfeasing crack width and decreasing penctration dcpth ol the hydro

phobing agent a highcr water gain can be expectcd

Cracks with a widlh uP lo 0 2 mm in waler repellel l t  concrctc wlth a

pe ctration clepth oftbe hydroPhobing agent of 2'5 nrm result in a dramatical

increasc of waler uPtakc comParing 10 water repellent concretc wrlh no

crack- Herc, water repcllent concrcte with a ctack width of 0 8 nlm shows

the salne pcnetration behaviour as an identical collcrete without hydrofhob-

ing lreatment and no crack- Funheonore. it has bcen shown that water repcl

lcnt concrete with crack width of 0.8 m can not prevcnt the water uptaKe

tbr a long time. At a pelretration clepth of 5 0 mn and 7 5 nl, an incrcase of

watcr uptake has been determined with a crack width of 0 U mm

Taile 3 gives the statistical relations of Figures 2 to 4 fhe slope of the

dotted lines i; thcsc figures wcre used to caLculate thc waler absorption co-

eff icients. Thesc are shown in colunn 3 oI Table J

Table 3: Compllal on of the waler absorption coeflicients ol water repellent

concrete wlth diffe;ent penetration deplhs ot the hydrophobing agent and dliierent
crack w olhs

crack width ol  a bending water absorptron
crack in lhe waler coel l ic^ienl

repeitent surtace .'" tmml A [kg/m2 h0 5l

penetral ion dePth ol
the hydrophobing

agent s [mm]

2 . 5

0
o.2
0.4
0.8

0.024
0 078
0 . 1 1 6
0.284

5.O

0.023
0.028
0.032
0 . 1 0 6 '

0
o.2
0.4
0.8

. ' - - - - ' -

o.2
0.4
0 . 8

0.o24
0 028
0.053

-Wa;it6sorpfrofioai6-ent w d based on the results
between I  and 24 hours
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Discussion

I t  h|s been shown, that the penelration bchaviour of watcr rcpcl lent con-
crele with crecks is inl luenced rrainly by thc penehation dcpth of lhe
hydrophobing agent. ln lr igLlrc 5 thc rclat ionship b{:tween watcr absorl l ion
coell icie0t and crack width is given. An cxponcntial function is uscd fbr the
matheDatical dcscript ion of the waler absorption coctl icicni with increas'
ing crack u i t l th.

A = Au,nr , ,  .  eP* ( l )

whcrc A is the watcr absorption coeff icienl of water repellent concrete wilh
a cfack widlh w, ,{9.611 is thc watcr absorltion coefficienl for water repel-
lcnl concrctc with no cfack, w is thc crack width and p is the dcviation cocf
f icicnt.

The bcst llt of Ecluation ( l) and cxpcrimcntal rcsults is rcprcsentcd by
dottcd l incs (Fi! i .  5) and shows a good correlation. Additronally lhe threshold
value of lhc watcr absorption coeff iclcnt according 10 DIN 18550 [7] is in
dicated. Painls with r waler absorption coeff icient A < 0.I kg/1m2.h0 5; are
charactcrizcd as wate11ight.

ln Ir igure 6 lhe rclat ionship between the t\ 'atcr absorption cocfTicicnt
and the pe elration dcptb ofthe hydrophobing agcnt ls8ivcn. An exponen
tial function is used for lhc mathemalical descript ion again.

A  =A0 , r r yd  +  (A . , , . k  Ao . l yu . )  e - t '  ( 2 )

whcrc A..,,.1 is lhe {'atcr absorption coefficient for concrctc without
hydrophobing trealnlent and with cracks, s is lhe pcnctration dcpth of the
hydrophobing agcnt and y is the deviation cocff icicnt.

l-quation (2) wif i  l i t ted parameters is reprcscntcd by dotted l ines in
Fig. 6 and shows a godl corrclation. Addil ionally, the threshold value of the
watcf absorption coeff icicnt according 1(] DIN 18550 [7] is drawn. For water
repcllcnt concrete this value is nlore genell l .  In practicc, a watcf i tbsorption
co;ff icient A < 0.50 kg/1rn2 h0 51 is often uscd. Based on this value and ovcr
a period of 24 hours, thc penetration bebaviour of water repellent concrctc
with a cfack widlh w < 0.4 nnn and a penotration depth of the hydrophobinS
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Figure 5: Water absorption coetficienl A as a lunclion oJ crack width wlor water
repellent concrete wilh d llerenl penefation depths ol lhe hydrophobing agent

agent of scveral nlillimctres is very similar to a water rcpollcnt concrcte
without cracks.

Franke and Bcntrup [8] havc investigaled the influence ofcracks ln wa
ter repcllent nlasonry on the prolection a8ainst driving rain. They found that
{he hydrophobing effect is maintained ovcr thc total service lifc if the crack
width is lower than 0.5 mrn .

It  seems that thcre exists a maximum threshold crack width depending
on the penetration depth of thc hydrophobing agent which can maintain the
hydrophobing behaviour at the surface. ln Figure 7 the relationship bctween
lhe water absorption cocfficient and thc ratio of crack width to penetration
dcpth of the hydrophobing agent is given. Here too, an cxponential functjon
is used, which describes thc characleristic bchaviour of the matcrial

A=Ao,nra .e6* / '  (3 )

whcre A is the watcr absorption coefficient for cracked water repcllent con-

cactc, A0.hvd. is thc water absorption coefficient for water repellent concrete
without crack, w is thl- crack wjdth, s is the peoctration depth of thc hydro-

lo
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012345674
penelralion depth of hydrophobing agant s lmml

Figure 6: Waler absorption coelf icienl as a lunction ol penetral ion deplh ol lhe
hydrophobing agent for concrete wilh ditferenl crack widlhs

phobing age0t and 6 is thc dcviati()r coeff icient. In I l l  thc valuc of 6 has
h .  ( r "  l .  r c  rn  ' i r cd  c \ f c r r l e r tu l l y  t o  be  R .6 .

Equation (3) wilh the fitted parameters is represented by a dotted line
and shows a good correlation. Additionally, thc threshold value of the water
absorption coeif icient according to DIN 18550 [7] and the value of a stan
dard concrete without hydrophobing treatment ancl no cfack are shown-

Figurc 8 givcs a simplif ied i l lLrstration ol watcr uptakc into water repel-
lent concretc with cracks. t'he moisturc transport can be divided into two
transporl nlechanism rvatcr vapour diffusion and capillary walcr transpof.
' l -his process can be explaincd, in the simplif ied way by thrcc stcps.

. Step I (Fig. 8, top): The watcr repellent concrele with a clack is in
contact with Doisturc from the air Dcpeoding on the relative
humidity, water molecules arc condensed on the surface of thc
edgcs of thc crack behind the water rcpellenl zone.

' Stcp 2 (Fig. 8, middle): Thc watcr repellent collcretc with a crack
is in contact with waler. This watcr cannot penetrate ioto thc crack
directly, bccausc thc suface is water rcpcllcnt- The crack moulh is

- + - w = 0  8  m m
'..  -w=0.2 rnm

-A=A +lA -A ) e^p( r'l,, | "i ,i",,.il""L.J
DtN 18550
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Figure 7: Water absorplion coetficienl as a lunct on of the crack width /
Penelration dePih ratio

now in contact with 100% R.ll. and thcrefore morc waler mole-

cules are condensed in the crack behind the water rcpcllcnt zone

Wilh increasing wctt ing l imc a closed water f i l rr l  is crealed and

even capil lary condcnsation Dray lake Place lt  should be noted

hcrc tha( thc driving rain and wind pressurc may Push watcr

through {he watcr repellent zone.

. Step 3 (Fig. 8, bottom): fhe closed watcr f i ln grows and expands

across the surface. Depending on thc penetration depth of thc

hydrophobing agenl, a l ink betwecn the watcr behind thc watcr

rcpellent zone and thc water on the surfrce can hc cstablished. 11

this water l ink is buil t  up, the ed8es of lhc cfack without hydro

phobing trcatmcnt are in dirccl contacl with water. Capillary suc

tion starts immcdiately. In this way salt solutions are als ablc to

pcnelrate through the waler repcllcnl zonc
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/.

Figure 8: Sch€matic uslrat ion of water uplake inlo waler repel enl  sudace
lreated concrete w th cracks,

step I  ( top):  water repel ent concrete n contact w th moisture from the
'  a T ,

slep 2 (m ddle)i waler repellenl concrete n conlact w th water (wetting),
step 3 (bottom): waler uplake of waler repe lenl concrele through the

mpregnareo zone
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The \!ork outl incd in this papcr rcprescnts only part of a uch wider

rcscarch Progfarnnlc [11. In this projecl the influence of cracks ln concrete

without liydrophobirlg trcatmcnl and water repellenl concrelc has bccn cval

ualed. The fol lowing conclusions can be drawn:

. Capil lary suction has a dccisiv(: inf luence on the durabil i ty of con

crcie, especially regarding the resislancc to chloridc ingrcss

. lncreasinEl of capillary suction can results trom:

a.) cracks (csPecially regarding separation cracks) caused by

dircct loading or resulting from imposed delbrm:rtions

(hygral and thermal di latation)'

b.) microcracks caused by no or inefficienl curlng'

. Cracks in watcr repcllent conctetc slructures have to bc consid

ered seParatclY

. A maximum threshold crack width depending on the pcnctration

depth o[ the hydrophobing agent exists which can maintain the

hydrophobing bchaviou.

. A functional corrclation between the water absorption coefficient

{nd the ratio ofcrack width to penetration dcPlh of the hydrophob-

inc asent is delcrmined, which describes the pcnetration bchav

ic,ir o"f water repellent concrete wilh cracks

. UsLral penetration dcpths of the hydropbobing agent of 2 3 mJn in

practice can nol prcv;nt a capillary transport of water and salt into

cracks with width up to 0.2 mm over a long period of t ime

Conclusions
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