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Abstract The properties of the interfacial transition

zone (ITZ) of steel fiber and the bulk matrix were

quantified using the backscattered electron imaging

analysis (BSE-IA) and the scanning electron micros-

copy with energy dispersive X-ray analysis (SEM-

EDX), and their relationship with the mechanical

properties of steel fiber-reinforced mortars was

studied. The water and binder ratio (w/b) of mortar,

the amount of silica fume and steel fiber were varied.

From the quantitative analysis, a higher build-up of

calcium hydroxide was found from the steel fiber’s

interface up to 2 or 4 lm distance away and its build-

up was reduced with the 10% cement replacement by

silica fume. Porosity in the ITZ and bulk matrix

decreased the fracture energy, compressive energy

and debonding load of steel fiber-reinforced mortar.

However, its effect became marginal if a substantial

amount of C–S–H or steel fibers appeared in the ITZ

and bulk matrix, which increased the studied

mechanical properties.

Keywords Interfacial transition zone �
Backscattered electron imaging analysis �
Scanning electron microscopy � Energy dispersive

X-ray � Steel fiber-reinforced mortar

1 Introduction

Concrete or mortar without reinforcement is brittle.

In order to increase the ductility and the strength of

concrete or mortar, different types of reinforcements

such as steel bar [1], steel fiber [2], polymer [3],

wollastonite micro-fibre [4] and carbon sheet [5] are

often used. The increase in ductility and strength is

mainly achieved by the stress transfer from the matrix

to the reinforcements through the adhesive contact of

paste surrounding the reinforcements.

The more paste is in contact with the surface of

reinforcement, the higher the strength and the duc-

tility of concrete and mortar are. However, due to the

wall effect and bleeding, the matrix at the vicinity of

aggregate and reinforcement showed higher porosity

compared to the bulk matrix. This area is thus known

as an interfacial transition zone (ITZ) between the

reinforcement and the bulk matrix.

The thickness of ITZ depends on the water and

cement ratio [6], whether the silica fume is used or not

[7] and the diameter of reinforcement [8, 9]. Its

thickness has been reported to range from 20 to 50 lm.

If the reinforcement’s diameter is bigger than the

cement grains (typically \80 lm), an ITZ will form

around the reinforcement [10, 11]. If the reinforce-

ment’s diameter is smaller than the cement grains, for

example carbon fibers with 7 lm, no ITZ will form

around the reinforcement [12]. From the SEM and

X-ray diffraction study on the glass ‘aggregate’

surface, a duplex layer around 1–1.5 lm thick that
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consists of a layer of calcium hydroxide (CH) (first

layer) and a layer of calcium-silicate-hydrate (C–S–H)

(second layer) is found in direct contact with the

‘aggregate’ surface. Then a relatively large hexagonal

CH that develops adjacent to the duplex layer extends

into the bulk matrix, together with a secondary deposit

of stacked platelet CH fills the open space near the

duplex layer [13].

The higher area percent (%) of porosity in ITZ and

its thickness have been reported to exert an impact on

the mechanical properties of concrete [14]. Therefore,

it is essential to increase the particle packing in the ITZ

so that the bond stress can be transferred optimumly.

However, in some cases, it has been reported that the

ITZ only gives a marginal effect on the mechanical

properties of concrete [15]. A few methods have been

adopted to reduce the porosity and the ITZ thickness,

such as the improvement of curing, the incorporation

of silica fume, polymeric additives and the reduction

of water and binder ratio [16, 17]. Silica fume is

commonly used to increase the compressive strength

of concrete and mortar [18–20] because of its particle

size of less than 1 lm and its high content of

amorphous silica (SiO2) ([85% in general). These

two characteristics allow silica fume to act not only

physically as a filler to occupy the void in concrete but

also chemically in the pozzolanic reaction with CH to

form C–S–H gel that reduces the pores [21] and the

permeability [22, 23] in the paste, and enhances the

bond between the inclusion and the bulk matrix [24].

However, in some cases, the cement replacement of

silica fume more than 10% by cement weight reduces

the compressive strength of high-strength concrete

[20], although the reason for that was not investigated

by any means of microstructure analysis.

Quantitative analysis such as the backscattered

electron imaging analysis (BSE-IA) and the energy

dispersive X-ray analysis (EDX) have widely been

adopted to investigate the porosity, CH, C–S–H and

unhydrated cement in the ITZ of aggregate [6], or in the

ITZ of steel with a diameter of more than 9 mm [10],

without relating them to the mechanical properties.

Since the improvement of the mechanical property of

concrete or mortar involves the modification of paste

microstructure or the inclusion of reinforcement or

both at the same time, it is essential to investigate both

the mechanical properties and the paste microstructure

from the same specimen in order to have a thorough

understanding of the effects taking place.

In this paper, steel fiber with a length of 13 mm

and a diameter of 0.16 mm was used. Steel fiber-

reinforced mortars with w/b 0.3 and 0.5, indicating

high and medium strength mortars, were made. The

cement replacement of silica fume by 0 and 10% by

cement weight and the inclusion of 0.3 or 1 vol.%

steel fibers were performed on both w/b to study their

effects on micro-and macro-mechanical properties of

steel fiber-reinforced mortars. Therefore, the speci-

mens used for the mechanical tests were also adopted

for the quantitative analysis of the porosity and

cement hydrates in the ITZ of steel fiber extending to

the bulk matrix using the BSE-IA and the SEM-EDX.

The load–deflection curves and the compressive

stress–strain curves were analyzed and related to

the fracture mechanism that occurred in the mortars.

The fracture energies, compressive energies and

debonding loads were calculated. The relationship

between the micro-properties in the ITZ and bulk

matrix and the mechanical properties of steel fiber-

reinforced mortars are discussed.

2 Experimental procedures

0.3 vol.% steel fibers were incorporated into mortars

with two different w/b, 0.3 and 0.5, with silica fume 0

and 10% by cement weight. Another mortar with

w/b 0.3 without silica fume with 1 vol.% steel fibers was

made for the comparison with 0.3 vol.% steel fibers.

The materials used were Norcem Anlegg cement, which

is an Ordinary Portland cement available commercially

in Norway, silica fume (uncondensed), limestone

powder, sand 0–2 mm, sand 0–4 mm, polycarboxylate

polymer superplasticizer with 15% solids and the

straight high carbon steel fibers with a length of

13 mm and a diameter of 0.16 mm. The mix proportion

ratios of materials of all mixes are stated in Table 1. The

chemical compositions of cement, silica fume and

limestone powders are stated in Table 2 and the sieve

analysis of fine aggregates in Table 3.

The fresh mortars were cast into 40 9 40 9

160 mm steel prism moulds and 50 9 50 9 50 mm

steel cubic moulds respectively straight after the

mixing. The moulds with fresh mortars were vibrated

for 3 s on a vibrating table to ensure full compaction

and then were covered with plastic bags. After 24 h, the

specimens were demoulded and cured in water at 20�C

for 28 days before mechanical tests were performed.

1452 Materials and Structures (2011) 44:1451–1465



The three-point bending tests were carried out on three

prisms using the Instron machine with a maximum load

cell of 250 kN at 20�C with the supporting span of

100 mm and the deflection rate of 0.1 mm/min. The

compressive tests were carried out on six cubes at rate

of 0.2 mm/min using the Dartec machine with a

maximum load cell of 20 kN at 20�C. The sampling

rate for both the load and the deflection was 10 Hz.

Porosity and unhydrated cement in the ITZ

between steel fiber and bulk matrix were quantified

using BSE-IA. A cube of 16 9 16 9 16 mm was cut

from the middle of prism, with the direction of the

polished surface in parallel with the direction of the

applied load as shown in Fig. 1. The polished surface

of the specimen was ground using MD-grinding disc

with grit size of 68, 30, 14, 9 lm, vacuum impreg-

nated with epoxy at 40 mbar, and then polished using

MD-polishing cloths with grit size of 9, 6, 3, 1 and

� lm. The lubricant, abrasive, force and duration

adopted are shown in Table 4. A rotary Struers

TegraPol-31 grinding and polishing machine was

used. The surface was then coated with a layer of

carbon. The image acquisition was carried out in the

Hitachi S-3400N scanning electron microscopy

(SEM) in backscattered electron mode with an

accelerating voltage of 5 kV, a working distance of

around 8 mm and a magnification of 5009. Each

image was digitized at 2560 9 1920 pixels with a

resolution of 0.1 lm/pixel. Only the steel fiber that

was perpendicular to the image plain was chosen.

10-lm wide strips were cut successively along the

Table 1 Mix proportion ratios of steel fiber-reinforced mortars with w/b 0.3 and 0.5

Materials Water/binder = 0.3 Water/binder = 0.5

Cement (kg/m3) 543.0 543.9 483.8 411.5 368.2

Silica fume (kg/m3) – – 48.4 (10% of

cement weight)

– 36.8 (10% of

cement weight)

Limestone powder (kg/m3) 47.2 47.3 47.4 47.3 47.9

Water (kg/m3) 162.9 163.2 159.7 205.7 202.5

Sand 0–4 mm (kg/m3) 1399.1 1382.1 1399.4 1399.4 1399.4

Sand 0–2 mm (kg/m3) 246.9 243.9 246.9 246.9 246.9

Superplasticizer (kg/m3) 10.9 (2% of

cement weight)

11.4 (2.1% of

cement weight)

12.1 (2.5% of

cement weight)

4.9 (1.2% of

cement weight)

6.4 (1.73% of

cement weight)

Steel fiber (kg/m3) 24.2 (0.3 vol.%) 78.0 (1 vol.%) 23.4 (0.3 vol.%) 23.4 (0.3 vol.%) 23.4 (0.3 vol.%)

Designed air content 2 vol.% 2 vol.% 2 vol.% 2 vol.% 2 vol.%

Density (kg/m3) 2,425 2,460 2,411 2,335 2,326

Table 2 Chemical compositions of cement, silica fume and

limestone powder

Analysis (%) Cement Silica

fume

Limestone

powder

CaO 63.50 79.80

SiO2 20.65 [90 12.87

Al2O3 4.70 2.68

Fe2O3 3.51 2.04

SO3 3.16

MgO 1.83 1.84

K2O 0.47 0.62

Na2O 0.28 0.49

P2O5 0.11

Loss of ignition [3 37.66

Specific gravity (g/cm3) 3.12 2.20 2.70

Specific surface

area (m2/kg)

372 362

Table 3 Sieve analysis and physical properties of fine aggre-

gates

Sieve size (mm) Sand 0–2 mm Sand 0–4 mm

8 100 100

4 97.3 98.9

2 91.8 85.9

1 82.7 65.6

0.5 68.1 40.9

0.25 47.4 19.1

0.125 23.6 6.1

Fineness modulus 1.51 2.37

Specific gravity (g/cm3) 2.65 2.65
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periphery of the steel fiber using the Adobe Photo-

shop. Each 10-lm wide strip was then analyzed for

the area % of porosity and unhydrated cement using

the analySIS�. Figure 2 shows a typical greyscale

histogram with the threshold cut-off value of 45 that

is used for the porosity at w/b 0.3 and 0.5. The upper

threshold of the porosity was performed by adjusting

the threshold setting and a visual-checking on the

colored area in the BSE-image using the OXFORD

INCA Features. The aggregates and some of the

cement hydrates share the same range of greyscale in

the histogram. Due to the limited technique that

cannot remove the aggregates from the images in our

study, only porosity and unhydrated cement in the

ITZ of steel fiber were quantified using the BSE-IA.

The EDX analysis on the ITZ between steel fiber

and bulk matrix was carried out using the Hitachi

S-3400N SEM at an accelerating voltage of 15 kV. The

main elements detected were Al, Si, Ca and Fe with

their absorption edge voltage for Ka as 1.49, 1.74, 3.69

and 6.40 respectively. In order to have a good detection

on one element, the accelerating voltage should be at

least 2–3 times higher than the absorption edge voltage

of the element. Therefore, an accelerating voltage of

15 kV was chosen in our study. The X-ray line analysis

was performed right under and above three different

steel fibers for each mix. Each X-ray line consisted of

20 points with a distance of 2 lm between each point.

The Ca/Si ratio was calculated for each point and

plotted against the distance from the steel fiber’s

interface. It was reported that the Ca/Si value for

C–S–H was from 0.8 to 2.5; for CH was above 10 and

for monosulfate (AFm) was above 4 [25].

3 Fracture and compressive energy calculation

and debonding load measurement

Among all the mechanical properties, the fracture

energy, the compressive energy and the debonding

load stand out as one of the most suitable measure-

ments for evaluating the strength of steel fiber-

reinforced mortars and provide an insight into the

influence of porosity and microstructure on the fracture

process. Therefore, they were calculated and measured

using the definition and equation in the following.

Fracture energy is defined as the amount of energy

required to create a unit area of crack in the matrix.

According to the RILEM 50-FMC Draft Recommen-

dation [26], the fracture energy, GF, of a plain mortar

is calculated using the following equation:

GF ¼
W0 þ mgd0ð Þ

A
ð1Þ

where W0 (Nm) is the dissipated energy represented

by the whole area under the load–deflection curve

obtained from the three-point bending test,

m = m1 ? m2 (kg), with m1 the weight of the beam

between the supports, m2 the weight of the part of the

loading arrangement which is not attached to the

machine but follows the beam until failure, g (m/s2)

Zone 2: 
Cracks 
propagation 
and stress 
transfer  

Zone 1: 
Elastic 
deformation 
and cracks 
initiation 

δ0Deflection (m) 

Load (N) 

W0

(b) 

Load 

t 

w

L 

I 

(a) 

the polished 
surface 

Deflection (m) 

Load (N) 

A

B

CW0

D

(c) 

Zone 3: 
Microstructure 
debonding and 
bridging 

Fig. 1 Schematic diagrams of (a) a three-point bending test

and a cube showing the direction of the polished surface used

in our study, (b) a load–deflection curve without steel fiber, and

(c) a load–deflection curve with steel fiber
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the acceleration due to gravity, d0 (m) the deforma-

tion at the final failure of the beam, and A (m2) the

area of the ligament, which is w 9 t, see Fig. 1.

In this study, steel fiber-reinforced mortars were

made. Therefore, for the calculation of GF of a steel

fiber-reinforced mortar using the Eq. 1, W0 was the area

under the load–deflection curve from zero up to the

deflection at the maximum load, see Fig. 1c. The

calculated GF is thus defined as the energy needed for

cracks to initiate and propagate in a unit area of the

matrix of a steel fiber-reinforced mortar until fracture

failure. After the maximum load, the bridging and pull-

out of steel fiber happened and this involved the cement-

hydrate debonding at the interfaces of steel fibers. Since

GF greatly depends on the specimen size [27], in this

study, all prisms’ sizes were made at 40 9 40 9

160 mm for the ease of GF comparison due to the effect

of 10% silica fume and different vol.% of steel fibers.

As for the calculation of compressive energy, the

load–deflection curves obtained from the compres-

sive tests were converted into engineering stress–

strain curves. The engineering stress, r, is defined as

the uniaxial load at time t, Ft, divided by the original

cross-sectional area of mortar, A0:

r ¼ Ft

A0

ð2Þ

And the engineering strain is the change in height

divided by the original height:

e ¼ ht � h0

h0

ð3Þ

with h0 is the original height of the mortar and ht is

the height at time t.

Mortar is brittle in nature and the cross-sectional

area of mortar does not expand uniformly with the

applied load as polymeric materials [28, 29].

Table 4 Grinding discs, polishing cloths, lubricant/abrasive, force and duration used for grinding and polishing

Lubricant/Abrasive Force (N) Duration (min)

(1) MD-grinding disc

MD-Piano 220 (68 lm diamond) Water 20 2

MD-Piano 600 (30 lm diamond) Water 20 2

MD-Piano 1200 (14 lm diamond) Water 20 2

MD-Largo Ethanol/9 lm diamond grit suspensions 15 2

(2) MD-polishing cloths

MD-Plan Blue ethanol/6 lm diamond grit spray 10 2

MD-Dur Ethanol/3 lm diamond grit suspensions 10 2

MD-Dac Ethanol/1 lm diamond grit suspensions 10 2

MD-Nap Blue ethanol/� lm diamond grit spray 10 1

Fig. 2 A typical greyscale histogram that corresponds to a

typical BSE-image, with the isolated right peak referring to the

steel fiber
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Therefore, the calculation of compressive energy

from the true stress–strain curve is not applied to the

mortar although it gives a more accurate data than

from the engineering stress–strain curve. The com-

pressive energy, Wc, of steel fiber-reinforced mortar

is thus the area under the engineering stress–strain

curve from zero up to the strain at the maximum load,

em, as shown in Fig. 3 using the following equation:

Zem

0

rde ð4Þ

In this study, the debonding load is a measure of

the applied load at the onset of the cement-hydrate

debonding at the steel fibers’ interfaces that takes

place in the load–deflection curve obtained from the

three-point bending test.

4 Experimental results and discussion

4.1 Load–deflection behaviours

4.1.1 Mortar with 0.3 vol.% steel fiber at two

different w/b

Figure 4 shows a typical load–deflection curve of

mortar with 0.3 vol.% steel fibers obtained from our

three-point bending test, displaying the applied load

from zero until the deflection where the steel fibers

being completely pulled out. When the load–deflec-

tion curves of mortars with 0.3 vol.% steel fibers with

w/b 0.3 and 0.5 from zero to the deflection of around

0.6 mm were plotted as shown in Figs. 5 and 6,

different curves after the maximum applied load were

discerned. The load–deflection curves can then be

subdivided into three zones as in the schematical

drawing in Fig. 1. In zone 1, an elastic deformation

takes place in the mortar and the cracks start to

initiate at the deflection when the applied load

reaches about 70–90% of the maximum load [30].

In zone 2, a fracture failure happens in the mortar

matrix, and at the same time, the applied load is

transferred from breaking the mortar into half to

pulling the steel fibers out from the matrix. In zone 3,

the cement-hydrate debonding takes place at the steel

fiber’s interface, followed by the steel fibers being

pulled out along the matrix before a complete failure

of a steel fiber-reinforced mortar.

All mortars display similar curves in zone 1 and

zone 3 but not in zone 2. The factors that cause the

difference in the fracture curves of mortars in zone 2

are mainly the change of w/b and the cement replace-

ment of silica fume. Mortars with w/b 0.3 shows a

distinct decrease in deflection before the applied load

drops to the minimum compared to mortars with

w/b 0.5. For mortars with silica fume for both w/b, an

elastic deformation is shown before the cement-

hydrate debonding occurs at the steel fiber’s interface

and it is more distinct at w/b 0.3 than at w/b 0.5.

Fig. 3 A typical compressive stress and strain curve of steel

fiber-reinforced mortar

Fig. 4 A typical load–deflection curve for mortar with

0.3 vol.% steel fibers obtained from the three-point bending

test, showing a linear relationship between the applied load and

the deflection before the maximum load is exceeded, then a

bridging and finally fibers pull-out
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A decrease in deflection in zone 2, which is less

than 0.036 mm as shown in Table 5, reflects that the

steel fibers are pushed back slightly into the matrix

through the relaxation of the paste. The decreased-

deflection and the elastic deformation curves in zone

2 are almost parallel to the curve of the elastic

deformation of mortar in zone 1, indicating that it

was the cement hydrates that involved, not because of

the relaxation of the machine.

4.1.2 Mortar with 0, 0.3 and 1 vol.% steel fiber

at the same w/b

Figure 7 shows three different load–deflection curves

for mortars with w/b 0.3 without silica fume incor-

porated with 0, 0.3 and 1 vol.% steel fibers. The

fracture curves in zone 2 are different from each

other. For plain mortars, regardless of w/b, the

applied load falls rapidly to zero straight after the

maximum load is exceeded. For mortars with steel

fibers, 1 vol.% steel fibers arrest the applied load

from falling earlier than 0.3 vol.% steel fibers, in

addition, three out of five curves show strain hard-

ening just after the maximum load, see Fig. 8.

4.2 Engineering stress and strain curves

Regardless of w/b, mortars with and without steel

fibers show similar engineering stress–strain curves

as in Fig. 3. Therefore, it is difficult to study the

effect of steel fiber and silica fume on the fracture

mechanism in the mortars from the curves. In this

case, only the compressive energy was calculated

from the curves. However, the photos taken on the

cubes after the uniaxial compressive tests show that

the steel fibers have an effect on the fracture modes of

mortars, see Fig. 9. For mortars without steel fibers,

the cracks initiated from the top and the middle of
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Fig. 5 Load–deflection curves for mortars with w/b 0.3

(a) without, and (b) with 10% silica fume incorporated with

0.3 vol.% steel fiber. From two out of three curves in (b), an

elastic deformation is seen before the cement-hydrate debond-

ing takes place at the steel fibers’ interfaces
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Fig. 6 Load–deflection curves for mortars with w/b 0.5

(a) without, and (b) with 10% silica fume incorporated with

0.3 vol.% steel fiber. From two out of four curves in (b), an

elastic deformation is seen before the cement-hydrate debond-

ing takes place at the steel fibers’ interfaces
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both sides of the cubes at around 20–45� from the

direction of the uniaxial applied load and then

coalesced together. This led to big pieces of mortar

to fall apart from both sides of the cubes. However,

mortars with steel fibers, the cracks initiated in the

same direction as the uniaxial applied load with one

small transverse crack and big pieces of mortar from

both sides were held from falling apart. Since the

fracture mode is not the main concern in this study, a

detailed work is not provided here.

Table 5 The compressive energy, the fracture energy, the debonding load, the decreased deflection and the deflection at maximum

load of steel fiber-reinforced mortars

w/b = 0.3 w/b = 0.5

Silica fume (% by cement weight) 0 10 0 10

Steel fiber (vol.%) 0.3 1 0.3 0.3 0.3

Compressive energy, Wc ± DWc (J) 81 ± 6 113 ± 14 101 ± 6 37 ± 4 46 ± 3

Fracture energy, GF ± DGF (J/m2) 214 ± 43 269 ± 7 200 ± 8 125 ± 14 131 ± 9

Debonding load, Ld ± DLd (kN) 2160 ± 88 4575 ± 547 2141 ± 328 1459 ± 128 1429 ± 329

Close-up deflection, D (B–C) (mm) 0.015–0.023 – 0.006–0.036 – 0.018–0.030

Deflection at maximum load (mm) 0.180–0.257 0.210–0.251 0.149–0.181 0.138–0.188 0.123–0.198
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Fig. 7 Load–deflection curves for mortars with w/b 0.3

without silica fume incorporated with 0, 0.3 and 1 vol.% steel

fiber
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Fig. 8 Load–deflection curves for mortars with w/b 0.3

without silica fume incorporated with 1 vol.% steel fiber

Fig. 9 The fracture modes of mortars: (a) without steel fibers

and (b) with steel fibers
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4.3 Backscattered electron images

The composite structure of steel fiber-reinforced

mortar depends on the mix proportions of materials

and the efficiency of mixing. Before the BSE-IA and

SEM-EDX were performed, the composite structure

of the specimen was studied using the SEM.

Figure 10 shows the ITZ of a steel fiber extending

to the bulk matrix and the neighbouring aggregates

for mortars with w/b 0.3 and 0.5. Due to the fact that

the steel fibers having a diameter of 0.16 mm and the

aggregates having sizes less than 4 mm, more

overlaps of ITZ aureoles are found in the specimen

[15]. Occasionally, porous zone around those steel

fibers that cluster together is seen, as shown in

Fig. 11. No void due to bleeding forms at the bottom

of steel fiber in mortars with w/b 0.3 and 0.5 [31].

This indicates that the mixing without segregation

was achieved and the formation of cement hydrates in

the ITZ of steel fiber was mainly influenced by the

wall effect and the degree of hydration. Microcracks

are found in mortars with w/b 0.3. As shown in

Fig. 10a—left, microcracks do not initiate from any

pores that close to the steel fiber’s interface. They are

at a right angle to the steel fiber’s interface and

propagate through the bulk matrix and end up at a

right angle on the interface of a neighbouring

aggregate. On top of that, some small microcracks

that do not initiate from any pores are also seen in the

ITZ or the bulk matrix in mortars with w/b 0.3 due to

dessication. No agglomeration of silica fume was

found in the specimens for both w/b [32]. Therefore,

for the quantitative analysis of porosity and cement

hydrates using the BSE-IA and the SEM-EDX, we

selected the steel fiber that was located as far away as

possible from any interaction of aggregate to avoid

ITZ aureole and with no microcrack so that the

intrinsic properties of the paste in the ITZ extending

to the bulk matrix could be studied.

4.4 Porosity and unhydrated cement in ITZ

and bulk matrix

Figure 12a and b shows the curves of area % of

porosity and unhydrated cement versus distance from

the steel fiber’s interface for w/b 0.3 and 0.5. Each data

point in each curve shown in Fig. 12a and b represents

an average of area fractions of six steel fibers’ ITZs

(a) 

(b) 

Steel fiber

aggregate

microcrack

ITZ aureole 

ITZ aureole

fine aggregate 

Fig. 10 The BSE images of the top side (left) and the bottom side (right) of the ITZ and the bulk matrix of steel fibers in mortars

with (a) w/b 0.3 and (b) w/b 0.5. The bright round object is steel fiber
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from two specimens of the same w/b. The distance

studied from the steel fiber’s interface was from 10 up

to 60 lm. The resolution of the pore sizes can be

detected in our study is 0.1 lm/pixel [33, 34].

Therefore, only the coarse-capillary porosity was

measured in the ITZ between the steel fiber and the

bulk matrix.

For the mortar with w/b 0.3, a sharp gradient in

area % of porosity is shown from the steel fiber’s

interface to 20 lm away and then it reaches a plateau

at 30 lm. For the mortar with w/b 0.5 without silica

fume, the area % of porosity shows a constant value

from 10 to 30 lm away from the steel fiber’s

interface; however, with 10% silica fume, a gradient

is shown from the steel fiber’s interface to 30 lm.

From the study of the porosity gradient of both w/b, a

steel fiber with a diameter of 0.16 mm included into

the mortars with the maximum aggregate size\4 mm

has an ITZ thickness of around 20–30 lm. The bulk

matrix is then at the distance of 30–50 lm away from

the steel fibers. An ITZ belonging to a neighbouring

aggregate is encountered at the distance of 50 lm

away from the steel fiber, therefore, a sudden increase

in area % of porosity is seen in the curve. From the

BSE images, most of the small particles such as the

limestone powders (57.2% \ 24 lm) that were not

involved in the chemical reaction [35] or the fine

aggregates\0.125 mm tended to deposit close to the

steel fibers. If the paste formed surrounding the fine

aggregate is dense, a decrease in porosity at 40 lm

away from the steel fiber’s interface is seen; if it is

loose, an increase in porosity at 40 lm away from the

steel fiber’s interface is seen.

The w/b 0.5 has higher area % of porosity and

lower area % of unhydrated cement in the ITZ and

the bulk matrix compared to w/b 0.3, and this is

mainly due to the availability of higher water and

lower cement powder content involved in the cement

hydration in the case of w/b 0.5.

Silica fume has been reported to have effects in

densifying the cement paste due to its smaller particle

size to fill the pores and its pozzolanic reaction with

CH to form C–S–H [22, 23]. However, from the

quantitative analysis of the area % of porosity for

both w/b, mortars with 10% silica fume show higher

area % of porosity than that without silica fume even

though the inclusion of 10% silica fume reduces the

area % of unhydrated cement compared to that

without silica fume. It has reported that the filling

effect of silica fume [32] and the compressive

strength of concrete [36] reduce if the silica fume is

not dispersed properly in the matrix. Under the SEM

examination as mentioned in the Sect. 4.3, the

Fig. 11 A porous area is found around the steel fibers that

agglomerated together

Fig. 12 Microstructural curves in the ITZ and the bulk matrix

of steel fibers in the mortars with w/b 0.3 and 0.5: (a) porosity

and (b) unhydrated cement grain
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agglomeration of silica fume [32] was not found in

the ITZ of steel fiber and bulk matrix of our

specimens. If the agglomeration of silica fume

happened to our specimens and no filling effect from

the silica fume, the same area % of porosity should be

shown in both w/b with and without 10% silica fume.

On the other hand, there has been research about the

effect of silica fume on the pore structure of cement

paste. According to Buil et al. [37], the pozzolanic

reaction of silica fume with CH led to large voids

(1–10 lm), which corresponded to the initial CH

crystals sites that had not been filled up after 28-day

curing. Zhang et al. [38] showed that silica fume

reduced the content of fine pores but increased the

content of large pores ([0.5 lm) in cement paste

using the mercury porosimetry method. The increase

in area % of porosity in the ITZ of steel fiber in our

mortars with 10% silica fume using the BSE-IA is in

agreement with that of Buil et al. [37] and Zhang

et al. [38]. As for the area % of unhydrated cement,

silica fume only replaced the cement powder by 10%

of cement weight with the volume fraction of the

water remaining the same in the mixtures with and

without silica fume for both w/b, see Table 1 [18, 19].

This explains the higher degree of hydration in the

mortars with silica fume for both w/b, as shown in

Fig. 12b.

Figure 12 shows that for mortars with w/b 0.3 and

with 0.3 and 1 vol.% steel fibers, the ITZ and the bulk

matrix at 1 vol.% steel fibers have higher area % of

porosity than that at 0.3 vol.%, although the area %

of unhydrated cement remains the same in the ITZ

and the bulk matrix for both vol.% steel fibers. In the

mix proportion shown in Table 1, the inclusion of

steel fibers actually replaced some aggregates in

terms of vol.%, with the rest of the components

remaining unchanged. Steel fibers have a higher

surface-volume ratio compared to aggregates. The

increase of the amount of steel fibers definitely

increased the total surface area. Therefore, the

amount of paste that deposited around each steel

fiber was reduced, and this led to higher area % of

porosity in the ITZ and the bulk matrix of 1 vol.%

steel fibers.

4.5 Ca/Si ratio in ITZ and bulk matrix

Figure 13 shows the Ca/Si ratio at the top and the

bottom of the steel fibers versus the distance from the

steel fiber’s interface. The X-ray line analysis was

performed at the top and the bottom of three different

steel fibers in the mortars of the same w/b. The Ca/Si

ratios of three different areas were plotted in the same

graph to see the distribution of CH, C–S–H and AFm

in the ITZ and the bulk matrix of steel fibers of each

mix. All graphs are displayed with the maximum axis

of Ca/Si ratio at 35 so that the data points of Ca/Si

ratio between 0 and 2.5 are clearly shown for

comparison. Therefore, this causes the data points

with the Ca/Si value more than 35 to be removed

from some of the graphs. The Ca/Si ratio at zero

distance refers to the area very close to the interface

of a steel fiber. The Ca/Si ratio = 0 in the region of

22–40 lm, as shown in Fig. 13c—right, is due to the

presence of a fine aggregate which was silicious sand

in this study. 63.5% of cement powders and 79.8% of

limestone powders are CaO (see Table 2). The

presence of unhydrated cement and limestone powder

in w/b 0.3 and 0.5 contributes to the Ca content. Due

to that, not all the Ca/Si ratio[10 calculated refers to

the presence of CH, especially the high peak found at

the distance of 30 lm from the steel fiber’s interface,

see Fig. 13. This was confirmed by checking the

location of the data point in the BSE image where the

data point was taken.

The quantitative analysis reveals that a non-

continuous layer of large quantity of CH together

with a non-continuous layer of C–S–H and a small

quantity of AFm form on the interface of a steel fiber

for both w/b. A higher build-up of CH is mainly

found from the steel fiber’s interface to a distance of

2 or 4 lm away, which is consistent with the

discovery of a relatively large deposition of CH

close to the duplex film reported by Barnes et al. [13].

A large quantity of C–S–H is found depositing after

8 lm for w/b 0.3 and after 4 lm for w/b 0.5. The

replacement of cement by 10% silica fume reduces

the build-up of CH close to the steel fiber’s interface,

with the reduction of CH being more in w/b 0.3 than

in w/b 0.5.

The trends of the CH, C–S–H and AFm distribu-

tions in the ITZ and the bulk matrix of the steel fibers

in w/b 0.3 with 0.3 and 1 vol.% steel fibers are

similar. Since the inclusion of steel fibers only

replaced some aggregate and not the binder compo-

sition, it was unlikely that the Ca/Si ratio was

influenced by the amount of steel fibers included in

the mortars.
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Fig. 13 Chemical composition curves in the ITZ and the bulk

matrix of the top side (left) and the bottom side (right) of steel

fibers: (a) w/b 0.3 without 10% silica fume (sf) with 1 vol.% steel

fiber (st), (b) w/b 0.3 without 10% sf with 0.3 vol.% st, (c) w/b 0.3

with 10% sf with 0.3 vol.% st, (d) w/b 0.5 without 10% sf with

0.3 vol.% st, and (e) w/b 0.5 with 10% sf with 0.3 vol.% st
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4.6 Effect of porosity and microstructure

on mechanical properties

Table 5 shows the fracture energies, compressive

energies, and debonding loads of a series of steel

fiber-reinforced mortars that were made in this study.

Three cases that relate the porosity and microstruc-

ture to the studied mechanical properties are drawn as

below:

(1) Mortars with w/b 0.3 show higher compressive

energies, fracture energies and debonding loads

than mortars with w/b 0.5. This is mainly due to

the low porosity and high cement-hydrate

packing in the ITZ and bulk matrix at w/b 0.3,

which is confirmed from the BSE-IA data

presented in Sect. 4.4.

(2) Applying 10% silica fume to both w/b with

0.3 vol.% steel fibers, most of the mortars with

10% silica fume show higher fracture and

compressive energies than those without 10%

silica fume, and both have similar debonding

loads. Although 10% silica fume increases the

porosity in the ITZ and bulk matrix, it also

increases the amount of C–S–H that gives

strength to the mortar through the pozzolanic

reaction [39]. This implies that if silica fume is

not dispersed properly in the mortar, an

increased amount of C–S–H through the poz-

zolanic reaction cannot be achieved, regardless

of w/b. This explains a drop in the mechanical

properties of mortars reported by others [20].

(3) Comparing mortars with w/b 0.3 and with 0.3

and 1 vol.% steel fibers, 1 vol.% has higher

debonding load, compressive and fracture ener-

gies than 0.3 vol.%. In addition, 1 vol.% shows

strain hardening after the maximum load.

However, the BSE-IA shows that 1 vol.% has

higher area % of porosity in the ITZ and bulk

matrix than 0.3 vol.%. An increased amount of

0.7 vol.% steel fibers that helps in arresting,

forcing the propagation of cracks through more

tortuous paths and bridging the cracks out-

weighs the overlap of ITZ aureoles and the

porosity in bulk matrix. Therefore, an increase

in debonding load, compressive and fracture

energy is seen in 1 vol.%.

The above discussion show that for a composite

material such as steel fiber-reinforced mortar, the

porosity, the amount of C–S–H and the vol.% of

reinforcement are closely related to each other in

influencing the studied mechanical properties. The

higher the porosity, the lower the cement-hydrate

packing is in the ITZ and bulk matrix. Therefore, less

cement hydrates are for strengthening the paste

matrix, for the adhesion and stress transfer between

steel fiber and paste matrix. However, the effect of

porosity on the studied mechanical properties will

become marginal if a substantial amount of C–S–H,

which gives strength to the mortar, or a substantial

vol.% of reinforcement, which arrests, forces the

cracks propagating through more tortuous paths and

bridges the cracks, are included in the mortar. On top

of that, this study also shows that 10% silica fume

that is dispersed properly in the mortar evolves

completely in the pozzolanic reaction to produce

C–S–H. Due to that, no silica fume is left for filling

the pores.

Different types of cement hydrates in the ITZ have

a tendency in influencing the way that the stress is

transferred from the bulk matrix to the steel fiber. CH

is crystalline and C–S–H is amorphous [39]. From the

quantitative analysis of the Ca/Si ratio, more C–S–H

forms in the ITZs of steel fibers for mortars with 10%

silica fume after 28-day curing. Due to that, an elastic

deformation before the debonding at the steel fiber’s

interface is shown on the load–deflection curves of

steel fiber-reinforced mortars with 10% silica fume.

In order to have the elastic deformation before

debonding, the bonds between the cement hydrates

and the steel fiber’s interface must be ductile;

otherwise, no elastic deformation will be shown if

the bond is brittle. This study reveals that the bond

formed between C–S–H and steel fiber’s interface is

ductile and the bond formed between CH and steel

fiber’s interface is brittle.

5 Conclusions

This research work led to the following conclusions:

(1) 10% silica fume that was dispersed properly

in the mix not only increased the amount of

C–S–H through the pozzolanic reaction but also

increased the coarse-capillary porosity in the

ITZ and bulk matrix of steel fiber, regardless of

w/b.
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(2) For steel fiber-reinforced mortars, the porosity,

the amount of C–S–H and the vol.% of steel

fibers were related to each other in influencing

the fracture energy, compressive energy and

debonding load. The effect of porosity in

decreasing the studied mechanical properties

could be suppressed when a substantial amount

of C–S–H or steel fibers appeared in the mortar.

(3) The inclusion of 1 vol.% steel fibers in a mortar

outweighed the cement replacement of silica

fume by 10% cement weight in terms of the

improvement of the studied mechanical proper-

ties of steel fiber-reinforced mortars, although

both increased the porosity in the paste matrix.
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