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Experimental and Analytical Investigation of Behavior of RC Beams Strengthened by
Prestressed CFRP Strapsusing NSM M ethod

A. Hajihashemi D. Mostofinejad M. Azhari

Abstract The current study is focused on strengthening of reinforced concrete (RC) beams using CFRP
strapsinstalled in pre-cut grooves. The method which isreferred as near surface mounted (NSM) benefits
considerable advantages in comparison with the conventional externally bonded reinforcement (EBR)
method and provides better normal and shear stress transfer between the FRP and concrete substrate.
The advantages of NSV method compared to EBR are investigated in this paper from viewpoints of
loading capacity, serviceability and better use of FRP materials. Five simply-supported RC beams were
cast and tested in the laboratory of Department of Civil Engineering of Isfahan University of Technology
(IUT). One of the beams was un-strengthened (base specimen) while one was strengthened without
prestressing and the other three were strengthened with CFRP straps with prestress up to 5, 20, and 30
percents of the nominal capacity of the composite. The results revealed that the prestressed beams show
higher values of cracking and yield loads compared to strengthened specimen without prestressing. The
cracking loads for the specimens with 5, 20, and 30 percents prestressing were respectively 117%,
127.5%, and 144.5% higher than that of base specimen; while the cracks in prestressed strengthened
specimens were more limited with smaller crack width. Furthermore, the strengthened beams by
prestressed CFRP had higher ultimate loading capacities and their failures happened at smaller
deflections. The ultimate loads for the specimens strengthened by CFRP prestressed up to 5, 20, and 30
percents of their ultimate capacity were 11.5%, 14.7%, and 15% higher, respectively, compared with that
of base specimen.

Keywords RC Beam, Strengthening, CFRP Composite, Prestressing, NSM Method, Serviceability.

sl e OVAY 0T (3l b 5 QYT Wlie il s s b K

Olgiol pmo S&sls wo3le g L sl 64:}'_5»7 oels (V)
Olghol ms oL (Ol jes wdige (0K ils slinl 15 fne (Godins 55 (V)
Ol grs oKL Ol s pwdige (GodSiils sliul (7)



e St (sl iy Al 5 e e

e S R I D
3503 g0 oSS pa LS 3 1) Ul sk

0Ll mlav (535 Logos FRP (slas s
a5 ol s e NS a L pslie ol Y oS
a=t_s (EBR) o Jasl b @LMJ» Olge b
0L class S plowil 055U &S Slidos 35 o0
3 e Sl cleas sy ol s aS L e
FRP CJL‘“‘”’ S Caglie | S sl eslatal (e 4o
Soss LS 03,5 VG gl [3] il e Lol
ol ok Sl sl oS lge slapiew EBR
5> FRP &JLas EBR 5, 53 45 ol 5l 5]
SAS s s Shee s 0Ll )bt -l
[P IOSCH N I O B W P PNCIVS JUA
e 9,50 1 E S b 5 035 e S
SLaCS = 5 e 53 Lol (Sas EBR (gla i
[6] 2,5 )3 allsol =

@3dte Gla S Lacins (pl » ade sl
S Lol 55 B 5l S oS Wlas S o)
G0 s AL o (NSM) o 53550 55
Sl 53 FRP ladaans L abs 05ls 51,3 NSM
D3 el (1 IS8 Al e oy e 53 eddslnl
sBean o b 3 Laed Sl O3l
Ol el e sleda i LIS (gl sl
Lo Jlod 531800 (gaias 45 ol ol 3 ,5LS
2SI Ly s S gl ics 3 o0
e 2 Sl e S
L IS gl g i s 53V glas sl
L7] Kd el Olas e L

4adde

3K Sl oS Ll 3w baesle Lis ul e
Losle pl LS oo 13 eslizul 3550 J& 5 Jo L
Sen Sy il s Shes 5SS 53§55 gl
T Kpd oo a5 5 (So 5w 5l by Isb o
48 2o o3 B sl eslw K s
o caslie el s ol Of (gloslw gl2sl
Cmd e il o 03 B Y (A e
o)l iy slaeslw a5 Kgy s g5 0 s
g slie A3l (T (sl 5l dn b 35 o
S mlisl Caa sy | i eals asds
(SIS ek (S Glaaal Jdsan o
Olas 3 sl 3y say lallest | Lay 5la)T (S5,
2] il ol Sl 1 1 b

(FRP) odipehios (5 sy U 31500 51 3line
03 &g b Lassle (il slie 5 el Sl
S S R S P A [ ST RPN (W
Flas baslie 5o oy 5ulS opl sixie slags 5
‘(.._S Ois 3 esbe Ll plical odd Sonl> 2w
s VL S aslie 5 ples el 3
0 Il 53 3 gdmeell s g pmb ey SN O3
I3] s slayl 5 K2

(ol ol |55 55 93 I FRP S gba
(355 a o yimes FRP 5 a3 oS Ul 55
WS e Sy SV Sl ULl tizes S
Al VL Sl 55S Cnslie s s oSS
YO L5 0 63 sdmee 5 wI@;@Mqu‘ ool ks
g A0S e S e 0l 13 05 S
FRP jbotbe o33 o 4] 45l Jous b dal)T o0 S

OO0

L

000
||l

—
EBR & ;94 FRP S459

NSM & 59 FRP (Sdhne

NSM 19 FRP (5dowd

[8]NSM  EBR sla i, Solod samslia VS5

\Yay gu<i e)Lw.i g('.,iﬂi 9 S JLM

2P Olas pudige 4 20



Syl s b WSO
s o Slbwpslie Gl Ml o SRy 0l -0
o 53 sl el o 5 ladls s e S
o 53 EBR slsotiSplis o Ll t03L
3B 5 LS e o3 e 5 SO slac o]

il Ll sla il g &
53 LNSM slaediS s oo o e
JUis) 335 Vi s Ol s EBR (slai s b eyl
Ol eddplonil Dladoed fioroh 5 g0l gt 5,0
oo edde sl laoile ekl LS, oS s
o 55 B s [11] 25l e sllas L NSM
laeslo ol b Layls 0 oS cul oyl

oS el sl an anl sl sV e sla, slel

DS G S5 4 sl v‘<:‘"‘“‘ B gy Sl
oslaal 5 40 LgLauU&;T 4 eile el Ol s
LS‘ﬁ u;:j‘) U_l‘ d.)s_w)fﬁj_b‘u Q)}.ﬂ;‘h)}
[ Sl j_?g_,_,wl.w \_AJH” j_:.k.r f)b- LSLQB)LA
ﬁ)l})}}f&jé&&iﬁ)‘ﬂfg)}\)ébb}b
[12]

JJJASMJ@ QL;A G.Xﬁ;‘abu‘ QLJUQA B
e 02 ool ¢l (5lep slis (5T, NSM FRP
5 1141 Lol g (&3lmnp sl [9,13] La 5 5
5 Sl dode 5 LS by [15] Ladls (g 5Luip 5lia
213 EBR FRP gy e oo (sl sl 50
St eddpslis glacsle Ddeddy S35 o e
Ui ) esliid i e o gllae e [11] NSM
[14,16] L sloesle (3lopslin (51, NSM FRP
DL, v_é.ﬁ )‘)\)_A ‘)\ el 0l Jd)‘)g J.:.M‘)L:M.qﬁ
OP90 03 ek Gt FRP L edds 588 sla 5w
L S el S o5 Jlml J b NSM
[17) 5,5 55 4 550 ol 5ot

e..‘\,'ﬁui'.ﬁ: FRP c“...a.n )| oalanwl! L'i ‘_;,'L.»NLE.‘
_)—:.9 FRP C)LAA k_: u_iu LgLAo)Lw 6)L.~r)l,u BE

532 Ol jas gudige 4,0

LSJA)\_;‘:"‘_‘)‘}'_;”}:"M Jjjl)—wﬁ:uf\;-ulp

sl sl e Jol e Jala NSM sy (sl
sl i w5 85 50 sl o ol
534S AL b Aol Sl el gl e
sloul gl = BLS lad Lasuss Cl_,._p il bl
U ol e Al a2dls 352y ol S
o diSplie mllas 5355 0y (Sl e b 4ed
L e onls HLis Saeale 53,8 o )3 0T 03
Al by 3y el L
Ll e 255 0 L gladd S 5 oS sl
Sy idla p U e 5 058 0 (S0 oy
[9] 555 o ck..«(..a Ll
FRP (NSM 6.8 s Oy 5,005 8l
lacgpe ol A3l e sV g 4 Cons placyse 1ol
S 5 Sl (S o0 fe Caslie el
035 a5 0352 O35S Jblay SV (¢l >
S e sle Cgras AL e Ll gl Olles
S S kL slaaks 51 0155 0 FRP llas (YL
Plonl a8 a8 oslisal eddanal = (228 (g5 5 Gl
amlie 3 [10] 5ol g 53 1 Lyl (go3lil Jlals
@3z sl GLISNSM 2y, EBR 5 L
o il s 5l dn Ol oo ale OF 5148 AL e
L10] 5 505
a5l pde Jdian (ol olles oo )
Sldes Les ol e (LS rla (g5leesle]
Ll 3l 5550 cﬁw 53,k sl
0P 53 S Sl NSM glaed oS =l Y
Syl dege 5l s Sl
ol sk 53 NSM glaodiS mhos 035 Sl =1
Ol el O o lya el slie (sl
o lay e ilapslis 55 o yasa
SSIOT 55 a8 (et glacls s Lag s
sdalin Lael olgnl >y 55 loges Slas
g el Led g 358 o0
R sy G ake s NSM glasiiS s -8
b St 2alS el ol oS g e blis
OS> 5 il Sl glacwl s

\Yqy Au<..v_ a)La..ft LV...:Z...:: 9 S JL\.M



e Sty sla g U8y Mol 5 e ey

18] 5508 0Ly Ol oo 5 7 r a1 el o
S glie s Slo b 31 g (soslizad -
2 e s s S 2o b pbS sl Y
o
(Y 5b slaediS mhas Sl (5 ls L =Y
Las¥sb oo oy jomie 65 (0l JlMEe (23, VL L
S p e O e L el al S 0 g e
Al 85 g 058 sl a3l eslind

ol S o8 FRP llas ot pslis 5 S
ol pslds 5 b pl L Soup S5k lb
Flas L aS 6,0 50 sl ol 8 J= s e
s P 53 4 Bl akd polie 005 iy FRP
o e 4S (ol osse 50 djbg‘ﬁuﬂ PR
polie las ol 355 o 3V 5 sl slayl ok
SodS pslds mllas bavslie 55 ol iy (So S
1197 it e P 50 Lo odi iy b

ol oy FRP llae 03 5 4555 (nl b
JSd 0 a8 psbolen Sl e 5 e el Ll
St SV, s 4 e 0l esls 0LES (T)
o=l =i S ed b 5l s &l 5 FRP e
S e 1 eslinnl ) pe (S5t sk s sl
el 85 iy FRP s L o pslis (sl
polis Soilw dn s (S S S b IS0 kS
[19] 53 a8l o5 i ot s L o

L ilwpsliae (gasun) )3 o plomil Dliis
Glaasss 3 oslinad b Bkes ol iy FRP Jlas
o3t ol g3 dileds pbil EBR bs e 5 FRP
Sl glac - gae 53 Sllllas 4 Ol e
[22] s45 iy FRP s Soaols 415, 21]
il sUn s 23] Lo it (gibep slis
Sla s s, sz 5 [19] S i Jlasl
Cidtn los Ll 5 53 FRP loae L ol i
Ssters 3l sslisal (oo s 3 pad o531 [24]
sla s gilwpslis S )3 EBR FRP o5 oy

Y4y ‘“il A)LQ-»: gv...l.n.:tj@m___vdl..»

o3l Bl oS poen Jolo 53 Ysame 005 2y
s Al oS 5l CSL.QA b bl g STas
Conslis o33 5 3V glas Koo 3 S (S
NI RTBI

Coond oS pslie mllas &S0l L s ol @
el S Lol it o s 1 3515 (sl sl
Golid b o i b L s jls sl g8
bl 5l sl o edli il Wgy opl a5
S 5 LS ol s 505 g 53 ) FRP e
238 o 05 slakusa o, YL Lol FRP Al
Lol oo S0k rals sl se pm 53 cnl 2l
«ilmpslis 51 13 (il g o L Jles! >
LB aian IS ol bl A3l dies g sl 15 e
LFRP wlas 01z S1 Koo b 3 . plo
3 aobe RalS 5 oV s A sl el iy
Syd e § 5 F i Gealinel FRP sllas o b |
Gla s i Sl OIS sk 53 o3l o dlewy
Pl 5 Ses Sl [18] 53,5 o 55K 5
Sl e )3 Al 5 e g oSy 8 FRP
35 il andls I ojle b ek gd L] o
3 5w sk 4 S e e sl s
S B il e Jlas] 65l (5 5kep sli
S JelS eslil 5 (3lmp sl LS s &l
e ey ) pllas ol 0155 o FRP wlae o
18] 5 5

SIS w53 0 i FRP Sl 3l oslin
Sl Slusgdons (o liS il LS & J 5 S
plos asdy Wil b ISh o5 5 LS 5 sl
s ples ol ) tisn o e 2 1 s oSl
Jsb oo Ll 28 5 bS5 58 b s 5b
S S Ol p ezalg L3 [19] ol B3I s Ol
DLl g gl d5 5 o o5 iy FRP ol
Gl g5 5l g xS sl el 1 i p sl
«(Premature Failure Modes) Js 5o | [ip X3
s il

FRP Jlae 51 oslit ol sUylse 1S 550 «

532 Ol jas pudige 4,0



L;IA)\J:;u—)\}uj}L\M Jjjl)—wﬁ:uf\;-ulp

3000 — CFRP
2500 —
2000 —
Steel Prestressing Tendon
‘o
&
=
= 1500 —
@
O
=
w2
1000 —
Steel Bar
500 —/
I I | I I 1
1 2 3 4 5 6

Strain (%)

[20] CFRP 5 sV gl (58 — 5 losas ¥ K2

Sl p‘? aS A 3L o FRP (gol 5 s slads
s 0 Leas s 0us e 5l (6, S sl slen
SLa s e il U3 3503 5lge | OT (ol
Ol e ez Ol 5168 ol 4 5 Oy s (g3date
119.28,29] S5l lgo (slo i 151 51 osline
SalS 5 [25] Sues i o ol Jles!
3500 0 L1 [30] ules) =155 53 FRP (slawY
L s i sla s Slpslie o g o
NSM s & o8 FRP (5005 sty pJlas 3l ealinu
[12,18] sdplonil Slisiond 35.0me (Llald o3lis
S s NSM i, 5l aslis el dins o OLES
534S oleml e s dese 5l e Sadlis
GSUH iy | WOV NS WS -y O VU SRS P P
NSM' (gol5 oy llas Sl olinal i 258
S5k el g2 =S edar Al s FRP
G s WS 5 e alS 5 s Ly (Sa)s
e 33 3 9915 e A ey s
el Laod g Sl 0 dd o 58 (Gla S A e g e
ssbiaan sy se 3 pdime Dlided 3 4S O]

33 Ol pes oo 4 20

S o5l godas Ol lides oyl CJL\J
S 0l iy Sadisas 53 2l 0L b b
sladly ) Al o 0l oy o8 sladd sad 4
CFRP (sou 5 iy las L &S o okl
laas god a8 515 QLS 50 [26] Lo g old S s
Sls CFRP o3 fy glaad,ys Lol o 5
22 SFSES b S s s SV gl b
A oS g e SelAg 5B (S s b s lie
S dms e OLE [21] edd iz sba a1 s
Jodl S bl LFRP (laddj5 03 505 0l oy
S S M) e Sl gl 5 S s (gl
sas alS a5 935 e 4ol opl 5o
Lass 53 (i p S g 535 5l S gl 5
Sy pie—er 5 =S Al s 55
0dS Sty llae b b 2 glaosle g3lupslie
S 2 5 oniS SV po s ge 5 JalS
[21.27] 220 o 3l 3 |l ol St
N el gl slgs Jls e
L sbesle glupslie 53 ONISEe o 5555

\Yqy Au<..v_ b)L&-ft LV.«.:Z...:: 9 S JL\.M



e Sty sla g U8y Mol 5 e ey

ek s e e VO Jal B s @Y s
R i Jpam e 4 s s S eslix
Ot 5 Salmpslis 5 5Ll bl G 05
Yol e gy old 53 i SiE s Ges NSM
hie Jie Ges At 53 5 Ll e e
S A6 b b, ks d=Y e omm
338 o edalin (1) IS5 53 ladd gl ol
DS s as s Ol (g ab e sad slass
S 3 S (L) s sl (g i S
L oddpslis (gaised aw g ol Sl o8 (Sokdipslie
2 s 25 (ShS Sy S50 e ol
Lo 5 s iy Cotle o s WL ,S
55 Sy st s S 2Bl LS ot
s S Sl Jm e 3 i ged o ol
o 4SS o A S eslial S 53 (,lSL
el plli by el pslie (SodiS yasiis Jl
! —~ (Not-Strengthened) NS ;| Ol 4 as AL e
(Strengthened) S & , > 3l m.xd.ur}u.a slad gal
033 e ol sl elinl sldpglie Sl ged 8l
S i 0 L 0 Jles! gekiasOlis o
2 S Gy gl e 5 Ll e 5
ol ol il e s ol i (SLad 500
(Non  sl5 oy 8 (slad sos (gotias il NP
0 Al Y (4 seS (gokas OLL Pn g Prestressed)
S i S5m0 3 Sl Jlesl U (Prestressed)
S i 55, S CFRP sladad 53 a5 ol
slowl ) Laaa s ol ol (35S Ao o n Joles
e gl sl (S e 55 Ol XS e
L blie o5 W3 S bl (golie ol i (54 g5
Yool SAs i 55 S CFRP gladans 3 O
53 35 3ol LOT el olg (58 o3 Yo
SIS S e e (V) dsdsr clg
Ol ol gla S5y bl 1y Losa s sel

.JJAJ‘jA

Y4y ‘“il A)Lm.i gv.n.l.n.:tj@m___vdl..»

Gl o= sla s L;AK—Q.LU'T 5 e s
bt e LS FRP (ol iy wllas b iy 55
D5 addlas 555 s bl 5 (S2 5SS
s — gl a ol G [31] 4;3J,.<;

el

Geios plowil Sy,

FRP Jlas 51 aslitul 13 els e 5 65 5 5b0las
35 el logd Olyeas LIS o 005 i NSM
S8 esle ol 5, 40 CL“A o slaesla L;)'Lﬂcj\.&,a
S SO LB s e o Ml G ol 53 22,8
4 oIy 58 e 2 sl L, (S (So 5
R W S BT S ST R-T SR
e L el b il Sl Lol =l
NSM' (gods fmy sldtad L oddo 585 gl 3
3y edlodd ed S Sy il - las U oS FRP
ol L) by o sarta 55,8 o N3 s p
L omls ol gamlis 5 o sl 5o a3
S gad 5 e dS Sl o8 (So Iy 58 (S ped )

e Lo (o3l 55) L
(Full 315 ulide 5o pladised sk ol o
sl il b te oo YY 4 ox¥0 XY sl 4y 5 Scale)
Sl L /8 Olesw &0 ST i b Jgame 2 )
g sl salas 4l &5 Ls asle FAY Olopw
S s Ak e Yo eSS 0
s (under-reinforced) ek L C)a.u 4 b
N5 Ao s (sl o slaosle & ax 57 b
3 S sde iy 5l 5 b Sl 2 /0py bl adais
= Jsb pled 52 C)a.u oS Y55 Ol geay DY
35 S podn 5 GOLES ()IIS SV 5 s S eslanal
slasY s o 5l o b3S Olsl @ Ve s S s
s CeeS p pde Sl Oliebl Ga b L5 S

Lo meishe TE X YAy Sl 55 (~lb S0 5o

532 Ol jas pudige 4,0



6IAJ‘;§":N_>‘}';$3):M ))jl)-wﬁauil}-é&

3300 mm 300 mm
¢ + + ¢
/ 350mn{
o
® 10 @75 5020/ 2@ 14
ol G 3wyl o sls s 6108 S ¥ S
$gad o Slasiie & a5 L bk ped (10860 ) Jsi
o S50 ¢
(0 dE3g 95) Lo (545 903 NS-NP
SAS s 03U NSM 5y, 4 CFRP aad b adbily 45 (545 403 S-NP
(g S Ao,3 0) 0/ened SUS iy (25 S UNSM i, 4 CFRP (gaend b oldy 585 (545 50l S-P5
(e U85 Ao Yo) o/eYe S0 i (55,5 UNSM i, & CFRP (gaans b sldy 5 (54 500 S-P20
(g S5 S don ) v/ 00 Sus f (25 S UNSM 3y & CFRP (e b sy 585 (545 50l S-P30

¥\ MPa U ! [32] ACI 209 stk (sla_zobesl]
S0kl (slos 228 (slas Koo ks (25 fle=
Slacis 5 £y =6YY MPa L, |, [*Y] ASTM A370
¥l Jada 5 8= +/00Y il Ol s S
OS5 SIS sl as s E=Y/Vx) 00 MPa
S L glie (1l u 5 9mel S (aeud o li L
e U5 S Sliie 5 £, =Y MPa el olgS
Ep=V¢+ GPa ac Nl Jgds 5 Eu= /A ol
e oo liie oBilesl 53 s S il
o3l 5,5 s CFRP (gaaus (gl ,— (S S)
MPa L |, [34] ASTM D3039 5,lulul elul
s&= /0 Ol g 5 S e 5, =Y
A o —Se3lu sl Ep=V 6 GPa anwz NI Jus
30 0k 359 Sl ey (S ) o G Seslie
5 Y0 MPa 530> Jsame slos 55 5 LYl Ol
AL e VYA GPa f (gazzVl Jsite
33) Glahatian o poa Lads sad 5 1S
53 35S ene Sl dlasl 5 b b s aie o84S
oKcs Sl sdine ol aS Uil e (Slas L
ot solw sl slesl 5o 352 30 SISL

ol eala ol QL@.M\ W cli.i.'s\) Q‘Ja& u.w.L.@.a

92 Olas pudige 4 0

Sl Laas pad Gy 58 sk G 0l )3
Ll s 5l (prefabricated) atla iy (saans
J y—a>s (Carbopree H25 x2) (¢ )l ¢U Ly onsS
b5 o) s eslac ol LIl Siregy (gas 1S
kel L) e e YO XY slal gl ks
3 b g 5 A3k e (e e e 00 Rl
o=l o3 esleal 55 5 L5515 (Sand coat) auls
Sl pL L a5 Sl e 5 ) G
o 5— Sika (a8 J yams 4 (Sikadur-30)
sior 03,5 byl 5l eslial LB e ASL
L5 S LB K ol o2 5 A S5 e
03,5 0l s 8 "’\‘jd" Cowdds V4T e
oS 3 e b ozl 5L il FRP (gladas
CE Y Y WS PRIV S WAL VPP -
Vs g b G b S ) e
oSs b s ;K3 b 5l s ol o peases
BRI K LT P JUR L
b oV e S 0L U e ol 28 S
A ails 8 ol (G, ¥ ssus) e
W Sy o e gla el Ll
Sl = B ae i o YA o8 e slae

Yy gu<.{ G)ijr ‘V.:Nf: 9 S JL.«



e Sty sla g U8y Mol 5 e ey

b3l OLL L 5 i g ps 228 Jlesl (galand
DUiS 03 1S b gia oS (55 sbas sl aslsl Lol
L5 S e 0dd esls 0L uliul  Laaaras
3o a8 S il g Bis) s (SU
DS Gl sl 8 RIS (G 0Ad b ey
55 Iy aalsl o 5,8 0l Jsb (sLu”): LAG‘M
oKws 035 5L Olo3 gy OF a3 S0ge B
S e o8l aals) ezl glacdl g5 5 S
Wl Sy e i A e Sl JUas! &S0
Job 534S as 5Ll @smi 555 » ool SIS0
o=l sl 55 ol e gakid b il
by palie Cdl A S S b B S
GMSLL il palis p3 LalS 5 Ges 5 20
S bl Bl jLs e Sl ana
7R 5l by e LS 5 S e

.J).g u:"il‘)I J}lﬁ BLl e.)\jj..flv 6)}1@;.- C)LQ}U&\

M;ﬁ\i})‘
(maslie i 1y O des lasli, gadS Ol 5 e
il oo S S5 s ek S8 (IS
M-[ Ls—.}:.wr.:.‘.ujs ))LAMMJ‘)J .J‘JJ‘J.;
() sl s (M) K pslie dawges 51 S 6l
55,8 o anle Cilie 515

ST 51 s oS St i Jlas! (g abin
2> LS S et (5, S GRES oas 058
Ssd e sjljc)a.ine\._:CFRP é@da“;f&u
Gains opl 53 Jlesl Sus r Slaie S L0
e () Ay S e
=l S s S5 e a5 sl e

Lo g dals
P =AEege ")

Y4y ‘“il A)LQ-»: gv...l.n.:tj@m___vdl..»

L o S 0l o S ol
S psded o S 5 s LS Yorr b b
s s (8 JS18) Cd el S
5 ombasl dsb s 5L 555 Sledbl (6,51l
Cf—““uil—’-"‘—.’t’f (Load Cell) G'_w)ﬂj 83l
L& > 4 (Strain Gauge) T S 5 (LVDT)
A dal g eslinal (g o s 5 cilsie

00 i Sl b gad S tbesl
Yoo e S 0b Jlesl gabad o 0 S
ol ol eslizad Lael§a S 5l S o Sse BS
S 5 P 0 SIS mis sl
S b 5 Do ppme o & by e Jlonsl glalles
Yo Cabis g Y50 slalns ol el SaSS L
Lags o o oS Sk Yoo Ve bl 5 e s
O e el sl b S o 5l 3 5 g8
e 53 elBass Jlenm! glacnis o ) shaiea
o3ls 1,3 i plralr G 25 00 5 elSaSS
355 S s S Tlbrals aw ol ol
Sl 5 o 3 Wl ool G 5 las Ly e
sl 4 S 13

38 S5 2 e S S kgl e
las Ko 5l S5 Gos o S5 G5 0 S
A ks (a3 ans) il e oo 3 (L3
DB eoss Sl e s br a4 5 shade an o
Gl R S0 g pP s e S S sl
o 3l oy 8 Soddpslie (G4 5ad 3550 53 AS
b 5 aslas o)l SO dul o e S e
s 93 Lol ds S eslit ol CFRP (guand s4ilas
GS (o ssBea 5 el iy (ol slis Lok yal
s 3ICFRP (saans Jsb 53 Sus i slacil
5 Ladl el Jooe 45 A5 oslizl g (55 S 3ae
""de" sdaline (0) Jg_.ﬂ

Slagm i S 4 b e DLl b

Ol 3l edes Yy slmds ol 53 CFRP (gladans

532 Ol jas pudige 4,0



€t d , — &
Odecomp. = - ecorzp b ™)
S
JSJ‘)\JJV—AU’:‘)J L;)l_.iédiﬁe(d)bﬂc]@%)
ek 3w 53 355 o CFRP s 225 (5 S

Loy

hy
€f decomp. = Ebot h_ ®)
1

ek el il (0) JSE s hy s hy uslie

(b3 olid gal e 5l xBIS 5 (ISl I
Glin) Jyere Goddly 58 phis S 4 s el
53 aS sl ol b s dalt (SNP 56 50
Ceamed i I CFRP aacd j3 23S 35S calam

cb}ﬁf:‘ja L}:’i'::'

€f =€of TEf decomp. T Ef (0)

(S e A5 S lieggp calal opl )
S dlsl 51 20 5SSl Gs €6 decomp.
St RS e Bp 5 (8 galail ) (ol ol
S il ol i ) ey s S
O3y ade S Olpisan pkaie Ll oLl
(Y US2) el ool s S5 i
Gk 53 aiS sV (i S oS ol
St e 5o 1 el sy o 4 (55l L0
Jedo ) Jeol (538 Oles V53 55,8 o180
o 2 5o bl g =) s el e Jsens
S S sl s sadasd 55 oS 0T Sl gl
G S Al OT 5l ey MU 3l 55y 0 53 (gLt
J3 =l 5l A6 RS L shade Jldos Sl Jol

'(80 =€ +€c,decomp) 3 g0 g

532 Ol jas pudige 4,0

S etmma =315 B gt 35l — dla 2> e

)J&A)‘Jﬁﬂ‘dw@}&b‘))wb‘f
(bot 3 8op) el 5 YU L3 kel Slasl oy 5550

Lo s (V) salaly b (Qpre) SAS i

€ —&
Opre, == ™

Gl b s Lol sl 4y s bl ol a2l
aS sl ar g Ll e de Codle gl ol
LS)‘JS/JLbJEW M\—jﬁ)lsﬁ):ﬁ)\.\fu

.J}J&)}E&Mpre:o

s Solo s Gl e gl iy LS (gaLin)
Glasb cleas OF 3 S 543 0 5Ol (glad>
DS L eiS GlasN B s LIS NS ol
a0l 5 S i Jlasl 5l b g lis
S g o3 GRS A e cpl D3 Bl 53 s e
B 5 sk e e 20 Y B L
Slas¥sd Ll Sea 3 (1S Sl A o 555
a5 b Sas i Jlesl 31 ey (€gecomp) (st
s Al say J3 sal e 53 555 b g &
bt 5l Gl Ol e S pl 55 o S L0l
L ble (s M il (So,58 5 Ok
slas¥ss LSl Ses i 5o ol pplid gated
Jsds 53 58 s ol bl (comy) 258
L bl S 015 e - il o o (st
Flas uslis Lals; SaSas 1) 5ol lid (galaxd
sla i S sl thu 5 o Sysl Cewdds
33 ‘tla.b oS lages 5s Ol s bl e Ol
sdalie (V) Jidijs ol s gad> Jsb
Sols polis gabasd 55 Lowl s amd 53 35 5 s

\Yqy Au<..v_ b)L&-ft LV...:Z...:: 9 Conn JL\.M



e St [ (5 My e 5 e e Ve

L)

Wmillé“

pat [wpor s A

e pos SleMbl od 5 6080 ¢l ARE LT Claks £ S

Jem | E’M,Sﬁainl,auge

I FLA Strain Gauge l

- \ / i

BFLA Strain Gauges

L S plilr 0 IS5

Ctop Ct.decomp &St decomp - Stop
F 3 == " """"""""""" ==
df| ds T \ -T o =
h3 hl
As Sdecomp =Edecomp
v - -t - szzzsabcddezzzzzzzezadzzaz:
Af
Ebot Eb.decomp Ebot - Eb,decomp

Lg)lsﬁjhiétgal}f):éabﬁuuﬁo\ﬁ:ﬁ LW

AT (G osled ot 5 oy L 33 Ol e pwdige 4,00



R

53 edd el 5,5 il gp <gpy S Il

e 81 el il o 2S5 Sl o g
KBNS JUN PR ) ECISVE PR T IS ST
o=l Jedes aob 5 Gl CFRP gaes SOL ol
Sromd 53 25,5 e sl s Iodons a3

3 2y ol CFRP

€ =&f —Eof ~ € decomp. V)

Joime N> 51 S pa el 0L s
ol dal gt Csay @y s My slie YU 3 el S3

s sl Lol = K e il el s L
5 o ol s 53 5 S (£l Lawy) il
o) St e s 15 0T et sla b sadS
xln—:éjlé()sjﬂg;_.ﬂ:«_gé\ﬂ.zﬁcl@\w
A e Ol e ki s 5 sl
el Lol = K o Sl alasd OF j5 1y L5 Sl
o slin KIS Lol 5l oslitl Uy s 5 5,5
mlma |y 35l 55 et HL Sl Alas
2500

e Lol = S el a8l L i on
QT&J@L»M;;)L;»)LQ_&@G&EA;JW
33,55 s by dsb 53 @ Dl ess s Ol 5 e
cuﬁﬁﬁ\“}i.:x;;,\,umwd\wuﬁ

) )}T Sy a|)>' >
o = pxdx
A

Gl & Lo A gahaE o OS6 o o
Je 3 A ekt (5,8 L 5 LI sy dalys
f\ﬁtlainl:lpu\wﬁ))(&\zm a@ﬂﬁgj

532 Ol jas gudige 4,0

S etmma =315 B gt 35l — dla 2> e

oS A o L e (S0 5 S il
o phie OIS U 0p o 53 GRS Oy (sabd
S Ol £ i e Celie Hlude
s Mo pslie s daly) Sleslanul by (33,28 5

..L}.ajfda dowl>e Qg

S sl am a5 L g e sla L
Slome s ‘tkiﬂ > CFRP uile SLsl (geslos
bl ool 28 GlasN 8 sl (s 040
spi e 45,5l 30.8F, L, [35] ACI440.2R
Sllas plol 5 aeslon SIS Lalss olul 5
5 5 ) phaie (55155 Gas s (ol 5 el
e AT e Ce3a Quervice lHie 4t
Sl S la e 31 e3lid L Maryice sloio

U PSR S P PSP PP Wt S W

.JJ;&

O3l S8 L caand ol s .‘;—i.:f‘;h:yjﬁﬁl-u"
3lie 035031 L (L3 a3 alis g =g, =0.002
SMde 4 Oy 5 (€) 2 LU i) (ol il
Cwiy @y 5 My o3lds alaie (L3 Gas s

ol il yo

sl sl cnnSa el o L ol eSS
BERNCEGN WL g GV R PV S W PR WGy
SOl L et CnSa g 5 ol et

CFRP ladocs
e kg o S GES i  55 e 5 8 b
o= 5 (Be = Eew = dooomp) 2L oo O 2l
CFRP i, S jlude € jlids gaula Ly ol

df —C_
& =€+ Sf,decomp+_c € @Y

\Yqy Au<..v_ a)La..ft LV...:Z...:: 9 S JL\.M



e Sty sla g U8y Mol 5 e ey

e al ol el L e ol sl
S- S-NP (sladsisal 48 S b 50 4 S50
V0 5 V8 A OY lyls o e S-P30 5 S-P20 P5
Al 5 Ui (540 a5 4y s il 3 A
e S S parls (8 8l 5o b s
52 Sl S laslas 5l oSS Ol S
S5 aS 35 e e (s i 20l
35 S S o Jles! O o g
Laol 6y JSCo JRals el oy 55 (slads 503
LS s dal i L (e ped 4 o
S- 3S8-P20 S-P5 S-NP slaas s ¢l — 5 ja
Sl o35 Ao, YY 5 V8 YV O 1L P30
LS 3lpslie go gt 45 S Wl s b
el i 58 sladisal 53 e il Bl Lol aid,
sl 03 S
23 NS Sl i Ol el gedalln iz
3,5l L &l ois (gl5las CFRP @stpw Shamd
DL (0 JS8) es plowil o 3} ol
Flae sleslaul L 2 55 glupslie 5o das
OLSal Lgis (S-NP (g4 503) oS iy & CFRP
U wlae ool 255 S b 5l Ao VF 5 esliz
SAS G Jlsl gl s olg S galad
el Lada s ol cd b a3 0 gl Ol jpea
> CFRP @L.m Cd bl gdm s A gesla ]
U (Sl i el (l5) 05 5 0 8PS (64 505
S- s4isa3 ;3 CFRP (s4asd ol b b dnjs Yo
A L5 1 edSpslie wlae od b Sl eslizal P20
S bl JelS geslaul ey o Sl 8l s s
Yo Ol SaS io Jlesl b 55 CFRP gaas
Jyma |6 (S-P30 ga yad) 0T b b o

Y4y ‘“il A)Lm.i gv.n.l.n.:tj@m___vdl..»

'Y

Op) = 5 Sl UG o Ol e oy 53 5
Ol S ol Colg s 55l casay 1) (Opa=
SoSams U5 e 5 1 50 gl SIS
D gty 4S5 0T bl A S g
dglie b ol 3 g0 S il Mg =0y /0y
Gt ol il sladisad (52 S0 bl Ol
Soe Ladl (gl Liil S pomtn oy SS 4 1)
il

oS oid el Glak sod Slasein 4 4 55 L
S bl s s el S e ler i s
Sl Lol =, S e e Ol o o5
ol A 58 Slaa god 5 (e hidly 58) Lo (545 50
el Gl 33,8 (e ey (M) S Gildae
L JSs s 5 ol s ol Ol s
5 35T sy Lne i ) S sl
sdalin |00 (4) s 55 0F 4 by e (sls e
NG

Laassad ol Aot L)l a3
sl 0 ealy Olis (1) JK_.A 35 4S )}_bom
S L bl S i i 51 55 8 e el
SO s [y b Qe lECs s (54 gad (S35
O slide a S JLs js oyl L (gasad Lo
S-P30 5 S-P20 S-P5 (slaaiisei j3 S3,55S 5
S 5ed 4 S Rl 8l Ao 13 YA 5 TE A S
@aded Ly Blae JL ganslie iz Llazils Ls
Olii ke slakiped 55 o228 slasVs LS
Sl o3 Y L (glls SNP (645 yas 45 das e
Ol Bl e s (g0 500 a5 Sl @l L e o
5 iiS glas Khs ol 5L Ole 53 2158
5 S-P20 S-P5 (slaw so sl Lo (S5 503 b anulis
A ;54/0 5V/0 0 o ol 5S4 S-P30

532 Ol jas pudige 4,0



\V S esmme =315 B gt 35l = aila > e

\ S e ©
G100 @
S D
L\ _CFRP &t
[—————»
“€f Efdecomp gor
e o

Solspolid (gl o 51wy CFRP )3 25 S e (gedias |25 65|V ISE

ULTIMATE

200
YEILDING

150

SERVICE

M (KN.m)

0 —%-S-P30 |
—%—S-P20
——S-P5
—=—S-NP
—e—NS-NP

-10 0 10 20 30 40 50 60
fi (10e-6/mm)

X
n CRACKING
20 //.A
DECOMPRE
10
PRESTRES /

-0.4 -0.2 0.2 0.4 - 0.8 1

s Ll SaSa Cilies sladi sai (g2 ool sty (bl = S glajla s A S5

wﬂjﬁjﬁu‘j«.&wﬂws\i}&u \Y“‘\Y“A_QULN';‘W)MJLN



e Sty sla g U8y Mol 5 e ey

300

\}2

Displacement (mm)

Calises (bt sl (sl ot Lo Sl edel st OLSGe uis — 5,5 o sl 4 IS

300
250 b o m e — -
200 -~~~ e e
=
P
<
7150 |
o
|
100 -
—%—S-P30
so L/ /L _______[_ ____ [ __________ —>—S-P20
—a—S-P5
—=—S-NP
0 4 : ‘ X ‘ ‘ ‘ ‘
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

CFRP Strain (mm/mm)

Lo sad Julons b 3,1 bl s CFRP (e (255 =L Slssei Ve ISS

60.1.‘5\_:;.4 (Y .J}_QJ. a)l_.fu\ ol o.l,:.:,s s J)l;
el blLa s ucﬂw; by cJMCbJ@L:J
s s il ;}lj_:.easgla olis CFRP slaaas
3550 Sl G ol 53 (S ey A S
Lu.' )‘ L}Ju;! PEL Ls Mﬁ .\;«\N‘OJ‘)—: uw ﬂ.ﬁ’-"l:"\
PS5 32 am Sl Ghy e Jll ol
J-&xe CFRP (405 SAS S Sa,m 55 alS
() ) A3 S5 edaline 5 gailas Loy 5 ol

Y4y ‘“il Q)LQ.«-: gv_lm.ij@mfdl.w

AL
s Lac bl aul=s C)}:; ‘,j":‘“w‘::' S </
53 e Sl S SGeadsl S iy (o Ol
J_;JM&_)JMMU}SKAJ_JJL@ oS Y 0
U olacdl Lol js 45 {9,13] Oliis Lo gol
gI:'-)‘Jj ;J—:‘J J..:.i 6};:.")3 A:.S_}‘)‘.LSJ MJDY‘O
(5ug;_9‘ C)J_} )L_EJJ\ J’:” L}Zj}J w\ L Sl oS
Sl sy (SAS ey GBS Ol 0 e 5 G
ades 5l sl bl ol ol bl cpl saS
Ll s TS sds Vosldsd al 4 Ol 55 0
B g Lisee LLE.':)J ‘_;J%.Jﬁéjﬁ JL&D‘}&LJ\

33 P Ol pes oo 4 20



Vo

S etmma =315 B gt 35l — dla 2> e

» o @
o o o

PreStrain Loss (%)

g
o

~~~~~~

0.0

L/3 L2

Beam Long

Jrsee ladi sas 53 CFRP (a5 Jsb 53 (Sus i (6 JWEl s il jloged VY S

sl S oledbl (V8) (ISS wl/ (sla oo
oo &y by w5 e plralr Galse
deas e LS Cilisee glaas i ilasl Uyl
e 55 e edalite IS0 () 53 4 sbOles
L =l Gdiden 58) Lee 50l 5o e 0k
2l ool cwd b il e e LS Yod/A
L (S-NP) (S iy Ol Goldiu s (545 g
a3l YASA KN e 4 il 5l doys Vo 51t
b ol Ao (B S B s b el AL e
St (P = +/0 14 08) slais s CFRP oS e slis
3 ,NSM FRP s, olLS 5ol culos
CHb adl e o 0L o slas sl L;)'Lﬂp\.&,a
S G S ey S S e ol 0 2SS
ol Sl oaliul s 4 o33l 48 il o ds e
53 bie Gl o e CFRP suiSelie o b
2 S e o sl L sl b b b
S b NSM CFRP %5 5am oddiy 58 slaes ya
Sl RIB nl b Rl e 5L 2l g0k
L s o e S-P30, S-P20 S-P5 (sLadi sa
s (§4— sas 4 Coad Ao ;3 V0 5 1E/0 N)V/O
o (S5 G Jest b plad ol ail
Sl Smd B SP5 (i pas 53 oS Sl Ol e
3l Saged 4 G g 55 BB o soas ladd 5al
oS iy e Sed I 58 (G4 5ed 4 e 3
o eslial sy ol il oS Wl o Sl

532 Ol jas gudige 4,0

=8 SsSs (W) s el clasiile
o=l od s e Ol il ladi sl o | S S
LacS 5 olod Goyme s ¥ ) (slae et (IS0
osbolen il o 0T |25 Sley ol o
Slals 5 slias s i e sdalin S cpl )5 &S
Goldily 5 (4 305 53 (LK gl L blis
i 5 s g bl b (S g 0
Sosde Eol S i (650 sl Ll sl
ol DI L S osba 005 e S 5 sl s
Al o Sl o le el 5o WS 5 sl
Slaaised 5 JRS sl 53 S S 0558 S
o il o RS alie LB sy 58
SLasS 15 o poiy Bdias 55 02 )L 5 55 S
Je SN OAE e bG8 Cend s e
oty b oSS 4 0 a5 5 L Jlas!
Klodd all b - et slaS 5

SLasS 5 o e S (owis ires
Sl aslas bwy Jlael )L v o sl
el o a3l 0L (V) IS5 55 Cilsen (Lo g
St Cdoas a mie cnl 55 45 Sl S5 LG
0P S palie (alal S sl
A S s Bl bS5 B se 5l s O o
Sb et S Gl b)) B Sl
sl 033 S acales (20 +/0

\Yqy Au<..v_ a)La..ft LV...:Z...:: 9 S JL\.M



e St (sl iy Al 5 e e

S-P20 5 S-P30 (slaas sas b anslis 3 Lol e355
03505 il o 5 SG pbole o 35 S e e
S sad sl S-P30 (sassad 53 (SAS s (S,
22 el b b s 1 gl J B Ll 8
el 03105 Olis S-P20 (g4 pad L 4 lia

1

sl CFRP (50S o 5lis 228 <o B 51 (6 5V
L S-P20 (g 500 55 4 Cldls a5 L .onl ol
o S (SAS ey S, e 035 il Sl
2l ad b Ll bl s s Y S-PS (g4 s

sdal i S-P5 (g4 sad 4 o3 S-P20 (g4 sl

S-P30 (54 53 (o)

M&héﬁélﬂ&wdd&ﬂ)su«_f;@)j LA S

\Yay g;.<ﬂ e)Lw.i g('..,jmi 9 S JL.«

2P Olas pudige 4 2



A%

S etmma =315 B gt 35l — dla 2> e

305
255 -
205 -
=
=
S 1551
S --%-- S-P30
-
105 --e--S-P20 |
<A+ S-P5
55 | -2 -S-NP —
——NS-NP
5 ‘ ; ; ;
0 05 1 15 2 25
Avg. Crack Width (mm)
e gladsad 53 LS J 5 0 o 5 S Jlesl L Hla gl WY IS
350
300
250 -
= 200
3
S 150 -
——-S-P30
100 --=--8-P20
------- S-P5
50 ———-S-NP
——NS-NP
0-f T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Displacement (mm)

il glad gl 53 wlas ouy O i Jlesl HL Ol ois e VS

sl odalice
3L 335 e sdalie (1) K3 4 ax 55 L
RYZYS RURSN SO (NEPUIE R P s
0l Sy b CFRP (gt b i 55 (5 5lap sl
gaded b Blis 5L) 0ls L Ol o Sl A
s5d 53 LS 1 O 5 3, (2iS lasY b e
S S Jlasl Lal ias o Jilsl ds 3 1/0

33 P Ol pes g 4 20

cé‘j)éd‘(\o) }S:dﬂ"i-‘uﬁ;l‘gﬂ"’:("a

il e (18) K8 i) s go iS5
Lgl_Aa.XMSrJUJLLAM)NgL{jL'AS)JﬁdAMW
Ol 555 2 A g2 L& (SNP) s fy 2
Jlasl a8 Jl= 5 kS o sbml 5 S5, 5 5L

J=B S-P30 (g4 505 53 50 Ao )3 80 U= B 5153

\Yqy L&-." a)Lo-:t AM}WJL«



e Sty sla g U8y Mol 5 e ey

— /) baews slg LSS il S-P30 5 S-P20
sddodaliv CanSs Sl b ol cpl aS sl (/00
CFRP slaaas S, o dlaasped ol 3
S @S el 51 S g 55l S ciilae
53 Al e S gas 93l 53 CFRP llas o b
Somed Gl odd S 1S S S-PS (g4 s
Lo )3 A0 s3d > 53 ey /0 \Y 550> ;5 CFRP
55 SNP (sas yod s Al o e olg L5 S
i CFRP ancs Sl [55S Olgea +/0) ks
O S Ao 30 sl s ldde cpl aS Sl sis S
Ol ol ke 03 (S A S S Jles!
cs bl YL C]a.d Goslial 53 bl Sy
Sedsm slaazza 5 2,0 FRP olSp 5lie CSLQA
as e 2l 1 (3l sl

Sk S o JB e 250 5 Kes S
o La g SIS e Gl Ak e b
ol lyl dises gladde FRP L oy 45 (gas )
L ccblaze Soas obl s Gaims ol 55 [36] <
et s 4 (B)) 450 a2l UG o s
2 sl (@) 0T s Ly Bl 0L
ke gl sl MA) SR i s JS5
335 o Aol

ssbas a8 55 8 e abe>de (V) Jsdr s ax 55
slaa s sleslaal b ooy sl s L;)'LNNLL» oS
Sl |y Leol g pds s o s NSM CFRP
03 oS i e S e Gl SRl e
S ol 9 Jlasl L &S ol Aoy Vo550
S S S s Al e (S
= (8-P30 (gasad (gl ,) o y3 Yo 350> b 2>
NV

Cewdts §b b b olie wules (7)) Jsr

0 s Ll e el G b s ol

Y4y ‘“il A)Lm.i gv.n.l.n.:tj@m___vdl..»

A

A3 0/0 Ol ey Ln (540500 4 Cd | e
03 Aoy 4 Olmean 3 S-P20 5 S-PS glad sal 5o
il sl andl das o 50531 S-P30 (54 s
S Sliie U ey e sl s § s s
2L SPS (54 sl 3l iy S-P20 (5 50 53 gk
OLSS @ged 53 o 53 aasiia pl 5ldie ¢ o )5 &S
3 eslial 5,40 6)'L~urjuﬂ o g Lol el Cewsas
SLa Sl soa s 53 1y 355 8l (G o
GRS GBS 5 L das e UL g s e
o ke el Dlsear 2100 Ll Y
Sl Olmean 85 Gl b Bl 5L jlde 5 Laes sa
S-P20 S-P5 (slac sai 4 53,5 o oalioe ¢ yus 5 s
YY 5 WA O Al 8l glls o5 54 S-P30
A Lo (G4 5ol 4 oed (g o DL (S0
23 L S-NP (gatgod 3550 55 Geag e 5L 2158
sl 03 55 Aoy V/0 3 50

Sladige 1 ols b Sldd s (VW) K2
by phde )3 1S Dl e | il
s poww cpl IS Hsbas das o LS CFRP (gaas
il e et 0B LS Gl 4 (gl
358 0 g e GOAS,L Glinl alamd 5l Il Cad
OF 534S b o 4l phis S35 5 0l b
b e et 5 YL Sl (e ey
93> Cremd 3 A3l o LS slew 55 CFRP 5 S
ot R O35 S5 Jdda phie e A L
b Oy L 5 0d e (08 Rl Sl oo
53 b e sl e ot ol b 208 slasY i
e (228 sV s 5l e 5 p e il
D3 RS e ot 4 53 5 358 0 p 5 Dl
Camnd S o g oo gowmes 3| 50 CFRP docnd
Al e aalsl olg Cl S8 gaba £

S e i e edalin &S 5 bOles

LsquN))cCFRPM‘d\ﬁAJ_\;MJb;

532 Ol jas pudige 4,0



14

b als s kel LB 2 Sl (el 8 b,
J=B la oS (63510 A0 La s A3l
o pds S bl e Dl s 4 5
> (strain hardening) i S SA_iCs w4
S Lol oo Sl g SRS 3 (phnS glasY b

e oS s o 5550 5 5o

60

S etmma =315 B gt 35l — dla 2> e

oS 4 S 0ben das e 0L | e slad so
S b gad el b5l D3 5 e e dalis
solie 5 Uiledd e § i s 5 a3l 50,
P WL g B 5 [P WO RO S C N
osbOlea (clils 4 8 WL sl 03 Sl S alabls
Sl S el s S S5 5 8 S
Saoloas 2555 5 hiS sl s Sl e

ﬁZ e

Load (kN)

-
N
\

20 ——S-P30
W —»—S-P20
10 ——S-P5
——S-NP
——NS-NP
0 05 1 2 25 3

Displacement (mm)

il (sladi el 53 (S5, S 5 e b alas das O ois = Jlast Jl ks e V0 IS

300

250 i

.

Load (kN)
.
8

100 ---=-S-P30 —
-----S-P20
------- S-P5
50 —
-—--S-NP
—— NS-NP
0
0 2000 4000 6000 8000 10000 12000 14000

Steel Strainx10%mm/mm)

il gladi el p3 L2iS sV Sl (55 S —s )l 5L ol uas Sls sl VT S

532 Ol jas pudige 4,0

A\ n;{.}_ a)l»..ft nr.«i...f: B Ju



o (St sla i Uy MdoeT 5 e ey v

350

300

250 -

200

Load kN

150

100

50

—--—-S-P30

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
CFRP Strainx10® (mm/mm)

CFRP (gaans Sl (35S o Jlosl JL Ol ois v VWV S

Lo gad 53 S S o o St ¥

bor (8 50 4 e (R8I o | 5y S iy | () (ol O i | BY) ool O ot | 45
0.0 5.64 86.45 15.34 NS-NP
7.1 5.24 79.88 15.24 S-NP
12.2 4.95 76.55 15.45 S-P5
10.3 5.06 71.36 14.1 S-P20
18.7 4.59 67.04 14.62 S-P30

5 8 g ot Sl 5 AT alie bl NSL s - san 3 e sad (5 0L gl (samlie ¥ Jsix

L I WA sl S M & ol SIS L
6.0 22.1 235 NS-NP
6.0 22.1 23.5 S-NP
6.0 23.5 25 S-P5 kN) Ss,558 5 5L
8.0 27.6 30 S-P20
9.7 30.7 34 S-P30
32.9 133 198.1 NS-NP
322 136.3 200.9 S-NP
36.4 138.4 217.6 S-P5 N) 5 e St
40.0 140 2335 S-P20 £s=0.0016
40.3 143 239.7 S-P30
29.6 164.2 2332 NS-NP
29.0 168 236.5 S-NP
29.7 172.2 245 S-P5 KN b e
27.6 177.4 245.1 S-P20 £s=0.002
29.2 180.2 254.4 S-P30
29.7 179.2 254.8 NS-NP
28.8 200 280.8 S-NP
28.9 202 284 S-P5 &kN) 2l b
29.8 205.1 2922 S-P20
29.5 206.6 293 S-P30

\Y“W‘&UL&..Z‘V_LZ}%JLA w}}ﬁu‘j‘a&wi\.&agrh



AR

S god 45 s e OlES 25T glasY b s
ok DL gbls (S R D geddy sE
Loy V0 Lgi L) Lo gaisad Ly ol L8
0 ol 5 SAS S Jlaslail o (Ll 581
Eel CFRP (sladans poul b b do s Yo
St 5ol dm Cod ol L (s y5 070 L1531
Yo S as glassed jo faldl ol .;Jﬁdc Lee
Aoy o do 3 44 el oS S Loy

So s ol 3l ealiul lolye o S ege
sl DL s 4 Ol e S3lweslin
23 Lo LA g el s elde i
b ol 5y e ST - 88 B
33) s (God gl 3 CJLm &l sl ol
e (S N gl /N S el
Slaas sl 53 (Gras L) A Gl b Bl L
S b oy T 5 Vo0 Olpsay ol oS oy
e s Ao 3 VY A O S S S
aScplaar g bl adls o058 e (g4 sl
oS Yy e Sy 58 (G4 5ed 3 SRl )
Ls (S8 500 Sl i Ao 5 1/0 550 55 5 52U
2 SAS Gy Jlasl et 36 015 e Al s
P2 53 |y gl g3lwp st
5305 odalice Lael pl A5 s o
(Sl 83 s e 503 Slre @ a5
e SBS  mi s Ges 5 sl S
23 s Sl g ) S s 5l S
Al e g3lwpslas Gosnd cpl (5S84 S
Sodgdme 534S glas 5 Dlasie 4 ey
Seosgdome) Ladipod ole 60k Ao ys Ve
oS s oo 0L clilaBly ancs 53 (o g e S0k
Saiged Sl Las 5 S sl ssl s
= S 58 Sa ped 5 (Loe) el 58
il Jleel Uy ol 0L oS iy
LaS 5 i dosasised 53 (Sl i 650
3T 0 laasyed 5 5 baol slas 5 33 5doe

Js_.p)JYOj\-\ A ;,.;J.S‘u m.l:.'.su:ﬁ M))Y"

532 Ol jas gudige 4,0

S etmma =315 B gt 35l — dla 2> e

S5 e BU sl S
T Soo5 el i) 53 CFRP (glacy 58
e 0 la 5 s Lg‘jl.wc)lfuﬂ(NSM)
YOr pLiyl 5T o e VY sk w sl
O3l ge 3¥ 58 Aoy 00 Uolee Jsb 5NV 5 5 e e
NECHOWP 7 S PP CTPE I JUVR L |
A g b (SedACu s Dot 5 S (L)
SIS Sy (So I D gt S5 (S 5 4
o) g S Ao T Y 0 s L
Lo gas b S 15 2lesl s, 40 CFRP (glaaans
sk S 1 bl syse e S pen ies
@LS.JJ.UQML&V.A)tSﬁ&ﬁJJM@UJ
Syed Wbl 5 Djsen Ol e | G
Ly sdldipslie (g4 a5 53 Cmeslia 45 Il 55 -
Vo Ol jedy 05 i i NSM CFRP (s4as
il (e 58) Los (40 g 4y o oo
Yoo oslslay Sus i Jlesl b cod asly
CFRP gladad ol b b a5 ¥
S e Sy sbedises ol sl b
L (64 00 4 o Lo ;310 5 VE/V VYO
L oA
Coly sddy 58 ladisad 55 SAS i dlesl =Y
Vo a3 5 o (Sa,5 S5 gabasd 5 5m8
slaml gademd Ly Blis 5l jlke o guies 35
S, S e sl 5 S5 el
YosTe 0 mhw b glays o So)3S 5
e iy CFRP Sl ol 0 b s
Dl Ao VEE/0 5 VTV/0 VY s jay Lled
53 ol Al e L (e sed 3 (S, 28 5
Ga 3o 33 (S35 S 5 b e S el J-
0A5 i b NSM CFRP (gaas b sy 5
el QLA 0 I 5 (G4 s 4y s (S S
Gadid Olgmsan /oY (5 038 s LY
35 el V_J@l_.; (niS slas S V':'L"""

L bl ol js Laas g 5,0l yoswa

\Yqy Au<..v_ a)La..ft LV...:Z...:: 9 S JL\.M



e Sty sla g U8y Mol 5 e ey

ot S oS e 53 opl o3 oS

MH.w\wQﬂgwddj@gw

.Zesl 03 43 CFRP slasl odgdms j3 LalS 5 5 e (g0l

S aS (G i g JSE et ) Y B I e e
Gkl OLSe i o plg 5t e S 35ty Sl slin Gosed ) S 8w Jl s
P T e 3l 53 (SR 58 30 tal s Ak
S S Ao )3 VA0 514 /0 Y Y Ol seas (6 iy oAl P o (God By 58 (Sases 53 LS S
Slads sai Slp o S bee (S8 5e0 g SO Jlasl Ll 555 o0l sdalive Lo (G40 yos 4 Zoned
Jlasl L odpslie  SA iy O odldpslas RIS N UV SEA LT R DN S P S W
ol G B s Y 5 Y0 SIS i dd S 58 Sl gad 53 CFRP llas o
Aol o CFRP glaaess O e glaS 5 5 e S Cel L S

Sogs S s Ll aw G ) 55 A L (g4 300 31 S dep ;3 OF 5 A OYY Ol e

S ba el alnil 1 3 (s L))

S

YY

Y4y ‘“il A)Lm.i gv.n.l.n.:tj@m___vdl..»

Qw_j)w)tfy}&)bdlswﬁ oMMM&éﬁU}&J}J“\):—'\
Gt .l s Lok gl 51 S e Chbjsc@&jgdougiﬁddﬁé\ﬁ
AL b by s o5l cnl e Gtomws olg 5,5 3oL ol Sl
cw))ugwdok:duéj uL&... Jl_q&‘dk;»_w\ Jl}-‘)h Lﬁ-‘w‘ bbﬁCFRP
gﬂ.t}uc}kﬁw)ébuduwdfjbjw‘wjf ﬁ\)bouqﬁ;ﬁ‘DcCFRpéw
wb@udidxj‘)‘)\@)‘ww)br'b u)bAou&l—@w&M‘)Jb@w
QL_.LJ)JM‘_;:L_]J)‘ 60}:.& u,:\ Lol MJL;A J,<>“J 64..}&.: 93 > Jjjybw&l.@ k.):'JJS
b)‘))‘&éuu@w&v)w‘)deﬁu)‘b uww‘wjbw‘)bv'jr'v\?-bds
o:y.l.ﬁcdobﬁ)‘ﬁ)wjéwbwuxl é@ﬁ@@k&@ukﬁya&e@ﬁ
R QJL?-_}.L:J._J: 8\_5 oslaul S) 44 e.l_l.'SerEA

&y

Macgregor, J. G., "Reinforced Concrete Mechanics and Design", 3" ed., Prentice Hall, (1997).
Alfarabi Sharif, G. J., Alsuleimani, J. A., Basunbul, M. H., and Ghaleb, N., “Strengthening of
initially loaded concrete beams using FRP plates”, ACI Struct. J., 92(2), pp. 160-168, (1994).

ACI Committee 440, "Guide for The Design and Construction of Externally Bonded FRP Systems
for Strengthening Concrete Structures", ACI Technical Report, (2002).

Mostofinejad, D., "An overview on FRP reinforced concrete as a corrosion resistant element in off-
shore structures", Proc. of 4™ Int. Con. on Costs, Ports and Marine Structures, ICCPMAS 2000, Iran,
Nov., (2000).

Khalifa, A., Alkhradji, T., Nanni, A., and Landberg, S., "Anchorage of surface mounted FRP
reinforcement”, Conc. Int., 21(10), pp. 49-54, (1999).

Barros, J. A. O., and Fortes, A. S., "Flexural strengthening of concrete beams with CFRP laminates

532 Ol jas pudige 4,0



A\

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

S etmma =315 B gt 35l — dla 2> e

bonded into slits", Cem. and Conc. Comp., 27, pp. 471-480, (2005).

Apslund, S. Q., "Strengthening bridge slabs with grouted reinforcement" ACI Sruct. J., 52(6), pp.
397-406, (1949).

Hajihashemi, A., Mostofinejad, D., and Azhari, M, "Strengthening of RC structures using anchored
prestressed near surface mounted FRP bars", Proc. of ECCOMAS Thematic Conf. on Computational
Methods in Structural and Earthquake Engineering, pp. 1023-1035, Greece, June, (2007).

De Lorenzis, A., and Nanni, A., "Shear strengthening of reinforced concrete beams with near surface
mounted FRP bars", ACl Struct. J., 98(1), pp. 60-68, (2001).

De Lorenzis, A., and Teng, G. J., "Near surface FRP reinforcement: an emerging technique for
strengthening structures", Comp. Part B: Eng., 38, pp. 119-143, (2007).

Micelly, F., La Tegola, A., and Myers, J. J., "Environmental effects on RC beams with near surface
mounted FRP rods", Proc. of 6™ Int. Symp. on FRP Reinforcement for Concrete Structures,
FRPRCS-6, Vol. 2, pp. 749-758, Singapore, July, (2003).

Carolin, A., Hordin, H., and Taljsten, B., "Concrete beams strengthened with near surface mounted
reinforcement of CFRP", Proc. of Int. Conf. on FRP Composites In Civil Eng., CICE, Vol. 2, pp.
1059-1066, Hong Kong, China, Dec., (2001).

Tang, W. C., Balendran, R. V., Nadeem, A., and Leung, H. Y., "Flexural strengthening of reinforced
light weight polystyrene aggregate concrete beams with near surface mounted GFRP bars", Build.
and Envir., 41, pp.1381-1393, (2006).

Barros, J. A. O., Ferreira, D. R. S., Fortes, A. S., and Dias, S. J. E., "Assessing the effectiveness of
embedding CFRP laminates in the near surface for structural strengthening", Const. and Build. Mat.,
20, pp. 478-491, (2006).

Foret, G., and Limam, O., "Experimental and numerical analysis of RC two-way slabs strengthened
with NSM CFRP rods", Const. and Build. Mat., 22, pp. 80-86, (2006).

Tumialan, G., Nanni, A., and Busel, J., "Retrofitting techniques for seismic upgrade of unreinforced
masonry (URM) structures", e-article: GoStructural.com, ID=224, (2006).

Badavi, M., Vahab, N., and Soudki, Kh., "Evaluation of the transfer length of prestressed near
surface mounted CFRP rods in Concrete", Const. and Build. Mat., 25, pp. 1474-1479, (2012).
Nordin, H., and Taljsten, B., "Concrete beams strengthened with prestressed NSM CFRP", ASCE J.
of Comp. for Const., 10(1), pp. 60-68, (2006).

El Hacha, R., Wight, R. G., and Green, M. F., "Innovative system for prestressing FRP sheets", ACI
Struct. J., 100(3), pp.305-315, (2003).

Carolin, A., Carbon Fiber Reinforced Polymers for Strengthening of Structural Elements, Doctoral
Theses, Lulea University of Technology, Lulea, Sweden, (2000).

Garden, H. N., and Hollaway, L. C., "An experimental study of the failure modes of reinforced

concrete beams strengthened with carbon composite plates", Comp. Part B: Eng., 29, pp. 411-424,

33 Ol e pwkige & 20 ITAY (S oslod i 5 oy Sl



e St [ (5 My e 5 e e vt

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

(1998).

Triantafillou, T. C., and Deskovic, N., "Innovative prestressing with FRP sheets: mechanics of short-
term behavior" J. of Eng. Mech., 117, pp. 1652-1672, (1991).

De Lorenzis, L., Nanni, A., and La Tegola, A., "Flexural and shear strengthening of reinforced
concrete structures with near surface mounted FRP rods", Proc. of the 3¢ Int. Conf. on Advanced
Composite Materials In Bridges and Structures, CSCE, pp. 521-528, Ottawa, Canada, (2000).
El-Hacha, R., Wight, G., and Green, M., "Long-term behavior of concrete beams strengthened with
prestressed CFRP sheets at room and low temperatures", Proc. of Conf. on Concrete under Severe
Conditions-Environmental and Loading, pp. 1817-1826, UBC, Vancouver, Canada, (2001).

Meier, U., and Stocklin, I., "Computer controlled adhesion of prstressed CFRP strips", Proc. of
Beijing Bonding Technology Symp., pp. 041/2-041/5, China, (2004).

Wight, G., and Erki, M. A., "Prestressed CFRP for strengthening concrete slabs in fatigue" Proc. of
Int. Conf. On FRP Composites in Civil Engineering, University of Hong Kong, Hong Kong, (2001).
Wight, G., and Erki, M. A., "CFRP strengthening of severely damaged reinforced concrete slabs",
Proc. of Conf. on Concrete under Severe Conditions-Environmental and Loading, pp. 2191-2198,
UBC, Vancouver, Canada, (2001).

Triantafillou, T. C., Descovic, N., and During, M., "Strengthening of concrete structures with
prestressed fiber reinforced plastic sheets", ACI Struct. J., 89(3), pp. 235-244, (1992).

Saadatmanesh, H., and Ehsani, M., "RC beams strengthened with GFRP plates: Part I: experimental
study", ASCE J. of Comp. for Const., 117(11), pp. 3417-3433, (1991).

Wight, G., Green, M., and Erki, M. A., "Prestressed FRP Sheets for post-strengthening Reinforced
Concrete Beams", ASCE J. of Comp. for Const., 5(4), pp. 214-220, (2001).

Badavi, M., and Soudki, Kh., "Flexural strengthening of RC beams with prestressed NSM CFRP rods
- experimental and analytical investigation", Const. and Build. Mat., 23, pp. 3292-3300, (2009).

ACI Committee 209, "Prediction of Creep, Shrinkage, and Temperature Effects in Concrete
Structures", American Concrete Institute, Farmington Hills, Michigan, (2002).

ASTM A370-96, "Standard Test Methods and Definitions for Mechanical Testing of Steel Products",
Annual Book of ASTM Standard, Vol. 01.05, pp. 381-384, (1997).

ASTM D3039-95a, "Standard Test Method for Tensile Properties of Polymer Matrix Composite
Materials", Annual Book of ASTM Standard, Vol. 13.03, pp. 98-108, (1997).

ACI Committee 440, "Guide for the Design and Construction of Externally Bonded FRP Systems for
Strengthening Concrete Structures", American Concrete Institute, Farmington Hills, Michigan,
(2002).

Oudah, F., and Raafat, E.H., "A new ductility model of reinforced concrete beams strengthened using

fiber reinforced polymer reinforcement”, Comp. Part B: Eng., 43, pp. 3238-3347, (2012).

\V‘“\V“&UL«J‘V&J}%J@ Wﬁiﬁd‘ﬁpww‘\iﬁ"



’rvqr‘ui;yw‘wj%u/[w WJ‘F‘J’WWV‘*P’?/*U

* Sl 305y 4S5 9 y0 9 (SS9 Dlaskie p Fi0 Job ¥l W

Gl B Vaslsi stes Vot e Vs gl el

sl slaaSd (2K 5 (Lol (SLadUIS 1o il ol il po Ob o Sl 5 58 (Sl (Slojl o il oy o O
alS i La gy o il 5 Slae s (sOL o 45 5,5 o 1,5 soldzd 5 40 03,205 ) sbas [sb@’&;_bj/‘jﬁff/‘j sl
o oo (518 50y por i odlizeel ] e Ol e 45 ol O 3 St 3 g 5 il oy o Ooclily 93,0 Vi (slooly I G bl s
A0S o sata b e £5 pl 1A o (WIS )15 O 2 Cogm 0 G 55 L OO 2 48 ol o) Ob o S
jéwj/ﬁL;/gﬂ/)ﬁ;wbéuﬁjﬂﬂw;ujv' Bl s 33 e olétd s gyt (SALL Coploe L aS
o i 2030 (Con) ol s 4T o p5 St Skt 5 polin Cilimio sla 2ol 30 0 S plonil Cilinn (sl ok
LI (Sl (Sl e 45 s LT sl 3,5 Gl (o3t (5o s pow (L0 Com 25 (Sl 5ok il OLL 5o 5 <55

s o il il osle Adoto (slas s o 0 o o V6.0 [, Crny oo gy o Job 1.0V

AT ladile el 2 i g ol s s 1 Sl plgs il s ST SRS

Study on Influence I ncrease Effective Length on the Hydraulic Characteristic and
Discharge Coefficient in Side Weirs

H. Zahedi khameneh  S. R Khodashenas M. R. Akbarzadeh K. Esmaili

Abstract One of the most important discharge control ways in hydraulic structuresis side weir which is
used in irrigation, water distribution, waste-water engineering, drainage, flood control and other water
related projects.In order to increases C,, value and control on water surface when there is restriction in
the weir length(L), side weir with different geometry is used. In present research seventhly experimental
tests were conducted on the semi-circular side weir with different lengths and heights(w).Sudied the
influence of hydraulic and geometry variableson the C,, valueand a new equation was developed to
calculate discharge coefficient of the semi-circular side weir. The results indicated C,, in the semi-
circular sideweir is 1.5 to 2 times morethan rectangular side weir.

Key Words Semi-Circularside Weir, Water surface Profile, Effective Length, Discharge Coefficient,
Experimental model.
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Experimental Study on Parameters Affecting on Pile Tension Capacity in Sand

I. Shooshpasha M. Sharafkhah

Abstract In this study, the shaft capacity of open- end steel pile in sandy soil was evaluated using a
number of full scale tensile pile load test. Mentioning the available methods of predicting the shaft
resistance of the pile, the soil properties and test apparatus, the results obtained from pile loading tests
was presented. In the present study, 7 piles with constant diameter of 1.20m with different length of 4.20m
up to 4.80m have been loaded. The earth pressure coefficient and frictional angle at the soil-pile interface
were evaluated. The results of the study showed that for this method of pile installation, frictional angle
in the soil-pile interface is 0.52 times of frictional angle of soil and the earth pressure coefficient reduces
considerably.

Key Words Piles, Sand, Shaft Resistance, Earth Pressure Coefficient, Interface Frictional Angle.
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B 0.181 | 0.164 | 0.152 | 0.142 | 0.135 0.146
L=4.8m
z[m] 0.5 1.5 2.5 35 4.4 average
B 0.179 | 0.162 | 0.150 | 0.141 | 0.133 0.153
Average 8 0.147
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L=4.2 m, Kmax=0.458

z[m] 0.5 1.5 2.5 3.5 4.1 average
K(z) | 0.438 | 0.443 | 0.449 | 0.454 | 0.457 0.452
L=4.5 m, Kmax=0.432

z[m] 0.5 1.5 2.5 3.5 4.25 | average
K(z) | 0.413 | 0418 | 0.422 | 0.427 | 0.431 0.426
L=4.65 m, Kmax=0.420
z[m] 0.5 1.5 2.5 3.5 4.325 | average
K(z) | 0.402 | 0.406 | 0.411 | 0.415 | 0.419 0.414
L=4.8 m, Kmax=0.409
z[m] 0.5 1.5 2.5 3.5 4.4 average
K(z) | 0.391 | 0.395 | 0.399 | 0.404 | 0.408 0.403
Average K(z) 0.422
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Design and Development of an Apparatusfor Internal Erosion and
Suffusion Testing in Soils

P. Tabatabaie Shourijeh A. Soroush

Abstract Internal erosion is a major cause of failure and damage in embankment dams. A complicated and
detrimental mechanism of internal erosion is the suffusion process. This paper presents a recently developed
automated large scale permeameter for internal erosion and suffusion testing. The new apparatus is capable
of applying surcharge loads to the specimen while maintaining a unidirectional gradient controlled seepage
flow via a computer closed-loop system. The instrumentation and transducers available continuously
measure deformation, pore pressure variation and stress levels throughout the specimen. Multistage
commissioning tests on four soils samples are reported that illustrate the novel features of the permeameter
and instrumentation. The preliminary results highlight the suffusion process while revealing that the amount
of erosion is proportional to the stability index, and soils experiencing suffusion undergo volume reduction
conjoined with increasing void ratio.

Key Words Internal Erosion, Suffusion, Internally Unstable Soils, Seepage

Al e AV 0T B b 5 SV e il b
S el mo oS () a5 Ol s dige (0l (g S (g gzl (V)
j:"sj':”‘ W bkf.\.:«.‘l\é o ) .)a:m 9 ‘-)‘j‘“'p L;..«_L.@,a L;AJ_,QJ\A L)L:—«:a—"‘) «J)ﬁm..a L;AJ;.,.::)} (Y)



el g il T olKews Csil 5 1 b

wlasls e cnl s s g lLL (5 e
5 Sl (o) slass b gais o
Cd 3 s S ol A8 b oL
Sl Bl sl i 65 2 Ol 3 L b
a mie slagduadls (V) o plhe s S
o 53 Sl S 4SS 5 VL G
558 Slade 5T Sl 3 il o pd )
Sl glaaasiie 5 ol sl daes Olyl 3
s (Heterogenity) wﬁwb s Ol u_:éjﬂ
9 G 3 .5,S oLl laol (Anisotropy) sleal
eSS 535 ol b plas (0] slawnig e
Sgh o 8l galite (L (8 il s (suails L)
L ailog, oSl glaa¥ 5 bagd dgtua¥ 5
sl b Lgl.aAvS/.lﬂpw o ge ‘Uac,:’jj 3 wlacd s
Sy S bl o5 Sl w5 Blda
5o SOkl S sbnl 5 feily s bl S 0
&u;@ﬁ:pdw\ else e 5l ul
L XS o S8 (2 03 a5 5 S50

i 5 s Rl d GIE (S Slew
Jodsie lae 53 O3 O e Jold 4S9
S ol pen AL T Sllas Sl eslital it
55 il e Laedb b ol ey LIl o SIS 5
23 s s B AT Dlides s sladle
Sl 5 ot L BLSSI s Ml e
15,6,7,8] ool 43 S oy 5o s Sbt L5

3 S sl Oyl sl Az s L
oS ol b e s Sloj K
5 A Gl s n el Olllas bl Gl
s gsllely 5 ol o > b @ eIl ¢ o 555
LAt Ly s (e b s sdis Slales]
JoolS 5 me e lie ol 3l ol 4 i
23 Ol il Sl slagiail 5 oKs
Sletdie sla el s 51 s 5 el pl]
sl 4l Hlantla oiws 5 Slas b me sl

sl

TP i eplond qmid g oy Lo

4o dle

O3 S e Sl cd Sl Al Aol 3
Qe 5 Lass 5 ol 5l ol Ol Jaw s St 5,
Ly =y ol wlvsgk{ﬁ = el S
Olay Sl Ly 5 iy Js A8 e o 550
3 S 3 b e S8 5 Of s s
D3 Jeam bl O 5 20,8 e ol 0L 2
OIS e s Aol b il dalet | 58S
Sl o paan S glaosle ¢l L SlslA
slasbel illas "JJIJ 3 as Slog K 5 St
5 Sk slade o 55 AL AAAT DL B s e
Sl 5 A e b S sl S
S Gl el gl elas JS o bay [1] sl en sy
S s S e Slel il b ol o 33l a3
Backward ) sl j5,c—ds Sl d 3l a5 le
S ete gl 31 il s (Erosion
(Suffusion) 543, 5 (Concentrated Leak)

S ol A Gl sl el b psdn,
P A A O [T s S RS N IR S W
s O3 el s slaals I Size S
O s se Dl 5 il Ole 510G o (galanl sa
ol a5 5 Aol o il b s gladlls
(V) IS b o xS, s glaals 31 i
LS 0Ll s oy Gl pSee glacdl>
b il b sy Old e Al s das e 0L
Kb Cidgie 5 S b S en g 53 1) (6 e
¢das o (s, (Internal Suffusion) J=ls ,gd 5,
iyt gl S e 5l Sl ol S s
55 doal > (External Suffusion) =, sd5 )
sl psiny g By el S oS [2, 3]
.Lz.a (Internally Unstable) J=Is lauLU

Go3lUl s Jlaisl coleas anS el
Glo Jdsas Vb o jede 03 28 lasS 5 ol s

BE ‘j—"‘}.’.) Qbh Lge)hb‘ Jj..vos 9 4}‘)}3) 6L€.~;\ OJ){

o2 Do plige 4



0\

A ol JLLL Ly

—>[:51 e
OO"C:;:.cE:JQ“g:gO 50529,
1, — EDCO)_"Q S oDCJa
-3 s O O o@
Y GCOQ C?C:)
oQg’
—_ | L T o =i H oo d)do

QQOOOO 7

OC’C? o OOO Go

Qo
%DC% e OOOO

ok A s A
ol b

()

©

S st () 5 I st () sz 3l 8 (D e s Sl ol ) S

o0 9 b

als
| Loy gie lihfod

100
90 asns obgn
80 SPEy oy ey
70 "
o OlosS it
'i’ 60 Slouis a0
3 50 Frnsak A
,; 40 dausd Y
9 S5 A
30
oAb 4

A

=Cg

0.001 0.01

0.075
0.1

0425 ' 2 475 19.05
1 10

ARSIV

Ol gl 5l oKl glacd ol gaails ¥ IS

5 FSY/ Gosgdme 53 (CY) L2 e gdudls
o35dn 53 (CoSY) (5 o0 lasusils Gl
Sl SLs 28 5 H/F=) L L F < ¥
R I P N RO KN C PR U SRR
1 6 LG Ol 51 SIS (H/F) iy 031
SoMLl el Olpsas 5 ol p) 2550 S

338 o b e (Stability Index)

100

H/F

T
SogE Loy

(H/F).. : (F
: 0

(PO RS IENIRY

Lau [10] 5 Kenney s o Gioles ¥ IS

i3S Olpos pligs 4

Sl s gl ol e Bs)
Ly 5 shos ol (AR LST Sldles saly
L oolal i sl il glahss s B

e €yl Sl s (g ,luLt
S D91 Kezdi i, Laol gl Sege
[11] Burenkova %5, 5 [10] Lau s Kenney
3> 45 [10] Lau s Kenney %3, aslsl js .l o
338 o e slantla Sl eslinal 550 dllis ol
53 (F) S slhe Lau 5 Kenney %5, 53
33,5 o pnn £D 5 D (slae Il (suals s
S s s Ao sFUD 51 55, &b desys
o=l s eesly AL H LD 3l sl 5 ED
A2 S5 So3gdma 53 D Lslie (galdS (gl Ly,
s HIF Sl i s si 5 35 o plondl £
L e sl slasad o2l &8 g 5323 5

”V‘”V‘LIC“ UL«.&UM_}WJLA



el g il T olKews Csil 5 1 b

b Sl 33,8 0 J S wt gl &y
LR ARSI PR DRSIN -SRI
St i sad mhas 40 (IS0 gamin 5 (ol
5 S Ol 3 SL ks 2355 o Jles!
ol oKy (o550 S0 o 4l ded ulS
SISk ks Hse 51 20 Sasl 55
YN L oy A anlS 5 Sy it Olis
Ly 48 A2l e € 5ad pela sV kP 25 Jilas
J=B o 555 sl Seslul wds 4 cobe
el 03 5 B

S r-w")-ﬂ o 3 GIELL Gamio
5 e e O é‘)ﬁ VYool Jols 5 (e e Yo
Sl aS Col Oolae Oy soas Sl sl
Gildee sl ans O 0L 2515 5 S g
27 G s sl 1 (S e (sl (V) S
Coldn 5 calaims 5 S g0 jolad e 3 Ol >
Ol 03 e pos s O 2 5 A 4 o
(Packing) J—ool SV 51 g A8 L gamio
iz golia b ool S ool s oslizal
55 TAKPa 25 Jslee VO KN Ly SSlau
553 Dl 53 S U e ] i) el
TR I

S S Sy g iz 0555 S (g5l sel
Pl i s Sl sl Ko B s, S
S ol gaibs (0) IS llae oy b
iy O3 o) Ly QU il ol S5
5 0dd Jlesl L (Sl 5 (ISl sabe 055
s am (0L (Selisssios 55,5 455 2
b 0,8 @l 3 LS OB e dleas ol ol
PR T~ JSS] VI PR USRS S NI
O 35 Son |y ial b e (godalie
Jeize fa e T¥o S gLl 4 i Joall uSe
5 G s Yo Csliess) o 1 (amis Sl
s il o s V7 8) 63Y 55 05 Ll
Shebd Gl Sl S s sl (1) S
s 52 45) O W et GLbI 5 Lao s

TP i eplond qmid g oy Lo

oy

AL sabls

5 b Al sulle Gla S35 n e

S le el ansla

LG & ) Ol S b il JialasT Ol -
ok

3 a3l o3l L s Sialesl bl =Y

U oS pslie 5D (SJsodes 0ol S 58> s -
Ok Gl

ol oty Wgad S0 sl G35 J S 5 Jlesl -t
S 8 2 S 5 B3 S el oS
e

Ol s G e aS & g0l Jsb Sl i (6,85l -0
Sl S JolS 5 e (1S

St Ladlnl § Sl i Gds s 1
S aised 515 A s ad s

Sl 50 3l o O (6 Se3I OISl -V

Sadsh s Sl e s

U8y os b bl oaws i be T olKows
gz ulide Sh5 sl 5 (abaims ) iz (8
SOl S 5 el Sl c e IS0
Sl DMl el 5 J 1S glally Sl g
i Sl gl gl el ooy Lol (salaius
s a8 e ) Ll b (Plexiglas) IS .S,
L2l e e eVt ol sl 5 jte_us YT
G503 e 03 S Sk N (gl say daie
Ssdn oS (e 1 i )52 50) S 5 VG
w2lp 1) T (O-ring) (55l sla 2315 555 5
s 583505 e 2L s S AS e
Do awns s 2wk oKaws S y5 5 5,588
Satadoma 51 (6 5 e Sl (0) JS3 53
Gopmen SIS Sl ol s W51 sl 5
S 5 GSLL el e Se oL ) St
A L Gae e M 55) @b 50 Sl gy
S 3 Shos ol 0 KN Jlasl L (5 5me (55,5
SlL il 5 5 (BP) Sl gy 01 Sos b 5

o2 Do plige 4



oy A ol JLLL Ly

(glasbly lssle 5 (Inverter) 5, gl 51 eslizul b wlie ool Ko (0,5 o 13 St $ged 5 e
RS 5 o5t e IS any adl> ,Q)ﬂ‘*% VF ¥ el Sl el 0 4l (IS, samio L
G ged a4 Jlosl (SIgsden ba0Lsl S 5 0L > 53 YIY Ol Ly s gy ) JSiie ST 0L

3l g bl dsb s RCSWRER | PRGN > R N U SRR PR Ky

EP
E— KN

E i '%%{

sl
(. A . -
La,Lid 5o 5me T
<l | 7
<0
AD e,
[

i AR sble ol bt |Ss

18
1
17
2
P 3
16
15 =
@ '
P L51};—\ P
s (F el aulS 5 Kb (Y LVDT (A B3|

V) iiS ada (8 (e s V0) (6,150

Wgad 3 e (V13840 amin (0 (o0

>
f

=

o

V) (s et (A iged 5 Gaominn (V
WSz S (10 (ol s b (4 (o oo
LSO (o ol st (V)
(8 (MEL ik (OF (Sl fondl S
Wws i (V0 (S oSl (g abaios
OV o koo VYY) (63555 ot (V1

%65—/\470%1 00%1 00—4;1 00—4;1 00%
&
SO
LUK
/(47 %100%100%100%100

F
4

1 goled (65055 Jlail

i

(-
—

1
=

Gro s o o Lae3I) g sy ialosT olKas (gols= b 0 IS

wj}ﬂd&aﬁf@a@f& ’f"ﬂ'“@vw‘/,&jwdu



ol s il T ol Ctl 5 o1 b

Sl S e 5 Sl daises A5 ol 5o
Pg 5 Ps Py el it S a5 50 &S olajl s
ataious 5 4 gad o gloslr s i O L2
o e 4 g dal s S s HLES G e
ok 0 a5 38 e Sl i (ol e
S shn ¥l Ol 03,5 45 e Jus VY0 b
40 g0 Sl 3l ey 33500 S el sl 3l
ol (6 ey s Jlail Ols Sl ol Ol e sy
D S S R e U PR R T
(=) oosm (S5 Gl LS i 5 py LS s
Sl aph e e JLaS i 4 S 5 b )
53 .35,5 ol S € gl |5 JLS 5 e
s 0L Ly 400 3 5 0mm8 (V) JSC2
sgien g S ekl )50 LAS Gla ) i ol
<—s b L (Total Pressure Transducer) J<S L3

.de'il.g&i\/\' kPa CJ))i" kPa UJM

i ())
5 SIS samie GLbI s anol SanY () 1 s

) (alh)
ju&wé%bké})jéﬂ}ﬁdu‘(db \/Ji.z
SB-M}N‘,P-]:)J 4:3)‘9‘)36)13)2,4}]:1 (u)

L ol s s (03) Ok o 75

!T“Ir‘u_ﬁ aJLo.J(M_}WJLw

0¢

Gabaims 2 55 ol sl 0o ol
el Jato uLL ool - T et (osls

(& Jsa)

Lol s fie A5 583 J s sl b L/
Sosn S35 0 Sl 4555 aiped il
L oilosl oliuws ol Sasl 3t abaulsa
S S o3l ul gl 58 55 B e L &g
S o S ged ol 5 Vb D3 (6o me S
0 KN 8 B) VL s 10 (0) IS0 ol
oy ataize 31 05, 5 LMSLL 4k 535
el s S s Sl el i (5]
Js s ol Ol s 53 510 KN e b)
Jedl e O 53 5 S w4 feate olSas
Lgl.ac'wjﬂ.} SS& @yds bl syls 13 Sl
Shls a0 sad 53 sdig So3lhl gla jis s, S
345 Ll g £0/V kPa 3
() 5 olKaws abaies 05,5 St @403 Jb
S (D) 5 edd Jlasl Sl ) Cod ol
o san il e Leid OF 0L Selussods
ol s st g S S s e i
S Aas (S A.SJN'W}&DBJ): s w3
sl S eIl LB gl b Dl ss s
Tl Galsn Wl o plrals
de/romm coss 5 Ve mm o ces b L (LVDT)
2o Gl (L e 555 2 tes
e Sl e O SLS 335 (5 Sl
e 5 St el il bl s ol sl
JS Gllae ol 5L 3550 25l 0L IS L
e S35 s o (gabize 8L S, 2 (0)
Stk i 48 sl ol il (6 ey YL
53 A3 S e Jame Sl Gla ) i S
JLasl Py 5 Py Py (S1 & ged b 5 VL slasl 5

o2 Do plige 4



00

=8 s asses el 5l s b Jlas/
oK D pen Olmay GB350 L e (5lup L]
Sl s Jlesl 530 Jlasl @isas ol
Ol ds ats Cel £ B Y/0 550> Ol de 3)
L L a5 48 33,5 e oy Gl
Sbt glails LalT 5o et Sl 5 3L 4ls

wlin s goi g3lwpldl a5 gjlup b/
(S piodei glamlasl gl o [12] s lulend i,
) sl SIVL & s e LT 0L
23 Gl o S el e 3l (s
o (0 US2) 81 ot 5l 5 wsed 5 olSaws
S o 515 O e Sy 3 g 350 00
3500 L iy am by e S (g VL]
“ o e s il 0 sE e ST
A 3) JolS 0 gl 51 Olabl J g gl 235
23Sl CS a5 S s 5l (6,8 sl 5 e (OB
S o3 4 (53555 0L 5 egslupldl o
@3lmpldl Sloy 5 ol (1 em/s G & a> 53) b

Aaleil oo Jsbas Coll Vs g

Olesl S S 65 5l sl O Al sl o
($3lmgll 5 (O'r) fe (55 el 3l oy el
O ks opl XS o kS Lo adsl Sl 5l 46505 Jsb
sl S s e 0Ly AL L Cilise a0l s
ot g b s L3S e b (S5 5a8

33,5 o oS 1

Ly

Lig =

et gl o

et QL“:\Jf drg

PN a5 515 5 JS o bty

(P A sassm 315 5 JS o gl thy
LeLo-AL; o ol oyidls Lt 0lej 5 4503 Jsb iy

i3S Olpos pligs 4

e ol o UL iy

03 ki Sl fol s s Tob ol gl 5 eslaza
33 S o3l ilasT Jsb

ol osliul 3550 J 28 5 L0k b Ol pgons
JUS VU glls Sl ol A3b e 5538 =1
SIUT s = JUK ¢ e V) SJUT 55,5
Sl aspel 00 (S ged s 5 (C YY)
4SS sl slaslle Sl eslinad Lol
Sialasl ol Sldes diwlie gl | —ameia
é)ﬂc—«-? slad S il s el i
5,8 o Lo dis alls Oy poas Sl

ST et o
A=z SUK 9ol aslo oKins )\ oslaiul l;

Sl slastls as ol e a5 b L gl gad
Sl S b o3 28 g uails V.:«\ (s
Laol (63l sod cditond Lasls Sl 5 1m0 3
S4 g0l &S ol p\! TS VNGO R WX
a3l oS (gataioe 033 IS 5,4
Ga=Y N s S wsed sk pl Gl o ey
PSS a gduails a8 55k e o3lel 5 bl
Ol jmeass 4y 8 cul Gus gasaslhs b il
b e (Gdsdils 4 s TN LY s500) asia
Coly (6550 U badils o 55 Cusby 555 .33 5 s
L Laadly Saslis OLSGl 5 55035 o (iSe sll
e (2Y) S,b s Sl e a3 e 1A
ke w335 o oo G5l LB i Jlex
35 on s a3 Sl 4 55 ) st oSie
ot S 0 1B S S 0 i s llas
5 bl S sl &Y a e a3l 3 )
o8 3 Olabl s (nl Lo g o Sl 235 L

.:J‘: Lyt ) Q\)J LSL‘“)U“ ww u§v.h 9 Co—‘j&.

TP o oyl i s oy S



el g il T olKews Csil 5 1 b

Laails cals gy 3 3505 pde 5l Olabl 5 las
5L S 3,1kl Sl s s VY s
355 slagsiails 5als Gl 5l 3,5 o &
So58) i)y io sl L3 8 e bl oo
ot S (SO e 35 51 (e dus /0 VO
s S sl el ol A S Ko ]
(PD) (oot 2t ld 5 ool ooz 28 ko D32
A2l Aol Ol

T 55 Sl e sle LT s
S plas La0l gaudils o 45 Lilaz S 513
Yo/t LaSLs Lolad o3l ST ool (A)
[12] 5,llnl o 55 b)) ol 3 5dme e s
(Al alaims a3 /iy B /0 L badils o310 ST
JS o et (im0 T lag wlie IS
LasS gaoals Olasein (V) Jods 55 .5l (V)
LU/ ol ol (V) Jsdar 5 ol &1
#slie 5[V+] Lau 5 Kenney oj 4 LSl J=1s
21 e Ol 1y ol el

ialesl 3550 gLaSE gduails Slasie \ sl

i St 4 g5
S1 S2 S3 S4
D;s (mm) +/+44 /040 \JAR C/AAY
Dgs (mm) VUM Yeo/LV Vo/aY q/0v
Dy (Mm) Yo/t Yo/t V4740 | VYV
%<0.075mm \V A 0 Y
C, AFAVAY AVA YV/o VA4
C. AV VeV 0/ o/
‘USCS GM GP-GM | GP GP

doe (gduadds i) Unified Soil Classification System *
(S

ST 3550 LS s UL ol sl Y st

[10] Lau s Kenney /s, «

St & e
S1 S2 S3 S4
<Ll DLU bl Sl |l

c o

(H/F)in | /7Y /v AN +/AQ

TP i eplond qmid g oy Lo

o1

ol oo OUL 0 Tk Py o3 S0l &0
Sy 515 s ol T Lo 3l b by e
S ol s 2 5Ke) La bl LI gl 5 ol
St By laie (AL VL b OL 2 oz o
syl Sl
G b 3l s ssSse ws by T il Sl
Jsb 53 S 45 Fose 02 XS pr S 055
Wl D) pots S @ B3 () Ly 4 5ad
Sl ead Jlesl 0L b S o i 1 By lis
Ssobs 0Ll S ks 5l 68 e ol les L
s oy b gy La b (RS L 5l 53)

o oLl 5l oy Dl Lag 5o 101
3 edsle Loy Sb @sad (a3l OLL 5 2ol
Sals 5ol d sl s g o Y Sler
s5be 03130 Li b Y a3 5 e s a0
s LG P B Py e g e saY O ae oS
dic (md 3o 0Ll S (h) W jes s > of sl
dmwlee 5B (V) wlie gladal) 51 S glaaY s
Tl 53 G5 Omay odd Jlesl L JLS ks
Lo e fpre o) a3 55 0T el by
S AL s gl glatasd s g - Se sl
S e awle 8=ALMLY ) pmds () s
0351 ygame Sabaulsa 4 sad shals o &S ol
Sl o 55wl ol oKans (gabaise
TP T JEN DU
Ol S ot & e (25 2 O oo
3 S st Gl SLS D0 55 5 s )3

g OF Ol

LS ghual 5 mlas olasis
slaaly U glasbs gy ceslaal 5, 40 glals cﬂh,m

(S s '“)'\m..m uﬁ:ﬁbbuﬁ:ﬁ

o2 Do plige 4



oV

S SaPuA A ged ) 53 pBes R (She
Sy a3l ool a i Geolrl &S sl e
Sy glaSLs gl elal cpl a1y 2abesl
oo Sl dslan Jhe i o3Il Shles]
Olidss 53 .cmnl gduals g 53 AV BT e
U = o [14] i o300l b la re 50 ax3dS
L [15] gauasls sown 53 (S50 AVY 550>
Sl e 23l Jiles 5 il 4y 84y Gliis
anl il b Ols anb S gauaN e
5SS Sl s Snll S pd, s
2 il s e 5o as g5 S psdns bl
LS s s Sl S sl
Sl sdiie Of HLis (155G el (6, dyh s
i L sz s 5 il pl (05 o0
ol A Lt Sel o s Gasia LS e

.JJJ§ oJu'j);.a.s.O

Olgmre B 3 datlesl s () Jsr 5o =W
S Jlss 5 (e RS DS 5 Sl
(el 3 Ol s Cu RS PO LI RGO P Ve
SOM=LU/ sl o iS5 5355 55 Feroa
s (CdV ) la s js ol gaualls J s
Sl ey 4 g0 ek slaa Y gusdils (=)

el 0l 61,184 5 ST glasSE gl ialesl

e ol o UL iy

=% il
e S S sl Sl Lo b/
Go3lol Ul S 55 mlesl s ge O'pe=YkPa
3 ol e ol (4 el ) s A s
sl o ds SH(Y) Jad s b s Solasein
5 sed ol Jlasl (f1g) yowwe SJsden OIS
ol e g anl 2l gl oo poa Ve Yl
el sl Jlasl S s 335 Y e OLsl S
5 Sl 0Ll S ol ks 5 gl pes (1) S
ST S sy o phbasl o3 e (355 35
s e olas
Sl dyb 5sedis dlasl glaolysl S
Sk 0 ol Sle0lal S d e ol
Sialasl Sl ol 5 [6] el i S slaue
ol e Dy gt 1) A Ao s Jsb Ll 5o
ol ol Guis aS ) ar 5 LS e Ol
3 et g8 ld 0556 Lee G
s il e SIS Sk e pa il b
U 4o S olssl g o (0ra=Y"kPa) 5L
imen 2ALS 3 5L slasl s Jaims ol 35U
2 b i Slades 53 05,8 o e fola
350 Ohelw b ol s b a st b el
Sl ol eslial aliin JL = laws Sl ez gy S
53101 .([14] YokPa s [13] ) +kPa JLse ol sis)

s

320 | Lo gis lc_\:.ﬂ YY)

100

2| ©

90 | =51
—%—S2
——53
70 1 |—a—s4
60 -
50 -
40 -
30 A
20 A
10 A
0 4
0.001 0.01

80 1

[CER SR ST

/*;;S%?%

0.075 '
0.1

0425 ' 2 475 ' 19.05
1 10

(Mm) =153 83kl

oelesl 3y 5e gL duails e A IS

i3S Olpos pligs 4

TP o oyl i s oy S



oA

12

118 i

F11

&v (%)

oo QL&";) i

(min) ol

LA B B B L B B B B B B
0 30 60 90 120 150 180 210 240 270 300

O'ray=1"KPa o ST S (5, Galasl (b i G5 5 s 0315 S s 4 IS

lo s als L
cilyes = 5ol -
oI s | e [o2o s [ oo s | bese Joo s ]
100 > 100
90 90 /
80 80
70 70
% 60 i“ 60
i 50 3 50
J 3 40
‘g 40 v
30 30
20 % 2
10 10 == .
0 4 0.075 0.425 2 475 19.05
0.001 001 0A0750.:L 0.425 2 475 1019.05 0.001 0.01 0.1 10

(Mm) & 1,3 85kl

(Mm) o1,3 83kl

Sop Omay=Y kP o b3l 51 s €500 cilises slawY gduails Ve IS

S$4 St (0) 5 ST S (L)

O'ray="""kPa o Leinlol Slasein ¥ J i

S @ gal
s e

S1 S2 S3 S4
w (%) £/0 Y/0 Y/4 A7A%
=9
ST v | asey | v | ave
(mm)
Lo(mm) | YAY | ¥vo | YAL | YAY
eo (%) L0/ £V/¢ 10/¢ £en
23T e
o NS R S8 R ST A o o
(min)

TP i eplond qmid g oy Lo

Gt gas Cusby Olpe Wil 8

Sl s ol 5 dsb o5 Saep 5 Lo

o2 Do plige 4



04 A ok o FLELE il

O'ra="kPa cou zilejl @k & ds

S € ogas
- 4 g
S1 S2 S3 S4
sl SISO EESIEVIFIT S VI R A
Ferod (%) \AE ARVAY %S \

FAey (%) | &ve Y Y YAR!

S*Ae (%) | var | o V| A

(rsd50) Sosl 5 sl o gl o (3158 slin ®
e alS Wl Cote e oSS

S dleet 2% oy
Solets leslsl 5 907 . Sols
’ | R G i eSS |
v v v
60 L L -15
57| 0 —=—Sl F
{|—0——e—S2
54| gy 1y et --12
514 e J g el L-10
S 48-_ (8 &
< 454 o =
[} | |6 5
42-_ IS
39 -4
36 L2
33+
] [ -0
30 1

S2 5S1 St (55, ibesl cilisee ol 53 @gad 3o 5 ez L5 S Sluis V) IS

G'Ta\,:Y‘ ‘kPa oo

20
S1
15
S2
S
< 10
o
@
= S3
5
S4
0
0 0.2 0.4 0.6 0.8 1
(H/F)min

s LS ) bl s (H/F)min (ol asls o 2 Ferog (il 3 Ao ps Slais VY IS
G’Ta‘,:%kPa

JWJ’/"J//‘““J‘”"‘\?"‘?/‘:‘ W‘?Y‘“,C“UL‘J‘/WLJJW‘JLA



el g il T olKews Csil 5 1 b

Lol e oo Rl cpl ple il o Sle B
sl 4 gad ST Ol e ralS
3y Slaas gos 5l Jialup Olie (OF) S5 o
ol £ (H/F)in ¢l Latls cwm 5 iules]
ble a5 (ol Larle bl ol o
Wl s 0L Jal s S 0as Soss b

.J}J& Ferod S 3l ‘j:«iL\ﬂJﬁ Q\J‘.;.A U,L.Als g

S amS g G
J,_'l_nj s b yme i ;5 s Lol 55
s b b gaddlas gl el Sop s iy
Slagdandl s 03 e Al e s
‘@K_:;iuj alblu o3y Slashe 5 63 Sas
S 5 533 S el Ol 5 S el
Gallas HLSaly ged calises lajl 5 53 OLsIS
O R Y BT ~J (R P K CLH S
Sledde sloa tlasl mlsa st ol Ly
iy s ol @l Ol e it S 50
Seslinad LG o sl Jsls (bl g lut ()
5 S S BB s se bl sl
A3 ol b (SOl s Julye 50 cou
335 o e85 Ol s
sKenney iy, sl eddaals golL astla (Y
5 Sl i 53 Gl Olge Kl Lau
C)-;) Ol s e ol Ol i J_<.3> olea
Ju.:aladn 6[} )J &}Jﬁ)
J_>'Jo'u“ 5 Ghaals Oals xS L ST ijj (v
E) J.“:J_ibul_.:;-‘ < —_— e L S 0> 4
- IS S S R Sl s S 5

A sl Sl

TP i eplond qmid g oy Lo

5 e 81 S il slaaN guualils
S el 5 SSljea sl uals I bl
=050 5 Ferog= WEL s Jllow 3 51 0L
V) UK Gl ) S dpal Sl s sl
o3> 595 Las ¥ 51 (b b e op 5t ()
Y s D s Fl K Ol 4ol
sl ol b op n ey Ol 515 0554 Ly
GlaY [alesl 5l e gduasls S4 St gl
505 S5 sl 450 4l guails & il
Ly o Gdas S 0313 (555 Feroa=T: SLI il
b Sl (s P e sl Y Lgy Y«
OO 5 el Sy b, S4 S s g
sl sLs[V+] Lau s Kenney g,y o~ s
Ll S

5 EY (e A3 S Ol S (H)JL.:);
S lasl Cidzses |l b s e o Josdss
Ul LB el s asls 0LES S2 5 ST slasls
4 g0 o3 lidl 5l Jlasl ol e 53 oS o
3 S e IS ey 5 242 8 e S
D3 ST S psdns 585 I 53 558 oS
(e e S Sk 5 25 e S
Lol cdl oo st $VEL L ol ey ¢ g s
VAN St oo g 31 3 il b s
Al SRl

iS5 b e e i 82 S gl
Cel SUs gos 5 5l b il b Lol el 50U
O UV PR R 1Y) /A JIv B CH
S bl oyl gen ¢ psdm,y S aS das e OLS
J=B s sl a3 5 33,5 o0 5 b
S S e 5 RS- ORS Ll) Ls lakde
b ol s Il S S4 S sy e St
Lol s o o S8l Sl Ol jats 6503 sl 5

Sl b)}J ‘)\ C)b) c&)_‘;:ﬂ) CJJ‘} rJ_G J_:)A‘U

o2 Do plige 4



10

11

12

13

14

1) A ol JBLE il

e

Foster, M., Fell, R. and Spannagle, M., "A method for assessing the relative likelihood of failure of
embankment dams by piping", Canadian Geotechnical Journal, 37, pp. 1025-1061, (2000).
Soroush, A., Miri Disfani, M. and Tabatabaie Shourijeh, P., "Potential of internal instability in alluvial
sediments", 59" Canadian Geotechnical Conference, 8-10 October 2006, Vancouver, Canada, pp. 1156-
1163, (2006).
Soroush, A., Tabatabaie Shourijeh, P. and Miri Disfani, M., "A laboratory study on some factors
effecting suffusion in soils", Proceedings of the 13" Asian Regional Conference on Soil Mechanics and
Geotechnical Engineering, 10-14 December 2007, Kolkata, India, (2007).

AR SLLE eSS 5 o sd s edat Ll cslge (Slinns e 5 ks o olbLb (ele (Es e

QYA VO Lo Ol gl S5 slades e sazaS

Fannin, R. J. and Moffat, R., "Observations on internal stability of cohesionless soils", Géotechnique,
56(7), pp. 497-500, (2006).
Wan, C.F. and Fell, R., "Assessing the potential of internal instability and suffusion in embankment
dams and their foundations", Journal of Geotechnical and Geoenvironmental Engineering, ASCE, 134
(3), pp. 401-407, (2008).
Cividini, A., Bonomi, S., Vignati, G.C. and Gioda, G., "Seepage-Induced Erosion in Granular Soil and
Consequent Settlements", International Journal of Geomechanics, ASCE, 9(4), pp. 187-194, (2009).

5 Oles wdige oKl (i)l wlid)lS gdle, Ml L bl a8 aleT el (uge (Slims g e A

OYA0) oS ol mis o823 (s Jams

Kézdi, A., "Increase of protective capacity of flood control dikes (in Hungarian)", Department of
Geotechnics, Technical University of Budapest, Report No. 1, (1969).

. Kenney, T.C. and Lau, D., "Internal stability of granular filters: Reply", Canadian Geotechnical
Journal, 23, pp. 420-423, (1986).

. Burenkova, V.V., "Assessment of suffosion in non-cohesive and graded soils", Proceedings, the First
International Conference “Geo-Filters”, Karlsruhe, Germany, 20-22 October 1992, Filters in
Geotechnical and Hydraulic Engineering, Brauns, Heibaum & Schuler (eds.), Balkema, Rotterdam, pp.
357-360, (1993).

. ASTM, "Standard Test Method for Permeability of Granular Soils (Constant Head) (D2434-96)", in the
Annual Book of ASTM Standards, Vol. 04.09, ASTM Philadelphia, USA, (1996).

. Kenney, T.C., Lau, D., "Internal stability of granular filters", Canadian Geotechnical Journal, 22, pp.
215-225, (1985).

. Fannin, R.J., Moffat, R., "Observations on internal stability of cohesionless soils", Geotechnique, 56(7),

pp. 497-500, (2006).

’r‘lrudi:ajl«.‘iLﬁM_}WJLﬂ &WJJJJ‘JW&“M@/‘:"



ol il T ol Ctl 5 o1 b 1y

15. Moffat, R., Fannin, R.J., Garner, S.J., "Spatial and temporal progression of internal erosion in

cohesionless soil", Canadian Geotechnical Journal, 48, pp. 399-412, (2011).

’r‘lrng&ajl«JLﬁMjWJLﬂ &WJJJJ‘JW&“M@/‘:"



’rvqr‘ui;yw‘wj%u/[w WJ‘F‘J’WWV‘*P’?/*U

S o Ggiw 4 8 JLail (S1518 <36 Gy9 b SOV by g d (I e (Saolad S8y (s
P 05 9 590 SIS

M) (e . F.on W) .
PSS (s ol Sidsa VI

ol 2 e g JoS G a3 Sl 4 G foS Snp (sloal )i sl T dall Olidme ] (slacd iy 4 a4 L ol
o el s 3l oo Sail sols SGU s b 59V it e s S 0T 13 45" 4o Ll 5 Oloo 0055 (slno jLov i
sloajl s> 45 das oo DL ol ok S aglio [SUS L o 45,5 15 v 1o Solis Ul 550 oS i 503 (sloc il
IV 5 1) oSl b ol sl (sla oLl o JooS 51 53 (S0 s S 1 (4l 2/ TV 3500 L) il V 5 1 0 Oloo 5 oS
NG o/ Sl s 5 0 L) il 10 510 i po il (slao il 3 5 ol 0330 oS SO0 5 (505 S 1 5 e oz

.w/%j/)j:&ajyQlfﬁj//_{’,;gwj:ﬂj'l'J'”.f'é.wjé@aju?g&uﬂbéj%VQA}‘QKf

b (Salis o eSSl 50 (oS S a3 ccde Jlail (SHU Gus LoV b s Sl slaoilg

Investigation on Nonlinear Dynamic Behavior of Thin Steel Plate Shear Wallswith Rigid
Beam to Column Connectionsunder Far and Near Fault Earthquakes

M. Gholhaki H. Asghari Takdam

Abstract Considering recent developments in earthquake engineering, researchers has detected different
effects of earthquakes far and near from the fault. Investigations that have been done in this area show
that near fault earthquakes have shorter time period comparing far fault earthquakes and in the velocity
of near fault earthquakes, there are one or more impacting pulses with a big domain and period that are
result of forward directivity. The pulse movement, impressing massive energy in a short time in near fault
earthquakes, result in rotating ductility in some stories and joints, brittle failure of joints, immediate
destruction of structure and soft story that have observed in Kobe earthquake in 1995 and Northridge
earthquake in 1994. On the other hand in the latest four decades, steel plate shear walls have been
considered as a resistant system against lateral loads (wind or earthquake) and have been used in
construction of modern buildings and retrofit of existing buildings in the world. This system has
appropriate stiffness for controlling displacement of structures. In this paper tall, medium and short
buildings that the SPSW with rigid connections has used in their structures are investigated in far and
near fault earthquakes. They have analyzed with nonlinear dynamic method and have compared with
each other. Results show that in short and average buildings the steel plate shear wall with rigid beam to
column connection (up to T=0.67s), effect of movement of far from fault zone on the response parameters
are 11% to 37% more than those of near fault and in the tall structures (T>0.67s) effect of near fault
movements on the response parameters is about 46% to 60% more than those in the far fault zone.

Key Words Thin Steel Plate Shear Wall, Rigid Connection, Near Fault Earthquake, Far from the Fault,
Nonlinear Dynamic Analysis.
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Influential Factors in Pinch Effect and Energy Dissipation of the Kaiser Bolted Bracket
Moment Connection

F.Shahidi F.Nateghi Allahi M.S.Razzaghi F.Shahidi

Abstract In the aftermath of the 1994 Northridge, California, earthquake. A significant number of steel
moment resisting structural systems were damaged. Many studies and resear ches have been conducted to
improve the seismic performance of structures after the catastrophe. One of the proposed connections for
special moment-resisting frames included AlSC-358 is Kaiser bolted bracket moment connection, briefly
named, KBB, this brackets produced as high steel cast. In this study, the seismic behavior of moment
connection, KBB is examined under standard loading history and near-fault loading history according to
ATC and FEMA codes. The results show that the connection has suitable seismic performance. But in
beams with high depth due to the bracket rigidity, there is high lever force in top row bolts. Moreover use
of Finger shims with variable thickness, reduce pre-tensioned force in bolts and increase pinch in
hysteresis curve specimens.

Key Words Standard loading history, Near-Fault oading history, Kaiser bolted bracket connection (KBB), Pinch.
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(b} Bolted to the beam

{at) Filler welded to the beam.
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An Investigation on Tunnel-Structure Interaction on Settlement of Surface Buildingswith
Numerical Method

V. Besharat M. Davoodi M.K. Jafari

Abstract The construction of underground tunnel plays a more and more important role in the
development of big cities. One of the most important problems caused by the construction of the tunnel is
that underground excavation will cause large settlement of the ground and buildings. Previous studied
showed the difference between numerical and experimental results. In this study the case study of
Niyayesh-Sadr tunnel is selected and the conditions of this project were applied. This tunnel is located at
north of Tehran with a span of 14 meters which constructing with the multi drift method. During
construction, this tunnel should pass near some buildings near Mahyar Sreet then the settlement of
surface should be considered. Numerical methods in this study was performed with the finite element
code with PLAXIS 2D and the effect of tunnel-adjacent interaction is investigated. |n addition the effect of
foundation stiffness and weight of the structure is considered in these analyses and the results are
compared to the emphasis on tunnel surface structure interaction. Results show that the settlements of
foundation are increased 15% due to interaction analysis respect to green field one. Varieties of
structures along the tunnel in surface, different overburden depth of the tunnel and also location of
building respect to the axis of the tunnel need several numerical models in one project. In this study, one
simple approach is suggested to control structures against settlement and prevent using several models.
Keywords Tunnel, Multi Drift Method, Interaction, Surface Structure, Finite Element, Settlement.
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Blast Loading and Evaluation of Nonlinear Response of Structural Buildings

A. Farahani M. A. Hadianfard

Abstract In the conditions in which terrorist attacks on facilities and civilian places increase more and
more attention to design of structures against impact loads of explosion is more important and needs
special considerations. Sudy of nature of blast loads and methods of applying it on the structure is one of
the important problems. Explosion is a sudden and rapid release of a great amount of energy that
produces light, heat, voice and shock wave. This wave contains dense air that moves outward radially
and spherically, with velocity about the sound speed. Applying this huge load on structure leads to
nonlinear deformations and failure in some elements. Then using of nonlinear analysis is necessary. In
this paper blast loads and it's parameters have been introduced, and different formulas and models for
blast loading have been studied and compared, and the most suitable model for calculating and applying
this load on the structural buildings has been recognized and used. Then by using structural analysis
softwares, nonlinear response of different structural frames against blast loading, have been calculated
and evaluated. Also with comparison of nonlinear behavior of structural frames with different stories and
bays effective parameters on response of structures, have been recognized and introduced.

Key Words Structural Dynamic Analysis, Blast Wave, Structural Buildings, Blast Loading, Impact
Loads.
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Calibration of a WDN using Optimization Techniquesin Localization of Pressure
M easurements by Applying Artificial Nodal L eaks

A. Nasirian M.F. Maghrebi

Abstract Undoubtedly, sampling design is an important issue in monitoring of a Water Distribution Network
(WDN). The aim of the current paper which focuses on the localization of samplings, isto present a practical
method for optimization of the position and number of the pressure measurements. This method works based
on the assumption of some leakages in a network and searching for them by nodal pressure readings with the
aid of two optimization loops using Ant Colony Optimization technique. The method is applied to the
anytown network and the obtained results are compared with the previous works. The results are in good
agreement with each other. Prior to field works of the installation of the pressure gages on the network, by
analyzing the hydraulic model of the network, one can easily propose the best as well as the least nodes of
the pressure measurements.

Key Words Sampling design; Pressure measurement; Optimization; WDN.
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