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Cumulative Cyclic Deformation Capacity of Circular
Tubular Braces under Local Buckling

Toru Takeuchi, A.M.ASCE'; and Ryota Matsui?

Abstract: Tubular-section members are commonly used as seismic-resistant braces because they have a higher moment of inertia than open
cross sections of equivalent area. However, the cumulative cyclic deformation capacity of tubular sections after buckling is smaller than that of
open sections, such as H-shaped sections, because fracture is initiated by local buckling of circular tubular sections. To evaluate the seismic
performance of such diagonal braces, it is essential to predict the cumulative cyclic deformation capacity of these braces before any fracturing.
In this study, the cumulative cyclic deformation capacity of circular tube braces under local buckling was assessed by performing cyclic
loading tests for a range of slenderness and diameter-to-thickness ratios. The mechanism of strain concentration in the tubular braces was
studied in various types of analysis, and a method is proposed for assessing the cumulative deformation capacity before fracture based on the
entire axial deformation of the braces. DOI: 10.1061/(ASCE)ST.1943-541X.0000380. © 2011 American Society of Civil Engineers.
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Introduction

Closed-section structural steel elements, such as circular tubes, are
commonly used in seismic-resistant systems as diagonal braces.
When exposed to a seismic force that exceeds their buckling force,
these tubular sections sustain cyclic loading after buckling. Vari-
ous hysteresis curve models of such braces have been proposed
(Igarashi et al. 1972; Prathuangsit et al. 1978; Jain et al. 1978;
Popov et al. 1979; Shibata et al. 1982; Nonaka 1983, 1984a, b),
and are commonly used in time-history response analysis of braced
structures, including their postbuckling behavior. However, exper-
imental studies conducted by Jain et al. (1980), Tremblay (2002),
Elchalakani et al. (2003), and Ookouchi et al. (2005) report that
closed-section braces are known to buckle locally at large deforma-
tions, which results in fracture at several cycles when axial strain
amplitude exceeds several percent. Therefore, when such closed-
section members undergo a large earthquake, they are likely to
fracture; however, such fractures are difficult to assess in regular
macroelement modeling. The results of these studies also indicate
that the fatigue life of closed-section members depends on their
slenderness and diameter-to-thickness ratios, and that local buck-
ling leads to a decrease in their cumulative deformation capacity.
Tang et al. (1989) proposed formulas to evaluate cumulative defor-
mation capacity on the basis of diameter-to-thickness and slender-
ness ratios. However, effects of deformation amplitude on the
cumulative deformation capacity were not considered. Kanvinde
and Deierlein (2007) proposed the use of a micromechanics-based
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fracture model of large-scale structural components based on
experience with detailed finite-element method (FEM) analyses.
However, such analyses are time-consuming and, hence, impracti-
cal for analyzing multistory structures comprising large numbers of
braces.

In the present study, circular tube braces with various slender-
ness and diameter-to-thickness ratios were subjected to cyclic load-
ing experiments until the instant of fracture. The experimental
results were used to develop the relationship between cumulative
deformation capacity and these parameters. The buckling hysteresis
in tubular sections that exhibited substantial deformation was stud-
ied by FEM analysis, and the fracture mechanism of these sections
was investigated by examining the local strain in the buckling zone
which leads the fatigue fracture. Then, a strain concentration ratio
index was introduced to estimate the local strain in the buckling
zone using simplified models, and a method was proposed for easy
evaluation of the cumulative deformation capacity before fracture
without the use of FEM analysis.

Cyclic Loading Tests on Circular Tube Braces

Cyclic loading tests were performed on 10 circular tube brace spec-
imens of different slenderness ratios A and diameter-to-thickness
ratios D/t. Fig. 1(a) shows the test setup for the quasistatic test.
Specimens have pin ends; one pin was attached to the reaction
frame, and the other to the sliding plate in conjunction with an
actuator. L denotes the distance between the pin ends. Longitudi-
nal deformation § was measured by extensometers placed between
both ends of the braces (/;, J,). The axial force on the specimen
P was calculated by the horizontal force of the sliding plate Py
measured from the load cell installed in the actuator as in
Eq. (1), and the normalized axial deformation ¢, and the normal-
ized force o,, used as indexes for postbuckling phases are defined as
in Eq. (2):

_ Py
~ cosé

(1)
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Fig. 1. Specimens and setup for cyclic loading tests on circular tube braces: (a) setup; (b) specimen designation; (c) Specimens 521, 528, and 532;
(d) Specimens 721, 728, and 732; (e) Specimens 1021, 1028, 1032, and 1228; (f) strain gauge position; (g) test normalized deformation protocol

0 P

En = Za On =% (2)
where £ denotes an angle between the horizontal line and the axis of
the brace, as shown in Fig. 1(a); and A = original sectional area of
the circular tube. These braces were subjected to increasing normal-
ized deformations defined by Eq. (2) of 0.5%, 1.0%, 2.0%, and
3.0% (corresponding to story drift angle approximately 0.3% to
2.0%) until they fractured.

Specimen parameters are listed in Table 1 and the designa-
tion of specimens are shown in Fig. 1(b). These parameters

comprised four slenderness ratios of approximately A = 50, 70,
100, and 120, and three diameter-to-thickness ratios D/t = 21,
28, and 32. Figs. 1(c)-1(f) show the shapes of the specimens, and
Table 2 lists the mechanical properties of the STK400 steel (JIS G
3444) used.

The surface strains in the specimens were detected by strain
gauges shown in Figs. 1(c)-1(f). Fig. 1(g) exhibits the given
test normalized axial deformation protocol. Fig. 2 shows the
normalized force-deformation hysteresis curves obtained in the
tests. Table 3 lists the results of the tests, including those of test
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Table 1. Specimen Parameters

Total Diameter-

Diameter Thickness  length  to-thickness Slenderness
Specimen D (mm) t (mm) L (mm) ratio D/t ratio A
528 89.1 32 1,622 28 53
532 2.8 1,622 32 53
721 4.2 2,219 21 74
728 32 2,219 28 73
732 2.8 2,219 32 73
1021 4.2 3,135 21 104
1028 32 3,135 28 103
1032 2.8 3,135 32 103
1228 76.3 2.8 3,135 27 121
Table 2. Mechanical Properties of Steel

Equivalent Equivalent Fracture
yield stress tensile strength elongation
Specimen Material o, (N/ mm?) o, (N/mm?) Ejong (%)
¢76.3 x2.8 JIS G3444 352.8 4242 33.0
?89.1 x2.8  STK400 356.6 405.5 23.0
?89.1 x3.2 348.9 4159 30.2
?89.1 x4.2 366.1 413.8 30.7
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Fig. 2. Hysteresis curves obtained for different specimens in cyclic
loading tests: (a) Specimen 528; (b) Specimen 721; (c) Specimen 728;
(d) Specimen 732; (e) Specimen 1028; (f) Specimen 1228

cycles in which overall buckling, local buckling at the midpoint
of the specimens, crack formation in the local buckling zone, and
ultimate fracture occurred. All specimens exhibit overall buckling
when normalized axial deformation was in a range of 0.3—-0.8% and
local buckling in a range of 0.6-2.0%. Subsequent to the occur-
rence of local buckling, all specimens are fractured at normalized
deformation in the range of 1.0-2.6%. Fig. 3 depicts a tube surface
strain transition by strain gauge in the local buckling zone; the tube
surface strain increases drastically after local buckling occurs.
Figs. 4(a) and 4(b) show the local buckling progression and the
fractured section for Specimen 732, respectively. This image shows
how the midpoint section of the circular tube deforms toward an
eventual V-shape. Fig. 5 shows plots of the cumulative normalized
deformation 3 Ae, until fracture versus D/t [Fig. 5(a)] and A
[Fig. 5(b)]. In both instances, cumulative normalized deformation
demonstrates a clear relationship to A and D/z, increasing as A
increases or D/t decreases.

Analysis of Cyclic Loading Tests on Circular Tube
Braces by FEM Analysis

The behavior of the circular tube braces after local buckling
obtained from the experiment was studied through FEM analysis
using ABAQUS Version 6.7-1. Fig. 6 shows the analysis model
construction. End connections were assumed to be rigid, and half
of the specimen length was modeled by symmetric boundary con-
dition. The circular tube is composed of shell elements. Each
element contained four nodes and three shell layers with seven
integration points in the direction of thickness. A constitutive
model for the steel material characteristics was calibrated using
the results of tension coupon tests, as shown in Fig. 6(c). Overall
hardening involved isotropic and kinematic hardening, as shown in
Egs. (3) and (4):

Oys = g‘yx + Opl (3)
G
oy = (1 —e ) (4)
p C2
where o, = yield surface stress during isotropic hardening;

J|yx = yield surface stress at zero plastic strain; and oy, = plastic
stress of the steel material after yielding; C; and C, = material
parameters calibrated by tension coupon tests; and €, = plastic
strain. Here, Eq. (3) defines the yield surface of the steel material,
and Eq. (4) defines the inelastic response of the material postyield.
Fig. 7 shows that the normalized force-deformation hysteresis
curves obtained by analysis are consistent with the experimental
results. Fig. 8 shows the strain contours in the overall and local
buckling phases in Specimen 728. Strain concentrations in the local
buckling zone C become more significant in Fig. 8(b) than the over-
all buckling phase depicted in Fig. 8(a). Fig. 9 shows strain calcu-
lated from FEM transition at Point C; overall buckling was initiated
at g, = 0.3%, and local buckling can be observed in the second
loading cycle at €, = 0.6%, after which the calculated local strain
increased significantly up to 20-30%.

Thus, the strain concentration at Point C after local buckling
leads to brace fracture. The assessed cumulative plastic strain at
this point until the instant of fracture observed in the experiments
was compared with a fatigue curve calibrated from cyclic loading
coupon tests of the steel material, as given in Eq. (5) (Saeki et al.
1995a, b):

Ay, = 35N; 04 (5)
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Table 3. Results of Cyclic Loading Tests

Overall buckling Local buckling Crack Fracture
g, Input ¢, Output €, Input ¢, Output €, Input ¢, Output g, Input g, Output
Specimen (%) (%) Cycle (%) (%) Cycle (%) (%) Cycle (%) (%) Cycle
528 1 0.5 1 1 1.3 3 2 2 2 2 2 4
532 1 0.7 1 1 0.7 2 2 1.5 1 2 1.5 1
721 0.5 0.3 2 2 1.1 3 3 1.7 2 3 1.7 2
728 0.5 0.3 2 1 0.6 3 2 1.2 3 3 3 1
732 1 0.6 1 1 0.6 2 2 1.2 2 2 1.2 2
1021 0.5 0.4 1 2 1.5 3 3 2.5 2 3 2.5 2
1028 1 0.4 1 1 1.6 1 2 1.6 3 2 2.6 1
1032 0.5 0.4 1 1 0.7 3 2 1.6 2 2 1.6 2
1228 0.5 0.5 1 2 1.5 2 — — — 3 2.4 4
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Fig. 4. Postbuckling behavior at the midpoint of specimens
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Fig. 6. FEM analysis model: (a) complete model; (b) shell section of
steel tube; (c) material property (Specimen 728)

(Specimens 728 and 732): (a) local buckling (g, = 2.0% first cycle);

(b) fracture section (after €, = 2.0% second cycle)
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Fig. 7. Hysteresis curves obtained by analysis: (a) Specimen 728;

where th = plastic local strain amplitude in the hinge zone; and
N; = number of cycles until steel fractures. This fatigue curve can
be recalculated, taking into account the average of the plastic strain
amplitude and the cumulative plastic strain, as shown in Eq. (6):

Miner’s rule is frequently used to evaluate the fatigue failure of
steel subjected to a nonuniform cyclic loading history. In this study,
the average amplitude of plastic strain is taken as a parameter.

SAey, =2 Ny - Agy, = 3857Ac

—~1.13
hp

The values estimated on such a basis agree with those obtained
in applying Miner’s rule when the exponent for Ny is close to
—1.0 and exhibit no significant difference, even when shifted to

approximately —0.5. Fig. 10 shows the analytically obtained cumu-

(6)

lative local plastic strain until the experimental instant of fracture

versus the average plastic strain amplitude. These values generally
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Cumulative Deformation Capacity of Circular Tube
Braces until Fracture

Subsequent to local buckling, the local strain in the buckling zone
increases more drastically than that in other zones of the circular
tube braces, which leads to fracture. Here, a practical model to pre-
dict the local strain transition and fracture in circular tube braces

Strain Concentration Zone

Fig. 11. Plastic hinge model for overall buckling

using the fatigue curve will be facilitated by postulating a simpli-
fied hinge zone model. During overall buckling, a plastic hinge is
assumed to occupy the center of the circular tube brace, as shown in
Fig. 11. The plastic zone length L, is calculated using Eq. (7):

g o

where L = total length of circular brace defined previously; S =
section modulus of circular tube; and Z = plastic section modulus
of circular tube. The hinge angle 6, is represented by Eq. (8), and
the normalized deformation amplitude of braces Ae, on the com-
pression side is assessed in Eq. (9), which includes a term for the
maximum normalized tensile deformation, ¢,,,, observed before
compression:

0, = cos™' (1 — Ag,) (8)
A511 = Eum — En (9)

The local strain in the hinge zone ¢, is calculated as an average
approximation shown in Eq. (10):
oD 6,D 0,D

=L, L)L) (10)

En

where D = circular tube diameter. The circular tube deformation
under conditions of local buckling is modeled as shown in Fig. 12.
The relation in Eq. (11) defines the normalized deformation
initiated by the local buckling €, according to experimental data
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Fig. 12. Local buckling model for circular tubes
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(Ogawa et al. 1995), and the hinge angle corresponding to local
buckling may be calculated using Eq. (12), which is identical to

Eq. (8):

D\ 139
e = 0.06832, 03 (7) (11)

(1 —ep) (12)

where €, = normalized deformation attained at local buckling;
€, = yield strain; ¢ = circular tube thickness; and 6;, = hinge angle
attained at local buckling. The hinge angle increment at local buck-
ling zone may be calculated using Eq. (13):

Ab, =0, — O (0 > Oi) (13)

0, = cos™

where A, = hinge angle increment that incites local buckling. The
angle of the local buckling zone itself is calculated from Eq. (14) by
using the hinge angle increment at which local buckling occurs, as
shown in Fig. 12:

, (14)

oy = cos™! (cos A, —
P

Dsin AQ,,)
where ¢, = angle of skin plate at local buckling zone; and /, = half-
amplitude of local buckling wave, and all other variables have been
defined previously. The half-amplitude of the local buckling wave
is derived by way of classic theory using Eq. (15) (Timoshenko
et al. 1961), where the plastic Poisson’s ratio is v, = 0.5:

A

The strain in the hinge zone is taken to be the sum of overall and
local buckling, as shown in Eq. (16):

D?*?
lp:7r
48(1 —12) l—u

ot 0D 3V6 ¢, bD
Ep = 5, SN + 1 s (16)
21,(1 — 7/) L(1—3) 277\/é L(1-1%)
where S; = section modulus of local buckling zone; Z; = plastic

section modulus of local buckling zone. Here, the local buckling
zone is assumed as rectangular, and the ratio of section modulus
(S;/Z))is 2/3. Thus, the local strain is assessed at the local buckling
zone both before and during overall buckling, in addition to
throughout the local buckling process. Therefore, the strain concen-
tration ratio «, is defined by Eq. (17) as follows:

fe =0.05% 0.6% 42% | step
; ; > > > ; 20 ,
®)
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& e VOverall Buckling — 1028 [] 1028 s 5 .‘_.
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Fig. 13. Estimated strain concentration ratios: (a) Specimens 521, 528, Proposed (o 4¢ )/ o, (%)
and 532; (b) Specimens 721, 728, and 732; (c) Specimens 1021, 1028,
and 1032 Fig. 14. Cumulative dissipated energy until fracture
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where ¢, = o.,/E = normalized axial deformation correspond-
ing to overall buckling; o = overall buckling stress; E = elastic
modulus of steel, and all other variables have been defined pre-
viously. By employing Eq. (17), the local strain in the plastic
hinge zone can be calculated from the total normalized deforma-
tion. The strain concentration ratios increase drastically after local
buckling, and are larger for specimens with larger D/ and smaller
A, which generally agrees with the experimental results. The val-
ues calculated from Eq. (17) are plotted by the specified lines in
Fig. 13 in accordance with the proposed method. They generally
agree with those obtained by FEM analysis. Making use of
this strain concentration ratio, the cumulative local strain transi-
tions can be evaluated from ¢, protocol, and the instant of fracture
can be evaluated by comparing cumulative local strain to the
fatigue curves. In Fig. 14, cumulative dissipated energy as deter-
mined from the product of «, and ¢, factored with fatigue criteria
is compared with the experimental results. The estimates obtained
by the proposed method are largely consistent with the experimen-
tal results, and this method is considered to be valid for fracture
prediction.

Conclusion

The cumulative deformation capacity of tubular braces was inves-
tigated by performing cyclic loading tests for various slenderness
and diameter-to-thickness ratios. The fracture mechanism is clari-
fied by FEM analysis, the strain concentration ratio is defined by
assuming a simple fracture model, and an easy prediction method
for cumulative deformation capacity of circular tube braces under
random cyclic loading is proposed. This study’s conclusions may
be summarized as follows:

1. Circular tube braces possessing 50—100 slenderness ratios and
20-30 diameter-to-thickness ratios are submitted to overall
buckling at a normalized axial deformation of roughly 0.5%,
local buckling at 1.0-2.0%, and fracture at 2.0-3.0%. Local
buckling occurs earlier as the diameter-to-thickness ratio
increases and the slenderness ratio decreases, and hence, the
cumulative deformation capacity of the braces similarly
decreases.

2. FEM results indicate that strain concentration increases signif-
icantly in the local buckling region, and the fracture point
generally agrees with fatigue criteria based on averaged local
plastic strain amplitude.

3. By using a simplified buckling model, the relationship between
normalized deformation and local strain can be expressed by
means of simple formulas within a defined strain concentration
ratio index. Using such an index, a method is proposed to
assess the cumulative deformation capacity of circular tube
braces until fracture occurs. The results obtained by this pro-
posed method agree overall with the experimental results,
thereby satisfactory confirming their general validity.

1.0 (Ae, < &, Prebuckling stage and tensile stage)

(eer < Ag, < gy, Overall buckling stage)

(17)

(en, < Ag,, Local buckling stage)

Notation

The following symbols are used in this paper:
A = original sectional area of circular tube;
C,, C, = material parameters for hardening rule calibrated by
tension coupon tests;
D = circular tube diameter;
E = elastic modulus of steel;
L = total length of circular brace;
L, = plastic hinge zone length;
[, = half-amplitude of local buckling wave;
N; = number of cycles until steel fractures;
P = axial force of circular tube;
S = section modulus of circular tube;
S, = section modulus of local buckling zone;
t = circular tube thickness;
Z = plastic section modulus of circular tube;
Z,; = plastic section modulus of local buckling zone;
Q. = strain concentration ratio;
Agy, = plastic strain amplitude in hinge zone;

Aegy, = average plastic strain amplitude in hinge zone;
Ag, = normalized axial deformation amplitude;
Ad,, = hinge angle increment that incites local buckling;
6 = axial displacement of circular tube specimen;
€. = overall buckling normalized axial deformation
(0 /E);
€, = strain in hinge zone;
Enp = Plastic strain in hinge zone;
€, = normalized deformation attained at local buckling;
€, = normalized axial deformation;
€um = Maximum normalized tensile deformation;
€, = plastic strain;
€, = yield strain;
6), = hinge angle;
0, = hinge angle attained at local buckling;
> Aey, = cumulative plastic strain in hinge zone;
v, = plastic Poisson’s ratio;
o = overall buckling stress;
0, = normalized stress;
o, = plastic stress of steel material after yielding;
o,s = yield surface stress during isotropic hardening;
ol,, = yield surface stress at zero plastic strain; and
¢, = angle of skin plate at local buckling zone.
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