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Abstract

In this paper the resistance fo chlonde penstration mfo concrete contaming various high-
calcium fly ashes (HCFA) fom brown coal combustion m power industry  is examined.
HCFA from Belchstow Power Plant wes nsed a5 nponstandard concrete additive for partial
replacement of cement m the mux To evaluste the concrefe resmistance to chlonde iom
penetrafion the standard method of determmination of chloride mipration coefficient from non-
steady-state migration test according to NT Build 492 was nsed. The range of imvestigation
mchided fy ash grnded to specified specific surface as well unprocessed fly ash. Test results
revealed a substantial improvement of the resistance to chioride peoetretion mbo  concrete
containing HCFA as partial replacement of Portland cement. The resistance was:higher for
mcressed replacement level and decreased watar|-tu-mﬂ:uent ratio. Favourable effects of Ingh-
calemum fiy ash are discuszed in relation to kfactor concept.

Keywords: chlonde penatration, high calenum fly ash, cement replacement

1L.Introdoction

Cozl ach 15 a by-produoct of power gensration o codl bomung plants. Brown coal 1s nzed to
produce over 30% of elecmerty uzed m Poland. Thos a sipnificant amount of high calenm fly
ash (HCFA) iz generatad. up to about 4 million ton per year. Possible use of high-calcinm By
aghes in the composition of cement and I reéady mix concrate would result in 5 mmber of
environmental benefits (reduced comsumption of cement clinker, reduced CO: emissions
durmg cement production, saving naturel resources, reduced landfill space and storage cosis),
which £t very well with the strategy of sustamable development. However, this type of ash s
charsctenized by low =lica contents, ligh content of fre= lime, an increased content of sulfur
compomnds. Therefore 1t does not meet the requirements defined m Evropean standard EN
430-1. A lsrge vanability of chemical compesition snd pram size disinbution can also be
sxpected. At present HCFA 15 noi in peneral use m Ewropean couwmiries in spite of positive
examples of ite snitability provided by Greel researchers. It was shoom [1] that in the case of
cement replacement with HCFA, the compressive strength of concrete was increased if the
content of sctive silica in the fly ash was higher than that m the cement. For gvercoming
drawbacks of HCFA composition and sradation different ash intermixtires were applied and
synergy between the different types of fly ashes was found to be the main reason for the
excellent stremzth performance of the mixtures [2]. It was also found that concrete specimens
mcorporating HCFA exposed to the longferm chlonde ponding experiments exhibited
sigmificantly lower total chloridz content for all depths from the surface [3]. The assessment
of conerate resistance to chlonde meress is fimdamental for durability of sruchires in XU and
X5 environinental expomme classes defined m EN 206-1. The objectve of this investigation
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15 to study the influence of fly ash from brown coal combustion m “Belchatow™ power plant
m Poland on the resistance of concrete to chlonide ingress. This imvestigation is a part of 3
larger research program recently started in Poland m order to develop a cuitable technology
for use of high-calcium fly ash as a type I addition to concrefe mix.

Chlonde penetration resistance of concrete modified with standard silicecus fly ash was
studied using slow and rapid festing methods [4]. The Rapid Chlonde Migration (RCM) test
descnibed by Lupmg and Nilsson m 1992 [3] (also known as test according to NT Buld 492
standard) 15 becoming the standard test for this purpose. The pnnciple of the test 15 based on
active chlonde migration enhanced by an elecmc field over a saturated concrete sample [6].
The cntenna for evaluating the resistance of concrete against chlonde penetration are presented
m Table 1 on the basis of the chlonde migration coefficient determuned according to NT Buld
492 standard The cntena are not yet well established for specific stmuctural applications m
different European countries.

Table 1 Evaluation of rezsistance to chloride ingress in concrete

Chlonide migration coefficient D, o, Fesistance to chlonde penetration
=2x 10 ms Very good
2-8x 10" m's Good
§-16x 10 m%s Acceptable
= 16x 10 m¥s Unacceptable

1. Experimenial program

2.1 Materials and specimens
The mmvestigation included threesenesof concrete muxtures modified with high-calemmm fly
ashes used for partial replacement of cement m the mix.

Followmg matenals were used:
- cement: CEM T42 5F and CEM 142 5 HSR NA,
- high-calenam fly ashes from Belchatéw Power Plant collected at three different dates
during § months period (the chemical composition of fly ashes is shown in Table 2),
- aggregates: sand 0-2 mm, amphiholite gravel 2-8 mm and 8-16 mm,
- water reducing admixtures: Glenium SKY 591 and BV-18.
- iap water.

The charactenistie feature of fly ash compositon is the content of CaQ. 50; and 510; within
the range 22-31%, 3.0-4.5%, 34-40%. respectively. High-calcium fly ash was used both in
unprocessed form (as culiected} and after crmding m laboratory mill dunng 10 to 28 munutes.
No gnnding was performed for 52" ash because of its high specific surface m the as-
collected form. Physical properties of fly ashes are given in Table 3.
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Table 2 The chenueal composition of high-calcium fly ashes determuned using XPBF method
Fly ash sampling date and batch designation

Component 16.03.2010, 19.05.2010, 18.06.2010.
51 52 53
LOI 2.56% 343% 1.35%
510 33.62% 3541% 40.17%
AlDs 1927% 21.86% 24.02%
Fe:0s 5.39% 6.11% 5.03%
Ca0 3132% 25.58% 22.37%
MO 1.85% 1.49% 127%
S0; 4.50% 4.212% 3.07%
K0 0.11% 0.13% 020%
Na;O 0.31% 0.16% 0.15%
P,0; 0.17% 0.16% 0.33%
Ti0, 121% 122% 1.01%
Min, 0 0.07% 0.06% 0.06%
510 0.20% 0.17% 0.16%
Zn0 0.02% 0.02% 0.02%
Calge, 2.37% 1.24% 1.46%

Table 3 Physical properties of high-calemum fly ashes before and after processing
Batch Fly ash designation Denzity Fmeness—the residue  Specific surface
LE'-"L‘DJT] onsieve $3pm [*%] by Blaine [em™g]

51  51-N : unprocessed 2.62 380 2860
51-10M: grinded 10 mun LT 230 3500
51-28M: srinded 28 mun 273 10.3 3870

81  S1N:unprocessed 2.58 354 4400

53  53-N:unprocessed 264 336 1900
53-20M: grinded 20 min 27 200 4060

Comcrete specimens were manufactured at constant water fo binder ratic using vanable
HCTA content for partial replacement of cement. The design of concrete mix was based on
the prediction of compressive strength and for this purpose the efficiency factor k was
assumed: =4 for HCFA type “517 and “527 and =0.7 for HCFA type “53". The cement
replacement level was 15% and 30%. The use of HCFA addibon induced a sigmificant
merease of water demand for concrete muxes. To mamtain the target shump of concrete
mixtures {class 52 to 53} the amount of water was kept constant and the content of water
reducing admixtures was adjusted.

The compeosition of concrete nuxtures made with assumed water-to-binder ratto and lugh-
calcium fly ashes content 1s shown mTable 4.

2.2 Test metheds

The compressive strength of concrete was determined on 150 mum cube specimens after up to
00 days. The strength tests were performed according to PIN-EN 12300-3:2000 standard The
chlonide migration coefficient was determmmined om concrete specimens after 56 days of
standard wet cuning. The testing procedure was m accordance with NT Buald 492 standard




Table 4 Composition of concrete mixtures

Designation of the  Water-binder HFCF HFCF  Typeof cement Cement

concrete mixture rafio designation  content content
[%] kg/m’]
C1/0.43 none 0 339
CL/SI-N/15/0.45 S51-N 13 305
CL/S1-N/30/0.45 SI-N 30 230
CL/S1-10M/15/0.45 043 51-10M 15 CEMI425FR 310
Cl/S1-10M/30/0.45 51-10M 30 257
C1/51-28M/15/0.45 51-28M 15 306
C1/51-28M/30/0 .45 51-28M 30 235
C1/0.33 none 0 323
CUS1-N15/0.53 S1-N 15 Ly
CL/S1-N/30/0.53 SI-N 30 226
C1/51-10M/15/0.55 0.55 51-10M 15 CEMI425R 275
C1/51-10M/30/0.55 51-10M 30 228
CL/S1-28M/15/0.55 $1-28M 13 277
C1/51-28M/30/0.55 51-28M 30 228
C2/0.45 none 0 CEMI42.5 366
C2/S1-N/1510.45 043 S1-N 15 HSENA 312
C2/S1-N30iM.45 S1I-N 30 251
C2/S2-N150.45 52N 15 4
C2/0.55 none 0 CEMTI425 328
C2/S1-N/15/0.53 033 SI-N 15 HSE. NA 278
CYS1-N/30/0.53 S1-N 30 225
C2/82-N/15/10.55 52N 15 277
C1/0.50 none 0 340
Cl/S3-N/15/0.50 S3-N 15 295
CL/S3-N/30/0.50 0.5 53N 30 CEMI4235ER 237
C1/83-20M/15/0.50 53-20M 15 205
C1/53-20M/30/0.50 53-20M 30 239
C1/0.60 none 0 308
CL/S3-N150.60 S3-N 15 265
C1/83-N730/0.60 0.6 53N 30 CEMI42.5R 218
C1/83-20M/15/0.60 53-20M 15 265
CL/S3-20M730/0.60 53-20M 30 219
C2/0.50 none 0 343
C2/83-N/1510.50 S3-N 15 CEMI425 290
C2/83-N/30/0.50 0.3 S53-N 30 HSE.NA 239
C2/83-20M/15/0.50 §3-20M 13 295
C2/83-20M/30/0.50 53-20M 30 240
C2/0.60 none 0 312
C2/S3-N/15/0.60 S3-N 15 CEMTI4235 265
C2/83-N/30/0.60 0.6 53N 30 HSE. NA 222
C2/83-20M/15/0.60 53-20M 15 265
C2/83-20M/30V0.60 53-20M 30 223

Cylindrical specimens of diameter of 100mm were sliced into 50 mm high specimens and
before testing the side surfaces were protected agamnst mfiltration. Specimens saturated
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Ca{OH), solation were placed between two chambers, one of which was filled with catholyte
{10% MaCl solution) and the second with anolyte (0.3 molar solution of NaOH). Between the
cathode and the anode the electnical voltage was set to 30V After the measurement of curment
passing through the sample the duration of test was set. After finishing the 1on migration
process the specimens were sphit mto two parts in order to determme the depth of chlonde
10ns penetration. For this purpose the concrete secton was sprayed with silver mifrate solubion
(0. 1MAgNO;) (Figure 1) On the basis of the measured depth of chlonide jons penefration and
Fick's second law the chlonde mugration coefficient D, was determined.

Figure |: Section view of concrefe specimen split affer the chlonde mugration test and after
spraying the surface with AgNQ; solution

3 Test results and discussion

Teﬂmﬂﬁuf:ﬂnn&emmﬂmm&fﬁcmﬂmmdmemmmwmmgmdnﬁm

shown m Table 5 as average values for three specimens tested for each concrete mux The
major influence of the water to binder ratio on Dy,oi5 seen For a close inveshigation of

HCTA effects the test results are illustrated m Figures 2 to 3.

It is seen that increasing content of fly ash form Belchatow power plant generally decreased
the chlonde mugration coefficient of concrete contamang Porfland cement CEM 142.5 R Such
a reduction of Daue improved the category of resistance from “acceptable” to “good” or from
“imacceptable”™ to “acceptable” For wb=0.60 the reduction of Dy Was marginal and did not
mmprove the category of chlonde penetration resistance Grmdmg of HCEFA was found to
improve its performance but not significantly.

Effects of HCFA addition m concrete contamuing sulfate resistant cement CEM I 42 58 HSE
NA were positive. A reduction of D, due to fly ash addition mmproved the category of
chlonide penstration resistance of concrete. Unusual effects observed for “537 fly ash at
w/b=.60 can be associated with a lngh scatter of test results

It 15 cbvious that the assumed k-factor for the compressive sirength 15 not adequate for
chlonde penetration resistance of concrete. However, the relationship between the
compressive strength and the chlonde mogration coefficient should be analysaed to get a better
understanding of the results.
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Table 5 The coefficient of chlonde nugration and the category of resistance to chlonde 1on

penetration
Designation of Chlonde migration Category of Compressive
Cconcrete mixhires coefficient D, resistance to strength [MPa]
[= 107 m's] chloride
Average Standard penetration fog foog
valie deviation

C10.45 10.13 10 Accepiable 008 681
C1/51-N/15/0.45 1.88 0.1 Good 621 58.9
CLS1-N/300.45 3.76 03 Good a0 2 3.7
C1/51-1001570.45 544 03 Good 660 18.3
C1/51-100/30/0 45 342 0.3 Good 727 BL7
C1/51-28M15/0.45 §.37 1.2 Good 66.9 T6.4
C1/51-28M5000.45 185 0.7 Good T0.7 779
11053 2373 %413 Unacceptable 434 487
C1/51-N/15/0.55 12.36 0.8 Acceptable 30.5 T.7
C1/S1-NBF0055 B1 20 Acceptable 342 4.2
C1/51-10013M0.35 17.7%9 4.0 Unacceptable 46.7 581
C1/51-10M3000.35 10.37 23 Arceptable 37.6 67.4
C1/51-28M0/15/0.55 12.22 1.17 Acceptable 533 633
C1/51-28M/3010.33 5.52 03 Good 86 1.6
2045 11.96 0.3 Acceptable G210 15.6
CHSI-N/15/0.43 6.34 04 Good 613 791
CHSI-NAN0.4S 4.04 0.1 Good 610 731
CHS2-N/150.45 5.04 0.2 Good 64.3 743
CH0.55 2191 13 Unacceptable 488 554
CHSI-N/15/0.55 103 08 Acceptable 518 66:1
CHS1N/S0/0.55 188 0.9 Good 463 58.8
CHS2-N/150.55 1.76 0.8 Good 351 628
C10.30 20.79 il Unacceptable 444 532
C153-N/15370.50 B.17 0.8 Acceptable 478 621
C1/53-N/30/0.50 1095 24 Acceptable 437 54.1
C1/53-2001500.30 126 09 Acceptable 473 581
C1/53-200300.50 317 04 Good 4235 57.8
C10.60 26.0 11 Unacceptable 3.4 404
C1/S83-N/1570.60 22.80 1.2 Unacceptable 359 464
C1/S83-NA300.60 2086 id Unacceptable 280 378
C1/53- 2001 50,60 12.10 7l Arceptable 408 494
C1/53-2004/30/0.60 7.59 0.5 Good 433 52.7
C20.30 23.09 22 Unacceptable 324 8.6
CXS3-N/1570.50 2287 X4 Unacceptable 426 52.6
CXS3-NA00.50 21.85 20 Unacceptable 374 458
C2/53-20M/15/0.50 19.61 15 Unacceptable 496 58.6
C2/S3-200/30/0.50 17.63 54 Unacceptable 392 53.9
20,60 28.5 L7 Unacceptable 344 40,4
CHS3-N/1570.60 31.63 26 Unacceptable 291 40.8
CHS3-N/A300.60 2744 24 Unacceptable 244 330
C253-20071 570,60 2542 2.1 Unacceptable 336 449
CHE3-300AE000 .60 2304 20 Unacceptable 3235 47
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Figure 2: The influence of HFCA type and content on the chlonde migration coefficient Dy
for concrete made with CEM I 42 3E. for w'b =043, 0.50, 0.533 and 0.60
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Figure 3: The influence of HFCA type and content on the chlonde migration coefficient Do
for concrete made with CEM I 42 5F. HSR. NA for w/b =045, 0.50, 0.55 and 0.60

Assumed =04 (the same as for standard siliceous fly ash) was found to underestimate the
efficiency of HCFA from the batch “S17 and “52". Therefore for the next senes =0.7 was
assumed and such a coefficient seems to be correct for the strength estimation.

426




The relationship between Db..., and wib for nuxes without fly ash 1s close to linear. It 15 well
described using the followmg empincal formula with R = 0.54-
Do [X10° m'/5] = 99 wic— 31.20. (1}

The relatonship between Dy and £ shown m Figure 4 15 close to lmear. The empinical
relationship 1s approximated using the following formula with B°'=0.72:
Dy P10 m'/s] =055 figy [MPa] + 47. (2

Using one of well known formmulas, eg. Feret's formmla, for the strength of concrete the

formula (2} can be transformed to include explicitly the k-factor used for the strength design
and the content of water, cement and fly as in such a way as it was shown m [7].
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Figure 4: The relationship between average values of chlonde mmgration coefficient and
compressive strength for concrete made with CEM I142.5R.

Compilation of efficiency factors from a vanety of references m the hterature [8] for the
strength and the chlonide penetration resistance demonsirated the marked differences between
the effectiveness of fly ashes for the vanons performances. The k-factor related to the swength
efficiency is usually much higher than the recommended values in EN 206-1) and the chloride
penetrafion resistance efficiency 15 expected to be about 2. Since a mumber of vanous k-
factors 15 needed for vamous types of exposwme conditions the meaning of water-to-binder
ratioc 15 no longer valid There 15 an obwviouns need for more sophisticated approach to
characterize the efficiency of fly ashes, especially beyond standard siliceous ashes, for the
performance of concrete exposed to chlonde exposure environment

4 Conclusions
The followmg conclusions can be drawn on the basis of performed research.

1. Increasing content of high caleium fly ash form Belchatow power plant sigmficantly
decreased the chlonde migration coefficient of concrete contamming Portland cement.
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2. Gnnding of HCFA was found to provide only shight improvement of ifs performance
m respect to chlonde penetration.

The relationship between the chlonde mugraton coefficient and the compressive
strength of concrete at 90days was found to be close to linear relationship.
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