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Abstract

The development of new binders, alternative to traditional cements and concretes obtained by the alkaline activation of different industrial

by-products (blast furnace slags and/or fly ashes), is an ongoing study and research topic of the scientific community.

The mechanical and durable behaviour of alkaline cement mortars reinforced with polypropylene fibres has been the object of the present

investigation. Three different alkaline matrices were used: (a) granulated blast furnace slag activated with waterglass (Na2SiO3+NaOH) with

a concentration of 4% Na2O by mass of slag and cured at room temperature, (b) aluminosilicate fly ash activated with 8M NaOH and cured at

85 jC during the first 24 h and (c) 50% fly ash+50% slag activated with 8M NaOH solution at room temperature. In the mechanical tests

(flexural and compressive strengths), two different dosages of fibres were used: 0.5% and 1% by mortar volume. Shrinkage tests according to

ASTM C 806-87 standard with (1%) and without fibres were also carried out. The durability tests carried out were freeze/thaw and wet/dry

cycles. In these tests, the dosage of fibre was 0.5% by mortar volume. The results obtained show that the nature of the matrix is the most

important factor to strength development, more than fibre presence and content amount.
D 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Alkaline cements are new binders, alternative to tradi-

tional Portland cements, obtained through the alkaline

activation of different industrial by-products (e.g., blast

furnace slag and/or fly ash). These new building materials

are characterised by high mechanical performance, low

energy cost and low pollutant gas emissions (CO2, SO2,

NOx, etc.) generated during the manufacturing process of

ordinary Portland cement (OPC).

Depending on the raw materials, blast furnace slag and/or

fly ash, different reaction products and microstructures are

developed, and these produce differences in the engineering

behaviour and properties.

Cements and concretes resulting from the alkaline

activation of a vitreous blast furnace slag are characterised

by their advantages, compared with traditional cements and

concretes, such as earlier and higher mechanical strengths

(they can reach 100 MPa at 28 days), lower hydration heat
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and stronger resistance to chemical attack. They also

present some disadvantages such as quick setting and high

shrinkage rate with formation of microcracking [1]. The

alkaline activation of blast furnace slag has been exten-

sively studied [2–6]. Its main reaction product is a low-

crystalline hydrated calcium silicate, like a CSH gel type.

This gel phase is different from the one in the Portland

cement pastes. It has a low CaO/SiO2 ratio and some

structural differences (higher Al content in its structure)

[7]. The formation of other phases or hydrated compounds

will depend on the activator nature and quantity, the

structure and composition of the slag and the curing

conditions.

The alkaline activation of aluminosilicate fly ashes also

results in cohesive reaction products. In this activation

process, the reaction temperature plays an important role.

At room temperature, reaction rate is very low. However, if

the process occurs at temperatures between 40 and 85 jC, the
reaction rate increases noteworthy, producing mortars that

develop flexural strength higher than 20 MPa at 2 h of

curing. This activation has not been well studied yet. The

reaction product obtained in this type of activation is an

inorganic polymer of amorphous nature and 3D structure



Table 1

Chemical composition (% mass)

Fly ash Slag Cement

CaO 5.51 41.45 63.83

SiO2 51.49 35.50 18.95

Al2O3 29.03 12.15 5.89

Fe2O3 7.67 1.01 4.50

MgO 2.35 8.34 2.21

SO3 – 0.18 2.85

S2� – 0.92 –

Na2O 0.66 0.58 0.29

K2O 2.83 0.64 0.75

Blaine (m2/kg) 398 460 404
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formed by aluminosilicate hydrates, where negative charges

are balanced by alkaline ions [8–10].

Alternative cements can also be obtained when the raw

material is a mix of vitreous blast furnace slags and

aluminosilicate fly ashes. These alkaline cements are less

known, although recent studies [11] have demonstrated that

in mixes of 50% fly ash/50% slag activated at room

temperature, compressive strength higher than 50 MPa are

developed at 28 curing days. The main hydration product in

these mixes is a hydrated calcium silicate of the CSH gel

type with Al and Na in its structure.

A possible technological solution to (a) the drying,

shrinkage and formation of microcracks in mortars and

concretes of activated blast furnace slag and (b) the

apparent brittleness of the alkaline-activated fly ashes is

the incorporation of reinforcement fibres to the mix. In a

previous work [12], the toughness and impact resistance of

different alkaline cements reinforced with fibres of differ-

ent nature (acrylic and polypropylene) has been studied.

The main conclusions obtained were the following: (a)

with low fibre content (0.2% in volume), toughness and

toughness index of these mortars are not affected, (b) with

higher content (1%), these values increase, (c) in the

different matrices studied, the polypropylene fibres in-

crease the impact strength more than the acrylic fibres

and (d) the microstructural study carried out on these

mortars proved that acrylic fibres show signs of being

altered and have a large amount of deposits on their

surface, whereas polypropylene fibres remain more or less

intact.

Following on these studies, in the present paper, the

mechanical strength, volume stability and durability behav-

iour of alkaline cement mortars reinforced with polypropyl-

ene fibres are studied further.
2. Experimental

2.1. Raw materials and cement mortar preparations

The raw materials used in the alkaline cement mortar

preparations were:

– Granulated blast furnace slag (from Ensidesa, Avilés,

Spain)

– Fly ash (from Aboño Thermal Central, Spain)

– Mix of 50% of Aboño fly ash and 50% of granulated slag

from Ensidesa

– Portland cement type I (as reference material)

The chemical analysis of fly ash, blast furnace slag and

Portland cement used is shown in Table 1.

X-ray diffraction analysis indicated that the slag con-

sisted mainly of a glassy phase, and no crystalline phases

were detected. Through FTIR, it was classified as a melilite

with a mineralogical composition close to A5G5 (A=aker-
manite and G=gehlenite). XRD confirmed that fly ash con-

sisted of a glass phase, quartz and mullite.

Three different alkaline matrices were prepared:

– Granulated blast furnace slag activated with a mixture of

Na2SiO3 and NaOH solutions (waterglass) with 4%

concentration of Na2O by mass of slag. The concen-

tration of NaOH solution was 2.8 M. This activation is

performed at room temperature (22 jC).
– Fly ash activated with 8M NaOH solutions. Curing the

specimens at 85 jC during the first 24 h accelerates the

activation.

– 50% Fly ash+50% slag activated with 8M NaOH

solution activated at room temperature.

These matrices were chosen according to previous inves-

tigations [8,11,13]. Portland cement was used in this study

as reference material.

A polypropylene fibre (Crackstop) manufactured by

Cemfiber was used, with a density of 0.9 g/ml, a diameter

of 18 Am and a length of 12 mm. Fibre percentage was

varied 0–1% by volume of mortar.

Considering these variables, mortars of different sizes

were manufactured depending on the test to be carried out.

Mortars were manufactured in accordance with the Spanish

Standard UNE 83-821-92. Sand/binder ratio was 3:1. Sili-

ceous standardised sand with 99.9% quartz content was

used. The mixing liquid/cementitious material ratio was

kept constant at 0.5. In all the tests, specimens without

fibres were considered reference materials.

2.2. Tests carried out

2.2.1. Mechanical strengths and modulus of elasticity

The fibre percentages in these mortars were 0%, 0.5%

and 1% by mortar volume. Series of three 4�4�16-cm

prismatic specimens of each mortar and for each testing time

were prepared. The flexural and compressive strengths were

determined at 2 and 28 days of curing.

Other series of 4�4�16-cm prismatic specimens were

used to determine flexural strength at 28 days and the elastic

modulus of the mortars. The fibre percentages used in theses

mortars were between 0% and 1% by mortar volume.



Table 2

Mechanical strength results

Mortars Fibre 2 days 28 days

(%)
Flexural

(MPa)

Compression

(MPa)

Flexural

(MPa)

Compression

(MPa)

Slag 0 7.2 59.5 7.8 89.5

0.5 6.5 60.1 7.6 90.0

1 6.4 59.0 6.7 79.0

Fly ash 0 3.9 24.5 6.8 39.4

0.5 4.5 33.9 6.1 35.8

1 4.9 34.3 5.5 26.9

Fly ash/slag 0 3.6 11.8 4.6 30.0

0.5 3.4 13.5 4.8 31.2

1 2.9 13.6 4.8 30.1

Cement 0 6.3 39.1 7.8 53.0

0.5 5.8 35.5 7.5 48.2

1 5.4 38.9 7.4 47.6
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2.2.2. Shrinkage

Shrinkage tests were carried out according to the ASTM

C 806-87 standard. The first measurement was taken after

24 h of mixing, while the rest of measurements were taken

every 3 or 4 days up to 35–45 days. The fibre content in

these tests was 1%.

Two different exposure conditions were explored in the

present study. The prismatic mortar specimens of 2.55�
2.5�23 cm were placed in a curing chamber with a RH

higher than 95%. In the other, the specimens were placed in

laboratory at 21 jC and f50% RH.

2.2.3. Durability tests

2.2.3.1. Wet/dry cycles. Mortar specimens of 16�16�2.5

cm were prepared. The tests were performed after 28 days.

At this time, the specimens were submitted to 50 wet/dry

cycles. Each cycle was 6 h at 70F5 jC and 18 h immersed

in water at 21 jC. After 50 cycles, the impact strength of the

mortars was tested. Mortars that were not submitted to wet/

dry cycles were tested as reference materials.

The impact test was carried out dropping a sphere of 540

g from 100-cm height on the upper surface of the specimen.

With this system, the number of impacts to produce the first

crack and the total fracture of the specimens was measured.

2.2.3.2. Freezing/thawing cycles. Series of three prismatic

mortar specimens of 4�4�16 cm were prepared with each

mortar. Tests were carried out after 28 days. At this time,

mortars were submitted to 50 freezing/thawing cycles. Each

day, two cycles were carried out: 3 h at�20 jC, 0.5 h immer-

sed in water, 3 h at�20 jC, and again another 0.5 h immersed

in water, and for the rest of the time (17 h), the specimens

were kept immersed in water. After 50 cycles, the mortars

were tested, and their flexural and compressive strengthswere

determined.
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3. Results and discussion

3.1. Mechanical strengths

Flexural and compressive strength values obtained at 2

and 28 curing days are presented in Table 2. The alkaline-

activated slag mortars (AAS) show higher strength at early

and longer ages than cement and the other activated mortars

(especially in compressive strengths). Alkaline slag mortar

activated with waterglass is a material with a very low total

porosity. In previous studies [7], it has been shown that the

total porosity of AAS mortars is lower than 10% and that

porosity decreases as the reaction time increases. In addi-

tion, because of the alkaline activation of slag, a CSH is

formed with composition and structural differences from

those of OPC pastes [7]. Semicrystalline CSH presents a

high proportion of Al in the tetrahedral bridges of the

silicate lineal chain and a lower Ca/Si ratio than the CSH
gel formed in OPC pastes [7,13]. The low porosity together

with the structure of the main reaction product (microstruc-

ture) explains the high mechanical strength of these mortars.

In fly ash activated mortars, the main reaction product is

an amorphous alkaline aluminosilicate hydrate with a 3D

structure [8]. This material has cohesive properties and it

can be considered a precursor of a zeolitic-type product. The

formation rate of that reaction product increases with the

curing temperature.

Finally, in the activated fly ash/slag system, the mechan-

ical strengths are explained by the microstructure resulting

from the formation of a CSH as a consequence of the

alkaline activation of the slag [11]. Another compound

can also be formed due to the alkaline activation of the

fly ash (an alkaline aluminosilicate with 3D structure).

However, the proportion of this is very low compared with

that formed in the slag activation. The most important factor

in the strength development of the slag activation is the

activator nature [6]; the waterglass solution generates high-

strength materials, while the NaOH solution generates

materials with lower strengths.

The strength behaviour of fibre-reinforced mortars is

shown in Table 2. Results appearing in this table indicate

that polypropylene fibres induce only slight modifications

(in some cases, a slight decrease) in the mechanical

strengths. The presence of the fibre reduces the workability,

which affects the compaction of the mortar; this could

explain the flexion and compression decreases observed.

3.2. Modulus of elasticity

In Table 3, the elastic modulus determinations are

presented. The activated mortars (with and without fibre)

have lower modulus of elasticity than cement mortars.

Activated slag mortars have high strength and relatively

high deflection. On the contrary, fly ash/slag mortars have

low strength and low deflection. For the same strength,

activated slag mortars have slightly more deformability than

cement mortars.



Table 3

Modulus of elasticity

Mortars Fibres

(%)

Flexural strength

(MPa)

Elastic modulus

(MPa)

Deflection

(mm)

Slag 0 7.36 4860 0.1277

1 5.91 3896 0.1361

Fly ash 0 5.79 4441 0.1071

1 4.79 3660 0.1084

Fly ash/slag 0 4.80 4906 0.0852

1 4.66 3810 0.1068

Cement 0 7.76 5679 0.1136

1 7.61 6137 0.1051
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The flexural strength in fibre-reinforced mortars is slight-

ly lower than in mortars without fibres. In activated mortars,

the presence of polypropylene fibres reduces the elastic

modulus. The polypropylene fibres have a low modulus of

elasticity; they are easily deformed and reduce the compati-

bility of the material.

3.3. Shrinkage tests

The shrinkage behaviour of alkali-activated slag mortars

in the testing conditions studied is presented in Fig. 1. When

mortar specimens are stored at a high humid environment, a

high shrinkage takes place at early ages. Fibre content

increases this effect, and more investigations are needed to

explain this fact. From 10 to 15 days after storage, the

shrinkage values remain practically constant until the end of

the test (0.08–0.12%). When the test specimens are under

high humidity conditions (>95% RH), the shrinkage should

be related to the matrix characteristics and mostly to the

nature and structure of the main reaction products formed

(basically, a CSH that contains Al in its structure [7]), which

means that the shrinkage is of chemical type. Under those

high humidity conditions, the activation process is favoured

and a large amount of reaction products is formed.
Fig. 1. Shrinkage versus time. Influence of curing conditions.
When mortar specimens are stored under laboratory

environment (21 jC and 50% RH), they experience a

continuous shrinkage, and at the end of the test (45 days),

constant values have not been reached. Under these con-

ditions, the shrinkage is mainly due to the drying of the

water absorbed in the pore mortar system. The presence of

the fibre reduces slightly that shrinkage. When the shrinkage

takes place in a more continuous way, the polypropylene

fibres could contribute positively to moderate the dimen-

sional alterations of the mortars, acting as a link between the

matrix and the particles of aggregate.

In Fig. 2, the shrinkage behaviour of cement mortars is

shown. When the test specimens were stored under high

humidity conditions, the shrinkage is relatively low (stable

values around 0.04%) as expected. When they are stored

under laboratory environment, mortars show a substantial

shrinkage due basically to the drying and elimination of the

free water inside the mortar, reaching final values around

0.10%. In this case, fibres contribute positively to the

reduction, in a small percentage, of the final shrinkage.

Behaviour of alkaline-activated fly ash mortars is shown

in Fig. 3. Under conditions of high humidity, a very slight

expansion takes place initially. This is accentuated in test

specimens that contain fibres (final value of expansion of

0.0075%). In absence of fibres, mortars also experience

initially a very slight expansion; the shrinkage takes place

after 20 days, reaching at the end of the test a value of

0.015%. Under laboratory environment, a slight shrinkage

takes place at early ages, reaching at the end of the test a

shrinkage of around 0.02% (in mortars with and without

fibre). Comparing these results with those from activated

slag mortars and even from those of Portland cement, the

conclusion is that alkali-activated fly ash mortars are largely

stable with very few dimensional variations under the two

studied conditions. This is mainly due to the stability of the

main reaction product, a 3D structure formed by alumino-

silicate hydrates.
Fig. 2. Shrinkage versus time. Influence of curing conditions.



Fig. 3. Shrinkage versus time. Influence of curing conditions.

Table 4

Wet/dry tests: number of impacts

Without fibre 0.5% fibre Without fibre 0.5% fibre

No

cycles

50

cycles

No

cycles

50

cycles

No

cycles

50

cycles

No

cycles

50

cycles

Slag mortars Fly ash mortars

First

crack

1 1 2 3 1 1 1 3

Fracture 4 2 9 7 3 2 12 9

Fly ash/slag mortars Cement mortars

First

crack

– 1 1 1 1 1 2 1

Fracture 1 3 7 6 3 3 23 9
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The shrinkage behaviour of the activated fly ash/slag

mix mortars is presented in Fig. 4. Test specimens stored

in high humidity undergo a slight expansion (0.05%).

Similar behaviour is observed in mortars with activated

fly ash. Mortars containing fibres do not show alterations

in their dimensional stability. Under laboratory conditions,

mortars show a shrinkage comparable with that observed

in activated slag mortars. A practically linear increment of

the shrinkage takes place with time (until shrinkage at the

end of the test of about 0.10%). Therefore, fibres reduce

the shrinkage.

3.4. Durability test

The impact strength of mortars before and after they have

been submitted to a test of 50 wet/dry cycles is presented in

Table 4. In activated slag mortars, the content of 0.5%

polypropylene fibres increases slightly the strength to frac-

ture and to the formation of the first crack. However,

behaviour in the cement mortars is different. The incorpo-
Fig. 4. Shrinkage versus time. Influence of curing conditions.
ration of fibre increases remarkably the resistance to fracture

from 3 to 23 impacts. However, when these mortars with

fibre are submitted to the wet/dry cycle, this treatment

affects negatively. The resistance to fracture goes down

from 23 to 9 impacts (see Table 4).

In activated fly ash/slag mortars, the presence of fibres

with the studied percentage increases the resistance to the

impact. After the wet/dry tests, mortars behaviour is not

altered.

The effect of fibre reinforcement is more intense in

Portland mortars than in alkaline ones. The aqueous phase

of these mortars show a high alkalinity. In previous studies

[12], it has been proved that polypropylene fibres experi-

ence superficial alterations within alkaline media, especially

if the process happens at high temperature. These alterations

can affect the adherence to the matrix and justify the lower

reinforcement effect in alkaline mortars.

The mechanical behaviour of mortars after freezing/

thawing cycles is shown in Table 5. The most significant

result is the rise of strengths (flexural and compression)

observed in test specimens of alkali-activated slag after

exposure. These results confirm that under conditions of

high humidity, the activation of the slag continues, produc-

ing a large quantity of reaction products and increasing the

final strengths. This positive effect is also observed in

mortars of activated fly ash/slag. In these mortars, the

strength characteristics are closely related to the activation

of the slag. The activated slag cement and concrete show a
Table 5

Freezing/thawing cycles: mechanical results

Mortars Fibre Without cycles 50 cycles

(%)
Flexural

(MPa)

Compression

(MPa)

Flexural

(MPa)

Compression

(MPa)

Slag 0 8.8 91.4 10.7 108.2

0.5 8.2 89.2 10.5 104.6

Fly ash 0 6.6 38.1 3.3 29.1

0.5 6.7 44.5 3.9 35.4

Fly ash/slag 0 4.7 30.9 6.9 33.8

0.5 4.9 31.2 6.6 34.7

Cement 0 8.2 50.2 6.9 52.9

0.5 8.2 48.4 6.9 47.2
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high resistance to low temperature, because freezing temper-

atures of alkaline metal solutions are below 0 jC (of about

�15 to �20 jC). The fibres do not alter the described

behaviour.

In cement mortars (with and without fibres) after the

freezing/thawing cycles, a decrease of flexural strengths is

observed. The values of compressive strength are not

altered. It could be due to the increment of the micro-

cracking resulting from tensions originated as a conse-

quence of these cycles. The presence of fibres does not

modify the described behaviour.

The most negative effect in the freezing/thawing cycles

is observed on mortars of alkali-activated fly ash. This

behaviour is similar when the material contains polypro-

pylene fibres.
4. Conclusions

The main conclusions extracted from the present study

are the following:

1. The nature of the matrix is the main factor influencing

the development of mechanical strengths in alkaline

cement mortars. Activated slag mortars show the highest

strengths, with values higher than those developed by

Portland cement mortars in equal conditions. Incorpo-

ration of polypropylene fibres, until 1% in volume, does

not affect positively the mechanical behaviour of the

studied mortars.

2. The alkaline mortars show a modulus of elasticity,

determined through flexural test, inferior to those shown

by Portland mortars. The polypropylene fibres do not

improve the values of modulus of elasticity.

3. The activated slag mortars show the highest shrinkage.

The activated fly ash mortars are those that evidence the

highest volume stability, with practically null shrinkage.

The effect of the fibres is different depending on the

nature of the matrix.

4. Activation of slag mortars shows high stability cycles

against freezing/thawing and increases their mechanical

strengths. The presence of fibre does not modify this

behaviour. Alkaline cement mortars going through wet/

dry cycles have a similar behaviour as those correspond-

ing of Portland cement. Fibres provide an improvement

of the resistance to fracture in all mortars.
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