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SUMMARY

The spandrel walls frequently cause brittle failure to the columns. In this
paper, seismic tests on beam and column assemblage with spandrel walls were
performed in order to investigate the effects of three different types of the week
structural joint between the column and spandrel walls. Based on the test
results, analytical methods for the strength of such assemblage considering the
strength of the structural joints were presented. The paper also proposed the
design method to define the dimensions of the structural joints so that the
members with spandrel walls might behave in good ductile manner.

INTRODUCTION

Spandrel walls are wusually used in buildings such as a school and a
hospital. They stiffen the structures. However, severe shear failure of columns
have occurred during earthquakes due to the existence of the spandrel walls, which
frequently have caused brittle failure of whole structure. Recently, the
structural design method arranging the week structural joint (hereafter refferred
to as the "slit") between a column and spandrel walls has been adopted to prevent
such brittle failure of columns with spandrel walls and to improve the ductility
of the structure against earthquakes. "Structural Design Guide and Commentary,''n
published by Japan Building Center describes that the spandrel walls need not be
taken into consideration in the structural design if the thickness of the spandrel
wall is less than 10cm, and the ratio of its thickness to the column width is less
than 1/6. However, some researches have pointed based on the experimental results
that such description is not reasonable.? This paper proposes the analytical
method to estimate the strength of the slit and the design method of the slit,
based on the experimental results of beam-column and spandrel wall assemblage with
the slits.

OUTLINE OF EXPERIMENTS

- The specimens were half-scale models representing a second floor beam-column
and spandrel wall assemblage of a four-story school building. The variable is the
detail of the slit between the column and the spandrel walls. The details of
reinforcement are shown in Fig. 1. The dimensions of the slit of each specimen
are listed in Table 1 and the details of the slits (Type I, II and III) are shown
in Fig. 2. The material properties of reinforcing bars and concrete are listed in
Table 2, and the stress versus strain curves of concrete obtained by the
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compressive cylinder tests are shown in Fig. 3 by the dotted lines together with
the two analytical relations shown by the solid lines used later.

The test set-up is illustrated in Fig. 4. The top and bottom ends of the
column were supported by the pin-roller, respectively. The constant axial load
(average axial stress of 20 kg/cm?® ) was applied to the top of the column. Both
ends of beams were deformed in the opposite direction each other with the same
vertical displacement amplitude by the hydraulic jacks.

TEST RESULTS

The relationship between the story shear and the story displacement of the
test results, and the specimens after test are shown in Figs. 5 and 6 as to
Specimens SW-B, SW-D, and SW-E.

The similar sequence of cracking, crushing and yielding was observed for
Specimens SW-A, SW-B, SW-C and SW-D. When the story drift angle (the story
displacement divided by the column height) reached about 1/300rad., the concrete
of the slit crushed and the story shear decreased. After that, the beam yielded,
then the specimens showed the stable spindle-type hysteresis loop without any
deterioration in strength even in large deformation range. The remarkable cracks
concentrated only in the beams. The spandrel walls themselves was not damaged
severely. The slit of Type II failed in shear due to the compression stress by
flexure of the beam at the extremely small story drift angle.

As for Specimen SW-E, the slit also crushed before the beam formed hinge.
After the longitudinal steel bars of the beams yielded, pinching of the loops was
observed due to the bond slippage between the logitudinal steel bars arranged in
the beams and concrete in the joint, and the damage on the joint was severer,
because the column width of Specimen SW-E was smaller than those of the other
specimens.

The story drift angle at the failure of the slit of Types II and III was
much larger than that at the failure of the slit of Type-II in Specimen SW-D.

ANALYSIS OF STRENGTH OF SLITS

Slit of Type I The seaquence of cracking and crushing and the final appearance
of concrete of the slits of Type I suggested that the slits failed in compression
due to flexure in beam (see Fig. 7). Figure 8 shows the average strains at
several different heights of the slit normalized by the average strain at the top
of the slit together with three parabolic lines. These strains are based on the
measured lateral displacements between both faces of the column and the spandrel
wall around the maximum bending strength of the beam. The relations given by Eq.
(1) gives the good corelation with the test results of the strain distributionms
along the height of the slit. The idealized deflection profile of the specimens
and the idealized distribution of compressive stress of the slit are illustrated
in Fig. 7. The working resultant force in the slit is given by Eq. (2). The
bending moment at the critical section of the beam is given by Eq. (3) assuming
that any axial compression stress does not occur in the beam and tensile stress
occurs only in the bottom longitudinal steel bars.

Ep=ctc » 737 0
1

C=t°hs'so dﬂdﬂ=a-t.hs.cdn (2)

M=C(jc+jr)=oau *t -hs: jr-cos (3)

ow = a (je /1 +1) (4)

where :
€n, &c, M, oyp= notation shown in Fig. 7,
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o = coefficient of strength of slit,
t = thickness of slit,
= height of spandrel wall,
cop= compressive strength of concrete,
jc= distance from the upper surface of the beam to the location of
the working resultant force, and
jr = distance from the upper surface of the beam to the bottom
longitudinal bars in the beam.

=
«
I

As a result, the bending moment is given as the function of €c¢. Table 3
lists the analytical and test results of the maximum bending moment in the
critical section of the beam. The analytical results expressed by Cal. 1 are
calculated by the fiber model method assuming that the plain section at the
critical section remains plain after bending. The analytical results expressed by
Cal. 2 are the maxima of the bending moment Mpax given by Eq. (3), and those
expressed by Cal. 3 are calculated by the approximate equation given by Eq. (5).
The stress versus strain relation of Case 2 shown in Fig. 3 is used in Cal. 1 and
Cal. 2. Cal. 2 and Cal. 3 show the excellent agreement with the test results,
while Cal. 1 wusing the hyposthesis of a plain section remaining plain
overestimates the test results. The approximate equation for Eq. (3) at the
maximum of the bending moment is given by Eq. (5). Here, the compressive strength
of concrete is limited from 120 kg/cm® to 270 kg/cm? , the relation of Case 2 in Fig.
3 is used as the stress versus strain relation of concrete, and jr is assumed to
0.9d (d: effective depth of the beam).

Mmax = 0.9 ®ypax*t-hs d-jr-cos (5)
umax=0.80 + 0.4 hs /d— 0.0007 cOB (6)

Slit of Type III The maximum moment at the critical section of the beam is
expressed by Eq. (7) where it is assumed that only the slit of Type III trnsfers
compression force and only the bottom longitudinal steel bars does tension force.

Mnax = C3* js @))

where : Cz = lateral compressive strength of slit of Type III (=Ae-c08),
Ae = vertical sectional area of slit of Type III, and
j3 = distance from the bottom longitudinal steel bars of beam to the

center of slit of Type III

Table 4 listed the analytical and test results of the maximum bending moments at
the critical section of the beam. The analytical results expressed by Cal. 1 are
calculated by fiber model method where 1/6 of the effective cross sectional area
on shear of the slit of Type II is considered as the equivalent cross sectional
area to that of the slit of Type I. The analytical results expressed by Cal. 2
are calculated by Eq. (7) where the compressive strength of concrete of 1.2 times
the strength of the cylinder test is used as that of the slit of Type II by
considering the increase in strength due to its aspect ratios of the shape of the
slit of Type III. In these calculations, the reinforcing steel bars crossing the
slits are considered while those in the slit of Type II are not. Both analytical
results show good agreement with the test results.

PROPOSAL FOR DESIGN OF SLITS

Generally speaking, slits fail in compression due to the bending moment at
the critical section of beams. Therefore, the following design procedure is
recommended in order that the failure of the slits occur prior to yielding of the
beams and columns without any increase in the maximum strengths of the beams and
columns themselves due to spandrel walls :

(a) calculation of the bending moment (Ma) at the critical section of the
beam at hinge mechanism of the structure by ignoring spandrel walls, and '

(b) define the dimensions of the slits by Eq. (8).

Mm > Mmax (8)
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where Mmax is the maximum bending moment of the beam with the spandrel wall given
by Eqs. (5) and (7), for the slits of Types I and III, respectively. Equation (5)
is rewritten as the simple approximate equation given by Egq. (9).

Mpax = Cy * jl )
where :
Ci=«a-t hs*cos (10)
ji1 = 0.65hs + d (1)
o = 0.65 (when only column forms hinge) (12)

0.70 (when beam forms hinge)

If the beam is sufficiently stiff and strong as foundation beams, the failure of
the slit is caused by shear produced in the column. In this case, the dimensions
of the slit should be defined as follows :

(a) calculate the shear (Qc¢) of the column at hinge mechanism of the
structure by ignoring spandrel walls, and

(b) define the dimensions of the slit by Eq. (13).

Q¢ > Chax (13)

where : Cmax= strength of slit given by substituting Eq. (12) into Eq. (10)
If the following Equation (14) is satisfied the bending moment after yielding of
bottom longitudinal steel bars of the beam with spandrel wall is the same as the
maximum bending moment (My) of the beam itself although strength of the beam with

the spandrel wall temporarily exceed before the concrete of the slits
completely crushs.
Ty > Cnax (14)

where Ty is the yield strength of the bottom longitudinal steel bars in the beam.

CONCLUSIONS

The following findings were drawn from this study.
(1) The slits of Types I and III generally fails in compression due to bending
moment at the critical section of the beam.
(2) The influence of spandrel walls having the slit of Type II on the seismic
behavior is negligible.
(3) The analytical strengths considering the strength of the slits agreeds well
with the test results.
(4) The dimension of the slit is defined by the proposed simple equations so that
the members with spandrel walls might behave in good ductile manner.
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& ¢ 2200) Table 1 Dimensions of Slits
” L Eg g Specimen Slit Type tDimensi:n (m‘:i*l
e | S g e sus Slit 1] Type I [25(27) 50 —
I I i ] Slit 2 Type 1 20(19) 40 —
SILE Z L] hSIit ] r'ai'gi;—ﬂl 8 swp SUE L[ TypeI [35(36) 70 —
! ii 7] = Slit 2| Type I  [30(32) 60 —
ﬂ 8 SH-C Slit 1 Type II 80 60 40
_U_ iIE 8= Slit 2 |Type M+ II| 80*%2  60%2 40%2
::___=:%FEE — SW-D Slitc 1 Type I 60 60 60
120 am 2 [E E Beaml % Slit 2 Type IL — — —_
! 3 8 qw-p St 1[Type I +TI| 80*Z ~60*Z 40%2
8{5{‘] imu g Slit 2| Type I 25 50 —
] ( ): measured size xl: depth of slit of Type IIL
| 790 1200 1 ggoo *2: dimension with respect to Type IIL
L 90 | .

Sfecimen SW—A~D <— e Specimen SW-E

col " Beam ] .60
Column % g hs = 400 5 bs
& 15 g
= B — S
Specimen SW-A-D § t;b B -;1.“—
PRI S TP : —
—% _—£E::: ;i '—1325—_
10-013. A
Specimen SW-E Type I Type I Type IL
Fig. 1 Details of Reinforcement Fig. 2 Types of Slit
Table 2 Material Properties
(a) reinforcing bars (b) concrete
Scy somax Es S i COB Ec CGT
Specimen| Bar| o /cn2) (kg/cm?) (kg/em2) — Poonon| (kg/cm?) (kg/cm2) (kg/cm2)
SW-A. B D13 3,850 5,530 1.76x106 SW-A,B 212 1.92x103 21.2
- 6
> | p6| 3,860 5,520 1.86x10 SW-C-E | 234  2.52x10% 21.1
D13| 3,740 5,400 1.81x106
SW-C-E ’ ? 6 cOp : Compressive Strength
D6 3,920 5,650 2.04X10 Ec : Elastic Modulus
sOy : Yeild Strength Op : Tensile Strength
sOmax : Tensile Strength
Es : Elastic Modulus
9 (kg/cm?) . o I
300F o0 = 212 |[Loading Frame | TTT
A K} : Ref. 3.
200 2 L2 2= 2%y =-21,500(kg/cm2) 5
100} i: (Casel)
0 1 2§1_Jac§
- e e T, +100tonf
05 € = 0.6910 €(%) ~
A - 0.24(Case1§—L—' 46; = 1.23 ') %fzts\égggf F N
€p = 0.2(Case2) 1
Specimen SW-A,B ! H
d'(kg/cm?)
300} cOp= 234
200F 7 Kj = -26,400(kg/cm2) Specimen R
100}/ L | TR EEE |
0 B = 0.186035 1-2 € = 1,073:(%l 40 11,240

Specimen SW-C~E -

Fig. 3 Stress-Strain Relations
of concrete
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Story Shear (tonf) Story Shear (tonf) Story Shear (tonf)

Compressive Side for
Slit of Type 1

‘//."'

7 =50 et/
A i St Disp.
10 20 33 51020 33 50  qup. paqm |51020 33 50
-10 Rg(x10~3 rad.)  Type T .10 Re(x10~3 rad.) —=———— +-10 Rs(x10~3 rad.)
Specimen SW-B Specimen SW-D Specimen SW-E

50 - 100
ry Disp. (mm)

Fig. 5 Relation between Story Shear and Story Displacement

. | 12 ~\. " A/
~T i ) T {7
2 i~ % L l((/,/f_ l(

Specimen SW-B Specimen SW-D Specimen SW-E

Fig. 6 Specimen after Test

" Table 3 Maximum Bending Moment at Column Face
F:I v (S1it of Type I)
*L% Specimen cal.1* Cal.2 *2 Cal.3 *3 Ex.
i. B W(ton m) | M(tonm) | M(ton m) | M(ton m)
N SH-A S1it 1{9.28(0.82) | 7.56(1.01) [7.33(1.04) 7.63
U Slit2] —— ]5.31 5.16 —
\&gﬂ\- SH-B Slit 1]10.8(0.90) | 10.1(0.97) |9.78(1.00) 9.76
a:&/a) Slit 2]10.2(0.81) |8.95(0.93) | 8.69(0.96) 8.33
M =Y/hs SW-B Slit 2{9.33(0.69) | 7.83(0.83) | 7.34(0.88) 6.46

*] : calculated by Fiber Model Method
*x2 : calculated by Bq.(3) *3 : calculated by Eq. (5)

Fig. 7 Deflection and (): Ex./Cal.

Stress of Slit

Table 4 Maximum Bending Moment at Column Face

n (Slit of Type IO)
1‘0 t maximum bending moment}
“§ one 32?; :;%::ii’ f/f/ Specimen Cal.l *1 Cal.2Q Ex.
i P Gy 7 M(ton m) | M(ton m) | M(ton m)
P K o St 117.43(0.87) |6.43(1.00) |  6.45
o5 s X MC 511t 2(8.110.90 |6.430018) | 7.59
LN i 2" SW-D S1it 1]7.74(0.97) | 7.05(1.06) 7.49
i1y i SW-E Stit 1]8.61(0.82) | 6.43(1.10) 7.09
A e *% : caicu%ateg gy gib%)nodel Method
] 0= ¥, ¢+ calculated by Eq.
03 & (): Bx./Cal.

Fig. 8 Distribution of lateral
Compressive Strain along
Height of Slit
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