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Abstract: During the fracture process of steel fiber
reinforced high-performance (SFRHPC) concrete fibres
are bridging the crack in the matrix providing resistance to
crack propagation. Broad experimental program were
realized and pull-out force versus pull-out fiber length
were obtained for three types steel fibers embedded into
concrete at different depth and under different angle.
Follows types of steel fibers have been used— straight
fibers, fibers with end hooks (Dramix), and corrugated
form fibers (Tabix). Structural SFRHPC fracture model
was created; material fracture process was modeled, based
on single fibre pull-out law, which was determined
experimentally. Elaborated model allows us to predict steel
fiber reinforced concrete (SFRC) mechanical non-linear
behaviour, depending on fibre content, concrete matrix
mechanical properties and fibres geometry. Prediction
results were validated by notched 15x15x60cm prisms 4
point bending tests.

Introduction

Concrete is brittle. Adding short steel fibers we
can increase the material stiffness, flexural and
tensile strength, impact resistance, as well as
obtain a quasi ductile behavior for cracked
material. The use of steel fibers in concrete
instead of traditional reinforcement is beneficial
mostly due to simpler casting procedure. At the
same time, technologically a large content of
steel fibers in the concrete mix is negatively
affects the mix workability. Therefore for the aim
of good workability of the mix, steel fibers are
limited both by their maximal content, geometry
(chemical bond between steel fiber and concrete
matrix is week and fibers are anchoring in the
matrix mainly geometrically and by frictional
forces) and length. In traditionally reinforced
concrete structures the post cracking behavior is
based on the steel bars tensile strength
mechanism, contrary in SFRC it is the pull-out
mechanism of steel fibers that determines the
load bearing capacity of the cracked material.

Therefore it is important to perform a detailed
micro-mechanical investigation of fiber pull-out
process in order to understand and characterize
the behavior and crack propagation in SFRC and
SFRHPC  structural elements. Based on
micromechanical investigations, structural SFRC
fracture model will allow predict fracture and
post-cracking behaviour for SFRC construction
members, depending on fibers type, amount and
concrete matrix properties.

Steel fiber pull-out micro-mechanics

Single fiber-concrete samples were prepared in
molding forms as depicted in Fig. 1. A plastic
separator was inserted to ensure that the applied
force is transferred through the fiber thus causing
pull-out. The mechanical investigations of pull-
out mechanisms for three types of steel fibers:
straight steel fibers, Dramix fibers (with end
hooks) and Tabix fibers - corrugated with round
cross section shape, were executed; as a result
pull-out laws  (pull-load vs.  pull-out
displacement) were obtained. Fiber length for all
types was 50 mm. Steel fibers with round cross-
section were used with the diameter of fibers 0,8
mm, 0,75 mm and 1,0 mm for straight, Dramix
and Tabix fibers respectively. In the framework
of present experimental investigation for each
type of fiber, five different embedded lengths
have been observed in the investigation — 25 mm
(symmetrical embedding of 50 mm long fiber),
20 mm, 15 mm, 10 mm and 5 mm. The
embedded lengths can also be noted in
normalized form with the respect to the total fiber
length L thus obtaining 0,5-L, 0,4-L, 0,3-L, 0,2-L
and 0,1-L long embedded lengths. For each
embedded length six different fiber orientations



(measured by angle & to pull-out direction)
were investigated: & = 0° 10° 20°% 30° 45°
60°. For each configuration of fiber matrix
alignment a total number of 9 samples were
produced thus ensuring adequate statistics of the

performed tests.

Simultaneously micro-stress and loads pictures
around the fibers were investigated numerically
by FEM.

Fig.1. Fiber pull-out experimental set-up: 1-testing grips, 2-videoextensometer (Left picture); concrete sample with
embedded fibre 1-concrete matrix, 2-plastic separator; 3-steel fiber.
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Fig.2. Pull-out low for different form fibers embedded at 25 mm having & = 0° (left

picture); Dramix fibers (embedded at 25 mm) pull-out lows depending on & = 0°;
10°; 20°; 30°%; 45°; 60°

Fracture macro-mechanics
Macro-crack growth model

Experimentally obtained pull-out laws were used
as the main input data for the proposed model
with the goal to predict linear and non-linear
behavior of SFRC notched beams under bending
loads. Some preliminary attempts were done in
[1]. Increasing the load is applied to the beam the
cracking process is starting. Micro cracks are

growing and linking forming large cracks till the
moment then one or more macro crack ( in our
case crack was started from the notch) is crossing
whole tensioned part of the beam crossection.
After the formation of the crack the tensile load is
still transferred through the crack by the fibers
(the bridging effect). Because the fibers are being
pulled out of the concrete matrix the ability of the
SFRC beam to carry the applied load in the post-
cracking state purely depends on the capacity of
fibers in broken crossection to carry pull-out



loads. At the same moment number of fibers
crossing the crack surface is depending on fibre
volume fraction in the material. According to the
pull-out curves, were obtained, it follows that
only for very small values of o fibre resistance is
increasing (especially for straight and Dramix
fibers), and after reaching the maximal value
(see. Fig.2.), fibre resistance to withstand pull-out
loads starts to decrease and thus decreases the
load bearing capacity of the whole beam’s broken
crossection.

In the model the behavior of SFRC beam was
simulated by calculating internally existing load
bearing value of each fiber crossing the crack
(using this fibre experimentally measured pull-
out curve), depending on crack opening

value b,- at the location of this particular fiber
(see

Fig. 3. Scheme of internal forces and moments
formed in SFRC beam at post-cracking stage.

Experimental observations shown that the total
crack height is approximately constant regardless
of size of the crack opening &, (whend, € (0,
Smm)). At the same moment macro crack is
reaching crack opening value Smm is unstable. In
average, the crack surfaces have been assumed
as a plane, therefore the local crack opening

b, can be simply geometrically determined from

corresponding maximal crack openingd,. The

iteration procedure of beam behavior modeling in
bending was performed according to step
sequence, with the maximal crack opening
0, values within the range from 0 to 6 mm.

[T
l

At each step with the corresponding maximal
crack opening 0, , firstly the local crack opening

b, is calculated as a function of distance y, :

b, =f(y,) (1
As the local crack opening b, is known at each

distance y, , the force p, transferred through the
crack can be calculated using previously obtained
fibre pull-out laws. Force p, depends on number

of fibers in concrete (fibre volume fractionV,),

particular fibre embedded length and orientation
angle to the crack’s surface. The volume fraction

V, of each fibre type could be easily determined

from corresponding fibre weight fractionlV, .

Further, number of each type of fibers on one
crack’s surface unit was determined, as the
average fibre amount crossing the crack plane
with chaotic fibers orientation and chaotic
embedded length distributions (were performed
Monte-Carlo simulations and modeling results
were compared with  performed direct
experimental measurements). The influence of
fibre type, fraction and orientation actually can
be summarized within one coefficient, which in

this case is defined as fibre factork,. With the
goal to incorporate into model unexpected

fracture phenomena (synergetic fiber bridging
effects) fitting coefficient k& were introduced
multiplying fiber factor kkf. Once obtained &
value from model prediction comparison with
one experimental curve, all another curves will
be predicted (depending on fiber amount and
“fibercocktail “structure). Now the internal force
transferred through the crack’s surface unit can
be calculated. From the pull-out curves the force

P, corresponding to a particular crack opening

b, can be determined all along the crack height

as schematically depicted at Fig.3. From the
calculated values of internal forces p,, ; , resulting

bending moment A, and corresponding external
force P,

each crack opening valueo,. Relation of

can be determined corresponding to

externally applied load P as a function of crack
opening displacement J is thus obtained at each
step. The force P represents total force applied
to the beam that is divided in two symmetrical
forces. To run the algorithms of the model,
computer software was elaborated.



Prisms under 4-point bending. Experimental
investigation

SFRC and SFRHPC beams with dimension
15x15x60 cm were cutted by diamond saw at the
depth of 1 cm forming the notch on the bottom
side of each beam. The span length between
underneath beam supports was Ls=50 cm and the
distance between symmetrically applied loads
Lp=15cm. Central upper midpoint deflection as
well crack mouth opening displacement (CMOD)
were measured electronically.

Post cracking prediction and results analysis

The proposed model was applied for SFRC and
SFRHPC behavior prediction for materials with
various fibre types and concentrations. SFRC
mixes with fibre concentration within the range
from 50 kg/m’ to 400 kg/m’ and still high
workability were studied. At Fig. 4 is shown
model prediction comparison with experiment for
SFRC having one king of fibers —Tabix, as well
as for SFRC with “fibercocktail” (see table 1).

Table 1.
- . 3
Nr.. | Mix name I Topgs Fibre type ]a)nd amo;;t in kgs/rtrrl s Total amount of
. anix , . _ ramix . alg . . _ fibres in k /m3
d=1,0 Tabix 50, d=1,0 d=0,54 d=0.16 Straight 6, d=0,16 g
1. F56 - 127 34 24 10 195
2. Fo8 184 - - - - 184
Amount of the ingredients in kg/m’
Nr. |Mix name ici 0 Density kg/m’
Cement Microsilica Aggregate Water Plastlcc;z;r) (% of Vg
. F56 565 25 1381 224 1,63 2400
2. F68 596 52 1326 210 1,66 2420

140.0

F-56
1200 4

100.0 4

80.0 1

60.0 4

40.0 1

20.0 1

5, mm

0.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

F-68

8, mm

7.0

Fig. 4. SFRC prisms post-cracking behavior under 4 point bending. Mix F56 (left picture); mix F68
(right picture).

Comparison with experiments shown: model
succeeded to agree with the experimental results
regardless of the diversity of fibers were
observed. Interpretation of these results can be
based on experimental detailed data for fiber
pull-out, were used in the model, as the main
micro-mechanical mechanism of non-linear
SFRC and SFRHPC post-cracking behavior.

Good modeling and experimental results
agreement allows us to be certain predicting post
cracking behavior of SFRC with different fiber
content and type’s combination. The validity of
the proposed model has been experimentally
proved for SFRC beams with fibre concentrations
up to 400 kg/m’.



Conclusions

Good agreement with the experimental results
confirms that the main non-linear micro-
mechanisms have been successfully
comprehended and applied in the proposed
model. The proposed beam behaviour prediction
model proved to be valid despite the rather
simple approach and assumptions. The validity of
the proposed model has been proved for SFRC
and SFRHPC beams with fibre concentrations up
to 400 kg/m’.
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Krasnikovs A., Kononova O. Stipribas prognozésana
betonam armétam ar dazada garuma un formas Tsam
térauda Skiedram

Térauda Skiedras satur kopa plaisu krastus, augstas
veiktspéjas téerauda fibro-betonu (AVTFB) plaisasanas
gadijuma, tada veida bremzejot plaisu augSanu un attistibu.
Plasa eksperimentala programma tika veiksmigi realizéta:
diagrammas- Skiedras izvilkSanas spéks pret Skiedras
izvilkto garumu (diagrammas SL), tika eksperimentali
iegiitas tris dazadas formas térauda Skiedram iegremdetam
betona uz dazadu dzilumu un zem dazadiem lenkiem.
Skiedras izmantotas eksperimentos bija: taisnas Skiedras;
Skiedras ar ieliektiem galiem (Dramix); un vilpotas Skiedras
(Tabix). Visas minétas Skiedras bija ar apajo skérsgriezumu.
Bazéts uz atsevisko Skiedru eksperimentali noméritam SL
diagrammam, strukturalais AVTFB plaisasanas modelis tika
veiksmigi izstradats un pielietots AVTFB plaisasanas
modelésanai. Izstradatais modelis Jauj veiksmigi prognozet
AVTFB nelinearo uzvedibu (plaisaSanas procesd), zinot
pielikto Skiedru daudzumu, betona matricas klasi, un
izmantoto Skiedru geometriju. ModeléSanas rezultati tika
parbauditi eksperimentali, testéjot iezagétas (lai kontroletu

plaisas rasanos vietu) AVTFB prizmas (ar izmériem
15x15x60cm) zem 4 punktu lieces.

KpacuukoB A., KononoBa O. IIpornosupoBanue
NMPOYHOCTH  0eTOHa, APMHPOBAHHOTO  KOPOTKHMH
CTAILHBIMH BOJIOKHAMH Pa3HOi AIHUHBI U (POPMBI

B camyuae  mpewunoobpaszosanus 6 CMANbHBIX
8b1COKODYHKYUOHANLHBIX @ubpobemonax (CBDDE)
cmarnvHele 8010KHA YOepaicueaiom emecme bepeza mpeujut,
makum obpasom mopmoss pocm u paseumue mpewun. boina
YHEWHO — peanu308anda  OOWUPHAS — IKCNEPUMEHMANbHASA
npoepamMma — NONYYeHbl OUASPaAMMbL OMHOUIEHUS] CUITbL
8bIMAUBAHUSL  BONIOKHA K OAUHE BONOKHA OAsl  mpex
PA3IUYHBIX  (POPM  BONIOKOH, 3a2NYONEeHHbIX 6 OemoH Ha
pasnyio enyouny u noo pasuvimu yeramu. B oxcnepumenmax
ObLIU UCNONIB306aHbL CTIEOYIOUjUE BOTIOKHA: NPAMbLE GONOKHA,
600KHA € u302HymbiMu Konyamu (Dramix) u eonnucmore
eonokna (Tabix). Bce ynomanymule 6onkna umenu Kpyenoe
nonepeunoe ceuenue. basupysace na dKcnepumeHmanbHo
NOMYYEHHBIX O/s1 OMOENbHBIX BOJIOKOH OUASPAMMAX, ObLid
ycnewno — paspabomana u UCNONBb306aHA ona
MOOenuposanus CBODE CMPYKMYPHAS Mooenb
mpewunoobpazosanus. Paspabomannas modens nozeonsiem
ycheuwiHo npozHosuposams Heaunetinoe nosedenue CBODE
(6 npoyecce mpewuHoodpa308anUs), ecau U3BeCmHul: K1acc
6emonHOl  Mampuyvl, — KOIUYECME0 U  2eoMempus
UCNONb306aHH020 B0NI0KHA. Pe3ynomamuvl modenupoganus
Oviiu  nposepenvl 6  pe3yibmame  MeCMUpOBAHUs
npopesannvix CBO®DE npusm (c pasmepamu 15x15x60cm)
npu 4 moueunom uzeube.



