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Synopsis :

The CFT-PCa earthquake resistant wall structure developed for application in the
construction of middle-to high-rise multi-family housing complexes consists of concrete
filled tubes (CFT) columns and precast reinforced concrete (PCa RC) earthquake
resistant walls. Cyclic shear bending tests were conducted on this structure using
one-third scaled three-storied models which utilized two different types of connections
between the columns and walls. The models of the first type, referred to as "concrete
filled type" models, were constructed such that a plate girder was embedded in each
wall. After the girders plates are bolted to the columns, the vertical space left between
the columns and walls was filled with concrete. Models of the second type, known as
"bolt type" models, were built such that each wall was embedded with a T-bar on which
reinforcing bars were welded. The T-bars were then bolted to gussets fitted to the
columns. Tests confirmed that both types of models demonstrate sufficient strength and
energy absorption capacity. Studies of design formulas served to determine that
strength can be estimated assuming such structures as an arch mechanism plus
inter-story arch mechanism in the case of the concrete filled type of model and as a truss
mechanism plus inter-story arch mechanism in the case of the bolt type of model
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1 Introduction

In recent years, there has been an increasing need for
prefabricated (skeletal) frames in the field of building
structurcs. This need has been driven by a desire to real-
ize ever lower labour cost and shorter construction
period. This has resulted in the development and appli-
cation of various methods of prefabrication in the con-
struction of multi-family housing complexes. As an
example, there are many cases in which energy savings
in construction work are sought through the use of pre-
cast (PCa) members in the fabrication of reinforced con-
crete (RC) (skeletal) frames.

In the field of composite structures, on the other hand,
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Synopsis:

The CFT-PCa earthquake resistant wall structure
developed for application in the construction of middle-
to high-rise multi-family housing complexes consists of
concrete filled tubes (CFT) columns and precast rein-
forced concrete (PCa RC} earthquake resistant walls.
Cyclic shear bending tests were conducted on this struc-
ture using one-third scaled three-storied models which
utilized two different types of connections berween the
columns and walls. The models of the first type, referred
o as “concrete filled type” models, were constructed
such that a plate girder was embedded in each wall.
After the girders plates are bolted to the columns, the
vertical space left between the columns and walls was
[filled with concrete. Models of the second type, known as
“bolt type” models, were built such that each wall was
embedded with a T-bar on which reinforcing bars were
welded. The T-bars were then bolted to gussels fitted to
the columns. Tests confirmed that both types of models
demonstrate sufficient strength and energy absorption
capacity. Studies of design formulas served io determine
that strength can be estimated assuming such structures
as an arch mechanism plus inter-story arch mechanism
in the case of the concrete filled type of model and as a
truss mechanism plus inter-story arch mechanism in the
case aof the bolt type of model structure.

advances have been made in the development of mixed
structures. These structures take the best advantages of
both steel and concrete, and rapid progress is being
made with the techniques involved with these types of
structures. The use of concrete filled tubes (CFT), in
particular, is considered to be becoming quite popular as
a result of the superior structural performance and fire
resistant qualities of such CFT structures, not to mention
their ease of work.

The CFI-PCa earthquake resistant wall (shear wall)
structure system combines steel girders for a direction
and precast reinforced concrete shear walls (PCa shear
walls for another direction) with CFT columns in the
construction of middle- to high-rise multi-family hous-
ing complexes. Kawasaki Steel has developed this sys-
tem because such complexes can be completed within
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the time period necded to fabricate steel frames when
the system is industrialized. This type of system assures
residents of superior comfort and habitability including
stability against strong winds and insulation against
sound which cannot be expected with conventional steel
frame structures.

In order to clarify the fundamental strength perfor-
mance of the CFT-PCa shear wall structure, cyclic shear
bending tests were carried out using one-third scaled,
threc-story, inter-storied shear wall models. This paper
describes a summary of the tests done and explores the
results of an examination into the compatibility of the
new system with existing shear wall design formulas
based on the test results obtained.

2 Outline of Structural System

This system is an industrialized skeletal frame struc-
ture system intended for application with plate-shaped
middle- to high-rise housing buildings of about 14 sto-
ries in height.

The general construction of this system consists of the
use of CFT columns and the provision of PCa shear
walls in the span direction. The PCa shear walls are pro-
vided with a steel framed plate girder inside without
exposing the girder shape. The construction in the trans-
verse dircction consists of a rigid frame structure in
which steel girders covered with concrete (SC girders)
are used. This concrete covering usually serves as the
first and final coats thereby eliminating the need for a
separate fire-proofing covering. In order to join the SC
girders to the columns, a web of the H-shaped steel used
in the SC girders is bolted to the columns using high-
strength bolts, and the flanges of the H-shaped steel are
field-welded to the columns. The SC girders are pro-
vided with an uncovered part at each end for field-weld-
ing. After the SC girders are joined to the columns, the
uncovered empty spaces at the ends of each girder are
fitled with slab concrete and by concreting. The PCa
walls are joined to the columns by bolting the plate gird-
ers to the columns using high-strength bolts. The clear-
ance between the PCa walls and the columns is similarly
filled with slab concrete and by concreting. Concrete
composite slabs are used for the floor portions of the
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Fig. 1 Concept of CFT-PCa structure
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structure, and the surface is covered with concrete in the
ficld so that the work required for making concrete
frames and for arranging the reinforced bars in the ficld
can be reduced for improved labour cost. Figure 1
shows the concept of the structure around the joints.

3 Qutline of Tests

3.1 Test Specimens

Test spccimens were designed assuming the lower
floor of a multi-story, inter-storied earthquake resistant
wall and were made in a onc-third scaled, three-story,
one-span model. The selected test parameters consisted
of the type of vertical joint used between the CFT col-
umn and PCa shear wall (Fig. 2), shear span ratio, and
whether or not the wall has an e¢scape hole. A total of
five specimens were preparcd as indicated in Table 1.
Details of the test specimens are shown in Fig. 3. in the
case of specimens ST10 and ST30 (bolt type), a T-bar
with a welded anchor reinforcing bar was vertically
embedded in the PCa pancl at each end beforehand. The
bar was bolted to a gusset plate welded onto the colmn
using high-strength bolts. In the case of test specimens
CP10, CH10 and CP30 (concrete filled type), the plate
girder embedded in the PCa panci was bolted to the
columns, and the vertical spaces between the panel and
columns were filled with concrete without fixing the
ends of the horizontal reinforcing bars of the panel.

The CHIO0 test specimen was provided with an open-
ing in the panel which was assumed to be an escape hole
(provided in a CP10 test specimen). Although the ST30
and CP30 test specimens have the same detailed struc-
ture as the ST10 and CP10 specimens, respeclively,
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Detail of joint

Table T List of test specimen

"~ Name [ Vertical joint Span {mm)
5T10 | Belt type 1200
CP1O o Concrete filled type 1200
CHI10 | Concrete filled type 1200 With hole
ST30 Bolt type 3000
CP30 Concrete filled type | 3000 -
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Fig. 3 Test specimen

these test specimens were assumed to be shear-fractured pipes with a reinforcing steel bar inside) and by inject-
in the bearing wall. For all specimens, the horizontal ing grout into them. Installation of PCa shear panels,
joints between cach panel and those between the panels concrete filling of the column tubes, and concreting of
and the floors were made by connecting the vertical join-  the slabs and joints were done with the test specimens
ing bars of the panels using splice sleeves (cast iron set in the vertical position. The mechanical properties of
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the materials used for these test specimens are described
in Tables 2 and 3.

3.2 Method of Loading

The test specimens were place horizontally and sub-
jected to constant axial forces (490 kN X 2) at the top
part of the specimens using two sets of 2MN hydraulic
jacks, as shown in Fig. 4. The specimens were then

Table 2 Matcrial property (steel)

H

Fig. 6 Measurement of displacement

alternatively subjected to horizontal forces using two
sets of 3MN hydraulic jacks. Loading hysteresis was
controlied on the basis of the total angle of deformation
as calculated from the total extent of horizontal dis-
placement. The loads were applied in accordance with
the loading program shown in Fig. 5.

3.3 Method of Measurement

Displacement was measured for the respective hori-
zontal and vertical displacements of each floor, as well
as the degree of slip and opening of each vertical and
horizontal joints as shown in Fig. 6. In addition to these
values, the values for the strain in the column tubes,
embedded plates, vertical through bars, plates used for
the bolt joints, vertical reinforcing bars and horizontal
remforcing bars were measured using strain gauges.

4 Test Results

- T [¥S (N/mm?) [ TS (N/mm®) [YR (%) Ei (%) : .
Column 17200 x 6 e 50 Py w7 4.1 Deformation Due to Loading
Clilange| t=8 79 434 64 | 289 The relation between horizontal load and total defor-
CT web t=2 e 408 [ id mation angles a 1l as th ndition of ks at
Plate 1 =45 203 451 65 | 38.8 ton angles as well as the condition ol cracks at 2
Re-bar D16 953 515 69 195 deformation angle of 20 % 10" radians for cach test
Re-bar D6 453 600 76 110 specimen were shown in Fig. 7 (a)~(e).
Table 3 Material property {concrete)
N Part Fc'(MPa) 77661_1113. (MPu)' Tcnb {MPd} Yl)urlg’s mod ({\_/IPa)
PCa pancl 235 32.0 291 B —
ST column, slab 353 318 2.24 = -
CP10 PCa panel 23.5 317 2.27 —
’ culun_m, slab, joint 35.3 354 287 —
CHI0 PCa panel 23.5 38.0 4.02 —
_ __cohlmn, slab, joint 353 34.0 5.30 —_
D) 2 I = B E - -[ " 1 R
<T30 PCa panel 23.5 ‘JE).G 2.2'8 222 % 10
column, slab 35.3 33.8 2.83 _228% 10
CP30 PCa panel 23.5 323 2.36 2,20 x 10
' column, stah, joint 353 azg 2.92 | 286 x 104
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4.2 Progress of the Failure Process

(1) ST10
At the point when the deformation angle reached 2.5
x 107% radians, generation of shear cracks were
observed and total stiffness also started to decrease in
the vicinity of this point. Cracks propagaled nearly in
the 45° direction as measured against horizontal line
thereafter. At the point of 5 X 1077 radians, the anchor
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reinforcing bars welded on the T-bar of the second
floor started to yield as a result of tension. However,
the load of the structure continued to increase even
beyond that point and at the point of 7.5 X [0 radi-
ans, tensile strain in the anchor reinforcing bars
increased. At the same time, the horizental reinforce-
ing bars of the earthquake resistant walls yielded due
to tensile stress. When the load reached the maximum
in the first loop at 10 X 107" radians, fractures were
observed at this point at several places in the anchor
reinforcing bars where the material was bent or flare
welded to the T-bars.
(2y CPI10
At the point of 2.5 X 1077 radians shecar cracks were
observed in the PCI0 test specimen, and the load
increased thereafter while the stiffness (of the struc-
ture) continued to decrease. At the point of 5 X 107
radians, surface cracks were observed at the boundary
surface between the CFT columns and the filled con-
crete on the second floor. However, the load increased
further, and the horizontal reinforcing bars and verti-
cal joint bars of the panels on the first and second
floors started to yield at the point of 10 % 10 ° radi-
ans. Thereafter, cracks were generated horizontally at
the lower end of the girder plate of the third floor
shear panel at a deformation angle of about 10 X 10 3
radians in the first loop at 15 % 10 ? radians. At this
point, cracks were gencrated in the wall in such a
form that the panel concrete become delaminated and
the load reached its maximum value.
(3) CHIO
The process of how fractures progressed in this
structural model was nearly the same as that observed
for the CPI0 test specimen. Crack gencration was
observed at the point of 2.5 X 1077 radians. There-
after, load increased while stiffness decreased. Open-
ings were already observed at the boundary between
the CFT column and filled concrete at the point of 5
x 107* radians. The horizontal reinforcing bars and
vertical joining bars of the panels started to yield at
7.5 X 107" radians, and horizontal cracks similar to
those found in the CP10 structural model were gener-
ated at the lower end of the girder plate of the second
floor shear pancl at the point of 15 X 107" radians,
which was also found to be the point of maximum
load.
{4y ST30
Sheur cracks were observed to have been gencrated
at a deformation angle of 1 X 107 radians. As with
the ST10 test specimen, the anchor reinforcing bars
welded to the T-bar of the sccond floor shear panel
started to yield due to tensile stress at the point of 5 X
107" radians. Cracks were found to be propagating in
a nearly 45° angle direction as mcasured against the
horizontal line. At the point of 7.5 X 1077 radians, the
load reached the maximum value, and althought the
load remained mostly at the same level in the first
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loop at 10 % 107% radians, it suddenly decreased

thereafter and ceased to decrease at around 440 kN.

At thc point of maximum load, fractures were

observed in the material and at the welded portions of

the anchor reinforcing bars. At the same time, the hor-
izontal reinforcing bars of the second floor panel
started to yield due to tensile stress as n the case of
the ST10 model.
(5) CP30
Shear cracks were observed to have formed in the

CP30 test specimen at the point of 1> 1077 radians
just as with the ST30 model. Openings were also
obscrved at the boundary between the CFT columns
and filled concrete at 5 X 1077 radians. Thereafter, the
through reinforcing bars started to yield at 7.5 X 107°
radians, while the horizontal reinforcing bars of the
second floor panel yielded. Load reached the maxi-
mum at 10 % 10 ¥ radians. Although load was main-
tained at nearly the same level until the deformation
angle reached around 10 X 107? radians in the posi-
tive direction of the first loop at 15 107" radians,
the load suddenly dropped thereafter. Cracks in the
horizontal direction of the earthquake resistant panels
such as those found in CP10 and CHI0 were not gen-
erated in the case of the CP30 structure. After the test,
concrete at the end of the girder plates was removed
and the plates were confirmed to have been fractured
as a result of tensile stress at the bolt holes on the
ends of the girders.

For all test specimens, load ceased to decreased at
around 440 kN after reaching the maximum value. The
vertical joining bars did not yield until the deforrmation
angle reached around 15 X [07° radians. Furthermore,
local buckling was visually observed in the CFT
columns on the compression side of the column base in
the final loop at 20 X 10 ¥ radinas. However, this dam-
age was relatively light.

4.3 Strain Distribution

Figure 8 shows the distribution of strain at a defor-
mation angle of 10 % 107* radians in the CPt0 and
CP30 test specimens. From the strain distribution in the
vertical joining bars and celumn flanges, it can be scen
that although the shear panels were generally bent over
the entire range, the columns tended to be increasingly
bent on the compression side at the column base and
were subjected to the reaction of the compression struts
of the panel. This trend also appeared in the disiribution
of principal strain on the web portton of the column as
can be seen in Fig. 8 (b).

In the case of the CP30 test specimen, the principal
strain distribution in the girder plate indicates a condi-
tion of pure tension which also corresponds to the frac-
ture condition observed after disassembly of the speci-
men. In the case of the CP10 test specimen, on the other
hand, stramns were not in one direction due to the effcct
of exposure bending. It may be presumed that the girder
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plate buckled as a whole as the result of exposure bend-
ing. This, in turn, ked to the panel becoming subjected to
a shearing force from inside in the direction perpendicu-
lar to the panel surface at the position of the girder plate,
with fracturing occurring at the position of the lower end
of the girder plate. However, the fracture mechanism has
not been clarificd and further detailed studies arc nceded
in order to better understand the mechanism involved.

4.4 Behavior of Joining Parts
4.4.1 Deformation of openings

Figure 9 shows the relationship between total
deformation angle and displacement of the opening
measured at the base of the columns at the first and sec-
ond floors, This figure indicates that the behavior with
respect to the first and second floors in the stage of little
deformation up to about 2.5 X 107" radians in the total
deformation angle was almost identical for both floors
and no openings appeared. However, it 1s presumed that
openings started to appear on the second floor from a
total deformation angle of about 5 X 107° radians. No
clear openings appeared on the first floor until the load
nearly reached the maximum value. Displacement of the
opening on the second floor appeared under both posi-
tive load and ncgative load. This observation is pre-
sumed to be due to the opening having been made while
under positive load when the column was subjected to
tension and remaining even when the load was changed
to negative. The degree of opening was larger n the
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concrete filled type specimens than in those of the bolt
type. This tendency was particularly evident in the 10-
series test specimens.

4.4.2 Slip deformation

Figure 10 shows the relationship between horizon-
tal slip displacement at the lower end of the panel on the
first floor and the total deformaion angle. According to
this figure, it is considered that almost no slip deforma-
tion occwrred in the horizontal direction in the case of
the 10-series test specimens. However, slip displacement
started to occur from a total deformation angle of about
5 % 1077 radians in the case of the 30-series test speci-
Tmens.

Figure 11 shows the relationship between vertical
place displacement at the vertical joints on the second
floor and the total deformation angle. Slip displacement
was found to be greater in the case of the concrete filled
type specimens than in the case of bolt type specimens.

4.5 Equivalent Damping Characteristics

Figure 12 shows the equivalent damping factor for
each hysteresis loop of each test specimen. The average
of the values in the positive and negative dircctions were
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used to determine equivalent potential energy.

The figure shows that damping was relatively large for
the 30-series test specimens, being 0.15~0.25 in terms
of the equivalent damping factor. This factor was around
0.10~0.15 for the 10-series test specimens. These values
are rather high compared with the date" obtained for the
RC earthquake resistant walls in the past. Further, the
energy absorption capacity of the PCa shear walls can
be regarded as being high.

5 Examination of Design Formulas

5.1 Initial Stiffness and Cracking Strength

Table 4 shows the calculated vatues for initial stiff-
ness and cracking strength obtained using Eqs. (1) and
(2), respectively. The experimental values for stiffness
were determined from the relation between the gradient
of the load and deformation for the first loop as obtained

Table 4 [Initial stiffness and cracking strength

. Initial ;uffn('bs Cracking strength
Exp. | Cal Exp. Oscr (kN)
(kN/em) | (kN/em) | Cal. )
TU8TI0 666 874 0.76 198
CP10 689 873 0.79 157
CHIL0 698 897 0.78 216
ST30 4421 4226 105 537
CP30 3918 | 4320 | 081 558
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by least square approximation. Although scattering 1n a
wide range, it can be said that the calculated values for
initial stiffness are in close agrecment with the test val-
ues.

The calculated values for shear cracking strength
nearly correspond to the points of bending on the curves
plotting the total deformation angle against load accord-
ing to the tests.

Ks = Aw - G/ h), Kb =23Ec-le/t’
Kwl = 1/(1/Ks + 1/Kb) oooreeeemeee (1
Qscr = 37.64Fc- {1+ n2-(ph+pv)}i-{ - (2)

where
: Sectional arca of wall (cm?)
(: Shear stifTness
¥ 1.2
h: Height of wall
- Thickness of wall
I Inside length of wall
n: Ratio of Young’s modulus
Ec: Young’s modulus for concrete
le: Equivalent geometrical moment of inertia tak-
ing reinforcing bars of wall into account (cm?)
Kwl: Initial stiffness
Qscr: Cracking strength (N)
ph: Ratio of horizontal reinforcing bar
pv: Ratio of vertical reinforcing bar
Fc: Design standard strength of concrete (N/mm?)

5.2 Maximum Strength

The maximum strength obtained from the tests and
those obtained by calculation are shown in Table 5. The
calculated values (1} and (2) arc those based on the
Standard for Structurat Calculation of SRC Structures”,
while those according to the Design Guidelines for
Earthquake Resistant RC Buildings. Based on Ultimate
Strength Concept”, respectively. The calculated values
(3) and (4) arc those obtained through the use of
strength formulas which are taking the effects of multi-
story construction. The calculated values (3) were calcu-

Table 5 Experimental result and calculation of maximum strength

lated on the basis of the methed reported in the litera-
ture?. The calculated values (2)-(4) are based on the
ultimate strength concept (truss action and arch action).
In applying this concept to CFT columns, the effect of
the side columns was calculated using Eq. (3) taking the
correlation between axial force and bending moment of
CFT columns into account.

Mecu = [ocy — {Nee — Fee - Ae(1 — psc)

— oey - Ac - pse/2¥/(tc - De)] - te - Defte — De)
(when Nee = Fee - Ac(l — psc)
+ acy - Ac - psc/2)

= gey - t¢ - De(De — tc)
+acy-te- [(De = 2 te)
— [{Ncc ~ Fee - Ac(1 — psc)}/ocy/2tc]')/2
{when (Fcc - Ac(] — psc) << Ncc
= Fee - Ac(l — pse) + ocy - Ac - psel2)

= gey - Zeu (when Nee = Fee - Ac(l — - psc))

The calculated values (4) were obtained assuming that
an inter-story arch mechanism works between the base
and top of the three-story earthquake resistant wall. In
addition, the ST-series test specimens were regarded as
consisting of a truss structure plus, inter-story arch
structure, while those of the CP-series were regarded as
being of a between-floor arch mechanism plus, inter-
story arch mechanism (Fig. 13). 1t was assumed that the
shearing force borne by the between-floor arch mecha-
nism balanced (counteracted) the tensile force of the
plate girder. The reason for this is because in the case of
the test done on the CP-series specimens, opening were
generated even when the vertical joints on the second
floor were in a compressed condition. Therefore, 1t was
considered that no restrictive reaction from the columns
other than those on the first floor could be expected.
However, in the case of the multi-story, inter-story arch
mechanism assumed in the calculated values (4), the
effective length of the wall was increased considering
the restrictive reaction on the top portion of the columns
on the loading side against the wall, on the assumption

. ] . . {Unit: kN)
Test . [ . ' . . ' . _Exp. Exp. _ _Exp. Exp. _
Specimen Exp. Gl (D Cal @) Cal. ) Cal. (4) Cal (1) Cal. (9 Cal Cal. (4)
1 733 1.28 1.5 1.69 119
sT10 | 5 ' ] : -
z 609 a7 _ 635 434 f_’15 106 0.95 40 (.99
- 580 101 101 124 ¢.99
C 5 9 584 - :

P10 — 576 7 > 168 8 1.01 1.01 123 099
T 524 .04 T 10 130 1.04
cHio L] 04 5 ; : S - : -
T ; 10 405 U 099 0.98 123 0.99

+ 1592 1.02 0.94 1.15 0.94
ST30 — 55 385 7 : -
0 — 1563 1536 1760 1385 168 1.00 0.52 113 093
cpao |t 1592 L6 620 L350 L5103 0.99 098 [ 115 105
s 1492 | ’ | - o 0% | 092 1.08 0.99
Ave. T L® 059 126 ol
Var. (%) 0.8 04 | 28 05
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(@) Arch action and inierstory () Truss action and inter-story
arch action for CP, CH specimen  arch action for ST specimen

Fig. 13 Assumed mechanism for cal. (4)

that the effective factor of the compression strength of
concrete does not decrease due to the guaranteed defor-
mation angle and that the loading girders are strong. The
calcufated wvalues for the CH-series test specimens
represnt the results obtained by multiplying the results
equally according to the respective methods of calcula-
tion by the strength reduction factor given in the Stan-
dard for SRC Structures. Direction was not taken into
account in these calculations. The effect of the slab rein-
forcing bars was not taken into consideration either.

It may be said that all calculated values nearly corre-
spond to the test results with the exception that the cal-
culated values (3) are somewhat low. The calculated val-
ues (2) tend to be on the high side for the ST-series test
specimens on which truss mechanism works, particu-
larly for those of the 30-series which have a small shear
span ratio. However, this is presumably because the
angle of the truss mechanism is fixed at 45°.

Nevertheless, no consideration could be taken into
these calculated values with respect to the phenomenon
of delamination cracks being generated horizontally in
the concrete in the CP10 and CHI10 test specimens at the
position of the girder plate. Further, the maximum yield
strength for these structures was reached. However, from
the fact that the load level was such that the average
shearing stress increased up to about 20% of compres-
sion strength of wall concrete, the calculated values can
be approved as being fairly appropriate for use in esti-
mating the strength of the shear wall.

The details of each calcutation formula are in accor-
dance with Eqgs. (4)-(8). Symbols not specifically noted
are those formulas given in the original literaturcs.

» Calculated Values (1) According to the Standard for
Structural Calculation of Steel Reinforced Concrete
Structures of the Architectural Institute of Japan.

wQu = r-min{wF's, (wp - way + wiu)itw 1" - (4)

= Calculated Values (2): According to the Design Guide-
lines for Earthquake Resistant Reinforced Concrete
Buildings Based on the Ultimate Strength Concept of
the Architcctural Institute of Japan.
Vu =tw - lwb - ps-agsy-cot¢
+tan (1 — Spw - lwa - vFe/2 - - (5)
No. 39 October 1998

lwa =1" + D¢ + Alwa,
Alwa = Vcos 8- {12 Meu/fvFe tw - (L — )]
Iwb =1" + D¢ + Alwb, Alwb =[c

tan 6 = \:’W— hw/lwa, cot¢ = 1.0

vy = 0.7 — Fe/2000,
v =(1.2 = 40 Ru)v,, Ru=0.01
+ Calculated Values (3): Naganuma’s equation (formula)

Vu =tw - lwb - pshe- osy - cot ¢
+tan G(1 — few - Iwa - a; - a,vbe/2 - - (6)
Alwa =1" + D¢ + Alwa,
Iwa = leos 0-§[2- Maw/{vFe tw- (1 — 5)}]
tan 0 = \‘-"{F(_h-?hva)ﬁz—-Fl*} —h/lwa, cotgp =1.0
pshe = psh + Ab/{tw - hw) - aby/osy,

psve = psv + 2psc - Ac/(tw - 1)

B =(1 + cot’ ¢)pshe - osy/(ery - a,vFc)

@, = 1.04 +0.06 - /]
—{0.4-h/1+0.16)/(100 - psve)

ty = 1.20 —0.14 - W/l (h/1 < 1.40)

=1.00 (h/1 = 1.40)
where
Ab: Sectional arca of girder plate
a;: Correction factor for effective strength depend-
ing on equivalent vertical reinforcing bar ratio
y: Correcting factor for effective strength depend-
ing on method of how force is applied
s Calculated Values (4): Proposed equation (formula)
Cp-scrics: Between-floor arch mechanism + multi-
story, inter-story arch mechnism

Vu =y -tw - lwe - vFe/2
+ tan O5(1 +y)tw - lwa-vFe/2 ----- - (7
lwa =1 + D¢ + Alwa + Alwa’, lwe =1' + 2Dc¢

Alwa = l/cos &, - J[2 - Mcu/{vFe - tw - (1 — v}
tan 0, = J{(Wlwa)® + |} — W/lwa,
y = 2Ab - oby/(lw - lwc - vFc)

where
lwa: Equivalent wall length of inter-story arch
mechanism
lwc: Equivalent wall length of between-floor
arch mechanism
Alwa; Increment (change in) equivalent wall
length of inter-story arch mechanism at the
column top on the compression side
Increment (change in} equivalent wall
length of inter-story arch mechanism at the
column top on the tension side
y: Load bearing ratic of multi-story, inter-
story arch structure with respect to the
between-floor arch structure
tan &, Angle of compression bundle of inter-story
arch mechanism
Mecu: Bending strength taking axial force of col-
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umn into consideration
Ab: Sectional area of girder
ahy: Yield strength of girder
ST-series: Truss mechanism + multi-story, inter-story
arch mechanism

Vu = tw - lwb - ps-osy - cot ¢
+ tan O,(1 — itw - twa - vFe/2 ---- - (8)
tan §, =  {(h/lwa)* + 1} ~ h/iwa, cot¢p =1
lwa =1"+ Dc + Adlwa + Alwa’,
twb =1" + D¢ + Alwb

6 Conclusion

Shear bending tests were performed on the CFT-PCa
earthquake resistant wall (shear wall} structure (for five
different types of test specimens). The following points
became clarified as a result of these tests.

(1) 1In the case of both the concrete filled type and the
bolt type structures, the shear wall was found to have
excellent yield strength and energy absorption capac-
ity until shear fracturing occured at a total deforma-
tion angle of about 10 x 107° radians.

(2) The initia] stiffness and cracking strength for both
types of structures could be calculated using existing
formulas regardless of the method of joining used.

78

(3) Maximum strength can be accurately estimated
using the calculation formulas assuming an between-
floor arch mechanism and inter-story arch mechanism
evern for the concrete filled type of wail structure,

(4) There is some possibility that with plate girders of a
short span, the wall will fracture horizontally due to
lateral buckling of the plate.

From the test results, it could be confirmed that the
capacity of CFT-PCa structures is basically fully ade-
quate for practical application. We are planning to con-
tinue our studies into ways how {o improve and realize
commercial construction of this structure,
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