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Abstract

The strength development of mortars containing ground granulated blast-furnace slag (ggbs) and portland cement was investigated. Variables

were the level of ggbs in the binder, water–binder ratio and curing temperature. All mortars gain strength more rapidly at higher temperatures and

have a lower calculated ultimate strength. The early age strength is much more sensitive to temperature for higher levels of ground granulated

blast-furnace slag. The calculated ultimate strength is affected to a similar degree for all ggbs levels and water–binder ratios, with only the curing

temperature having a significant effect. Apparent activation energies were determined according to ASTM C1074 and were found to vary

approximately linearly with ggbs level from 34 kJ/mol for portland cement mortars to around 60 kJ/mol for mortars containing 70% ggbs. The

water–binder ratio appears to have little or no effect on the apparent activation energy.

D 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Ground granulated blast-furnace slag (ggbs) is commonly

used in combination with portland cement in concrete for many

applications [1,2]. Concrete made with ggbs has many

advantages, including improved durability, workability and

economic benefits [1]. The drawback in the use of ggbs concrete

is that its strength development is considerably slower under

standard 20 -C curing conditions than that of portland cement

concrete, although the ultimate strength is higher for the same

water–binder ratio [3–5]. Ground granulated blast-furnace slag

is not therefore used in applications where high early age

strength is required. However, hydration of ggbs is much more

sensitive to temperature than portland cement and there is

evidence that at higher early age temperatures, the strength

development of ggbs concrete is significantly enhanced [4,5]. In

the construction of large structural concrete elements where heat

dissipation is slow, there can be a significant rise in temperature

within the first few days after casting due to the exothermic
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reaction of the binder [6]. This leads to higher early age

strengths, which can only be determined by temperature

matched curing. Cubes or cylinders cured at 20 -C would

underestimate the strength in the structure.

The work described here forms part of a research

programme on the use of supplementary cementitious materials

in fast-track concrete construction where high early age

strengths are needed [7]. The major factors affecting the early

age strength development of concrete are:

& concrete mixture composition, including factors such as

water–binder ratio and the use of supplementary cementi-

tious materials like ggbs;

& type of formwork and size of structural element; and

& environmental conditions.

In order to investigate the effect of the curing temperature

on the strength development of portland cement/ggbs combi-

nations, mortars have been prepared with a range of portland

cement :ggbs ratios (0, 20, 35, 50 and 70% ggbs). Three

different water–binder ratios were used at each replacement

level, corresponding to concretes with 28-day target mean
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Table 2

Chemical analysis of materials

Component Portland cement % GGBS %

SiO2 21.07 35.35

Al2O3 5.00 14

Fe2O3 2.92 0.36

CaO 64.40 41.41

MgO 2.07 7.45

SO3 2.65 0.1

K2O 0.59 –

Na2O 0.26 –

LOI 1.19 0.31

Insoluble 0.41 0.21

Cl 0.05 0.02

Free Lime 1.70 –

% Glass – 97
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strengths of 40, 70 and 100 N/mm2. The strength development

of these mortars at curing temperatures of 10, 20, 30, 40 and 50

-C was determined and the apparent activation energies were

calculated according to ASTM C1074 [8]. The apparent

activation energy will be used to account for the temperature

sensitivity of the binder hydration in modelling the strength

development of concrete.

2. Experimental procedure

Mortars equivalent to concrete mixtures under investiga-

tion as part of a larger project [9,10] were prepared. The

mixture proportions of these mortars were calculated from the

concrete mixture proportions according to the requirements of

ASTM C1074 [8]. The mortars had the same water–binder

ratio as the concrete and the sand–binder ratio was equal to

the coarse aggregate–binder ratio of the concrete. Where a

superplasticising admixture (SPA) was used in the concrete,

this was also included in the mortar mixture in the same

proportion. The resulting mortar mixture proportions are

presented in Table 1.

A single batch of portland cement was used for all mortars,

provided by Castle Cement Limited. The ggbs came from a

single batch provided by Frodingham Cement Limited.

Chemical analysis of these materials is given in Table 2. The

fine aggregate was a natural sand with 81% passing a 600 Am
sieve. The sand was oven dried before use and allowance was

made for 2.6% water absorption when calculating batch

quantities for mixing. In mixtures with w/b�0.4, a poly-

carboxylate based superplasticising admixture, Structuro 111X

provided by Fosroc Limited, was used.

A quantity of 0.015 m3 of each mortar mixture was prepared

in a horizontal pan mixer. Materials were added in the order:

cement/ggbs, sand and the superplasticiser mixed with the

water. The mortar was mixed for 3 min and then cast into steel

50 mm cube moulds. The specimens were consolidated on a

vibrating table and wrapped in polyethylene film. They were

then transferred to water tanks for curing at 20, 30, 40 and
Table 1

Mortar mixture proportions

Category % GGBS kg/m3 Free

water/

binder
PC GGBS Free

water

Sand

(SSD)

SPA

High w/b 0 415 – 249 1536 – 0.60

20 321 81 249 1549 – 0.62

35 272 146 242 1541 – 0.58

50 205 205 250 1541 – 0.61

70 137 319 237 1506 – 0.52

Intermediate w/b 0 462 – 185 1552 3.7 0.40

20 373 94 182 1551 1.7 0.39

35 315 170 175 1540 2.5 0.36

50 236 236 181 1546 1.55 0.38

70 140 327 182 1551 1.6 0.39

Low w/b 0 553 – 143 1501 14.4 0.26

20 449 112 139 1498 8 0.25

35 365 197 139 1498 4.9 0.25

50 280 280 142 1496 8 0.25

70 169 393 139 1498 4 0.25
50 -C. For curing at 10 -C, the specimens were wrapped in

damp hessian and stored in an incubator. The specimens were

demoulded at the time of the first compressive strength test.

Three cubes were tested at six to eight testing ages for each

mixture/temperature combination. In each case, the first testing

age was chosen to correspond to a compressive strength of

approximately 4 N/mm2. Subsequent tests were carried out at

twice the age of the previous test.

3. Strength development

The compressive strength development with age at different

curing temperatures is shown in Fig. 1 for three mortars (PC,

35% ggbs and 70% ggbs mixtures) at the high water–binder

ratio. As expected, the strength development of all the mortars

depended on the curing temperature. At early ages, the strength

was higher at higher temperatures since the rate of reaction is

greater. At later ages, the strength was lower at high curing

temperatures. This is believed to be due to the formation of

dense hydrated phases around the unreacted cement particles,

preventing further hydration. The non-uniform distribution of

hydration products also leads to larger pores in the microstruc-

ture. The mortars containing high levels of ggbs were more

dependent on temperature, with the early age strengths

showing a wider variation with temperature as the ggbs level

increased. After 3 days, the portland cement mortar shown in

Fig. 1(a) had strengths varying from 15 to 24 N/mm2. Note that

the highest 3-day strength for the portland cement mortar was

observed at 40 -C. The mortar with 70% ggbs (Fig. 1(c))

achieved a 3-day compressive strength of 26 N/mm2 when

cured at 50 -C but only 2 N/mm2 at 10 -C.
The development of compressive strength, S, at a given

curing temperature, can be described as a function of time, t, by

the equation [10,11]:

S ¼ SVk t � t0ð Þ
1þ k t � t0ð Þ ð1Þ

where

SV calculated ultimate strength of the mortar, N/mm2

t0 time at which strength development is assumed to

begin, hours

k rate constant, h�1



Fig. 1. Strength development of high w/b mortars at different curing temperatures.
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The reciprocal of the rate constant k is the age beyond t0
at which the strength reaches 50% of the calculated ultimate

strength. The values of SV, t0 and k were obtained for each

curing temperature by regression analysis using Sigmaplot\.

The best fit curves obtained are shown in Fig. 1.
Fig. 2. Effect of GGBS level on 3-day rel
The effect of ggbs level on the relative compressive

strength, S /SV, after 3 days is shown in Fig. 2 for all the

mortars. At lower temperatures, the relative strength after 3

days was highly dependent on the ggbs level with higher

ggbs levels reducing the relative compressive strength.
ative compressive strength of mortars.



Fig. 3. Dependence of calculated ultimate strength of mortars on curing temperature.
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However, at higher temperatures, the 3-day relative strength

showed less dependence on ggbs level. At 40 and 50 -C,
there is very little dependence on ggbs level and the relative

strength of ggbs mortars at 3 days is approximately equivalent

to that of portland cement mortars. For all ggbs levels, the

relative strength at 3 days is increased at lower water–binder

ratios.
Fig. 4. Effect of curing temperature on the tim
The calculated ultimate strength, SV, is plotted as a ratio of

the 20 -C value for each mortar in Fig. 3. Generally, the

calculated ultimate strength decreased with increasing temper-

ature. No clear dependence was observed on the ggbs level and

the calculated ultimate strength was affected to approximately

the same degree for different water–binder ratios. In general

the calculated ultimate strength was around 30% lower at 50 -C
e taken to reach 50% of ultimate strength.
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than at 20 -C. Many of the results for curing at 10 -C appear to

be inconsistent with the trends observed at higher temperatures.

It is believed that this is due to errors in calculation of the

ultimate strength at 10 -C by regression analysis, because the

strength is still increasing at the last testing age (see Fig. 1).

Later testing at low temperatures would be desirable in order to

obtain more accurate values for the true ultimate strength.

Fig. 4 shows the dependence on temperature of the time t50
at which each mortar reached 50% of its calculated ultimate

strength. This value was calculated in each case from the

parameters t0 and k obtained above:

t50 ¼ t0 þ
1

k
: ð2Þ

This time increased with decreasing temperature, increasing

water–binder ratio and increasing ggbs level. This figure

clearly illustrates the benefits of higher curing temperatures on

the early age strength development of mortars or concretes

containing ggbs. At 10 -C, mortars containing high levels of

ggbs took up to five times longer to reach 50% of their ultimate

strength than portland cement mortars. However, at 50 -C the

difference is much smaller, with all the mortars reaching 50%

strength within 2 days and within 1 day for the lower water–

binder ratios. The improvement between 20 and 30 -C for

mortars containing high ggbs levels is particularly significant

in terms of utilising ggbs in fast track construction, indicating

that significant increases in early age strength development can

be achieved if the in situ temperature rises by even a small

amount above the standard curing temperature. For 50% and

70% ggbs levels, the time taken to reach 50% of ultimate

strength at 30 -C was halved at all water–binder ratios,

compared with curing at 20 -C.
Fig. 5. Effect of curing temperatu
4. Determination of apparent activation energies

There are a number of functions available to describe the

variation of the rate constant k with temperature. The Nurse–

Saul maturity model [12,13] assumes a linear relationship:

M ¼ ~ T � T0ð ÞDt ð3Þ

and

k ¼ a T � T0ð Þ ð4Þ

where

M Nurse–Saul maturity, -C-h
T temperature, -C
T0 datum temperature, -C
a is a constant.

The datum temperature is the temperature below which it is

assumed that no strength gain will occur, taken as �11 -C in

this work. The relationship between strength and maturity is

assumed to be independent of temperature history, and can

therefore be determined at a reference temperature. An

equivalent age, te, can be defined as the age at the reference

temperature at which the concrete has the same strength as at a

time t:

te ¼
X
t

T � T0ð Þ
Tref � T0ð Þ Dt: ð5Þ

An age conversion factor [14] can also be defined as

follows:

a ¼ T � T0

Tref � T0
¼ k

kref
ð6Þ
re on age conversion factor.



Table 3

Apparent activation energies of GGBS mortars

% GGBS Ea, kJ/mol

High w/b Intermediate w/b Low w/b

0 34.8 35.1 32.9

20 36.6 35.2 36.8

35 47.1 47.0 46.8

50 54.6 48.0 52.6

70 58.8 62.1 57.9
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The variation of the rate constant k with temperature T can

also be described by the Arrhenius equation [10–12]:

k Tð Þ ¼ Aexp
� Ea

R T þ 273ð Þ

� �
ð7Þ

where

A a constant, h�1

Ea apparent activation energy, J mol�1

R universal gas constant=8.314 J K�1 mol�1

In this case, the equivalent age is defined by [14,15]:

te ¼
X
t

exp
Ea

R

1

273þ Tref
� 1

273þ T

� �� �� �
Dt: ð8Þ

And the age conversion factor as:

a ¼ exp
Ea

R

1

273þ Tref
� 1

273þ T

� �� �
¼ k

kref
: ð9Þ

The rate constant values obtained above were used to

calculate the age conversion factors at different curing

temperatures for each mortar, taking the reference tempera-

ture as 20 -C. The age conversion factors obtained are

plotted in Fig. 5. The age conversion factor increases

exponentially with temperature. The linear relationship

assumed by the Nurse–Saul model is inadequate to describe

the variation of k with temperature for all the mortars. The

deviation from linear behaviour is greater at higher ggbs

levels.

The apparent activation energy of each mortar was

determined, assuming the rate constant varied with tempera-
Fig. 6. Effect of curing tempe
ture according to Eq. (7). According to this equation, the

relationship for each mortar between ln k and the reciprocal

of absolute temperature (plotted in Fig. 6) is linear:

lnk ¼ � Ea

RT
þ lnA: ð10Þ

Accordingly, the value of the apparent activation energy can

be calculated for each mortar from the slopes of the best-fit

straight lines shown in Fig. 6. Note that for the 20% ggbs

mortar at the low water–binder ratio (Fig. 6(c)), the rate

constant obtained at 50 -C has been excluded from the

regression as an outlier.

The values of Ea obtained are shown in Table 3 and plotted

in Fig. 7. The apparent activation energy was relatively

independent of water–binder ratio and depended primarily on

the percent ggbs in the binder. The apparent activation energy

was highly dependent on the ggbs level, with high replacement

levels leading to higher apparent activation energies. The

apparent activation energy obtained for portland cement was 34

kJ/mol. The apparent activation energy increases approximate-
rature on rate constant k.



Fig. 7. Apparent activation energies of mortars.
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ly linearly with increasing ggbs level to a value of around

60 kJ/mol for the 70% ggbs mortars.

5. Conclusions

The early age strength development of mixtures containing

ggbs is highly dependent on temperature. Under standard

curing conditions, ggbs mortars gain strength more slowly than

portland cement mortars. However, at higher temperatures,

strength gain is much more rapid and the improvement in early

age strength is more significant at higher levels of ggbs. Even a

10 -C increase in curing temperature above standard curing

temperature considerably accelerates the strength development

of mortars containing high levels of ggbs (Fig. 4) and at 40 and

50 -C, the strength of ggbs mortars is more or less equivalent to

that of portland cement mortar after 3 days (Fig. 3).

This increased temperature sensitivity of the strength gain in

ggbs mortars is reflected in their higher apparent activation

energies. The apparent activation energy increases approxi-

mately linearly with ggbs level. The portland cement used in

this work has an apparent activation energy of 34 kJ/mol while

this figure increases to 60 kJ/mol when a binder consisting of

70% ggbs and 30% portland cement was used. These values

are in broad agreement with values quoted in the literature

[11,16,17].

The apparent activation energies obtained in this work are

currently being used to predict concrete strength development

under variable temperature conditions. Initially, existing

models [12–17], which generally have been based on portland

cement hydration only, are being assessed for their suitability in

modelling strength development of concrete containing ggbs.
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