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Abstract Review History

In this study, the effect of crosstie on the anchorage strength of standard hooks is Received: Feb 26, 2024
investigated. Bars with standard hooks in tension are often used to anchor reinforcing bars where  Revised: May 13, 2024
concrete dimensions element are not sufficient to provide the required development length for  Accepted: Jul 13, 2024

straight reinforcement. In previous researches, concrete breakout failure was the predominant
failure mode of hooked bars. Closely-spaced hooks provide a lower strength per hooked bar than
more widely-spaced hooked bars because the area of the breakout surface is reduced for the more Anchorage
closely-spaced bars. The effects of f, of bars, spacing, and confinement by ties or stirrups have Confinement

been updated to reflect test results, in 25.4.3.1 of ACI 318-19. In this formula, The confining Crossties
reinforcement factor v, is based on test results reported by Ajaam et al. (2018). Base on ACI 318- Experimental test
19 definition, Ath is total cross-sectional area of ties or stirrups confining hooked bars. Therefore Beam-column ioints
crossties are not included in the relationship. The purpose of this study is to expand the ]
understanding of the behavior of confinement effect of crossties on development length bars with
90 degree bent hooks in tension. In this study, 3 simulated beam-column joints were tested as a
continuation of previous work by Ajaam et al. (2018). The results of this experimental study
show that the ACI318-19 provisions underestimate the contribution of confinement by crossties
on the development length bars with 90 degree bent hooks in tension. The test parameters
included bar size (18 mm), hook bend angle (90°), embedment length (250 mm), amount of
confining reinforcement within the joint (no crosstie reinforcement to one SP), concrete
compressive strength (25 MPa), center-to-center spacing between hooked bars (3db), number of
hooked bars (3) and arrangement of hooked bars (one layer). The results of this study show that
the current Code provisions overestimate the contribution of the concrete compressive strength
and the bar size on the anchorage strength of hooked bars. The incorporation of the modification
factors for cover and confining reinforcement in the provisions in the ACI Building Code (ACI
318-18) produces an unconservative estimation of anchorage strength of hooked bars,
particularly with large hooked bars and closely-spaced hooked bars (hooked bars with center-to-
center spacing less than 3db). Closely-spaced hooked bars exhibit less anchorage strength than
widely-spaced hooked bars. The reduction in anchorage strength of closely-spaced hooked bars is
a function of both the spacing between hooked bars and the amount of confining reinforcement.
Both the hooks and the straight portion of hooked bars contribute to anchorage strength. Test
results from this study, along with test results from earlier work covering specimens without and
with confining reinforcement, concrete compressive strengths between 25 and 35 MPa, and bars
stresses at anchorage failure ranging from 300 and 550 MPa, were used to develop descriptive
equations for the anchorage strength of hooked bars. In addition to the design provisions for
development and anchorage, test results for these specimens are compared with strengths based
on the strut-and-tie method in ACI 318-19. Finally, a granular micromechanics model and
associated model for reinforcing steel-concrete interaction are evaluated for their general
applicability for use in finite element modeling of anchorage of headed and straight reinforcing
bars to concrete.

Keywords

* Corresponding Author Email: m.alirezaei@iiees.ac.ir - ORCID: 0000-0002-1802-0451

Copyright © 2025, TMU Press. This open-access article is published under the terms of the Creative Commons Attribution-NonCommercial
BY NC

4.0 International License (https://creativecommons.org/licenses/by-nc/4.0) which permits Share (copy and redistribute the material in any
medium or format) and Adapt (remix, transform, and build upon the material) under the Attribution-NonCommercial terms.

49


https://doi.org/10.22034/25.4.5
mailto:M.Alirezaei@iiees.ac.ir
https://orcid.org/0000-0002-1802-0451
https://creativecommons.org/licenses/by-nc/4.0
https://orcid.org/0000-0002-1802-0451

.
]
Ul

OIS0 Ules (W die (sole ddxo

OA G FA Silmio - 1P F Jlw F 0, (YO 09
DOI: 10.22034/25.4.5

3kl O (gl iiS slas S he ol S dsb 5o b Sl SuiS ) pams o o8 oy p

4.?).5 Q.

¥, v, . ® . \ - .
Ol slmadosa ¢ (s 75 (Sdge (T Sl ple (Sge ¢ (pa3 (oablE 5 pas

Ozl a1y Ol olSails  ign 5 (5 0dSLEs (Ol jas kige 03,8 Al b2 IS (g mtils )
Olpl Gdhe dhe s ot 3131 ol&ils g 5 g6 0SS (Ol jas pidigs 03,5 Lskeul Y
Ol o3 03 s (g 5 B AN Ol oe rdige 63,5 Slskeul Y

Ol 25ls Sl olSEls (pign 5 b 0SS Ol e pikign 038 Slolil ¥

S35 4w b
VECYAYNY sl s
VEOF/ YT g S5t

VERYORYY s

ShS olls
sl ol Jsb
S L pams
s Sl

Ot 4 45 Jlasl

0 >

Slee sl Ysame ol ol oy 55 35S e LM (Llee Jsb (555 Sl i canllan ol

lallae 53 555 e oslial 38 fa JIsNE Jlge 3 Ogim 4 5 03 5dme o e oS (slaes sdoe 3 a5l
e slas syl oS Aol omen ol 35 L5 o slayT 6y ol DI o S (Sesls ol >
SUT (b i el ol 5o ol Jlasl aair 53 6T Jlgs ede Jo¥s 51 80s (S el s 3 o
O e 3 5 S 4B S 15 ey 30 el el G Lo g O S g it aasiiie S gl
5355l oM (oles Jsb sl st Lalss (o Eone 53 oan 5 ACH 318-19 bl 0 5 ¥ 7 oY
e Dlallas 53 oS ol S pame S 4 bgse o bW Ll nl e suabl Lol sl esls 228
Ol 4 W g o 5lie ACH 318-19 sl l iy o5 ilan w23 S 513 s 3550 bl (0l 53 )
SAS s pamma U 5 il als s e Jub slas bl alols 5 ediS s a5 5 o sl
A o a asllan ol 53 ey ol edii a5 R0 s Sl 0 2085 8 e 218 Ik s bl
plas 0 gad ams andllae cpl 3 ool sl st 3 bl A L S5 slay ST $5les Job p Bl 53975
S ol e b S Sl 4 (55180 o Bl il a0l b s il ol b el
s 53 5 SO Bl Sl s wsad 53 5 Bl LU i ged G ol ShleT 3 50 slakpas 125 S
ol a5 BB Glaods slay 5T Hles 5o LT e Blovis ()13 w5ad 53 53 cdas o OLES s el s =
Jbo (s 40) 3l OO sl e s VA a3 1) Lay sl a3 Jals b3 5wy JISG sla sl
Sl 0500 Ladi i 3l S0) Jlasl dadir oSy gemmme 5,5 sl g5lesl slias (e oo YOU) 5 5 s Sl
S (s ol 2 ) 0ad Sl sl LT 55 50 4 55 5 alols (JSLlISa Y0) (o asuiin Cuolin (o

Ssh e (WY ) Kss 5les o, sl slagY slaws d(sae 7) sl DB sls S e

0000-0002-1802-0451 :ORCID — m.Alirezaei@iiees.ac.ir :J siws sties 5 4l *

Creative  JoJloys Some cos 9 ol e LT (o iws gty allia ol (TMU PIess) Guyse cus s olKisls wllawl ¥-Y0 © culy o8
ol Wilgee Leds Geme ool Lwlel L (hitps://creativecommons.org/licenses/by-nc/4.0) 5 1 )1, Commons Attribution-NonCommercial 4.0 BY NC

S olizl (55l 8 wolie sl O 3l 9 03,8 S5 1) o pb 4T bt s cales 3bil 9 GRalpas b 0T b g a8 5 BT5L 9 il oo il 5 B Lo ) 1) b

O


https://doi.org/10.22034/25.4.5
mailto:M.Alirezaei@iiees.ac.ir
https://orcid.org/0000-0002-1802-0451
https://creativecommons.org/licenses/by-nc/4.0
https://orcid.org/0000-0002-1802-0451

\f'f de 5\C O)Lu:: AH) 0,92

LSLG-:-" 3l 0.751g, Jslss J‘}lﬁ L}E\Jo— S A ‘;.AAS Loold Hlgo
BN () b 3yl 40 J.ALL ch.;\bst BRI lgn sloel s 1y V}
IC_M.«:‘

9 J:&\.\}) u)u doJ;;SJ_,M LSUAU_}&[? 9 Lﬁ;{.ﬁ -l
sl dsb 3 gslms gahool Llan Jsb (55150 (opals L Ko
Ay Sl aS b el 5 K )l gabols oo sl
& =S5l ‘J;J?afb}ﬂ\ﬂ o35L Jsb 55 ses s :;J.:AJE
Mbébaw‘)@)ﬁ&vww)‘aw

92 JE\J&) u)u edS PRl dud)}nlﬁ-) Lh;ij -
sldzal 3 Gslus laahols Ulgn dsb 5 5es (ogulr L K5

Sl 3 S b sl T Y-F-0-Ye-4 i b oan
WUM)})JJQJUJ%L{‘J@J&&}Q}:MQJ::JLA\
—4 s sl 23S 6l T LS Jgb s il aslsl Jlas)
-4 b L AT L les LIS (6l —0-0-F-Y
=t oMl O s as bas s ol ,8 Jsb 0-0-5-Y+
35 dwloes Ay ol )5 el esls ddaly eslinal b L leds
Al e 100 53 Shon 5 A S S 5

DL LAJJ;J_.:» )lbuj_; LS)L—G" d)jé 4}4_:“) ACI 318'14 L

. Petpc 0.043f, -
aaly ul 5l oskilen s lan = e/l < Fdy Syt S

bl 8 s 3 Yo 5y B BN LR PE

e ol 303 ) L VP gl S Py e I 3 g
23 M ol Job @)lSs a ol pldl pde 50 o
b il T8 2is
Dlge 48 558 Sl 655k L Ot bl (K3 b
e sl sl Sl S O s 58 Job el
s Sln el s sl § 5050 e (055 sl Sl s
Ol e 1y Oy A Blas cpl ol sed T s sl

2l :L@;iﬁ)):bﬂj\:gﬁ Sl dsb bl 5 5 & se
Cgal ot 4 Ogw s JAdg = O giw day Hldds Jé\.)a—
Lah + O s

udpbu‘ﬁjjréﬂ})‘y)\éthd}b‘w‘fl.u

o)

dsdas —\
52 ACI318-19 5 [1] g e Ll 5o G S 550 4
o3> (228 53 Sluds 5 Shs olee Jsb) Lan oo (51 4l
o=l s S en s Sles )t Ll s 4 s ye o) kel Ll 0l
Sl 3 D30 4 g3 alaly sl ol oy Ol 555 anlllas

.@‘oMoJJJTV@WdBj)L{lF&@)JG

Lol ol 0 0> Ly lo T Sy gumms Jl el ol 5o
o3> gloj J b Ll gl i 3 5 p3 Sppe a8 sl daly o
See slasslesl (S same 5l il aites K3 4 0l

Wl 58 L g
[ Yot 0.043f, )
dh — 2 \/E b

ol o> (Solge sk 55y p (Bl Sl alaly ) s )
L slas Shs lm (s o) Yo ol alaly 53 .o
Sl d2 s s s Sl GO 53 550l L L oSl 50
(035108 (535 3551 Ly slas Shn 5 3580 05y slas Shee
Lslas S sl Gles oo e p2) Py e ol G
O Gt 33 ol lgs 5 2o Lo YY (golus L S S Jab
3 ke PO ) G M gamds i dses Sl e L
Al Al e N amds 3ges S s L L
Yo lie aib 0125 ol sylse ple 6l 5 Kol s Sl
5 P10540.6 1, JS alle FY 51 2 caslin b o sl
53 S Rl KL ¥Y (sl b 855 Canslin b o (sl
Sl iS5 goamme 5 Lo )T o ) Py olkie el 5 w3 S L
L e e Y (sln Ly 58 a3 Ly (gl s
O ) Gt eipd lge slas Sk alolb UL 5 Ay > 0.44ps
Ve bl 16l o)lse nlo sl 5 ol 2,8 Joo k3 s
03 eamen [4] = Slllas Jol> Lias (V) a3
Gl sll & ool o 0 YO OF O oy s 55 5 ACH oS
s 3 ACH 55 [2] Sl 01l o)Lt Ap Ol 56 40 lasoms
ol Ol ol s 3 5 Dosee 4 A 8 o Lo
el

6LAJJ_<,L:A o.L'\.'S))_.M dhuyl};h&ﬂg}sg}w



AQ)JQ* ))l.}..:LI.w‘ g_))lg 6‘)]3(5.:“:56&.);(}:46 @‘ﬁf d,b).) l.mél.z&aﬂ L;.\.uu{)jam (5’)’6 w2

Lel oles Isb (amyn VAL a3 40) D3 o 4yl ()
L5 YYA ) ods N5 bl (glas Shs oo 25 55 0 8
aols (psi VY200 U FFAY) n (g lis Coslis o(pSi VTAAL
A Y L) el OO slas e o S 0 4 S
Clamlsde £ F Y eld M6 glas Shs sluws 5 (5 s
sl 55 aS W e v;LACM oS Gl sl 5l S S
35 SLaeliS o 38 (55, 5 Ll ladds it o
53wl ol Ol s Ll ol sdoms JLail 3 oS
il oS L slel Aol oS Al 6l sl wob b pass
Srea S,eadobloolh dar oo bl GV cas s
it b b S s nB s Sl 5 )8 Sl s
53 B slas Sl S o Iy a5l (gls e S
S i amend Jsb 4 5 e Ges Sl L O 5 5 L)
VO 31 eSS L edis O glas S L aslie 55 V/0
Jsb a8 d0sls Ol Ll immen ls (g 2aS Lhex Cb b
3 ol S S 550 Sl IS 4 il OO )l
35 sl 5 sl s

O G YWY Il 55 [7, 6] OL,LSea s Samir Yasso
dmh 5 O Jlal i ped (LT YTA ol aalla 5 plon]
3,80 Sl U caw s Joli (il 518 o815 5 ol (55l
Vst L (17 L 0 08 b)) LA D osle Jls O
Aol HUT o gl bl opl s S plBIVAY L ax
Mw}@dﬁal}fﬁ)mm\ M glls glas S
Llsl L O g aien 5l gl 55 s Koo cnl Slgs alanls
a3 A Gl glls slas Koo i by Ot Gas
5 Aol s plnil Wl SIS oK1 53 a5 pla b3t s
S WY LY sl apliteal O glls L;LA:J_Q,:» on S e s
B S S R PRI PR WP PR S W
533 o 3 0B (glas Koo 5 iz S o )l O st i
ISVEWOPP I WA S Lo

03 oy 3 lge slas S 4l 31[8] 0l Ken 5 Sperry
53 Lay sl et GRS A S s L O 4 S L]
5 IS ATV B YYA o ladllas ol 55 (s 03 5o
SR JKMQK.A MY BT o eslital 5550 o e glis

el sl 4 Ol Las Ko (s5lge Jsb 48 A o3l OLES Guios

oY

= b sl sl Job gla sl Sai ) suams i
Slas el Sad)same I S e BT Slidos ula
s ot 35 JIs lesls Sl 3 S ‘Jé‘i‘@jﬁ‘ﬁ:ﬁ
el LU ol 3 Bl 1L BLS 1 s 533 Slallae
i AT laas god ol Ly Ghasy ol 03 g
sbas S b S dob 53 (Bl (S sz 6 (o)
Ll g axstls sl OB gl A8

3 S (oles b Sl (655 3L ullize S50l 40 B
e e SAOB s Oyt - L5 YLl s La)jILAjr.:}.:,M
S35 4 S el Sl iolasl ot ol dles 4 ad s e
V480 Il 55 Opmils BT gla fass 4 05t — 5 oYlas!
3o sbie 4 la S Kos 55 Osmils GlalS walsl 35 S s
Sl slayls mls s 6 S oVlasl gl ) 5 Shas
4S 45 ACI/ASCES52 ;L izl el 14VF Jlu b 4 S ol
s sheslaad L Yers 5048Y gladlow s a,l5S ol
- QUBPR U

AT e YA e s [4] 0K 5 Ajaam
3ygme Ly il aeior 53 s Slen slas glel o ol
gas PV i 3ol 5 A8 bl )
Ml SO a3 aS S S G5 ey s dg@uj
L oUf 5 F 0 glaes ;S g cosline dipd s slapibe]
Cl_b S S 5y ayee e e YY 5 Y0 NF (gla ks
et S b 6l ACH 318-14 w48 51> 0L ol
o e YU s (35 350 B S e i s by e
PSS e ol e s Sl i L sladiped 3 35
B 50 ek sl 3l zi o al [halS b, Sl

et Cd b SV Jlw s [5] 0 Kas 5 Ajaam
5590 1y 5 lleal OO slyls glas Ko b O gt 40 5 Jlas]
Sy S S adlas ol Bl s sl 5 )
g s Y Caglie Lo i 3 el OB glas Sl
L slas S 5l esleal OLSGl oS 550 ~1b (sl fodl 52
ool YL caslie U i faman 5 eslie VL slaes
Ao dd (Sile and 5 Ot JLSIVYY candllas ) 55 S e
S sl s e (58 o&ls s gl L3 L8 aslsl Ol e
SA D osles) Las s o3l Jals a3l gls ol i S



\f'f de 5\C O)Lu:: AH) 0,92

e plonil &g 0 Y
o ) Ly adaly i o)Ll L5 i 3 &S bolan
534S ey gl LS ACH 318-19 5 1 Come oy
s SOy asms slay syl ool o 4 ACH s
Sl amazr gL ol aadllas 5 g, cplsl il el el ol
R S wiS 53 Cilisie e v i Sl (63525
o 2030 SRR 5 GAIS e Olge 4w 1S g
) Al (S sla il s 53l €35 13 L5l
5 o5 o=l Jmel el ey 2 2 e Rl
o glaesle (Hk 55 age S LIS e (g5l sla e

Sl asls

&;a:\f.i.ll.aﬂ bl Y

Oy o il antir (S pammn BT s 6
Slascin U pllas a8 a5l ab , of gle sl Lo s
She ¥ w350 Slad sel sldas A rL>,L}\ anlsl y3 ol T
F35 o S S8 a Wles il ke b LB &) pons
S ey bil AR il e S ides
Sk S e Siales] plowil o2 slabiss cilasl
el 13555 5 ol 4 el Sl e el

i b sladiss & po 55 g AT olillas
Sy (JolS a0 go) oodls 4 gas Jia b 5 (S 55 elie)
Slallas 5l sdsl Cnls ELS s b 5l S
Cwd 4 @L:j Sols LS:..N ol Ol yulide 4 @L(:..ibﬂ
Lol gladde by oS sbaaizes U alesl bl 5l el
o3 s sbal Ly ay ol 35050 5o L VT L 5T el
S-S o el 53 aol glaesla k) 5SS el
g dalgt 5058 LG (VYo

Soler Iyb o Bl JUT 5335 5 i s b
Ol bbb 53 a8 Sl b pollas a8 lesT Slalllan Jlasnls
G5 5 s 3 e o5 e L el 05 e oL
sl 41l Ol b plas & ged aw ol&islol UGl 5,50 53
wrlo g b (S el 5 badsad s ala
sl esls gL (V) K s andllae 5550 (slad) g2 Chu S

Uas s 8 b s IS o andllas 5550 slad sad sl .ol

oY

ol dsb 53 3l 36 (oo slas sl 5 350 anls
Al a3 VAY OB glls sl g5l

Al Azl iass, S, [9] Darwin s Peckover
deols 5 IS (glas S e dgb aber 51 cilises (sl el )L
S adsl Lo hlasl assls S8 s 3550 1 6T S
WA 5 a8 OB L e Le YO 5 V8 s b slas S e
JEbEe T ol (s Lad s slin b ol a0 3 433
Sl 53 0351 sy analllan () Gia s ol
Sl Ol a5 DS slas Shs ha 3B
b bl slanl 6l Wesls Sleslinal 5 g AdS (sl pane
zlo b s bl u:iu)-T@L:; g Olsabl Sl e
sl et o boaS sls 0L 5 cils calhe LS Slalas
(Ll s Jsb 550 LIl glas She 51 56 el
St i Ll O Isb omen b e RIS
Glas o U 28,0l ( alSasSs gla STy o 508 Ol
U HPER (N VPURC P RN

las Mo slgs w2 4 VoYY JLo 55 [10] L. A. Nazzal
Ol ST g same 53 It o 53 Vb aaglie b s
A ol & sl 580 5w 0 (S5l 4l oVl g5y o2
o Yo sl b 5 ls e glas Koo Sl 5 Jlge cd B G
a3 s 3 Koo o abols Jol ooy 2 )50 Sla e 352
oIS Ol jod oy 3 4 0l bl Sls o slas Sl
) S el ety S 3 Loy sile oo gl 5 s S
53 S slas sl 05,5 ay S aS das e OLES koS
LS sl IS e e JSE 6 Ll (S Aol 5 s
2 s S gl b b

i 5y YA L s [11] 0L, LSs 5 Choi
Ot 4y 55 OVl s 5@ By S Ol 4y oY 58 Ul
DL Jeol s sl las i (L ol sl
Ll o Y ez Ao 3 L 63V 55 OUI 5l eslanal oS das e
Vs el L as ooy i VLl b wlie (g3 Slas
3 &Y LI SOl e eolinal ¢ pioman AL ails J yane
o maslie ialS Eel i Aol b ooV s Ks

By S 3 el il 5 Il



Q|)K¢A9L;o§u¢bl§>9w a>,59-

latial DM shls (S s S der @S dsb s bl (3 g (0,25 (0 2

Al 0l s Ol C20 Lot sad plad anasilin o slde
Golge dyb aS cnlodbam 3 1 S o
L osdie e sl 5535 el OF 53 b3 sl sl
b S il s Wl 0T 4 ala Sl 035 Wl
S bls shade o gs 45ad 3 Bl LU shade sl 450l 2
Sl Gllas Sl 53 GLls whale oy & gai 53 5 (Sl
ol OAK_.L”LU'T wlp Ol (V) K3 )5 romen Les
St Ghalesl (S8 5 s S ol Sl el s a3l
S el OF g (25 G S ol 53 A2l [A] o o ol
[12] el eS0T 3 K 5039 cilae dhail O g2 Sls 4o
Oy asbs 3l aS cmal IS 0 Jalosl 550 anin ol ol
AEL S Jemie ll s lils ol 5 VL ik

o U ES 8 m 5 S e 5o lesT glad e
s 5 s o 5l e 8 A b (F) S Glae (el
Sl A Jo o3 ot 4 el sl (sl i sas (5551
el e IS5 (T Jos i s OISl d B LaS o
oA S 5 55l S sl s s w0 Sl casb a5
3 s 0 dr Wi 0 Gy Cusby 23 S 050 vy
uﬁdujuﬂg,jmwldtﬂ.mct?.;\dwuiqp
Aol S s Lag sleyl Lo (goles dsb o ege Lo
S plol Ll aglie ns (sl e 53 0 SRl
S pes gy she Dl Re o Lo b illae sl il (gladi sl
YAWJJJ_Q:uﬁu}VWJJAJ}QyASMa&;
VA 655,V Slad sad (55Led Cunslie Jaw gte S S S35,
Y8 o505 YA Glads sed golid Conslio oo g 5 JKLLKS
Gl gzl & 505 olasl s slie ol &S ol oy JSULS
Al e JSS

Lo S e LTl 5550 @ 5 ey Sl e
A S 15 28 mlel Cou ol 5 olad sed s 3 50
3y o e B 4y e s V0 LT o RIS 5 s
S35 325 b Dl 3 Ml &2 by o Slakisa o SS1
wbsﬁ}gwj:l{.m:)ﬂﬁ‘jﬁ}wvn.s).,b-l.@jmlm;
S400 u)j:u)fa;)w\dbuh(a)d&i)lzﬁ)sg;sé
OLalS S S a4 Glate sl eslizul | Sleyl b ool 035

..)).3

oY

L5 oskie ool sl il adly (sladisad 0 S0 OIS
53 e VA O JS gl ) ( ASala3T slacys sdoms 4 ax 5
OW‘—«&P@&CWJWJ%‘J%’QJE“S““J;#
sloul 05t il 53 S Cibe abi S A3 5 5 .ol Cjlae
a5 s Jlade Do 4 05 el s s 355 e
e g eslin ol lade Jlail S5l kel (gl A
So 3l s S ad an S ks LSS w58 g sl
38 e ol sb anlllas (Sos b 5l s L andls | 05t

S 1 1 el syl el ks o

Sec A—4A Sec A—A

30 cm
30 cm

10014 10814

25cm

(25 Agad

25cm

o Aiged
f Sec A—A

30cm

10014

| 25 cm

Jsl wige

ol andllas s ol eslanad sla0 sin Clﬂ" A JS.:-
Fig. 1. Column sections used in this study

_d1

- : - |.5!)“

I- NRUR——

@L0@11cm

Goe 4 Ui 3 dmie
L3 Mu,—w»'—»‘x.ﬁﬁs

PL200x200x10

G 53 Opbaa

30cm

PL400x400x20
Bt 4 e
|
! PL400x400x20

spb AT

Jal.@bﬂ waly ol ¥ K8
Fig. 2. Details of the experimental program



\f"f' dl.u 5f b)l.o..:: Yo 0,92

oo Ol e (gudige el ala

Sl 1 ol 4gas £ YK
Flg. 6. SP 3 before testing

S 3 el S0 (G (nl 53 e plnil slatlesl plas

L el sl plomil o3 o83l 65l i bsT ys el atle

G S los ) ol bl 6l olSislesT DUl o a5

3 ol A eslizal b b O Sl (1080 Sl gnlgning

S s eslil Jie an L Jlesl gl 5 F S S

e o bl sasal ol s b sl sl

S5 GRS o 8 W sl S) Sy e o S

YO sl Vs e (S a5 L (S35 dal
A 350

o3l olzs ilajl ot 3N S Y eled 4500 (0) IS

S dlast Joee 5l 658055 led o(F) IS0 53 fizmen ]

A2 T et pe (Dt 4 5 Ll e s Sl

RGO P WA I QL;; cul.:l.a)‘

AL b ¥
AV) o s s 8515 6 bSS (E L o Lads el
Wl o o3l Ol Cilises slad sad (sl S o3l b
6 y05 Gl 48 355 o alamNs ool vy (Sla s 4 45 L
S e slie Sl o3 whade 3 Sl 455 8 BB S ol
OF 53b3 alrale 5 odd go,d Sas kS Ve 50 53 s

PRI Y WU R WA VPNV < WR VL JUR W AP TGO

o0

laaigod Cotla iy, ¥ K3
Fig. 3. The process of making samples

4
1210
Test] =====:Tesf2 = = :Tesi3d Test4 Tests
L — N N
10 = |
=
P 1
8r I 1
= I
Y !
@
g6,
Q
w 1
4!
1
1
2 o
i
0

0 10 20 30 40 50 60 70 80 90
Extension (mm)

o oslinal glas Kb wu&zs_,u_uj@u X s
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Fig. 7. Force-displacement diagram of different samples
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Fig. 9. SP 2 and cracks with an angle close to 90 degrees
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Fig. 10. Crack depth increase during testing in SP 3
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