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Abstract. The chloride-induced corrosion of reinforcing steel is the major reason for the premature deterioration and
degradation of field concrete structures built in a salt-laden environment. The results of investigation of the bituminous
addition effect on Portland cement concrete resistance to chloride ions penetration are presented in this paper. Chloride
penetration was simulated by subjecting samples to cyclic loading with salt solution and drying. Concrete resistivity
development was monitored during 12 months. The test results have been analysed to verify the effect of addition
content, the time of exposure in aggressive environment, as well as the sort of cement on chloride ion permeability of
Portland cement concrete. The statistical analysis showed that bituminous addition significantly improves the concrete

resistance to chloride salt solution penetration.

Keywords: concrete, chloride ions, bituminous addition, electric resistivity, material and structural protection, cyclic

wetting and drying, statistical analysis.

1. Introduction

The ingress of chloride ions into concrete plays a
crucial role in reinforcing bar corrosion and, hence, in
durability and life of structures. Chloride permeability of
concrete is such an intrinsic property that needs to be
assessed independently, especially in the design and con-
struction of structures to be built in a salt-laden environ-
ment.

The main sources of chlorides in concrete are chlo-
ride ions ingressing from outside. In case of high-way
structures and bridges, this can be caused by de-icing
salts. Another source of chloride ions is sea water in
contact with concrete. Chlorides may be also deposited
on the surface of concrete in the form of very fine air-
borne drops of sea water, carried by wind. Brackish
ground-water in contact with concrete is also a source of
chlorides [1].

Chlorides penetrate concrete by diffusion of the ions
in the water, as well as by capillary suction and by ab-
sorption. Prolonged or repeated ingress can, in time, re-
sult in a high concentration of chloride ions at the sur-
face of reinforcing steel [2].

It is apparent that the progressive ingress of salts
towards the reinforcing steel takes place under alternat-
ing wetting and drying. The transport of chlorides in
concrete is influenced strongly by the exact sequence of
wetting and drying. This sequence varies from location
to location, depending on the wind, exposure to the sun

and the shape and usage of the construction. Thus, dif-
ferent parts of the structure may undergo a different pat-
tern of wetting and drying.

The modification of concrete, during mix prepara-
tion, with bituminous admixtures or additions may be an
effective method of cement mortar and concrete protec-
tion against external environmental influence. The intro-
duction of bituminous additions leads to the formation
of hydrophobic coating on the walls of pores, to block-
ing the connections among them, to diminish the frac-
tion of capillary pores in total porosity and to limit chlo-
rides and other agents penetration into the concrete [3,
4]. The hardened cement stays the binder of material.

Concrete resistivity is a geometry-independent ma-
terial property that describes the electrical resistance, that
is the ratio between applied voltage and resulting cur-
rent in a unit cell [5, 6]. The resistivity of concrete may
vary from 10' to 103 Qm, depending on the moisture
content and the concrete composition. The current is
carried by ions in the pore liquid. An increased pore
saturation as well as an increased number of larger di-
ameter pores (higher water-to-cement ratio) decrease re-
sistivity. For constant moisture content, the resistivity
increases with time (hydration). Resistivity also increases
when the concrete dries out and when it carbonates, par-
ticularly in Portland cement.

In theoretical and experimental work there appears
to be a correlation between concrete resistivity and chlo-
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ride ingress [5]. In general, the chloride diffusion coeffi-
cient is inversely proportional to the concrete resistivity.
Within a particular structure, more permeable zones will
have a comparatively lower resistivity and higher chlo-
ride penetration. The resistivity of concrete and the cor-
rosion rate of reinforcement after depassivation are re-
lated. Ion transport between anodes and cathodes on the
steel surface is one of the rate controlling factors.

The present investigation was carried out with an
objective to assess the concrete modified by bituminous
addition resistance to chloride ions penetration. The in-
fluence of bituminous addition on the concrete perme-
ability was evaluated on the ground of long-term moni-
toring of resistivity development of the material subjected
to cyclic wetting and drying.

2. Experimental investigation
2.1. Materials and specimens preparation

The tests were carried out for fine-grained concrete.
Two types of Portland cement recommended for bridges
and highway structures were used: the sulphate resistant
CEM 1 42,5 HSR NA (C1), and moderate sulphate resis-
tant CEM I 42,5 MSR NA (C2). The mineral composi-
tions of cements used are presented in Table 1.

Table 1. Mineral compositions of cements

Content in mass, %
Cement
C3S Czs C3A C4AF NaZOeq SO3
CEM I
42,5HSR | 61,3 | 14,6 | 2,1 15,6 0,49 2,33
NA (C1)
CEM I
42,5 MSR | 59,7 | 15,5 7,8 10,5 0,54 1,79
NA (C2)

All concrete mixes tested were characterised by iden-
tically plastic consistence, which demanded the correc-
tion of water amount each time. The cement content in
tested concretes was constant (450 kg/m?).

The bituminous paste — industrial asphalt solution
in high-boiling organic solvent — was a modifying com-

Table 2. Selected properties of concrete tested

ponent. The addition of bituminous paste was included
in the batch of concrete by suitable reduction of aggre-
gate amounts. The fine aggregate used was quartz sand
with a maximum diameter of 2 mm, the coarse aggre-
gate - basalt grit with maximum diameter of 8 mm.

The tests were carried out with specimens prepared
of mixtures with two different values of addition content
as well as with unmodified control specimens. The mass
ratio of the bituminous paste to cement (p/c), determined
on the ground of previous test results, described in [7,
8], was 0,11; 0,13 for cement C1 and 0,095, 0,11 for
cement C2. A water-cement ratio (w/c) in the tested con-
cretes ranged from 0,355 to 0,395 (dependably on the
bituminous paste content).

The specimens of 100x100x50 mm with pairs of
stainless steel electrodes, with active surface of 10 cm?,
embedded in hardened concrete, were used for evaluat-
ing electric resistivity. The thickness of concrete cover-
ing electrodes was 2 cm. Test specimens were prepared
using vibration table. They were stored 24 h in the
moulds at 95 % (RH) and 18 °C and, after demoulding,
kept 27 days in a climatic chamber at 95 % (RH) and
18 °C.

The test results of basic properties of concretes are
summarised in Table 2. The water absorbability and cap-
illary suction of concretes were determined by the stan-
dard PN-85/B-04500 [9] and the compressive strength —
by PN-EN 12390-3: 2002 [10]. The total porosity value
was calculated considering bulk density as well as spe-
cific density of concrete. The introduction of asphalt
addition (in the range of p/c values) results in a signifi-
cant decrease of water absorption and capillary suction
of 3 % NaCl solution as well as the decrease of com-
pressive strength, but the compressive strength of modi-
fied concrete is within the range of ordinary structural
concrete.

2.2. Exposure test and monitoring

The electrical resistivity development was monitored
for concrete samples exposed in cyclic wetting and dry-
ing conditions. The samples were wetted in 3 % NaCl
solution and comparatively in water.

. . Water Capillary suction Total Compressive strength,
ype o ple wjc | absorbability, of 3 % NaCl, porosity, MPa
cement 2
% kg/m % 28 days 180 days
0,0 0,395 4,28 1,96 12,88 61,5 69,2
C1 0,11 0,376 1,87 0,59 14,15 43,1 58,8
0,13 0,355 1,91 0,56 14,09 35,6 41,2
0,0 0,395 433 1,86 12,69 69,4 74,9
C2 0,095 0,380 1,92 0,68 14,23 51,3 63,1
0,11 0,370 2,02 0,61 14,60 46,2 57,3
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After 28 days of curing the concrete samples were
exposed to cyclic wetting and drying, permitting mois-
ture movement through concrete pores. The wetting pe-
riod in 3 % NaCl solution or in water was 5 days, but
the time of drying, at 40 % RH and 18 °C, was 7 days.
During wetting, the samples were partially (to 4/5 of their
depth) submerged in solution, which could intensify the
chlorides migration caused by absorption and capillary
suction.

The resistance was measured between pairs of elec-
trodes using 1+2 kHz AC. The resistivity was calculated
considering the effective area of the steel electrodes and
their separation distance. The first measurement was car-
ried out after 28 days of curing.

3. Test results

The development of electric resistivity of concretes
wetted in water was presented in Fig 1, and the con-
cretes wetted in NaCl solution in Fig 2.
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Fig 1. Electric resistivity of concrete r wetted in water vs
time of exposure ¢ as well as p/c value (vertical bars rep-
resent the range of accuracy)
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Fig 2. Electric resistivity of concrete r wetted in NaCl
solution vs time of exposure ¢ as well as p/c value

The effects of time of exposure ¢ (factor A), p/c
value (factor B), type of cement (factor C — qualitative)
and NaCl concentration in solution (factor D) on the elec-
tric resistivity of concrete r (variable Y) have been stud-
ied using the method of variance analysis. In this analy-
sis both the basic effects and the higher order interac-
tions were analysed. For statistical interpretation of re-
gression and analysis of variance it was assumed that the
data was normally distributed.

Before the proper analysis, the Cochran’s G test was
used as a homogeneity test. The results of every month
resistivity measurements of 6 concrete mixes were taken
into account. The test showed that for 156 means and
the degrees of freedom df = 2, the calculated value equals

Gijkmax = Shkmax | ZSik = 941,66/16708.18=0,0564, (1)

for level of significance o = 0,05 is less than G 052,156 =
0,0632 [11], thus the compared variances are homoge-
neous and the test results reproducible.

The variance analysis was carried out in compliance
with the procedure given in [11]. The results are given
in Table 3.

The F-Fisher test [11] was used to verify the hy-
pothesis that A, B, C and D factors had a significant
effect on concrete resistivity development. The influence
of the individual factor or the interaction is recognised
as significant if

Fexper > Frab = Fo, 1,1 (2)

where oo = 0,05 — level of significance, f, and f, — de-
grees of freedom.

As a result of the variance analysis, it has been found
that individual factors and the first-order interactions as
well as the second-order interaction have a significant
effect on the resistivity development. Only the interac-
tion of A, C and D factors as well as the interaction of
A, B, C and D have statistically insignificant effect. The
percentage fraction of factors and interactions influence
h was calculated too (Table 3).

For predicting the resistivity of concrete subjected
to cyclic wetting and drying, a mathematical model de-
scribing the resistivity changes (function y) in depen-
dence on selected factors was developed. Only the effect
of the quantitative factors was taken into account: p/c
ratio — factor X, time of exposure t (months) — factor X,
and NaCl concentration in solution — factor X,, separately
for each cement.

For mathematical model elaboration the following
factor’s levels, significant for practice, were selected:

— factor X: 0,11; 0,13 (for cement C1); 0,095; 0,11

(for cement C2),

— factor X,: 0, 3, 6, 9, 12 months of exposure,
— factor X;: 0, 3 %.

As a function describing the resistivity development
due to cyclic wetting and drying, the orthogonal polyno-
mial was assumed. The values of regression equation co-
efficients were determined using the least-squares method.
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Table 3. Analysis of variance results

Source of variation Sums of squares Degrees of freedom | Mean squares Feper F ((2) )
Factor A 352948,8 12 294124 279,51 1,79 21,19
Factor B 932931,0 2 466465,5 443284 3,02 56,02
Aand B 191508,2 24 7979,5 75,83 1,58 11,50
Factor C 2796,4 1 2796,4 26,57 3,38 0,17
Aand C 33298 12 2715 2,64 1,79 0,20
Band C 2045,9 2 1022,9 9,72 3,02 0,12

A and B andC 5044,6 24 2102 2,00 1,58 0,30
Factor D 91446,7 1 91446,7 869,02 3,88 5,49
Aand D 17268,5 12 1439,0 13,68 1,79 1,04
Band D 13165,5 2 65827 62,56 3,02 0,79

A and B and D 4302,8 24 179,3 1,70 1,58 0,26
Cand D 775,0 1 775,0 7,36 3,88 0,05

A and C and D 636,8 12 55,1 0,50 1,79 0,04

Band Cand D 113498 2 5674,9 53,93 3,02 0,68
A,B,C and D 2996,5 24 1248 1,19 1,58 0,18
Error 32831,6 312 107,1 - - 1,97

The calculations were conducted by the Data Analysis
Programs | STAT [12].

The relationship for the cement C1 concrete has been
obtained as:

A
Y1=66,35—3181X, + 371,3X; X, +

3
5,208X5X3—57,97X1 X, X3, )
for the cement C2 concrete:
A
Y2 =64,67-12,01X5 + 256,3X1 X, — @

7,728X X3 +5886X1 X X3.

The adequacy of the relationships obtained was
tested using the F-Fisher test [11]. The experimental
F-value for concretes made with cement C1 is equal to
FexperI = 1,90 and for concretes made with cement C2 —

exper2 1,88. The critical F-value, for oo = 0,05 and
degrees of freedom f, = N — d* =20 — 5 = 15 and
S, = N (n-1) = 20(3-1) = 40, equals F_ = 1,96. The
degrees of freedom were calculated considering: N —
number of variances — 20, d* — number of relationship
coefficients — 5 and n — number of replicates — 3. The
experimental values T less than the critical value
F,;; thus the analysis indicates a good fit to the relation-
ships obtained.

4. Interpretation

In order to make the interpretation results easier,
the relationships (3) and (4) were presented graphically
in the form of isolines (Figs 3 and 4).

The analysis of dependency r = f (p/c, ) for ce-
ment C1 concretes, stored in water as well as in 3 %
NaCl solution, showed beneficial influence of the expo-
sure time and the bituminous addition on the resistivity.
It means that with an increase of X, and X, factors value,
the value of Y increases. The increase of resistivity
amounts on average:

— with change in X| value from 0,11 to 0,13 ~45 Qm,
it means about 37 % for concrete samples wetted in
water and ~24 Qm, it means about 24 % for con-
crete samples wetted in NaCl solution;

— with change in X, value from 0 to 12 months
~153 Qm (~230 %) for water storage and ~90 Qm
(~135%) for NaCl solution storage.

The analysis of the selected factors influence on the
resistivity of cement C2 concretes showed that the quali-
tative effect is the same as for cement C1 concretes. The
difference is in a quantitative effect. The increase in re-
sistivity, in case of cement C2 concretes, amounts to on
the average:

— with the change in X, value from 0,095 to 0,11
~23 Qm (~17 %) for water storage and ~39 Qm
(~39 %) for NaCl solution storage;

— with the change in X, value from 0 to 12 months
~171 Qm (~265 %) for water storage and ~110 Qm
(~170 %) for NaCl solution storage.

The reason for the resistivity increase may be the
tightening of material structure during the experiment,
caused by prolongation of hydration process in the pres-
ence of bituminous addition, which was shown in previ-
ous investigations [4]. Moreover, the tightening of con-
crete through blocking the pores of material with a bitu-
minous addition is conducive to the increase in resistivity.
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Fig 3. Isolines of resistivity of concretes wetted in water
Y (p, Qm) vs X, (p/c) and time of exposure X, (¢, months);
a) for cement C1 concretes; b) for cement C2 concretes

There is not a significant difference in the resistiv-
ity of concretes made of cement Cl and cement C2,
stored in water as well as in NaCl solution. The percent-
age fraction m (Table 3) of factor C-type of cement —
influence, which is about 0,17 %, indicates that sort of
cement has any practical effect on the resistivity.

The comparison of the resistivity values of concretes,
wetted in water and in salt solution, showed that the re-
sistivity, independently of the cement used, increases
more slowly in case of samples stored in NaCl solution.
This can be explained by accumulation, in the pore space,
some amount of NaCl crystals, which causes the increase
in sorptive humidity of porous materials. The increase in
humidity is conducive to formation of the pore liquid,
what, in effect, causes the decrease of resistivity. This
conclusion is confirmed by the results of variance analy-
sis. The percentage fraction of factor D (environment of
exposure) influence is about 5,5 %.

In case of concretes without a bituminous addition,
stored in water, the electrical resistivity did not change
during the experiment, keeping up the value reached af-
ter 28 days of curing ~ 50 Wm. After 12 months of
cyclic wetting in NaCl solution the resistivity of unmodi-
fied concrete reached the values reduced about 35 % in
comparison to the resistivity value after 28 days of cur-
ing.
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Fig 4. Isolines of resistivity of concretes wetted in NaCl
solution Y (p, Qm) vs X, (p/c) and time of exposure X,
(t, months); a) for cement C1 concretes; b) for cement C2
concretes

5. Conclusions

1. The concretes, made with Portland cements rec-
ommended for bridges and highway structures, contain-
ing bituminous addition, showed a significantly higher
resistivity than the control plain concrete. After 12 months
of monitoring, the resistivity of modified concretes was
~5 times greater than of plain concretes, wetted in water
as well as in salt solution.

2. The factors, such as time of exposure, the bitu-
minous addition content and the sort of exposure envi-
ronment (water or salt solution) have significant effect
on concrete resistivity. The p/c value and the time of
exposition in cyclic wetting and drying conditions have
the greatest influence expressed in the percentage frac-
tion, 56 % and 21 % respectively. The influence of ce-
ment type was practically insignificant.
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BETONO ATSPARUMO CHLORO JONU SKVARBAI IVERTINIMAS STEBINT ELEKTRINES VARZOS

KITIMA
M. Kosior-Kazberuk, W. Jezierski

Santrauka

Betono ir gelzbetonio atzvilgiu chloro jonai yra agresyvus veiksnys, skatinantis armattrinio plieno ir betono korozija.
Pateikiami bituminio priedo betone jtakos tyrimy rezultatai chloro jonu skvarbai jame. Siekiant jvertinti betono
pasipriesinima tokiems difuzijos procesams, remtasi eksperimentiniais medziagos elektrinés varzos matavimo rezultatais.
Taikant statistinius tyrimy metodus, atlikta rezultaty dispersiné ir regresiné analizé, aiSkinantis betono elektrinés varzos
kitimo tendencijas priklausomai nuo panaudoto cemento riiSies, bituminio priedo kiekio, NaCl vandeninio tirpalo, skirto
bandiniams jmirkyti, koncentracijos, ir agresyvaus priedo poveikio trukmés. Statistiné analizé patvirtino gana teigiama ir
naudingg bituminio priedo betone poveikio itaka ribojant chloro drusky tirpaly skvarba i betona.

RaktaZodziai: betonas, chloro jonai, elektriné varza, struktiiriné apsauga, bituminis priedas, dispersiné analizé, regresija.
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