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Shear Crack Co

0

wVH B ‘ “ | - i I\ - W i |
Al (2010)
Allowable shear force corresponding to Reinforcement
Sse rV| cea b| | |ty ensu r| N g Long-term allowable Short-term
Types stress allowable stress
— L2 T Compression | Compression o
VﬂLl o b] af €S and tension Shear and tension Sheat
SR
. 235 155 155 235 235
VALl = b]{afcs + O.sts(pw — 0.002)} SR 155 195 205 295
295
. SD
Allowable shear force corresponding -| = e e | e o
repara bility ensu ring 345 | 215(*195) | 195 345 345
sSD 215 (*195) 195 390 390
(2 390 215 (*195) 195 490 490
Vi1 = bj {3 afz + 0.5£:(p, — 0.002)} 0
Concrete
Long-term allowable stress Short-term allowable stress
Compression Shear Compression Shear
1 fr 1nin - J Lt [ 0. 49+—f |5 Long-term allowable Long-term allowable
3°°¢ 1 100 stress < 2.0 stress x 1.5
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Al (2010)

According the research conducted by Simazaki (2009), if the long-term
loading is less than V,,, the maximum shear crack width can be
controlled within 0.3 mm. If the short-term loading of a medium-
magnitude is less than V¢, the residual maximum shear crack width
can be controlled within 0.3 mm.
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Flexural Crack Control
ACI-318 (2005)

Ref. Robert J. Frosch (1999)
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Ref : Robert J. Frosch, 1999, Another Look at Cracking Control in Reinforced Concrete, ACI Structural Journal
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Flexural Crack

ACI-318 (2002 & 2005)

Ref. Robert J. Frosch

@Q%%Q spacing From the bar center to the farthest
concrete, element

. i = I
E,

Y vl v

d; = \/ d? +(2)?
s 2 c + (2)
Control !
Minimum crack spacing =1.0x d3

Average crack spacing = 1.5x d§z> w,.. =" g - 2\/a’c2 + (%)2
Maximum crack spacing =2.0x dj}

S

lcs Ref : Robert J. Frosch, 1999, Another Look at Cracking Control in Reinforced Concrete, ACI Structural Journal



Flexural Crack Control TAIWAN TECH

ACI-318 (2002 & 2005) 250 L 300-252

=380——-25C. <——— 0.41 mm
f f
280 300 - 280
=380——-25C. <—— 0.41-0.53 mm
Ref. Robert J. Frosch (199 f. i

(3) Crack control

Wiar = -fs-z\/am@)2 o
max E C 2

S

300 -

= - \/(Zﬂfs

200 T

100 +

Crack width : 0.41 mm
Tensile stress of main bars : 0. 6f,
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Concrete Cover, d, (mm) .
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lcs Ref : Robert J. Frosch, 1999, Another Look at Cracking Control in Reinforced Concrete, ACI Structural Journal
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Experiment

Specimen Design

Yielding stress 685 ~ 785MPa

Section size 70x40 ~ 50%35 (cm?)

Chiu et al_ (2015)

Concrete co

400~.200 0 o

Number : 2

Concrete cover : 2. 3cmy

LCS

400 mm
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Chiu et al. (2013)

Stirrup ratio

Number : 10
Concrete cover : 4cm

700 mm

Chiu et al. (2014)

Shear span to depth

Roller

Number : 10
Concrete cover : 4cm ="

Cheng et al. (2014)
Cyclic loading

Number : 3
Concrete cover : 3c




Experiment

Measurement system

1. Crack measurement
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Ex
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2/1€dr CrdCkK

rimental Data

ACI318-11 ALT¥999 : + 0l .
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AlJ2010 JSCE2007 .
15t . 15 b . "6
1 ‘. AL I I . : . ? I:; -
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Shear Crack .S'z‘rehgz‘h of

Ver = Ny QW\??/K (MPa)
a\—18
ne=3(3) (035 <7, <10
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Cracking point
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AlJ1999 0.33v 1’ MPa
AlJ2010 0.56v f&' MPa
JSCE2007 0.231*° MPa
30
= Proposed

¢ Experiment-1022
¢ Ixperiment-1035
» Prof. Cheng
m— ALJ(1999)

6=0.35

Cracking point

10 20 30
V' (kaf/'em®)
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Experimental Data TAIWAN TECH

CL -~ 7 -m ~1
2/1€dr CrdCkK

Ultimate Shear Strength of

Concrete ' [ arm—
Vey = 0.45n,, X 0.33\/f (MPa) s
a\—2:5 R R A —
Ne=18(5) i (1< M0 < 4) (MPa) T
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o L I w
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LCS 1



Ex erlmental Data

Ve_ser = Ver

Ver = Mo X 0.33@/:{ (MPa)

q\—18
n. =3 (—) (035 < 7., < 1.0)

d

Veyu

G\

o n
Ve rep — Y-

Vey = 0.451,, X 0.33,/f (MPa)
-2.5
Ne=18(2) ; (1 < neu < 4) (MPa)
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AN ) ———Ve_Experiment
AN .
p " - - - = Ver_Experiment
~| — - =Vcu_Experment

= ™~
[ ~.
4 ~<
o
- 5.C

2

Crack width 0.3 mm
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Shear Crack Control
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Average shear stress and
Maximum Shear crack widtR

o
o™
o 7~
}5

3

< o

X L3
P

M X

£l oo <8

5 I (S =

a ]
= o m
—— =S

X N

LN X

o 5

8/..[”.\

Il

—~

1E-008 1E-007 1E-006 1E-005

(Wps,max/d)*(pw)

13813

LCS



Experimental Data TAIWAN TECH
Allowable Shear Stress
(Maximum shear crack width0.3 mm)

. (Vu,1mm o Vsc)

e="10-03) * Wpmax = 0.3) + V-2~
S o
Vs =V =V, = psfsbd
f =V_Vc 0.8_,,,,L,,,,,,,L,,, S LD
st = 5. bd o ‘ y= 98.79x
N 0s =

- (ncr x 0.33,/f)
sa —

15 +ﬂtsfsaj%fi4_-L .

-1.8
Ner =3%(%/;) ;03550 <10

fsa (0.3 mm) = 0.125f,; (MPa) 1.7 _ 979 ~ 0 125 (MPa
I.‘{éa (0.4 mm) = 0.150f,; (M“ﬁsjm-gfs“- —— .fﬁ’t, i

0.004 0.008 0.012
Pw
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Ex erlmental Data TAIWAN TECH

§ f - . Maximum Shear Crack Width (Peak/Residual)

Peak Shear Crack Width(Total/Residual) Peak Shear Crack Width(Total/Maximum)

4 F

Crack width ratio
F=
by

Crack width ratio
- Es

B
Crack width ratio
[

0 02 04 0.6 08 1 0 02 04 0.6 0.8 1 ---u +0
Shear drift ratio (%) Shear drift ratio (%)

Peak Shear Crack Width(Total/Maximum) Peak Shear Crack Width(Total/Maximum)

=

————————————————————————————

Crack width ratio
F=

Crack width ratio
L =] s
¥

__________________________ z a

=]
=]

0 02 0.4 0.6 0.8 1 0 02 0.4 0.6 08
Shear drift ratio (%0) Shear drift ratio (%)

Allowable Shear Stress Allowable Shear Stress
(Maximum shear crack width 1.0 mm) (Ma)(/‘n?um resiadual
fsa (1.0 mm) = 0.20f,,; (MPa) shear crack width 0.4

1CS mm) s



Shear Crack Control TAIWAN TECH

c/ Enrmu/a
es/gn rormuia

= ¢ X 0.33y/f//1.5

Shear crack

strength \-18
Serviceability Mer =3 (5) (0.35 <71, < 1.0)
Maximum shear :
crack width Vser = Ner X 0.33/f/1.5 +
0.4mm 0'15ptsfyt

Urep

Maximum shear
Reparability ~ crack width = 0.277., X 0.33\/f + 0.20p., ¢
1.0 mm

a —-2.5
Ney = 18 (E) ; (1< Neuw = 4)



r Crack Control

TAIWAN TECH

Nocinn Enrmii/a
7ol 1rr 1 rrriudird
2.0
— pwu,b/D=0.50
1.8 1 — pwu,b/D=0.55
— pwu,b/D=0.60
1.6 - _lel,b/D=0.65 . w x'//
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——————— pwa,b/D=0.55
-~ el I I— pwa,b/D=0.60
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o 12+
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< e - g
m 1.0 + . /"/ ,/// 2
§_ ' Assumption . -~ -
= ' . . g iy A
= 08+ SMIC De5|gn p =25 /0
9 9] i B 3 r‘nl;’ AAPA
<= ",V,/’ DO
0.6 T
Pl - f;a = 01125fyz— (fyt = 785MP3)
04 T e f,, =9550MPa
e e T i 2
024 w, =1300kgf | m
- w, =1000 x 1.2 + 300kgf | m?
0 i i . : ; : t : : . : :
10 11 12 13 14 15 16 17 18
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Shear Crack Control

Nocinan EArmii/a
L/C.lell /1 UIrrrirdudid

1 -~
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L b
Pesu = | C1/ D + C; (3)

L
Pesa = | C3 D

LCS
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—ii—100
70

===100
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Random variables

b/D: 0.45-0.55

B/L: 0.5-1.0

Dead Load : 800-1100 kgf/m
Live Load: 200-400 kgf/m?

f,: 685 Mpa
fr: 785 Mpa
f.,: 550 MPa
fee: 0.1250r 0.15 f,
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Flexural Crack Control wamwan tech

A

1%, 4.3.2
0%{7 Af O%xO%JF Af.

s b s 1.5 b S
Li¥ 4 a3 > Bt B 30157,
2 E ga;‘/Aczszg ZH o v=V/b d) -

éé/mgyﬁz/[zg.ﬁ,] ,:P/:Er:]rj(‘

Lt

EL = 5]+ Y43 D)2 T H Z RS Z FFR? P BF
LR T A HE 2§ BBEEERE VLT B o -
P L Em g PlEFF*0.35[3] - n’"(43])“7fr'”’“7;£r‘“7;ﬁ
ﬁ?j’ﬁﬁig*ﬂ’/fi*"ﬁﬁﬁ/ﬁz’ o B XM EZ BIFH A
SR LB L AL T A B GFL
3B g A AR AT WAL AL

&4

G2 B FI2 0T o Pl B R T A 5T
Y et 7 3 TR A BRI -

19



TAIWAN TECH

E Y
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Avg.=4.23
8 . Std.D = 1.15
1] = g
-_-—T-- -l ----------
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Flexural Crack
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+102& FH[17]
0103+ #4[18]
o jr(21] Nf Maximum = 4.23

0.7 08 09 1

Maximum crack width (mm)

Crack width is proportional to reinforcement stress
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Avg. Crack Spacing

Avg. Crack Spacing

TAIWAN TECH

°
Euvumarimsandtal MNMata
I;AIJCI IHITIITIIRCLl WJA A
Flexural Crack
Stable —Crack number not increased —Crack spacing turns to be constant
Stabilization
™| Cracking Stage [
2C100 3C100 tcm
500 s 500 ormation O1EE! Stress
400 + S 400 1 Stage 200MPa _@
300 4 & 300 1 e
200 4 § 200 +
100 + c 100 + Nrl P (D=uncracked stage
0 At %0 0 | G e g e g e ggtml:ll:i:*:ﬁnsuge
& SHMALEZ @ 4]
0 2 4 6 8 10 12 14 16 18 20 <« 0 2 4 6 8101214161820 @memgormih .
Cuvature : rad/m (%) Cuvature : rad/m (%) (5)=Naked Steel U
-
£
175R100 275R100 325R70
300 - e5 500 co 500 7
S S 400 -
200 + % g
150 4 g 0 g
100 - —a g 200 S 200 -
St ]
50 1 o 1 S 100
0 L | L | L | L} L} L | %‘D 0 " L ] | | L ] | | L ] | gn 0
0 2 4 6 8 10 12 14 0 2 4 6 8 101214 16 18 20 < 0 3 6 9 12 15 18 21 24 27 30
Cuvature : rad/m (%o) Cuvature : rad/m (%) Cuvature : rad/m (%)

Average crack spacing = Crack numbers / Span of the moment-equivalent regior
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A"ﬁvﬂﬂﬁ rlﬁﬂﬂll Cv\-\n:nﬂ
AVETayt LiId(CR opaliiny
Crack width = (strain)(crack spacing)

f; S
ACI 318 (2002 & 2005)  Wmax = E—sﬂ 2\/d3 +)*

¢
Al-2010 (MfFER) Wmax = 1.5(&5,av + Esn) {Z(C"' )+k_}
10 De
JSCE 2007 Wmax_[E + €¢sq] 1.1kqkyks{4c + 0.7(cs — ¢)}
_________________________________________ axe
CEB-FIP Wmax=(£sm Ecm)(kB + Led )
e e
fs
E
"___________"""""""""a;"&c_t;n ______ 1
BB AT L] Wmax = 1.5{=—— — £p} —kika(4c+ 0.7¢)
Es Egspe a

LCS

22



Experimental Data

I

/exura

ACI-318 :\/ d? + (%)2

Experiment Avg. Spacing (m
[=2) o] ;
< (—] (—]
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/ Crack-Average Crack Spacing
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@AM o¥R[17] DO r[18] A pr[21] OAF M O [1T] DO [18] A= pr[21]
180
. =)
) Unconservative D Modified
(=7
- »n 140 4
¢ o (4
- 8 3. Zin- s
=
S 100 - A
| ®
= £ 80 - = .
() S @
| L] L] | | w 60 L] L] | | |
60 80 100 120 140 160 180 60 80 100 120 140 160
ACI -318 Avg. Spacing ACI -318 Avg. Spacing (Modified)
A
A
dc
Y e . = ;
S

180
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Experiment Avg. Spacing

Experimental Data TAIWAN TECH

I

lexural Crack-Average Crack Spacing

Al-2010 (MY $x) JSCE-2007

O+FFEHM  evfx[17] D2 ik[18] Az Ax[21] O+F M evr[17] DO Ax[18] A< A[21]
180 op 180

=
160 o g 160

=
140 - < o 140 ®
120 A ‘a %n 120 ® A

100 - A
100 a0 B E o . |t g
A g ®
80 - 5 60
60 - T T T T T a- 40 - T T T T T T
60 80 100 120 140 160 180 M 40 60 8 100 120 140 160 180

AlJ - 2010 Avg. Spacing JSCE -2007 Avg. Spacing

w= 02‘;1.;2;-:;‘) 3 (W — 0.3) -+ Vo

- 1.1k1k2k3{4'€ =} 0.7(6’5 — ¢)]'

V-
Fee = orbd
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Experimental Data

I

/exura

&0

=
(5]
<
=

77

Experiment Avg.

LCS

CEB-FIP

kikaksdh

/ Crack-Average Crack Spacing

(kzc +
Pp.eff
Broms 2d,
@A T #HiH Oﬁik[l’?] I:I‘i'),fle[IS] A‘i'ﬁ’é[Zl]

180
160 -
140 -
120 -
100 - oA
80 " . A
60 " T T T T

60 80 100

120 140 160 180
Broms. 7 3 £ i Avg. Spacing

TAIWAN TECH

©+ 3EH &< e[17] O f[18] A~ jre[21]

A08

180
£ 160 -
zcn
E 2 140 -
= §120-
gw 100 -
e 80 -
60 -
60

it e B £

80 100 120 140 160 180
Model Code 2010 Avg. Spacing

1
j_l_, IJ_I Ek1k2(4'c + 0.73)

O #F § M &% fR[17] O 18] A= fr[21]

180

g

e
LA
=)
1 1

Experiment Avg.
Spaci
| e
S N
S <@

o)
<
L

60 -

2
® A48

60 80

100 120 140 160 180

RAMEER B LA —ARF 90 EsR Avg. Spacing
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Experimental Data TAIWAN TECH

Flexural Crack Width

ACI 318 (2002 & 2005)

ACI - 318 ACI - 318 (Modified)

4 - Modified Avg.h =1.06

c; z‘/ye;

N

[
-]

(]

Crack Width Ratio
(Exp. / Code)
W
X
<
S
N\
Q
Crack Width Ratio
(Expy) Code)
~
< w

[y

0 L] L] L] n n n n ] | L]
0o 01 02 03 04 05 06 07 08 09 1 0 0.1 0.2

dZ* using f /f USing maX{dI*’dz*} f /f
s'Jy * o

B Zsz (—)2 Winax =k B 2 X max[d}, d3]

LCS 26



Experimental Data TAIWAN TECH

Flexural Crack-Average Crack Spacing
S ¢
10 Pe

ﬁf_[af) Ose
JSCE-2007 Wiax = [ + €esal 1.1kikzka{4c + 0.7(cs — ¢))

Crack Width Ratio

Es
AlJ -2010 JSCE - 2007
5 5
(o]
/) 0 £sh=0.0002 o 0 £sh=0.0002
~ R~
= = £sh=0.0004 = ® £sh=0.0004
= - O
O3 o :E; 8 3
g, 4s 2 g
B 8]
i B ONA - ] - 5 © 14
2.8 % dd R g 6 0 00,
0 | | | | | | | | | | | | | | | 0 | | | | | | | | | | | | | | |
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
L1, L1k
g, =0.002, Avg. 2B _ 0.87 ,,
g Good prediction Good prediction in low stress
&y = 0.004, Avg.—==0.68 generally
Code
27
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Experimental Data TAIWAN TECH

Flexural Crack-Average Crack Spacing

CEB-FIP 2010

5 ——o
CEB-FIP T
kikoksd  E3,) e
Winax = (Esm — €cm) (kac + ) ;58 ‘s
pp:eff E &2 | .‘O. .: S o & ° -
J&1 "—"-""l‘t?i.'.}"';?":"-!-—
© 9 e B T R E—— T—— E—T—
0 01 02 03 0.4 05 0.6 07 0.8 0.9 1
B 5/ )
Broms ’ it I BX B A L
i S O O 1
s Es Espe a
5 SO il i & UK EMF
E,a" 17 "5,\4 1 '..§' 3 o £sh=0.0002
553_ ,. " “%3. O m = £sh=0.0004
=l ,]eie o . =3
= Q'-z S Lo e® o 'E\-z .
2 &1 %—W e
2 = ) .. ® ': ’ @ .‘. g Ed-/l -
Q 0 c
0 | | | | | |

0 01 02 03 04 05 0.6 0.7 08 09 1

I.I}S folSy Sl 1, 28

0 01 02 03 04 05 0.6 0.7 08 09 1



Avg. Crack Spacing

lexural Crack Control Tamwan Tecn

Nocinan EArmii/a
L7C ol

ACI - 318

Problems :

fs‘ > WEx
22 >0.4f , Avg.—= =0.88
(1) Low stress level £y Avg

y Wcode

Crack Width Ratio
(Exp. / Code)
(98]

Improving : Crack spacing

Assumptior) - " 0245 04 05 06 07 08 09 1
BI-|IﬂeaI’ dz* used flf
Average stress : 263MPa N

- fs fi
¢=3-5(£),0<%/, <04

275R100
500 X I
400 o 3 -
300 - f. =209MPa 5 [
200 - / I
100 o — e — 1 4+ = i
0 L] L | | | 1 L] L | L] L [ » ' ' 1
0 2 4 6 8 10 12 14 16 18 20 t i i !
Cuvature : rad/m (%) 0 0.4
Sl
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exural Crack Control Tawan Tecn

Nocinan EArmii/a
L7C ol

Problems :

(1) Low stress level

W = 2022 + O

$=3-5(f,/f,)0<f |f, <04

(2) Section parameter

dc

d;*

LCS

A
V
© 49

d, <d; : TEARE

d, > d;
d? +(§)2 > Jd? + d?
s>2d

€

Crack Width Ratio

(Exp. / Code)

Modified
5
w
4 4 Avg.—22 = (.82
WCode
3 4
2 4
° ; i , N S
° e o e o ° ®
1 ._._'_.7 o8 g, 5028 °
o::.. "‘% ) :.0!.0 ...(:.00 °® ,
[}
0 L} L} L] L L] L ] n n
0O 01 02 03 04 05 06 0.7 08 09 1
£l 1y
0.8
) L .
E 06 © 0.0 =
/e P usingd;* -
§04 dy = 783 mm ® ///
. d> = 625 mm —
L 02 o > ACI-318
4 ° ==
0 : i | | | | | | | |
0 100 200 300 400 500 600 700
xSk (MPa)
30



lexural Crack Control TAIWAN TECH

Design Formula £, =stpa
f 400_: mm
W pax = ¢ . ZIBE—i df + (%)2 % 300 1 Deslgn Curve (0.41)
i
fi = 0.4ny
Proposed formula :
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Conclusions TAIWAN TECH

 Shear Crack Control
Allowable Shear force

0.33 |f?
Vser = \Mer X 15 +0-15F’tsfyt bd

Vrep = (0.27ncy X 0.33Y/f + 0.20p;sfy ) bd

* Flexural Crack Control
Spacing of reinforcement

200, )5,

S >
280) fs 2 047,

f,
LCS 33
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s <300(
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rwes= Life-Cycle of
= Structure Engineering
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Flexural Crack
Bengt. B. Broms (1%65)
""""" EHE
Specimens 47 ;e ] \ 17
e ~ e O PN = e
) i x 37
" b 22
- § f S [ { -
x 10
K / MEBABEFTERT)

1.Stable state : 140~210MPa

2.Crack spacing : 2d.
3.Crack width is proportional to the steel

LCS stress 35
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A

 /

As,mmas = k.kf ct,effAct

fs < 0.75f,
fc<0.6f

& 34 e 4 4 55 B & @ EE (mm) 4 55 g 4 & H 54 BT (mm)
(MPa) | wi=0.4mm|w,=0.3mm|w,=0.2mmf (MPa) [w=0.4mm|w=0.3mm|w;=0.2mm

160 300 300 200 160 40 32 25
220 300 250 150 220 32 25 16
240 250 200 100 240 20 16 12
280 200 150 50 280 16 12 8
320 150 100 320 12 10 6
360 100 50 360 10 8 5

400 8 6 4

450 6 5 e
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ZUEE E0.3~0.4mm

W FEE

. 55 A
i Y T
SD295 195 195
SD345  [215(*195)  [195
SD390  [215(*195)  |195
SD490  |215(*195)  |195
SD785 (580 580

D29t 2 a8 5 OP #ciE

LCS
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Wmax = lavss,av + lavEsh
S ¢
lyy = 2(c+ﬁ) +ko-
oiEA R TR EE
60~100MPa
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