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INTRODUCTION

Traditional concrete is brittle; it's deformations to

fracture are small and tensile strength is times lower
comparing with compressive one. Steel rebars are
traditional reinforcement in concrete with the goal
to carry tensile loads. Rebars are covering small part
of the structural element crossections as a result
element parts without reinforcement are subjected
to cracks formation. Solution here may be concrete
with dispersed reinforcement — fiber concrete. Du-
ring last few years steel fiber reinforced concrete has
been used mainly for tunnel linings, industrial floor
slabs and similar applications. At the same time the
field of its applications is continuously expanding.
Although there is no question about the contribu-
tion of fibers to enhance concrete post cracking
tensile load bearing capacity, the question of how
to reduce experimental results scatter is still under
debate. A number of test methods have been pro-
posed, but all have significant problems associated
with either the variability of the results and their ap-

plication in structural design calculations [1]. Com-
mercially produced 0.6 to 6 cm long, with various
types of geometrical and crossection’s formssteel fi-
bers are widely used nowadays as a concrete disper-
se reinforcement in civil engineering industry. Steel
fiber reinforced high strength concrete (SFRHSC) can
perform high flexural and tensile strength, impact
resistance as well as a quasi ductile post cracking
behavior. At the same time SFRHSC tensile (as well
as bending) strength and post cracking behavior is
highly dependent on fiber distribution and orienta-
tion in material [1-4].

With the goal to achieve higher mechanical
properties and to make material more cost effec-
tive (due to optimal use of material ingredients) is
necessary to recognize potential internal zones in
material with undesirable fiber orientation can be
obtained using traditional concrete construction
members casting technologies without additional
fiber placing and orientation control in material.
This task can be solved in opposite way- creating
internal SFRHSC structure (fibers distribution and
orientation (see [3, 4]) during the casting procedu-
re and after it optimally bearing internal stretching
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stresses in material. In the present investigation
SFRHSCcasting was modeled as filling the mould
by viscous flow. Simultaneously single steel fiber
rotation and motion in the flow with internal velo-
city gradients were investigated experimentally and
numerically (using FEM). And finally crack opening
process in SFRHSCprism was modeled and was in-
vestigated experimentally.

FIBRE ROTATION IN VISCOUS FLOW
WITHVELOCITYGRADIENT
Single fiber motion in viscous flow with veloci-
ty gradient was simulated experimentally (using
model liquids with known viscosity parameters
-potato-starch fluid and glycerol) and numerical-
ly (using FEM code FLOW 3D). The model liquid
with known viscosity coefficient was poured into
the transparent container. Single steel 50 mm long
and Tmm in diameter fiberwas inserted in the con-
tainer middle part (with fluid) under the different
starting angle to vertical axis. In initial position the
container is placed fully horizontally. Then contai-
ner is turned sideways from the horizontal position
for required angle and test started. Movement of
fiber in our fluid was observed and measured, in-
fluenced by the movement of fluid fiber starts to
decline to flows direction. Fiber is turning because
of movement of fluid and gravitational forces. Af-
ter declination process stops time and fiber decli-
nation angle b were measured. Three experimental
angles a - 10, 15, 20'were observed. Above men-
tioned experiment was numerically simulated using
computer program FLOW-3D. For simplicity in the
model was assumed that container stays in hori-
zontal position and vertical and horizontal axes of
gravitycomponents are changing the angle [5]. For
angle 10 degrees components of gravitational ac-
celeration wasg,=170,35 cm/s’, g =-966,10 cm/s’,
for 15 degrees g =253,90 cm/s?, g =-947,57 cm/<?,

for 20 degrees g =335,52 cm/s?, 9,=-921,84 cm/s.
Container parameters(the same as in the experi-
ment): length 1=20,8 cm, height h=9 cm, and the
height of viscous fluid in container 5 cm. The vis-
cosity coefficient was n=486.14 g/cm:-s, forpotato-
starch liquid,density was used the same as a dens-
ity of water p=1 g/cm?®. Results show that greater
declination of container gives bigger declination of
the fiber.

When we know viscous parameters of our fluid and
can approve them with numerical calculations then it
was possible to go to the next step of calculations —
fiberrotation calculation due to velocities variation
in liquid flow. Observing forces acting on the fiber in
the flow with velocity gradient is possible to conclu-
de that the gradient of horizontal speed (1) between
our observed fiber endpoints is the parameter which
will establishfiber orientation

(and rotation speed) in the flow.
grad v, = hTV

S (1)

Herev, is the horizontal speed of fiber top end, v,
is the horizontal speed of fiberlower endpoint and /
is the length of fiber. Is possible to presumespeed v,
staying equal to zero (liquid bottom layer is sticking
to the container surface).

VELOCITY GRADIENTS DETERMINATION
DURING SFRHSC CASTING
Filling the mould by SFRHSC, fibers are moving

and rotating in the concrete flow till the end of
motion in every concrete body internal point. The
mould parameters was 15x 15x60 cm, output ope-
ning for casting (or falling flow cross-section dimen-
sions)was 20x15 cm. The 2D and 3D modeling were
performed (FLOW3D code was used). Newtonian
fluid 2D flow modeling results are shown below.
Mould is filling by SFRHSCflow falling at the middle
of the mould.
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The viscosity coefficient was n=5000GPa-s liquidden
sity-p=2400 kg/m>. Point markerswere placed into the
fluid for all flow process visualization (every marker can
be observed as the particular single fibers midpoint
path in concrete body during the casting (see Fig. 1).
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In figure 2 are shown five marked points trajectories
in concrete during filling the mould (till the concrete
flow stop in every point). According to symmetry of
the process only one half of the mould (and fallingS-

FRHSC flow) is shown, horizontal coordinate x=0 cor-
responds to left border of the mould, vertical coordi-
nate y=0 corresponds to the bottom of the mould.
Numerical simulations were performed changing the
place were external flow is falling to the mould. Cal-
culated vertical velocity gradients in the SFRHSC filling
the mould were obtained and were analyzed (velocity
gradient picture is shown at Fig. 3, Critical zones in the
concrete prism body with high velocity gradients ob-
tained during mould casting were recognized.

FIBERS DISTRIBUTION AND
ORIENTATION IN MACROCRACK'S
CROSSECTION

Performed simulations were shown, that during
filling the mould distances between fibers are chan-
ging as well as two fibers are rotating with different
velocity if they are located in different parts of the
flow crossection. As a result fiberconcrete prisms po-
tentially may have two typed of non-homogenites —
a) areas with low or rich fibers content; b) areas with
dominant fibers orientation, different from random.
Investigation of such non-homogenites has practi-
cal interest because SFRHSC beam was produced by
filling quasi-homogeneous fiberconcrete throw pipe
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symmetrically in the central part of prismatic mould
(as is shown in Figure 1 will leadto both types non-
homogenites formation throw the thickness of the
obtained SFRHSC prism. If after that we will applied
to the prism bending loads (see Fig. 4.) it will leads to
numerous cracks formation in stretched part of the
prism (concrete is brittle, its rupture deformations are
very small and fibers are not stretched in material at
loading beginning stage, their contribution in lads

bearing of fiberconcrete is small).

Tabix50

——F30- 70 kg1 mr3
——F40-96 kg 1 M3
F45 - 160kg 1 mh3
——F53.179kg 1 mA3
F51.1274g 1mAz

Amount of fibers N

Angle to crack surface 8°

Cracks are opening and linking forming few macro-
cracks which are crossing all beam crossection’s stret-
ched part. Macro-crack is crossing weak zone is fe-
eling lower resistance to opening and is becoming
major macro-crack is leading to beam rupture. Weak

zone is an area in material with a) low amount of fiber
or b) majority of fibers oriented in the range of small
angles values to crack surface. Fibers distributions ac-
cording to pulled out length and angle to crack sur-
face were performed experimentally. Two techniqu-
es were executed. First-prism with macro-crack was
bended till crack mouth opening 15 mm, after that
prism was separated into two pieces by stretching.
Ruptured prisms crack both surfaces (see Fig. 5) were
visually investigated, pulled out fibers distributions
according to orientation (to crack surface), location
at crack surface and pulled out length were investi-
gated. Second-prism with macro-crack was bended
till crack mouth opening CMOD was reached 6 mm,
after that prism one side at a distance 40 mm close to
crack surface was cut by diamond saw. Concrete in a
prism slice (40 mm thick) from one side of the crack
was mechanically crumbled and pulled out fibers
distributions according to orientation (to crack sur-
face) and location at crack surfacewere determined.
Fibers orientations distribution measured according
to first approach are shown in Fig. 6 and according
to second in Fig. 7. Comparing figures 6 and 7 we see
that first method is overestimating number of fibers
oriented in the direction of major normal stretching
stress direction. Steel fibers initially inclined to the di-
rection of pulling out force were plastically bended
into direction orthogonal to crack surface. It happens
if we are bending the beam till crack mouth opening
is 15 mm and after that is separating it into two pie-
ces by stretching. At the same time first method is
preferable if we want to obtain fibers distribution
according to pulled out length and location at crack
surface (counting fibers on both flanks of the crack
(see Fig. 8, 9). In figure 10is shown X-ray picture of
the prism were potential crack places can be recog-
nized. Weak zone Ais characterized by lower amount
of fibers. In the weak zone B fibers are mainly oriented
orthogonal to the main tensile stress (during bending).
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Flow simulations comparison with experimentally
observed weak zones shown correlation between zo-
nes location place in numerical flow experiment and
experimentally observed macro-crack position.

FIBERCOCNRETE INTERNAL STRUCTURE
INVESTIGATION BY X-RAY METHOD

Fiberconcrete prisms were tested by X-ray method
with a goal to identify weak zones location.

Aparats ERESCO 42MF3.1.

Paraugs

Industrial X-ray device ERESCO 42MF3.1 was used.
Fiberconcrete prism with dimentions 40x10x10 cm
was mounted on an envelope with X-rays sensitive
film (see Fig. 11) and was exposed 10 minute under
X-rays. Every sample was exposed from the top and
from a side. Obtained pictures are shown in Fig. 12a-d.
Weak zones are marked by ellipses.

58

MACRO-CRACK OPENING MODEL UNDER
APPLIED BENDING LOADS

In theoretical modelling we were started with mate-

rial having evenly in the volume distributed fibers with
random orientation. A SFRHSC beam subjected to four
point bending was modeled. Each fibers type is inclu-
ded in fiber cocktail, geometry (length, form and dia-
meter) as well as amount in volume unit is known. The
Monte-Carlo simulation method was used to obtain
fibers distribution in sample volume as well as every
particular fiber orientation. If in the volume must be
placed N fibers we were realized such procedure: we
started with the first fiber: x, y and z the coordinates of
the fiber midpoint were defined as

x=Ly*F(B), F(B)el01];
y=L,*F(B), E(B)e01];
z=Ly*F(B), K (Be[01]

F.(f),i = 1,2,3 are functions of random parame-
ter Be[0,1]. If we are observing random fibers dis-
tribution in the volume, F,(8) = f5; E ()= 6;
F, () = B. Similar way were obtained two fiber
orientation angles a, and a,. This procedure was repe-
ated for all N fibers.

Crack plane

Experimental and theoretical data (Tabix50)

 theor. data F39- 70 kg 1 m*3
W theor. data F40- 36 kg 1 m*3
60 ® theor, data F45 - 160 kg 1 m*3
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After that macro crack plane was recognized as a
plane with lowest number of crossing it fibers in the
middle side of the prism area between two upper sup-
ports (see Figure 13).
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Figure 14b. Numerical and experi I fibers distrik
(according to fibers angle to crack surface) (Tabix 50)
caunted on one crack’s side.
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NUMERICALLY OBTAINED FIBERS
DISTRIBUTIONS (ACCORDING TO PULL-
OUT LENGTH AND ANGLE TO CRACK'S
PLANE) COMPARISON WITH EXPERIMENT

Figure 14c. Numerical and exp tal fibers distrik
(according to pulled out length) (Dramix 30) caunted on one
crack’s side.
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Figure 14d. Numerical and experi | fibers distrik
(according to fibers angle to crack surface) (Dramix30)
caunted on one crack’s side.
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Numerically obtained fibers distributions compari-
son according to pulled out length with experimen-
tally measured (on both sides of the crack), for the
prisms with similar Tabix50 (undulated steel fibers
50 mm long and Tmm in diameter) and Dramix 30
(end hooked 30 mm long and 0.48 mm in diameter)
fibers amounts are shown in figure 14a, 14c. Similar
distributions according to fibers angle to crack surface
are shown in figure 14b, 14d. Experimentally moulds
were filled by fiberconcrete dropping the fiberconcre-
te flow at the middle of the mould. Flow crossection
was approximately 20x 15 cm. Figures 14a-d show dif-
ference in fibers distributions obtained experimentally
and predicted theoretically according to random fibers
distribution in the weak zone. As the first reason here
is possible to mention influence of the borders of the
mould, is obvious that fiber which midpoint is located
in a layer with the thickness less than one half of the
fiber length from the mould’s wall, is forced to be alig-
ned to the its surface. Another important reason is fi-
bers orientation (as was shown above) as well as fibers
formation clusters in the low. Elaborated theoretical
model [1] use in combination with realistic (obtained
from experiment) fibers distributions allowed to pre-
dict prism cracking as well as post-cracking behavior
with high accuracy (see Figure 15). Information about
single fiber pull-out micromechanics were used [2].

Figure 15. Load -crack mouth opening displacement (CMOD)
diagram for 4 point bending test, SFRHPC with fiber amount
320 kg/m? (Tabix 50).
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CONCLUSIONS

Detailed internal structure formation in SFRHPC

structural elements was performed. Fiberconcrete
flow was simulated and investigated numerically in
the casting process with the goal to recognize zo-
nes in obtained SFRHPC structural elements with
oriented fibers. Experimentally were shown that zo-
nes with oriented fibers are the paces of potential
macro-crack formation. Fibers distributions accor-
ding to pull-out length and angle to crack surface
were obtained experimentally and numerically ba-
sed on assumption about random fibers distributi-
ons in macro-crack crossection. Experimental data
comparison with the modeling was shown differen-
ce between theoretical and experimentally obtained
results.
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ABSTRACT
Steel fiber reinforced high-strength  (SFRHSC)
concrete post cracking load —bearing capacity (and

strength) is dependent on the number of fibers cros-
sing weakest crack (bridged by fibers) and their orient-
ation to particular crack surface. Filling the mould by
SFRHSC, fibers are moving and rotating moving with
the concrete matrix till the end of motion in every
concrete body internal point. Filling the same mould
from the different ends SFRHSC samples with the diffe-
rent internal structures (and different strength) can be
obtained. Numerical flow simulations (using Newton
and Bingham flow models) were performed, as well
as single fiber planar motion and rotation numerical
and experimental investigation in viscous flow. X-ray
pictures for prismatic samples were obtained and in-
ternal fiber positions and orientations were analyzed.
Similarly fiber positions and orientations in cracked
cross-section were recognized and were compared
with numerically simulated. Structural SFRHSC fracture
model was created based on single fiber pull-out laws,
which were determined experimentally. Model predic-
tions were validated by 15x15x60 cm prisms 4 point
bending tests.

ABSTRAKTS
Augstas stipribas fibrobetona (ASF), pécplaisasa-

nas nestspéja (un stipriba) ir atkariga no to Skiedru
daudzuma kuras Skérso vajako plaisu (savieno plaisas
malas), un no to orientacijas attieciba pret konkrétas
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plaisas virsmu. Aizpildot formu ar ASF, kuram ir pie-
vienotas térauda Skiedras, Skiedras taja parvietojas
un griezas, kustoties kopa ar betona masu Iidz kus-
tibas beigam betona kermena katra iekééja punkta.
Pie vienas un tas pasas formas aizpildes darot to no
dazadiem galiem, var iegat fibrobetona paraugus
ar atskirigam iek$éjam struktdram (un ar atskirigu
stipribu). Tika veikta plasmas skaitliskd modelésana
(izmantojot Natona un Bingama plasmas modelus),
ka art tika izpilditi vienas $kiedras plakanas kustibas
un griesanas skaitliski un eksperimentali pétijumi
viskoza Skidruma. Tika iegUtas prizmatisku paraugu
rentgena fotografijas, ka arl ir izanalizétas Skiedru
iek$&jas pozicijas un to orientacijas. Tapat tika iden-
tificétas Skiedru pozicijas un orientacijas plaisas
Skérsgriezuma, un dotie rezultati tika salidzinati ar
rezultatiem, kuri ir iegQti pie skaitliskas modelésanas.
ASF (kur$ ir arméts ar térauda skiedram) sabruksanas
strukturalais modelis tika noteikts uz vienas Skied-
ras izvilkéanas no matricas likumiem, kuri tika iega-
ti eksperimentali. Modela noteikto parauga stipribu
un plaisasanas ainu parbaudija salidzinot to ar cetru
punktu lieces eksperimentiem uz prizmam ar izmé-
riem 15x15x60 cm.

ABCTPAKT

Hecywan cnocobHOCTb (M NPOYHOCTH) BbICOKO-

NPOYHOTO BETOHA, aPMUPOBAHHOTO CTaNbHbIMK BO-
JIOKHAaMM, 3aBUCHT OT YUCIIA BOTIOKOH (COBAMHAIOLINX
Oepera TpelwmHbl), nepecekalowmx cnabeiwyto
TPEWMHY U OT WX OpMEHTaUMM MO OTHOWEHMIO K

NOBEPXHOCTY TPELMHbL. [1pu 3anonHeHnn Gpopmb
BbICOKOMPOYHbIM GETOHOM, apMUPOBAHHBIM CTaNb-
HbIMV BOMIOKHAMK, BOSIOKHA MepemelLaloTca v Bpa-
LWAKTCA, [BMrasacb BMecTe C GETOHHOW MaTpuuei
[0 KOHLA ABWXKEHVA B KaXAOW BHYTPEHHeN Touke
6eToHHoro Tena. lNpwv 3anonHeHUM OfHON U TOM e
GOPMbI C PasHbIX KOHLOB, MOTYT ObiTb MOAyYeHbl
06pa3Libl BbICOKOMPOYHOr0 OETOHa, apMMPOBAHHO-
rO CTaNbHbIMM BOMOKHaMU, C PA3fINYHBIMU BHYT-
PEHHUMU  CTPYKTYypamu (M C PasnuyHoi npou-
HOCTbI0). BblNO BBINOSHEHO YMCNEHHOE Mofenu-
pOBaHWe MoToKa (MCrosb3ya »KUAKOCTHbIE MOAEeNH
HbloToHa 1 BuHrama), a Takxe Obln BbIMOMHEHbI
UKCNEHHblE M SKCMEpVMeHTaNbHble WCCedoBaHNS
NNOCKOrO ABVXKEHWA Y BPALLEHMA OHOrO BOMOKHA
B BA3KOW XMAKOCTY. bbiny NonyyeHbl peHTreHOBCKME
CHUMKI Npu3MaTiyecknx obpasuos, a Takxe npo-
AHaNM3MPOBaHbl BHYTPEHHEE PAacnoNoXeHue BOMo-
KOH 1 WX opueHTauuu. Takxke 6binn upeHTUduum-
POBaHbl  MO3UUMM W OPUEHTaUWK BONOKOH B
nonepeyHoM CeUYeHUV TPELMHbI, W JaHHble pe3ynb-
TaTbl CPaBHUBANUCH C Pe3ynbTaTaml, MOMYYEHHbIMU
npy YNCIOBOM MOAENMpoBaHuu. CTpyKTypHas Mo-
[eNb pa3pyLlieHnsa BbICOKONPOYHOrO 6eToHa, apMu-
POBAHHOTO CTaflbHbIMK BONOKHaMMK, Obina co3faHa
Ha OCHOBE 3aKOHOB BbITAMMBAHWA OLHOTO BONOKHA
13 OEeTOHHOM MaTpuubl, KOTopble Obiv MomyyeHsl
3KCMeprUMeHTanbHO. YncneHHble MPOrHO3bl GbinK
NOATBEPXAEHbI  IKCMEPUMEHTANIbHO Ha  MpW3max
C pasmepamn 15x15x60 cM, KoTopble Obinn Mpo-
TEeCTUPOBAHbBI HA YETHIPEXTOUEYHBINA U3rNO.
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BETONA CAULAS STIEGROTAS AR STIKLA SKIEDRAM

Key words:
glass and carbon fibre reinforced concrete, glass, car-
bon fibre bundles.

INTRODUCTION

Concrete is brittle material, if we want to fabri-

cate thin wall (few centimetres) construction ele-
ments (thin wall shells) made out of concrete we
are forced to use a small diameter densely placed
reinforcement. One solution can be -short AR glass
fibers homogeneously distributed in the concrete,
another —few layers of knitted AR glass fibre fab-
rics (fulfilled by concrete) and placed at even dis-
tance one to another throw the thickness of the
structure. Let start with short glass fibre concrete,
If we want to predict fibre concrete material crac-
king and post-cracking behaviour, and at the same
time are looking for material with elevated tensile
strength properties and quasi-plastic (with few %
deformation without loosing load bearing capabi-
lity) material post-cracking behaviour, the study of
single fibre and fibre bundle pull-out mechanisms
out of cement matrix is important. Publications dis-
cussed this problem are described in [1-4]. Fracture
experimental investigation for glass, steel and car-

bon short fibre concretes [1] was recognized main
micro-mechanisms of fibre bridging cracks in ma-
terial. In present paper, investigation of single and
few non-metallic fibres micro-mechanics embed-
ded into concrete matrix under external loads were
performed numerically (using FEM approach) and
experimentally. Micromechanical data were used
for fiberconcrete cracking and post-cracking beha-
viour based on elaborated structural model.

Another option is use of knitted AR glass fibre
fabrics (fulfilled by concrete) and placed at even
distance one to another throw the thickness of the
structure.
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