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1. Introduction

While generally accepted design guidelines for steel fibre reinforced concrete (SFRC) are still
unavailable, the use of such building material in structural elements is considerably limited
regardless of its potential benefits. The design possibilities are further complicated by the fact
that the two most widely used design recommendations in Europe developed by RILEM
committee [1] and DAfStb [2] incorporate significant mutual differences thus raising uncertainty
of design reliability. Therefore many investigations in the field have disassociated from the
existing regulations and are focused on more fundamental understanding of SFRC behaviour. As
an example, many attempts have been made to incorporate composite material mechanics and
fracture mechanics to develop a fundamental method for material response prediction [3, 4].

The use of steel fibres in concrete instead of traditional reinforcement is beneficial mostly due to
simpler casting procedure. Improvement of such material properties like toughness, wear and
corrosion resistance can also be noted for SFRC when compared to traditionally reinforced
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concrete structural elements. From point of view of mechanics, steel fibres serve the purpose of
reinforcement by increasing the tensile strength and by improving post-cracking behaviour of
concrete matrix which itself is a highly brittle material.

Technologically it is rather difficult to distribute a large content of steel fibres into the concrete
mix because it negatively affects the workability. Furthermore, fibres are often a subject to an
undesirable occurrence which is called fibre clustering. Clustering is more likely to occur when

a) b) o) longer fibres are used in the mix.
ol — ~— Therefore for the aim of good workability
rg of the mix, steel fibres are limited both
by their maximal content and length.
20,5 0,75 a1 These limitations have been fully taken
into account for commercially available
E E E steel fibres. Recommended fibre dosage
o o o can usually be found on the fibre
i " b package.

~ ~ ~ Hence, from point of view of mechanics
commercial SFRC can be considered as a

short fibre composite. Logically, it
| corresponds to completely different post-
] [ __ﬁ ] cracking behaviour than traditionally
- o reinforced concrete (with continuous
Figurel. Types of steel fibres: a) straight fibre; steel bars) as the fibres in commercial
b) Dramix fibre; ¢) Tabix fibre SFRC are in most cases pulled out of the

concrete matrix. This places the fibre
pullout mechanism as a key factor to load bearing capacity and serviceability of SFRC
structures.
Following the previously stated, the present report is focused on investigating the pull-out
process of commercially available fibres with the aim to determine the optimal type. Three types
of steel fibres have been observed — straight fibres, fibres with end hooks (Dramix), and
corrugated form fibres (Tabix) (see Figure 1).
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2. Analytic approach

The analytic calculations were performed with the aim to determine internal stress distribution in
SFRC that would illustrate the concept of fibre and matrix interaction in the system. Thus a

a)

Figure 2. Shear-lag model:

a) unstressed system; b) displacements
caused by tensile stress; c) shear stress
variation (orig. figure from [5])

model consisting of single fibre surrounded by
concrete matrix was adapted from mechanics of
composite materials. The simplest and most
widely used model is the shear-lag model which
was originally proposed by Cox in 1952. The
model is centered on the transfer of tensile stress
from matrix to fibre by means of interfacial
shear stress. The principles of the shear-lag
model are shown in Figure 2.
Reference lines are drawn on a fibre and the
surrounding matrix, which are initially straight
and normal to fibre axis. When subjected to
external load the reference lines distort in the
manner shown in Figure 2. Shear stresses in the
matrix and at the fibre matrix interface are
considered.
According to the model, equating the shear
forces on neighbouring annuli of lengthdx
gives:

2T dx =2, T, dx . (1)
It follows that the shear stress 7 in the matrix at
any radius p is related to that at the fibre/matrix

interface, z, by:

r=1,(r/p) . ()
In order to determine stress distribution between
fibre and matrix, it is necessary to define their
displacements. Fibre and matrix displacements
themselves are unknown, but their differentials
are related to identifiable strains — ¢, and ¢,

respectively. For the fibre (Figure 2.) it can be assumed that:

du,/dx=¢, . 3)

For the matrix displacement we have to assume that the differential of u, will approximate the

far-field matrix strain ¢, which is close to the overall composite strain ¢, :

dugy/dx=~¢,. “4)

Following mathematic transformations as described in [1] stress distribution in the fibre can be

determined as:
d*oc

dx?

S

E
where n = [ L

12
E, (1 +v, )ln(R/r)j '

2

:’:—2(0/. ~E,s), 5)

185



Equation (1.5.) is a standard second order linear differential equation from which fibre stress
variation can be determined, according to specified boundary conditions [5].

3. Numeric approach

Numeric calculations in this study were performed also with the
aim to determine internal stress distribution in fibre reinforced
concrete. But unlike in analytic calculations described previously,
in numerical calculations more complete depiction of stress
distribution can be achieved.

All numerical calculations were performed in finite element
program ANSYS 9.0 [6]. Finite element model for each case was
built considering a single fibre embedded in the surrounding
concrete matrix. Actual properties of fibre geometry and elasticity
were entered although the model was two-dimensional. The
constants for concrete were entered in the model after previously
performed compression tests where modulus of elasticity was
experimentally determined. At first geometrical size of concrete
matrix was determined such that only the part that is affected by
the presence of fibre was kept in the finite element model.

As depicted in Figure 3 very fine element mesh was generated.

In the finite element model concrete matrix represents only a
limited fragment of discontinuous environment. Therefore the
element nodes on the drawn borderlines were all assigned with
coupled degrees of freedom. The pull-out load was applied parallel to fibre axis. Because only
stress field distribution was of interest in the current study, the absolute value of the pullout load
was not significant and unit load was applied in the model.

Figure 3. Finite element
model for Tabix fibre

4. Experimental methods

In the experimental part of this research maximal pull-out load and fibre pull-out energy was
determined for three types of commercially available steel fibres — straight fibres (marked F1),
Dramix fibres (with end hooks) (F2) and Tabix fibres (corrugated) (F3) (Figure 1) Samples were
prepared consisting of a single fibre symmetrically embedded in the concrete matrix (Figure 4).
Concrete volume was divided in two parts during casting process by a plastic separator that
prevents any of the tensile stress to be transferred across the concrete section. Thus all of the
tensile stress was transferred only through the fibre that discontinuously crosses the separator
(Figure 4).

Besides the investigation of three different fibre types, also three types of concrete matrices were
observed. It was proposed that the concrete matrix that is reinforced by additional short steel
fibres should have a higher resistance to micro-cracking thus enhancing the pull-out load and
energy of longer steel fibre. Thus the types of matrices observed in the experimental study were:
plain concrete matrix (marked B1), concrete matrix (of the same composition as B1) reinforced

with 6 mm @ 0,16mm fibres (content 25kg/ m>) (marked B2) and also concrete matrix
reinforced with a combination of 6 mm and 13 mm short fibres of the same diameter (total
content =~ 105 kg/m3 ) (B3).
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Overall 4 to 5 samples were
prepared for each fibre/matrix
combination. All samples were
tested at the age of at least 28 days.

The experiments were performed on
high precision testing device
“Zwick/Roell Z150”. Pull-out load
was measured by a load transducer
(of capacity 1kN) and the pull-out

Figure 4. Formation of pullout test displacemept by video extensometer
samples:1 — concrete matrix; 2 — plastic “Messphysik”.
separator; 3 — embedded steel fibre

5. Results

T i [MPa]

B
[}

Analytic results showed that stresses in the
fibre reach the maximal value at fibre midpoint.
At a particular fibre aspect (length vs. diameter)

w
(=)

ratio the tensile stress in the fibre reach the

N
(]

peak value that corresponds to fibre strain equal

strain.

7L to matrix and hence to the total composite
j On the contrary, shear stress at the fibre/matrix

<10 10

interface reaches the maximum value at fibre

2 ¥ ends (see Figure 5). The interfacial shear stress

N
[«s]

distribution and concentration should be

% f0
i

wW
(=)

evaluated uppermost due to the fact that no

40
4

chemical bond between fibre and matrix forms
during hydratation reaction and in the hardened

—d=0.8 mm d=5mm

concrete only weak Van der Waals forces
withstand interfacial sliding. Hence, this weak

Figure 5. Shear stress distribution along bond at the fibre/matrix interface is the main
straight fibre/matrix interface cause for initiation of fibre pull-out which can

yield strength potential.

be considered as ineffective use of steel fibre

Numeric results revealed the stress distribution in the initial stress state before initiation of
interfacial sliding. As the observed material initially responds to loading elastically, the stress
fields from the numeric results can be used to interpret the initiation of inelastic behaviour in the

fibre/matrix system.

755474 1.00¢
830972 1.132

Figure 6. FEM modelling
results for Tabix fibre

For example, stress fields depicted in Figure 6 which
correspond to Tabix fibre at the entrance in the matrix show
that in the initial stage the axial stress in the fibre is lower
than applied stress. This means that in order to break, local
straightening of the fibre has to occur at first. This is what
should be observed in the experimental part of study.

The experimental results of fibre pull-out process of three
different fibres are shown in Figure 7. As it is well noticeable
in the figure, that on the contrary to straight fibres and
Dramix fibres which were all pulled out from the concrete
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matrix, axial stress in Tabix fibres reaches the maximum yield value and the fibres break. This
means that the potential of steel strength in this case is used effectively. In the case of straight
fibres, experimentally determined maximal load at which fibres pull out was only 68,9(N) which
is only 10 % of steel strength potential. For Dramix fibres determined maximal pull-out load was
284,4 (N) which is more than 3 times higher than for straight fibres. But also, in Dramix fibre
pull-out process, only 50 — 60 % of steel strength was utilized.

As it can be seen in Fig.8 the pull-out load and displacement curves vary considerably,
depending on the properties of surrounding concrete matrix. The matrix strengthening effect is
clearly visible as the highest pull-out load corresponds to concrete matrix with highest content of
additional short steel fibres. The strengthening

Fibre pullout process effect was observed for both straight fibres and

Dramix fibres (F1 and F2). For straight fibres

Z 800 | 3 the increase of pull-out load from 68,9(N) (for
Q" 700 - F2 matrix Bl) to 86,4(N) and 161,3(N) (for
600 R matrices B2 and B3 respectively) was observed
500 | (see Figure 8). In the same way values of the
maximal pull-out load for Dramix (F2) fibres

400 1 increased from 284,4 (N) (for matrix BI) to
300 - 308,1 (N) and 340,7 (N) (for matrices B2 and
200 B3). For F3 (corrugated form) fibres the
100 | strengthening effect could not be observed due

o /\ ‘ to fibre fracture prior to initiation of shdlng.

0 10 20 30 However, when the absorbed energy in the

A, [mm] pull-out process was calculated (see Figure 9.),

the additional resistance of short fibre

reinforced matrix to fibre local straightening

Figure 7. Experimentally determined (prior to fracture) of F3 fibre could be detected.
pullout load-displacement relation for The pull-out energy characterizes the amount

different fibres of work required for completely pulling the
fibre out of the concrete matrix. It is known
that after reaching maximal pull-out load, fibres resist the applied load by frictional forces on the
fibre/matrix interface. Thus during the process of fibre sliding out of the matrix considerable
amounts of energy can be absorbed. This is an aspect that also determines the quasi-plastic
behaviour of SFRC structural elements.
In Figure 9 the total absorbed energy is divided into divisions that clearly mark out the
differences in the pull-out behaviour of fibres and allow considering which parameters of fibres
are most useful. For example, in Figure 9 it can be seen that there is a large amount of additional
energy that is absorbed in the process of local fibre straightening (for F2 and F3 fibres). It can
also be seen that the process of interfacial debonding requires more energy for corrugated shape
fibres (F3). In general, the benefits of fibre profiling (F2 and F3) are clearly evident in
comparison to straight fibres (F1).
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Figure 8. Pullout load- displacement curves for different fibre and matrix combinations
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Figure 9. Pullout energy for different fibres in different stages

189




6. Conclusions

From the analysis of the obtained results following conclusions can be drawn:

1. Undulated form fibres Tabix 50/1,0 subjected to pullout load fully allow to use the
potential of steel yield strength and can be considered as an effective reinforcement of
concrete matrix. In comparison, in the pullout process of Dramix fibres (with end hooks)
only 50 — 60 % of the steel tensile strength is put to use.

2. Reinforcing concrete matrix with short steel fibres is an effective way to increase pullout
load and pullout energy of a longer steel fibre. Depending on fibre type the reinforced
concrete matrix shows considerable resistance in all stages of longer fibre pullout.

3. The effect of short fibre reinforced matrix is more obvious in the case of straight fibre
pullout when maximal pullout load increase of more than 2 times was reached. For
Dramix fibre pullout most of the gain was observed in the stage after maximal pullout
load as the reinforced concrete matrix offered greater resistance to local straightening and
sliding of the fibre.

4. Numerical modelling of fibre pullout showed that the behaviour of undulated form fibre
Tabix embedded in the concrete matrix is based on even stress accumulation whereas for
straight fibres and Dramix fibres the most of stress is concentrated at fibre ends.
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Pupurs A., Krasnikovs A. Terauda Skiedru izrauSanas speka noteikSana fibrobetonos

Raksta tiek pétita komerciali pieejamo iso terauda Skiedru mikromehaniska mijiedarbiba ar betona matricu.
Galvenais St pétijuma mérkis bija salidzinat un noteikt, kuras no konstruktivaja fibrobetond izmantotajam térauda
Skiedram darbojas visefektivak. Skiedru darbibas efektivitate tika noteikta, veicot mikromehaniskus Skiedras
izrausanas eksperimentus. Lai adekvati izvertetu galvenos Skiedras izrauSanas mikromehanismu parametrus,
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vispirms probléma tika risinata ar analitisko un skaitlisko modelésanu. Gala rezultata tika noteikts, ka vilnotas
formas Skiedras fibrobetona darbojas visefektivak, jo tiek pilniba izmantots térauda stipribas potencials.
Eksperimentali tika parbaudita art betona matricas mehanisko ipasibu ietekme un tika secindts, ka ar isam Skiedram
pastiprinatas matricas efektivi aizkave garakas Skiedras izrausanos aréja spéka iedarbiba.

Pupurs A., Krasnikovs A. Load bearing capacity of steel fibres in concrete

In the present report micromechanics of steel fibre pull-out process in concrete are investigated. The main aim of
this study was to determine the type of the commercially available fibres that has the most effective behaviour. The
effectiveness of the steel fibres was determined by a single fibre pull-out experiments. Prior to experimental study
analytic and numeric modelling was performed in order to evaluate the governing micromechanical parameters of
steel fibre and concrete matrix interaction. As a result of this study it was determined that corrugated form fibres
are the most effective as the potential of steel strength is fully utilized. Also the influence of concrete matrix
properties was analyzed and experimentally evaluated. It was observed that concrete matrix reinforced with
additional short steel fibres offer higher resistance to pull-out process of longer steel fibre.

Ilynypc A., Kpacnukos A. Hecywian cnocodnocms KOpOmMKUX CIAIbHBIX 6010KOH 6 emone

Hacmoswas cmambpsi nocesujena u3yueHuio MUKpOMEXaHuKy GblOepeUuanusi KOPOMKUX CHALbHbIX 60IOKOH U3
bemona, maxum oOpazom MoOeIUpys Kapmuny pacmpeckuganus u paspyutenus uopobemonHblx KOHCMPYKyUul.
Ipu 3mom, 0CHOBHOU Yenblo UCCTeO08ANUsT CMAGUMCS BbISIGICHUE MAPKU U (OPMbL CIATbHBIX GONIOKOH (Cpedu
npeonazaemvix Ha puiHke), nHauboree sppexmusno apmupyrowux demon. C smoil yeavio 8 pabome NPuUGOOIMCs
pe3yibmamul cepuu NPOGEOCHHbIX IKCHEPUMEHNOE NO GbIMASUBAHUIO eOUHUYHBIX 60I0OKOH U3 OEMOHHOU MAMPUYbL.
DKcnepumenmanbHiblie pe3yibmamsl CPAGHUBAIOMCS C Pe3YTbMAMAMU NPOBEOEHHO20 HYUCICHHO20 MOOEIUPOBAHUS
(ucnonv3yss Memoo KOHEUHbIX INEMEHMO8) a MmaKdxice ¢ AaHATUMUYECKUM peuleHueM (Moabko O  Cayuast
NPAMONUHEUHBIX  BOJIOKOH). Pezynbmamom npoeedennozo ucciedosanusi s611emcs 6bleo0 0 Haubobuel
aghpexmusHoCmuU  BOIOKOH CUHYCOUOATbHOU DOpMbl, Ol KOMOpPbIX Haubolee 3POEeKmMuUHo UCNOIb3YEemcs
NPOUHOCMb CMANU KAK MAmMepuand, OOHOBPEMEHHO ¢ Hauboiee YOauHOU AHKepPOBKOU 60JOKHA 6 OemOHHOU
mampuye. ITloxasvieaemcs, 4mo OONOIHUMENbHOE APMUPOBAHUE OEMOHHOU Mampuybl GOKPYZ BbIPbIBAEMO20
B0JI0KHA 6OIee METKUMU BOIOKHAMU NPUSOOUN K NOGBIULEHUIO dPDEKMUSHOCIU pAOOmbl KPYNHO20 B0JIOKHA.
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