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Sinopsis: La microsilica previene la corrosion del acero de refuerzo en el conc&f chloride permeability aigzﬁzf;;:ir:;:{géf;:%Srt:?i corrosion. n, concrete by decreasing
mediante la disminucién de la permeabilidad al ion cloro y el aumento de la resistivigs were conducted for structural concrete shotcﬂsmncy. bong tern ield topk plodrams
eléctrica. Los programas de ensaye de campo a largo plazo fueron llevados a cabopaf patches. The test results show that silicz; fume L SO, 2242 OVENidys dNG concrets
concreto estructural, concreto lanzado, mortero de agregado fino, losa para cubiertasi® increased strength, very low permeability ver E‘?nﬁreter shotcret_e;, {:md grouts exhibits
parches de concreto. Los resultados de los ensayes muestran que el concreto wf strength and freeze/thaw durability Thz os\i’t' o delect_r_lcal [oncray - SRCOlCHt bond
microsilica, concretos lanzados y morteros de agregado finos exhibian un aumento enies time, giving an extremely durable cc;ncr t vrsiify U‘Tablll‘[y Qaramet_ers increases with
resistencia, muy baja permeabilidad, muy alta resistividad eléctrica, excelente resisten ete in aggressive chloride environments.

a la adhesion y durabilidad al congelamiento y descongelamiento. Los paramefnd
positivos de durabilidad aumentan con el tiempo, dando como resultado un concreeh
extremadamente durable en ambientes agresivos con ion cloro.
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concrete. One of the first tests performed was that of the Federal Highway Administration
(FHWA) 90 day chloride ponding test, which measured chloride ion penetration by ponding
39% NaCl onto concrete. This work showed that silica fume concrete mixes (20% by
weight of cement) could reduce chloride penetration, by 98% compared to the control.’
Another early test was the National Cooperative Highway Research Program (NCHRP) cube
test, which measured water absorption and chloride penetration, under air dry, chloride
soak cycles. The test data showed that silica fume mixes (20% by weight of cement)
reduced the percent absorbed chloride to 16% of the control.' The time period to conduct
these test procedures proved too long and AASHTO T277-83, "The Standard Method of

" Test for Rapid Determination of Chloride Permeability of Concrete” was then adopted to

measure the performance potential, of silica fume concrete. Briefly, the test involves (1)
trimming a 4-inch diameter core or cylinder to a 2-inch length, (2) vacuum saturation and
overnight soak, (3) the sealing of the core in a permeability cell, with electrodes and
specific solutions on each side, and (4) the application of 60 volts DC for 6 hours. The
coulombs (amp-sec) of total charge passed is determined and has been correlated with
chloride permeability. The lower the charge passed the lower the permeability. Resistivity,
another important material property, which affects corrosion rate, can also be estimated,
in this test, by measuring the AC resistance between the two electrodes prior to test start

* and converting to resistivity, using an experimentally defined cell constant. The resistivity,

INTRODUCTION

i i ansd
Since the mid 70’s, silica fume has been used in thg _Unlted Statesi:st:elgﬁem ‘
enhancing the durability of concretes and grouts. Th_e initial uses W(T:]eabom e
industry, where increased resistance to acid was reqmreq : F.’>eg|nr\|tn\gr i ano
authors i)egan to consider silica fume (dry, unco(rjnpacted, lg“ci:&ng;a;oncrem i
ignifi i he chloride permea "
eans of significantly decreasing t f col dine s
iT; le:ctrical resi%tivity. The need for improved concref;e'prope|rt1es, ':: arr?:‘z:ce;imnmnmm
of the reinforcement, as a result of exposure_to de!cmg salt or_‘_ e o
Conventional concretes and grouts exhibit relatively high permt:abta':: e .
i he reinforcing level at a concentration f : s
The chloride, once present at t : o
i troys the passiv el
3) or 0.035% by weight of concrete, es _ ‘ o
(0-:&1:3’&’3|yst in a cancerous process, whichresultsin co.ncrete cracklngjc:lectures‘ .
?Cndersurface fractures at the level of the ste_el) and spalling. In So"'::ral perform&
nl’J\eta| loss caused by corrosion can be significant anq I{:‘ad‘ tot tSUcl;“c:jecades e
illi been expended in the last tw
ms. Many millions of dollars have | : o
Ft):t:':‘(?gxisting bridge and parking decks and _to provide protectwet;.;z: i
structures. This paper summarizes our findings In select laboratory, ou

field efforts in the last 13 years.

Initial Laboratory Test Programs

In the early 1980’s, the authors initiated Iabor_atory test _progrgmss
potential of silica fume concrete to prevent chloride induced reinforcing

to evaluatt's
teel corrosO'

when measured in this way at 70°F is referred to as the wet resistivity because of the

* vacuum saturation and soak. Conventional concrete typically yields a charge passed in

excess of 2000 coulombs and a wet resistivity less than 10,000 ohm-cm. The relatively
high permeability allows chloride, from the environment, to readily penetrate, and the
relatively low resistivity allows corrosion to continue (in the presence of oxygen) at a high
rate. Thus, for maximum corrosion control, a concrete should exhibit very low
permeability, but very high resistivity.

Initial Field T‘est Program:

During this time period, the primary use of silica fume in the United States, was the
protection of concrete from chemical attack. The concrete deterioration was two fold, (1)
tement paste failure due to acid and (2) reinforcing steel corrosion and concrete
delamination due to salt penetration. As a silica fume admixture (dry silica fume and super

 at 20% by weight of cement) was performing well, in the chemical environment, an

existing project with four years of service, was chosen for concrete field evaluation. Cores

i ‘fNere extracted from a bulk storage fertilizer warehouse floor, (prilled ammonium nitrate
. lertilizer with a pH of 5.8 and a concentration of about 98 percent). The warehouse silica

ft;me field concrete had a water/cement + silica fume (W/C + S) ratio of 0.35, 550 pounds
Oportland cement per cubic yard (325 kg/m?) and 110 pounds (0.65 kg/m?) of silica fume

3 PET tubic yard. The concrete was air-entrained and had a placement slump of 5 to 7

‘1“50295 (127 t0 178 mm). The RPT tests, performed in 1983, yielded results varying from
fr0mtg§33 coulombs and averaging 226 coulombs. The wet concrete resistivities ranged
o rOQO to 107,000 ohm-cm. This resistivity range is the area, in which, most agree
i Orosion problems will be minimal. Thus, this and other field testing confirmed that

B dry silica fume/superplasticizer combination, that was performing well in the chemical




262 J. Wolsiefer

environment, had the potential to provide a field concrete of very low permeability g
high resistivity, suitable for concrete in chloride environments.

Long Term Structural Concrete Test Program:

A laboratory and outdoor exposure test program was initiated in 1982 to studyfi
characteristics of silica fume concrete and continues today. Task 1 of the progr}
involved the fabrication and testing of specimens using the two high strength silica fun:|

concrete mix designs shown below:

SF Mix 1: W/C+S = 0.28
750 Ibs cement/cy (441 kg/m?)
150 Ibs silica fume admixture (88.5 kg/m?)

SF Mix 2: W/C+S = 0.22
* 1000 Ibs. cement/cy (590 kg/m?)
200 Ibs. silica fume admixture (118 kg/m?)

Normal weight aggregates were used in this part of the program. A conventiorﬂF
concrete (W/C = 0.50 and 615 Ibs cement/cy [363 kg/m?]) was included for comparist
The average moist cured concrete compressive strengths were:

Concrete Compressive Strength, psi (Mpa)
90 Day
5,911 (40.7)
12,449 (85.9) l

14,282 (98.5)

7 Day 28 Day
2,944 (20.3) 4,257 (29.4)
7,162 (40.4) 11,110 (76.6)
8,912 (61.5) 13,240 (91.3)

Conventional
SF Mix 1
SF Mix 2
Concrete slabs were cast from each mix and cured in a fog room. Rapid permeabﬁ!E

tests were run on portions of the cores from two slabs representing each mix (6 coresp
variable) between 60 and 90 days of age. Average results ere as follows:

Wet Resistivity
ohm-cm

Charged Passed
coulombs

6,480 6,850
55 372,000
417,000

Concrete

Conventional
SF Mix 1
SF Mix 2 43

The silica fume structural concretes exhibited negligible permeabilities and t-»@"*‘“ej

evels of permeability

high resistivities, even when water saturated. At these |
he long term. To €0

resistivity, it is doubtful that corrosion could be a problem in t

¢ for
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this, concrete slabs with two mats of reinforcing steel (1-inch [25.4 mmi cover) and th
above concrete mix desjgns were cast, cured and subjected to 24 -weeks of NCHaRri; 2t42
southern exposure testing (Figure 1). Each weekly cycle consists of 4 days of di
with 15 percent sodium chloride solution at 70°F, and three days unpond\éd c:at p‘I()(;‘O:’an
Figure 2 shows the macrocell corrosion current densities measured during this test seri .
Corrosion of the reinforcing steel in the conventional concrete was initiated afte Serllei
weekly cycles, but no corrosion occurred on the steel in any of the slabs contai i on'lY
fume. After‘ the 23 weekly cycles, the resistivity (70°F) of the concrete betweer::rt]lg S
rebar mats in each slab was determined. The average values for each variable \f\fe‘?et'w0

Concrete Mat to Mat Resistivity, ohm-cm
19,500
440,000

673,000

Conventional
SF Mix 1
SF Mix 2

mor:l:gﬁ :raf; zshtovg t:u:t the s'ilica fume concretes exhibited resistivities which were much

0 imes higher), than that of the conventio
re hig _ ). nal concrete. All these
:;g-ls-z;ntlgs;:e hlgher;han those given above in the case of the rapid permeability tests

. Such occurs because the RPT test resistivity is a w istivi

_ : et resistivity, whereas, th

concrete in the test slabs is not saturated wi i ' it
ith water. Chloride anal
24 southern exposure cycles are sh in Fi il il
‘ own in Figure 3. The conventional conc
0 : . - rete underw
:lg:lfrcalnt chloride penetration, whereas, the silica fume concretes did not 1(_3'::
cracvlzztrc:‘nzl tizlencrete slab testing was discontinued because rust staining and concrete
stainingg C?aCk?rg]]un. Autqpsyhshowed severe corrosion of the top mat reinforcing. No rust
' g, corrosive half cell potentials or macrocell :
; 3 _ ell current was present on an
co;::zes;itzala Lume concre_te specimens. Because of the good performance, the silica fum:
R addit;nsarverel subjected to another 24 weekly cycles of southern exposure. During
! cycles, no corrosion occurred on any of the sili :
e % e silica fume concrete slabs (see
Bxgpo:uzr:a- ;I'hgf_slabg were thn transferred to above ground racks at the KCC INC. outdoor
i frau:l ity, in Vlrgmre}, where they have been subject to natural weathering
eezing and thawing for about 8 years. No surface scaling, cracking, rust'

- stainin i i
: g or other deterioration has occurred. Corrosion performance has been monitored

using hal i
fesisgtancfec:::gpomntlals (ASTM CES?B}, macrocell corrosion measurements and mat to mat
asurements. Also, in 1992, cores were extracted from one slab representing

L each vari i
: riable and analyzed for chloride, permeability and resistivity. The resistivity of the

FMi
th):; 1gt;o;\1ﬂc_re;e slabs has averaged 613,000 ohm-cm during outdoor exposure, and that
Ix 2 slabs has averaged 1,050,000 ohm-cm. No significant decreases in

esistivity with ti
: Y with time have occurred on any of the silica fume concrete slabs; indicating that

10 deter; - £ LG

Expost:r?rapt\;ma?: I:hfle corrosion resisting properties has occurred during the 8 + years of
avery high probabilite ;:otent:als have peen more positive than -200 mV CSE, indicating
ot slabsy g no steel corrqsnon. Mat to mat macrocell corrosion currents have
fEinforcing Sy throughout the eight years of outdoor exposure. Examination of the
thit €l extracted from the cores and the concrete traces showed conclusively

N0 corrosi . 3
0sion had occurred. Chloride analysesin March 1992, indicated that very little

ST e b
o SRR T
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chloride had penetrated the concretes (about 1.3 Ibs/cy [0.77 kg/m®] or 0.035 % by weigfi
of concrete, is required to induce corrosion), as follows: ]

Chloride, % by Weight of Concrete

SF Mix 1 SF Mix 2
0.0051 0.0032
0.0017 0.0013
0.0005 0.0008

Sampling
Depth, inches (mm)
1/16 (1.6) to 0.5 (12.7)
0.5 (12.7) to 1 (25.4)
1 (25.4) to 1.5 (38.1)

etrated these silica fume concretes during fi: &

48 weeks of southern exposure (ponding 4 days of each week with 15 percent Nal &
solution); and what little did penetrate, did not migrate deeply into the concrete duringfe
subsequent 8 years of outdoor exposure. Carbonation depths are less than 1/16-inchai
the material remains high pH throughout its thickness. Comparing these results to tho
in Figure 2 for the conventional concrete, after only 24 weeks of southern exposut s
highlights the great superiority of the silica fume concretes. The results of the raig
permeability tests on cores from the slabs (9 years of age) were as follows:

Obviously, very, very little chloride pen

Wet Resistivity

Charge Passed
ohm-cm

Concrete
coulombs

48 374,000
3 1,539,000

SF Mix 1
SF Mix 2

These values represent the jowest permeabilities and the highest wet resistivities!§
any concrete containing portland cement studied in the KCC INC laboratories in 10 yeas§
Obviously, there has been no deterioration of these concretes, as 2 result of this &8
program. The slab surfaces show no signs of freeze-thaw deterioration or cracking. TH8
reinforcing steel extracted from cores showed no corrosion.

d with a varying silica futg
of cemelt
sfivig

In 1986, silica fume concrete test specimens were prepare
admixture dosage that was increased in discrete steps (zero to 22% by weight
After 42 days of moist laboratory cure, rapid chloride permeability and wet resi
measurements were conducted. The resultant data showed that the rapid chio
permeability decreased, while the wet electrical resistivity increased, when the silicafu"‘
admixture dosage was increased. These tests were rerun April 1992, on previel
untested 2-inch (50.8 mm) slices from the same specimens, after 7 years OUUHE
exposure, in the KCC INC test yard. The specimens had been exposed to hundré 51

freeze-thaw, wetting and drying, and heating and €00 Ut

ling cycles during their 0
exposure. the rapid chloride permeabilities (RCP) and wet resistivities are presente
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Wet Wet
Resistivity Resistivity
ohm-cm ohm-cm

Silica Fume RCP RCP
dosage % coulombs coulombs

1986 1992 1986 1992
12 100 40 197,400 449,400
15 97 36 205,800 483,b00
22 50 13 352,800 1,554,000

The specimens showed no evidence of crackin
: ; g or freeze-thaw da

groe;en:fr?“:l:z\;v?eg:tti tr;e ;aplq chloride permeability has decreased in thn;argtre].g’eT;ez%ata
qualit'y e co‘:;l \,:1 as increased 2.3 to 4.4 times. This improvementin co -
i Wevcles eXperi'encejl e"":Q Fhe s_malll spgcimen size and the large number of f?g;ezte
N s fost yearly, in this Virginia test yard location. The field data certai lla'
S results _rfeported for freeze-thaw durability (accordi o

, procedure A), at higher silica fume admixture dosages (20%)3 D850

Task 2 of the program involv ili
: ed the use of sil in li i
s J ' ica fume in lightweigh
o I;r:fJLgb?;we:%htsconcrete mixes were studied, each wi?h 10(;% Itbgoonfcrec)tzi I(r;
yard (590 kg/m?) and superplasticizer. Slump was maintaine[()i in ?cae

~ range of 4 i
| 3I4ginch “tg :1 rl:)chflej JJtOIa to 11 52 mm) and thg maximum lightweight aggregate size was
A Mix o d|x2 was the non-air entrained lightweight structural concret
ad 20 percent silica fume admixture (by weight of cement) ; :
, an

SF Ltwt Mi ili
ix 3 had 30 percent silica fume admixture (by weight of cement) and air

| entrainment. Th [ '
e 90 day compressive strengths, rapid permeabilities and resistivities are

presented below:

Concrete Comp. Str

psi (Mpa)

Charge Passed,
coulombs

Resistivity,
ohm-cm

9,230 (63.7) 3,667 5,850
9,071 (62.6) 357 54,100
10,880 (75.0) 2747 41,400

LtWt, non-AE
SF LtWt, AE
SFLtWT, non-AE

These data indi iti
B reasullr:dilrc‘:a;eli;:f‘fvé!‘;ehtadfltlon of 20 percent dry silica fume by weight of
o igh structural concrete of much lower permeabili
1986 e :ﬁ:isr:r;ty. Another Itghtweight aggregate concrete study \.Sas pi?g?gezr:g
with |'tghtweight ] ge compensating cz_ament and dry silica fume. Trial mixes were mad
ggregate, superplasticizer and 0, 10 and 20 percent silica fumeabe
Y

Weight of cem
. ent (658 pcy [388 kg/m?] of shrinkage compensating cement). Slumps

anged from 5 to 8 i
0 8 inches (127 to 203 mm) and all concretes were air entrained. The

. Ploperties of
, these concrete
b a6 summarized bolow. s (strengths at 60 days, other properties are 42 days of age)

e e B

P 2
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Comp. Str,
Concrete psi (Mpa)

Ltwt, KC-AE 5,490 (37.8)
10% SF Ltwt, KC-AE 7.480 (51.6)
20% SF LtWT, KC-AE 7,878 (54.5)

These data show that both 10 and 20
cement greatly improve both the permeabilit

Charge Passed,  Wet Resistivity
coulombs ohm-cm

3,780 7,500
542 33,600
364 58,800

percent silica fume additions by weight
y and the resistivity properties of a shrinka

compensating cement and lightweight aggregate concrete.

Project Field Testing:

Task 3 of the structural concrete testp
outdoor exposure of concrete cylinders cas

superplasticizer were incorporated in parking deck

throughout the United States. Approximately 1
period. Select examples are presented below.

A marine transfer termin
fume concrete. This project encomp

underwater, by tremie method, overlay of a ramp roa
subjected to truck traffic and the construction of anewra
and full depth roadway. The silica fume concrete mix de
kg/m?) cement factor with a silica fume admixture weighing 16
h averaged 11,430 (78.8 Mpa) psi at 56 day

The compressive strengt

entrainment. The 42 day charge passed on field cylinders cast in F

(laboratory moist cure) averaged 183 coulombs an

d the wet resisti

77,175 ohm-cm. Other portions of these specimens were boil cured

indication of the long term permeability,

The average charge passed was 56 coulombs

358,000 ohm-cm. Examination of this

of this concrete, after additional curin
and the average wet resistivity ¥

structure in 1990 showed

rehabilitated and new silica fume concrete was performing well.

A prestressed parking deck was constructed
silica fume was utilized, with a cement cont

W/C +S ratio was 0.34. The charge pas

A prestressed Missouri airport terminal parking garage, constructe

10.5 percent dry, compacted silica fume.

ratio was 0.32. The average charge passed for 32 ninety day field cores was

coulombs. The wet resistivities were in

3

1

rogram involved quality control monitoringaif
t on field projects in which dry silica fumeai
concretes and marine loading dockf

5 projects were monitored over a fiveya
~ had occurred :
. at the beam/column connections as a result of improper calcium chloride
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Silica fume admixture in concrete w i i :

ol e s a0 oot aanaaiokng
encircled a coal storage pile (on plastic liner), and was utilized to c.h m) \;wde channel
:22‘;)]: 'f{(:ng)r:;l;;rahzgt,on pond. The silica fume concrete mix desig:?rr:i §u7|f5u(;l::b?c£
by weight of cemzn:t;acéor' and a 165/yd?® (97 .4 kg/m?) silica fume admixture (SF 2{\)/%
e average éha?ézsp::;:de:;:c‘:ed from the completed structure and tested
.we.t resistivity was 72,000 ohm-cm. Con\?ecrg;?i:nwsaiigi Ctl)ulombs an_d the_average
indicated the channel was in good condition. plant supervisor, in 1991,

Silica Fume Grout:

Silica fume was first consid
ered, by the authors as
ke ; : o a means i
p::}r:::alzjigtiang |rl;§:.rea§|ng the resistivity of portland cement grout in ?éB%ecfai\jmg S
geam,gomﬁmre a |I|taF|on required the installation and grouting of steel coilérs 0 arylland
Selseum gﬁ?;fgrtms' because stirrup steel had not been properly us'edn :3;:;
: e garage’s 10 years of service li

2 s ! ice life, the prestress

tened and were becoming separated from the columns. Severe chloride ggnt:g:‘nr}:uz?gﬁ

I

~ addition i i ici
s during construction, and/or deicing salt leakage. The structural detail desired

al in New York was reconstructed in late 1986, using sika
assed the encapsulation and repair of pile t#
dway and tipping platfom$
mp bridge with piles, beam
sign had a 750 Ib/yd® 48
5 Ibs/yd? (90 kg/nt
s with 6%#E S
| O doing so with polymer mortar was prohibitive. A commercially available non-shrink

ebruary 19ﬁ|

vity averas :
* aprogram of modifying the gr i
out w ili
v g ith dry, uncompacted silica fume was undertaken. A

to provided

that both &

sed, on boil cured field cylinders, averl®
517 coulombs and the wet resistivity averaged 46,700 ohm-cm.

d in 1988, Uit}

Superplasticizer was used and the %

excess of 45,000 ohm-cm.

was a i

s s::;e'el vfr?ilz;all:' Vﬁt;;rogjgglzg‘both the beam end and the top portion of the column (see

A e ed in place to the_e existing concrete. Because of the high

S ra‘C\C:;_colncrete, preventing electrical contact between the collar agd

inside steel surface ofpthe fc?ll.arT\,':rLtl)?J’fc(i)rt\)cee(:t:fhg;?UttW?rst Pt e g el

e . ¢ to the reinforcing a i

i a“'oidin;htehisstr'“t;cture _and greatly increase t_heir corrosion rates. ThegonIn\:j v[i)arlﬁfetr:-nssmg
as to increase the grout resistivity to an extremely high value. The i?)r;:

grout (sand
/eement grout) was tested and found to exhibit low wet resistivity. Therefore

twenty perc ili i
wetgh%ff Ce?;::r:(os;::ca fume admixture (silica fume and superplasticizer) was added b
e grout. The water content of the mix was adjusted for equal grou‘:

strength, per ili istivi
Permeability and resistivity. A mini-slump cone with measurements of slump and

* Stread was used to defi il

; efine workabilit i i :

e BBl ElGven "f“ | ity with time. The mix water for equal flow and
ent of 658 Ib/yd?® (388 kg/m’) and H8

Pumpability was reduc

2 ed by 25 percent, wh ili i

o _ : . when the silica fume admixture

i 3% nzril:u(tc;?snfsmered as the 'Eer'IE until 50% loss in slump or spread)wv?li:?::rza;r;e

T daor thPf commercuall grout, to 45 minutes for the silica fume modif?eci
y moist cured cylinder strength was 6,197 psi (42.7 Mpa) for the

- Commercial i
grout and 8,300 psi (57.2 Mpa), for the silica fume modified grout. The

Permeablit istivity findi
Y and resistivity findings (averages, 60 day water cure) were as follows:

i e A T ey




