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This article reports the results of an investigation on the activation of blast furnace slag with emphasis on the

achievement of equivalent one-day strength to Portland cement at normal curing temperatures and reasonable

workability. The effects of varying dosages of sodium silicate activators are discussed in terms of strength of mini

cylinders and also workability by the mini slump method. The results are mainly based on pastes but comparisons

are also made with mortar and concrete results. The effects of preblended gypsum dosage within the slag, as well

as the effect of ultra fine slag on workability are reported. The results of trials with various water reducing

admixtures and superplastisers and their effects on strength and workability are reported.

Introduction

Alkali activation of slag is a method to produce con-

crete with slag (ground granulated blastfurnace slag)

without the use of any Portland cement. By substituting

Portland cement with 100% alkali activated slag, a

waste product of steel manufacturing, less energy is

required while also achieving reduction in emissions

arising from the burning of fossil fuels. Roy and

Silsbee
1

and Talling and Brandstetr
2

provide a compre-

hensive summary of the subject.

Slag is often used in concrete as a supplementary

cementitious material and partial replacement to Port-

land cement. The major advantages of making concrete

with slag replacement is the superior durability and

lower hydration heat as compared to a 100% Portland

cement binder. It should be noted that with slag re-

placement, carbonation is increased, freeze±thaw resis-

tance is reduced and, if slag is used at an appropriate

level, sulphate resistance is reduced. The use of slag

can also increase the risk of thermal cracking in con-

crete. However, the low early strength of these

concretes is a limitation in many applications. The

problem of low early strength can be overcome by

using alkali activated slag (AAS) concretes that can

potentially yield high early strength.

The aim of this article was to evaluate the use of

sodium silicate as an activator that would yield equiva-

lent one-day strength to ordinary Portland cement at

normal curing temperatures (238C), while having rea-

sonable workability. Equivalent one-day strength to

Portland cement has been achieved using elevated tem-

perature curing
3±6

and steam curing.
7±9

However, these

curing conditions necessitate specialised equipment and

facilities and requires attendance by staff. This study

therefore concentrated on the achievement of equiva-

lent one-day strength at normal curing conditions.

At normal curing conditions, Anderson and Gram
7

achieved minimal one-day strength with slags activated

by sodium silicate. Jolicoeur et al.
8

found low one-day

strength at dosages of 2% Na2O, however at 4% Na2O

early strength increased with Ms (SiO2=Na2O, silicate

modulus) increased from 0 to 0´5 and remained rela-

tively constant with increasing Ms up to 2´0. At low Ms

(0±0´5), the workability is low and loss of workability

is rapid. For Ms between 0´5 and 1´5 the workability is

high and loss of workability is minimal. The addition

of lime increases the early strength development, how-

ever, for all the Ms longer-term strength is reduced and

the workability is significantly reduced.

Douglas et al.
9

found the activation of slag by so-

dium silicate solution with Ms 1´21, in combination

with 2% lime and 1% Na2SO4 produced comparable

mortar strength to Portland cement motar. Concrete

mixtures were subsequently manufactured with silicate
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activator with Ms of 1´22, l´36, 1´47 and w/c 0´34 to

0´48.
10,11

The one-day strengths were generally high

(mostly .20 MPa), with acceptable initial workability,

however, workability was lost rapidly beyond 45 min-

utes.
10

Xincheng et al.
12

reported one-day strengths as high

as 68´1 MPa for slag activated by sodium silicate solu-

tion with Ms of 0´77, although the method of curing is

unreported. Qing-Hua and Sarkar
4

reported high one-

day strength of slag pastes that contained a combination

of liquid sodium silicate (5% Na2O dosage) with

SiO2=Na2O 1´5 in combination with 1´7% to 5´0%

lime. The workability was found to decrease with in-

creasing dosage of activator and the optimum lime

dosage was found to be 2%. Use of lime successfully

retarded the setting time.

Wang
13,14

achieved high one-day strengths (up to

37´9 MPa) with use of liquid sodium silicates. The best

alkali dosages were within the range 3.0±5´5% Na2O

by weight of slag and optimum range of Ms was 0´90

to 1´3 for neutral slag and 1´0 to 1´5 for basic slag.

However, the time to initial set is significantly less than

that of Portland cement, with many of the sodium

silicate activators having a time to initial set less than

20 min. This is considered to be too short for most

normal civil engineering applications.

Shi
15

recorded better one-day strength than Portland

cement mortars for slags activated by sodium silicate

liquid with Ms of 1´5. The dosage of activator was 6%

Na2O.

Experimental programme

The chemical composition and properties of the ce-

mentitious binders are summarised in Table 1. The

binders used are ground granulated blast furnace slag

(Slag), ultra-fine slag (UFS), Portland cement (OPC),

and 50% ground granulated blast furnace slag � 50%

Portland cement (GB 50/50). The term water/binder

(w/b) ratio is used instead of the conventional water/

cement ratio to include all the binders mentioned

above. The slag is supplied with 2% gypsum which is

blended with the slag.

The activators and adjuncts investigated were:

(a) Powdered sodium silicate (27% Na2O, 54%SiO2,

19% H2O)

(b) Powdered sodium metasilicate (29% Na2O, 28%

SiO2, 43% H20)

(c) Hydrated lime (L)

The two types of dry powdered silicate activators

were blended in different proportions to yield different

silicate moduli SiO2=Na2O (referred to as Ms). The

dosages are expressed as ` Na' in the activator as a

percentage of the weight of slag.

The hydrated lime is added to the mix in the form of

a slurry. The slurry was added as a 50% lime plus 50%

water mixture. Adjustments were made to the water

added to the mixes to account for the free water con-

tained in the slurry. The amount of lime added is

expressed as a percentage of lime in total weight of the

paste (referred to as %L in figures).

The chemical admixtures that were investigated were

as follows:

NLSNS: normal life superplasticiser based on

naphthalene sulphonates, which complies with

ASTM C-494 type F.

WRSRL: water reducing and set retarding admixture

based on lignosulphonates, which complies with

ASTM C 494 Types B and D.

Table 1. Properties of cementitious materials

Constituent/Property Slag UFS OPC GB 50/50

SiO3 (%) N/A N/A N/A 2´6

SiO2 (%) 35´04 33´2 19´9 26´4

Al2O3 (%) 13´91 14´6 4´62 8.4

Fe2O3 (%) 0.29 0´4 3´97 2´4

MgO (%) 6´13 5´5 1´73 3´6

CaO (%) 39´43 42´4 64´27 53´8

Na2O (%) 0.34 0´3

TiO2 (%) 0´42

K2O (%) 0´39 0´44 0.57

P2O5 (%) ,0´1

MnO (%) 0´43

Total Sulphur as SO3 (%) 2´43 0´2 2´56

Sulphide Sulphur as S2ÿ 0´44

C1 (p.p.m) 80

Fineness (m2=Kg) 460 1496 342

Loss on ignition (%) 1´45 2´9 1´9

Time to initial set (hours) N/A N/A 2´0 2´45

Strength (MPa) N/A N/A

3 days 32´7 22´2

7 days 42´0 36´0

28 days 54´1 59´1
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In the case of mortars, the sand:cementitious binder

ratio was 3:1. The sand was a locally produced river

sand from Lynhurst. In the case of concrete, the aggre-

gate/cement ratio was 5´44, and 42% of the total aggre-

gate was fine aggregate, which consisted of the same

type of sand used in mortars.

The size of the paste cylinders for compressive

strength testing were 35 mm in diameter and 70 mm in

length. The w/b ratio was fixed at 0´5 to enable reason-

able paste workability. A total of six cylinders were

tested for each data set. This phase tested the qualita-

tive assessment of paste workability. Activated slag

pastes that appeared to be considerably `stiffer' than an

OPC equivalent were therefore rejected for further as-

sessment (regardless of the one-day strength).

Workability was assessed by the mini slump test, as

reported by Kantro.
16

The dimensions of the mini

slump cone mould are: top diameter 19 mm, bottom

diameter 38 mm, and height 57 mm (Fig. 1). The

mould is placed firmly on a plastic sheet and filled

with paste. The paste is tamped down with a spatula to

ensure compaction. When the mould is full, the top

surface is levelled and the excess paste is removed. The

mould is removed vertically, ensuring no lateral distur-

bance, and the sample is left to harden over 24 hours.

The outline of the slump sample is traced onto the

underlying plastic sheet with indelible ink and the area

of the base is measured using a planimeter. Each data

point shown on the attached figure is the average of

three test results, with the exception of the OPC con-

trols that were the average of six text results.

The base area of the paste measured 24 hours after

conducting the test is a better indicator of workability

than the height measurements.
16

Perrenchio
17

has estab-

lished a linear relationship between the base area of the

mini-slump paste and the base area of concrete; there-

fore the test lends itself to the estimation of likely

concrete workability.

Strength results

The range of dosages investigated and one-day

strength test results are summarised in Table 2. The

results indicate the following:

(a) The one-day strength decreases with increasing

Ms.

(b) The optimum Ms for one-day strength is likely to

be less that 1´0. However, moduli less than 1´0

were unable to be investigated due to the limit-

ations of the powdered silicates.

(c) The lime acts as an activator and significantly

improves the one-day strength and, at 4% Na

dosage, one-day strength increases with increasing

lime content.

Further mixes were manufactured to assess the

strength development with time. The mixes are 4% Na

and 5% Na; Ms � 1 and 4% and 5% Na; Ms � 1; plus

1% lime slurry.

The results are summarised in Fig. 2. The results

indicate the one-day strength of powdered sodium sili-

cate (Na � 4%) is lower than OPC, however, at three

days and beyond, the strength surpasses OPC. The 28-

day strength of powdered silicate activated slags is

similar regardless of Na concentration. With lime addi-

tion (which acts as a supplementary activator) the one-

day strength is significantly greater (the lime also

greatly assists with dispersion). The strength at later

ages surpasses OPC. At 28 days, the strength of all the

activated slags is almost identical, regardless of activa-

tor dosage and whether lime is present.

Strength development of mortars and concrete

The strength versus time graphs of pastes do not

truly mimic the strength versus time relationship for

concrete, as shown in Figs. 3 and 4. Further testing of

mini cylinders has been conducted with mortars. The

mixes consisted of:

(a) OPC, w/b � 0´5, three separate batches, six cylin-

ders tested at 1, 3, 7 and 28 days;

(b) Slag activated by powdered sodium silicate � 1%

19 mm

57
 m

m

Top flange

Lifting lug

Tapered conical
internal section

38 mm

51 mm dia. brasss rod

Fig. 1. Set-up for mini-slump test

Attributes of sodium silicate activated slag pastes
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lime (Na 4%, Ms � 1), w/c � 0.5, six cylinders

tested at 1, 3, 7 and 28 days.

Figs. 3 and 4 indicate the mortars mimic the concrete

strength development curves well. This indicates that

the paste samples are very sensitive to local defects

acting as stress concentrations. Also, the sand acts as

nucleation points for cement hydration (and bond

strength development), which also affect the measured

strength. Nevertheless, the paste strength test results are

good indicators of likely strength development trends.

Workability results

Without gypsum, the powdered sodium silicate acti-

vated slag showed an increase in workability. However,

the one-day strength was zero. The literature indicates

that gypsum plays a significant role in the very early

hydration by breaking down the slag to enable further

hydration and strength development to occur.
6

There-

fore, slag with gypsum was adopted.
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Table 2. One-day strength of activated pastes (MPa)

Sodium Silicate Lime Ms(SiO2=Na2O in activator)

Dosage (% Na) (% of total

weight) 1´0 1´3 1´5 1´8

4% 0 3´5 0´9 0´6 0

5% 0 7´7 1´9 0 0

6% 0 5.6 1.7 0 0

7% 0 8´7 8´8 7´8

4% 1% 7´8

4% 3% 10´3

4% 5% 10´0

5% 1% 6´6

Portland cement paste � 5´2
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Fig. 3. OPC strength versus time: w/b � 0´5
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At w/b � 0´5, Fig. 5 shows that AAS concrete shows

better workability than OPC over 2 hours and there is

no need for chemical admixtures. At w/b � 0´4, Fig. 5

shows the effect on workability at the time of mixing

with additions of a lignosulphonate based water redu-

cing retarder (WRSRL) and a normal life naphthalene

sulphonate based superplasticiser (NLSNS).

Fig. 5 shows:

(a) Addition of lignosulphonate water reducing re-

tarder (WRSRL) brings the workability up to the

OPC control.

(b) Increasing additions of naphthalene sulphonate

based superplasticiser (NLSNS) moderately im-

proves workability, however the paste is not as

workable as OPC with w/b � 0´5.

(c) Lignosulphonate water reducing retarder (WRSRL)

+ naphthalene sulphonate based superplasticiser

(NLSNS) shows a significant improvement in

workability (although still not as good as OPC

w=b � 0:5.

Ultrafine slag replacement (5%) does not reduce the

good workability over 2 hours and the workability is

marginally better than OPC. At 10% replacement, the

workability is identical at the time of mixing to 5%

replacement, however, no data were acquired over 2

hours.

Conclusions

The results of this initial investigation indicate:

(a) Equivalent one-day compressive strength to OPC is

achievable with 100% alkali activated slag.

(b) Powdered sodium silicate, with SiO2=Na2O 1:0

and Na dosage 4% (% weight of slag) plus 1%

lime yielded equivalent one-day strength to OPC

and demonstrated better workability than OPC at

w/c � 0´5. The one-day strength and workability

decrease with increasing SiO2=Na2O (or Ms).

(c) At w/c 0´4 slag activated by powdered sodium

silicate plus lime showed less workability than

OPC controls and response to conventional super-

plasticisers was poor.

(d ) Replacement of the slag by ultrafine slag did not

reduce workability (at the 5% and 10% replace-

ment levels).
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