STRESS-STRAIN RELATIONSHIP FOR LIGHTWEIGHT AGGREGATE
FIBER REINFORCED CONCRETE - OVERVIEW

BE3A HAIMNOH-OUNATALINJA 3A JIAKOATPErATHE BETOHE
APMUPAHE BITAKHUMA - MNMPEITIEQ

Ivana Per¢ié!, Danica Gole$?, Arpad Ceh?

Paper type: Original scientific paper
Received: 15.11.2022.

Accepted: 19.11.2022.

Available online: 15.12.2022.

Summary: Insufficient representation of
lightweight aggregate fiber reinforced
concrete in technical regulations is one
of the main limiting factors for their wider
application, despite the numerous
advantages this material has over
normal weight concrete.

Based on a review of the available
literature  and  current  technical
regulations, the paper presents existing
proposals for stress-strain relationships
in compression and tension for fiber
reinforced concrete, with special focus
to their applicability to lightweight
aggregate concrete.
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1. INTRODUCTION

One of the main disadvantages of
concrete, as the most common building
material, is its relatively high density. By
replacing normal weight concrete
(NWC) with lightweight aggregate
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Pe3sume: HepoBorbHa 3acTynibeHOCT
nakoarperatHux 6eToHa apmmpaHux
BMakHMmMa y TEXHWYKOj perynatusu je
jedaH oA OCHOBHMX orpaHuyaBsajyhux
dakTopa HMXOBe LUMpE NpPUMEHE,
ynpkoc 6pojHMM NpegHocTUMa Koje 0Baj
maTtepujan Mma y ogHocy Ha 6eToHe
HOpMarHe TeXMHe.

Y pagy cy, Ha OCHOBY nperneaa
JoctynHe nuTepatype wu  Baxehe
TEXHWYKE  perynatuee,  MpuUKasaHu
noctojehu npeanosn Besa HamnoH-
avnartauuvja npy NpUTUCKY U 3aTesamy
3a OeToHe apmupaHe BrnakHuma, ca

nocebHMM  OCBPTOM  Ha  HMXOBY
NMPUMEHIBUBOCT Ha  nakoarperaTHe
beToHe.

KmbyyHe peuun: JlakoarperatHn 6eToH
apMvpaH BRakHMMa, KOHCTUTYTUBHE
Bese, pakTop opujeHTaumje

1. yBOA

JepaH of rmaBHUX HegocTaTaka 6eToHa,
Kao HajsacTynrbeHujer rpaheBuHCKOr
MaTepuvjana, je Heroea penaTtuBHO
BEIuKa 3anpemMmnHcKa TexunHa. 3ameHoMm
6etoHa HopmanHe TexuHe (BHT)
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concrete (LWAC), structural members of
equal dimensions and bearing capacity
can be obtained, but with a significantly
lower self-weight, which is especially
desirable in seismic areas. However, the
possibility of applying LWAC in seismic
areas is limited due to its low ductility,
i.e., its poor ability to plastically deform
before failure occurs. Increasing the
ductility of LWAC is successfully
achieved today by adding a certain
amount of fibers to the concrete mix.
Steel, basalt, polypropylene (PP),
polyvinyl-alcohol (PVA), etc. are most
often used. Different types of fibers have
different mechanical characteristics, and
the mechanical characteristics of
concrete depend on the type and
amount of fibers. The residual strength
of concrete can be significantly
increased by adding fibers [1].
Guidelines for modelling the behaviour
of normal weight fiber reinforced
concrete (NWFRC), as well as for the
design of members and structures made
of this material, are given in Eurocode 2
(EC 2) [2], which is largely based on the
recommendations of the CEB-FIP Model
Code 1990 [3], then in ACI 544 [4], in
Guidelines for Concrete of the Japanese
Society of Civil Engineers (JSCE) [5], as
well as in the draft of the new Eurocode
2 [6] in Annex L. These guidelines
mainly focus on concretes with the
addition of steel fibers, although they do
not exclude the application of other
types of fibers.

On the other hand, the design of
structures made  of  lightweight
aggregate fiber reinforced concrete
(LWAFRC) has not yet found its place in
technical regulations. Based on a review
of the available literature and the
technical regulations, this paper gives a
comparative presentation of various
proposals for modelling the stress-strain
relationship of fiber reinforced concrete,
with special focus to LWAFRC.

nakoarperatHum 6etoHnma (JTAB), mory
ce pobuUTU KOHCTPYKLMJCKM enemeHTu
jedHaknx OuMeHsnja U HOCMBOCTU, anu
ca 3HaTHO  MakOM  COMNCTBEHOM
TEXMHOM, LITO je NocebHO MOXerbHO Y
CEN3MUYKNM nogpyuvjuma. Mnak,
mMoryhHocT npumeHe J1AB-a y
CEeN3MMUYKUM Nnoapyydjuma je orpaHmdeHa
300r HeroBe HUCKE AyKTUITHOCTW,
OAHOCHO, cnabe cnocobHocTn ga ce
nnacTn4Ho fedopmuiue npe
HacTynawa noma. MNoBehawe
ayktunHoctu J1AB-a ce gaHac ycnelHo
nocTmxe AofaBakem ogpeheHe
KonnyvHe  BnakaHa y  BGeTOHCKy
MelwaBuHy. Hajuewhe ce npumeryjy
YenuyHa, 6asanTHa, nonunponuneHcka
(M), nonusuHun-ankoxonHa (MBA) n
ap. Pasnuuntn TMnosBu BnakaHa umajy
pasnuuuTe MexaHM4Ke KapakTepucTuke,
a of Tvna u Konu4MHe BrakaHa 3aBuce
N MexaHuyke kapaktepuctuke GeToHa.
[dopatkom BnakaHa 3HayajHO Ce Moxe
nosehatm wu pesugyanHa u4BpcToha
beToHa [1].

CwmepHuLUe 3a mogenvpane noHallaka
6eToHa HopManHe TeXWHe apMupaHux
BnakHuma (BHTAB), kao wu 3a
npojekToBake enemMeHara n
KOHCTPYKLWja o4 oBOr MaTepwjana, gate
cy y EBpokoay 2 (EC 2) [2], koju ce y
Benukoj Mmepu 6asvpa Ha npenopykama
CEB-FIP Model Code-a 1990 [3], 3aTum
y ACI 544 [4], y Guidelines for Concrete
janaHckor  gpywTtBa  rpaheBUHCKUX
nrxersepa (JSCE) [5], kao u y HaupTy
Hosor EBpokoga 2 [6] y npwunory Jl.
HaBegeHe cMepHuMUe ce npeTexHo
dokycupajy Ha 6eToHe ca poaaTkoM
YeNUYHMX BriakaHa, Nako He UCKIbYYyjy
nNpUMeHy ApYrnx TMMOBa BNakaHa.

Ca ppyre cTpaHe, npoOjeKToBaHe
KOHCTpyKUMja o4  FakoarperaTHor
6eToHa apmupanor BnakHuma (JJABAB)
TPEHYTHO jOLU HUWje HaLUMo CBOje MeCTO
y TexHWykoj perynatmeu. Ha ocHoBy
npernega [dOCTynHe nwuTepatype U
TEXHUYKe perynatuee, y OBOM pajy je
JaT ynopedHu MpuKkas  pasnuunTux
npeanora 3a Moaenvpare Be3e HanoH-
aunartauuja OeToHa apMupaHux
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2. AXIAL COMPRESSIVE
STRENGTH

Previous tests have shown that the
contribution of fibers to the compressive
strength of concrete is very small, and
that in some cases the fibers have a
negative influence [7, 8]. Until the
maximum compressive strength is
reached, the stress-strain relationship in
FRC and plain concrete is identical, so
in both cases it can be described by the
function given in EC 2 [2] (Table 1). The
difference in the behaviour of these two
materials is observed only after reaching
the compressive strength (Figure 1).
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BNakHMMa, ca nocebHMM OCBPTOM Ha
JIABAB.

2. YBPCTOTRA NPU AKCUJAITHOM
NPUTUCKY

Hocagawra ncnutusama cy nokasana
Aa je pJonpuHoC BnakaHa u4BpcTohK
6eToHa npu NpUTUCKY BEoMa manu, a aa
Yy HEKUM cny4ajeBMma BnakHa umajy u
HeraTtmeaH ytuuaj [7, 8]. lo poctnsamwa
MakcumanHe 4spctohe npu MpUTUCKY,
Be3a HanoH-gunataumja kog bAB u koa
6eToHa 6e3 BnakaHa je ngeHTU4Ha, na
ce y oba cnyyaja Moxe onucaTu
dyHkumjom patom y EC 2 [2] (Tabena
1). Pasnuka y noHawawy oBa pABa
MaTepujana ce yoyaBa TeK HaKOH
Joctudarwa u4BpcTohe npu  MpUTUCKY
(Cnuka 1).

BeToH Bucoke uspcrohe/

High strength concrete

BAB/FRC

BAB/FRC

Beton Hopmanue uspcTohe/
Normal strength concrete

1 1

0 2

6 8

€ - Aunataumja/strain [107)

Cnwuka 1 — [lvjarpam HanoH-gunaTaumja npu Nputmcky 3a 6etoHe 6e3 n ca BnakHMma
Figure 1 — Stress-strain diagram in compression for plain and fiber reinforced concrete

EC 2 provides expressions for
describing the relationship between
stress and strain in concrete under
uniaxial compression, both for the
nonlinear analysis of structures (Table
1) and for the calculation of cross-
sections of members. With appropriate
stress and strain parameters for the
applied material these expressions can
be applied to both NWC and LWAC.
Table 1 shows the parameters for
LWAC.

EC 2 paje uspase 3a onucuBame Bese
HanoHa ¥ gunatauuja y 6eToHy npwu
jeQHoakcujarnHoOM  MPUTUCKY, Kako 3a
HenvHeapHy aHamnu3dy KOHCTpyKuuja
(Tabena 1) Tako W 3a npopayvyH
nonpevyHux npeceka ernemeHarta. OBu
n3pasu ce Mory npumeHnTu n Ha BHT un

Ha JIAB, ako ce y HUX YyHecy
oarosapajyhe HarnoHcke "
aedopmauumjcke BENUYuHe 3a

npumerweHn matepujan. Y Tabenm 1 cy
npvkasaHu napameTpu 3a J1AB.
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Tabena 1 — lNpernen Besa HanoH-gunaTayuja npu NPUTUCKY
Table 1 — Overview of stress-strain relationships under pressure

Mopen/ : Mpumena/
Model Wapas/Expression MapameTtpu/Parametars Primena
_ & _ B Cse BpcTe
EC 2 o __kn-n? "= Gt =KliemBrei 2) | Geropalall
— =7 5
fi 1+(k-2)n’ = (=) En=E types of
i 1 (2200) » Elem=EemfE concrete*
B(e/ec) ) 1
9 o=fe\e= T g B=r——= BHT/NWC
©] ‘ <I3-1+(8/Ec)ﬁ (1-C/ecED)
1
B=r———
(1'(fC/EcEc))
[10] o [ faBE/E) f.<50 MPa — kicko=1 | BBY/HSC
“\kiB-1+(g/g)*=F 50 MPa < fo< 120 MPa —
k1=(50/fc)® ko=(50/fc)13
Y3nasHa rpaHa/ a — opHoc usmehy
Ascending branch: noYeTHor moayna
£ 12 €nacTUYHOCTU U
[12] o=f <a£— +B-2a) (5—) ceKkaHTHoOr Moayna BHT/NWC
Cg . ¢ enacTuyHocTu/ratio that
+(a-2) (_) ) initial elastic modulus to
Ec secant elastic modulus
Y3nasHa rpaHa/ Ascending
branch:
-2 () .o
TR T, e =k m = 1/In(Ee./f,) NIABAB
CunasHa rpaHa/ Descending C — nogetuasa ce nomohy (Yenmk)/
(8] branch: eKCriepUMeHTaHUX
. . LWAFRC
£\ 2 pesynTaTta/adjusted using
In (—) . (Steel)
& experimental results
o=fexp|—0,5 — L€
> &
1
B=r——
(1-(f/ecE)
ky
=1,2524 — 0,0197(RI)¢F JIABAB
[11] _p(taBC/E) = (KapGow-Mry/
“\kiB-1+(e/g) 2P —0,3224(RI)pp — 0,08758 | LWAFRC
k, (Carbon/PP)
=1,1476 — 0,0158(RI) ¢
—0,2512(RI)pr — 0,10598

0 — HanoH nputucka y 6etoHy/Compressive stress in the concrete; fim — Cpeara
BpeaHOCT YBpcTohe nakoarperaTtHor 6eToHcKor umunuHapa npu nputucky/Mean lightweight
concrete cylinder compressive strength; e — [Ounatauvja OeToHa npu
nputncky/Compressive strain in the concrete; k=1,1 3a nakoarperatHu 6eToH ca neckom/for
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lightweight aggregate concrete with sand; k=1,0 3a 6eToH camo ca nakum arperatom/for
lightweight aggregate; p — 3anpemMunHcka maca 6eToHa nocne cywena/Oven dry density of
concrete; fc— YUBpcToha Ha nputucak/Comprerssive strength; ec— [unatauunja 6eToHa npu
MakcMmanHom HanoHy nputucka fo/Compressive strain in the concrete at the peak stress
fe; Ec — TaHreHTHM moayn enactuuyHocTu/Tangential elastic modulus; Ecm — CekaHTHU
moayn enacTtuyHocTw/Secant modulus of elasticity; RI — MHaekc BnakaHa/Fiber reinforcing
index; € — NpaHuyHa gunartauwmja/Ultimate strain; HSC — BeTtoH Bucoke 4spctohe/High

strength concrete

* Oatun uspasu ce ogHoce Ha JIAB/Given expressions refer to LWAC

In addition to the relationship provided
by EC 2, other authors' relationships
suggestions can be found in the
literature.

One of the first empirical expressions for
the  stress-strain  relationship  of
uniaxially compressed normal weight
concrete was proposed by Carreira and
Chu [9]. It was later adapted by many
authors, including Wee et al. [10] and
Yang et al. [11].

The expression to describe the stress-
strain  relationship for LWAFRC,
proposed by Liu et al. [8], combines the
proposals of Wee et al. [10] for high
strength concrete (HSC) and Guo et al.
[12] for NWC. In addition to them, Yang
et al. [11] gave their proposal of
expression for lightweight concrete
reinforced with steel and carbon fibers.
Their proposal is based on Carreira and
Chua's expression. It features the RI
index, which takes into account the
geometric characteristics and the
amount of fibers.

3. BEHAVIOR OF CONCRETE IN
TENSION

The  stress-strain  relationship  of
concrete during axial tension is usually
treated as linear until the appearance of
the first cracks, which occurs at a stress
of approximately 90% of the mean
tensile strength fem (Figure 2).

The behaviour of ordinary and fiber
reinforced concrete begins to differ only
after the appearance of cracks. The
addition of fibers increases the ductility
and residual strength of concrete, which

Mopen Bese kojy paje EC 2, y
nuTepaTypu ce Mory npoHahv npeanosmn
Be3a apyrux aytopa.

JenaH op npBUX eMNnpujcknx n3pasa 3a
Be3y HanoH-gunarauuja
jeoHoakcujanHo npuTucHyTor 6eToHa
HOpManHe TeXuWHe Ccy NpPeanoXunu
Carreira n Chu [9]. Hbera cy kacHuje
npunarohjasanu MHorM aytopu, Mefy
kojuma n Wee un octanm [10] n Yang u
octanu [11].

M3pa3 3a onucuBarwe Be3e HaroH-
ounatauvja 3a JIABAB, «koju cy
npegnoxurnm  Liu  »n  ocranm  [8],
kombuHyje npegnore Wee-a n octanumx
[10] 3a 6eToHe Bucoke yspcTohe (BBY)
n Guo-a u octanux [12] 3a BHT. Mopepg
KX, Yang u octanu [11] cy ganu cBoj
npegnor wuspasa 3a nakoarperaTHe
6eToHe  apMupaHe  YenuYHUM U1
kapboHCK1M BnakH1ma. Hbmnxos npeanor
ce 3acHuBa Ha uspasy Carreira n Chua.
Y wemy durypuwe uHgekc Rl koju
y3uma y ob3up reomeTpujcke
KapaKTEePUCTUKE M KONNYMHY BrakaHa.

3. NOHALLAHKE BETOHA MNPU
3ATE3AKY

Besa HanoH-gunartaumja 6eTtoHa npu
akcujanHom 3aTesawy Hajyewhe ce
TPETMPA Kao NHeapHa A0 NnojaBe npBux
MpCrvHa, WTO ce Aeluasa Nnpv HamoHy
oA npubnmxHo 90% cpear-e BpeaHOCTH
yBpcTohe npu 3aTesamy fom (Cnivka 2).
MoHawawe  obuyHor u OeToHa
apMupaHOr BRakHMMa no4nkbe ga ce
pasnukyje TeK HakoH MojaBe MpcrvHa.
Dopatkom BnakaHa noeehaBa ce
OYKTUINHOCT 1 pesuayanHa uyBpcToha
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is why the load capacity of FRC in
tension cannot be ignored.

The methods that can be used to test the
behaviour of concrete in tension can be

6eToHa, 36or yera HocumsocT BAB y
3aTe3atby HUje onpaBgaHO 3aHEMapUTU.
MeTogoe kojuma ce MoOXe wucnuTaTv
noHawamwe 6eToHa npu 3aTe3ary ce

divided into: MOry NoAaennTn Ha:
» direct and *  [OMpPEeKTHe n
* indirect. *  WHOUPEKTHE.
0,20 4
fclm
0.9 fom |
|
1
|
0.15  €¢[%0]
Cnvka 2 — 0-€ gujarpam npu 3aTesawy
Figure 2 — o-¢ diagram for tension
Tabena 2 — MeTone ncnutnsawa BAB
Table 2 — Test methods for FRC
MeTona/Method TecTt/Test

OvpekTtHo/Direct

TECT jegHoaKcujanHor 3aTesama/
uni-axial tension test

RILEM TC 162-TDF [13]

TecT rpege ontepeheHe y Tpu
Tayke/three point bending test

EN 14651 [14]
RILEM TC 162-TDF [15]

WHanpekTHo!/
Indirect

TecT rpege ontepeheHe y yeTnpu
Tauke/four point bending test

ASTM C1609 [16]
ASTM C1018 [17]
JCI-SF4 [18] (Japan)
DBV - Guide to Good
Practice (DBV 2007) [19]

TecT caBujarba nnove/
flexural plate test

ASTM C-1550 [20]
Bernard [21]
Minelli n Plizzari [22]

Depending on how the specimens are
tested, the crack mouth opening
displacement (CMOD) or mid-span
deflection of the beam (when the
specimen is tested according to ASTM
C1609) is measured. Based on the
experimental results, the value of the
residual strength of concrete during
bending can be determined.

EN 14651 [14] requires four residual
strength values (frik, frek, fr3k, frak) to be
determined, corresponding to crack
mouth opening displacements of 0,5,
1,5, 2,5 and 3,5 mm, respectively. The

Y 3aBMCHOCTM O HauyMHa Ha Koju ce
y30puM  UCNUTYjy Mepu ce LuMpuHa
otBopa npcnumHe (CMOD) unu yru6 vy
cpeauHu pacnoHa rpege (kaga ce
y3opak ucnutyje npema ASTM C1609).

Ha OCHoBY pesynTaTta
EKCMepUMEHTaNHNUX Mepera MOXe ce
oApeauMTM  BPEAHOCT  peauayarnHe

yBpcTohe 6eTOHa Npu caBujamsy.

EN 14651 [14] 3axTeBa ga ce oapene
yeTnpu BPEAHOCTU pes3vayanHmx
uspctoha (frik, frok, frak, frak), KOje
oArosapajy lwupmnHamMma oTBopa npcnvHa
04 0,5,1,5, 2,51 3,5 mm, pecnekTuBHO.
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residual bending strength
calculated according to

fri is

fR,l'

where Fr,i is the load corresponding to
the CMOD; size, L is the characteristic
length of the specimen, b is the
specimen width, and hgp is the height of
the beam in the middle of the span.

fib Model Code 2010 (MC 2010) [23]
classifies FRC based on the ratio of
residual strengths frak and frik. Table 3

3l
T 263,

PesungyanHa uBpcToha npu caBujamby frii
ce npopadyHasa npema

@

rae je Fr,icuna koja ogroBapa BenuynHu
CMODi, L kapakTepucTudHa JyxuHa
y3o0pka, b wmpuHa ysopka, a hsp BUcuHa
rpege y cpeauHu pacrnona.

fib Model Code 2010 (MC 2010) [23]
knacudukyje BAB Ha ocHoBy opHoca
pesavayanHux uBpctoha frak M frik. Y
Tabenu 3 je npukasaHa knacudukaumja

shows the classification found in the Koja ce Hanasu y HaupTy HoBe
draft of the new generation of Eurocode reHepauuje EBpokopga 2 [6].
2 [6].
Tabena 3 — Knacudukaumja BAB [6]
Table 3 — Classification of FRC [6]
Knaca KapakTepuctviHa peaunayarnHa yspctoha Ha AHanUTU4Km
RykTUnHocTW | caeujarse/Characteristic residual flexural strength fr.1x uspas/
Ductility Analitical
class 10/15/20|25]30|40]|50] 60 8,0 formula
a 05]08(10]13(15]|20(25] 3,0 4,0 fr,3k=0,5fr 1k
b 07111(14)118(21]|28(35] 42 5,6 fr,3k=0, 7fr 1k
c 09114182327 |36|45]| 54 7,2 fr,3k=0,9fRr 1k
d 1111712212833 |44]55] 6,6 8,8 fr,ak=1,1fr 1k
e 13(20126(33[39]52|65] 7,8| 10,4 | frak=1,3frik
Many parameters influence the behavior Mhoro napametapa yTude Ha

of concrete during tension, so its
modelling is complex, which is why there
is no single constitutive relationship that
can describe it.

MC 2010 provides two simplified
constitutive relationships, which
describe the behaviour of concrete after
crack opening: rigid-plastic behaviour

and linear behaviour (hardening or
softening) (Figure 4).
Based on experimental tests, a

connection between the stress and the
width of the crack opening w is reached.

noHaluarwa 6eToHa nNpu 3aTesamwy, na je
HEroBO MOAenupare croxeHo, 36or
yera He nocToju  jedavMHCTBEHa
KOHCTUTYTVBHa B€3a KOjOM CE OHO MOXe
onucarm.

MC 2010 paje ABe nojegHOCTaBIbEHE
KOHCTUTYTMBHEe ©6e3e, Koje onucyjy
noHawarwe OeToHa HaKoH oOTBapaha
MPCnvHe: KPyTo MMAacTUYHO MoHallake
1 NMHeapHO NoHalane (o4BplhaBare
unn omekwwaeare) (Crivka 4).

Ha OCHOBY eKcnepuMeHTanHmx
ncnutTuBama ce f4onasu Ao Bese namehy
HamnoHa W LUMpWHe OTBOPa MPCIVHE W.
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o A (0}
f ——~ oyBpwhaBare/ thu _, ——=— ouBplwhasate/
L S S hardening fos hardening
——— OMeKLIaBaHe, —— OMeKWwaBare
/ /
Ftu : Ftu y
softening softening
> >
Wu w | Wu w

Cnvka 4 — NojeaHoCTaBIbEHE KOHCTUTYTMBHE Be3e: KPYTO MIacTUYHO NoHallake 1
NHeapHOo NoHallakwe
Figure 4 — Simplified constitutive relationships: rigid-plastic behaviour and linear
behaviour

To establish the stress-strain
relationship after the appearance of a
crack, the ‘"characteristic length"
parameter lcs (Figure 5) is introduced,
which according to MC 2010 [23] can be
determined as

3a ycnocrtaBrbakbe Be3e  HanoH-
gunatauvja HakoH nojaBe MpCrvHe,
yBOAW Ce NapameTap ,kapaKTepucTU4Ha
ayxuHa“ les (Cnvka 5), koju ce npema
MC 2010 [23] moxe ogpeavT Kao

lCS=min{Srm'.y}’ (2)

where sm is the mean distance between
cracks, and y is the distance between
the neutral axis and the tensile side of
the cross-section.

OA
fFlu ————————

fFlu

fFlu
ths
thu

rae  je  Sm cpedwe  pacTojarbe
y3acTOMHMX MPCMVHA, a Y yaarbeHocT
Of1 HeyTpanHe oce OO0 3aTerHyte neuue
npeceka.

A
fF(u ————————

fF(u

Cnuka 5 — Besa namehy gujarpama o-w 1 avjarpama o-€
Figure 5 — Relationship between o-w diagram and o-€ diagram

MC 2010 provides complex constitutive
relationships that take into account the
fracture energy Gr (Table 3). The choice
of relationship depends on the expected
behaviour of the applied material.

MC 2010 gaje cnoxeHe KOHCTUTYTUBHE
Be3e Koje y3umajy y ob63vp eHeprujy
noma Gr (Tabena 3). W3bop Bese
3aBMCM Of OYEKMBaHOr MoOHallama
npvMeneHor maTepujana.
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Tabena 3 — KoHCTUTYTMBHE Be3e nNpwu 3aTesamy
Table 3 — Constitutive relations in tension

HOwjarpam/Diagram Mapametpw/Parametars
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€ctm®r,0=0.5/lcs Erty EV €r.0=2€ctm

fon — Cpeara BpegHocT uBpcTohe Ha nputucak/Mean compressive strength; k, — ®aktop
opvjeHTaumje/Factor for fibre orientation; S;maxca — MakcvmanHu pasmak npcrnvHa 3a ernemeHTe
apMvpaHe 4YenuyHUM BrakHuMa W y3gyxHom apmatypom/Maximum crack spacing in members
reinforced with steel fibers and longitudinal rebars; Gr — EHepruja noma/Fracture energy; w, —
MakcumarnHa gossorbeHa LwmpuHa npenuHal/Ultimate crack width
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In addition to the constitutive
relationships mentioned so far, other
authors relationships can be found in the
literature. Some of the relationship
proposals were given by: Barros et al.
[24], Tlemat et al. [25], Lok and Xiao
[26], Lok and Pei [27] and others.

Many previous tests, based on which
comparisons of the results of numerical
analysis and the actual behaviour of the
samples were made, were made with
NWC reinforced with steel fibers. Table
4 provides an overview of some of the
studies conducted so far.

Mopen o caga HaBeaeHNX
KOHCTUTYTVMBHUX Be3a, Y nuTepaTypu ce
Mory npoHahu Be3e [apyrux ayropa.
Heke op npegnora Besa cy pasanu:
Barros u dr. [24], Tlemat n gp. [25], Lok
n Xiao [26], Lok n Pei [27] v ap.

Muora gocapaluwbux uUCnuTMBaka, Ha
OCHOBY KOjuX Cy ce BpLluuna nopehemna
pesyntata HyMepuyke aHanu3e u
CTBapHOr MoHalWawa Yy3opaka, cy
paheHa ca BHT apmupaHux yenuyHum
BnakHuma. Y Tabenu 4 je pat nperneg
HeKMX JocafallhbuxX UCNUTMBaHA.

Tabela 4 — Npernen nutepaTtype
Table 4 — Literature review

AyTtop/Author EnemeHTt/Element MaTtepujan/Material | Besa/Relationship

pepa/Beam MC 2010

[28] 20x100x300 cm BHTAB/NWFRC RILEM TC 162-

TDF
[29] 1555165”8)’( Egg”r“nm BHTAB/NWFRC MC 2010
KpyxHa nnoya/Circular Barros

plate RILEM TC 162-

[30] @800 mm BHTABINWFRC | TpE Lok i Xiao
@1500mm Lok i Pei

Al-Naimi et al. [31] performed LWAFRC
tests on the basis of which they came to
the conclusion that the RILEM’s
relationship overestimates the value of
the tensile strength of concrete, but
underestimates its ductility, while the
MC 2010’s relationship significantly
overestimates the ductility of concrete.
Therefore, they proposed a model in
which the characteristics of the fibers
are also taken into account. The
proposal of a constitutive relationship for
LWAC reinforced with steel fibers was
also given by Christidis et al. [32].

Table 5 provides an overview of the
constitutive relationship of the above-
mentioned authors.

Al-Naimi »n octanu [31] cy BpLwunu
ucnutmueara JIABAB Ha OCHOBY KOjuUX Cy
Jownu 0o 3akrbydka aa Besa RILEM-a
npeuemyje BpeaHoCT 3aTesHe uBpcTohe
OeToHa, anuM MnoTuekYyje  HEroBy
OyKTUnHocT, Jok Be3a MC-a 2010
3Ha4ajHo npeuekwyje  AYKTUNHOCT
6eToHa. 360r Tora cy oHV MpeanoXxunm
Be3y Yy Kojoj ce ysumajy y 063up u
kapakTepuctuke BnakaHa. [peanor
KOHCTUTYTMBHE Be3e 3a JIAB apmupaHe
YenVYHMM BRakHMMa Ccy pjanm wu
Christidis n octanu [32].

Y Tabenn 5 je pgatr npernen
KOHCTUTYTMBHUX Be3a rope MOMeEHYTUX
ayTopa.
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Tabena 5 — KoHCcTUTYTUBHE Be3e U3 nutepaTtype
Table 5 — Constitutive relationships from the literature
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a=0,19
CMOD/REWC=50 ym
CMOD/REWC=13,43CMOD 55"

— HanoH y Bnakny/Stress in fiber; T — YUspctoha npmnamana/Adhesion strength; dr —
Mpeynnk BnakHa/Fiber diameter; Lt — KapaktepuctuyHa gyxuHa/Characteristic length; Lu
— OyxwnHa kyke/Hook end length; Le — OyxwuHa yrpafeHor BnakHa/Embedment length; Er —

Mogyn enactuyHoctn BnakaHa/Modulus of elasticity of fibers;

no — ®akTop

opujeHTaumje/Orientation factor; SFLWC — Jlakoarperathu 6eTOH apMupaH YenuyHum
BnakHuma/Steel fiber reinforced lightweight aggregate concrete

4. ORIENTATION FACTOR

Fiber orientation significantly affects the
mechanical characteristics of concrete,
especially after the first cracks appear.
The arrangement and orientation of the
fibers are influenced by the
characteristics of the fresh concrete, the
type and length of the fibers, the amount

4. ®AKTOP OPUJEHTALIUJE

OpwujeHTaumja BnakaHa 3Ha4yajHoO yTu4e
Ha MexaHu4ke KapakTepucTuke 6eToHa,
noceGHO HAKOH HacTaHka  MpPBUX
npcnuHa. Ha pacnopen v opuvjeHTauujy
BrakaHa yTudy KapaKTepucTuKe CBexer
f6eToHa, TMN W [pyXuMHa BnakaHa,
KonnyvHa BrakaHa Yy  GeTOHCKO]
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of fibers in the concrete mix, the size of
the sample, the way the concrete mix is
poured, the way the mix is vibrated, the
presence of obstacles (rebar), etc.

Since micro-reinforced concrete is
considered to be anisotropic and non-
homogeneous, its behaviour in standard
test specimens may differ significantly
from the behaviour of the same material
in a structural member or structure. For
this reason, MC 2010 introduced the
orientation factor K. With the known
orientation factor, it is possible to
calculate the residual strength for the

MeLUaBWHW, BEeNWYMHa Y30pKa, HaunH
nanmeaka 6eToHCKe MeluaBMHe, HauuH
BuOpvpara MellaBuHe, MNOCTOojaHe
npenpeka (apmartype) v ap.

MowTo ce cmatpa aa je
MUKpoapMupaHn 6eToH aHM30TponaH K
HEXOMOreH, HeroBoO roHallawe KOA
CTaHgapAHuX y3opaka 3a UCnuTMBake
MOXe 3HayajHO Ja Cce pasnukyje opf
noHalwakwa MWCcTor martepujana vy
KOHCTPYKTUBHOM enemMeHTy unu
KOHCTpyKumju. M3 Ttor pasnora je MC
2010 yBeo chakTop opujeHTaumje K. Ca
nosHaTMMm pakTopom opujeHTauuje je

ultimate and serviceability limit states by moryhe npopadyHaTu 3aocrany
applying the following expressions: yBpcToNy  3a  rpaHuM4Ha  CcTamwa
HOCUBOCTM " ynotpebrbnocTU

npumeHom cneagehux nspasa:
thsd,mad=f}:tsd/K (3)
f Ftud,mod™— fh‘ud/ K (4)

where K is the orientation factor. K=1,0
when an isotropic fiber distribution is
assumed, K<1,0 when the fibers are
oriented favourably, K>1,0 when the
fibers are oriented unfavourable. frwd is
the residual strength for the ultimate limit
states, and frsd is the residual strength
for the serviceability limit states.
Confirmation that the orientation of the
fibers can be significantly influenced by
the geometric characteristics of the
examined sample was given by Blanco
et al. [28] on the example of a plate. The
mentioned authors concluded that the
orientation factor K should be between 2
and 3.2.

5. CONCLUSION

LWAFRC has many advantages
compared to NWFRC, but its application
is limited because it is not included in the
technical regulation. In order to increase
the application of LABAV, it is necessary
to develop theoretical and numerical
models that will accurately describe its
behaviour, taking into account all
important influencing factors.

roe je K daktop opujeHtaumje. K=1,0
Kaga ce npeTnocTaBfba W3OTpPOMHa
pacnogena BnakaHa, K<1,0 kaga cy
BMakHa opujeHTMcaHa nososrbHo, K>1,0
Kaga Ccy BnakHa  opujeHTucaHa
HenoBoJbHO. frud je 3aocTana uspctoha
3a rpaHNYHO CTake HOCMBOCTH, a frsd j€
3aocrarna yBpcToha 3a rpaHNYHoO CTake
ynoTpebreuBocTu.

MoTBpAy Oa Ha opujeHTauujy BrakaHa
MOry 3Hau4ajHO yTuLaTU reomeTpujcke
KapakTepucTUKke  WUCMMTaHOr  y30pKa
pann cy Blanco n octanu [28] Ha
npumepy nnoye. NomeHyTn aytopu cy
3aKkrbyunnu aa 6u cbaktop opuvjeHTaumje
K Tpebano ga ce Hanasu y rpaHuuama
namehy 2 n 3,2.

5. 3AKIbYYAK

JIABAB nima MHOro npeHoCcTu y OgHOCY
Ha BHTAB, anu je werosa npumeHa
orpaHuyeHa jep Huje obyxesaheH y
TeXHWYKOj perynatmen. Kako 6u ce
nosehana npumeHa JIABAB HeoxogHo
je pasBuTM Teopujcke U HyMepuuke
mofene Koju he BepHO onncaTtn Heroso
noHawawe, ysumajyhu y o63up cse
O6uTHe yTuuajHe dakTope.
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Based on the reviewed literature, the
following observations can be made:

The expressions for describing the
relationship of stress and strain of
concrete in compression given by EC
2 can be applied for BAV until the
maximum stress is reached, after
which these expressions are not
applicable. Relationship proposals
can be found in the literature that take
into account the amount and
dimensions of the fibers;

Constitutive relationships MC 2010
and RILEM TC 162-TDF for concrete
in tension are often not applicable for
LWAFRC. There are a number of
proposals for the LWAFRC stress-
strain relationship in the literature that
take fiber characteristics into account;
The orientation of the fibers is
significantly  influenced by the
geometric characteristics of the tested
sample, which has been confirmed by
many tests. It can be noted that there
is not much information in the
literature about the value of the
orientation factor K in LWAFRC.
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