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Evaluation on Interaction Surface of Plastic Resistance 
for Exposed-type Steel Column Bases under Biaxial Bending 

Jae-hyouk Choi*, Kenichi Ohi 

Department of Architecture and Civil Engineering, Kobe University, 

I-lRokoclai-cho,Nada-ku, Kobe 657-8501, Japan 

Exposed-type steel column bases are used widely in low-rise building construction Numer

ous researchers have examined methods to identify their stiffness and strength, but those studies 

have heretofore been restricted to m-plane behaviors This paper presents an experimental 

investigation of inelastic behaviors of square hollow section (SHS) steel column bases under 

biaxial bending Two types of failure modes are considered anchor bolt yielding and base plate 

yielding Different pinching effects and interaction surfaces for biaxial bending are observed for 

these two modes during bi-directional quasi-static cyclic loading tests Differences are eluci

dated using limit analyses based on a simple analytical model 
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1. Introduction 

Considerable damage occurred to steel struc

tures during the Hyogo-ken Nanbu Earthquake 

in Japan Numerous exposed-type column bases 

failed m several consistent patterns caused by 

brittle base plate fracture, excessive anchor bolt 

elongation, unexpected early anchor bolt failure, 

and inferior construction work An exposed-type 

column base receives axial force and biaxial ben

ding when receiving an arbitrary multi-direction-

al earthquake motion For this reason, it is more 

desirable to consider effects of biaxial bending 

at the ultimate stage of inelastic response m the 

design of steel column bases 

This study experimentally examined inelastic 

behavior and the ultimate resistance of exposed-

type steel column bases subjected to biaxial ben

ding Limit analysis of the exposed-type column 
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bases was conducted to further confirm the in

teraction surface, which is correlated to resistance 

strength of the bi-directional load in a column 

base. As mentioned above, buildings are invari

ably subjected to cyclic biaxial lateral load with 

varying axial load (compressive and tensile load) 

during earthquakes • the column bases and the 

behavior of column bases change dramatically 

according to axial load changes Thus, as a first 

step to evaluate the behavior of column bases 

under arbitrary seismic excitation, we are con

cerned with the correlates of resistance strength 

for the lateral bi-directional load, which are x-

axis and y-axis bending m the column bases No 

axial load is applied to the column bases 

2. Outline of Experimental Program 

These studies are conducted on esposed-type 

steel column bases comprising a square hollow 

section (SHS) steel column, two types of base 

plates of 9 mm and 19 mm thickness, anchor bolts 

(fully threaded) and a base block Systems com

prising those elements are set up as a cantilever 

column Then each test specimen is subjected to a 

different lateral displacement history. The test 

setup and the test specimen dimensions are shown 
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Fig. 1 Test se tup 
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Fig. 2 Dimensions of specimen 

respectively in Fig. 1 iind Fig. 2. Experimenls are 

conducted in two Liniaxitil scries o^ and four 

biaxial series of quasi-static cyclic loading tests 

on cold-formed 0 — 150X150X6 columns con

nected by a semi-rigid column base to a rigid 

foundation. Table 1 gives details of the test code. 

2.1 Loading programs 
During quasi-static cyclic loading tests under 

biaxial bending, the column is subjected to a la-

Loading 

type 

19 mm 

9 mm 

Uniaxial Y 

(UY) 

ECBI9SCUV 

ECB9SCUY 

Biaxial-

Linear 

(BL) 

ECB19SCBL 

ECB9SCBL 

Biaxial-

Circular 

(BCI 

ECB19SCBC 

ECB9SCBC 

Note : ECB stands for 'Esposed-type Column Base' 
and SC stands for 'quasi-Static Cyclic' 

( : I'hickness of base plate 

teral force on each loading direction. The experi

ment is conducted in six series of tests : first, 

uniaxial quasi-siatic cyclic loading is done in the 

y-direction (SCUY), then biaxial linear quasi-

static cyclic loading (SCBL). and finally biaxial 

circular quasi-static cyclic loading (SCBC) for 

9 mm and 19 mm thick column bases. Table 2 

shows loading program details. Only displaceme

nt control is adopted to ensure an accurate load

ing path in the x-y plane. Because of the per

pendicular arrangement of two actuators (Fig. 3), 

the movement of one actuator changes the other 

actuator's direction. The change in the actuator's 

direction is evaluated and compensated by a com

puter to overcome that problem. At the beginning 

of testing, the target amplitude of S!L ratio, 

which is the drift angle, is taken as 1/200, where 

L denotes the effective length of column and o 

denotes the displacement at the top of the column. 

After completion of every three loading cycles, the 

displacement amplitude is increased sequentially 

to 1/ 100, 1/50, and 1/25 (in case of SCBC is 

every four loading cycles). For every test, loading 

is done quasi-statically, slower than 0.001 m/s 

at the loading velocity. In uniaxial quasi-static 

cyclic loading in \'-direction (SCUYl. the load 

is applied uniaxially only in the ^'-direction: 

no loading is done in the .v-direction. In biaxial 

linear quasi-static cyclic loading (SCBL), the 

ratio of dy/Sx is taken as l/vHT, which means 

that the loading direction makes an angle of 30° 

with the 3'-axis. In biaxial circular quasi-cyclic 

loadmg (SCBC). deflection in the perpendicular 

direction also starts after 0.75 cycles in the direc

tion of the A'-axis. Loading is applied by dis

placement in the \'-axis direction. Then, the test 

specimen is rotated three times around its vertical 
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Table 2 Loading Program 

Loading Type 

SC-UY 

SC-BL 

SC BC 

Displauement path 

Sy 

Control program for top displacement 

5x 

Uniaxial-Y 

3 0 ° 

y 
4 5v 

fix 

Biaxial-Linear 

5y 
J 

* 
• . 

k 

* 

1 * u X 

Biaxial-Circular 

* 3 : column lup displacement 

axis. After complet ion of 3.75 cycles, it return.s to 

its s(arting poinl because of the loading applied in 

the A'-axis direction. 

Fig. 3 Geometric error correction in biaxial testing 

Sy 

A 
«w. 

J \J \ i 

•^ I 3* 

,--\ A p^ r 

V V V/ v 

v:̂  w. ' m AAA'.".. 

2.2 Material properties 

Material properties for the 19 mm and 9 mm 

thick base plates were determined from tensile 

coupon tests on strip cuts taken from a p a n of 

the steel base p b t e s . Fur thermore , for the anchor 

bolts, ten pieces were chosen randomly, and test

ed. The yield stress ff.v and the tensile strength ffn 

Table 3 Material properties 

Base plate 9 mm 
(JIS SS400.' 

Base plate 19 mm 

(JIS SS400' 

SHS 150X150X6 

(JIS STKR 400) 

M12 A. bolt 

(JIS SS400) 

(all threaded) 

fT>. 

270 

250 

782 

r. 

53 1 

MPa 

ffi 

450 

430 

902 

kN 

7. 

57 
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of base plates (with 9 mm, 19 mm thickness) and 

square hol low section steel column, and ihc ten

sion load capacity Ty. Tu of anchor boll are 

summarized in Table 3. 

2.3 Test results 

2.3.1 Hysteret ic responses 

Hysteretic responses of the test specimen are 

(a) ECB19SCUY 

Orin antte (rati 

(b) ECB9SCUY 

Fig. 4 Hysteresis loops for SCUY 

E 
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(b) ECB9SCBL-y 

Fig. 5 Hysteresis loops for SCBL 
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Anchor bolt was broken 
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Fig. 6 Hysteresis loops for SCBC 

shown in Figs. 4—6. During tests, the SHS 

column remained in elastic range. 

In the lest series of the 19 mm base plate, ihe 

anchor bolt yielding mechanism was observed 

during cyclic loading. In all directions, the case of 

anchor bolt yielding showed pinched hysterelic 

behavior. Uniaxial loading failure of anchor bolt 

did not occur, bul in the case of biaxial loading, 

ECB19SCBL and ECB19SCBC, an anchor bolt 

was broken when the drift angle on x-component 

passed 0.0.3 rad. On the other hand, in the 9 mm 

base plate test series, the base plate yielding mec

hanism was observed during cyclic loading tests. 

For the base plate, yielding type showed a less 

pinched, but slight degradation of hysteresis be

havior. We have bi-linear characteristics in the 

first cycle of each tliree-cycle group, but the stiff

ness increases and pinched loops are observed at 

the T^ and 3'''' cycle of each cycle group. Addi

tionally, we observed that hysteresis behavior for 

the bia.xial circular (ECB9SCBC became more 

rounded at the unloading point. 

2.3.2 Loci of biaxial bending 

Loci of bia.xial bending for ECB19SCBC and 

ECB9SCBC are shown in Fig. 7. It is notewonhy 

that the shapes of the interaction surfaces for the 

anchor boh yielding type and the base plate 

yielding type differ for biaxial circular loading. 

The interaction surface shape of anchor bolt 

yielding maintains an almost circular shape until 

the anchor bolt is broken. In contrast, the shape 

of the interaction surface of the base plate yield

ing type is circular in the elastic range ; it changes 

to a square shape with rounded corners in the 

inelastic ranae. 
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Fig. 7 Loci of biaxal bending moments 

3. Analytical Model 
for Limit Analysis 

We propose two different multi-spring models 

to examine interaction between x-axis and y-axis 

bending in a column base: anchor bolt yielding 

and base plate yielding models. 

3.1 Analytical model of anchor bolt yielding 

type 

Figure 8 shows that the column base is modeled 
with an analytical model in which the anchor 
bolts yield, but the base plate does not yield. The 
base plate is assumed to rotate aiound compres
sion springs beneath the column llange because 
part of the column flange is applied to compres
sion force. This compression does not operate 
against tension force. On the other hand, the 
tension spring that is not operating against com
pression force is set on the anchor bolt. Fig. 9 
shows that the equilibrium equation can be 
derived considering only the tension and com
pression spring forces. 

3.1.1 Compact procedure 

The following problem is solved through limit 
analysis based on linear programming (Compact 
Procedure, (Liversley, 1976)): 

Maximize A (1) 

Subject to : 

Equilibrium equation /1 (F] = [COK] •{m) (2) 

Compression Spring 

Base-plate 
Fig. 8 Analyiical model ol anchor boll yielding 

Ba^e ptati? 

5.̂ , Od, Bi C:t 

Fig. 9 Equilibrium between axial-spring and gen
eralized -Stress in \'-axi5 

Plastic condition \mi\<.mpi (3) 
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MA 
Mr = 

fl ffl fl 0 - f l - r t - f l () - — 

-a'i a a a 0 -a -a. 0 

1 1 1 i 1 1 1 1 1 

of 0 

2 2 

1 1 l_ 

where A is a load factor, {P} h tlie load pallern 

vector. [Cnn] is [he connectivily matrix, (m} is 

element force vector, rm is component of { m] 

and mpi is plastic capacity of the /-th element. 

The equilibrium equation of the model in Fig. 9. 

which gives a relationship between the load and 

element force, is as follows : 

B: 
ft 
ft 

B. ''' 

Bi 

C, 
G 
C, 
G 

The plastic condition of this model is as follows 

anchor bolt, G<Bi<Bui 

compression spring, — Cii/^C.-^O 

Therein, B„i and dd represent the respective 

ultimate strengths of anchor bolts and the con

crete basement. Additionally, : Cui='^ that is. 

the concrete foundation does not fail. 

3.1.2 Linear mapping of extreme points in s 
convex set (Ohi, 2001) 

A set in Euclidean space E"' is a convex set if 

it contains all line segments connecting any pair 

of its points. 

The fundamental concepts of convex set theory 

are as follows (Fig. 10): 

(1) Each point in a convex set is expressed 

using an extreme point; 

(2) A set T i n an Euclidean space £"* formed 

by linear-mapping from convex set S in E" space 

becomes a convex set; 

(3) Extreme points of convex set T exist in 

images of the extreme points in convex set 5. 

First, the equilibrium equation between gener

alized stress (axial force and biaxial bending) 

and the axial force of nth axial-spring is set up to 

linear Mapping 

Eudklean Space E" Eucl^enrt Space Ê  

Fig. 10 Convex set theory 

.v/# 
j 

ExITtfllS pOIiil 

.P 
-^0 -r^ TTT 

i^-Mangc ^L-cliun l.iDL-a/'m^ipiiL^ 

/ y Equilibnumequiiion 

••• \ I > JlftJ 

M-N interaction surface 

Fig. 11 Interaction surface of a two-flange section 

capture the generalized stress space that satisfies 
the conditions of equilibrium and plasticity. 

c spring 

Pi 

(6) 

For the H-dimension space of axial-spring force, 
the domain, which satisfies the plastic condition 
for each axial spring, becomes an ?;-dimensional 
polyhedron. This ^-dimensional polyhedron is a 
con\ex set with 2" extreme points. 

{/)*} = { ±fei . -Py^.. •••• -py-nV ;7 ' 

The interaction surface of two-flange section is 
shown in Fig. I I based on convex set theory. It is 
possible to obtain an accurate M-X interaction 
surface through linear mapping of e.xtreme points 
m each axial spring plastic condition. 

3.2 .Analysis model of base plate yielding 

type 
Figure 12 shows that the column base is mo

deled with an analvtical model in which the anc-
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Anchor b(:'lt 

• v.' Anckir hdlt (does nol_^l(l) 

Fixed Suppoit 

Fig. 12 Analytical models of biise pluLe yielding 

hor bolls do not yield, buL the base pkite yields. 

Fig. A shows that the base plate is approximated 

as eight beams with a certain effective width. 

3.2.1 In the case of uniaxial bending 

The ultimule strength is given by the follow

ing equation based on the v i r tua l -work principle 

when bending is applied uniaxially. 

M,,^Myp^y 2 ^ ± ^ Mp'+^_^^ MP 

, / 2 f (2+2y )+ l+7y 
(8) 

MP 

Therein, Mp and Mp' are the respective full-plas

tic moments for effective widths bess and &«//'. 

The ratio of the effective width of base plate near 

the column corner to that of the base plate near 

the column side (Appendix A) is f. The ratio of 

the lengths D/1 to a is y. 

3.2.2 In the case of biaxial bending (45°) 

The ultimate strength in the direction making 

a 45° angle with ;\' and jJ-axis is greatest when 

biaxial bending is applied. The ultimate strength 

in the direction making u 45° angle with both axes 

is given by the following : 

Misp^-

= 2 

^'^-MP'+1^1^^ MP 
I — / I — / 

(9) 

\-r 
Mp 

4, Comparisons with Test Results 

Actually, the resistance interaction surface for 

the steel column bases experiences movement, 

expansion and rotation according to the applied 

load history. For that reason, it is difficult to 

evaluate it as just one case of a biaxial c i rcular-

loading test. Therefore, this paper presents results 

for the resistance interaction surface derived from 

the uniaxial , biaxial linear (30°) and biaxial cir

cular loading tests. Especially because of spec

imen symmetry, it is possible to regard biaxial 

linear loading test results as those for loading 

in 12 directions. Consequently, the shape of the 

resistance interaction surface can be derived. 

4.1 Interaction surface on anchor bolt 

yielding type 

The analysis result of an anchor bolt yielding 

type under biaxial bending is shown in Fig. 13 

(a ) . l-lere, the ultimate strength of the anchor bolt 

is Bu = 51 kN ; the ratio of length is >' = 0.65 ifl = 

115 m m ) . 

Al though the resistance force of biaxial circular 

loading test results gradually degraded, the in

teraction surface on the anchor bolt yieitiing type 

approximately agrees with the analysis result. 

Results of uniaxial and biaxial linear tests concur 

with the analysis result. For the reasons men

tioned above, the shape of the interaction surface 

on the anchor bolt yielding using the thick base 
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<b) Base plate yielding type 

Fig. 13 Comparison of results 

plate is a circle or diamond shape. 

4.2 Interaction surface on base plate yield

ing type 

The analysis result of base plate yielding type 

under biaxial bending is shown in Fig. 13(b). A 

safely domain under biaxial bending of the base 

plate yielding type is obtained by calculating the 

resistance forces in both uniaxial direction and in 

directions deviating 45° from the .r- and \'-axes. 

The following theorem can be used to estimate the 

safety domain : The safety domain is a convex set. 

A convex combination of two arbitrary points in 

a convex set that is a line-segment between two 

points is a part of the convex set. Here, the 

effective width to calculate the moment capacity 

of the base plate is estimated after (Appendix). 

The moment capacity of base plate is M^=0.87 

kN m, where (be// = 91mm, 0-„ = 450 MPa). The 

ratio of length is 7 = 0.65 ; the ratio of effective 

width is S'=O.S. 

Al the end of the first cycle, at the initiation of 

circular movement, the analyzed strength matches 

with the test resistance. However, in subsequent 

reversals, the test resistance diminishes as shown 

in Fig. [3(b). The probable reason is that some 

small welding cracks appear during loading path 

between the column corner and the base plate. 

Some deterioration of resistance is observed. 

However, the shape of the analyzed interaction 

sttrface of base plate yielding using the thm base 

plate is a square and closely resembles the tesi 

result. 

5. Conclusions 

.A. series of quasi-static cyclic loading test on 

the exposed-type steel column bases under biaxial 

bending was carried out. To confirm the interac

tion surface of the bi-directional load m a column 

base, limit analysis was performed on the ex

posed-type column bases. The conclusions drawn 

from this study are as follows ; 

! 11 Anchor bolt yielding using a thick base 

plate showed pinched hysteretic behavior in all 

directions. On the other hand, base plate yielding 

using a thin base plate showed a less pinched, but 

slightly degraded, hysteresis beha^•ior. Especially, 

the hysteretic loop for base plate yielding type 

began to show pinching from the second cycle of 

the each drift angle. 

(2J The biaxial interaction surface shape dif

fers for anchor bolt yielding and base plate yield

ing during biaxial circular loading. .Anchor boll 

Yielding maintains an almost circular shape until 
the anchor bolts fail. On the other hand, base 

plate yielding shows a circular shape in the elastic 

range and changes to a square shape with round

ed corners in the inelastic ranae. 
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(3) Biaxinl inleraction surfaces of limit analy

sis for the anchor boll yielding model and base 

plate yielding model approximately agree with the 

test results. Limit analysis explains the diffcrcut 

interaction sin'faces of the aiiclior bolt yielding 

type and the base plate yielding type. These tests 

and analyses examined only the standard case, in 

which eight anchor bolts are arranged symme

trically. The shapes of the interaction stirface of 

an exposed-type steel column base may be in-

lluenced by the anchor bolt arrangement when 

biaxial bending is applied. Respective cases must 

be analyzed when they differ from the standard 

arrangement treated here. 
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Appendix A 

Moment resisting capacity of base plate 

(Kodaka et al., 1998). 

Erfcctive width of the base plate resisting to the 

bcjiding moment is estimated. First, the effective 

angle at the corner of base plate shown in Fig. A 

is eslimaled. The effective length is calculated. 

The effective angle at the corner of base plate is 

estimated as 60°. 

Effei :ti 

o- 0-- O 
Base phite 

Fig. A Effective width at the base plate corner 
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