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Symbols and abbreviations 

 

Symbols 
 

Ti 

Tair 

Ea          

R       

Ri 

fc 

Fc 

Ao 

Temperature of concrete/ mortar at point i (◦C) 

Temperature of ambient air (◦C) 

Activation Energy (kJ/mol) 

Universal gas constant (8.314 J/(mol K)) 

Rate of temperature rise (K/min) 

Compressive strength (MPa) 

Load applied on the specimen (N) 

Cross section where load is applied (mm2) 

 
 
Abbreviations 
 

SCM 

GGBFS  

PC 

Supplementary Cementitious Materials  

Ground Granulated Blast Furnace Slag  
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CH               

       

 

Calcium Silicate Hydrate 

Calcium hydroxide 
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1 Introduction 
 

Concrete’s use in construction is continuously growing worldwide due to its 

advantages over other building materials. However, it has a large environ-

mental impact. Concrete consists of aggregates in different fractions, water 

and cement clinker which reacts with water and binds the aggregates to-

gether. The manufacture of cement clinker requires heating of limestone and 

clay at the temperature of 1450 °C which results in carbon dioxide (CO2) 

emissions. Cement production is the third largest contributor to carbon di-

oxide emissions globally after fossil fuels and land-use changes for agricul-

tural and industrial purposes. The emissions of cement industry could add 

up to 8% of global CO2 emissions. [1]  

 

Substituting cement with latent hydraulic and pozzolanic materials which 

can participate in the hydration process is a way to improve concrete’s prop-

erties and simultaneously cut on energy and CO2 emissions associated with 

cement production. Those mineral additives are also named as Supplemen-

tary Cementitious Materials (SCM) and the binders containing them are 

called “low-carbon” binders.  Out of SCM, fly ash can have big variation in 

quality and silica fume has low availability, leaving Gran Granulated Blast 

Furnace Slag (GGBFS) as the most utilized SCM, as 90% of GGBFS is used in 

the cement production. [2]  

 

However, concretes with GGBFS substitution have slow early strength devel-

opment compared to Portland cement (PC) concrete. Moreover, slag con-

cretes are more sensitive to curing temperature and low temperatures ad-

versely affect their early strength gain. [3]It is important for concrete to ac-

quire its early strength fast so that formwork can be removed in time for in-

situ castings and that a steady production for precast industry is maintained. 

Accelerating the early strength development of concretes with slag is possible 

with addition of accelerators.  

 

The main objective of this study is to determine how the use of available ac-

celerators can increase the early strength development of low carbon con-

cretes. The desirable level of increase in strength development of concretes 

with CEM III/A and CEM III/B binders is the one that is achieved with CEM 

II/B cement (Oiva) without accelerator as shown in Figure 1. The correlation 

between heat development and early compressive strength is also investi-

gated. The findings of this study can be used to widen the use of slag 
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concretes, as their use is presently restricted by their slow compressive 

strength development.  

 

 
Figure 1. Scheme of the aimed levels of increase in early compressive strength 

 

The thesis is comprised of the following parts: 

 

• Chapter 1. Introduction 

The thesis’ topic and reason for conducting the study are presented. 

 

• Chapter 2. Literature review  

The manufacturing process and chemical composition of GGBFS are shortly 

presented. The hydration of slag cements is analyzed, and focus is given on 

how it differs to the hydration of Portland cement. In the following sub-chap-

ter are presented earlier studies on the early strength development of slag 

concretes. There is close similarity to those experiments and to the ones per-

formed in the scope of this thesis. Lastly, previous studies about the use of 

accelerators with slag concretes are reviewed. Different types of accelerators 

have been used in previous research and the exact chemical composition of -

especially commercial- accelerators is not always revealed in the research pa-

pers. Thus, the purpose of this review is not to make direct comparisons with 

the results between previous and present study, but to understand better the 

behavior of commonly used accelerators.  
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• Chapter 3. Experimental program 

Firstly, the materials and mix design used in the experiments are presented. 

The program consisted of tests performed with mortar and then concrete 

samples. The heat development measurement of mortar samples is presented 

followed by the heat development and compressive strength measurements 

of concrete samples.  

 

• Chapter 4. Test results – Analysis and discussion  

The test results from the experimental testing are presented mainly with fig-

ures followed by discussion.  

 

• Chapter 5. Conclusions 

The final conclusions and recommendations for future research are given. 
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2 Literature review 
 

2.1 Use of ground granulated blast-furnace slag (GGBFS) in 
concrete production 

 

2.1.1 Manufacturing process of GGBFS 

 

Ground granulated blast furnace slag is a by-product of the steel industry. It 

is made by rapid cooling of a slag melt of suitable composition, as obtained 

by smelting iron ore in a blast furnace. It consists of silica and other non-

ferrous components of iron ore, together with limestone as an auxiliary ma-

terial and ash from coke. Approximately from one tone of pig iron 290 kg of 

slag is produced. When it is ejected from a blast furnace, the slag is molten at 

around 15oo°C. The molten slag after is cooled by jets of pressurized water 

results in a vitreous, granulated slag. [4]Figure 2 [5] displays the manufac-

turing process. 

  
Figure 2. Manufacturing process of GGBFS [5] 

 

2.1.2 Chemical composition of GGBFS 

 

Slag obtained as a by-product in the production of metallic iron, is granu-

lated, rapidly cooled and therefore, predominantly glassy, basic slag. It con-
tains oxides of Silica, Aluminium, Calcium and Magnesium (SiO2, Al2O3, 
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CaO, MgO). According to the European cements standard EN 197-1, at least 
two-thirds of the slag by mass must be calcium oxide (CaO), magnesium ox-

ide (MgO) and silicon dioxide (SiO2). The ratio (CaO + MgO)/SiO2 must 
also be greater than 1.0 [6] 

The chemical composition of GGBFS (Grade 100 class according to ASTM C 

989) in comparison with cement (CEM I 42.5 conforming to EN 197 -1) as 

used in the experiments of Oner et al. [7] is given in Table 1. 

 

Table 1. Example of the chemical composition of slag and cement [7] 

 

2.1.3 Hydration of slag cements 

 

The heat flow of cement hydration can be divided into four stages: pre-induc-

tion, induction, acceleration and deceleration stage. The first high peak rep-

resents a rapid heat evolution happening right when cement is mixed with 

water. It is associated with the heat of solution of aluminates and sulfates. 

This stage ends quickly when the presence of sulfates (gypsum) in the solu-

tion slows down aluminates’ solubility. This phase is characterized by a min-

imum heat flow and is called induction period. During induction the cement 

particles dissolve releasing calcium ions into the solution. The supersatu-

rated solution triggers the formation of new hydration products, Calcium Sil-

icate Hydrate (C-S-H) and Calcium hydroxide (CH). Last is the deceleration 

stage which is characterized by low hydration rate. [8] The hydration of slag 

cements follows the same stages of Portland cement hydration, however 

there are differences on the durations of each hydration stage and the peak 

of hydration lowers as the slag percentage increases. Blended cements form 

Binder Cement GGBFS 

Chemical 

composition 

(%) 

SiO2 20.72 39.18 

Al2O3 4.88 10.18 

Fe2O3 2.95 2.02 

CaO 61.83 32.82 

MgO 1.39 8.52 

SO3 2.33 - 

Na2O 0.19 1.14 

K2O 0.67 0.3 

Cl- 0.0060 - 

LOI (loss of ignition) 3.17 1.0 

IM (insoluble material) 0.63 0.88 
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the same hydration products provided that CH is present during the hydra-

tion. [9] 

 

Precisely, Darquennes et al. [10] after conducting experiments with calorim-

etry, thermogravimetry and SEM for concretes consisting of different slag 

percentages concluded that slag addition delays the hydration process par-

ticularly in first 7 days. The delay in hydration reaction was connected to the 

heat flow curves, as shown in Figure 3 which compares the heat flow evolu-

tion of concrete mixtures containing CEM I, CEM IIIA and CEM IIIB ce-

ments. The induction period lasts longer for CEM III/B (6.67 h) than for CEM 

III/A (4.5 h) and CEM I (5.25 h) which have similar curvature. In this stage 

starts the precipitation of C-S-H around the cement particles and the calcium 

concentration in water solution rises. After reaching critical ions concentra-

tion, precipitation of CH happens, and hydration products (C-S-H and 

ettringite) are formed. This constitutes the third period which ends at second 

high point (at 14.58 h, 20.25 h and 27.9 h for CEM I, CEM III/A and CEM 

III/B respectively). It is noted that CEM III/B curve’s slope change at about 

13.5 h is associated with the acceleration period of the pozzolanic reaction. 

[10] 

 

The hydration reaction is delayed further when slag addition is increased. 

This is due to the pozzolanic reaction during which CH is consumed by slag 

to form new hydration products. The reaction between CH and SiO2, also 

called pozzolanic reaction, happens at a slower rate and leads to formation of 

C-S-H, which mainly contributes to compressive strength. [11] The CH con-

tent in slag cements decreases with higher slag percentages, it increases sig-

nificantly at early ages whereas its levels remain approximately constant at 

later ages. [12] 

 

It is noted that pozzolanic reaction is weaker in GGBFS compared to fly ash 

and silica fume which have higher SiO2 content. For that reason, fly ash and 

silica fume are characterized as pozzolanic, whereas GGBFS as “latent hy-

draulic” SCM. Latent hydraulic refers to CH having the role of pH activation 

during the hydration process. [9] 
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Figure 3. Heat flow evolution of concrete mixtures containing CEM I, CEM IIIA and  

 CEM IIIB [10]  
 

  
The effect of slag on hydration was further investigated by Sun et al. [13]com-

pared the heat development of plain cement and compositions of cements 

with SCMs addition. The SCMs used in the study were different admixtures 

of GGBFS, fly ash, steel slag and limestone powder. The additions reduced 

the heat of hydration as shown in Figure 4, with the admixture of GGBFS-fly 

ash having the higher hydration rate and cumulative heat development 

among the admixtures. The higher values were attributed with that both 

GGBFS and steel slag can be activated by CH and form more hydration prod-

ucts. Lastly, the deceleration period of hydration reaction appeared to be in 

the first 36h. 
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Figure 4. Heat development (above) and cumulative heat development (down) of plain ce-

ment and cement with SCM admixtures. (C: Portland cement, GF: GGBFS-fly ash, GS: 
GGBFS-steel slag, GL: GGBFS-limestone, L: limestone powder, FS: fly ash-steel slag, FL: 

fly ash-limestone powder, SL steel slag-limestone powder) [13] 
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2.2 Early compressive strength development of concretes 
with slag  

 

Majority of experimental studies have shown an inverse relationship be-

tween early-age strength and percentage of slag substitution. [14]Out of re-

lated studies from literature, three of them are presented below. 

 

Oner et al. [7] concluded that the compressive strength of concrete mixes in-

creases with the addition of GGBS up to a 55-59% of the binder content after 

which it decreases. During the study there were prepared concrete samples 

where 0%, 15%, 30%, 50%, 70%, 90% and 110% of cement content was re-

placed with GGBS of control concretes with 250, 300, 350 and 400 kg/m3 

dosages. It was found that 7 days strength of the blended cement concrete 

was below of the control mix, but the strength has increased significantly in 

a year’s time in the samples with up to 50% replacement. The slower devel-

opment of slag concrete’s strength and its increase as later ages can be ex-

plained by the slow rate of pozzolanic reaction and its influence by CH avail-

ability. The decrease in compressive strength above 50% replacement can be 

justified by that CH is consumed due to the pozzolanic reaction and any un-

reacted pozzolanic material will function as filler and not contribute to com-

pressive strength. [11] As cement content rises, the availability of CH in-

creases and the pozzolanic reaction happens faster.  

 

Similarly, Ganesh et al. [15]studied concrete samples with 0%, 20%, 40%, 

60%, 80% cement substitution with slag at 7, 28, 56, and 90 days after stand-

ard water curing and elevated temperature curing of ultra-high-performance 

concrete. It was found that achieving early age compressive strength for a 

high content of GGBFS is possible with oven curing. As the content of GGBFS 

rises from 20 to 80% the difference between the oven cured and 7-days water 

cured samples becomes bigger confirming an inverse relationship between 

early-age strength and percentage of slag substitution. 

 

Lastly, the results of the study done by Elahi et al. [16] revealed that speci-

mens with 50% replacement of cement with GGBFS displaced almost similar 

compressive strength to Portland concrete at 28 and 91 days but performed 

worse in 3 and 7 days. The specimens with 70% replacement performed 

worse in all ages. 
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2.3 Use of accelerators in concretes with slag  
 

Zhai et al., [17] investigated the effect of accelerators Na2SO4, Ca(HCOO)2 

and Ca(NO2)2 on Ca(OH)2 activated slag at low curing temperature with 

XRD, MIP, NMR, isothermal conduction calorimetry and SEM methods. It 

was confirmed that accelerators were effective even in low-curing tempera-

tures and especially Na2SO4 contributed to higher strength in the early ages, 

however, the strength of Na2SO4 was weaker than that of other samples in 

the later ages, as seen in Figure 5. At low temperature the exothermic peak 

was not noticeable, except in case of Na2SO4 which is mostly due to the in-

crease in sulphate ion content and the formation of ettringite in early stage. 

The higher peak of Na2SO4 can be associated with higher compressive early 

strength. 

 

 
Figure 5. Compressive strength of mortar samples with different accelerators (NS: Na2SO4, 

CF: Ca(HCOO)2, CN2: Ca(NO2)2) cured under different temperatures (20°C and 5°C) [17] 
 

Takehisa et al.[18] investigated the effect of C-S-H micro crystal dispersion 

type and two nitrous type accelerators in the early strength development of 

mortar mixes. It was confirmed that the accelerators promoted the early 

strength development of mortars, with the C-S-H type having the bigger 
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impact. C-S-H type was found to require dosage equal or more to 4%. Be-

tween the two nitrous type accelerators there was not observed a difference 

in how they accelerate initial strength.  

  

In the study of Alzaza et al. [19]the effect of C-S-H seeds on strength devel-

opment of concrete with GGBFS substitution 30% and 50% was investigated. 

C-S-H seed was used in dosages of 2% and 5% and curing was done at 0°C to 

simulate cold weather conditions. The optimal accelerator dosage was found 

to be 2%. The accelerator’s influence can be seen at the heat flow evolution 

graph (Figure 6). As expected, the biggest strength loss was observed at 3 

days and with binder of 50% slag substitution. The most encouraging result 

was that the binder containing 30% GGBFS and 70% PC with 2% accelerator 

dosage achieved 3 d and 28 d compressive strength 90.2% and 106.5% of the 

PC concrete strength respectively. 

 

Slag has latent-hydraulic property, meaning it reacts with water but in a slow 

rate and as a result it can be combined with substances called activators 

which will accelerate the hydration process. The CH from Portland clinker 

silicate phases acts as an activator for slag forming the slag cements, which 

have slower setting time compared to PC concretes. Other activators for 

GGBFS can be sulfates, sodium silicate, calcium hydroxide and natrium hy-

droxide (NaOH). Many of those activators contain alkali metal (e.g., Li, Na, 

K) and therefore, are named alkali activators.  

Some of those activators act as catalysts of the slag reaction, such as NaOH 

solution. Other activators can also participate in the slag reaction in addition 

to their activation role. For example, sulfates can react with the aluminum 

and calcium in slag to form ettringite. [3] 
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Figure 6. Heat flow evolution (above) and cumulative heat (down) for binders at +5°C (S0: 
control paste, S30: 30% substitution with slag, S30-2 30% substitution with slag and 2% 

accelerator dosage, S50: 50% substitution with slag, S50-2 50% substitution with slag and 
2% accelerator dosage [19] 
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3 Experimental program 
 

The setting and early-strength development of concrete are related to hydra-

tion process, which peak in the concrete within the first 2 days. Since hydra-

tion is an exothermic reaction, measuring the temperature development is a 

way to assess the reaction’s progress. Temperature development measure-

ments along with compressive strength measurements were the methods 

used in this study. 

 

The first part of the experimental program aimed to test the efficiency and 

determine the optimum dosage of available accelerators by using mortar 

samples. That was done by comparing the temperature development of mor-

tar samples kept in insulated boxes during their hydration process. Mortars 

were used instead of concrete as it allows to use less material and perform 

larger number of tests. 

 

The testing of mortar samples was done in the following order.  

• SET 1: Testing all the binders without accelerators 

• SET 2: Testing all accelerators with CEM III/A and CEM III/B ce-

ments (using recommended dosage of accelerator) 

• SET 3. Testing dosage of accelerators which succeed to boost hydra-

tion using CEM III/A and CEM III/B cements 

 

The second part of the experiments included temperature development and 

compressive strength measurements of concrete samples. Compressive tests 

were performed in 16, 24, 39 and 48 hours for the early strength and in 7 and 

28 days for the later achieved strength. From these data it can be found out 

whether there is a strong correlation between heat development and early 

strength. 
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3.1 Materials and mix design 
 

3.1.1 Binders’ characteristics 

 

The mortars were done with 9 different binders. All cements were provided 

by Finnsementti except for CEM III/B (b), which was from a latvian manu-

facturer. 

 
Table 2. Binders and slag content 

Binders 

Amount of cement 

(kg/m³) Slag content (%) 

Slag content 

(kg/m³) 

CEM I (Pika) 430 0 0 

CEM II/A (Rapid) 430 0 0 

CEM II/B (Oiva) 430 19 81.7 

CEM III/A (Kolmonen) 430 40 172 

CEM III/B (a) 430 69 296.7 

CEM III/B (b) 430 70 301 

CEM II/B + Slag (75/25) 322.5 37.75 162.32 

CEM II/B + Slag (50/50) 215 58.5 251.55 

CEM II/B + Slag (25/75) 107.5 87.75 377.32 

 

3.1.2 Accelerators’ characteristics 

 

The accelerators were Master X-Seed provided by Master Builders, which is 

a commercial product and two prototype accelerators produced by Finnse-

mentti and Betolar. There was another accelerator used in the preliminary 

tests, however it seemed not effective in this case. 
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Table 3. Characteristics and naming of accelerators [20], [21] 

Accelerator 
Water content, 

[%] 

Density, 

[g/cm3] 

A1 79.2 1.13 

A2 51.9 1.53 

A3 0 1.59 

A4 41 1.40 

 
 

 
Figure 7. Accelerators (from left to right: prototype from Betolar, Master X-Seed, prototype 

from Finnsementti) 
 

Master X-Seed (A1 accelerator) is made of synthetically produced crystalline 

particles suspended in aqueous solution. It aims to accelerate the early 

strength development of concrete (6-12h) by promoting the growth of cal-

cium silicate hydrate crystals. The normally recommended dosage is 0.5 kilos 

per 100 kilos of cement (binder) [20], that is why the starting dosage is the 

mortar tests was 3% of the binder. A2 accelerator is calcite based liquid ac-

celerator. A3 is a rather alkali based dry material which probably acts as an 

activator for the slag concretes. The dosage of A3 was determined by the man-

ufacturer at 14% of the binder. 

 

 

 

 

 

A2 
A1 

A3 
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3.1.3 Mix design of mortar and concrete 

 

The composition of the mortar mixes was sand (0-2 mm): binder ratio of 1,5 

and w/b (water/binder) ratio 0,4. A total of 9 binders and 4 accelerators were 

used.  

The mix design of mortars is displayed in Table 4 expressed in kg/m3.  Binder 

accounts to total amount of cement or of the mix of cement with slag. The air 

content was calculated from the mix design but was not measured during the 

test. The same mix design was followed for all 9 binders (Table 2) for the tests 

done without accelerators.  

 
Table 4. Mix design of mortar tests 

Mortar ingredient 
Amount Volume 

Aggregate 
fraction 

Fraction 
portion 

Mix de-
sign 

(kg/m³) (dm³/m³)   (%)  (kg/m³) 

Binder 768 248     768 

Aggregates 1152 435 

filler 96 4 % 46.1 

R 0.1 - 0.6 45 % 518.6 

R 0.5 - 1.2 40 % 461.0 

R 1.0 - 2.0 11 % 126.8 

Water 307.3 307.3     307.3 

Air content (dm3) - 10       

Total 2227.7 1000       

Density (kg/m³) 2227.9         

 
Table 5. Mix design for one mortar specimen of 1114g 

Ingredient Amount (g) 

filler 24 

Agg 0.1 - 0.6 265 

Agg. 0.5 - 1.2 236 

Agg. 1.0-2.0 65 

Water 157 

Binder 393 

Total 1140 
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For the mortar tests with accelerators the amount of mortar ingredients was 

used as in Table 4 and the amount of accelerator was added as in Table 5. 

The accelerator dosage was calculated as percentage of the binder content.  

 
Table 6. Accelerators’ dosage for mortar samples 

Binders Accelerator dosage 

CEM III/A A1 - 3% 

 A1 - 2% 

 A2 - 4% 

 A2 - 3% 

 A3 - 14 % 

 A4 – 3% 

CEM III/B A1 - 3% 

  A1 - 4% 

  A2 - 3% 

  A3 - 14 % 

 A4- 3% 

 

The mix design of concrete was adjusted according to slump values. The tar-

geted slump classes were S3 or S4 and the slump test was performed as part 

of Iqbal’s [22] master thesis. The aggregates: cement ratio was 3,8 and w/c 

(water/cement) ratio 0,4.  

 

Table 7. Mix design proportions 

Concrete ingredi-
ent 

Amount  
(kg/m³) 

Volume 
(dm³/m³) 

% by weight of ce-
ment ratio 

(kg/m³) 

Cement 430 139 1 

Aggregates 1645 616 4 

Water 195 195 0.45 

 

 

3.2 Heat development measurements for mortar samples 
 

The purpose of mortar tests was to determine the optimum accelerators’ dos-

age for the slag mortars. The temperature development was measured con-

tinuously for two days while samples were kept in an insulated box. The gen-

erated heat from the sample partly heats the sample itself and part of it is lost 

in the surroundings. The reaction heat is the sum of the elevated heat and the 

heat losses. The heat development relates to the strength development, thus, 
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through the temperature data an estimation about the early strength can be 

made.  
Mortars were prepared with 9 different binders (Table 2) and 4 accelerators 

(Table 3).  

 

3.2.1 Mortar mixing arrangement 

 

The preparation of the mortar samples was done following the standard EN 

196-1 and mixing time shortened according to EN 196-9 [23] to minimize 

heat losses. The cement, water, sand, mortar box and mixer have been kept 

at room temperature.  Firstly, the sand and binder were poured in the mortar 

mixer (Figure 8) and mixed at low speed for 30s. After, the water was added, 

and time was recorded for the purpose of further calculations. The mixing 

was continued at low speed for 60s. The mixing was stopped for 30s and us-

ing a spatula material stuck at the walls of the mixer was removed. Finally, 

the mixing proceeded for 60s at high speed. 

 

 

Figure 8. Mortar mixer 
 

Two cylinders were cast with the prepared mortar and vibrated at the vibra-

tion table for about 10 sec, to reduce the air voids. The weight of each cylinder 

was 1114gr and its dimensions were as in Figure 9. One sample was heated in 
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the microwave for 30s and after the two samples – heated and unheated – 

were connected with the thermocouples (T-Type) to the datalogger (Hioki 

LR8432-20) (Figure 9-10). The recording interval was 1 minute. The samples 

were placed inside insulation boxes as shown in Figure 9. Finally, a mortar 

flow test (Figure 11) was performed to investigate the workability of each 

mortar.  

 

 

 
Figure 9. Insulated box used for the temperature measurements 

 

 

Figure 10.  Mortar sample connected with the datalogger 
 

Thermocouple 
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Figure 11. Mortar flow test 

 

3.2.2 Mortar heat development measurements  

 

The temperature development of the mortars has been measured for a dura-

tion of about two days. The duration was based on that the heat development 

period is occurring mainly on first 36h. [13]During that time, a thermocouple 

was measuring the temperature of ambient air, which values are used in the 

calculations to eliminate the effect of laboratory air temperature fluctuations 

on the samples’ temperature development. As an example, the temperature 

development of mortar sample of CEM II/B cement and ambient air temper-

ature is in Figure 12.  

 

With each mortar mix two samples were prepared. One sample was directly 

connected with the datalogger after casting. The second sample was heated 

in the microwave for 30 sec and as a result, it had initial temperature of ap-

proximately 10C more than the unheated one. In Figure 13 for CEM II/B ce-

ment at the start of measurement the unheated sample has 25,5 °C and the 

heated sample 37, 7◦C temperature. The heating of one of the samples was 

done to estimate the activation energy (Ea) needed in the rate of temperature 

rise calculations, as explained in 3.2.3. The Ea was estimated graphically by 



32

comparing the heated and unheated sample’s rate of temperature rise and 

adapting the value of Ea/R (where R is the universal gas constant) so that the 

heated and unheated curves come closely together into one curve as shown 

in Figure 14. 

Figure 12.  Temperature measurement for mortar with CEM II/B cement and ambient air

Figure 13.  Temperature measurement for heated and unheated mortar sample with     
CEM II/B cement
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Figure 14.  Rate of temperature rise curve for mortar with CEM II/A cement for unheated 
and heated sample

Furthermore, for the determination of heat loss coefficient needed in the 

calculations, the sample was heated in the oven in the maximum tempera-

ture obtained during the hydration process. Its temperature was measured 

with the datalogger as it was let to cool down at air temperature (Figure 15). 

Figure 15. Cooling down of a sample heated on maximum temperature reached during hy-
dration
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3.2.3 Rate of temperature rise calculation  

 

The temperature measurement was analyzed as a rate of temperature rise as 

a function of maturity. The maturity time scale was used to minimize the ef-

fect of variation of ambient air temperature. The Arrhenius model proposed 

by Freiesleben Hansen and Pedersen is used for the modelling. [24]Maturity 

as an equivalent age in 20 degrees Celsius is given by the following equation:  

𝑀𝑖 = ∫ [𝑒
−

𝐸𝑎
𝑅

(
1

293
−

1

273+𝑇𝑖
)
]

𝑡

𝑜
     (E1) 

 

where Ti is the mortar or concrete’s temperature at time point i, Ea is the ap-

parent activation energy of the binder (expressed in kJ/mol), R is the univer-

sal gas constant (8.314 
𝐽

𝑚𝑜𝑙 𝐾
).   

The rate of temperature rise was calculated according to the following equa-

tion: 

𝑅𝑖 = (𝑇𝑖 − 𝑇𝑖−1)
𝐻𝑙 ∙ (𝑇𝑖 − 𝑇𝑎𝑖𝑟)

(𝑀𝑖 − 𝑀𝑖−1)
 

 

where Ti is the sample temperature at time point i, Tair is the air temperature 

at time point I, Hl is the heat loss of the system, Mi is the maturity at time 

point i.   

 

 

3.3 Concrete samples measurements 
 

In the second part of the experimental study concrete was cast for measuring 

the early compressive strength in 16, 24, 39 and 48 hours and the later 

strength in 7 and 28 days. The dimensions of the specimens have been 

150x150x150 for the early strength measurements, whereas 100x100x100 cu-

bes have been cast for measuring the compressive strength in 7 and 28 days. 

The size choice has been based on that the bigger dimensions would provide 

better accuracy in the first two days when most rapid reactions are taking 

place.  

Out of the materials mentioned in 3.1., were chosen based on the preliminary 

testing 5 out of the initial 9 binders (Table 2) and 3 out of 4 accelerators (Ta-

ble 3).  
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The binders used for concrete testing provided by Finnsementti were: 

• CEM I (Pika) 

• CEM II/A (Rapid) 

• CEM II/B (Oiva) 

• CEM III/A (Kolmonen) 

• CEM III/B  

The accelerators used were A1, A2 and A3 in dosages as described in Table 

8. 

 

3.3.1 Concrete mixing arrangement 

 

The mix design was done according to slump test of concrete. The slump test 

was performed as part of Iqbal’s [22] master thesis. Three specimens have 

been tested at the early strength ages (16, 24, 39 and 48h), and five specimens 

at the later ages (7 and 28 d) complying to testing requirements.  

 

The concrete samples at the laboratory were made according to the follow-
ing method:  

The dry materials are weighted and inserted into the concrete mixer (Figure 

16). After half a minute mix, the amount of water is added. If superplasticizer 

or/and accelerators were used, they were added half a minute after the water 

addition. The total mixing time was 5 minutes for all concrete mixtures. After 

mixing, concrete was poured in the mold (Figure 17) and appropriately vi-

brated to reduce air voids. In the mix design no air entrained agent was used. 

The top surface of these specimen was made even and smooth with a trowel. 

After 24 hours, molds were removed, the test specimens were marked and 

put in 95% humidity room for curing.  
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Figure 16. Mixer type used for preparing concrete heat development samples and com-
pressive strength specimens 

 

 
Figure 17. Example of fresh concrete poured in steel mold of 150x150x150 dimensions 
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3.3.2 Heat development of concrete 

 

Heat development of concrete followed the same procedure as for mortar 

samples, described in 3.2.2.. However, this time only one sample was pre-

pared from each concrete mix. After mixing, one cylinder was filled with con-

crete weighting 1114gr, vibrated at the vibration table, and connected with 

the datalogger (Figure 18). This time the measurement was done for a period 

up to 7 days to calculate the cumulative heat development of concrete. The 

duration was extended compared to the mortar samples, as the mortar meas-

urements data were not sufficient to calculate the cumulative heat develop-

ment curves. 

 

 

Figure 18. Concrete samples connected with the datalogger 
 

3.3.3 Testing of compressive strength 

 

Compressive strength test was done according to EN 12390-3:2019 [25]. The 

specimens were tested by compression testing machine after the selected cur-

ing period. Load was applied gradually at the rate of 0.4MPa/sec. 

 

Compressive strength fc [MPa] is the ability of material or structure to carry 

the loads on its surface without any crack or deflection.  
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It is calculated by the load applied at the point of failure divided to the cross-

section area of the face on which load was applied. 

 

fc=
𝐹𝑐

𝐴𝑜
 

where Fc is the maximum applied compressive load on a specimen when it is 

crushed in newton [N] 

and Ao is the cross-section area over which the compressive load is applied in 

[mm²] 

 

Before testing, the exact dimensions of the test specimens were measured 

(Figure 19) as well as their weight. For the 150x150x150 cubes 3 specimens 

were tested each time whereas for 100x100x100 cubes the compressive 

strength of 5 specimens each time was measured, according to the require-

ments. 

 

 
Figure 19. Example of measuring of concrete sample’s dimensions 
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Figure 20. Example of the concrete samples for compressive strength testing 
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4 Test results – analysis and discussion 
 

From the test results of the heat development measurements of slag mortar 

samples, the desirable amount of accelerator was determined. Using the op-

timum accelerator dosages, the concrete heat development samples and 

compressive strength specimens were prepared. From comparing the com-

pressive strength values of concretes with CEM III/B and CEM III/A binders 

and the acceleration additions it can be concluded whether adequate early 

compressive strength can be achieved.   

 

4.1 Heat development of slag mortars 
 

After measuring the heat development in the mortar samples, the rate of tem-

perature rise as a function of maturity was calculated following the method 

in 3.2.3.  

According to Figure 21 the accelerator A4 seemed unsuitable for boosting the 

hydration process.  

The Figures 22 – 27 display the rate of temperature rise curves for CEM III/A 

and CEM III/B binders for different accelerator dosages. The optimum ac-

celeration additions on cements CEM III/A and CEM III/B were determined 

for A1 and A2 accelerators based on the change of the peak of hydration, as 

illustrated in Table 8. In case of accelerator A3 the amount to be added was 

provided by the manufacturer, therefore, through the test its efficiency was 

confirmed, but value was not changed.  

 

From the Figures 22-27 the following were observed:  

• The mortars reached the peak of hydration faster with the addition of 

accelerators. However, the peak values were almost unaffected. 

• CEM III/A had higher peak of hydration, as expected due to its lower 

slag content, compared to CEM III/B. This is in good agreement with 

the literature about hydration of slag cements (2.1.3). The higher slag 

content in CEM III/B and lower cement content mean that there is not 

enough CH available in the solution and the formation of hydration 

products is delayed. However, in CEM III/A the available cement can 

activate the slag and the hydration is accelerated. 

• After accelerating CEM III/A the peak reached the level of CEM II/B 

with the use of A1 accelerator. 
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Lastly, Figures 28 and 29 depict the rate of temperature rise for all binders 

used in the preliminary testing without accelerators. The increase in slag con-

tent of the binders (the binders’ slag content is on Table 2) is associated with 

drop in rate of temperature rise. This behavior is confirmed by relevant liter-

ature, as discussed in 2.3. The drop is larger for higher slag content as in CEM 

III/B cement (both from Finnsementti and Latvian manufacturer) and in the 

binder with 75% slag substitution. The temperature rise is lower for those 

biders but continues further in time, as the slag hydration happens slower.

In contrast, binders with low slag content have temperature rise which 

reaches clear peaks.

Table 8. Amount of optimum accelerator dosages added to corresponding cements
A1a A2a A3b

CEM III/A 2 % 3 % 14 %

CEM III/B 3 % 3 % 14 %

(a Values defined based on the change of the peak position, b  Values provided by manufacturer

Figure 21. Testing A4 accelerator for CEM III/A cement



42

Figure 22. Defining the dosage of A1 accelerator for CEM III/A cement

Figure 23. Defining the dosage of A1 accelerator for CEM III/B cement
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Figure 24. Defining the dosage of A2 accelerator for CEM III/A cement

Figure 25. Defining the dosage of A2 accelerator for CEM III/B cement
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Figure 26. Defining the dosage of A3 accelerator for CEM III/A cement

Figure 27. Defining the dosage of A3 accelerator for CEM III/B cement
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Figure 28. Rate of temperature rise of different cement types

Figure 29. Rate of temperature rise of different binders 

4.2 Diameters of flow tests of slag mortars

The flow mortar tests of binders without accelerators (Table 9) indicated that 

the bigger slag substitution improved the workability, as the diameter of the 

flow test increased. Performing the flow mortar tests on the binders with the 

accelerators aimed to assess the effect of the accelerators on the workability 

of the binders. The number of tests is not sufficient to give a clear picture, 

however, it can be said that the addition of accelerators did not significantly 
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negatively influence the workability of the mortars as the values with accel-

erators (Table 10) were close to those without (Table 9).  

 

Table 9. Diameters of flow mortar tests of binders without accelerators 

Binders 
Diameter 

(mm) 

CEM I (Pika) 115 

CEM II/A (Rapid) 116.5 

CEM II/B (Oiva) 118 

CEM III/A (Kolmonen) 117 

CEM III/B a 119 

CEM III/B b 118.5 

CEM II/B + Slag (75/25) 117.5 

CEM II/B + Slag (50/50) 117.5 

CEM II/B + Slag (25/75) 118.5 

 

Table 10. Diameters of flow mortar tests of CEM III/A and CEM III/B binders and accelera-
tor additions 

Binders 
Accelerator 

(% of binder) 
Diameter 

(mm) 

CEM III/A A1 - 3% 118 

 A1 - 2% 116 

 A2 - 4% 116 

 A2 - 3% 116 

 A3 - 14 % 120.5 

CEM III/B A1 - 3% 119 

 A1 - 4% 121 

 A2 - 3% 119.5 

 A3 - 14 % 119.5 

 

 

4.3 Strength development of slag concretes 
 

The compressive strength development on concrete samples of binders CEM 

III/A (Figure2 30-31) and CEM III/B (Figure2 32-33) lead to the following 

conclusions: 

• Only one accelerator (A3) significantly improved the early compres-

sive strength of concretes with CEM III/A and CEM III/B but de-

creased their strength at later ages. 
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• CEM III/A with addition of A3 accelerator reached the strength levels 

of CEM II/B and even CEM II/A concrete on the early ages, but after 

7 days the compressive strength fell below that of CEM II/B.

• In the case of CEM III/B, the A3 accelerator increased the early-

strength development twice compared to the CEM III/B without any 

accelerator, but its values were still below CEM II/B.

• At the age of 7 days, the A2 accelerator increased the strength of CEM 

III/B close to the values of CEM II/B. 

The detailed results of concrete specimens’ dimensions, weight and compres-

sive strength are displayed in the Appendix (Tables 11- 18 for early compres-

sive strength and Tables 19-22 for later compressive strength). 

Figure 30. Compressive strength development in 7 days for CEM III/A with addition of ac-
celerators
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Figure 31. Compressive strength development in 28 days for CEM III/A with addition of ac-
celerators

Figure 32. Compressive strength development in 7 days for CEM III/B with addition of ac-
celerators
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Figure 33. Compressive strength development in 28 days for CEM III/B with addition of ac-
celerators

4.4 Total heat development of slag mortars

The cumulative heat development was in good agreement with the compres-

sive strength measurements for CEM III/B binder, by comparing Figures 32 

and 35. However, based on Figure 30 and Figure 34, the correlation between 

them for CEM III/A is not straightforward. The cumulative heat generation 

of CEM III/A with the A3 accelerator showed the lowest values, whereas the 

compressive strength of the same concrete was the highest among other CEM 

III/A binders at the same period. The lack of direct correlation between com-

pressive strength and heat development may be caused by changes in the 

chemical reactions boosted by the accelerators.
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Figure 34. Cumulative heat development for CEM III/A with addition of accelerators

Figure 35. Cumulative heat development for CEM III/B with addition of accelerators
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5 Summary and conclusions 
 

This thesis, as part of research on low-carbon concretes, investigated the in-

fluence of available accelerators in the early strength development of slag 

concretes.  

Through mortar testing the dosage of those accelerators was determined. The 

accelerators boosted the hydration without altering the values of temperature 

rise in the mortars. 

Main finding from compressive tests was that only one accelerator improved 

the early compressive strength of concretes with CEM III/A and CEM III/B 

binders and subsequently, decreased their strength at the later ages.  

It is noted that only CEM III/A concrete reached the strength levels of CEM 

II/B. Thus, it can be argued that CEM III/B concrete cannot get adequate 

acceleration only with accelerators. Future research could focus on heat cur-

ing or/and a combination of heat curing and accelerators for CEM III/B. 

For CEM III/A the accelerator’s addition seems to give enough boost on early 

compressive strength. Therefore, this prototype accelerator looks promising 

for industrial use in slag concretes. 

As for the total development of the heat in concrete, it follows similar evolu-

tion curve as development of the compressive strength. Further research 

should be conducted to determine the accurate relation between heat and 

compressive strength development. 

Future study could also investigate the effect of the given accelerators on the 

workability of mortars by performing more extensive flow testing and of con-

crete by slump testing.  
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Appendix 

 

Table 11. Compressive strength in 15h of specimens 150x150x150mm –  
Concrete mixes without accelerators 

Cement 
type 

Specimen dimensions 

Mass  
Compressive 

strength  Length  Width  Height  

(mm) (mm) (mm) (kg) (Mpa) 

CEM I 149.9 149.7 150.5 7.891 24.08 

CEM I 150.4 150.3 150.2 7.928 24.25 

CEM I 150.5 151.2 150 7.942 24.37 

CEM II/A 149.9 149.1 150.8 7.907 18.1 

CEM II/A 149.8 149.5 150.6 7.936 17.17 

CEM II/A 149.9 148.8 150.5 7.883 17.88 

CEM II/B 150.6 150.6 150.2 8.002 12.51 

CEM II/B 150 150.7 150.5 7.981 13.4 

CEM II/B 150.1 150.7 150.6 8.002 13.77 

CEM III/A 150.6 149.1 150.2 7.911 10.96 

CEM III/A 150.7 149.4 150.1 7.892 11.26 

CEM III/A 149.9 150 150.7 7 918 11.25 

CEM III/B 150.4 147.4 150.2 7.7698 2.2 

CEM III/B 150.2 150.5 150.2 7.9584 2.5 

CEM III/B 150.4 148.4 150 7.8845 2.55 
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Table 12. Compressive strength in 15h of specimens 150x150x150mm –  
Concrete mixes with accelerators’ addition 

Cement 
type 

Accel-
erator 
type 

Accelera-
tor dos-

age  

Specimen dimensions 

Mass  

Compres-
sive 

strength  Length  Width  Height  

(mm) (mm) (mm) (kg) (Mpa) 

CEM III/A 

A1 2 % 

150 150.1 150.5 7.927 13.81 

CEM III/A 150.6 150.3 150 7.946 15.2 

CEM III/A 150 151.1 150.6 7.989 15.23 

CEM III/A 

A2 3 % 

150 150.7 151 7.822 13.99 

CEM III/A 150.5 150.9 150.3 7.836 13.79 

CEM III/A 150.1 150.6 150.5 7.838 14.31 

CEM III/A 

A3 14 % 

150 150.4 150.5 7.974 20.26 

CEM III/A 149.9 150.5 150.7 8 006 20.35 

CEM III/A 150.2 149.9 150.5 7.955 21.00 

CEM III/B 

A1 3 % 

150.5 150.2 150.1 7.945 3.29 

CEM III/B 150.1 150.7 150.3 7.948 3.06 

CEM III/B 150.2 149.5 150.3 7.864 3.33 

CEM III/B 

A2 3 % 

150.6 149.9 150.3 7.937 2.91 

CEM III/B 150.4 150.7 150.2 7.957 2.79 

CEM III/B 149.9 150 150.7 7.953 2.78 

CEM III/B 

A3 14 % 

150 150.3 150.5 8.009 8.36 

CEM III/B 150.3 150.1 150.1 7.942 8.1 

CEM III/B 149.9 150.1 150.6 7.928 8.19 
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Table 13. Compressive strength in 24h of specimens 150x150x150mm –  
Concrete mixes without accelerators 

Cement 
type 

Specimen dimensions 

Mass  

Compres-
sive 

strength  Length  Width  Height  

(mm) (mm) (mm) (kg) (Mpa) 

CEM I  150 149.6 150.7 7.899 31.91 

CEM I  150 149.4 150.5 7.876 32.59 

CEM I  150.2 150.1 150.6 7.909 32.69 

CEM II/A  149.9 149.3 150.9 7.913 27.84 

CEM II/A  149.9 148.9 150.6 7.864 27.72 

CEM II/A  149.8 149.7 150.6 7.934 27.99 

CEM II/B  150.1 149.8 150.5 7.944 22.28 

CEM II/B  150 150.7 150.6 8.013 21.93 

CEM II/B  150.1 151.4 150.6 8.006 20.82 

CEM III/A  150 149.2 150.6 7.914 16.41 

CEM III/A  150.4 149.7 150.5 7.92 17.38 

CEM III/A  150 146.6 150.9 7.777 18.63 

CEM III/B  149.9 149.6 151 7.854 4.02 

CEM III/B  150 148.4 150.7 7.82 3.97 

CEM III/B  150.2 150.3 150.8 7 888 3.87 
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Table 14. Compressive strength in 24h of specimens 150x150x150mm –  
Concrete mixes with accelerators’ addition 

Cement 
type 

Accelera-
tor type 

Accelera-
tor dos-

age  

Specimen dimensions 

Mass  

Compres-
sive 

strength  
Lengt

h  Width  Height  

(mm) (mm) (mm) (kg) (Mpa) 

CEM III/A  

A1  2 % 

150.3 149.1 150.4 7.943 20.07 

CEM III/A  150.6 150.5 150.4 7.963 19.2 

CEM III/A  149.9 151.3 150.8 8.002 18.51 

CEM III/A  

A2 3 % 

150.4 149.4 150.2 7.77 18.62 

CEM III/A  150.6 149.8 149.9 7.746 18.54 

CEM III/A  150.1 150 150.5 7.802 18.59 

CEM III/A  

A3 14 % 

149.9 150.4 150.7 7.981 26.13 

CEM III/A  150.1 150.5 150.8 8.004 27.29 

CEM III/A  150.6 151 150.5 7.99 25.69 

CEM III/B  

A1 3 % 

150.7 150 150.1 7.948 5.77 

CEM III/B  150.8 150.7 149.9 7.981 5.97 

CEM III/B  150.5 150.6 150.1 7.97 6.49 

CEM III/B  

A2 3 % 

150.1 150.9 150.4 7.929 5.9 

CEM III/B  150 150 150.7 7.94 6.38 

CEM III/B  150.1 150.9 150.3 7.904 5.85 

CEM III/B  

A3 14 % 

150 151.4 150.2 8.059 11.83 

CEM III/B  150 150.6 150.7 8.041 12.94 

CEM III/B  150.5 149.3 150.1 7.991 12.6 
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Table 15. Compressive strength in 39h of specimens 150x150x150mm –  
Concrete mixes without accelerators 

Cement 
type 

Specimen dimensions 

Mass  

Compres-
sive 

strength  Length  Width  Height   
(mm) (mm) (mm) (kg) (Mpa)  

CEM I  150 149.2 150.3 7.893 36.7  

CEM I  150.1 150.2 150.5 7.927 34.62  

CEM I  150 151.4 150.8 7.961 34.56  

CEM II/A  150.5 150.6 150.2 7.965 32.69  

CEM II/A  150.1 148.9 150.4 7.891 32.13  

CEM II/A  150.1 150 150.7 7.921 30.85  

CEM II/B  149.9 150.1 150 7.982 26.89  

CEM II/B  150.2 151.2 149.6 8.036 26.61  

CEM II/B  150.2 149.8 150 8.011 27.51  

CEM III/A  150 149.5 150.8 7.866 22.76  

CEM III/A  149.9 150.5 150.4 7.882 22.91  

CEM III/A  150.6 148.6 150.1 7.862 22.74  

CEM III/B  150.4 149.9 150.3 7.895 6.78  

CEM III/B  150.5 149.9 150.2 7.898 6.66  

CEM III/B  150.5 148.2 149.9 7.833 6.8  
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Table 16. Compressive strength in 39h of specimens 150x150x150mm –  

Concrete mixes with accelerators’ addition 

Cement 
type 

Accel-
erator 
type 

Accel-
erator 
dos-
age  

Specimen dimensions 

Mass  

Compres-
sive 

strength  Length  Width  Height   
(mm) (mm) (mm) (kg) (Mpa)  

CEM III/A  

A1  2 % 

150,40 150,20 150,3 7,936 25,45  

CEM III/A  150,10 149,80 150,6 7,913 24,86  

CEM III/A  150,00 149,80 150,7 7,961 25,38  

CEM III/A  

A2 3 % 

149,90 150,80 150,6 7,850 23,63  

CEM III/A  150,60 148,80 150,3 7,777 24,12  

CEM III/A  150,40 149,40 150,2 7,838 24,66  

CEM III/A  

A3 14 % 

150,10 150,20 150,6 7,942 30,78  

CEM III/A  150,00 150,00 150,6 7,979 31,28  

CEM III/A  150,00 150,90 150,2 7,972 30,43  

CEM III/B  

A1 3 % 

150,40 151,00 150 7,957 8,4  

CEM III/B  150,20 149,50 150,1 7,902 9,25  

CEM III/B  149,80 150,90 150,4 7,893 7,94  

CEM III/B  

A2 3 % 

150,60 150,00 150,5 7,937 7,95  

CEM III/B  150,10 150,90 150,5 7,951 7,67  

CEM III/B  149,80 150,20 150,6 7,934 7,92  

CEM III/B  

A3 14 % 

150,80 151,30 150,1 8,036 17,33  

CEM III/B  150,30 149,80 150,5 7,967 17,6  

CEM III/B  150,10 149,10 150,6 7,914 17,34  
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Table 17. Compressive strength in 48h of specimens 150x150x150mm –  
Concrete mixes without accelerators 

Cement 
type 

Specimen dimensions 

Mass  

Compres-
sive 

strength  Length  Width  Height   
(mm) (mm) (mm) (kg) (Mpa)  

CEM I  149.9 149.7 150.7 7.966 37.79  

CEM I  150.2 150.3 150.6 8.016 38.87  

CEM I  150.2 150 150.6 7.969 38.39  

CEM II/A  150.2 149.4 150.6 7.926 33.71  

CEM II/A  150.3 149.7 150.8 7.917 32.93  

CEM II/A  149.6 150.2 150.5 7.954 34.39  

CEM II/B  150.7 149 150.3 7.962 29.6  

CEM II/B  150.5 149.6 150.3 7.947 28.04  

CEM II/B  150.7 150.3 150.3 8.065 30.34  

CEM III/A  150.7 149.5 150.1 7.901 24.93  

CEM III/A  150.6 149.4 150.4 7.973 24.96  

CEM III/A  150.6 149.6 150.4 7.958 25.43  

CEM III/B  150.3 149.6 150.3 7.913 8.21  

CEM III/B  150.4 149.2 150.1 7.862 8.25  

CEM III/B  150.5 149.3 150.1 7.898 8.36  
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Table 18. Compressive strength in 48h of specimens 150x150x150mm –  
Concrete mixes with accelerators’ addition 

Cement 
type 

Acceler-
ator 
type 

Accelera-
tor dos-

age  

Specimen dimensions 

Mass  

Com-
pressive 
strength  Length  Width  Height   

(mm) (mm) (mm) (kg) (Mpa)  

CEM III/A  

A1  2 % 

149.9 148.6 150.3 7.876 27.68  

CEM III/A  150.5 149.4 150.1 7.951 26.67  

CEM III/A  150 149.1 150.4 7.987 27.36  

CEM III/A  

A2 3 % 

150.7 149.8 149.8 7.902 25.19  

CEM III/A  150.6 149.6 150 7.808 25.64  

CEM III/A  150 150 150.2 7.852 26.42  

CEM III/A  

A3 14 % 

150 150 151.1 7.997 34.65  

CEM III/A  150.8 150.6 150.2 7.996 33.28  

CEM III/A  150.8 151.1 150 7.996 33.3  

CEM III/B  

A1 3 % 

150 150.5 150.6 7.957 12.13  

CEM III/B  149.9 151.7 151.1 7.983 11.45  

CEM III/B  150.6 150.8 150 7.936 11.44  

CEM III/B  

A2 3 % 

150.7 150.4 150.3 7.928 13.07  

CEM III/B  150.1 151.3 150.5 7.957 13.17  

CEM III/B  149.9 150.3 150.4 7.953 13.38  

CEM III/B  

A3 14 % 

149.9 149 150.5 8 21.75  

CEM III/B  150.3 151.6 150.1 8.051 20.26  

CEM III/B  149.8 150.4 150.7 8.025 20.93  
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Table 19. Compressive strength in 7d of specimens 100x100x100mm –  
Concrete mixes without accelerators 

Cement 
type 

Specimen dimensions 

Mass  

Compres-
sive 

strength  Length  Width  Height   
(mm) (mm) (mm) (kg) (Mpa)  

CEM I  100.6 101 100.1 2.375 47.14  

CEM I  100.1 100.3 100.4 2.354 47.33  

CEM I  100.2 100.4 100.5 2.379 47.86  

CEM I  100.9 99.9 100.4 2.354 48.52  

CEM I  100.4 100.3 100.4 2.375 49.5  

CEM II/A  100.3 98.9 100.6 2.34 42.26  

CEM II/A  100.2 99.1 100.5 2.335 42.86  

CEM II/A  100.4 99.1 100.8 2.348 41.02  

CEM II/A  100.3 100.2 101.1 2.394 41.79  

CEM II/A  100.3 99.9 100.6 2.35 41.94  

CEM II/B  100.3 99.7 100.4 2.355 39.04  

CEM II/B  100.5 99.7 100.6 2.349 38.75  

CEM II/B  100.2 100.1 100.8 2.356 36.09  

CEM II/B  100.4 100.6 100.7 2.384 37.6  

CEM II/B  100.4 100.1 100.2 2.354 37.46  

CEM III/A  100.2 99.5 100.6 2.345 40.97  

CEM III/A  100.7 100.4 100.3 2.35 40.32  

CEM III/A  100.3 100.3 99.8 2.346 39.43  

CEM III/A  100.1 100.1 100.6 2.374 39.96  

CEM III/A  100.8 100.4 100.4 2.354 39.06  

CEM III/B  100.1 99.2 100.4 2.346 29.41  

CEM III/B  100.3 99.9 100.7 2.36 29.8  

CEM III/B  100.7 100.1 100.3 2.379 29.65  

CEM III/B  100.3 98.7 100.6 2.346 27.36  

CEM III/B  100.6 100.8 100.1 2.362 28.36  
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Table 20. Compressive strength in 7d of specimens 100x100x100mm –  
Concrete mixes with accelerators’ addition 

Cement 
type 

Acceler-
ator 
type 

Accelera-
tor dos-

age  

Specimen dimensions 

Mass  

Com-
pressive 
strength  Length  Width  Height   

(mm) (mm) (mm) (kg) (Mpa)  

CEM III/A  

A1  2 % 

100.2 100.3 100.1 2.36 37.44  

CEM III/A 100 99.8 100.7 2.372 39.08  
CEM III/A 100.6 100.6 100.1 2.378 38.25  
CEM III/A  100.2 102.3 100.6 2.385 37.76  

CEM III/A  100.7 99.9 100.5 2.351 39.47  

CEM III/A  

A2 3 % 

100 96.9 100.7 2.268 36.01  

CEM III/A 100 102.1 100.4 2.379 39.74  
CEM III/A 100.2 100.6 100.5 2.351 40.94  
CEM III/A  100 102 100.5 2.394 38.31  

CEM III/A  100.1 101 100.2 2.4 39.20  

CEM III/A  

A3 14 % 

100.2 100.3 100.3 2.384 35.12  

CEM III/A 100.2 100.7 100.6 2.396 36.79  
CEM III/A 100.5 99.4 100.2 2.364 36.17  
CEM III/A  100.2 101.1 100.9 2.402 35.36  

CEM III/A  100.6 100.8 100.2 2.378 35.38  

CEM III/B  

A1 3 % 

100.3 99.1 100.3 2.324 29.99  

CEM III/B 100.4 100 100.5 2.366 28.81  
CEM III/B 100.2 100 100.3 2.329 31.06  
CEM III/B  100.8 100.8 100.5 2.379 29.15  

CEM III/B  100.5 99 100.7 2.345 29.87  

CEM III/B  

A2 3 % 

100.4 98.1 100.6 2.338 38.41  

CEM III/B 100.5 96.1 100.6 2.271 35.32  
CEM III/B 100.4 101.8 100.2 2.403 34.56  
CEM III/B  100.2 101 100.3 2.398 38.72  

CEM III/B  100.7 96 100.4 2.262 38.26  

CEM III/B  

A3 14 % 

100.4 101.1 100.3 2.356 32.18  

CEM III/B 100.3 99.4 100.6 2.334 31.91  
CEM III/B 100.2 99.7 100.5 2.330 34.47  
CEM III/B  100.7 99.8 99.5 2.370 33.69  

CEM III/B  100.7 99.6 100.2 2.332 31.75  

 

 

 



64 

 

Table 21. Compressive strength in 28d of specimens 100x100x100mm –  
Concrete mixes without accelerators 

Cement 
type 

Specimen dimensions 

Mass  

Compres-
sive 

strength  Length  Width  Height   
(mm) (mm) (mm) (kg) (Mpa)  

CEM I  100.1 100.8 100.3 2.372 52.34  

CEM I  100.7 100.1 100.1 2.368 53.93  

CEM I  100.3 99.4 100.7 2.354 53.91  

CEM I  100.3 99.2 100.7 2.350 55.40  

CEM I  100.2 100.3 100.4 2.361 53.65  

CEM II/A  100.6 100.8 100.2 2.379 44.89  

CEM II/A  100.6 100.7 100.3 2.381 48.64  

CEM II/A  100.4 101.6 100.5 2.378 48.20  

CEM II/A  100.4 101.3 100.5 2.370 48.40  

CEM II/A  100.2  100.7 100.3 2.367 48.26  

CEM II/B  100.2 100.3 100.6 2.378 46.77  

CEM II/B  100.5 99.3 100.4 2.355 48.46  

CEM II/B  101.1    99.5 100.2 2.366 45.99  

CEM II/B  100.4 100.9 100.1 2.380 45.78  

CEM II/B  100.5 100.2 100.4 2.352 46.24  

CEM III/A  100.3 101.3 100.4 2.375 55.98  

CEM III/A  100.4 100.2 100.9 2.375 59.32  

CEM III/A  100.8 101.2 100.3 2.386 56.36  

CEM III/A  100.8 101.0 100.5 2.4 55.22  

CEM III/A  100.7 100.9 100.2 2.394 51.03  

CEM III/B  100.3 100.8 100.2 2.373 53.58  

CEM III/B  100.5 100.0 100.7 2.37 55.64  

CEM III/B  100.5 100.7 99.9 2.356 53.12  

CEM III/B  100.7 99.3 100.4 2.349 52.88  

CEM III/B  100.2 99.4 100.5 2.356 55.46  
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Table 22. Compressive strength in 7d of specimens 100x100x100mm –  
Concrete mixes with accelerators’ addition 

Cement 
type 

Acceler-
ator 
type 

Accelera-
tor dos-

age  

Specimen dimensions 

Mass  

Com-
pressive 
strength  Length  Width  Height   

(mm) (mm) (mm) (kg) (Mpa)  

CEM III/A  

A1  2 % 

100.4 103.5 100.7 2.41 52.21  

CEM III/A 100.5 100.8 100.5 2.386 55.78  
CEM III/A 100.5 102.4 99.9 2.38 52.34  
CEM III/A  100.5 101.4 100.5 2.389 54.36  

CEM III/A  100.5 99.6 100.3 2.334 50.7  

CEM III/A  

A2 3 % 

100.4 101.5 100.2 2.383 53.18  

CEM III/A 100.3      97.7 100.4 2.275 51.89  
CEM III/A 100.1 99.2 100.7 2.323 54.28  
CEM III/A  100.2 100.4 100.6 2.379 53.99  

CEM III/A  100.4 102.7 100.3 2.403 50.63  

CEM III/A  

A3 14 % 

100.3 100.5 100.6 2.383 47.59  

CEM III/A 100.3 100.1 100.5 2.382 45.87  
CEM III/A 100.5 99.5 100.6 2.339 44.64  
CEM III/A  100.5 100.1 100.8 2.391 45.23  

CEM III/A  100.4 100.3 100.1 2.373 43.87  

CEM III/B  

A1 3 % 

100.4 100.1 100.3 2.323 50.73  

CEM III/B 100.3 101 101.4 2.395 49.35  
CEM III/B 100.3 101.6 100.9 2.388 48.29  
CEM III/B  101.1 99.2 100.4 2.355 49.60  

CEM III/B  100.2 100.3 101.2 2.372 48.45  

CEM III/B  

A2 3 % 

100.5 94.8 100 2.236 51.03  

CEM III/B 100.7 96.5 100 2.288 52.5  
CEM III/B 100.8 97.7 100.2 2.33 53.03  
CEM III/B  100.9      98.5 100.2 2.335 51.62  

CEM III/B  100.2 96.6 100.3 2.272 50.04  

CEM III/B  

A3 14 % 

100.3 99.9 100.3 2.353 43.07  

CEM III/B 100.4 100.4 100.6 2.37 42.72  
CEM III/B 100.3 99.5 100.7 2.346 44.67  
CEM III/B  100.2 100.1 100.5 2.358 42.82  

CEM III/B  100.7 99.4 100.3 2.355 43.11  

 

 

 

 

 




