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Experimental and numerical investigation of the effect of steel fiber on fiber reinforced
concrete under multiaxial compression
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ABSTRACT: Concrete is one of the most widely used building materials in the world and the use of ~ Review History:
fiber-reinforced concrete (FRC) in structures to increase its tensile strength and improve its behavior — Received: Dec.07, 2019

has been extensively developed in recent decades. It is necessary to determine the constitutive equations  Revised: May, 19, 2020

of FRCs when the numerical investigation of their behavior is running. These equations should be  Accepted: Jun. 03, 2020
including relations to handle the effect of steel fibers on the behavior of FRC. In this study, the behavior ~ Available Online: Jul. 03, 2020
of FRCs with a different percent of steel fiber under triaxial compression, with different values of
confining pressure, is experimentally and numerically investigated. Hoek cell is used in triaxial tests.
In the numerical simulation, five-parametric constitutive equations with Willam-Warnke (W-W) failure
criterion, isotropic hardening/softening function and non-associated plasticity were used and substepping
integration method was carried out for integration of constitutive equations. For applying the effect of
steel fibers on the failure surface, Kt coefficient was determined from the results of biaxial experimental
tests on SFRCs. The constitutive equations are implemented with UMAT subroutine in ABAQUS and
specimens are simulated in ABAQUS. By the comparison of the experimental (maximum strength)
results and the numerical (stress-strain curve) results, an acceptable agreement was seen between them.
Finally, based on the consistency between experimental and numerical results, it was concluded that the
numerical model could be used, with enough confidence, to predict the behavior of SFRCs specimens.
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1- Introduction

Ashardened concrete is brittle and has low tensile strength,
many studies have been conducted on the production of fiber
reinforced concrete (FRC) [1, 2]. Different types of fibers
such as steel, polypropylene, and a hybrid form of them were
considered in the Studies. In recent decades, many tests have
been conducted to research the behavior of FRCs under
triaxial stresses and to propose appropriate constitutive
models for FRCs [3-6]. The constitutive equations include
different material parameters that are determined from the
experimental data.

In this study, a constitutive model is extracted to
numerically study the steel fiber reinforced concrete (SFRC)
under triaxial compression. This model involves the Willam-
Warnke failure criterion for the plastic behavior of SFRC
as introduced in [5, 7, 8], isotropic hardening\softening
rule and the non-associated flow rule of Grassl et al. [9] for
determining the plastic deformations. Also, in this study, kt
coefficient is proposed to conduct the effect of fibers on the
triaxial strength of FRCs. In this paper, we used three batches
of material parameters in the numerical simulations. Which
the first set is from the experiments that we conducted in
this study on SFRC specimens with different contents of
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steel fibers; the other two batches are from the experiments
reported in the literature.

2- Experimental program

Four mix designs, with 0%, 0.5%, 1% and 2% steel fibers,
were used to make 16 standard cylindrical specimens with
diameter and height of 150%300 mm2 and 40 cylindrical
specimens with diameter and height of 54x108 mm2. The
corrugated steel fibers with a tensile strength >1100 MPa
and 1 f/d f=25mm/0.75mm=33.3 were used.

Triaxial tests were performed on the SFRC
cylindrical specimens in accordance with ASTM C801
[10] (see Figure 1). These experiments were conducted
under four confining pressure: 5, 10, 15 and 20 MPa. A
typical load protocol for the triaxial compression test is
depicted in Figure 2. we can realize that after applying
5 MPa lateral pressure, the axial and confining stresses
were increased until a specified confining pressure
is achieved. While keeping the confining pressure
constant, the additional axial stress is increased at a
constant stress rate of 0.2 MPa s-1 through the platens
located at the ends of Hoek cell.
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Fig. 1. A Hoek cell for triaxial test.
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Fig. 2. A typical load protocol in the triaxial test.

Table 1. Results of triaxial tests on SFRCs.

Triaxial peak stresses (MPa) for confining

pressures

SMPa 10MPa
64.6 83.1
61.3 78.7
68.5 87.3
57.6 73.8

15MPa 20MPa
95.2 113
90.2 110
99.5 117
89.1 108

The constitutive model for SFRCs is proposed based on
the plasticity model adopted in this study and involves the
loading criterion, the hardening/softening function and the
non-associated flow rule.

For the simulation of SFRCs under triaxial stresses, the
W-W five-parameter loading surface has been used in the
literature. Using Haigh-Westergard coordinates, the W-W [7]
failure surface for SFRC is expressed via

F(&,p.0)=p—K(5,)p (£,0)=0 (1)

the effect of steel fibers is specifically included in the
yield surface (1) via parameters k and k_ as follows

k. =1+0.0567,

k, =1+0.334, @)
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3- Results and discussions

The results of triaxial compressive tests are summarized
in Table 1 for the SFRC specimens. The so-called strength
enhancement coefficient due to the confining pressure is
calculated in the range 3.9 to 6.3 for these SFRCs indicating a
high scatter in this coefficient in accordance with the literature

with the use of triaxial test results, the failure envelope of
SFRC specimens can be depicted according to ASTM C801.
Figure 3 shows failure envelop in terms of o, —7 . It is clear
that for the range of stress values considered here the effect of
steel fibers on the failure envelope is mild

In order to verify our numerical results, experimental
stress-strain data for plain concrete from literature are
used. Figure 4 shows comparisons between the numerical
results and the experimental data of SFRCs under multiaxial
compression reported in Pantazopoulou and Zanganeh [11].
The numerical stress-strain curves are in very good agreement
with the experimental curves.
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Fig. 4. fStress-strain curves for SFRCs under triaxial loadings.

4- Conclusion

In this study, constitutive equations are proposed based on
non-associated flow rule with w-w failure criterion, isotropic
hardening\softening function, and Grassl plastic potential
function. Triaxial tests conducted on SFRC specimens
and experimental data have been employed to determine
the various material parameters of the plasticity model of
SFRCs. The good agreement between numerical results and
the experimental data indicates that not only the adopted
constitutive equations represent the behavior of SFRCs very
well, but also the implemented integration scheme can be
employed in practical applications of SFRCs.

585

References

[1] A. Amin, S.J. Foster, R.I. Gilbert, W. Kaufmann, Material
characterisation of macro synthetic fibre reinforced
concrete, Cement and Concrete Composites, 84 (2017)
124-133.

[2]PN. Balaguru, S.P. Shah, Fiber-reinforced cement
composites, McGraw-Hill, the University of Michigan,
1992.

[3]G.B. Golpasand, M. Farzam, S.S. Shishvan, FEM
investigation of SFRCs using a substepping integration

of constitutive equations, Computers and Concrete, 25(2)
(2020) 181.



GH. R. Baghban Golpasand et al., Amirkabir J. Civil. Eng., 53(6) (2021) 583-586, 10.22060/ceej.2020.17462.6576

[4]Y. Chi, L. Xu, H.-S. Yu, Plasticity model for hybrid fiber-
reinforced concrete under true triaxial compression,
Journal of Engineering Mechanics, 140(2) (2013) 393-
405.

[5]S. Swaddiwudhipong, P.E.C. Seow, Modelling of steel
fiber-reinforced concrete under multi-axial loads, Cement
and Concrete Research, 36(7) (2006) 1354-1361.

[6] I. Imran, S.J. Pantazopoulou, Plasticity model for concrete
under triaxial compression, Journal of engineering
mechanics, 127(3) (2001) 281-290.

[71K.J. William, E.P. Warnke, Constitutive Model for the
Triaxial Behavior of Concrete, INTERNATIONAL
ASSOCIATION FOR BRIDGE AND STRUCTURAL
ENGINEERING PROCEEDINGS, 19 (1975) 1-30.

[81Y. Chi, L. Xu, H.-s. Yu, Constitutive modeling of

steel-polypropylene hybrid fiber reinforced concrete
using a non-associated plasticity and its numerical
implementation, Composite Structures, 111 (2014) 497-
509.

[9]P. Grassl, K. Lundgren, K. Gylltoft, Concrete in
compression: a plasticity theory with a novel hardening
law, International Journal of Solids and Structures,
39(20) (2002) 5205-5223.

[10] ASTM-C801, Standard Test Method for Determining
the Mechanical Properties of Hardened Concrete Under
Triaxial Loads, in, American Society for Testing and
Materials, 1998.

[11]S.J. Pantazopoulou, M. Zanganeh, Triaxial tests of
fiber-reinforced concrete, Journal of Materials in Civil
Engineering, 13(5) (2001) 340-348.

HOW TO CITE THIS ARTICLE

DOI: 10.22060/ceej.2020.17462.6576

GH. R. Baghban Golpasand, M. Farzam , S. Soleymani Shishvan, Experimental and numerical
investigation of the effect of steel fiber on fiber reinforced concrete under multiaxial com-
pression, Amirkabir J. Civil Eng., 53(6) (2021) 583-586.

586



785 500 ()] yo (o kien & i

YEVA B YOV Clotio VF+ v Jlo & oyl OF 093 38 puol o yos (it 4y
DOI: 10.22060/ceej.2020.17462.6576

SygPe N AT Cod AU ok JU8) 1 (53Y98 SYI 1l (g3as 5 (BRG] (o
Oy Slosho Sl pl; )8 dgane iy J5 ()Ll Lo oM

1891 au )b
AARVNRLVAVR RO TF
WAV 10,5550
WA YN 1oy
WA/ F/VY 1o Ml )

gl G o 3 5 o3l .4 ool 9 e i 33,05 o5 5 vl
O b3l ¥lee b SUI o )1y (o33 Ly (6l ol il (3L drwgi pd] (slmams )3 ol JlBy dgu00 g oS
b glagyn )ld) qgadod ol )3 il (S g )18y > Ul Jlasl e (atly) Jold (il &Yoles (] 3,5 (s
(8IS 5 (278 Ciyguo 9 Ay cgliio 6.8 yguasne Hlid polde b (g yemedus Hlid Cod (Ll glaiio ydlie (gl 60V 93 SUJI
S Jlono b ()5l SYalas (308 2 13335 o 03litd Sgn Sl Sl (6900 slasilojl 13 39 0 )y
5 Sl (6l g 048 03kl hunsot o Aiitodly 9 Spg gl (Shdp 9 (ShdCtw 2l aSlg—plbg (6 el s
s o3zl KUy s s S 31 ]l 3550 500 K (55 IS iy s 5L ke §
PUMAT (59 b jl edlitl b (g3 Lo c¥olxe g oo s (65Y 98 BUI L (50 sladinss (g9, (5y9093 (sl ko]

1605 Clols
(SFRC)s5Yg3 SUIL o
& ls &Yolee

et HLid (slaiolej]
S8 655 Sl )

338 (5l Jde jlosel sty ol dunlio a5 o (55l e (aKiolej] sladiges g ods s 3sS ABAQUS 38l 6 5
Ay e i |y Jod BB Ll alKiole]]l sl L SFRC (cladiges yiSTas caaglio g i5)S— i soxie &g 4
Ot lp e Jao 5l J53 LB liebl b (s o oS 03 485 don  atalol 5 o030 il 3ol 4 g5 b ol

2,5 o3l SFRC cladiges Ld)

e Gilw e 1 suwl &8 WS o w5 1y 0o)ly slayl cou dodbo — 9
Gl liass p3) gl e o [V] 0,5 1,8 Jaine SUI sla oy CablB 5 o (dulS Cuoglio (glyld 090 3,5 b 4y ol o 0
&l piomen 5 o5 emelin sla il cod  SUI ks wyp sl S5 s 4 SBUI ) eolil 650l sl b oles 8,8 Jeos

2 OR8N s LB By gl g ob el g ol cute
90 «(sidS b Ceoglie Liuli8l .l 4B S8 dvgi 590 cprhune

Jo 3 [¥ 5 AWV ] ol a3,8 plool 3L o el (pls o & ¥olo

390 [V] iS55 g glaagjlily bawgs (U (slapyy (6 ygomodun ;ld) Voo

G g5 4 gy U G (6L Slamgat 5 355 3 (o
$9) » u»)l.a)i GE c439o.3 D}IJ}‘ 9 U")L‘)] Ja)]).w ‘)lg o “_9LJ| )lJ.O.o 9
5 SS9y p (Sl HUES Gl 3L S jasuie dge VO
g Vede Jlo > ghlSen 5 pb) bawg (S o Seadly )13,
cos ) obgilojl o) Sen 'L cpizmen [IV] €85 )13 (o)
Sgldte (SAb jpae gla)lis b calize 4lgiSy (6)l38L slagssSl

LIY] sl plool

1 Pantazopoulou & Zangane
2 Jiang

1) 5 Y] G ol 5l aolizal b oS ks J ok 52,7 )18,
LI b 5L elol 51 okl (gdinn ey ol canlio Hlislo LS 55
Gawdin b glaojlo (o 1) Sobl g (speul BUI (ylug b sV
S9y p 4Bl pbxl 03518 Sllllae [Y-0] cusl 03)5" oal)5 oty
s & Bl sgng oS cunl odly i SUI sla g (SOlSe lasuie
ool dgng 4 (clalS 5 ot a4l D95 o (S Canglie Linl33l sl
Calises Sl gladge oy go8 cpl [V 9 £ o)l o 0 sty o

AW s e g o b 33 B (SasunS Jud 1 b 5

mafarzam@tabrizu.ac.ir :obilKe sesge odiwg

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )

yeov



Sagfgnl (Sibpy g (SIS @i g Vo] dlaren yuf dipuiodly
9 S5 50 )8 okl 050 [YV 5 VA] (Sen g 9> Lasly) (olul 1
sl S¥oles 5 (orS LS5l sl [YA] ok 3ol (S5 3o,
CSalS gy 4 s [YA] 005 ool CSalS g 3950 45,5 S
9 e o b 3)03 b Jud 5l 390 9 Mol iz S [VF]
aw 2 SUI Sl Jlosl (gl liad 8l oo pabd gaw 59y 5 o]
15,5 plosl (g ygmmp0 (slaiyisles] ol 5l odlitl 1K, i oaless
UMAT (igple buwg & 0,5 o s SFRC (ladises <5,
el opsiz ol Jao 9500 (s3lwodly ABAQUS Jlil 5 5o
Soaigas 55 2 2logialeil el ool e (sl & 23 o0 liae
Slaios slatolof] b 5l byl Ko gl g 485 plol SFRC
adlls 2lEtlojl ol L o318 (gjluse gl 55 U155l o yo5))
[¥] 4555 9 Pongtly 5 [¥e ] ShlSan o 7yipsS alKtlofl mlis 5 ol

SFRC gllas b yivle ;! -
Szt g i cod S sla g ,li8y pwyp clbufl\g.Lo}] RV
Allie (55 e Gpmalynd sl WoW e cla il s 5
ab)S Ly Soliwlg,ln (5 4 dtwly o sy W-W s
Ssliwlg)iep )i b paled gaw Gl 090 Cnog (sl 9 29500
s 5 Slilynn jome ol (ol jgme & ples o I ebake
Ml glpe o] 4 & 900 418 Jlai )3 el 30l gl o] o305
Jolds axas g palud o S'ytiie Juad Lo ye S5 jlie 4 098 oo
doie W-W Jie 3 &Syl & a5 b il o Soliolg)ln oo
ABlioe sgde i (T saomio ) pabud (Gote) ekl o (B0
Feodgly 5 bdpe 4 )l (S 3 )k dgly 4 plye IS5 cnlple
IS bdye 2> jho dgli > Gbaye 4y )lid Ghaje )
slogizlejl 4 5l W-W Jus clajial)ly S s 0500 sY|
Obdye S5y Srpmede «Sypne 93 sl (BIS (gylaS Caeglie
B Al g LAl aiS ghage 69y opredw 5 Lt
3 ase Sy clple o) (ol Slies 4 Sl il il Sl

6500 V8 W islogl gl )3 398 e odlisl Sllllas sl gl b W o8

3 Kupfer

3 (Suuly 9 (o §ygmedn alejl (o) 3 39290 b Shome

3l SVolee jlodlitl & yg s ciliseo (sla ol )b & b yiolojl ol
paSue (el GRS Cov )8y (35 gjledie Glp )
Slasyss 58,8 s o b Vol opl 58S VY 5 V0] 35l e
DA] o el Joe V8 5 W] dtiody laJao alos 5| calisco
Iy oy syt Sluogad by L cubld as" D] ol 9,800 sla Jie
Omm lp Gl lgie a4 Wle o 29350 SV olee Wlodd L Byme )l
" lawo YO8 Jlo o o] Cles @ 55 SUI elayy ()il & Yoleo
bS5 can ilw]de slp ey 5l (oS 5 Lolwl yp as" 250l 1)
o 30 30 SBUI bhug Sy il puses g LS paw 5)Slas
Al S slan (o0 wyp sly Jle YOIA Jlo j5 0 Sy
9 48)5 )18 (poyp 390 Al pobo 4 BUI g (0 by ol > b
S N8 gileJae BUI e pdass 1S )01 b 93 ol LS
ool LEJJA k.)"‘ )I O éu&o )l}'.é) P )0 LY R N u»wu
5 2 VYT (W-W) 4Gyl Jao a5le bn Jao 51 52 Jp ke
PR W PN 170 B N E P3| IS W PR C SN | PP Pt
SWlas Y] hlSen 5 (2 oy 5y570 a0 )18 (555 2 VO Jlo
Sy (0¥ e LI 5l suass cpl yo sl ploal SUI i (g9, g
Silbodse sl g oad ool o 513) gm0 slp Glogpch SUIL
g odmo (6,3l Yolee (gjledly 53,8 exlitwl W-W' Jse 51 o
a8 Cawl (g2 puo 9 (88 (638 Sl gl yigy diojls 38l o5 5o el
@ g b hg) ool [VF 5 VO allion gy cul 5l (S mpe by
s Jde dan (ol YU Colye cliiin 4 b pae g Julow (oYL cas yu
oo $pS ISl gl gy 5l (S ool oslawl b Sl g
bl bl 2 SIS o1 5 S5 IS (i €l IS o
D oo S " TS gy Ligy opl 4 S [YE] il o LB S
cod Sl sl o 5l ey gl ol le ©Yolee &Ll aie; 5
W )l581 oy 5o ol s3as (giluosly ogad 4 5 sy A oA
4w )L’é) » du] ).ul.: 8 gy le)'f L}..c?o U”‘ 0 oo dgdne
LY o YW W-W s jlae wlol (58l cYoleo ¢ 5 (sy9200

1 Mihai
2 Substepping scheme

YSOA



YEVA L YPOV aiao A Jlo & oylod DY 093 (oS puol ()] yos (cwdine 455

SFRC (gdiges ;3 s3liiwl 3,90 (V4 BUIILY S

Fig. 1. Used steel fibers in SFRC specimens

2 poSolS AUD S yio p p,SokS FF/B) (3¥ed LI ZY 4 /)
W35 45 (aSe yio 2 p)S ok WA 5 e i

B calpSs w9 cuedl 4 455 L SFRC (ladiges calu
s S 9 ologe Wl o §) S5 Sy Liz) bl 5 53
3 o 1 8L5] bgls 4y bxy,u5 (£3Ygh G| 5 00 bglses on |
bglbe 315 )5 LI CalyiSy s siman § Sl lga LolS L3
dlgil B > balots w0 039381 04iiS” (lg) 368 ol yo 4y o
Jeos lp a7l LBl ladiged celo VYl o 5 00 aisuy (4
o3> 51,8 5, Kl azyd VY 3gas clod b Ol amsgs ;5 ladiges ¢ 5,9
A
b ytalojl plosl g, =V =¥

ool 52 SFRC (eladiges (g5 5505 ()L Canglio 2o
A5 pll a4l 5 JKwbKe /Y0 (o )355L Jus L ASTM C39
i Ceoglio g5y (358 SBUI 3L )y jslale 4 rimen
5530 SFRC (sladiges W-W' Juo (sl o)l o950] cowd a0 g oy

Y504

5 olis Cuoglio el (opaytoisle VOoXT+ <) 3ylulil (cladlsal
@l Oomen 5 odlitel ()Li8 hye g5y sysrmedn lasialejl

g oo odlisel (eoleiiey i) (Pt Como sl baialo]

bdiges cilo =) =Y
waSagio  p S ¥oo Il i plogw Jlie dadiges ol 4l
FYD 9 VoAV Gl a4 b g awle o9 9 +/FY Gleww 4 O cous
Mo 83V e ladigas plos )3 a5 48)F jlai ) ceSajie  p)SskS
Sl b ool (Bpae Glosw (n iRl lgie a4 Gualiwg S (oo
FoolB o)) & oS 38" ol oS g, 3gb cbogloa i S
Wl (p S5 b g ad 48 )5 ) (938l plgis 4 (Slesws dlge (S5
b8 4 03V 8 Sl ol )3 035 (e yie e VD S gl
(S Cngliio b JS (290 ©p90 & o s YOobo g yie (oo +/VO
il gy b 2b s () JS5) 15 eslitl JSwbKe VY-

SO s gyl dw g GBI e ) oyl b WSy bdiges



YEVA U YFOVdaxbo MY e - JL.u P4 o)meB LY 0)9d s).uf).:.AI ul)o.c (ewdige s

ialojl ALl g1y (yiguishS Yo v e Cad b 4y g LS Ko Y JSb

Fig. 2. 3000 kN compression jack used for loading

Oezad Cuwl ol odlail Voojleds IS5 Billae Ser Joho j3 485,
S 53 (Sl N S 1 gy elod Sl ges g Bl Sl
5 Jlos! pone Jlis (sl ¥ 0jlos JS5 el 005 o3lizl Sgp Jsbo
2 L) JEulBe V0 (ol )L gl ol ailginl diged (g5, (5y57r0
S ) 395 oo i Mo & WisSolad amd o i |y (S0 sl s
Sop Joho S5 ) aigad (13905 <l (sl JSWLe & il> i
Oty B lojed Oygo &y (5ygome S5 g (o8l JLiS s 0D Jlos]
ome s @l GRall (50> (ool L o L) JSWllSe V0 Jlde 4
Oial3l iges i B (g pppme T g b sl 455 el il jLis o

2,5

b yiolojl uls —Y =¥
Lol ods &1y Y J?J‘? 5 SFRC Lglhd.isoj “9) Lh‘)uJLO)] @L}

013,85 odaliie 30 [YV] iy Ollllas 3 g 354 g0 dlan Mo oS 455SSlon

ASTM C496 s ksl ollae b w9 (S Cnglio yiules]
Voor byl b o)l o ol Sl o ilejl plonl (ol a8 )5 1,8
ol 0a odlainl ¥ S5 55 o 00l lis pauiglsS

S9y oot ylid lpd cov (S sl )8 (wyp sl
otalesl W-W Jue (glo )l s (sl izmod 5 5)L28 (laye
Joko salwy 4 ASTM C8O01 s5)lsikul ool p o400 (5 )gom0dus
dw o ol 1Y IS5 slae iulej] plul (gl i ploxl Sen
B9y ol b ool JIWllRe Ve (489, 5lis Cud )b b gygore
Slalginl oBasS g9y p mposio oo OFXVA clailgiol (sladiges
Py oo Jlosl diged & Sgp Joho bawgi (Slo jlis g 485 18 S
Yoo o35,b ey C(ASTM C801 »)luskuwl shoiiy 4 4595 b
A a5l )y agl s JSwlsls

Vel ()l gy b s)lid by 59y spome du slaginlel
i ) ol Lt lae] (ol 8,5 plbol JISblSe - 58 A+ A0

Y55



(O
o

N
o

Axial Stress (MPa)
S 3

=
o

o

Moveable Piston

Chamber
Sample

Input tor
media used to
exert confining
pressure

970 duw Sl lojl ploil (1 Sgp Jghuo Y JSS

Fig. 3. A Hoek cell for triaxial test

5 10 15 20
Confining Pressure (MPa)

JEwb e 10 (oSl JLid gl 5L g ¥ UG

Fig. 4. A typical load protocol in the triaxial test

Y559



S97 dw WS g (55900 ST iiS g jLid S pialojl uls aods LY Jgas

Table 1. Summary of results of uniaxial and triaxial tests conducted on SFRC specimens

‘5;‘){95 gl_.jl KW d)u.é wgu.c M w,Lb;e

Hl LS (6l (JBwl o) ;5 1a> (659200 4w Cuoglie

V(%) (Jwly 0) UEbe)  JSwblBed  JSwlEo)r JKwlEold  JSwllKe e
YYIY Y/AQ laild AYN AYAAS VY
10 ARAY Y/ ZANIY YAIY RS AREIIN
\ YY/f YIVE FAID AVIY 4/0 ARRYIN
Y Yy/A ARAR NG YY/A A/ AR¥VA
A o B 5 526 L syme S5 (o)l Cunglio 5 LI 30
=20 —AZo; )
T ond4 itS Canglie Lil38l sl aasuie job 4 BUI Ll il e 3,8
Sl b aS 33,5 e osalie adllls oyl 45 33,5 0 SFRC (sladiges
A-1 xS 45 ol S o Iy L33 bkiges oS Canglio L lae
1gp="—— (v)
2\ A

9 (TS daod (> diged 59y ($yeme LG O bulgy (pl > &S
W Ep odisS yyae LSO

inlejl 3590 d“b“’zw' (:l.w‘;’% ~2;
nyo,—(Zo
iwld =| ————2 1 ol A el e lp ool
0d nzo_lz_(zo_])l 2') 2L O Sl

SBnS Jogy e € B IZP o s L 098] 205 0
KWW S VAR S A VAR VAR W [RWSS AP IO
iz Bl oo b sladises gly O, =T (Siowus jog 0 IS5
S o ol 1y

).ul; JUI 9 03¢ d».‘a.m R Ltb)lbyw’ )y.u@ aas Mo a5 4;9§;Lo.m
Sul a5 b 2)l8C el 180 ups o)y p 5 blas g a5 LB
Obdye 59y 2 Syt Olilojl ol elul  (K5enS sla by,
S5y O SlaS 5 BUIS S (S aoes (g o 0005 (o 5 (5 Ll
O Slallle )3 (S aoecs cpl )15 a2y BB 30 (,Li8 b e
Cawl 0430,5 sanlie 5 [V VY 4 YF]

b W-W e (sla el )by s (pizmens g (338 (s5lo e sl
Obye 59y Sopprodw Cunglio (pizmed 5 (5)9Pme9d Cungliio (LS
Cladiges oiiS Cuglio S Guis opl 0 bl cand 4 S

@ argr bl 0130 sdaline 35 [V ¥ 9 ¥V ed slainlel j
Gilw e > ladiges (6,Lis Canglio dayiolojl ;I osel Cwd 4 gl
@ Opizmen N Jodo 5 a3 43S )l > JSWLBe TV ply o3ae
e gyl gl Sl dhab Cuglie 5 gy aw i)l
ool HLEd ) Coglie (5o]58] ladiges ded (glyr 395 g0 odmlive Calisee
5 VF] ligios e 15 45 6555ken ilj3l ) gy 2395 o0 otnliio
b e YIAEIY 039050 )3 0335 sdmlie 35 [A 4 VY
s OEZxeR g oM jgae lajlid Cov i (owyp lp
aw Slisle]l @l ool ,O, =T bgei (Jolis sla s 56
w5 [F0] ASTM C801 5,ltia 55 015 &l Ly, sollas (55500
ool O, =T Jbeed o sl ) daly ojlaleal opl > 008

Cuol 0393,5 slpiidy g0 yled

T=c+olg¢ (V)
Jlp 50, g diged (SieuS daxd )3 bp ST o) p oS
Cb 1P oy e (sl e Al o Wigel (SiSenS dlad 5

2.39.».3 & oolazwl ¥ 9‘“ ]a)‘j) )I C

Ys5Y



0% : 7=28.942+ 0.7795 o
100 F0.5% : 7=8.710 + 0.7537 S ]

60 80 100 120

Gliseo AW wo > b cbdiges (gl 6_N-T ( SideunS pigy 0O JSG

Fig. S. failure envelope of SFRC specimens

& s Lo S¥alee Y
CrS NSl (o s dgime sl la o jd (owliol dls o S
b e pE a0 IS g Hlde s gl gy le Yol
Gy 2y by Jawslyand c¥oleo 3l slas gazmo (gylid b &Y olso
iy i it b e Sy & Vyens oS ] 5l (6,8 1S
ol 5 SFRC las (gly ()il Yolee a8 o iy a5 S35 oo
i cpiz Jold Wolee (pl 098 oo (e Ao o Aty
5 (SA8CS el Stadly Jpuslly e ol gl Joli (gl
aabdl > &S Wil o Yolre cpl I xS LSSl ppmen g (Sadp s

Dy sn 03 b 398 3)lg (ooled

ol oo =) =Y
ety Jyome o sl VY] W=W el gy el s
Aok ) oy By o 5D e ol bl @ a g b (Jy cul oss
ol I FRC wlas jld,y (o slp oldlas 5l (S 55 i Yl
ol gl 8,8 e 55 gl [Y 5 VY 5 8] Wlodges odlatwl pulus pdaw
0956 &S Cawl o Shin k, K, >Mol Lilps FRC s, j> GUI

YESY

Ceoglio (glp ol 03,5 un b ilejl b wlel » SFRC
S ialejl 2)50 (sladiges Cuglis 4 dag b (e ()Lt
Canglia byl Loy ) 2l e JablSe VY 5[] olylon

C’L“ Lgl)g 9 Lmui;,gl,aﬂ Oi‘ ("E)LJ 5l (A;JUa.p Q?.I 5 ‘)..;Lo)] 390 L;lmddyj
OO A G949 b S bose 69y (5ypPmed slapytalel
ol 53 & p3Y ol o odlazwl oyl opl 5IVO] wesl (il cyls
s Sl g sbadiged sl ()Li8 (haye (rired 5 o jialyl oS
033 s s &S WSSlad oulud gdaw > BUI I3l Jlosl (gly 5 0005,5
Do oo odlizwk, ki, Colps 5l as anlgs
T, 1, Sy a8 JS )3 ysioman (6 yprede o inlol gl
Jby siSo, :511 ol &S 45 0 0slie 0, /f, lis

. 2
I, =0,,+0),+03; dhuge Ldp Ji5 7, = ng 9 bwgle

. 1 ) )
29036 20 05 (9> J =355y 3 0N el 240 s 0ol
203 muy (5L boye JSS ol )5 e b oo (Sl 5
o lin SFRC L;UMU}N' $9) SyyPedw L;Lmuih“laﬂ @L_» U»L.J
S9) ek 9 (5L Canglia g9y S 52l 15U 4 cogi b g o
e ($3lid b ye o SFRC (ladigas don sl o)l (b0

Gl 033,85



O Experimental Results for SFRC
Compressive meridian

Lo
0.8}
- o
=
E
0.6
0.4}
1.6

SFRC Ldiges 5 lid L5 0 ol pod (55950 daw (sla yiulo;l gl & U

Fig. 6. Results of triaxial test of SFRC specimens with compression meridian

20/ [Pl ¥ ~(p[ Vkos®
4P = (o Vos*0+(p, —2p] )
pL2p -p) y o)
A(pl) = (p ) Jeos*0+(p =2p] )’

{4[(pc/)2 (o )2]COS20+5(ptf)2_4pt/p:}(1/z))

P (&.0)=

(

5 S obae Py sl pbae P () Ay »

S g e Lo bl 3 Bl glas sl s P (£,6)

20,—-0, -0,

237,

SU sl oS g gylid oy il 0 0 20, 2 05 b

v . 11 o
» b 4l cosd = g :ﬁ Al )L 5

93 d ) SWole Jo b dilisee (I (ol W-W s o (<9,

Al e Cund @ (F) Ly,

Dgu s 031> s deldl ;5 Lo yiolejl golis 5 ookl b Sl ol s
25 Oygo 405 g Slaise ;> SFRC (ladiges (¢l aalus pdasw

sl
F(&,p.0)=p—K(E,)p (£,0)=0 (*)

gl Satpy b Suicow ob K(£,) g ) » oS

il p=AJ2T, i) e g 3 Sl gl P 5 ek
webad g sl il glas @ gy 0 (£,0) G5 Ly,
dasly 5HVY 7Y o Y] ot Sllllas olul p oS 3L o SFRC

Al e Cand 4 pj

2 Lode angle

1 Deviatoric length

(i



«4—3
14 Proposed Relationship |
o Muragapan et all. (1993)
Traina & Mansour (1991)
o Yinetal. (1990)
05F & Baoetal. (2018) strain rate 1072 4

Bao et al. (2018) strain rate 1073
» Swaddiwudhipong & Seow (2006)

O 1 1 1 1
0 0.5 1 1.5 2 2.5

oawd bl (b i lol b b galpiwing Kt dng e Y JSW

Fig. 7. Comparing of proposed relationship for kt with experimental results

obaye 59y S ST ot sgialejl Ballae a8l oo (S0l Jobo
ko [¥V] g 5 S ilsw llllas 1> 08l o 5l )Lt
k. Gy VY] ohen g > ldlas 5 g Slodges shiin V plp 1,
6oy Sl Jlest (gly 50 dalllas ol 55 ol o dlpiius (A) alayl,

<
fC fC
el 005 o3lizl (A) el §) (,L8 oo o ) 2
© %:b0+b1p£ +b2(pcfj

f. f.
k. =1+0.056, Q)
SFRC (claiges (50 5 (55l Canslio £, (5) dlatly s a5
I o tolesl olol 5 a5 il byill dorba il
ol s S G o =Vf£f_ ) o, 5 slaphlejl ol o8 Wil oo Jro slajial)ly @y D2 2l o

: } - lael ely [V 4 YY] uo] o cows 0 W-W |1 Ll 5
5 Ul gl losls ol (L3 claiolejl &8 a;,&'l@ A3l e U Jlesl sl [0 5 VY] sl ee ) JLe lgy g (029

5> sl @l 51 A, ms Gl adlbe g LB gy 90

Gy 5 (V) Lls, 51 s lllae bl s W-W s LI

g oo odlésiwl kt kc u.':-)'to‘

Oldllas & dogi b 2 o 03latwl SUI 1 sladises (55) ()50
Pk, Gy s g bile g [V g YV 5 YV-Fe] osds sl

D9 o0 i (1) alasly g o ssalie V S5

pl=k.p,

ol =k,p,

S oy P g oo o slp o)lib Gl O, ol 0 S

» dUI ).sl JLQ—CI dl).: u.’:-)’to‘ u.‘:l)a.o kt kc A_u.sl.»L;o odlw (J"" dl).:

1 volume fraction
2 Aspect ratio

YEED



4

5

\ 01

C

o gl il alado o b f o5 A S
Fig. 8. Effect of on deviatoric plane

Jb b ol a8 Conl Sawdly asb )5 pulid o Ol puss 4 bgspo
K (£,) Sl ji)5 olé s Sl ol (sl 155 o s
Srics alg Koot asl ly asbis </f el e )l
S 7, =[de, = [\2/3de)ds] sihae Sy S
&b 5210 (giluosly (sl bl o Stodly S8 9l g0 d &
Mgy [YV 5 YV] )2 g 92 bawss ) (soge dlatly (Sadesrn

Ll 045

dK (Z,)=H dF, =

e +26-205 L+ ()
& E. &

c c c

3a-2 &y Ly g forz<e
gC gc

o1 )l (V) dlaly gl Ao ) gy 4B )3 (Sadpy &b ol

1wl

k, =1+0.331, @)

Job cups K, jlaie A Gl L sgd e dlaa Mo o5 w5955len

h (ol (itS Gbdye g9y Wi OS5 (gl pulas o (3]l
> e 4 Wb e (LIS (b pe )t (GBI 5bse (9 A5
A i Il L qerbes o Bl glaie &S 350 canlite
EVF, =1 Ll A JSs S Lo gy pui gloph & Lilte s

SMbpy g (SIS plg -V Y
Orped 9 (5HIS)L haw ojluil g JSS (Sadey g (Sadcse
V0 5 Y] WS o s mebus gl 5l 1) e Gl 0go0
s JS5 o sl oLt 0ad sl & (sl (o el
ol 3 il ablioe o b s S5 ailiie 2 s ()35

Cuol 0 (538 (S g las glp Sogenl (Sabcouw adllas

Y555



Sl Jouily @b ¥ ¥

P (Ssdly ()5 Heuil ged) Sl )5 Hgul s
S 29d00 1258 pj Ml (ool Cumal (gl dlge )18, o b
Ml o Sy S5 (e @l Aoy oyl 1 (65l
Sty ot A5 & aly o] 15, oS dlas o g o5 el Logas
9 ¥V 5 ¥Y] 5,50 )3 ooliiwl 390 ‘dinsed pe by 9 LSL o
2 0z o9l oslatl b Sy ()3 9l s sl 10

g
d&‘; = dﬁg (\;)

;
Lylys 5l ool b a8 wil e Sezadl cayed A o 5 &S

Jeilty @b g 0 03 sy 4l )3 g Wl e cand 4 )5l
Jde olwlp 2,8 jiwg Glaiswe ) adllas (pl 55 odliiwl 550 Siwdly

V] Conl osis edlatnl ) Oygo 4 ool 5o (lp Jwl,S
g=—Ap*-Bp+E=0 (V)

By A sl 9 p=pff, cwmen E=Eff) daly ol 0 S
i ptlejl p3 (ygome (i) ke 4 i b Sy oy U
b alel 13 (yg7me (1258 cizmet 9 )b ST abail 3 (gm0 S
&y 2 Jde sl Glapl Billae 5 meujSle )3 ()90 A
Al o cawd 4 [VF]

O )S =5 kil =¥ Y

Adgl g Gygo 4 Ser 5l edlatul b 1585 (A5 oy bl
Dy s
d 0; Cykfd &' —Cl.jk,e(d g, —de,’) (VA)

o 5l ookl b € StV jguls Sy il o (sl

D9d 0 Ay 25 Oypo & gulyy cuys Vg Sy Jote O Wlas

1 Non-associated Flow Rule

YSSY

dK (5,)=H dz, =
T+ D=Lty e
£ & g g £

C gL‘ (4 C gL‘ =
< — dg,, (V)

(& -1+ 57
g, g,

for £>¢

c

4 (St 155 5 ot capd (e 0 3D (598 Lallgy > oS
.[YA 9\‘:\] Cwl ol .)Lg(u.w) (\Yl) 9 (\Y) b)lﬁ) u«JLMJ‘)J 9 ))‘.) JUI )l..\.O.o

a=282283-23.2771f,°%" + 0.47724, ()

b =0.01+0.037f,%%% —0.023724, (V)

oS e & g aibie JSWBe cus  f Gs8 ks
e dmeloa (VF) elad 5 & wsba JS Joles

£= %J{zﬁeﬂ
1
SV

e zgl das )3 JS Jolee (55 5lude (VYY) 9 (VY) kailgy > &,

2 2
—gyy) +(5yy -&.) }+

£.)1+3(e,” +¢e,.” +6.7)

ol 3 o adls S 3
e [YY 9 ¥V] o )Ken 5 (> Sy (wlul 9 23,5 0 (Shdip

Dy o (e (V0) sl

= 263.3x10C9 £, (1+0.2064, ) x

g,
o, +o (4)
[1+85 ! 2)

il e gyl Sl Lol i



i [FF] gl gy ool o ks s b (25 395 2 008 3]
WCJ““’L55))"WCM*‘>‘QSI)JL5°‘”)9SJ‘ 53.\..»&
S Sw Jgte Ml;mdlﬁd)thl)izldlaﬁs)a ol 045 lgini
Mo g 2950 odlitl S5 gl o (58 e H ) (Sadey
P o (il 38l 258l o (Bl ol Sl (gl S5 el b T,
= = S Ag = s
&3S Sl o AE :F dgd oo s S5 N ™ 4y Ag
oo Sl ja (g 0,5 oo pbsl ulu! (ol g gyl SYslas

22945 oo 03wl i 1,0] Cowd 4y el

w51 F (0, +C°: Ae" K ) < FTOL 51~

dabpaop K, =K, 0, =0,+C° : A&’
05 Vi 0 e ol gl b 3,55 o501 Y

o, =lga, =0 oy i)

s F.=F (0, +a,C* 1 A8" K, ) ox )5 -1
F,=F, ;F, =F (0,+a,C* :Ae’ K,)

OS JSSF, > FTOL &S oy b =Y

F, =F(00+anc Ag ,K0)9 @, = -7 —JE. (o= )oxy )8 —V=Y=)

g O, =0, ox )5 o1 FLFy >0 51-\—y-)

Ef :Fn 9

F,=F sa,=a, o )3l F,F, <0 5-Y-\-\
a=a, ox 5 -\-Y
Ags Z(I—a)A&‘S 90'0 :O'O +aC€ :AES OJ-Q)‘).g—Y—Y

Kt =K050t :O-09T 209 AT :1 DJ))‘}W

SIS T <1 a5 oy b-¥

Ci’ =2G(6,0, +vI(1-2v)5,6,) (V)

Sodly (1555 5l 905 d 8,7 5 Sig)8 G O ol 5 oS
Aol (gl Db o duolie dnen pe by el 5l &S ML
f I dF =0 ¢ ,55L Lol s 31 enlazl b dA Sty o b

oF .
g ‘C[/‘kl de ki
dA= / (v+)

aic;n Og _OF . 2/3 og
oo, " oo, ok " oo

mn rq

oS k) lp (V) 9 (VA) Ly o 9 (V4) aaly ()l L

iw)l> oS
do,=Cjde, =
. 0g
ijmn * U (80' ) qul (Y \)
Cce - i deg
weOF og 6F Og "
—) Cl=2———H |23
(60'm ) Con- oo, ok "’ / 0o

Al e

woldle &Yoleo | (6.5 1,50 -0 =Y
S SYolas | 65 IS5 it b 5,5 & bgsye 25
SFRC @las )lidle oYoleo 51 (605 1,550 sly 298 o s
S VS gy 5 VY] olSad 5 g 35 455 s S igSikan
b SalS g, o ages o3kl [YE] ' olghol bawgs oads (3 yme S5
Yol jl Koo pl5 ool 4y (15 )5 903 Slogsl puannds I ool
sesb oo | SolS sl a3l 5 3550 (6,8 )55l (5,5
ol 5,8 J S5 gyl adllnn () 3 350 (s 025 23kl
Gl Yol I 6 S JLSE gl [YA] o) Ken g lsbel s
Ohoy 4 Comd [YA] oKen g olglal oud CM*"| u:’w A oalitl

2 Dirift correction algorithms

1 Sloan

YSSA



WIS51|F (0, K, )|>|F(6b’Kb) ST-Y-y-o-v
oF

F(o, bk, )2

Km :K], 9 o, :gb,&

oF | o
oo, ) oo,

Gb = O-m Kb :Km ol )])5 —V-0-¥

STOL

9q= min{0.9 ,1.1} o )|)§ -5y

AT =min{AT ,1-T} § AT =max {gAT ,AT,, {}}
K,=K,s0, =0,,T =T +AT oy ,J5-V-¥
0,=0, on )5 -F

bl 5 i plis SN S 4 5gb ol S5 )
y polie (ol 2980 paseie pB p2 (Sl 3 (Sadpyi b (Sadesu
Dged odlatwl e o 8 slalyy — a—g ﬁi dpul>e (glp

— 0o 0o Oo

ale € e (1)) abaly 13 o5 o Sl & (ISl b g
Sabcs 8, Lol anlio b9 25 o et H o] Golol g 0nn s
Caod 4 polae ()81 b Ll jo 005 o jasude mlb Sadpy b
izl oo (el g 00,5 awwlxe €% Jlade (YY) abasly j3 ol
ool 1yolie 0,8 o (oISl IS st s plo o s e dgume
Sypo & Yseno S (5,5 Sl sy > s S ol ead
Vo o Loges N° elyy oo 45,5 i )3 FTOL =10

il e B

8o gilwloe s -F
oizen g 4BS el laghlel (ooae (sileue ol
LY iso p os &l g,k lo &Woleo [¥ g Yo i sla yiolo]
505 il 03l ABAQUS 18l 55 s UMAT (459 b 3l oslizl
o tlol gl b g 00h oo 5 lnigad dad (gl (5,87 L5 (sl i
e 5 sl gl diged g5 93 | o3 il e (sl D avlie
Silwdde gl dges A oalaiwl & S 43 o edly ol
Silodde sl (xS diged g (5570 dw g (Sype ST slagisles]
odlitsl lall 1b 4B )5 S 4y Bl (590 dus 5 (590 93 (slaiales]
A3l e S eyl gl slo,S cuin C3D8 g4 5l adsges (glp o

Sygo 4 )b (i5)S S (goxie 5D zgl dlal e J18) saalie <l

1122

O duwlxe yj balgy jledlazul L1y Aoy g A, e —\-Y

a—F:C’g:AgS
J.“.Q“Lu Ml}m AL = 50't V-V
6F.Ce_87g_8FH 2 0g

oo, ‘oo, ok "\N3as,

. 8
G AK, = [2aaH, B ) MG, =ATC* :As' —ALC* S5
N3 6, do,

K,=K,+AK,y o,=0, +Aoc,

OF

Fy C° I ASE
A4, = e —\-y-y
OF . %8 Oy 3|8
oo, oo, Ok °* 06,

2 0g .
AK, = EA%H,,A, 9 Ao, =ATC* :Ae’ —ALC* :j—g Sl dwle 9
0 o

a

bR AR, +%Aﬁu apolis Y

_Ut

- Ak, — Ak
R,,=max{AJ” Ao, [ok, a

s ,EEPS
20, Z‘kb‘ }

STOL

9q :max{og )01} Ned] R, >STOL S1-¥-¥

n

£ IS o D;ﬁAT =max {gAT ,AT,,, }

daw 9) 2 5 geas oSl F (0, ,K, )>FTOL 51 -0~
K, 0, Slisnsmbs

F,=F(0,.K,) 0,=0,K, =K, sxl5-\-0-Y
ot bl F >FTOL &5 jloj b —Y-0-Y

=3 B Fma
E . ce. 08 _OF .

éc, 0o, Ok,

Joled dwlee —V=Y—0-Y
2 0

N3 6,
5 0, =0, — 0" 08 s apelns —Y-Y-0Y
Fm :F(O'm,Km)S k, =k, +\/;§ﬂ’ag

O

m



YEVA U YFOVdaxbo MY e - JLJ & D)Lc.u“: HY 0)9d ‘,:.S,:.ol u])o.c (ewdige s

25 g slailgin] gdiged (gl (5 y95m0 duw SLid (6500 Jayl pd B pod g Dgasmo lodl gl ke A JSUS

Fig. 9. Finite element mesh with boundary condition of cubic and cylindrical specimens

Ay eose gilwJde gl i polie WA eolaiwl (gode (gl e
a, =50 =0.099,a, =-0.3709,a, = —0.9056 ..s a5
E =26.6Gpa,0=02 , b =—0.138,b, =—0.5345
odlie (gl i S las dad g 0,0 SFRC &Hlid Cwglio > 4o
cslylid gl Sl (5 Al b g oo 3ibale oy S il
b sllail 13 ()50 du (g)lid Cuoglie &S dgus oo odnlite calizee Sl>
6 455 o Gl e L8 31 A 5 1] ey Sllns
OB5S A (godie G 5D B gume 36 Ve o)led S5 ) cr g
ol ()50 Glalllas )d a5 4gSilad Sl g0 zol dlads jl Ly 4l jo
0350 (5 S ol il (b J a0 5 S5 oy 3l 0 ) Bl o
$mMe SFRC (sladiges 3 (Sadpyp anb p> Cuogli LialS g 4
oalS (Sadpyanl ) i) i Sove cadd )50 Gl 4 b o
20,5 o 0daline Vo S [i3)S i (gl Szvie 3 )l8y cplast b
sladiges 4 bogrpe Jloges ((Sadpy 4l 3 (Sl sby)lid (oles
aod 5| 5ol v bayye sldges 9 3l )5 A /d g AN 5 5YL LY

2 )1)8 s lages

5 Jlo] g0 4 55 ol

5 48,5 ploal dl.m&‘l.c)’i Sy gdie Gilw e s isw cpl o
P Cono (ly 205 o W) ity Slaios glatle] ien
Siw e I ool Cowd & @L”J ‘LSJW UMAT 9 sl Jae
Cladiges Jld) oo e 50 duslie el s b odae
sly Bly oo aw g Hlid gyme g3 IS L cos SFRC
W) 45‘)‘ u,ul> )Lj}é )lJiio 9 du‘ ul)Jl =35

2&blojl 5 b dulio - ¥
olein UMAT 5l oslisl b o iolojl cladiges iso opl p
ladigad (23)S (i (oxie g 01 (55l Jae ABAQUS Jljél o5 5o
el ese Giledie (23,5 5 Glagzie Ve S0 D e
SilwJde slajiel)l e o ol Sl jlid 5 BUI olite polde
&b sl el )b s gl o cowd @ o loj] ol bl p (e3e
slogialejl e (15,5 (158 ol 4 5l ALB Szodly sl
pis 4 a2 b Cusl 5y dw (5)liS 5 (5)57m0 ST (55liS Cunglie
5 " Jel)S Gomen o [TY] (Sen 5 e Lily 5l lie (ul e
yoolio & dzg b 4,8 plool elatalesl (gl A5 edlizal 5] o) S

1  Mander
2 QGrassl

Y5V



a1,

YEVA B YOV aio ¥+ Jlo & o)loud @F 0,93 ey sl 3lpos swigeo 4 s

2
0% 0%
o ———0.5%
........... 1% |
........... 2%
0 1 1 1 1
008 ol 0 002 004 006  0.08 0.1
&3
JSblEe & il> Led (o
3
) 2.5
2 L
1.5} B
> s
1 "
0% 1 0%
0.5 T m05% T
.......... IZA) 05 [ 1%
. | 2% 2%
0 1 1 L 1
0 0.02 0.04  0.06  0.08 0.1 0 0.02 004 006 008 0.1
&
3 &3
JSbe Ve ol Lz (z JEubEe V0 sl Lad (o
3.5
3 L
25¢F
,\o 2F
~—
e 1.5+
0%
1 ———0.5%
0 5 ........... 1%
........... 2%
O 1 1 1 1
0 002 004 006 0.8 0.1
&3

e Ve sl jlas e

e (ol ;Ui g SUI e oo (gl (5335 (53lwde LSS BT (Sl sodia ) ¢SS

Fig. 10. Stress-strain curves of a numerical model with various volume friction and confining pressure
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Fig. 11. Stress-strain curves of SFRC specimens with various confining pressure
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Fig. 13. Comparing the numerical stress-strain curve of Kupfer et al. with experimental tests [30]
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Fig. 15. Stress-strain curves of a numerical model of biaxial and true triaxial tests
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