
CASTELL6" (SPAIN )

EFFECTS OF POLYMERS USED FOR DRY-SET
MORTAR PRODUCTION ON PERMEABILITY AND
PORE-SIZE DISTRIBUTION OF CEMENT PASTES

D.A. Silva"'; H .R. Roman '", Alarcon, O.E.'··)

"Build ing Resea rch Ce n tre, Fede ra l Un ive rsity o f San ta Ca ta rina , Brazil
("'Ma teria ls Laboratory (Lablvla t ), Fede ra l Un ivers ity o f Sa nta Catarina. Brazil

ABSTRACT

flEC ami EVA polimter« arc currenilu used ill Brazil for the production of dry-sct mortars,
tolnch tire used for the installation of ccmmic tiles. III spite of tile widespread application ill
construction sites, tile kllowledge of phy"ical interactions betweell tile polYlllers, cement and
aggregates is poor. Since tile syslelll is 1101k,IOWII at all. it is hard to illlproue its pcrjonnaucc. Tile
purpose of this paper is 10 fill sOllie of this lack of kllowledge, preselltillg the results obtained ill
porosilllctry and pcrntcabilin; churncterization tcsis 011 fl EC ami/or EVA 1II0dified pastes. Mercury
intrusion porosimctru and N,-gas permeability test» [('ere pcrfonucd. Pastes containing O. 10 ilIld
20% of EVA, and O. 0.5 and J JJ% of fl EC were prepared, quantilic» rclaiirc to the weight of
cement, Tile umterlcemcnt ra tio was kept constant at 0.4. Tile paste" were subjected to dry inu!
mixed curing, ami tested 28 day" old. TI/e result»of themmlysis ofrarui nccs hare "IIOWII that EVA
content and the curing method arc tile mo«! importunt factors to affeci the porosity of cement
pastc«. On the oilierhtind, fl EC COlitell I "tnmgly reduces cement pns!«permeability. toithout slmrp
dUlI/ges ill tile porosity. No correlations were found belweell tile results of mercury intrusion
porosimetri] and permeability tests. probably due to the ruptureof EVAfil1ll whl'lI subjected to lIigll
pressures. and to tlu: microcracking of till' pastes modified witll Hi.C trhen "ubjl'cted to strollg
dryiug I'rocedures.
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1. INTRODUCTION

CASTELL6 :-.J (SI'AI:-.J)

Most d ry-set mortars for ceramic tile install ation ha ve HEC and EVA pol ym ers as
additives, since they improve some mortar prop erti es in the fresh and hardened states.
After d issolu tion in water, HEC forms a gel and has a major effect on fresh mortar
properties, such as water retention capacity, rheology an d adhesion. EVA is a water­
red ispe rsible powder, and is also adde d to an hyd rous cement and aggrega tes before
mixing with water. EVA markedly influ ences hardened mortar behavior (SILVA et al.,
2000).

One of the most important chara cteristics of adhesive mortars is pore structu re since
it affects hardened mortar behaviour. Some mor tar properties can be estimated from pore­
size distribution and total porosity. Accord ing to OHAMA et al. (1991), the total pore
volume of the polym er-mod ified mortars, determined by mercury porosimetry tends to
decrease wi th an increase in po lymer / ceme nt rat io and decrease in wa ter / cement ratio.
However, the isola ted effect of polymer / cement rat io was not stud ied, since in these
expe riments the water / cemen t ratio is changed to produce mortars wi th the same
consistency.

Permeab ility tests can give good information about the durabi lity of cement-based
mater ials and is closely related to the pore characteristics of such mater ials. The ad d ition
of po lyme rs to cement based materials can significantly alter their permeab ility
proper ties.

The purpose of this study is to evaluate the effects of EVA and HEC on the pore
struc tu re of adhesive mortars by mercury intrusion porosi me try (MIP) and pe rmeability.
Por tland ceme nt pastes were mod ified wi th d ifferent contents of both polym ers. The
water / cement ratio was kept constant in order to evaluate the actua l effect of polym ers.
The thresh old d iameter, total pore volume and pore-size concen tra tion over four d istinct
d iam eter ranges were evalua ted. The permeabi lity of the pastes to N,-gas wa s also
estima ted.

2. MATERIALS AND EXPERIMENTAL DESIGN

Materials employed for prep aration of the pastes were ordi nary Por tland cement
wit h up to 5% of limestone filler (typ e CPI-S 32 accord ing to Brazilian standard NBR
5732/91), de-ionized wa ter, wa ter-redispersible EVA powder (vinyl acetate /ethy lene
copolyme r) and water-solubl e HEC powder (hyd roxy-ethyl cellu lose). Tabl es I and 2
present the mater ials characteri stics.

Chemical AnalIsis ".
SiO, AI,O, Fe,O, CaO MgO 503 Na20 K,O MnO TiO, 1',0 , L.0.1. Free lime

18.73 4.44 2.62 60.69 4.87 2.96 0.23 1.00 0.06 0.17 0.22 3.34 1.68
~ bY La;;;: Zb' ') .

Phvsica l Characteristics
Setting time

(min)

initial final

160 235

w at er for 255 ±
10 mm now

table

26.3

Blain e
surface area lfl < 45 urn

m' /k g ( 'Yo)

323.6 93.00

Co mpressive strength (MPa)
\'ile ratio = ()'-I8 ,

1:3 (cement:sand in weight)
t dav 3 dan 7 dan 28 davs

13.2 27.8 33.8 44.2

Table 1. Characteris tics of Portland Cement.
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Vin~ I acetate/e thylene copolymer (E VA)
7.63 %
529 !?'I
II % above 250J1J1l
Approx. w'C

Ash con tent (30 min. at 10000C)
App arent density of the powder (" )
Particle size (laser gra nulometry in ethanol)
Minimum liIm forming temperature (**)

ll ydro'y-e1hyl cellulose (Il EC)
2.4 7 %
579 !?'I
6% over 250llm
1.900 .000
7.600
100.000 mPa .s

Ash content (30 min . at 1000"C)
Apparent density (*)

Particle size (la ser granulometry in ethanol)
Molecular weight (n)
Po lyme rizat ion degree (**)

viscositv (2% aqueous so l.) (**)

CO) cha rocn..-rist ics determi ned by mercury intrusion porosim etry

(... ) characte risti cs informed by the polym e r prod ucer

Table 2. Ph.l/sical Clwrt1ctai51ics of EVA and HEC Pt)!YI1l t?rs.

The following procedure was employed for pa ste mixing: i) dry mixin g of polym ers
and ceme nt, in a low speed mechanical mixer for 120 seconds ; ii) dry-mi xture flowing
ove r de-ionized wa ter ; iii) paste mixing in low speed mechanical m ixer for 120 second s;
iv) paste resting for 15 minutes; v) remix for 15 second s; vi) casting in hermetic
polyethylen e cylind rical flask s of 30m 111 (d) by 50mm (h ) for porosimetry tests and 37mm
(d) by 60l11 m (h ) for permeability tests. They we re then sea led and rota ted on rollers in
horizon till position (a pproximately 20 r.p.m.) up to initi al se tt ing for bleeding preve ntion .
The temperature and relative humidity in the labo ra tory were approximate ly 23"C and
80%, res pec tively.

Tab les 3 and 4 summarize the experime ntal design adopted for porosimet ry and
permeability tests, respectively. The actua l polyme r conten ts in the mi xtures were 10 and
20',%of EVA an d 0.5 and 1.0% of H EC of cement weight. These conten ts were corrected
d ue to the presence of inorganic com pounds in the polymer po wders, measured by the
ash content (Table 3). Consequently, EVA polymer /cement ra tios of 10% and 20% were
ob tained by ad d ing respectively 10.8% and 21.6% (of the weight of cement ). For H EC,
actual contents of 0.5% and 1.0%, 0.51% e 1.03% were added .

Designation Independent variable (Factor) Levels

H

C
J)

EVA cont ent (% of cement weight)

HEC content (% of cement weight)

Curing method
Pore size ranges

0,10 and 20

0.0.5 and I
Dry (-I) and Mixed (+ 1)

I: <j> < 10nm
2: lOnm < <j> < 50nm
3: 50nm < <j> < l um
4: <1» I fUll

TaMe 3. Varillb!t'~ I III' lll r ed ill A1IP Experiment,
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Designation

A

B
C

Independent variable (Factor)

EVA content (% ofcement weight)

HEC content (% of cement weight)

Curing method

levels

0. 10 and 20

0. 0.5 and I
Dry (- I) and Mixed (+1)

Table 4. Variables ln tolucd in Permeability Experiment.

The water / cemen t rat io was kept constant at 0.4, in weight basis. The effect of
d ifferent curing methods was also stud ied. Half of the specimens were subjected to
dry-cure (75% R.H. after demoulding, which was do ne 24 hou rs after cas ting) until the age
of 28 days. Mixed cure was applied to the other half of the specimens, which were
maintained inside the moulds, sealed and immersed in water during the first 7 days. They
were then dem oulded and kept at 75% R.H. until 28-days old . For carbo nation prevention
and mainten ance of relat ive humidity at 75%, all spec imens we re stored during the curing
period in a COo-free, air-tigh t vessel containing a super sa turated NaCI solu tion. Carbon
dioxide was wiihdrawn from the atmospheric air before en tering the vessel by passing it
throu gh a Ba(OH ), saturated solu tion.

Since it can affect the pore size distribution and per meability, the degree of cemen t
hyd ration wa s estimated by the determina tion of non-evaporable water contents in a
Netzsch STA 409EP thermal analyzer. Thermogr avim etric curves were deter mined using
30-mg pulver ized samples (<1><65 urn) at a heating rate of lO"C.min", in N,-flowing at 40
crrr' im in'. No n-evaporable wa ter conten ts (related to the ignited wei ght of cement) were
considered as the weigh t losses between 170°C and 1000"C, as recommended by TAYLOR
(1984). The contr ibutions from othe r volatiles, as CO, from carbonate phases and acetic
acid from EVA, were discou nted . -

3. MIP EXPERIMENTAL PROCEDURE

At 28-days old, the specimens we re cu t with a diamond saw and four 1.0 ( 0.2 mm
thick slices were taken from different regions . Ethyl alcohol was used to cool the saw. The
slices were then immersed on ethyl alcohol and su bjected to 20 minutes in ultrasoni c
cleaning equipment, manually fragm ented and stored in alcohol for at least 6 days for
hydration interruption and solven t repl acem ent drying.

Before the test, the pieces we re removed from the alcohol and vacuum-oven d ried at
40"C for 25 hours. This p rocedure is a varia tion of the method recommended by
FELDMAN and BEAUDO IN (1991) for spec imen preparation to mercury int rusion
porosirnetry, since temperature as high as 100"C, suggested by the au thors, can degrade
the po lymers.

For pore-size d istribu tion of polym er modi fied pastes, a Micromeri tics Autopore III
9420 porosimeter was employed, which is ab le to apply a pressu re of 414 MPa. The
assu mptions were 485 dynes / cm mercury surface tension and 13.5413 g / cm3 mercury
density. Equilibra tion time in both low and high pressure was 60 seconds . Sample weigh t
was approxima tely 1.0g. Since there are no references for EVA or HEC modified pastes,
the ad vancing / recedi ng con tact angle was assumed to be 130°, as reco mmend ed by
TAYLOR (1990) for ord inary cement pastes.

I'. Gil - tan
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For the ana lysis of the results, the in truded mercury val ues (intruded mercu ry
vo lume by sa m p le' uni t mass - ml I g) were a rranged withi n fo ur d istinct pressure ranges
co rrespond ing to diffe rent pore size ra nges. Pressure and pore size val ues a re rela ted by
the Was hbu rn eq ua tio n [eq, 11 (COO K and HO VER, 1993), where d is the d iam ete r
eq u iva len t to the mercury filled pores,y is the mercu ry surface tension, 0 is the co n tac t
an gle between mercury and pore walls, and I' is the pressure applied.

- 4 cosS
d = - - -

P IEq. 11

Due to some tech nical problems d uring the last p ressu re step applica tion, the
max im u m pressure considered fo r results ana lys is was 375.7 M f' a, which is related to
3.9nm po re di amete r.

The se lected pore-size ranges permits a good app roach to pas te properties based on
int ruded mercury vo lumes. Acco rdi ng to JEN NI NGS (1988), TAYLOR (1990) and M EHTA
and MO NT EIRO (1994), these pore-size ranges can be co rrela ted to paste p roperties as
shown in Table 5.

Sta tistica l ana lysis was ca rried o u t bv ANOVA (Analvs is of Variances ) in o rder to
es timate the effec t o f so me factors on the 'po re s tructure of the pastes. The com mercia l
so ftwa re Sta tg ra p hics Plus for Windows was used. In the first ana lys is, the co n ten ts of
EVA and H EC (% of the weight of cement) and the cu ring meth od (d ry or mi xed ) were
conside red as co n tro llable factors (independen t variables ). The depend en t vari abl es were
the th resho ld d iameter and the tot al in tr uded me rcury vo lume. In the second analysis, the
pressure a pplied by the porosimeter (re la ted to pore d iameter by the Washburn equa tion)
was also cons ide red as a con trollable factor, an d the intruded me rcury vo lume by sample
weight u nit (mI l g ) arranged in four pore diamete r ranges was the dependen t varia ble.
Dupl icat e in tru sion tests on a sing le se t o f cast ings w ere perform ed for each trea tm ent.
However, some treatments were tes ted more than tw ice in order to tak e ma xim um
ad vantage o f the p repared samples . Actually, 4 and 20 add it iona l tests we re performed,
totall ing 40 and 164 tes ts on the first and second analysis, respectivel y.

Desig nation
Hydrated phases ("gel") porosity

Medium capillaries

Large capillar ies

Large capillaries and entrained air

Pore dia meter
< 10 0m

10 - 50 om

50 nm - l ~m

> l um

Level code Properties affected

Shrinkage and creep

2 Strength. permeabil ity. creep and
shrinkage at high R.lI .

3 Strength and permeabili ty

-1. Strength

Table 5. ClIl:iS£t1catitlll l~f Porr-Si:c i/1 Hydrated C l' /IIt'11t Paste and Properties Affected.

4. N,-GAS PERMEABILITY TESTS

At 28-d ays o ld , eac h speci men was imbedded in epoxi resin and cu t to remove the
to p and bo ttom reg ions. Th e cu t su rfaces were po lish ed, and the speci mens were
im mersed on e thy l alc ohol and subjected to 20 minutes in ultrasonic cleaning eq uipment.

P. CIl - IS!
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For dryin g purposes, the specimens were subjected to continuo us vacuum at -750 mmHg
for 90 'minutes, and maintained inside a desiccator with silica-gel until the test.

An appa ratus was especially developed for permeability tests. It cons isted in a
pressu red N,-gas bottle connec ted to a device wh ere the specimen is adjusted to obtain a
hermet ic system. The gas passed throu gh the specime n and was directed wi th in a gauged
pipette filled with water, allow ing to determine the flow of N,' gas that crossed over the
specime n.

For each treatment, at least two sa mples drawn from different specime ns, moulded
from the sa me mixture, were tested . The samples were subjected to th ree or four
different N,-gas pressure levels. Duplicate tests were per formed for each pressu re level.
Graphs k x '1/ " : were d rawn, where k represents the permeability and P", is the average
N, pressure. Permeability va lue (k) could be obtained for different P", In this resea rch, an
average pressu re of 1,5 atm was cons idered for the determination of k.

ANOVA (Analysis of Variances) was also applied to estimate the effect of EVA and
HEC contents (% of the weight of cement) and the curing method (d ry or mixed ) on the
permeability of the pastes.

5. RESULTS AND DISCUSSION

Figure 1 shows the characterist ic curves of intruded mercury volume in function of
pore diame ter (incremental volume) for mixed-cured paste. For d ry-cured pastes, the
pro file is quite the sa me. It is possible to observe that the maximum concentration of pores
in the referen ce paste lies in the range 16-100nm, and changes to 50 - 300 nm for 10''', EVA
pastes (Figure 1). For 20% EVA addi tion, the profile is mu ch different, indicating that a
grea t volume of mercury has intruded on the po re size ranging from 16 to 160 nm. This
behavior can be attributed to the material characteristic itself and to the test method ,
which is capable of applying high pressures on the sample. The EVA used in th is research
has a film forming ability on d ryin g out. Indeed, micrographs obtained by the authors
sho w the presence of polymer ic film that partially sea ls the pores. The high er the polym er
content, the higher the pressure necessary to intrude the mercury into pa rtially sealed
pores, caus ing a great mercury int rusion at once. Besides, the pol ym eri c films probably
endure great volume contraction under compression, increasing the apparen t porosity
when the sample is subjected to the MIP test. These phenom ena can explain part of the
porosity modi fication observe d. They must be taken into account when ana lyzing pore
size d ist ribution measured by MIP.

.
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Figure 1. Typ;calpore size disiriuuticn of (0) EVA- and (b) HEC-l11odijied, mixed-cured pastes.
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It was possible to obta in information about the threshold diameter, which is the
ma ximum pore diameter at which the continuo us mercury intrusion begins (Massazza,
1998). According to Cook and Hover (1999), it ma y provide a goo d ind ication of cement
paste permeability and diffusion cha rac teristics. The threshold di am eter can be ob ta ined
from the increm ental cur ves of in truded volume, where there is a rapid increase in dV / dD
(FELDMAN and BEAUDOI N, 1991), or from the infl ection point of accu mulated curves ,
w hich signals the formati on of the sa m ple-span ning cluster (SAHIMI, 1995). In thi s
experiment, the thresh old d iam eter is the smalles t di am eter with di fferen tial intrusion
vol ume ( 0.000-1 mL / g, whi ch correspo nds to zero intrusion w he n rou nded up to three
deci ma l places.

Table 6 sho ws the resu lts of the ana lys is of va riances for th resh old d iamete r and
to tal in truded mercury vo lu me dat a. E\ 'A and HEC contents, and th e int eraction
between them, are significant factors. Figure 2 gra ph ically shows their effects. H EC has
major effect on the reduction of the th resh old di am eter of EVA-modified pastes (Figure
2a), a nd pastes with 0.5% HEC sho w the m inimum values, regard less the EVA conten t.
The thresh old di ameter of EVA modified pa stes determined by MIl' is relat ed to the
form ation of the pol ymeric film in the pores, besid es other factors inhe rent to cement
based materials, like the degree of ceme nt hyd rat ion. As shown in Figure 2a, the effect of
EVA depends on the HEC con tent, but in a genera l ma nner it increases the thresho ld
diameter. The high er th resh old d iamete r of IO'Yr, EVA com pa red to 20% EVA modi fied
pa stes (d ry an d mixed -cured ) might be related to the lower streng th of its film, w hich
proba bly shows fas ter disruption by the high -pressure mercu ry intrusion.

Factor Sums of Sq ua res Df vtcan Squa res F Test * p-\'a lue

Manner effect s Tn TV Tn TV Tn rv Tn TV
A : EVA content 3.63353 0. 011 ~J7 2 1.8167 63 0.005718 ~.507 29 .517 0.0209 0 .0000
B: IIEC content 5.732~6 0.001 955 2 2.8662 30 0.000978 7.111 5 .0~6 0.0034 0 .0141
C: Curing method 1.00827 0 .0005 71 1.008265 0 .0005 71 2.50 1 2.948 0. 1258 0.09 79
Interactions
All 5.73474 0.0 1304 1 4 1.433684 0 .003260 3.557 16.82 8 0.0 192 0.0000
AC 1.9739 1 0.000 163 2 0.986953 0 .00008 2 2.4~0 OA 22 0.1061 0.6602
BC 4.17796 0.000406 2 2.088980 0.000 203 5. 182 1.0~9 0 .0 127 O.36.t6
RESIIl L \ I. 10.48007 0.005037 26 0.403079 0 .000194

TOTAL 24.48686 0.0300 I0 39

* .111 f It.'..ts were carried o u t usin g the error ter m, which w., -, achieved us ing the 3·factors in te racti o n

Table 6. A"at.lf~i~ l~i VariallCt:'.5 for Thrc:,}w!d Dientvtvr (TD) and Totot tnm uied ~\ Jantry \"(l /ulI1t' (TV) Datil.
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The effect of HEC on total pore volume (Figure 2b) depends on the EVA content. For
non-EVA modified pastes, HEC increases the tota l pore volume, and the opposite effect is
observed for EVAmod ified pastes. The higher the EVA con tent, the higher the HEC effect.
Anothe r interpretation is that, in p rese nce of l or 0.5% HEC, EVA addi tion up to 20% does
no t significantly affect the pore size di stribution of the paste.

Table 7 presents the results of the ana lys is of variance for intruded mercury volume
data. Fig. 3 gra phically presents all two-factor interac tions. As can be see n, all factors
significan tly affect total intruded mercury volume. This effect can be direct, as in the case
of pressu re (Factor D: Pores) and EVA conten t (Factor A), or it can appear as an int er action
(AB, AD, BD and CD are significant inter actions). Pressure exerts the major effect, since it
is associated to tes t p rocedures.

Factor Sums of Squares df Mea n Squares F Test* p-value

:\lanner effects
A: EVA conte nt 0.002 84515 2 0.00 142257 17. I 7 0.0000
B: 11 EC content 0 .000498575 2 0.000249287 3.0 1 0.0527
C: Curing met hod 0 .00006265 I 1 0.000062651 0 .76 0.3861
D: Pore-size range 0.07992 54 3 0.02664 18 32 1.6 I 0.0000

Inter actions
AS 0.003 36459 4 0.000 841147 10. 15 0 .0000
AC 0 .0000442104 2 0.000022 I 052 0 .27 0 .7662
AD 0.00495294 6 0.000825489 9.97 0 .0000
BC 0.000045323 I 2 0.00002266 15 0.27 0 .761 I
SD 0.00345554 6 0.000575923 6.95 0.0000
CD 0.0 17665 3 0.00 588834 71.08 0.0000
RESIDUAL 0 .0109347 132 0.0000828385

TOTAL 0.12598 163

* all F tes ts were car ried out using the error ter m, which was achieved using the 3 and 4-factors in teraction

Table 7. AlIalysis of Variallces for Intruded Mercury Volume Data.

The interaction between pressu re (or pore-size di stribution ) and curing method
(CD in teraction) is the next major effect. The ana lys is of the influence of curing type on
pore-size di stribution shows that mixed cure resu lts are greater on pore conce nt ra tion
below 50 nm, which corres ponds to hydrated phases and medium capillary pores (Figure
3a). O n the othe r hand, dry-cu red spec imens have grea ter concentra tion of pores larger
than 50nm, which mainly affect paste strength and permeability. These results show that
the seven initial days of sea led cure cause pore structu re refine ment , and are in
accordance with the known beh avior of cemen t-based materials. The add ition of EVA
and / or H EC (interac tion AC and BC on Table 7) to the past e does not sign ificantly
change the effect of curing .

EVA does affect the porosity in a statistically sign ificant way, increasing the porosity
in large capillary po res and air en trained pores. This increase can be as great as 40% for
20% EVA content. This effect is much more important on ran ges 2 and 3 (lOnm to 1000nm)
as shown in Fig. 3b. The effect of adding HEC is a sma ll decrease in pores volume mainly
on the same ran ge 3 affected in the opposite way by EVA (igure 3c). However, for pastes
withou t EVA the effect of adding HEC is to increase the porosity, as already see n in Figure
2b. This apparent contra diction is a consequence of the interaction between HEC an d EVA

P. (; 11 -1&4
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Tabl e 8 sho ws the no n-evaporable water contents es timated by thermogravimetric
ana lysis (TG ). Unfilled cells arc d ue to the expe rimental design. It can be seen that,
regardless the H EC conten t, EVA red uces the d eg ree of hydration of dry-cured pastes. Its
sl ighter effect on mixed cured pastes is rela ted to the curing method itsel f, which
maint ains more wa ter av ailable for cement hyd rat ion for seven d ays. While EVA major
effect is to decrease the cement hydrati on of pastes subjected to dry cure, H EC increa ses
the non-cvaporable water for both curing methods, bu t its effec t is weaker than EVA
effect.

HEC content (% ) 0 0 0 0.5 0.5 0.5 1.0 1.0 1.0

EVA content (%) 0 10 20 0 10 20 0 10 20

Dry-cured pastes 12.11 6.12 11.26 I I. 75 R.54

Mixed-cured pastes S.:!5 12.03 10.R5 10.13 10.R3

Table S. ,\'on -l 'i.'I1I'<lraNc uxucr contents ( ~, ;, ) olJlai1ll'dfro /ll TG*.

From these results, it is poss ible to conclude that the hi gher vo lu me of ca pilla ry
pores in only-HEC modified pastes cannot be attribu ted to a lower d eg ree of ceme nt
hydration. On the other hand, the higher cap illa ry pore volume observe d on EVA­
modified pastes might in part be d ue to the lower cemen t hyd ration. Its more st rong effect
under dry cu re cond itions might be re la ted to a retardati on of hyd ration reactions and to
a qu ick release of water w hen the paste is dern oulded .

Pore-size ranee

(a) Prc~s fl rt' (po re::.) r curing /IId/wtl.
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Table 9 presents the ANOVA resul ts of permeability tests. Figure 6 sho ws the graph
of three-fac tor interaction. Two-factor interaction graphs are sh own in Figures 7 and 8.
The most important factors are HEC content (factor B) and the curing method (factor C).
and also the interaction between factors Band C. EVA content (facto r A) affects only
slightly the permeability of cement pastes to N,-gas.

Factor
Sums of

df Mea n Squa res FTest p-va lue
Squares

Manner effects
A: EVA content 0.3937 \ 2 0.\ 96855 1.7060 0.2097
B: IIEC content 3.889822 2 1.9449 11 16.8547 0.000\
C: curing method 1.886428 1.886428 16.3479 0.0008
Interaction s
AB 0.95 \876 4 0.237969 2.0623 0.\284
AC 0.23 \062 2 0.115531 1.0012 0.3870
BC 1.7\4 154 2 0.857077 7.4275 0.0044
ABC 0.68724 4 0.171810 1.4889 0.2472
Resid ua l 2.077074 \8 0.115393
Tota l 11.831366 35

Table 9. A NOVA results of pash' permeability to 1,5 aim .\'2-Sas.

The k va lues varied in a wide range depending on the polymer type an d content,
and on the curing method (from 4,67 x 10·\" to 2,67 X 10.16 m-),

HEC strongly decreases the permeability of the pastes, especially those ones
subjected to dry cure. The effect of EVA is statistically poor, but there is a tendency to a
lower permeability with EVA add ition (Figure 4).

The curing method has great influence on paste permeability, as expected.
Regardless any othe r factor, d ry-cured pastes present higher pe rmeability to N,-gas under
pressure, as shown in Figures 5 and 6. The effect of HEC content can clearly be seen in
Figure 5, es pecia lly for d ry-cu red pastes, wh ose permeabi lity reduction is as great as 85%.
These results permit the au tho rs to concl ude that HEC add ition has similar effect on
permeability as the application of mixed-cure on cement pastes. Both factors, acting
simultaneously, assure minimum permeability.

2 5
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Figure4. Three-factor graph S}lOlP;lIg the effec t of HEC and EVA contents and curing fYl'l ' 011 til t' ......'1-S tl 5 1't'Y lll t' lllJility of
cement pask s.
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6. CORRELATION BETWEEN THE RESULTS OF POROSITY AND PERMEABILITY
TESTS

Th e results of porosity and perm eabil ity tests were compared, since the transport of
fluid s inside materi als is int imately related to its pore structure. A corre la tion study was
performed cons idering the following cha rac te ristics of the pore st ructure:

• Tota l in truded mercu ry vo lu me

• Pore vo lume w ith diameter larger tha n 40 nm, co rresponding to the mean free
path of a N, molecul e

• VPore vo lume with di ameter be twee n 10 nm and I um (correspond ing to the
capillary pores, according to Table 5)

• Th reshold d iameter

Table 10 shows the correlation coefficient found in ea ch case. Correla tions are weak
(r < 0.70), that is, i t is not possible to es tablish a model corre la ting the cha racte ristics
deter m ined by MIP and the property of N,-gas permeabi lity.

P. Gil - 1 ~7
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Pore structure characteristics
Total intruded mercury volume
Volume of pores with cjJ > 40 om
Volume capillary pores
Threshold diameter

CASTELL6 N (SPAIN)

Correlation coefficient (r)
0.045692
0.369024
0.186309
0.10 1396

Table 10. Correlation coefficients "t'tU't'erz POrt' structure c1raraclt'ristics awd .\':-Xas l'enrrt'alJility n'~ lilts (~f (('111('/l11'tlstcs.

Althoug h no strong correlation exis ts, some tendencies could be noted . For onl y­
EVA modified, mixed -cured pastes, higher EVA contents result in an increase of th resh old
diameter, capilla ry pore concentrati on and total pore vol ume. On the othe r hand, the
permeability is reduced. For d ry-cured pastes, the permeability is reduced only for 20%
EVA modified pastes. There is a g rea t increase of permeability for 10% EVA modified
pastes, as sho wn in Figure 4a.

This behavior might be related to the film forming capacity of EVA. The film cove rs
the cement hydrated phases and pore wa lls. One can conclud e tha t the film restricts fluid
transporta tion within cement pastes, bu t it is not capable to resis t to the high pressure
applied during MIP. According to SU (1995), polym er particles fill the pores of the paste,
con tribu ting to a lower permeab ilit y. However, the high permeability of 10%
EVA-mo dified, dry-cured pastes indi cates that th is EVA content is not sufficien t to fill and
to seal satisfactorily the capillary pores resulting from the combina tion of both factors. For
higher EVA content, the effect of porosity on pe rmeability is balan ced by the presen ce of
polym er pa rticles and by pores sea ling.

Mixed-cured pastes have lower capillary and total porosities, and an EVA conten t as
low as 10% is capable to decrease the permeabi lity. As can be seen in Figure -lb, higher
EVA contents further reduce the permeabili ty.

Only-HEC modified pastes sho w higher capillary and tota l pore vo lumes,
regard less the curing type. However, a strong reduction of the permeability was noted for
0.5% HEC pastes . Higher HEC contents sha rply change the threshold d iamete r and do not
affect the paste perme ability.

This beha vior may be due to the dryin g process itself and to the d imen sion s of the
sa mples subjected to the MIP test. Microcracking can be caused by both facto rs due to
d ryin g shrinkage. Indeed, onl y-HEC modified pastes showed in tense microcracking
when observed by SEM. Since the pastes were subjected to severe d ry ing procedures
(wa ter replacement by ethyl alcohol, simultaneo us low pressure and 40"C temperature for
25 hours), one can expect great dryin g shrinkage and microcracking. The microcracks are
considered by the method as pores. On the other hand, the dimensions of the sa mples
subjected to permeability tests, as well as thei r previous storage, probabl y d id not result
in st rong cracking. This might be the cause of the inverse relation between total and
capi llary pore volumes and the result s of permeab ility of on ly-HEC modified pastes.

Besides, accord ing to OHAMA (1984), cellulose der ivative polym ers (such as HEC)
form thin and imperviou s films within cement based mater ials. Altho ugh the existence of
such film wa s not confirmed on SEM ana lysis by the authors, HEC ind eed forms
extreme ly thin and weak film after water rem oval from a pure aqueous solu tion.
The refore, the inverse relation between porosity and permeability results of only-HEC
modifi ed pastes might be due to the presen ce of thin films partially sealing the pores and
to the ready rup ture of such film during mercury intrusion. According to NA KAMURA,
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cited by O HA MA (198-1,), wa ter permeabi lity of cement-based materi a ls is a lso red uced in
the presence of cellu lose e the rs, since they su ffe r exp ansion w hen absorb water, sea ling
the po res. However, as ha s been demonst ra ted , the re is an increase of impervi ousness of
the pastes to gases, and it can be an ind ication that the im permeabil ity of these sys tems is
d ue to a factor d ifferent from polym er expansion.

In the presence of EVA, J-1 EC ca uses reduction of ca pilla ry pores and tot al porosity
and permeability of cement pastes. The thresh o ld d iamete r is a lso reduced. The effect o f
HEC on the red uctio n of permeabi lity is mo re exp ressive for dry-cured than m ixed -cured
pas tes, and for lO%-EVA mod ified pastes. The add ition of EVA to H EC-mod ified pa s tes
increases the tot al and ca p illa ry po rosities, but has no effect on the permeability p ro perty.

7. CONCLUS IO 5

Fro m the MIl' and permeab ility test s pe rformed with EVA and / or HEC modified
cemen t pastes it was possible to conclude that:

1. No strong co rrelat ion was found between gas -permeability and MIl ' resu lts for
po lyme r-modified cement pastes .

2. As ex pected, pore-size d istribu tions of polymer modi fied pastes are g rea tly
gove rned by the curing method. Seven in itia l days of se a led cu re were able to
sha rply reduce po re-size concentra tion in the range of 50nm to 1 [1111 . As wo uld be
expected , the ap p lica tion of mi xed cu re causes a sha rp red uction of gas
permea tion.

3. EVA inc reases the ca pilla ry pores and th resh o ld diameter of cemen t pastes, but
the effect on ga s-permeabi lity is not sta tistica lly s ignificant. However, the overa ll
effect of EVA ad d it ion is to reduce permeability. Thi s co n trad ictio n mi gh t be
relat ed to the presen ce of po lymeric film w ithin the pastes, tha t su ffers rupture
and allow high-p ressure mercury to en te r the pores, bu t do not permit the
percolat ion of gases at low p ressures.

4. The ad d it ion of HEC to pure pa stes resu lts in high er capi llary and total porositi es.
O n the ot her hand, HEC strongly decreases the I .Sa trn, N,- gas permeab ility of the
ce ment pas tes. Thi s lack of co rrela tion mi gh t be d ue to the MIl' sa m ples
mi crocracking on drying procedu res, w hich d oes not occur in the large sam ples
subjected to permeabil ity tes ts .

5. The highe r ca pilla ry pore vo lume of H EC modified pastes measured by Mll' is no t
rela ted to the degree of cemen t hyd rat ion. However, for EVA mod ified pastes, the
high er ca pilla ry and total pore vo lume of the pastes migh t be d ue to a lower
hydra tion degree.

6. For cement pastes modi fied w ith film- former polymers, it is not possib le to
corre la te the ga s-permeability property to po re str ucture characteristics ob tai ned
by MIl~ s ince the hi gh pressu re appl ied on the sam ple by the latter can cause the
ruptu re of the po lymeri c film th at seals the pores. The es tablish me n t of nu meric
mod els based on pore s tructu re charac te ris tics d ete rmined by a tech nique less
aggressive than MIl' cou ld provide better es timation of the per mea bility of
polymer / cement compos ite materials.
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