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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THIN WALL SHELL FABRICATION METHOD

On the flat surface of non-inflated pneumatic mould
was spread out and smoothed down short glass fiber-
concrete mix (see Figure 1). Before concrete binding,
mould is inflated by air till its final shall shape size (mo-
derate curvature shells were elaborated (see Figure 2)).
During concrete hardening air pressure in pneumatic
mould is keeping constant value. After the concrete is
coming hard, air in the pneumatic mould is blowing
out and shell is demolding. Experimentally fabricated
and investigated shells were Tm_Tm curved quadra-
tic plates with the thickness 15mm. Simultaneously
with every shell three cubes 10x10x 10 cm and three
prisms 10x 10x40 cm were fabricated using the same
fiberconcrete. Cubes were tested under compression,
prisms under 4-point bending conditions.

Figure 2. Rubber mould is inflated by air till its final shell
shape size was reached.

Corresponding to investigation performed in [1],
the pull-out process can be divided into three sta-
ges- a) fibre and concrete matrix are bonded together
(perfect bond), all deformations in system are elastic;
b) cylindrical delamination crack is starting from the
outer concrete block surface propagate into material
between fibre and concrete matrix. Crack is growing
mainly by mode 2; ¢) when fibre embedment is small
(short fibre or pulling out the shorter end of fibre whi-

ch is bridging the crack) delamination is reaching all
length of fibre after that fibre with friction is pulling
out. If fibre embedment is large, fibre is breaking at the
length L in concrete, after what free fibre end with fric-
tion is pulling out of matrix; d) stretched fibre breaks
out of concrete.

Fibers breaking in material according scenario a-c
are responsible to fiberconcrete post-cracking quasi-
plastic behaviour and are the subject of present in-
vestigation. Simulations have been done by ANSYS.
Three numerical 2D models were investigated: 1) sing-
le glass (or carbon, or straight steel) fibre is embedded
into concrete matrix with perfect bond between them
and subjected to external pulling load; 2) the situation,
when between pulling out fiber and matrix is growing
delamination. In delaminated area fiber and matrix are
debonded. Each mutual motion in this zone performs
with friction. Numerically this situation was simulated
incorporating soft interlayer between fiber and matrix.
Stresses in fiber along the line parallel to fiber axis in
vicinity to interface with matrix (0.95 of fiber radius)
are shown in Fig. 3.

Figure 3. Shear stress profile in the concrete matrix near fiber.

AN
P

Stress peaks at the front of delamination zone
(corresponds to singularities in classical solution) are
explaining mechanism of fiber break at some distan-
ce in concrete volume, because during delamination
growth elevated overstress is crossing different fiber
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crossections in concrete till the weakest is reached.
Simultaneously overstress is decreasing going de-
eper along the debonded fiber — concrete matrix in-
terface (starting from the outer surface of concrete
block) and increasing with fiber/matrix interface fric-
tion increase (corresponds to concrete matrix with
higher compressive strength). At the same moment
overloads in the matrix are rising into concrete body
micro-cracks formation around the fiber. These crac-
ks were observed experimentally. Numerical model
were elaborated to describe fiber end sliding motion
after the break in the concrete matrix or in the case
when delamination reach the embedded end of fiber.
FEM model with FE contact elements between fiber
and matrix were exploited. Numerically calculated
force — pulled out fiber length were compared with
experimentally measured and friction coefficient va-
lues between fiber and concrete matrix during fiber
sliding out of matrix were obtained.

FIBERSBUNDLESPULL-QUT

Three above mentioned models were realized for
fiber bundle with 2, 3, 12 and 800 fiber in a bundle.
Traditionally non-metallic (glass, carbon) short fibers,
are ready for concrete mix, are available in a form of
fiber bundles (chopped strands) with 600 to 1200 fi-
laments in each bundle. During fiberconcrete mixing
cement paste is penetrating into bundles only partial-
ly, forming external shell (composite - fibers in cement
paste) and the core (fibers without paste between
them). Such bundle bridging the macro-crack s failing
by rupture of the fibers in a composite shell and con-
sequent core sliding out (this process is governing by
friction between adjacent fibers).

PULL-OUT EXPERIMENTS

Obtained numerical results were validated by per-

formed experimental tests for single two and 600
fibers (bundle). Main fiber and matrix failure mecha-

nisms were recognized. Single glass and carbon fibers
were embedded into concrete matrix on the depth
10mm and 20mm, pulling out such fibers for one part
of samples fail out of concrete. Fibers, in other samples,
fail in concrete and after that were pulled out. Pulled
out part of each fiber haven't exceeded 1.5 mm. This
mechanism directly corresponds to models b, c. For
bundles having 600 filaments, fibers in outer shell fails
according mechanisms b, ¢. Bundle central core were
pulled out and had full length (this effect depends on
how many concrete paste penetrated bundle embed-
ded end).

MACROMECHANICAL MODELING

The construction member cracking and post crac-
king behavior was investigated experimentally testing
prisms (10x10x40 cm) under 4-point bending (il
macro-crack mouth opening displacement (CMOD)
reaches 3 mm) and obtaining applied load — CMOD
diagrams. The same process was simulated numeri-
cally on the base of elaborated structural macro-crack
(bridged by fibers) opening model. Elaborated model
takes into account the types of fibers were used and
also the quantity of each fiber type in the concrete
mix. A fiberconcrete beam with chaotic reinforcing
elements (fibers and fiber bundles) orientation sub-
jected to four point bending was modeled. A random
distribution function was applied to determine loca-
tion and orientation angle of each reinforcing element.
Monte-Carlo simulations were performed to obtain
each fiber location and orientation in every particular
prism. After that, weakest (critical) crossection was re-
cognized as the crossection with the smallest amount
of elements crossing it. In the critical cross-section
the number, location and spatial orientation of each
element was known. It's meant that orientation angle
and embedded length of every element crossing the
cross-section is known with respect to the plane of
cross-section (Fig. 4 right picture). The crack starts to
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open (this procedure in the model is happened step
by step increasing crack mouth opening displacement
(CMOD)). At every step (known value of CMOD=0)
every element crossing the crack starts to pull out. In-
formation about every particular fiber location orienta-
tion, type and embedment length is known previously
from the simulation procedure and is keeping in the
model. Then the corresponding data from the data-
base file which contains all information from pull-out
experiments with single fibers must be correctly read
and applied. Load is bearing by every particular fiber is
crossing the crack, denotes depending on the element
location, orientation (to crack plane) and its location
point opening. Summarizing all local loads we are ob-
taining bending moment working in the crack plane
and corresponding value of external force. Performing
numerical simulation of above mentioned crack ope-
ning process we are obtaining theoretical applied
load- CMOD curve.

fiber's midpoint

Crack plane is
a plane with
a minimal
crossing fibers

P2 P/2

[MODEL VERIFICATION

Fiberconcrete prismatic samples were elaborated.

Fully computer driven testing mashine Zwick-150

(with ultimate force 150kN) were used. Stress- prism
midpoint deflection diagrams for glass fiber and car-
bon fiber concrete were obtained. Experimentally
obtained pull-out laws were used as the main input
data for the proposed structural FRC fracture model
and non-linear behavior of FRC beams under ben-
ding loads were predicted. Predictions were compa-
red with experimental test data for prismatic samples
(with the size 10x10x40 cm) 4 point bending and
planar samples (10 cmx 1.5 cm x40 cm) were tested

by tension.

KNITED FABRICFABRICATION

Interest to concrete matrix composites, reinfor-
ced by knitted fabric, have increased in recent years.
Such materials are exhibiting attractive mechanical
properties including high energy absorption and
impact resistance. Yarns loops are arranged in struc-
tures. In woven fabric, threads traditionally are run-
ning horizontally and vertically. Contrary, in the case
of knitted fabric, strands are forming loops. A knit-
ted fabric is highly deformable in all directions. De-
pending on fibers are used, some of them are more
deformable than others. The reason is — yarns are
not making any straight line anywhere in the knit-
ted fabric. Is easily to recognize possible motions in
the fabric — threads sliding, loops twisting, bending
and stretching leading to technological advanta-
ge — excellent deformability, shape forming abili-
ty and flexibility, which allows it to be used in any
complex shape mould without folds.

Investigated were glass fiber weft knitted fabrics.
Type E glass fiber yarns, produced by JSC "Valmieras
stikla Skiedra” (Latvia), were used. Density of the glass
was p=2540 kg/m? diameter of the yarn d was de-
termined and was equals 0.37x 10 m. Linear densi-
ty of the glass yarn was calculated and was equals to
275.6 tex. Value of elastic modulus for glass yarn was
obtained from manufacturer and was 73.4 GPa. Cot-
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ton and glass yarns were used for knitted fabric pre-
paration. Cotton knitted fabric was prepared by “Juglas
manufaktdra”, glass knitted fabric was prepared by
ourselves in Riga Technical University (using knitting
machine Neva-5). Prepared samples of the knitted

glass fiber fabrics are shown in the Fig. 5.

On the flat surface of non-inflated pneumatic
mould was spread out and smoothed down concre-
te with two and three glass fibre knitted fabrics (see
Figure 6). Simultaneously prisms 10x10x40 cm rein-
forced by the same fabrics were fabricated and later
experimentally tested under 4-point bending conditi-
ons (see Figure 7).

Numerical model, based on fiber bundle rupture
mechanism in concrete were used to predict fiber-
concrete post cracking behavior. Theoretical results
were compared with the data obtained in experiments.

CONCLUSIONS

Numerical investigation for glass single fibre and

fibre bundles pull out of concrete matrix microme-
chanics (detailed micro-stresses and micro forces)
were performed. Results were compared with per-
formed pull out experiments. Main fibre and bundle
load bearing and rupture micro-mechanical mecha-
nisms were recognized. On the base of experimental-
ly obtained pull-out data fiberconcrete fracture and
post-cracking behaviour prediction for prisms under
4-point bending loading conditions were done. Pre-
diction results were compared with experimental
data. Model predictions were used in curved shells
load bearing capacity prediction. Shells were fabrica-

67



ted and tested. Testing results were compared with
theory. Shells reinforced by glass fibre knitted fabric
were fabricated. Shells load bearing capacity were
predicted based on strength data obtained in 4-point
bending tests.
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ABSTRACT

Two differently reinforced thin glass fiber conc-

rete matrix shells were under investigation: a) shell
reinforced by uniformly distributed short glass fibers
(three different fiber concentrations were observed);
b) shell reinforced by welf knitted glass fiber texti-
les. Shells were produced using pneumatic mould
technology. Simultaneously flat thin (with the same
thickness as a wall of the shell) fiberconcrete sam-
ples were fabricated and tested by tension. In experi-
ments with short fibers concrete AR glass fibers and

carbon fibers were used. In the case of textile reinfor-
cement, glass fibers were used. Detailed micromec-
hanical investigation for single fiber and few fibers
pull-out micromechanical mechanism were perfor-
med numerically (using FEM modeling) and experi-
mentally. Fiberconcrete fracture (and post-cracking)
behavior were investigated (experimentally under
three and four point bending) depending on conc-
rete matrix strength and fibers amount. Numerical
model, based on fiber bundle pull-out mechanism
in concrete were used to predict fiberconcrete post
cracking behavior in the shell subjected to external
pressure. Theoretical results were compared with the
data obtained in experiments.

ABSTRAKTS

Divas dazada veida stiegrotas caulas tiek apliko-

tas darba: a). caula stiegrota ar Tsam stikla vai oglekla
skiedram (tris dazadas skidru koncentracijas tika ap-
skatitas); b).Caula stiegrota ar stikla skiedras trikotazas
audumu. Caulas tika izgatavotas pielietojot pneima-
tisko veidnu tehnologiju. Vienlaikus katras caulas iz-
gatavosanai, plakanie paraugi tika izgatavoti ar caulai
[idzigu biezumu un stiegrojumu. Paraugi tika testéti
uz stiepi. Eksperimentos ar iso $kiedru fibrobetoniem
tika izmantotas AR stikla un oglekla skidras. Tika pé-
tita stikla un oglekla skiedru mikromehanika betona,
tada, ka vienas skiedras, vai skiedru kala raditie sprie-
gumu mikro-lauki un izrausanas dinamika (skaitliski
model&jot ar GEM un eksperimentali). Fibrobetonu
stipriba un péc-plisanas mehaniska uzvediba tika
pétita eksperimentali pie tris un cetru punktu lieces
mainot betona matricas stipribu un $kiedru daudzu-
mu materiala. Skaitliskais fibrobetona plisanas mo-
delis ( modeli tika izmantots mehaniskais apraksts
Skiedru kala izrausanai no betona) tika izmantots lai
prognozétu ¢aulas sabruksanas mehaniku zem pielik-
ta aréja spiediena. Teorétiskie rezultati tika salidzinati
ar eksperimentaliem datiem.
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ABCTPAKT

KpacHukos A., Jlycuc B, Jlanca B. 3anecckuin E,
3axapeBckuit B., MauaHoBckwii A. BeToHHbIe 060/10UKM
APMVPOBAHHble CTEKNAHHbIMY BOMIOKHAMM

B pabote paccmMoTpeHbl TOHKOCTEHHble GETOHHbIe
000M0UKM M3rOTOBNEHHbIE METOAOM HafyBHOW ona-
ny6kn. O6ONOYKM apMUMPOBaNNCL ABYMA PasHbIMM
cnocobamy — a) KOPOTKMMM CTEKNAHHBIMM 16O
YroNbHbIMM BOMIOKHaM; 6) TPUKOTKHOW CTEKNOTKabIO.
OnHOBPEMeHHO C M3roToBNEeHreM 000M0YeK OTN-
BanMCb NNOCKMe 06pa3Libl C OfMHAKOBOW C 060110YKON
TONWWHOM U apMypoBaHMeM. ViccnenoBanach Muk-
POMEXaHMKa KOPOTKWX CTEKMAHHBIX U YrOMbHbIX
BOMOKOH B OETOHHOM MaTpyLie (YUCIEHHO UCNOoNb3yA

MK3 1 3KkcnepvmeHTansbHo). ccnenoBanics MKpo-
MeXaH/Ka BbITAaCKMBAHUA 1 MONA  HANPAXeHWi
BOKPYT OfJHOrO BOIOKHA MO0 MyyKa BOSIOKOH BbITA-
rMBaemblex 13 matpuupbl. PaspyeHre ¢prbpobetoHa
(M nosefieHvie B Mpoliecce pocTa TPewwH) uccne-
[0BaNoCh 3KCMEPUMEHTaNbHO NPK 3X U 4X TOYEeUHOM
n3rnbe Bapbupya o0beMHOe CofepaHue BOSIOKOH
MNPOYHOCTb OETOHHOW MaTpuubl. YucneHHasa Mo-
Aenb TpelyHoobpa3oBaHma, 6a3npyIoWanca Ha MIK-
pOMeXaHVKe BbITArMBAHMA Myyka BOMOKOH 113 OeToHa,
CNONb30BaNach AnA NPeAckasaHuA PacTpecKyBaHmA
G1OPO6ETOHHBIX 060M0UeK MOABEPKEHHDBIX BHELL-
Hemy f1aBneHuio. PesynbTaTsl NPOrHO3MPOBaHA CpaB-

HUBaNMCb C SKCNEPVMEHTAIbHOMOTYHYEHHbBIMN.
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