
1495
Tecnnicaj Report Documentation Page

1. ~ eoo,' No. J. Reeq:"e"' S C~tQ409 No.

FHvJA/VA-89-R20

.£. i"'e and 5..,0,.,le
Use of Supplemental Cementitious r1aterials for
Optimum Resistance of Concrete to Chloride
Penetration

5. R.~Olf 00' •

February 1989
6. P .,10'''''"«) Organ. zatlon Cod.

2449-055-940

VTRC 89-R20

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~8.P.rform,n, O'9Gn,ZClhOn Repolr No.
7, A.."hor ,l

Celik Ozyildirim and Woodrow J. Halstead

9. P.,lo,,,,,n, Or9 0,,,zohO" N.... QruJ Add,•••

Virginia Transportation Research Council
Box 3817, University Station
Charlottesville, Virginia 22~03

10. Wotic Un.t No. (TRAIS)

J1. C"",ract or GrOll' No.

1~. Sponsorln9 Agency Code

12. Sponsoll"g A9.ncy Nam. and Add,ess

Virginia Department of Transportation
1221 E. Broad Street
Richmond, Virginia 23219

JJ. Typ.ol Re"otf and P.rlod Coveled
~~~~-~---~~-~~--~----~-~----~---...4Final Report - Sept. 1987

through Feb. 1989

1S. S,,'.j .....ntafy Mot.s

In Cooperation with the u.s. Department of Transportation
Federal Highway Administration

1
16.

I

Absrract

This study was conducted to determine whether significant improvements could
be achieved in the resistance to the penetration by chloride ions of concretes
with fly ash or slag by the addition of silica fume with either Type II or Type
III cement and whether early strengths of concretes with fly ash or slag could be
improved by the addition of silica fume. The chloride permeability was estimated
by means of AASHTO Test Method T 277.

The results show that lower permeability is attained by the addition of
silica fume in amounts equal to 5 percent of the cementitious material in both
fly ash and slag concretes. There were significant differences between results
for specimens moist cured 1 day and 14 days, but with specimens made with Type
III cement, even the 1-day moist curing provided low chloride permeability.

Silica fume also increased the strength of similar concretes to some degree,
but generally, this increase was not large. Except for those specimens
containing slag, 1-day strengths higher than 3000 psi are obtainable with a
water-to-cementitious-material ratio (w/c) of 0.40 with all of the concretes
tested with Type III cement as well as control concretes with Type II cement.

I Concretes with slag and silica fume reached compressive strengths of 3000 psi in
\ a little more than 2 days.
\

17. ( • ., ~o,ds Fly ash, silica fume, slag,
chloride permeability, compressive
strength

18. Oistribu'lon Stat.....

No restrictions. This document is available
to the public through the National Techni
cal Information Services, Springfield,
Virginia 22161

21. No. 01 P aqe. 22. P rr ce

Unclassified Unclassified 27

Form DOT F 1700.7 (8_72) Re9foduct1on af completed paqe authori zed



1496

To Convert
Frail

Length:

51 CONVERSION FACTORS

To Multiply By

in--
in--------------------

ft -----------------------
yd-- --------111-------------------
Area:

cm------ 2.54
~ ----------- 0.025 4
m ----------- 0.304 8
m ----------- 0.914 4
km----------- 1 • 609 344

2 2
in2---------- ~m2-------- 6.451 600 E+OO
ft2----------------------- m2 ---- 9.290 304 E-02
yd2 --------------- m -------- 8.361 274 E-Ol
m1 ----------------- Hpctares----- 2.589 988 E+02
acre (a)------------------------- Hectares-------- 4.046 856 E-Ol

Volume:

oz-------------------------pt----------------------
qt---------------------------------
ga~----

in3------------------
ft 3- --------
yd -----------------------

3
113--------
m3------
!D3--------
m3-------
113-----
m3----
m -----

2.957 353 E-05
4.731 765 F.-04
9.463 529 E-04
3.785 412 E-03
1.638 706 E-Q5
2.831 685 E-02
7.645 549 E-Ol

NOTE: 1m3 • 1,000 LVolume
oer Unit

Time:

ft'/min----------------------------- m
3
/sec------

ft
3
Is --------------- m

3
/ sec--

in~;min-----------------m~/sec----
vd /min ------------- m3/sec------
~.l/~in -- 11 /s~c----

4.719 474 E-04
'J.~'1 685 F.-02
'J.73t 177 ll.:-07
1.274 258 E-02
6.309 o~o !-O~

Mass:oz----------------- k~----- 2.834 95'. E-02
dwt ---------------- kg-------- J .555 174 ll.:-03
Ib-------- k~------- 4.535 924 E-01
ton (2000 Ib) ------------ k~--------- 9.071 847 ~+O'.

Mal';S ner
Unit

Volume:

2 ?
lb/vd3------------------------------- kg 1113------ 4.3q4 185 F.~l
lb/in3------------------------------ k~/m3----- 2.767 990 E+O&

i:~~:3:::::::::::::::::::::::::::::::: ~:~:3::::::: ~:~~~ ~:~ ;~~

Velocity:
(Includes
Speed)

ft/s----------------------------- mIg

mi/h-------------------- mls
knot---------------------------- mIg

mi/h----------------------------- km/h--------
li"orc:e Per
Unit Area:

3.048 000 E-Ol
4.470 400 ~-l)1

5.144 444 E-Ol
1.60Q 344 E+OO

2
Ibf/in2 or pai----------------------- ~a---------- 6.894 757 E+03
Ibf/ft ------------------------------- Pa---------- 4.7~R 026 E+Ol

Viscosity:

c~ ---------------------------------- m
2

/g 1.000 000 E-06P t Pa·~-------- 1.000 000 E-Ol

Tem~erature: ( °F_32)S/9 • °c



FINAL REPORT

USE OF SUPPLEMENTAL CEMENTITIOUS MATERIALS FOR OPTIMUM RESISTANCE
OF CONCRETE TO CHLORIDE PENETRATION

Celik Ozyildirim
Research Scientist

and

Yoodrow J. Halstead
Research Consultant

(The opInIons, findings, and conclusions expressed in this
report are those of the authors and not necessarily those of

the sponsoring agencies.)

Virginia Transportation Research Council
(A Cooperative Organization Sponsored Jointly by the Virginia
Department of Transportation and the University of Virginia)

In Cooperation with the U.S. Department of Transportation
Federal Highway Administration

Charlottesville, Virginia

February 1989
VTRC 89-R20

1497



1498

CONCRETE RESEARCH ADVISORY COMMITTEE

w. T. RAMEY, Chairman, Assistant District Engineer, VDOT

T. R. BLACKBURN, District Materials Engineer, VDOT

M. J. EASTER, District Materials Engineer, VDOT

T. W. EATON, Management Services Division, VDOT

R. J. GIBSON, Assistant District Engineer, VDOT

J. G. G. MCGEE, Assistant Construction Engineer, VDOT

CLAUDE NAPIER, Structural Engineer, FHWA

A. D. NEWMAN, Pavement Management Engineer, Maintenance Division, VDOT

M. M. SPRINKEL, Research Scientist, VTRC

R. E. STEELE, Highway Engineering Programs Supervisor, Materials
Division, VDOT

J. F. J. VOLGYI, JR., Highway Engineer Program Supervisor, Structure and
Bridge Division, VDOT

R. E. WEYERS, Department of Civil Engineering, VPI & SU

ii



ABSTRACT

This study was conducted to determine whether significant im
provements could be achieved in the resistance to the penetration by
chloride ions of concretes with fly ash or slag by the addition of
silica fume with either Type II or Type III cement and whether early
strengths of concretes with fly ash or slag could be improved by the
addition of silica fume. The chloride permeability was estimated by
means of AASHTO Test Method T 277.

The results show that lower permeability is attained by the addi
tion of silica fume in amounts equal to 5 percent of the cementitious
material in both fly ash and slag concretes. There were significant
differences between results for specimens moist cured 1 day and 14
days, but with specimens made with Type III cement, even the I-day
moist curing provided low chloride permeability.

Silica fume also increased the strength of similar concretes to
some degree, but generally, this increase was not large. Except for
those specimens containing slag, I-day strengths higher than 3000 psi
are obtainable with a water-to-cementitious-material ratio of 0.40 with
all of the concretes tested with Type III cement as well as control
concretes with lype II cement. Concretes with slag and silica fume
reached compressive strengths of 3000 psi in a little more than 2 days.
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INTRODUCTION

For satisfactory long-term durability, it is necessary that
concretes used in roadways and other highway structures be highly
resistant to the penetration of water, chloride solutions, or other
corrosive fluids. A recent study at the Virginia Transportation
Research Council has shown that good resistance to the penetration of
chloride ions (termed low chloride permeability in this report) can be
achieved at relatively early ages by adding slag or silica fume as a
supplemental cementitious material to concretes with a low ratio of
water-to-cementitious material (w/c) [1]. The addition of fly ash
resulted in concretes with adequate strength, but there was little or
no reduction in their chloride permeability compared to the control
concretes. Although the results indicated that concretes containing
slag have considerably lower chloride permeability than the controls,
they had low strength at 24 hours. Thus, early (next day) traffic over
these concretes would not be feasible.

This study was conducted to determine whether improvements could
be made in the early strength and resistance to chloride penetration of
concretes containing fly ash or slag by combining them with silica fume
and/or using a high early strength cement (Type III) instead of a Type
II cement.

MATERIALS AND METHODS

Nine concretes with the different material combinations shown in
Table 1 were made in duplicate. Type II and Type III cements were
used. The analysis of these cements is given in Table A-I of the
appendix. Table A-2 of the appendix shows the chemical and physical
analyses of the fly ash, slag, and silica fume. From each batch of
concrete, 4-in by 8-in cylinders were made to be tested for compressive
strengths at 1, 2, 7, 28, and 90 days and for chloride permeability at
28 and 90 days. Also, three beams measuring 3-in by 3-in by 11 1/4-in
from each batch were prepared for flexural strength tests.
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Control concretes were prepared using 658 lb/yd3 portland cement.
Experimental concretes were prepared using the combinations of cementi
tious material shown i~ Table 1. The total amount of cementitious
material was 658 lblyd , and the w/c was 0.40 for all batches. The
mass of each ingredient used in each concrete batch is given in Table
A-3.

Table 1

Percentage of Cementitious Material by Mass

Batch
Cement
Type Identification Cement

Fly
Ash Slag

Silica
Fume

1 II
55F l

100
ry II 20F 75 20 5~

3 II 455 - 55F 50 45 5
4 III 100
5 III 20F - 5SF 75 20 5
6 III 455 - 55F 50 45 5
7 III 25F 75 25
8 III 50S 50 50
9 III 5SF 95 5

1 Numbers indicate the percentage of the supplemental material by mass
in the total cementitious material. The balance is portland cement
of the type indicated. F = fly ash; S = slag; SF = silica fume.

The nominal maximum size of coarse aggregate was 1/2 in. Con
cretes were tested at the freshly mixed stage for air content (ASTM C
231), slump (A5TM C 143), and unit weight (ASTM C 138). At the
hardened stage, compressive strength (AASHTO T 22 using neoprene caps),
flexural strength (ASTM C 78), and chloride permeability were deter
mined.

The chloride permeability of different specimens from the same
batch of concrete cured in two different ways was determined at 28 and
90 days. In the first curing procedure (cure 1), specimens were moist
cured for 1 day and then air dried until tested. In the second curing
procedure (cure 2), specimens were moist cured for 14 days and then air
dried until tested. After the moist curing, the top 2 in of the
cylinders were cut off for use as the test specimens. The sides of the
specimens were then coated with an epoxy resin and set on a plastic
sheet to prevent moisture loss from the sides and the bottom. The
chloride permeability was determined using AASHTO Method T 277, which
is based on the electrical conductance of the specimens under the

2



conditions of the test. Table 2 shows chloride permeability ratings
based on the coulombs passing through specimens in the 6-hour test
period.

Table 2

Chloride Permeability

1503

Charged Passed,
coulombs

>4,000
2,000-4,000
1,000-2,000

100-1,000
<100

Chloride
Permeability

High
Moderate
Low
Very low
Negligible

RESULTS

Test results for the freshly mixed concretes are given in Table
A-4, and all of the data developed for the hardened concretes are shown
in Tables A-S through A-8.

The average values for compressive strength for the indicated ages
and for the flexural strength at 28 days are given in Table 3. Chlo
ride permeability values are summarized in Table 4. Each value shown
is the average of two measurements. Figure 1 summarizes the l-day and
28-day strengths for specimens made with the various combinations and
Type III cement. Figure 2 shows the relative chloride permeability at
28 days for the specimens with Type III cement.

DISCUSSION

The low wlc and the l/2-in nominal maximum size for the coarse
aggregate was chosen for the tests because the primary interest in
evaluating such concretes is for their potential for use in the
relatively thin overlays used on concrete bridge decks. For such use,
a major consideration is whether or not satisfactory resistance to
chloride ion penetration and strengths sufficient to carry traffic are
attained at early ages. For this study, a value of 3,000 psi in one
day was assumed to indicate satisfactory early strength. The chloride
permeability is considered satisfactorily low when a coulomb value less
than 2,000 is attained (AASHTO T 277). This value is the upper limit
of the low permeability range (see Table 2).

3
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Table 3

Strengths of Concretesa

Flexural
Compressive Stength, psi c

b Strength
Identification 1 day 2 days 7 days 28 days 90 days (psi)

Specimens with Type II Cement

Control 3,190 3,960 5,420 7,030 7,660 720
20F - 5SF 2,550 3,090 4,450 6,570 7,720 673
455 - 5SF 980 1,650 3,570 7,260 8,720 657

Specimens with Type III Cement

Control 4,740 5,470 6,420 7,820 8,260 824
5SF 4,480 5,120 6,620 8,140 9,110 765
25F 3,190 3,740 4,860 6,120 7,520 680
ZOF-SSF 3,320 3,890 5,320 7,210 8,160 688
50S 1,450 2,430 5,640 7,960 8,450 826
45S-5SF 2,040 2.880 5,700 8,160 9,060 766

a All concretes have a w/c of 0.40. Each value is the average of two
measurements.

b Numbers are the percentage (by mass) of the supplemental ingredients in
the total cementitious material; the balance is portland cement of the
type indicated. F = fly ash; SF = silica fume; S = slag.

c At 28 days.
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Table 4

Chloride Permeability of Concretesa

150~-

Id 'f' ,bentl lcatlon

2a-day Tests

Cure IC Cure 2d

Coulombs Coulombs

90-day Tests

Cure 1 Cure 2
Coulomb Coulomb

Specimens with Type II Cement

Control
20F-5SF
45S-5SF

7,710(H)e
3,130(M)
3,050(M)

4,970(H)
2,340(M)
2,670(M)

7,400(H)
4,010(H)
2,320(M)

6,120(H)
1,960(L)
1,370(L)

Specimens with Type III Cement

Control 5,650(H) 3,660(M) 6,200(H) 3,970(M)
5SF 2,240(M) 1,060(L) 1,210(L) 720(VL)
25F 8,990(H) 4,800(H) 7,270(H) 3,340(M)
20F-5SF 1,460(L) 1,150(L) 1,400(L) 540(VL)
50S 2,340(M) 1,670(L) 2,250(M) 1,480(L)
45S-5SF 640(VL) 720(VL) 800(VL) 410(VL)

a All concretes have a vic of 0.40. Each value is the average of two
measurements.

b Numbers are the percentage (by mass) of the supplemental ingredients
in the total cementitious material. The balance is portland cement
of the type indicated. F = fly ash; SF = silica fume; S = slag.

c Cure 1 - Moist cure I day and air dried until tested.

d Cure 2 - Moist cure 14 days and air dried until tested.

e Parentheses indicate rating assigned in accordance with AASHTO T 277.
H = high; M = moderate; L = low; VL = very low.
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Compressive Strength

The strengths at different ages given in Table 3 show several
trends of interest. Yith either cement, the control specimens had
1-day strengths greater than 3,000 psi. However, as expected, the use
of Type III cement resulted in 1-day strengths about 50 percent higher.

Concretes made with Type II cement and either fly ash and silica
fume or slag and silica fume did not reach 3,000 psi in 1 day. How
ever, when Type III cement was used, all of the combinations containing
fly ash that were tested had 1-day strengths greater than 3,000 psi.
Concretes with Type III cement and slag or slag and silica fume
required slightly more than 2 days to reach 3,000 psi. However,
specimens containing 45 percent slag and 5 percent silica fume had
about 40 percent greater strength in 1 day than those containing 50
percent slag. Strength values at 7 days for the slag specimens
exceeded the normally specified 28-day strength for bridge deck
concrete, thus indicating the usefulness of slag combinations if very
early opening to traffic is not a consideration.

The 28-day and 90-day strengths of all the concretes exceeded
6,000 psi, thus indicating adequate strengths in all cases. Concretes
containing the same combinations of supplemental materials made with
Type III cement had higher strengths than those with Type II cement.
These high strengths result for the most part from the low w/c of 0.40
used for all specimens.

Flexural Strengths

The results of the flexural-strength tests at 28 days (summarized
in Table 3) show that satisfactory modulus of rupture values exceeding
650 psi were achieved in all the specimens when tested using the
third-point loading. Values obtained with Type III cement were higher
than those with Type II cement for the same variable.

Chloride Permeability

Table 4 shows significant differences in chloride permeability
depending on the type of cement, the type of supplemental cementitious
material, and the curing procedure used. Concretes containing Type II
cement and combinations of fly ash and silica fume or slag and silica
fume were rated as having moderate chloride permeability at 28 days.
Specimens containing Type II cement which were moist cured for 14 days
(cure 2) generally had lower coulomb values than those moist cured for
1 day (cure 1), but the permeability ratings remained the same.

The effects of silica fume combinations with specimens made with
Type III cement are illustrated in Figure 2. The effect of better
moist curing is also demonstrated. The control concretes cured for 1
day had high chloride permeability as did the specimens containing 25

7
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percent fly ash cured at 1 day and at 14 days. However, all other
specimens had moderate or lower chloride permeability. The reduction
in the chloride permeability of the specimens containing fly ash and
silica fume is of particular significance. Specimens containing 25
percent fly ash had high chloride permeability, but those containing 20
percent fly ash and 5 percent silica fume had low chloride perme
ability. This is an indication that the use of combinations of fly ash
and silica fume would provide concrete with both high strength and low
chloride permeability. Such concrete should also be economical in
areas where fly ash is available at low shipping costs.

Specimens made with slag but no silica fume had moderate chloride
permeability (values were at the lower end of the moderate range) after
1 day of moist curing. Yhen moist cured for 14 days, specimens of the
same composition had low permeability. Specimens with a combination of
45 percent slag and 5 percent silica fume showed a further reduction in
chloride permeability. Values well within the very low permeability
range were attained using either curing procedure. In most cases,
fewer coulombs passed through the specimens tested at 90 days than
those tested at 28 days. The exceptions are attributed to the initial
differences in the specimens used for the tests. The lower chloride
permeability achieved using Type III cement compared to Type II
probably results from the small particle size of Type III, which
accelerates hydration and provides more lime for the early reaction of
the pozzolans.
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CONCLUSIONS

The low percentage of silica fume (5 percent of the total
cementitious material) used in the specimens in this study did not
appreciably alter the early strength development of concrete containing
fly ash made with either Type II or Type III cement. However, 1-day
strengths higher than 3,000 psi are obtainable with a wlc of 0.40 for
all the concretes with Type III cement except for specimens containing
slag. Specimens containing combinations of both slag and silica fume
had improved l-day strengths, but the development of 3,000 psi
compressive strength required slightly more than 2 days. Concretes
with Type III cement had higher strengths than concretes of similar
composition with Type II cement.

AASHTO Test Method T 277, which is based on electrical
conductance, indicates that a significant reduction in chloride
permeability is attained in all concretes tested when 5 percent silica
fume is made a part of the total cementitious material. Generally, the
improvement is greater when Type III cement is used rather than Type
II. The importance of properly curing all concretes is demonstrated by
these results. Specimens that were cured for 14 days under standard
moist conditions had lower chloride permeability than similar specimens
cured only 1 day. However, 1-day moist curing did provide low chloride
permeability when silica fume and Type III cements were used in
conjunction with fly ash or slag.

10



RECOMMENDATIONS

Further studies should be conducted with different combinations of
fly ash, slag, silica fume, and different cement types with the objec
tive of defining the optimum combinations of cementitious materials for
adequate field performance and maximum economy.

11
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Table A-I

Chemical and Physical Analyses of Cements

Chemical, % Type II Type III

Si02 21.0 20.7

A1 203 4.8 5.1

Fe203 3.8 2.2

CaO 62.7 62.7

MgO 3.1 3.3

5°3 2.7 3.9

Total Alkalies 0.74 0.72

C3S 50 49

C3A 6 10

Physical

Fineness (Blaine) 3,833 5,275
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Chemical and Physical Analyses of Fly Ash, Slag, and Silica Fume

Chemical, % Fly Ash (F) Slag (5) Silica Fume (SF)

Si02 54.5 36.0 93.2

A1 203 30.4 10.8 0.1

Fe203 3.2 0.7 0.3

CaO 0.7 42.7 1.0

MgO N.D. a 8.9 0.2

5°3 0.2 1.2 0.1

Total alkalies 0.82 0.32 0.18

Loss on ignition 2.16 1.89 1.80

Physical

Fineness

% ret on 14.2 1.1 N.D.
No. 325 sieve

Specific Gravity 2.22 2.93 2.27

a N.D. = Not determined.

20



Table A-3

Mixture Proportions for Cubic Yard of Concrete, lb/yd3

Silica Fine b
Identification Cementa Fly Ash Slag Fume Aggregate

Control 658 1,432

2SF 494 164 1,377

50S 329 329 1,413

S5F 625 33 1,422

20F - 5SF 494 132 33 1,377

455 - 5SF 329 296 33 1,404

a Type III cement used for all combinations. Additional specimens
for control, 20F-5SF, and 45S-53F were made with Type II cement.

b The amount of fine aggregate was adjusted to provide an equal
volume of mortar in all s~ecimens. The amount of coar~e

aggregate was 1,506 Ib/yd and the water was 263 Ib/yd •

21
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Table A-4

Characteristics of Concrete

Slump, Air Uni t Ye!gh t ,
Identificationa in. % lb/ft

Type II Cement (C2)

Control 5.0 7.5 142.8
5.0 6.7 142.8

20F-5SF 5.0 7.4 139.6
3.5 8.4 137.6

45F-5SF 7.0 8.6 138.0
6.0 8.9 136.4

Type III Cement (C3)

Control 6.7 6.5 143.6
5.5 5.6 144.4

5SF 5.0 6.6 142.4
5.5 7.5 140.4

25F 8.0 6.8 141.6
6.0 6.2 141.6

20F-5SF 7.0 6.0 141.6
7.7 8.0 138.8

505 7.8 5.7 142.0
6.2 7.1 140.8

45S-5SF 7.5 7.7 140.4
6.7 9.0 136.8

a
Numbers are the percentgage (by mass) of the supplemental
ingredients in the total cementitious materials. The balance
is portland cement of the type indicated. F = Fly ash;
SF = silica fume; 5 = slag.

22



Table A-5

Strengths of Concretes with Type II Cement
Flexural

a Compressive Strength, psi Strength
Identification ~ 2 days 7 days 28 days 90 days 28 days

Control 3,190 3,820 5,300 6,970 7,370 640
3,180 4,090 5,540 7,090 7,960 806

Avg. 3,190 3,960 5,420 7,030 7,660 720

20F-SSF 2,370 3,000 4,350 6,580 7,710 678
2,720 3,170 4,540 6,560 7,730 668

Avg. 2,550 3,090 4,450 6,570 7,720 673

45S-5SF 1,110 1,870 4,350 8,270 9,400 680
840 1,420 2,790 6,250 8,040 635

Avg. 980 1,650 3,570 7,260 8,720 657

a
Numbers are the percentage (by mass) of the supplemental ingredients
in the total cementitious material. The balance is portland cement
of the type indicated. F = fly ash; SF = silica fume; S = slag.
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Table A-6

Strengths of Concretes with Type III Cement

Flexural

a Compressive Strength, psi Strength
Identification ~ 2 days 7 days 28 days 90 days 28 days

Control 4,780 5,560 6,340 7,610 7,760 808
4,690 5,380 6,510 8,040 8,770 839

Avg. 4,740 5,470 6,420 7,820 8,260 824

5SF 4,500 5,050 6,810 8,260 9,200 750
4,460 5,200 6,420 8,010 9,020 778

Avg. 4,480 5,120 6,620 8,140 9,110 765

25F 3,150 3,720 4,800 6,060 7,640 686
3,230 3,770 4,930 6,190 7,390 675

Avg. 3,190 3,740 4,860 6,120 7,520 680

20F-5SF 3,190 3,800 5,360 7,320 8,270 707
3,460 3,980 5,290 7,100 8,060 668

Avg. 3,320 3,890 5,320 7,210 8,160 688

50S 1,360 2,360 6,050 8,270 8,500 821
1,540 2,500 5,240 7,640 8,400 830

Avg. 1,450 2,430 5,640 7,960 8,450 826

45S-5SF 2,170 3,100 6,520 8,920 9,500 811
1,900 2,660 4,880 7,410 8,610 720

Avg. 2,040 2,880 5,700 8,160 9,060 766

a
Numbers are the percentages (by mass) of the supplemental ingredients in the
total cementitious materials. The balance is portland cement of the type
indicated. F = fly ash; SF = silica fume; S = slag.
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Table A-7

Charge Passed through Concretes with Type II Cement

Coulombs
28 Day Tests 90 Day Tests

Identificationa b Cure ZC Cure 1b Cure ZCCure 1

Control 9,100 5,540 7,290 7,700
6,330 4,390 7,510 4,540

Avg. 7,710 4,970 7,400 6,120

20F-5SF 3,510 2,470 4,050 1,080
2,750 2,200 3,980 2,830

Avg. 3,130 2,340 4,010 1,960

45S-SSF 2,280 1,660 1,770 1,100
3,820 3,590 2,980 1,650

Avg. 3,050 2,670 2,320 1,370

-1525

a

b

c

Numbers are the percentages (by mass) of the supplemental
cementitious material. The balance is portland cement of the
type indicated. F = fly ash; SF = silica fume; S = slag.

Cure 1 - Moist cure 1 day - air dried until tested

Cure 2 - Moist cure 14 days - air dried until tested.
(AASHTO T 277 procedure)
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Table A-8

Charge Passed through Concretes with Type III Cement

Coulombs Passed
28 Day Tests 90 Day Tests

Identificationa Cure Ib Cure 2c Cure Ib Cure 2c

Control 6,180 3,970 6,210 4,330
5,130 3,350 6,200 3,610

Avg. 5,650 3,660 6,200 3,970

5SF 3,240 1,010 1,280 700
1,230 1,110 1,150 740

Avg. 2,240 1,060 1,210 720

25F 8,760 4,940 6,600 3,670
9,220 4,650 7,930 3,010

Avg. 8,990 4,800 7,270 3,340

20F-SSF 1,520 1,220 1,400 500
1,200 1,080 1,400 580

Avg. 1,460 1,150 1,400 540

50S 3,060 1,820 2,180 1,460
1,630 1,530 2,320 1,490

Avg. 2,340 1,670 2,250 1,480

4SS-SSF 610 690 720 430
670 760 890 400

Avg. 640 720 800 410
---- .....---

a Numbers are the percentages (by mass) of the supplemental
ingredients in the total cementitious material. The balance
is portland cement of the type specified. F = fly ash;
SF = silica fume; S slag.

Cure 1 - Moist cured 1 day and air dried until tested.

c Cure 2 - Moist cured 14 days and air dried until tested.
(AASHTO T 277 procedure)

26


