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Abstract The aim of the presented research pro-

gramme was to investigate the flexural behaviour of

steel fibre reinforced self-compacting concrete beams.

The tested beams were reinforced with two types of

crimped steel fibres. Fibres were added in volumes of

0.5, 1.0 and 1.5 %. The experimental tests were

conducted on specimens cut from 1.2 m long ele-

ments. Before destructive mechanical testing the

specimens were subjected to medical X-ray computed

tomography (XCT) procedures. Results of XCT

allowed to determine the distribution of fibres. The

flexural behaviour of the beams was tested according

to the RILEM TC 162-TDF recommendation. A

comparison of non-destructive results and mechanical

behaviour of tested specimens proved a very strong

dependence. XCT also made it possible to assess the

uniformity of fibre distribution throughout the tested

elements. The influence of the location of concrete

casting on fibre distribution was determined. The

influence of mixture flow on fibre orientation was also

analysed.

Keywords SFRC � Steel fibres � Self-compacting

concrete � Flexural tensile strength � X-ray computed

tomography � XCT � SCC � SFR-SCC

1 Introduction

Modern steel fibre reinforced concrete (SFRC) was

officially developed in the USA in 1969 when US

Patent 3429094 was issued to J.P. Romualdi. It was

initially produced by the Battelle Development Cor-

poration of Columbus located in Ohio and followed by

several other producers of chopped steel fibres [1, 5].

Originally SFRC was mainly used to cast flat slabs,

pavements and tunnel linings. It was also applied for

various repair applications [4, 46]. Currently SFRC is

recognized as a cement composite characterized by a

high toughness in tension and bending and it is

commonly used in construction industry. Its resistance

to all types of dynamic loading (including blast and

projectile loads) is also utilized in many types of

modern concrete structures. From the very beginning

of SFRC, fibre distribution was the most important

technological problem significantly hindering its ap-

plication and development of standards. Fibre distri-

bution is influenced by numerous factors including

particle size of aggregate, type and volume of used

fibres, method of adding fibres, mixing procedure,
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casting sequence and compaction method. For the last

45 years there has been huge research efforts focused

on SFRC which solved the majority of these techno-

logical problems. The following was defined: limits of

fibre additions, best types of steel fibres for specific

applications, ordinary concrete mixes compatible with

specific fibre reinforcement, best mixing, casting and

compaction practices. All these valuable achievements

were based on two conditions: the matrix concrete has a

non-self-compacting consistency and there was no

suitable or accurate non-destructive method of assess-

ing fibre distribution. Although the correlation be-

tween fibre distribution, and properties of fresh and

hardened SFRC was pointed out by many researchers

[6, 13, 20, 22] this topic deserves a much deeper

investigation. The newest trend in technology of SFRC

is to use self-compacting concrete (SCC) as a matrix.

This material known as steel fibre reinforced self-

compacting concrete (SFR-SCC) has a wide range of

potential applications in construction industry. Previ-

ously unknown possibilities in creating a concrete

structure, including new types of thin-wall elements, is

within reach for this material. The main obstacle in

successful implementation of SFR-SCC in civil engi-

neering is the lack of thorough analysis of fibre

distribution (especially when considering thin ele-

ments [8, 23]). The results of a few research pro-

grammes dealing with SFR-SCC [6, 7, 24, 26, 37]

prove that fibre distribution in such structural elements

varies due to the type of casting process, the flow rate,

the wall effect, the location of concrete casting point

(CCP), the thickness of elements and the proximity to

the bottom of moulds. Variations in fibre distribution in

case of SFR-SCC can be higher compared to traditional

SFRC. The knowledge about rules governing fibre

distribution in SFRC is less meaningful in case of SFR-

SCC. So far, it was difficult to assess fibre distribution

in SFR-SCC without undertaking traditional destruc-

tive or sophisticated and difficult to use non-destruc-

tive testing [10, 30, 31, 45, 47, 49, 50]. As an alternative

the magnetic method is being developed by Italian [15]

and Spanish [29] research groups. Keeping in mind all

previous technological experience with SFR-SCC, the

authors decided to apply X-ray computed tomography

(XCT) as a non-destructive method to assess its fibre

distribution. XCT also proved to be an efficient and

flexible non-destructive method of high-resolution

microstructural characterization of different materials

[24, 25, 37, 39, 40, 48, 49]. The main aim of the

research programme was to denominate the correlation

between the location of CCP, fibre distribution and

mechanical properties of hardened SFR-SCC beams.

2 Materials and mixture composition

Two types of crimped steel fibres were used in this

research programme. Both fibre types are character-

ized by a cross-section with a shape of a segment of a

circle, a tensile strength equal to 800 MPa and modulus

of elasticity of 201 GPa. Basic geometric properties of

the fibres are presented in Table 1. The choice of the

fibres was based on previous research experience of the

authors and other researchers with SFRC and SCC

mixes [33–35, 37]. The commercial availability and

number of civil engineering applications of specific

fibre types were also studied and taken into consid-

eration [22].

Cement CEM I 42.5R was used as a binder. The

specific gravity of the cement is equal to 3.1 g/cm3 and

its fineness is equal to 3400 cm2/g. This cement is

characterized by an initial setting time of 170 min and

a final setting time of 250 min. Compressive strengths

after 2, 7 and 28 days are equal to 24 ± 2, 41 ± 2 and

52 ± 3 MPa, respectively. The chemical composition

of the cement is presented in Table 2.

The aggregates used for the mixes were of natural

origin. Natural fine aggregate was sand characterized

by the maximum diameter of 2 mm and median

diameter of 0.435 mm [21]. Coarse aggregate was in a

form of crushed basalt gravel characterized by the

maximum diameter of 8 mm. Admixtures utilized to

compose SFR-SCC were chosen according to rules

defined in [9]. The selected superplasticizer was

characterized by a density of 1.07 g/cm3 and was

based on polycarboxylate-ether (concentration 20 %).

The base constituent of the selected stabilizer was a

synthetic co-polymer. The density of the stabilizer was

equal to 1.01 g/cm3. The mixes were prepared using a

relatively high content of cement (490 kg/m3). Similar

cement contents in SCC was investigated and suc-

cessfully applied by several researchers [15, 32, 44].

The dosage of fine and coarse aggregates were both

equal to 800 kg/m3. In order to maintain a water/

cement ratio of 0.41, tap water was added in a volume

of 201 kg/m3. Superplasticizer was added to the fresh

mix in order to achieve the slump flow range of

720 7 800 mm of SCCs modified by fibre. The
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amount of 3.5 % (17.2 kg/m3) of superplasticizer

proved to be sufficient to achieve the slump flow of

830 mm for unreinforced SCC. Stabilizer was added in

the amount of 1.96 kg/m3. The described mixture was

modified by 0.5, 1.0 and 1.5 vol% of steel fibres. The

described mix proportions were achieved using mix

proportioning system proposed by Okamura and Ozawa

[28]. This system was successfully developed in Japan

and applied for in situ applications and prefabrication.

The aggregate contents are fixed. The self-compatibility

is achieved only by adjusting the water-powder ratio and

superplasticizer dosage [11, 28]. The utilized mixing

procedure is presented in Table 3. The mix design has

not been adjusted (as proposed by Ferrara et al. [14]) to

account for the incorporation of larger volumes of fibre.

In this way the compliance with previous research

programmes [36–38, 43] was maintained and full

comparison of achieved results is enabled.

3 Cast specimens and research programme

The research programme was divided in two stages.

The first stage focused on non-destructive testing of

cast specimens. During this stage, 13 SFR-SCC

specimens in the form of beams (1200 mm 9

150 mm 9 150 mm) were cast. The slump-flow test

was utilized to check the flowability of the mixes,

according to RILEM TC 145-WSM [41]. The slump-

flow diameter (SFD), and time to reach the 500 mm

spread (T50) of the fresh mix were measured. Density

and air content in the fresh mix were also investigated.

The cast beams were differentiated by fibre type

and fibre volume. Six specimens were cast with Fibre

35; six specimens were produced with Fibre 50 and

one specimen without fibres. The CCP was located

near one end of a beam (see Fig. 1). After hardening,

the beams were cut into two specimens (BEAM I

and BEAM II) having dimensions of 600 mm 9

150 mm 9 150 mm each. 24 specimens (12 BEAM I

and 12 BEAM II) were cured for 14 days and then they

were subjected to XCT imaging using a 64-row

medical scanner GE Discovery 690. The penetration

factor was an X-ray beam with parameters of acqui-

sition protocol not less than a cathode voltage of

140 kV, X-ray tube current of 400 mA using helical

mode. After tomography reconstruction volumetric

Table 1 Geometric

properties of used steel

fibres

Fibre code name Geometric shape Length (mm) Width (mm) Number of fibres per kg

Fibre 35 35 ± 10 % 2.30 7 2.95 2884

Fibre 50 50 ± 10 % 2.30 7 2.95 1128

Table 2 Chemical composition of cement CEM I 42.5R in %

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O Cl-

19.5 4.89 2.85 63.3 1.29 2.76 0.14 0.90 0.05

Table 3 Mixing procedure

Time (min) Added ingredients

0 Fine aggregates, coarse aggregates

1 Cement

2 70 % of water, fibres

3 20 % of water, superplasticizer

5 10 % of water, stabilizer

7 End of mixing

Fig. 1 Casting of a SFR-SCC beam (1200 mm 9 150 mm 9

150 mm), location of CCP and cutting plane of BEAM I and

BEAM II
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images of size 512 9 512 9 1500 (voxel size 0.47;

0.47; 0.4 mm) were obtained. This protocol was

described in detail in an earlier publication [37]. The

thickness of a series of reconstructed native CT scan

was 0.625 mm. The examined surface of each layer of

concrete was 150 mm 9 150 mm. For each specimen

the result consisted of a native series written in Digital

Imaging and Communications in Medicine (DICOM)

format with 12-bit gray-scale intensity with at least

950 images. Voxel intensity was expressed in Houns-

field Units (HU). The reconstructed series consisted of

at least 1500 images (taking into account the interval

in the range 50 7 80 % of the thickness of the native

layer). The acquired CT volumetric images were

processed by in-house written software using C??

libraries for medical image processing ‘‘The Insight

Toolkit’’ [17]. Using this data, spherical histograms

were generated following the procedure used in

previous research programmes by Rudzki et al. [43]

and by Ponikiewski et al. [37], which completed the

first stage of the research programme.

The second stage of the research programme

focused on mechanical properties of SFR-SCC. After

additional 14 days of curing three-point bending tests

were conducted on notched specimens. The tests were

performed according to the general guidelines of

RILEM TC 162-TDF [42] and EN 14651-2005 [12]

measuring the load—CMOD (crack mouth opening

displacement) response. During the tests the mid-span

deflection of the specimen increased at a constant rate

of 0.2 mm/min. The tests were performed until the

beam reached a deflection of 5 mm. The deflection of

the two opposite sides of the specimen was measured

in the centre of the specimen by a LVDT sensor placed

on a steel frame. The steel frame was supported at the

top and on both sides of the specimen. The steel frame

was used to avoid deformations in overall deflection

coming from the subsidence or rotation of the

specimen on the supports, which was widely investi-

gated by Banthia and Trottier [3]. The CMOD was

measured, simultaneously with the beam deflection,

with a clip gauge attached at the knife-edge. The

acceptable error level for the CMOD was chosen

according to [2]. After execution of the three-point

bending tests, the beams were cut into 150 mm 9

150 mm 9 150 mm cubes and their compressive

strength was tested, which completed the second stage

of the research programme.

4 Test results

The results achieved during the first stage of the

research programme are summarized in Table 4. The

value of the SFD ranged from 720 7 830 mm. The

smallest value of SFD was achieved for both SFR-

SCC modified by the maximum (1.5 %) volume of

steel fibres. The largest SFD was achieved for the

Table 4 Properties of fresh and hardened SFR-SCC mixes and specimens

Beam I ?

Beam II

Fibre Vf (%) Fresh mix fcm,28d (MPa)

T50 (s) SFD (mm) qm (kg/m3) Acm (%) Beam I SD Beam II SD

00 – 0.00 1.5 830 2317 1.6 62.54 1.53 61.96 1.86

AI ? AII F35 0.50 2.0 805 2330 2.1 68.86 2.54 69.94 2.78

BI ? BII F35 1.00 2.0 790 2365 2.6 71.27 4.68 72.34 4.02

CI ? CII F35 1.50 2.5 740 2390 2.9 76.56 5.84 77.05 4.36

DI ? DII F50 0.50 2.0 795 2381 2.2 78.94 2.97 79.42 2.42

EI ? EII F50 1.00 2.5 760 2383 2.5 79.27 3.92 80.77 4.03

FI ? FII F50 1.50 2.5 720 2394 2.7 76.67 4.94 77.16 4.63

GI ? GII F35 0.50 2.0 800 2335 2.0 70.42 2.15 71.47 2.10

HI ? HII F35 1.00 2.5 785 2374 2.5 73.32 2.73 74.13 1.98

JI ? JII F35 1.50 2.5 740 2425 3.0 74.07 3.83 72.93 3.56

KI ? KII F50 0.50 2.0 790 2377 2.1 75.96 3.38 77.93 3.92

LI ? LII F50 1.00 2.5 765 2389 2.4 74.97 4.03 79.57 4.53

MI ? MII F50 1.50 2.5 720 2417 2.8 78.43 4.98 79.40 3.87
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cement matrix without fibres. The time to reach

500 mm spread varied from 1.57 2.5 s. T50 was equal

to 1.5 s for the matrix without fibres. Five SFR-SCC

mixes were characterized by T50 = 2.0 s, and seven

mixes were characterized by T50 = 2.5 s. There are no

official requirements for properties of fresh SFR-SCC

mixes, thus the properties of the fresh mixes were

compared with requirements given by EFNARC for

non-reinforced SCC [11]. All composites in question

fulfilled the criteria for properties of fresh non-

reinforced mix to be classified as SCC. The density

(qm) and air content of the fresh (Acm) mixtures were

determined for quality control and to check the

homogeneity of the mixtures. The mixture without

fibres was characterized by the lowest density

qm = 2317 kg/m3. Along with increasing the volume

of fibre the density of composites increased; the

density was 2425 kg/m3 for Vf = 1.5 % (fibre F35).

The air contents of the SFR-SCCs were in the range of

Acm = 2.45 ± 0.35 %, while the Acm of the matrix

was equal to 1.6 %.

The compressive strength of matrix was about

62.0 MPa. The addition of randomly distributed short

steel fibres influenced the compressive strength of the

tested composites. For the maximum volume of added

fibres, the compressive strength reached 80 MPa. It

means that the value of compressive strength was

increased by almost 30 %.

The results achieved during the second stage of the

research programme allowed to calculate flexural

tensile strength (for limit of proportionality—LOP) for

notched beams (fL). The LOP strength was determined

by interpolation of the elastic part of the test. The

applied equation [1, 19] is as follows:

Table 5 Classification of

the post-cracking strength

of SFR-SCC in compliance

to ‘‘fib Model Code 2010’’

[16]

Specimen fL (MPa) fR,3/fR,1 fR,1/fL Classification

Nominal

strength class

Residual

strength ratio

00 2.51 n/a n/a n/a n/a

AI 3.58 0.632 0.849 3 a

AII 3.77 0.883 0.793 2.5 b

BI 4.67 0.784 0.921 4 b

BII 4.54 0.760 0.901 4 b

CI 7.28 0.584 0.992 7 a

CII 6.74 0.921 0.806 5 c

DI 4.79 0.931 0.906 4 c

DII 4.59 0.650 0.915 4 a

EI 6.59 0.754 0.964 6 b

EII 7.16 1.191 0.703 5 d

FI 6.37 0.869 0.922 5 b

FII 8.74 0.900 0.905 7 b

GI 3.82 0.723 0.851 3 b

GII 3.44 0.763 0.552 1.5 b

HI 4.49 0.831 0.960 4 b

HII 4.70 0.720 0.828 3 b

JI 6.16 0.803 0.966 5 b

JII 6.79 0.828 0.960 6 b

KI 4.66 0.783 0.951 4 b

KII 4.15 0.690 0.964 4 a

LI 6.01 0.787 0.967 5 b

LII 7.56 0.813 0.955 7 b

MI 5.59 0.790 0.970 5 b

MII 9.87 0.918 0.969 9 c
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fL ¼ 3FLl

2b h� a0ð Þ2
; ð1Þ

where fL is the load corresponding to the LOP; l, b,

h are the span, width and depth of a beam; a0 is the

height of notch.

The values of residual flexural strengths were also

determined: fR,1, fR,2, fR,3 and fR,4 determined for

CMOD equal to 0.5, 1.5, 2.5 and 3.5 mm, respectively.

The equations defining these strengths are given in

[32, 42]. Strengths fR,1 and fR,3 are considered as

significant for service and ultimate conditions, respec-

tively. The strength fL represents the nominal strength

class in the fib classification [16] and strength ratio

fR,3/fR,1 represents the softening or hardening of

composite behaviour. Conventional reinforcement

substitution is possible when at the ultimate limit

state the following conditions are met:

fR;1=fL [ 0:4 ð2Þ

fR;3=fR;1 [ 0:5 ð3Þ

The values of residual flexural strength of all tested

composites with assigned strength class are presented in

Table 5. The strength interval ranges from 1.5 to 9.

Sixteen composites are characterized by class b, four by

class a, three by class c and one by class d of residual

strength ratio. All SFR-SCCs fulfil the requirements for

enabling conventional reinforcement substitution. The

graphical representation of all five residual strengths

(fR,1, fR,2, fR,3, fR,4 and fL) with corresponding equations

are shown in Figs. 2 and 3. The largest deflection at the

Fig. 2 Flexural tensile strength fL of tested SFR-SCCs

Fig. 3 Residual flexural strengths fR,1, fR,2, fR,3, fR,4 of tested

SFR-SCCs
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maximum load (FMAX), equal to 0.83 mm, was noted

for specimens modified by 1.5 % of F50 fibres.

In Fig. 4 selected 2D- and 3D-XCT images

of steel fibres in tested SFR-SCCs are shown.

2D-images are basically the fracture surfaces. 3D-images

show the central area (200 mm long) of beams. The

images show composites modified by different volumes

of fibres F50. In case of 2D-images there is a character-

istic picture deformation at the edges. This phenomenon

is associated with the internal structure of the concrete as

a result of the mix flowing during casting. There are no

large clusters of fibres in the matrix. The arrangement of

fibres during casting is parallel to the direction of the

flow. There are only few fibres arranged perpendicularly

to the direction of flow. Apart from assessing general

fibre spacing and spacing uniformity the XCT images

allowed to calculate the density of fibre spacing (qF).

This parameter is basically the number of fibres identi-

fied in a particular cross-section of a specimen using

XCT images. The density of fibre spacing was expressed

in 1/cm2 and summarized in Table 6.

5 Discussion

As expected, for both types of steel fibres, the beams

reinforced by higher fibre volumes are characterized

by higher flexural tensile strengths. Fibre F50 seems to

be more effective in improving the flexural tensile

strength of tested SFR-SCC than fibre F35. The

distance from CCP strongly influences the fL of SFR-

SCC. This phenomenon, is the most visible, in case of

the maximum addition of fibre F50. However, this

dependency was more pronounced for fibre dosages

higher than 1.0 %. The observed increase of the

flexural tensile strength is almost linear, thus the

authors decided to use the formula proposed by Akcay

[1]. This formula based on the research of Naaman and

Reinhardt [27], allows to calculate the flexural

strength of SFRC in a very straightforward way:

fLðNaaman&ReinhardtÞ ¼ k1rmu þ k2Vf

L

d
; ð4Þ

where L is the length of steel fibres, d is the diameter of

steel fibre, rmu is flexural strength of matrix; Vf is the

volume of steel fibres; k1, k2 are the coefficients.

(a) (b) (c)

Fig. 4 2D and 3D XCT images of SFR-SCC: a Vf = 0.5 %; b Vf = 1.0 %; c Vf = 1.5 %

Table 6 The density of fibre spacing

Vf (%) Density (fibre/cm2) by XCT

F35 F50

0.50 1.19 7 1.43 1.00 7 1.68

1.00 2.18 7 2.56 2.34 7 2.73

1.50 3.20 7 3.54 3.85 7 4.09
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In case of the studied composites, the value of k1 is

equal to 1.0. The same value of k1 was obtained by other

researchers [1, 18, 19]. On the basis of the test results of

this research programme, the value of k2 was ranging

from 0.18 to 0.19 and from 0.19 to 0.23 for F35 and F50

fibres, respectively (see Fig. 2). These values are similar

to the ones presented by Akcay [1] and Kang [19].

Residual tensile strengths fR,1, fR,2, fR,3, fR,4 presented

in Fig. 3, differ dependent on the fibre type and location

of CCP. The highest values of the strength were obtained

for specimens reinforced by F50 and located far from the

CCP (Beam II). Specimens cut from where CCP was

located are characterized for this beam by much smaller

values of residual tensile strengths. The larger the

volume of fibre, the larger the difference between

mechanical characteristic of Beam I and Beam II. In

case of composites modified by F35, strength charac-

teristics of both types of specimen (located close to the

CCP—Beam I, and located far from the CCP—Beam II)

are very similar. All relations presented in Figs. 2 and 3

are prepared using Vf on horizontal axis. In this method

of preparing charts the amount of added fibre is assumed

to be fixed and uniform throughout the whole volume of

concrete. The consistency of SFR-SCC and associated

with it a different way of casting the mix significantly

influence fibre distribution. Usually (depending on mix

design and rheological characteristics) fibre distribution

of SFR-SCC is impaired on a much greater scale than in

ordinary SFRC. This phenomenon was noted and

described in previous publications [36, 38] dealing with

SFR-SCC slab and wall elements. To get accurate

relationship between fibre volume and mechanical

parameters of a given SFR-SCC element, XCT

Fig. 5 Influence of fibre density on LOP tensile strength fL of

tested SFR-SCC

Fig. 6 Influence of fibre density on residual flexural strengths

fR,1, fR,2, fR,3 and fR,4
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procedures were used to calculate the density of fibres

(qF) for each fracture surface. The influence of density

of fibre spacing of the fracture surface (expressed in

1/cm2) on LOP tensile strength fL of tested SFR-SCC is

presented in Fig. 5. In the same way all four residual

flexural strengths are presented in Fig. 6.

On the basis of the comparison of Figs. 2 and 3 with

Figs. 5 and 6 it can be stated that the general shape and

slopes of all relationships are similar. Differences are

noticeable for fL and fR,1 characteristics. When using

qF for fL and fR,1 characteristics instead of Vf, larger

differences between F35—Beam I and F35—Beam II

can be observed. Both fL and fR,1 characteristics are

vital for classification of the post-cracking strength of

SFR-SCC. Using either Vf or qF for the prediction of

strengths characteristics can influence the strength

classification according to ‘‘fib Model Code 2010’’ and

possible reinforcement substitution associated with it.

6 Conclusions

The following conclusions can be drawn, based on the

conducted research programme:

– The location of CCP influences the fibre distribu-

tion in SFR-SCC beams.

– SFR-SCC mixes with longer steel fibre are much

more susceptible to the location of CCP, than the

same mixes with shorter steel fibre.

– The length of steel fibres significantly influences

mechanical characteristics of SFR-SCC.

– A formula describing the flexural strength of

SFRC proposed by Akcay is valid for SFR-SCC

notched beams with crimped steel fibres. The

calculated correction factors are similar to those

published by Akcay.

– Medical XCT method can be used for assessing the

fibre distribution in SFR-SCC elements.

– Differences in strength characteristics based on Vf

and qF were observed and are

– A dedicated image processing software for

analysis of concrete, allowing fully automatic

fibres and air pore segmentation (providing data on

their position, orientation and shape properties),

should be developed.

– The research programme should be conducted

using multiple types of fibre and geometric shapes

of cast beams.
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