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SUMMARY

This paper presents the mechanism of stress transfer, the maximum
strength and the hysteretic behavior of the embedded type steel column-to-
footing connections. The bearing stress between the footing concrete and
steel column and the punching shear stress of the covering concrete of
footing beam are calculated using an assumed stress transfer mechanism, and
the fracture condition of the covering concrete is discussed. The effects
of the experimental parameters on the hysteretic behavior of the column-to-
footing connections are also discussed.

INTRODUCTION

Embedded type column-to-footing connections are often used in Japan, in
order to connect steel columns with reinforced concrete footing beams rigidly.
Some experimental studies were carried out when the steel column was embedded
in the continuous footing beam (Ref. 1, 2). In this paper the mechanism of
stress transfer, the fracture mode due to the punching shear stress, and the
hysteretic behaviors of this type of column-to-footing connections are in-
vestigated experimentally for the case of exterior columns where the amount
of concrete encasement is limited.

TEST SCHEME

Specimen A, B and C ( CB test series ) have diagonal bracings with
rectangular hollow section connected to the steel columns of wide flange
section at the column-to-footing connection, while Specimen D, E and F (CR
test series ) have no braces. Experimental parameters are: embedded length
of steel column into the footing, the thickness of covering concrete from
the flange of column to the side of footing, the arrangement of hoops and
reinforcing bars around the embedded column and the stud connectors welded
at the flange of column. The details are shown in Table 1 and Fig. 1.

The loading program is shown in Fig. 2. The maximum axial loads applied
to the steel brace and the steel column were 75 tonf due to the capacity of
loading equipment.
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TEST RESULTS AND DISCUSSION

Test Results

The mechanical properties of used materials are shown in Table 2. The
relation between bending moment of steel column considering N, -§; effect at
the upper face of footing beam (My) and the deformations of the column which
were measured at two levels of bases (GT,ss) are shown in Fig. 3. The stress
distribution at the embedded part of steel column and the cracks appeared on
the surface of footing concrete until the ultimate state of specimen are
shown in Fig. 4 and Fig. 5 respectively. As shown in these figures, the
covering concrete of Specimen C in case of positive loading (p.l.), and that
of Specimen F in case of negative loading (n.1.) were fractured by punching
shear. The ultimate strength of those specimens did not attain to the full
plastic moment of steel column. As for the covering concrete of Specimen B,
the punching shear cracks developed considerably, but it was not fractured
until the specimen withstood the full plastic moment of steel column. The
punching shear cracks did not develop so severely for Specimen A, D and E at
the stage of full plastic moment of steel column.

Discussion

The assumed analytical model of stress transfer from steel column to
footing beam is shown in Table 3, i.e. the stresses of steel column and steel
brace are transfered to the footing concrete by bearing and friction between
footing concrete and steel column, where the frictional coefficient is assumed
as 0.5. The shearing resistance of stud connectors are also considered.

The bearing stress-strain relationship for concrete is assumed as elastic-
perfectly plastic for simplicity. The punching shear is assumed to develop
as shown in Fig. 6 for positive and negative loading case respectively.

The stress distributions at the embedded part of steel column shown in
Fig. 4 by solid line are calculated according to the equations of Table 3
neglecting the stress transfer by stud connectors, because they may be
considered to become effective at the final stage of loading. The measured
values coincide with the calculated values fairly well. The stress level of
bearing stress between footing concrete and steel column corresponding to
Table 3 and the calculated punching shear stress on the assumed punching shear
plane (1,) at the maximum strength of each specimen are shown in Table 4.

The calculated punching shear stress 1, of the covering concrete of the
specimens fractured by punching shear is 1.10/F, for Specimen C in case of
positive loading and O.95/F; for Specimen F in case of negative loading.

And the assumed fracture mode of punching shear of those specimens corresponds
well to the actual crack pattern shown in Fig. 5. The calculated Tp of
Specimen B in case of positive loading is O.88/Fc which is almost the same
value with that of Specimen F. But the covering concrete of Specimen B did
not fracture until ultimate stage of loading because of heavy arrangement of
hoops and reinforcing bars around the embedded column, although the punching
shear cracks developed considerably. As for the other specimens where the
development of punching shear cracks were only limited, the calculated T

are less than 0.61/F,. Considering the complex state of various stresses and
heavy arrangement of hoops and reinforcing bars around the embedded column,
these correspondence between Tp and the state of punching shear cracks are
fairly reasonalbe (Ref. 3).
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CONCLUDING REMARKS

The punching shear fracture of the covering concrete of the embedded
type steel column-to-footing connection can be estimated with the assumed
analytical model. From the viewpoint of the hysteretic behavior, the maximum
strength of this type of column-to-footing connections should exceed the full
plastic strength of steel column. In order to satisfy this design criterion,
the embedded length of column into the footing beam, the thickness of covering
concrete from the flange of column to the side of footing beam and the
arrangement of hoops and reinforcing bars should be designed carefully, con-
sidering the above mentioned punching shear fracture mode.
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Table 1 Experimental Parameters of the Test Specimen

Test Series CB CR
Test Specimen A B C D E F
Thickness of Covering 33.8 23.9 14.7 16.5 13.2 14.5
Concrete (t)*(cm) 34.7 24.7 14.7 14.7 14.7 15.0
Embedded Length of

4 40 4 0 .
Steel Column (d)(cm) 60 0 0 3 36.3
Stud Connectors Welded
at Each Flange of Column 6-416 6-416 6-616 6-416 6-416

* Upper Row — Measured Value, Lower Row — Schemed Value

Table 4 Results of Analysis

A B C D E F
Maximum  Mf(tf-m) 14.49 13.10 9.89 12.24 13.04 7.71
Strength Qc¢(tf) 7.00 6.71 5.43 5.84 6.01 4,50
(p.1.) Qs(tf) 52,60 50.10 52.70 — —_ _—
Stress Level (1) (1) (1) (1) (1) (2)
tp /VFe 0.61 0.88 1.10 0.29 0.45 0.60
Maximum  Mftf.m) -14.86 | -14.57 | -13.08 |-12.64 |-15.21 -7.63
Strength Qc¢(tf) | -12.00 | -13.60 | -10.86 |-10.35 |-14.00 -5.20
(n.1.) QB(tf)| -53.03 | -53.10 | -53.17 _ —_ _
Stress Level (1) (3) (3) (1) (1) (3)
tp /VF¢ 0.23 0.41 0.41 0.23 0.54 0.95

1p=Nfy /Ap in case of positive loading
T,=Nfg /Ap in case of negative loading
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Table 2 Mechanical Properties of Used Materials

Yield Stress Tensile Strength Elongation
oy (kgf/mm?) o (kgf/mm?) EL. (%)
Column Flange 27.4 (34.3)* 45.2 (51.8) 30.9 (27.7)
Web 34.1 (36.6) 46.8 (54.6) 23.3 (22.9)
Brace 27.7 ( — ) 45,0 ( — ) 29.1 ( — )
Reinforcing D22 35.9 (37.9) 53.8 (57.6) 17.9 (22.0)
Bar D10 37.8 (37.2) 54.4 (57.6) 19.1 (21.3)
Stud Connector 39.2 ( — ) 48.1 ( — ) 36.7 ( — )
Concrete Young's Modulus Ec(kgf/cm?)2.14x10°(1.60x107)
Compressive Strength Fc(kgf/cm?) 247 (176)

* ) — Value for Specimen F

Analytical Model of Stress Transfer and
Equation of Equilibrium

Table 3

Equation of Equilibrium

Stress Level
NeR, oy 6MF
(f.c)\ﬁ

da 1
1 [

Nfy =NFfe =QC +Q8
Mc+Mfr+Mb+M5 Mp+Qcd+Qad’
Mfr=+H(Nfu+NF£)/4

Mg =tng.a’E;Fy H/2

(Shear)
(Moment)

£ Nfy =tbfedx/2
i Nfg, =tbfcd(1-x)2/2x
x_{ Neo| M =tbfc d%x (L-x/3)/2%bfe 42 (1-x)3 /6x
(1) Mp =twh3g/12
Nfg g 4 =fc/dx
fy =tNp/wh+gh/2
? Np =Nc+Q8F(Nfy-Nfg )/2
(fc éFc ) (Nbg_WhFc—> Mb:O)
fe Nfy=tbfcdx/2
- Nf=tbfcd(1-x)?/2x
xdl Nra| Mc =tbfcalx(1-x/3)/27bfcd?(1-x)3 /6x
NEE 9 My =+wh?Fc z(1-z)/23whz (2F ~ghz) (h/2-
(2) zh(3Fc ~ghz)/3(2F -ghz))/2
) Fc g =f¢/dx
420y z  =/(2uhF ~2Nb)/wh? g
Np =Ne+Q83(Nfu-Nfe)/2
. Nfy =tbFcdxtbF. dy/2
¢ Nf =tbFed(1-x-y)2 /2Y
xd M =tbFcd2x(1-x/2)*bFed? v(1-x-y/3)/2
(3) |vd fu FbFcd? (1-x-v )3 /6y
NfL ¢ Mp =twh?Fcz(1l-z)/25whz(2F¢-¢hz) (h/2-
2 Fe zh(3Fc -ghz)/3(2Fc~phz))/2  @=Fc/dY
20y z =/(2whFc-2Np ) /wh?igd  Np=Nc+QpF(Nfu-Nfg )/2
(Np2ZwhF¢—> Mp=0)
“Remarks n : Number of stud connectors at each flange

3 My, Ny : Moment, axial force transferred by
bearing between footing concrete and
base plate

+ : Upper sign for positive loading and lower

h. sign for negative loading

] sca: Sectional area of a stud connector
gal
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Column-to-Footing Connections
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MF-S8T1 Diagram A B S
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Mp : Full Plastic Moment of Steel Column
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Fig. 3 Mf-6 Diagram for Joint

287



Fig. 5 Crack Pattern

. «Cracks opened at positive loading
Cracks opened at negative loading
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Fig. 6 Punching Shear Plane (P.S.P,)
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