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SEISMIC TESTS OF SLAB - COLUMN CONNECTIONS OF FLAT PLATE CONSTRUCTION
USING HIGH STRENGTH CONCRETE
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1. INTRODUCTIONS

A flat plate construction is one of the R/C structural systems consisting of plane slabs supported
directly on columns without any capitals. This construction system has an advantage of flexibility for
architectural design because no beams are required for structural elements.

Since the use of high strength concrete recently has become in practice for reinforced concrete
structures, it is highly desired to establish the seismic design method for flat plate construction using high
strength concrete under the present condition that the seismic design method does not exist in high strength
concrete, while exists in normal strength concrete.

The objectives of this study are (1) to investigate the applicability of design formulas which is
commonly used in designing R/C flat plate structures to the case of using high strength concrete and (2) to
obtain the fundamental data in order to establish the seismic design method for flat plate construction using
high strength concrete.

In this paper, interior slab—column subassemblages constructed with high strength concrete were
tested under simulated seismic and gravity loads to evaluate their strength and behavior. The test parameters

were slab reinforcement ratios and the gravity load levels.

2. TEST METHOD
2.1 TEST SPECIMEN

Test specimens were 1/2.5 scaled models of interior slab—column connection parts of flat plate
construction . The number of specimens was four with the test parameters summarized in Table. 1, and the
details are shown in Fig. 1. The modeling and boundary conditions of the specimens were based on the
assumption that points of inflection in the prototype building under lateral loading are at mid spans and mid~
stories. Each specimen consisted of 25 cm X 25 cm columns and a 250 cm X 280 cm slab with 10 cm
thickness.

Two types of slab reinforcing bar arrangement were consisted in the specimens; one corresponded to
the prototype model based on the current design method in Japan, and the other had twice reinforcing bar

approximately in order to lead the specimen to punching shear failure without flexural failure and then
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investigate the punching shear strength for connection transferring both the moment and the shear. In the
case of the specimens; FPSO1, FPS02 and FPS04 corresponding to the prototype model, the slab top
reinforcement ratio of the colummn strip was 0.59%, and the ratio in the other part was half as much. In the
case of the specimen; FPS03, the slab reinforcement ratio of the column strip was 1.10%, and the other part
was also half as much.

Mechanical properties of concrete are shown in Table. 2 and designed compressive strength of

concrete was 600 kgf/cm?.  Yield strength of slab reinforcement with nominal diameter of 10 mm was

3261 kgf/cmz2.

2.2 LOADING METHOD

The elevation view of test setup and the plan of gravity loading are shown in Fig. 2 and Fig. 3,
respectively. Lateral and gravity loads were applied by two hydraulic actuators attached to the top and the
bottom of the columns and by a center holed jacks, respectively. Lateral and gravity loads were applied to
the specimens; FPSO01, FPS02 and FPS03, while only gravity load was applied to the specimen; FPS04.

Lateral cyclic loading was applied by the following schedule in principle, 2 cycles at +1/400 rad., +
1/200 rad., 1/100 rad., £1/50 rad., respectively and a monotonic loading until failure occurred.

The vertical force was applied to eight loading points of the slab separated 52 cm from column faces
so that the stress condition in the slab near the column might be similar to that in the prototype buildings by
pulling downward with the whiffletree system, and the reaction was subjected to the column base. During
the tests of FPS01, FPS02 and FPS03, the vertical jacking force was continuously adjusted to maintain the
specified average gravity shear stress; T v at the connection. FPSO1 and FPS03 were given gravity load
equivalent to the average shear stress; T v of 5 kgf/cm? at their critical sections which is located at a
distance of half of the slab thickness from column faces, and FPS02 was:given 10 kgf/cm? In the ordinary
structural design, the average shear stress at their critical sections by gravity load is about 5 kgf/cm?.
Therefore, the gravity load was 4.88 tf according to 7 v of 5 kgf/cm? in the cases of FPS01 and FPSO03,
and 9.75 tf according to T v of 10 kgf/cm?in the case of FPS02.

The gravity load only was applied to FPS04 by a monotonic loading until failure occurred in order to

investigate the strength for shear transfer only.

3. TEST RESULTS
3.1 CRACK PATTERNS

The final crack patterns of all specimens are shown in Fig. 4.

The initial crack of FPS04 in which was given only gravity load was observed in the connection of the
colunn and the top surface of the slab. According to the increase of the vertical load, the cracks diagonally
developed toward all comers of the slab. After the cracks reached the comer of slab, the circular cracks
that connected each vertical loading point were observed in the bottom surface of the slab. Punching

shear failure occurred finally.



In the case of FPS01 and FPS03, no cracks were observed when the gravity load of 4.88 tf was
applied. The initial cracks were observed in the connection of the column and the top surface of the slab
when a deflection angle; R = J/ h, where & : lateral deflection, h: story height was about 1/650 rad.. The
cracks of FPSO03 then tended to be developed to the all comers of the slab, but in the case of FPSO1 to the
free edges of the slab. Although the crack patterns of the bottom surface of the slab were almost same as the
top surface, the cracks of the top surface preceded those of the bottom surface in the cases of the both
specimens. In the case of FPSO1, the punching failure occurred finally in the slab near the column after
yielding of all slab reinforcing bars parallel to the lateral load direction. In the case of FPS03, after the
crushing failure at the bottom face of the slab near the column occurred,  the punching failure occurred in
these locations.

In the case of FPS02, when the gravity load of 9.75 tf was applied, the diagonal and orthogonal
cracks to the lateral load direction initiated in the slab—column connection. These cracks of the top surface
of the slab developed and the new cracks occurred by the application of the lateral load. ~After the initial
crack was observed at the connection of the column and the bottom surface of the slab, new cracks were not

observed until the second cycle of +1/100 rad..

3.2 LOAD-DEFLECTION RELATIONSHIPS

The load—deflection relationships of all specimens are shown in Fig. 5. In the early stage of the
lateral loading, FPSO1 and FPS03 showed almost the same stiffness, but FPS02 to which the higher
gravity load was applied showed lower stiffness.

FPS01 reached the maximum strength in R = +1/50 rad. and the punching shear failure occurred in R
=+1/23 rad..

In the case of FPS02, after the maximum strength in R=-1/69 rad., the strength deterioration was
not occurred and the loading came to an end in R=-1/17 rad..

In the case of FPS03, after reaching the maximum strength in R = +1/32 rad., the crushing failure at
the bottom face of the slab near the column occurred and punching shear failure occurred in R=+1/22 rad.,
with the sudden strength deterioration.

In the case of FPS04 that was given only gravity load, the decline of stiffness was observed in 7 v =
7.5 kgf/cm, but the initial crack was observed in 7 v = 84 kgf/cm?. In T v = 11.2 kgf/em?,  the slab
deflection started to increase suddenly with the apparent decline of stiffness. The specimen reached the
maximum strength of 18.24 tf (7 v = 18.7 kgf/fem?) in R =1/50 rad. and then failed in punching shear in R
=1/44 1ad..

Shown in Fig. 6 are the equivalent viscous damping values; Heq ~ deflection angle; R= 8/ h
relationships of FPSO1, FPS02 and FPSO03. In the first cycle of R = +1/200 rad., Heq value for FPSO01 is
11.5%, FPS03 9.3%. In the first cycle of R =%1/100 rad., Heq value is 13.6% for FPS01 and 10.0% for
FPS03. The hysteresis loops of FPS01 and FPS03 are slip~typed and thin until R ==%1/100 rad. in FPS01
and R =31/50 rad. in FPS03. The hysteresis loop of FPS02 applied high gravity load is spindle shaped



and fatter than other specimens. Heq value is 13.7% in the first cycle of R=%*1/200 rad. and 17.5% in the
first cycle of R == 1/100 rad.. ‘These values increase with decreasing slab reinforcement ratios and
increasing the gravity load levels. Hysteretic loop of FPS02 did not exhibit the pinching associated with
the shear deterioration of the energy dissipation mechanism.

In the case of FPSO2 , it is considered that the high gravity load, which caused excessive slab
deflection upward and made moment redistribution unaffected, prevented the bottom reinforcement of slab
from reaching the yield stress. Therefore, the hysteretic behavior of a moment type of energy dissipation
mechanism for FPSO2 can be explained from the fact that the punching shear capacity of the connection was
left in reserve because ultimate moment transferred in the slab—column connection became below the

retaining capacity of the specimen.

4. DISCUSSION ABOUT TEST RESULTS
4.1 ULTIMATE STRENGTH

When flat plate construction is subjected to simultaneously applied gravity and lateral loads caused by
earthquakes or winds, its slab—column connections are stressed in Fig. 7. The shear force; V, caused by the
gravity load and the moment; M, caused by the lateral load are balanced by flexure, shear and torsion of the
slab sections surrounding the column. A brittle punching shear failure occurs at the slab-column
connections unless a yield line mechanism develops first in the flat plate.

For connections transferring both the moment; M, and the shear; V, A. L J. ( Architectural Institute

of Japan ) proposed the following relationship for the criterion of punching shear strength.

V/Vo+M/Mo =1 (1)
where,
Vo : Predicted shear strength for shear transfer only
Vo=27tu(c +c,+2d)d (2)
Tu=1.06v Fc (3)
Mo : Predicted moment capacity for moment transfer only
Mo =Mf + Ms + Mt (4)
Mf : Flexural strength at the critical section
Mf=09-at. oy dt(c,+d)/st+09-at* oy" db(cy+d)/sb—— (5)
Ms : Moment transferred by eccentricity of shear at the critical section
Ms=7u(c, +d)d(c,+d) (6)
Mt : Torsional moment at the critical section
Mt=27tu(d?/2)(c;+d-d3)  -————— (7)
Ttu=67Tu (8)

Each symbol in above equation is shown in "NOTATION"
Shown in Table. 3 are the ultimate strength of each test specimen and the punching shear strength

calculated by Eq. (2)and Eq (4) of the A. L J. code and the flexural strength expressed in the following.



The flexural strength was calculated by the assumption that yield lines shown in Fig. 9 were formed.

Test results are compared in Fig. 8 with the design expression proposed by the A. 1. J.code. In Fig. 8,
ordinates are the ratios of the ultimate shear in tests; Vu, to the calculated shear strength for shear transfer
only; Vo. Abscissas are the ratios of the ultimate moment in tests; Mu, to the calculated moment capacity
for moment transfer only; Mo. The line in the figure represents the criterion of strength predicted by Eq.
(1) of the A. L. J. code for the connections transferring both shear and moment.

For FPS01, FPS02 and FPS04 with lower slab reinforcement ratios, the measured strength is smaller
than that calculated according to the A. I J. code. This is because the ultimate strength was governed by the
yield of slab reinforcement prior to the final punching shear failure.

For FPS03 with higher slab reinforcement ratio, of which the ultimate strength was governed by the
punching shear failure, the measured strength is 30% greater than that calculated according to the A. L J.
code. This shows that the ultimate strength of slab—column connections transferring moment and shear
can be predicted using Eq. (1) somewhat conservatively in the case of using high strength concrete.

The flexural strength of FPSO1 and FPS04 calculated neglecting the strain hardening of the slab
reinforcement and the membrane action in the plane of slab was 31% and 52% smaller than the ultimate
strength measured in these tests, respectively. Ref. 6) reported that the increased flexural strength of the
slab was due to membrane action and was increasing linearly with (8 +jd ) / jd, where & is the center
deflection of the slab and jd is the flexural moment arm as shown in Fig. 10. Put and Priex in Fig. 10
represent the ultimate capacity in tests and the calculated flexural capacity of the specimens based on
undeformed geometry, respectively. From the fact that vertical deflection of the slab was significant in the
case of FPSO1 and FPS04, it is considered that the membrane action in the plane of the slab was likely to
have contributed to the strength.

In the case of FPS02, the bottom reinforcement in the slab did not yield due to the higher gravity load,
with the results that the ultimate strength in this test was smaller than the flexural strength calculated on the

assumption that the yield lines shown in Fig. 9(a) were formed.

4.2 EFFECTIVE SLAB WIDTH WITH RESPECT TO STIFFNESS
In the case of FPS01, FPS02 and FPS03 subjected to lateral loads, effective slab width coefficients &
are calculated from the following Eq. (9), where K and Ke represent the secant modulus obtained from test

results and the elastic modulus calculated on the assumption that full slab width is effective to stiffness,

respectively.
ie; a =K/Ke (9)

Therefore, the effective slab width with respect to stiffness; Be is the full slab width; B multiplied by .
ie; Be = aB (10)

Ke was calculated from the analysis of a cruciform frame based on the assumption that the slab can be
idealized by the line element having rigid zone in the position of column.

Effective slab width; Be — deflection angle; R relationships are shown in Fig. 11. The effective slab



width; Be for FPS01, FPS02 and FPS03 was 8-15% of the full slab width; B in R=1/200 rad. and 5-11% in
R=1/100 rad. as shown as Fig. 11. The effective slab width; Be of three specimens became smaller with
increasing lateral deflection. Although Be of FPS01 was not almost different from the value of FPS03 with
high reinforcement ratio until R = 1/400 rad., Be of FPS01 became smaller than the value of FPS03 after R
=1/200 rad.. Be of FPS02 applied high gravity load was smallest continually among three specimens. This
showed that the effective slab width beyond the elastic region was dependent on the slab reinforcement
ratios and the gravity load levels.

However, Fig. 12% shows the effective widths reported by various researchers for slab—colunn
systems using the isotropic elastic plate bending theory. None of the elastic theory can be regarded as

satisfactory in their prediction of the effective slab width in these tests.

5. CONCLUDING REMARKS
Seismic tests of slab—column connections of flat plate construction using high strength concrete were
carried out and the conclusions were as follows:

1) In the case that the measured strength of specimens was smaller than values predicted by the A. L. .
code, the failure mode of the specimens was flexural failure. However, in the case that the measured
strength was greater than those values, the failure mode was punching shear failure. Therefore, the
failure mode of flat plate construction using high strength concrete can be predicted by Eq. (1) of the A.
I. J. code.

2) The specimen; FPS03, of which ultimate strength was governed by punching shear failure, showed
that the ultimate strength of slab—column connections transferring moment and shear can be predicted
using Eq. (1) somewhat conservatively in using high strength concrete

3) The hysteretic behavior of connections changed from a shear to a moment type of energy dissipation
mechanism with decreasing slab reinforcement ratios and increasing the gravity load levels.

4) These tests showed that the effective slab width beyond the elastic region was dependent on the slab
reinforcement ratios and the gravity load levels.

None of the elastic theory can be regarded as satisfactory in the prediction of the slab effective width in
these tests. This shows that the nonlinear model to allow for the reduced stiffness of laterally loaded

slab—column system should be proposed.
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NOTATION

at = area of tensile reinforcement

Be = effective slab width with respect to stiffness

B = full slab width

¢ =width of face of isotropic column

¢, = width of longitudinal face of column

¢, = width of transverse face of column

d = effective depth to centroid of tensile reinforcement

db = effective depth to centroid of bottom reinforcement for positive moment
dt = effective depth to centroid of top reinforcement for negative moment

Fc = concrete cylinder compressive strength

K = ratio of secant modulus obtained from test results

Ke = elastic modulus calculated on the assumption that full slab width is effective

Mo = predicted moment capacity for moment transfer only



Mf = flexural strength at the critical section

Ms = moment transferred by eccentricity of shear at the critical section
Mt = torsional moment at the critical section

Mu = ultimate moment in test

sb = spacing of bottom reinforcement for positive moment
st = spacing of top reinforcement for negative moment

Vo = predicted shear strength for shear transfer only

Vu = ultimate shear in test

a = effective slab width coefficient

0y = yield stress of reinforcement

T u = ultimate vertical shear stress

T tu = uitimate torsional shear stress



TABLE.1 Test Parameters

Loading Slab Reinforcement T v

Specimen| Method Column  Strip Middie Strip |(kgf/cm?)
L Top Bottom (Top, Bot tom) 2x
FPSO01 H+V D10@ 150 D10@ 300 D10@300 5.0
FPS02 H+V DI0@150 D10@ 300 D10@300 10.0
FPS03 H+V D10@80 DI0@ 380 D10@160 5.0
FPS04 v D10@150 D10@ 300 D10@300 -

(NOTE)*™: H is Lateral Loading and V is Gravity Loading
#*. Average Shear Stress at Critical Section by Gravity Load

TABLE. 2 Concrete Properties

Specimen Compressive Stress |Young s Modulus|{Splitting Stress
(kgf/cm®) (X 10%kgf/cemn®) (kgf/cm?)
FPS01,02,03 7381 3.98 50.8
FPS04 631 4.02 47.0
TABLE. 3 Ultimate Strength
Speci- Test Results A.1.J. Formula (Eq. (1)) Flexural Strength [Mode of
men  (Mu(tm) [Vu(tf) | eVay (££) % [Mo(tm) [Vo(tf) [Mu/Mo |Vu/Vo|Mu/Mo+Vu/Vo!| M, (tm) |cVmy (tf)2*|Failure®*
FPS01| 4.38 4.88 - 5.81 28.0 0.75] 0.17 0.82 3.33 - F—3S
FPS02| 2.82 9.75 - 5.81 28.0 0.49] 0.35 0.84 3.33 - F*
FPS03| 7. 40 4.88 — 6.56 28.0 1.13] 0.17 1.30 8.89 - S
FPS04 — 18. 24 12.19 — 25.9 - 0.70 0.70 — 12.02 F—3
(NOTE)'™: ¢Vmy = Measured vertical load when yield lines shown in Fig. 9(C) were formed in R=1/400 rad.
M£=2My' 1/11-‘ : My=0.9'a;' O'y‘d

2%

eVmy = Vertical load calculated from the assumption that the yield line shown in Fig. 9(B)
were formed

®*:Mode of Failure

F—S8= After the ultimate strenghs were governed by the yield of slab reinforcement,

punching shear failure occured finally.

After the ultimate strenghs were governed by the yield of slab reinforcement,
the loading came to an end in R=-1/17rad..

S = Punching shear failure
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