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Shear behaviors of precast concrete wall panel structures with top connecting
reinforcements of CFRP bars in vertical joints

S.Mochizuki
Musashi Institute of Technology, Tokyo, Japan

ABSTRACT: In joints of precast concrete wall panel stuructures, in-plane restrictions are
known to be effective to shear strength. Among in-plane restrictions of vertical joints, the
most importance is the restiction by top connecting reinforcements of wall panels. The
restriction is considered to be affected by the tensile rigidity as well as the tensile
strength of top connecting reinforcements. This paper concerns the experemental study on
effects by the rigidity and the strength of top connecting reinforcements to shear strength
of vertical joints of wall panel structures. Results presented in this papaer give the
materials to establish the design method of vertical joints controlling the failure modes of
wall panel structures.

ments (TCR for abbreviation) to characteris-

1. Introduction tics of vertical joints, carbon fiber reinfo

rced plastic (CFRP for abbreviation) rein-
At one of the new construction methods of forcements NFM2, NFM{4 are used as the TCR
precast concrete wall panel, it can be prop- with different regidity and strength. CFRP
osed that cotter bars are substituted by top reinforcements are inserted into sleeve in
connecting reinforcements at the level of range of vertical joints to avoid shear
floor slab in the vertical joints in Japan. break. Summary of structural factors of two

Under these background, there are many stud-
ies?’about shear strength of vertical joints
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2 TEST PROCEDURE
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Specimens are cantilever-type ones with ver- ; ! - g L i
tical joints assembling two wall panels, 928 | e =il 1Y,
mn high, 400mm wide and 125mm thick each, | [ TP C——
and horizontal joints connecting wall panels I_E BRI ERI R 1R rl’"' E;'fﬁ
with foundation girder or loading stub as ——— ’ :
shown in Fig.1. 250 | $00 |_250 !
Transverse reinforcements at vertical joint — 1400
(transveres reinforcements for abbreviation) Fig.1 Configuration of Specimen {unit:mm)
are through ones without joints expecting
wvelded joints in reality. Longitudinal re- Table 1 Summary of Structural Factors
inforcements at horizontal joints (longitu- Colter | Longitudinal fein. | TR _ _I[gr_rsycrgei{gjrj.‘.,
dinal reinfocements for abt.areviafion‘) be- Specinen| - Arga %E:g)w’izi&‘ifm Jrea | Ares T:{;};g‘g“
tveen wall panels and foundation girder are Rein. (%) — Rein.
linked by mortar grouted into sp!}ce slgthzs. veo-2 73:‘:7"5 48| o (§i%2l nal
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To clarify the effect of tensile regidity WeC-N4 o 6-D10 38,

and strength of top connecting reinforce-
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Table 2 Properties of Materials

= Compressive Tensile Yonug' s
s Casting Place Stnmg:.h ?trmz’:? (xmlus N
(kg/ca?) | kg/cn?) | kg/ce?)
g WPC-N2 [ WPC-N4 | WPC-N2 | WPC-N4 | WPC-N2 | WPC-N4
Foundation. Girder | 380 3 2.8 | 26 2.53 | 2.5
& Wall Panel 395 402 19.2 | 28 2. 43 . 46
£ r¥ortar | 100 | 382 | — | — |25 | 248
g Vertical Joint il 328 215 | 213 .66 | 2.51
Grout Mortar 123 123 = = 2. 91 . 91
Reinforcement | Yield Strength | Tensile Strength | Young' s Modulus
(kg/cm?) (kg/cn?) (x10¢kg/ca?)
101516 | 358j~3768 | S019~55% | | 30~168 |
CFRP Ares Tensile Strength | Young' s Modulus
cp? ea? {x10%)g/cn?)
= NEM2 0. 985 10540 0.82
& NF#4 1.814 7560 1.28
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Fig.3 Load-Rotation Angle Currves

specimens performed in the test are shown in
Table 1. Table 2 shows the properties of
materials used in the test.

2.2 Methods of loading and measurement

The loading equipment is shown in Fig.2.
Horizontal loading is the cyclic reverse one
controlled by rotation angle R (=1,2,4,6,

25x10~%rad). Horizontal loading is equal
tensile and compressive loading simulta-
neously applied at both ends of loading stub
by two oil jack. While compressive loading
is applied by pushing the loading stub di-

Table 3 Summary of Strengths

x x}u str L
ues in () are uverm shear stress (kg/ca?)

Cracking Load [
Joint ¥all Panel TCP | Strength
Specisen
Q Q [ .
Gl &l &l & 1 & [% 1% | &y
¥ L3 ] 2L 0.6 | 22.0 |21.0|21.9] 2.
wo-z |0 108D (B 0.4 2 IRIETR T T
.0) | (3.9 | 17.7) | (10.8) | 0. 1)
¥ .5 | 25. 31 | 220 [115] = | 28
it A
- . 16.5) | (18.0) | (14.3) | (18 (24
- + Gracking load
wols b Erscking .§:d S1ong Interface of horirontsl Jolnt, §10
g | e S Pt el e
z o IC|
t; ! Shear 2;:“:“‘ load i i 'EA th
&; : Flexural cracki Iood (tf)

rectly, tensile force by pulling the PC
steel bars embeded into the opposite half of
loading stub. This horizontal loading method
is thought to be an ideal one. Axial stress
is 22.0kg/cm?

Displacements are measured by sensitive dis-
placement meters, such as horizontal and
vertical displacement of wall panel as a
whole and relative sliding and opening dis-
placements between panel and panel, and be-
tween panel and foundation girder. Strain of
reinforcements are measured by strain gauges
sticked on transverse, longitudinal and TCR.

3 TEST RESULTS

3.1 Failure process

The load-rotation angle curves and various
strength are shown in Fig.3 and Table 3,
respectively. In both specimens, at first, a
sprit crack appeared along the interface of
horizontal joint. And the crack extended
over the interface of the joint before rota-
tion angle reached 1.0x10"%>rad. When rota-
tion angle was 4.0~6.0x10 " *rad, transverse
flexural cracks appeared near the center of
vall vpanel. Tovwards the same time, the
longitudinal split cracks along the inter-
face and shear cracks of joint concrete of
vertical joint appeared nearly simultaneous-
ly. and they connected immediately. After-
vard, for WPC-N2 sliding and opening dis-
placements between wall panel and joint
concrete developed and concrete failure
along cotter interface was observed. While
shear cracks at top connecting part (TCP for
abbreviation) occured when rotaion angle was
6.4x10">rad. for WPC-N2, flexural cracks
only, for WPC-N4. Maximum strengths of WPC-
N2, WPC-N4 were 26.5tf, 28.6tf espectively.

Sudden fall of strength was accompanied with
the maximum strength for WPC-N2 and strength
decreased to 20.0tf when rotation angle was
20.0x10 3rad. After that, the specimen be-
haved without ductility. On the other hand
WPC-N4 showed ductil characterlistic without
fall of strength until the ultimate at posi-
tive loading, though temporary fall of
strength due to cracks of layer mortar at
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negative loading occured.
3.2 Strain and displacement

The distribution of longitudinal reinforce-

ments at positive loading are shown in Fig. 4.

As known from Fig. 4

specimens predicted
longitudinal reinforcements
vicinity of vertical joint

rad. After the shear crack was observed at
the vertical joint, while ¥PC-N2 shows the
distribution as two isolated wall panels,
¥PC-N4 shows as a united wall panel. Rela-
tive sliding between wall panels are shown
in Fig.5. In relative sliding displacements
measured at the top, center and bottom of
panel in Fig.5, great difference between WPC
-N2 and WPC-N4 is observed in the absolute
quantity. The relative sliding displacements
for WPC-N4 using NFM4 of high Young' s modu-
lus are less than those for WPC~N2. The in-
crease of the relative sliding displacements
for WPC-N2 is due to weak restraint by
elongation of NFM2 of low Young's modulus.
Fig. 6 shows the relations between the aver-
age axial bearing force obtained from strain
values of TCR and rotation angls. The tend-
ency of increase of the alial bearing force

neutral axis
from the

for both
strain of
located in the
before 2.0x10°?

continued until rotation angle of 8.0x1073
rad. The axial bearing force maintained
constant values after that for WPC-N4. On
the other hand, the axial bearing force
continued to 1increase after the maximunm
strength at rotation angle of 10x10 3rad

for WPC-N2 to avoid the separation between
two wall panels by the restraint of TCR
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Fig. 4 Strain Distibution of Longitudinal
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4 MAXIMUM AND ULTIMATE STRENGH

Fig.7 shows models of resistant mechanisms
of a united wall panel type and two isolated
one. In cace of which the maximum strength
is controlled by flexural yielding, the
ultimate strength is equal to the maximum
one. In case of which the maximum stength
is controlled by shear failure of vertical
joint, the ultimate strength is sum of each
flexural strength of two isolated wall pan-
els. From the experimental results, while
the maximum strength is resulted from shear
failure of vertical joint for WPC-N2Z, the
maximum for WPC-N4, flextural yielding of a

N(tf)
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Fig.6 Relations between Axial Bearing Forces
of TCR and Rotation Angle

united wall panel. From the past S-type
shear experiment by the author in which NFM
vas used as joint reinforcements, effective
ratio CN of axial bearing forces at the
maximum and the ultimate strength divided by

tensile strength of NFM is in proportional
relation with Yonug' s modulus as shown in
Fig.8. The foregoing relation is used in

Eq. (4.1) and Eq. (4.2) to calculate the fric-
tion restraint by TCR of NFM.

4.1 Maximum strength

Shear capacity Qws at flextural yielding of
a united wall panel and shear strength Q.32
vertical joint are shown as follows. Shear
strengths at shear failure of a united wall
panel and at shear failure of horizontal
joint, Qwe, Qwj; respectively are independent
to failure in this test and shear capacity
Qws at flextural yielding of a united wall
panel is calculated by the conventional e-
quation, therefore equations of these values
are omitted.

Qvy = ( Qvs + Qoe )'(L/H)
vhere,

... 4
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Q’v] = o.ongcAc+l.483cf0'vac+u Ccac O cy
En-0.688% 10°

... (4.1a)
e TR OISR

X po® 23 (Fc+180
tes - ( 008792 p % PMFerIB0) o 10 0)bi

J a/d+0.12 -{4.10)

a;shear span distance of TCP
Ac;total area of cotter
av(ac):total area of TCR
(cotter reinforcement)
b;width of TCP
Cb=0.5(Ca=0.64) ;coefficient of reduction
of TCR (cotter reinforcement) at maximum
strength
d;effective depth of TCP
Es(En);Young's modulus of reinforcement
(CFRP)
Fc;compressive strength of concrete
Fvc;compressive strength of joint concrete
pu.;ratio of tensile reinforcement of stub
o wvy;(0 cy)itensile strength of TCR
(cotter reinforcement)
o g;axial stress of stub
o y;yield stress of reinforcement
1 =0.84;coeffecient of friction

4.2 Ultimate strength

Shear capacity Qpp of flextural yielding of
wall panel are shown as follows. Shear
strength Qunsy of horizontal joint is indepen-
dent to failure, therefore equation of that
value is omitted.

Qrp=rQratrlrs
vhere,
LQpa=(LMpetlf’ ) /H

f = [ (Ccaco cytCop

.{(4.2)

rQea=(rMpa+1{")/H. (4. 22)
En-0. 688><1_0__
Bs-0.688 x 106 27 b¥)
... (4:2b)
Cu(Cec)=1.0; coefficient of reduction of TCR
(cotter reinforcement) at ultimate strength
f';friction force by cotter and TCR
l:distance between longitudinal center of
isolated wall panel and interface
of vertical joint
Table 4 shows the comparison of calculated.
results and experimental ones. From Table 4
it is shown that calculated values compara-
tively agree with experimental ones. There-
fore, equation of shear strength obtained by
S-type shear experiment by the author may be
said to be applicable to predict the shear
capacity of wall panel

Table 4 Caluculated Strengths

Calculated Values (tf)
Maxiwum Strength
Maximm Shear Strength

Ullimate Strength

Specimen | Flexural | flexural | Flexural

hcn;rlh at Vertical Joint St renxth SIrel}xth
L o

United | Strength | Strength t d s

}Hl ] re?g |8?‘ Total la i lsg;n.cd

Panel Joint TCP Pmel Panel

[ WpCN2 | 27.85_ | 26.04 [2.31 75.68 S Y
WpC-N4 | 27.85 | 30.08 | 3.20 [30.17 | 27.85 =
Experimental Values (tf)

. __ Maxisym Strength | ~,U_L_1nte Strength __
Specimen T bxp. | Exp., Cal
| WPC-N2 | 20.30 098

WPC-N4 28. 86 1.04

§. Conclusions

Conclusions are as follows.

1) Shear strength equations obtained from
the S-type test are applicable to the pre-
dication of the strength of the cantilever-
type wall panel.

2) Both rigidity and
have great effect to opening and sliding
deformation at vertical joint and failure
mode of wall panel structures.

3)The maximum and the ultimate strength of
wall panel structures are predicted wusing
the shear strength equation of vertical
joint presented by the author.

4) The failure mode of wall panel struc-
tures may be anticipated controlling the
combination of tensile rigidity and strength
of TCR using the nev material such as CFRP.

strength of the TCR
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