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Abstract
The article analyses the peculiarities of the combined effect on hydration process of the following pozzolanic additives:

metakaolin waste (MW), material generated in the manufacture of expanded glass granules (GEG) and fluidized bed

cracking catalyst waste (FCCW), as well as melamine-based superplasticizer (SP). Mixes with and without GEG con-

taining two types of waste were tested. Peculiarities of hydration process were evaluated from the results of calorimetry,

SEM and mechanical properties tests. The effect of pozzolanic additives and SP was analysed according to strength activity

index (SAI). Test results revealed that synergistic effect of MW and FCCW was significant and practically relevant. These

pozzolanic additives have a different effect on hydration process, yet when both waste materials are used together, it is

possible to control the progress of hydration process. Besides, specimens with GEG and additive of both waste materials

demonstrated the highest SAI index. The results of calorimetry tests of cement paste and plaster modified with plasticizer

were different. Active metakaolin particles present on GEG surface significantly slow down the hydration process.

Keywords Portland cement � Pozzolanic waste � Granulated expanded glass � Hydration, calorimetry � Microstructure,

compressive strength

Introduction

Granulated expanded glass (GEG) aggregate manufactured

from crushed waste glass (CWG) is a feasible sustainable

alternative to be used as raw material in the manufacture of

lightweight concrete, mortar and other building materials

[1–3]. GEG is a promising additive to be used instead of

prohibited asbestos in plasters for lining of energy units or

in fire-protective plasters for metal structures in oil

refineries and chemistry plants.

The following important parameters must be considered

in the design of cement plaster compositions with granu-

lated expanded glass: the volume of the aggregate additive

in the mix, which has an effect on insulation, fire resistance

and other characteristics, and the quality of cement matrix.

Different additives can be used to improve the

characteristics of the cement matrix. Additives, which

promote cement hydration or participate in hydration pro-

cess, improve mechanical characteristics of the material

[4]. Pozzolanic materials are among the additives used with

Portland cement. Pozzolans are silicate/alumina materials,

which react with calcium hydroxide (CH is one of the main

products of cement hydration) in the presence of water and

produces new cementitious formations—CSH or CASH

hydrates—that reduce the CH content in cement paste

[5, 6]. As a rule, the new material has better mechanical

characteristics, denser structure and higher resistance to

chemical agents (less CH is washed out during the chem-

ical attack) [6]. Researchers [7, 8] have found that it is not

easy to use GEG for modification of concrete mixes

designed for application in humid environments due to

alkali–silica reactions (ASR). Some researchers claim that

ASR are possible to avoid in the final product by using

pozzolanic additives and cement with low Na2O content.

Different industrial waste materials have pozzolanic

properties: silica fume, fly ash, blast furnace slag and flu-

idized bed cracking catalyst waste (FCCW), etc. [5, 9–11].
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The tests of effect of FCCW additive, which consists

mainly silica and alumina oxides, on the hydration of

Portland cement revealed that the additive accelerates

cement hydration [12–14]. It was found that mechanical

properties of cement mortar containing this additive

depend on the nature and content of FCCW, W/C ratio and

particle size distribution (better results were obtained with

milled FCCW) [14–16]. Some authors [17] claim that

15–20% of cement or 10% of sand can be substituted with

FCCW without any deterioration to mortar characteristics.

Usually, the strength characteristics of cement mixes with

inert additives deteriorate due to the effect of cement

dilution. However, additives, which promote cement

hydration or participate in the hydration process (e.g.

FCCW), tend to increase the mechanical strength of the

final material [18]. Researchers [19] have concluded that

FCCW is a highly pozzolanic material, but in each specific

case the optimal content of pozzolans must be selected with

respect to the composition of the mix.

Metakaolin (MK)—burnt clay obtained from kaolin at

650–800 �C temperature—is an effective pozzolanic

material. An appropriate amount of this pozzolanic addi-

tive can considerably improve concrete’s properties

[20–23]. Researchers [24, 25] state that 10–15% is the

optimum content of metakaolin in cement mixes. Products

produced from such a mix have better strength and dura-

bility characteristics and are more resistant to chemical

attacks. MK’s positive effect on the properties of concrete

and mortars depends on the type of this additive. High-

quality metakaolin containing more than 90% Al2O3�SiO2

can be used as an additive in the manufacture of high

performance concrete. It was also found [26–28] high-

quality MK accelerates cement hydration. Tests with lower

quality MK (31–36%) and its effect on cement hydration

[29] revealed that the additive of MK (at 10%, 20% and

40%) slows down cement hydration. The delay in cement

hydration is directly related to the increase in MK content.

Cementitious characteristics of the material can be fur-

ther improved by using a mix of pozzolanic additives. A

research paper [30] illustrates different effects of fly ash

and metakaolin on the workability of concrete. Several

additives used together make it possible to control this

parameter. It was also found [31] that fly ash additive

reduces the early age strength of concrete and increases

water absorption and carbonation depth in the early setting

period. This can be avoided by adding metakaolin.

Plasticizers are another effective additive to improve

characteristics of cementitious materials. Plasticizers are

used in cementitious materials to reduce water demand,

extend workability and increase the strength and resistance

to environmental factors of the material. Cement hydration

process highly depends on the type and amount of plasti-

cizer used. Researchers state [32–35] that the majority of

plasticizers bind with hydration product crystals and stop

or delay the growth of new crystals over the old ones,

especially in the initial hydration period. Lignosulphonate-,

melamine- or naphthalene-based plasticizers retard cement

binding, whereas synthetic polycarboxylate resin-based

superplasticizers may accelerate hydration, depending on

the characteristics of cement and aggregates used. Such

different effect of plasticizers is explained by their action

mechanism: polycarboxylate resin-based superplasticizers

act under the mechanism of electrostatic and dispersion

forces. The dispersive effect of this additive is caused not

only by electrostatic repulsion of particles, as it is in the

case of melamine or naphthalene additives, but first of all

by spatial repulsion related with long side chains of the

ether [36].

The aim of the paper is to determine the effect of mixed

pozzolanic waste materials on hydration peculiarities of

plasticized or not plasticized Portland cement and plaster

containing expanded glass filler.

Materials and research methods

Cement CEM I 42.5 R was used for the tests. Chemical

composition of the cement used is presented in Table 1.

Mineral composition of the cement used: C3S-56.6%, C2S-

16.7%, C3A-9.0%, C4AF-10.6% and 7.2% of other sub-

stances (alkaline sulphates and CaO).

The chemical composition of FCCW and metakaolin-

based waste (MW) is presented in Table 2. FCCW particles

are spherical, and the average diameter is * 40 lm [37].

MW formed during the manufacture of granulated

expanded glass (Company Stikloporas, Lithuania). It is a

mix of metakaolin and waste granules.

Granulated expanded glass (GEG) of three different

fractions (1.0–2.0 mm, 0.5–1.0 mm and 0.25–0.5 mm)

manufactured by Company Stikloporas was used as plaster

aggregates. GEG characteristics are presented in Table 3.

Images of expanded glass granule with uneven surface

and holes in it and internal microstructure of the granule

with different size macro pores are shown in Fig. 1.

Elemental analysis of the internal microstructure (IM) of

the granule shows the presence of silicon, calcium, mag-

nesium and sodium (Table 4). The amount of aluminium is

minimal. On the outer surface, there are a lot of particles

adhering to the glass mass of the granules (Fig. 1c). From

Table 4, it is seen that the amount of aluminium on the

outer surface (OS) of the granule is much bigger compared

to the amount of aluminium present in the inner layers of

the granule. These plate-like particles adhered to the sur-

face of the granule are metakaolin formed from kaolin

during the manufacture of expanded glass at high temper-

ature. Kaolin is used for covering preforms of milled glass.
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Superplasticizer Melment F10 (SP) is free-flowing

spray-dried powder of a sulphonated polycondensation

product based on melamine. pH value at 20 �C temperature

in 20% solution is 9.41.

Composition of cement mixes used in the tests described

in this paper is presented in Table 5.

Specimens of four series of materials were produced

(Table 5): cement paste, plasticized cement paste (marked

cement paste-S), plaster and plasticized plaster (Plaster-S).

FCCW and MW additives were used separately as well as

in combination for the tests described in this paper. The

approximate additive and cement ratio was 1:9. W/B for

each group of materials was different and the same for the

compositions in each separate group. It was selected taking

into account the use of minimum amount of water in the

compositions (flowability for compositions according to

LST EN 1015-3 was 140–200 mm). It must be noted that

the water absorption of GEG is high and reaches 20–25%

(Table 3). Therefore, in the preparation of plaster with a

normal consistency of the mixture, its W/B is significantly

increased compared with the composition of cement paste.

For calorimetric studies, W/B was chosen the same for all

groups and compositions 0.35 based on the capabilities of

the calorimetric device.

The amount of heat released during the hydration, and

the heat release rate were measured by the calorimeter

TONICAL III (Toni Technik GmbH). The measurements

Table 1 Chemical composition

of cement (%)
CaO SiO2 Al2O3 Fe2O3 MgO K2O Na2O SO3 Cl L.O.I.

63.2 20.4 4.0 3.6 2.4 0.9 0.2 3.1 0.05 2.15

Table 2 Chemical composition

of FCCW and MW (%)
SiO2 Al2O3 Fe2O3 MgO K2O Na2O SOx CaO Mn2O3 TiO2 Others

FCCW 50.1 41.3 1.3 0.49 0.07 0.2 2.3 0.5 0.06 – 1.9

MW 54.3 34.0 1.14 0.51 0.80 3.26 0.15 1.94 – 0.53 3.37

Table 3 The characteristics of GEG

Characteristics Size of GEG/mm

1.0–2.0 0.5–1.0 0.25–0.5

Bulk density/kg m-3 230.0 270.0 340.0

Compressive strength/MPa 2.0 2.3 2.5

Water absorption/% by mass 20.0 20.0 25.0

pH 9.0–11.0

Softening point/�C * 700

Fig. 1 Granule of expanded

glass (a), its internal
microstructure (b) and outer

surface (c)
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were done at 20 �C temperature, the length of measure-

ment 72 h.

The microstructure of materials was tested with the

scanning electron microscopy (SEM) device SEM JEOL

JSM-7600F. Electron microscopy parameters: power

10 kW, distance to specimen surface from 7 to 10 mm.

Characteristics of the microstructure were identified by

testing the specimen splitting surface. Before testing, the

splitting surface was coated with electrically conductive

thin layer of gold by evaporating the gold electrode in the

vacuum using the instrument QUORUMQ150R ES. X-ray

microanalysis was performed by the energy dispersion

spectrometer (EDS) Inca Energy 350 (Oxford Instruments),

using Silicon Drift type detector X-Max20. The INCA

software package (Oxford Instruments) was used.

4 9 4 9 16 cm size specimens were made for

mechanical properties tests. The specimens were formed,

cured and hardened in accordance with the standard LST

EN 1015-11:2007. The compressive strength after 7 and

28 days was measured by hydraulic press ALPHA3-3000S

in accordance with the standard LST EN 1015-11:2007.

Strength results received are the averages of 4 tests and are

Table 4 Chemical composition

of the internal microstructure

(IM) and the outer surface (OS)

of expanded glass granule

Area Chemical composition of elements (average by 5 points)/mass% (EDS)

O Na Mg Al Si Ca

IS 50.07 10.21 1.98 0.39 32.67 4.69

OS 50.39 7.56 1.21 4.05 34.51 2.28

Table 5 Composition of cement paste and plaster

Series

mark

Sample mark Cement/

%

FCCW/

%

MW/

%

GEG/% SPa/

%

W/

B (calorimetric

analysis)

W/B (analysis of

mechanical properties)
0.25–0.5/

mm

0.5–1.0/

mm

1.0–2.0/

mm

Cement

paste

CP Control

sample

100 0.35 0.35

CP Sample-F 91 9 0.35 0.35

CP Sample-

M

91 9 0.35 0.35

CP Sample-

FM

91 4.5 4.5 0.35 0.35

Cement

paste-S

CPS Control

sample

100 1 0.35 0.25

CPS Sample-

F

91 9 1 0.35 0.25

CPS Sample-

M

91 9 1 0.35 0.25

CPS Sample-

FM

91 4.5 4.5 1 0.35 0.25

Plaster P Control

sample

70 10 10 10 0.35 0.5

P Sample-F 63 7 10 10 10 0.35 0.5

P Sample-M 63 7 10 10 10 0.35 0.5

P Sample-

FM

63 3.5 3.5 10 10 10 0.35 0.5

Plaster-S PS Control

sample

70 10 10 10 1 0.35 0.4

PS Sample-F 63 7 10 10 10 1 0.35 0.4

PS Sample-

M

63 7 10 10 10 1 0.35 0.4

PS Sample-

FM

63 3.5 3.5 10 10 10 1 0.35 0.4

aThe content of the components exceeding 100% dry mix
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presented as percentage strength relative to the control

cement paste or plaster with the strength activity index

(SAI) reported as:

SAI ¼ A=B 100; ð1Þ

where A is the unconfined compressive strength of the

tested pozzolanic specimen (MPa) and B is the unconfined

compressive strength of the control specimen (MPa) [38].

A broad range of methods for assessing pozzolanic activity

is based on determining the strength activity index (SAI).

SAI is defined as the ratio between the compressive

strength of plaster produced with cement replacement by

the pozzolanic material under testing and the compressive

strength of reference plaster (without a pozzolan incorpo-

ration) at the same ages, at the end of the curing time of 7

and 28 days. Incorporation of pozzolanic materials in

plasters affects considerably the strength development and,

therefore, the SAI values [39].

A total of three effects express themselves: they include

dilution, physical effect and pozzolanic activity. Dilution

effect is a consequence of the partial replacement of

cement with another material which should lead to a

decrease in compressive strength of the plaster proportional

to the amount of cement replacement. Physical effect

mainly attributed to the additive’s particles filling ability

associated with their deposition in the intergranular voids

between cement particles, thus resulting in a denser cement

plaster matrix and, therefore, improvement of its mechan-

ical properties. Pozzolanic effect also promotes an

improvement of the mechanical properties related to the

occurrence of the pozzolanic reaction which forms addi-

tional strength-providing reaction products (C–S–H and C–

A–H [40, 41]).

Results and discussion

Characteristic curves of heat release rate of cement paste

and plaster during hydration process are shown in Fig. 2.

The quantity of released heat, which is different in different

cement hydration stages, was registered on the calorimetry

curve. The tests of Portland cement (CEM I 42.5 R) paste

with W/B = 0.35 showed that a certain small amount of

heat is released in the first minutes after the cement is

mixed with water because cement particles start to absorb

water, while mineral crystals of cement start to dissolve

(Stage I). Later, the process is slowed down, and the

induction period of cement hydration takes place (when a

high concentration of ions, as well as more intense disso-

lution of cement minerals and the initial formation of

crystalline hydrates can be observed) (Stage II). The

induction period is followed by a new significant heat

release stage—the acceleration stage (Stage III) during

which cement hydrates become crystallized. Later, in

deceleration period, these processes slow down and less

heat is released (Stage IV). The final period—a steady state

(Stage V)—is called the diffusion-limited reaction period.

The time t1max and t2max of the maximal heat release rate

(HHR1max and HHR2max) of Stage I and Stage III of

investigated mixes is presented in Fig. 3. FCCW additive

in the mix Sample-F reduces t1max (Fig. 3a) as well t2max

(Fig. 3b) of cement pastes (series cement paste and cement

paste-S) and plaster (Plaster and Plaster-S). It means that

FCCW additive accelerates cement hydration in the early

period.

MW additive slightly extends t1max in the mix Sample-

M. The same trend of MW additive is observed in t2max

results except for the results of series cement paste sample.

When a combined FCCW and MW additive is used

(Sample-FM), no clear and no similar t1max relationship is

observed in all series of materials (Fig. 3a): both a slight

time reduction (cement paste, plaster and Plaster-S) and

time extension (cement paste-S) are observed compared to

control specimens of respective series. However, t2max was

longer in all series with a mixed additive compared to

control specimens of respective series (Fig. 3b). It means

that the mixed additive accelerates cement hydration in the

early period. A significant retardation effect was observed

in plasters—* 3.8 h and * 1.5 h in the series plaster and

Plaster-S, respectively. It should be noted that in the case of

plaster, the additional amount of metakaolin added to the

mix adhered to the surface of the GEG.

Superplasticizer significantly extends t2max in cement

paste and plaster mixes (Fig. 3b) compared to the mixes

without superplasticizer from * 1.5 to * 3 h in cement

paste series and from * 6 to * 8 h in plaster series. The
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Fig. 2 Characteristic curve of heat release rate of cement paste and
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time of maximums of heat release rate; HHR1max, HHR2max—heat

release rate of first and second maximum
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most significant retardation effect in early hydration period

is observed in the mixes with MW additive. This effect can

be explained by the composition of the superplasticizer,

which contains a lot of melamine with hydration retarda-

tion properties. Literature analysis revealed that low-qual-

ity metakaolin also has cement hydration retardation

properties [23].

The analysis of HHR2max values in hydration Stage III

(Fig. 4) revealed that HHR2max is lower in mixes with

pozzolanic additives compared to the control specimen (the

results of different series were compared). The lowest

HHR2max value in mixes with pozzolanic additives was

observed in the mix with a mixed additive, and the highest

value was recorded in the mix with MW additive.

Despite the retardation effect of the plasticizer in cement

paste (Fig. 3b), HHR2max increases (Fig. 4). In contrast to

cement paste, the results for plasters show both the pro-

longation of t2max and a decrease in HHR2max. Higher rates

of heat release in plaster are observed in mixes with MW

additive compared to FCCW additive and a mixed additive.

The total heat release (THR, Fig. 5) in the series cement

paste after 72 h is from * 3 to * 8% lower in the mixes

with pozzolanic additives: cement dilution effect is

observed (cement in the mix is substituted by a certain

amount of pozzolanic additive). The lowest THR was

observed in specimens with a mixed FM additive

(340 J g-1) compared to the control specimen (371 J g-1).

The use of a plasticizer (cement paste-S series) and W/

B reduction result in higher THR of control specimen
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(384 J g-1). THR becomes almost the same in the mixes

with pozzolanic additives. However, it is * 4.5% lower

compared to the control specimen.

In the case of plaster series, unlike cement paste series,

the THR of all mixes with pozzolanic additives is actually

the same (276–279 J g-1) and is lower than the THR of the

control specimen (Fig. 5). This difference (* 10%) is the

highest if compared to cement paste and cement paste-S

series. It should be also noted that THR is * 20% lower in

the mixes of plaster and Plaster-S series because of much

lower cement content in the mix compared to cement paste

and cement paste-S series.

THR is lower (* 3 to * 6%) in the mixes of Plaster-S

series compared to THR in the mixes of plaster series

(Fig. 5). In this series, THR of the control specimen and

THR of mixes with pozzolanic additives is actually the

same. It means that irrespective of the cement content in

plaster mixes, the superplasticizer considerably retards the

hydration process. This retardation is observed not only in

the early hydration stage (Figs. 3, 4) but also after 72 h of

material hardening (Fig. 5).

It should be also noted that plaster mixes behave dif-

ferently (lower THR caused by the effect of
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superplasticizer on cement hydration) compared to cement

mixes (higher THR).

Strength activity index (SAI) after 7 days of curing is

shown in Fig. 6. SAI is decimal relative to the control

strength. If the index is greater than 1, an improvement in

the cement matrix is observed due to the work of the

pozzolanic additive. It should be noted that the greatest

positive effect of FCCW additive on the SAI is observed

after 7 days of material hardening (in all series[ 1). As

mentioned before, this pozzolanic additive accelerates

early hydration of cement in the cement paste and in the

plaster.

The retarding effect of MW and mixed pozzolanic

additive on cement hydration in the early stage was

observed in the specimens of both cement paste and plaster

series. For this reason, SAI is \ 1 even after 7 days of

curing. As stated above, the superplasticizer used in our

tests also retards cement hydration in the early stage.

However, a smaller amount of water can be used to pro-

duce specimens from the mixes with plasticizer. Appar-

ently (Fig. 6), plasticized mixes with lower water content

(cement paste-S and Plaster-S) have a higher SAI com-

pared to the mixes without a plasticizer.

After 28 days hardening of the samples, all pozzolans

work well and the SAI of plasters with a combined additive

(plaster, Plaster-S) is higher than the SAI of plasters with

individual pozzolanic additives (Fig. 7). It should be noted

that the SAI of plasters is significantly higher than the SAI

of hardened cement paste. Apparently, higher SAI values

are influenced by GEG properties, especially metakaolin on

GEG surface.

Figures 8–11 illustrate SEM results employed to eval-

uate the effect of additives used on the development of

plaster microstructure.

Figure 8a illustrates the characteristic appearance of the

control specimen (P Control sample) of all mixes after

7 days of curing in wet environment, where a very good

contact of GEG with the cement matrix is observed.

Apparently, metakaolin particles adhered to GEG surface

participate in cement hydration process and improve the

connection of GEG with the cement matrix. Figure 8b

shows how hydration products penetrate the granule hole.

As a result, additional links between the granule and

cement matrix are formed.

The microstructure of cement matrix in plaster without

plasticizer (P Control sample) after 7 days curing is shown

in Fig. 9a. Hydration products are clearly visible in the
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strength of control specimens is

shown below the series

markings)

Fig. 8 Characteristic

appearance of plaster

microstructure in GEG and

cement matrix zone:

a magnification9 100,

b magnification9 1000
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microstructure: plate-shaped portlandite and needle-shaped

ettringite [42, 43]. A slowdown in the development of the

microstructure of the cement matrix with plasticizer (PS

Control sample) is observed in Fig. 9b. Ettringite and fine

hydration products that are difficult to identify visually are

seen in this microstructure.

Due to the acceleration effect of FCCW on cement

hydration, good and dense microstructure of cement matrix

in plaster P Sample-F after 7 days is observed (Fig. 10a).

MW additive behaves differently and slows down the

formation of the microstructure in plaster P Sample-M

(Fig. 10b). The same after 7 days is observed in the case of

a mixed additive in P Sample-FM (Fig. 10c).

Fig. 10 Microstructure of

cement matrix with pozzolanic

additives in plaster after 7 days:

a P Sample-F, b P Sample-M,

c P Sample-FM

Fig. 9 Microstructure of not

plasticized and plasticized

cement matrix in plaster after

7 days: a P Control sample,

b PS Control sample

Fig. 11 Microstructure of

cement matrix with pozzolanic

additives in plaster after 7 days:

a P Sample-F, b P Sample-FM
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After 28 days of hardening, very dense microstructures

of plasters with pozzolans are observed in all mixes with

pozzolanic additives (the characteristic microstructure of

mixes with FCCW and combined additive is shown in

Fig. 11).

Conclusions

In summary of the obtained test results, it can be stated that

it is possible to control the hydration process by a combi-

nation of FCCW additive, which accelerates cement

binding, and MW additive, which retards cement hydra-

tion. The plaster containing such a combined additive

reached the highest SAI value after 28 days of curing.

The inertness of the additive has the highest effect on

hydration process. In mixes containing GEG, active

metakaolin particles adhered to GEG surface participate in

the hydration process. Therefore, the results of cement

paste and plaster calorimetry tests differ: despite the pro-

longing effect of the plasticizer in cement paste HHR2max

increases. In contrast to cement paste, the results for

plasters show both the prolongation of t2max and a decrease

in HHR2max.

The retarding effect of superplasticizer Melment 10 and

MW additive in the early stage of cement hydration iden-

tified in calorimetry tests is also observed after 7 days of

curing during the development of plaster microstructure

(the development slows down). Only ettringite crystals are

clearly visible, and control samples contain a lot of

portlandite.
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10. Kuzielova E, Žemlička M, Novotny R, Palou MT. Simultaneous

effect of silica fume, metakaolin and ground granulated blast-

furnace slag on the hydration of multicomponent cementitious

binders. J Therm Anal Calorim. 2019;136:1527–37.

11. Trusilewicz NL. Thermal stability of Friedel’s salt from meta-

kaolin origin by DSC and HTXRD techniques. J Therm Anal

Calorim. 2018;134:371–80.

12. Pacewska B, Bukowska M, Wilinska I, Swat M. Modification of

the properties of concrete by a new pozzolan—a waste catalyst

from the catalytic process in a fluidized bed. Cem Concr Res.

2002;32(1):145–52.

13. Pacewska B, Wilinska I, Bukowska M, Nocun-Wczelik W. Effect

of waste aluminosilicate material on cement hydration and

properties of cement mortars. Cem Concr Res. 2002;32:1823–30.

14. Paya J, Monzo J, Borrachero MV, Velázquez S. Evaluation of the

pozzolanic activity of fluid catalytic cracking catalyst residue

(FC3R). Thermogravimetric analysis studies on FC3R-portland

cement pastes. Cem Concr Res. 2003;33(4):603–9.

15. Paya J, Monzo J, Borrachero MV. Fluid catalytic cracking cata-

lyst residue (FC3R) an excellent mineral by-product for

improving early-strength development of cement mixtures. Cem

Concr Res. 1999;29(11):1773–9.
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