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SYNOPSIS

In this study, both constant and random displacement amplitude low cy-
cle fatigue tests were conducted for the steel frames used in tall residen-
tial buildings, and after formulating the restoring force characteristics,
realistic earthquake response analyses were done for 8728 storied buildings,
and then several random fatigue theories were applied to their results. It
has been concluded that the frame attains to failure by propagation of crack
initiated at the weld of the flange of the girder end, and that the maximum
ductility factor can not be a sure measure compared with the damage factor.

INTRODUCTION

This paper consists of two parts. In the first part, for the purpose
of clarifying the low cycle fatigue and the restoring force characteristics
of steel frames to be used in tall residential buildings, their constant
displacement amplitude fatigue tests and randomly varying displacement fa-
tigue tests are conducted. In the second part, after formulating the restor-
ing force characteristics, realistic earthquake response analyses are done,
and by applying the random fatigue theories to their results, seismic safety
of the structure can be evaluated more reasonably.

PART I EXPERIMENTAL STUDY

Test Frame
Test frames were made based on a quarter size model of the frame select-

ed in the middle height of an existing residential building of steel framed
reinforced concrete. Steel used in its main members is SM50. The test
frame is shown in Fig.l. Its columns and girders are of H-150+75:7-10 sec-
tion, whose flangewas cut off by gas and ground from H-150-150-7-10. Gird-
ers are welded by the K-type with columns, whose web makes the panel zone
together with two plates. The right-up corner and the bottom parts of the
model in Fig.l are worked up so as to be connected with the hydraulic cylin-
der and the supports, respectively. Eight steel frames were tested and
their names are according to the following notation:
Ex: — - 1

Steel][A: Static, B: Constant Amplitude Fatigue, C: Random Fatiguef[Test Ng
The average results of the material tests of six steel specimens were as
Yield stress: 4.45t/cm?, Tensile strength: 5.82t/cm?, Ductility: 19.u44%.

Plan and Method of Experiment

In this study, the monotonic loading static test, the deflection con-
trolled constant amplitude fatigue test, and the random load fatigue test
were conducted. The testing machine used in this experiment beléngs to the
structural dynamics laboratory at Kobe University and utilizes the closed-
loop electro-hydraulic servomechanism. The test frame was loaded horizontally
at the right-up corner by the hydraulic cylinder through the load cell and
the hook and the shackle between them. In the static test, the load was ap-
plied in the following four stages as shown in Fig.2: (1) Reversals in the
elastic range, (2) Hysteresis in the small plastic displacement of 12mm, (3)
Hysteresis in the large plastic displacement of 37mm, (4) The last stage.
In the constant amplitude fatigue test, four.deflection controlled constant
amplitude tests were conducted for three amplitudes of small, middle and

(1),(11),(I11): Assoc. Prof., Prof. and Former Grad. Stud. at Kobe Univ.
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large levels ranging 1/64. 6N1/22 8 to obtaln the AS-N relationship (where
A8 is the .interfloor displacement. amplltude and N 1s the number of cycles
to failure), the load-displacement hystere31s curve, the dynamic strain dis-
tribution, and the mode of fallure, as shown in Table 2. In the random fa-
tigue test, three tests with different maximum amplitudes were conducted to
obtain the relationship between the rms: 'value of amplitude and the number
of cycles to failure and to compare the ‘fatigue damage factor based on the
different cumulative damage theorles - As’ the input signal, the sinusoidal
wave and the white noise were generated by low frequency wave and white
noise generators, respectlvely, ‘and recorded by -a -data recorder, which was
speeded ‘down in replaying in the: experlment. The loading rate was chosen
the order of the fundamental period.of a high-rise building. In all the
constant amplitude fatlgue test: frames ‘other than S-B-i4, the cyclic rate was
., Ysec/cycle, while in the S-B- 45 the cycllc rate slowed down to 10sec/cycle.
The' actual frequency band used in the:random.fatigue test was DCA0.125Hz.
The loading was ceased when the test frame was broken, but the failure on
the A8<N_ curve is defined the crack initiation in thls paper, instead of
reduction of load in Bibl.(1l). The horizontal load applied was measured by
the load cell set up between the test frame and the hydraulic cylinder and
recorded contlnuously‘by a data recorder, a pen writing oscillograph and a
XY-recorder. The horizontal- dlsplacements, L-1 and L-2 (or D-2), on the
glrders and the vertical displacéments, D-9 and D-12, at the supports as
shown in Fig.l were measured by the dlsplacement meter of strain gage type,
whose output was also recorded contlnuously. In the static test, displace-
ments at more pcs1tlons than in the dynamic test were measured by dial gages.
On the web plates in the panel zones and at the end of the girders and the
columns, rosette strain gages were: adhered On the flange plates at the end
of the: -girders and the columns and: on the web plates at the center of the
member, uniaxial strain gages were adhered. In the static test, output of
all the strain gages were read out, but in the dynamic constant amplitude’
test, selected 28 outputs were recorded contlnuously.

Experlmental Results and Dlscu551ons

(l) Results and Dlscu331ons of the Static Test: 'Experimental results of the
stat;c_test, S-A-1, are shown in Table l. Relationship between the horizon-
tal load and the‘interfloor displacement:"is shown in Fig.2. This curve has
been drawn by plotting the direct readings of the load cell vs. the inter-
floor .displacement calculated by the formula

©(L-1)-(L-2)-3{(D-9)~(D-12)] =" Interfloor Displacement (1)
The P=k§ " type equations, where P is the load and & is the interfloor dis-
placement, have been obtained by replotting the above relationship on.the
log-log graph paper. The experimental ;results of the load at the flange
yield and the initial rigidity agree well with the analytical results of the
rigid frame. Regarding the strain distribution, the strain in the panel
zone is the largest. As for the mode of fracture, the frame reaches the
last stage by lateral buckling of the upper girder.

(2) Results and Discussions of the Dynamic Constant Amplitude Fatigue Test:

Comparative results of four dynamic constant amplitude fatigue tests, S-B-1,
S-B-2, S-B-3, S-B-4 are shown in Table 2 and as follows:

- (1) Typical hysteresis loops of the horizontal load vs. the interfloor dis-

placement for each test frames are shown in Fig.3. These loops have been

drawn by plotting continuously the outputs of the load cell vs. the inter-
floor displacement calculated by Formula (1). These loops are of spindle

shape which consists of a linear part and one or two curving parts of P=ké
type. Constants k and n have been obtained by replotting the above loops on
the log-log graph paper. In Table 2, the n values are shown together with

n
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their available range. These hysteresis loops were stable until initial
crack except first few cycles. ‘

(ii) The log-log relationships between the number of cycles and the load
range are shown in Fig.5. The number of cycles to failure N_ is defined the
number of cycles until initiation of visible crack. By plot%;ng the number
of cycles to failure N_ vs. the interfloor displacement range A8 on the log-
log paper as shown in “Fig.4, one cbtains = |

45 _-NO-12 = 3.64 for the elastic range, (2)
A&p-Nfg 74 = 12.8 for the plastic range, and (3)
A8P-N_0.3% = 11.6 (%)
AS = g 6uN=0.12470 gN=0.74 }, for the total range (s)

where Aé is measured by cm. Thé exponent 0.34 of N_ for the total range is
very similar to that of the results AesN 0.346=p, 0554 for the tension-
compression low cycle fafl e test of thin walled cylinders of SSil steel
conducted by the authors before.
(iii) The displacement of 7mm at the flange yield was used for calculating
the ductility factor. The equivalent stiffness is defined the slope of the
line connected with both extreme values of load and displacement. The
equivalent viscous damping factor was calculated by the formula
h = 1. Area inside the hysteresis loop (6)
e on Area of triangular surrounded by equivalent stiffness and abscissa
(iv) Mode of fracture in all the dynamic constant amplitude fatigue test was
such that the last stage is attained by propagation of cracks initiated at
the weld of the flange of the girder end and the stiffener of the panel zone
mostly at the right-up corner of the test frame.
(v) Distribution of the dynamic strain in the initial cycle in the test firame
lasted until crack initiation, but after that it changed greatly. Dynamic
strain was larger in the panel zone and on the flange at the girder end and
this coincides with the mode of fracture stated in the previous paragraph.

(3) Results and Discussions of the Randomly Varying Load Fatigue Test: :
(i) In the random fatigue tests, also, the last stage was attained by crack ”
propagation at the weld of the girder emd: like as in the constant amplltude
fatigue tests and, hence, failure was dehmmun@d by taking ‘into account both
the visible crack initiation and variation of the equivalent rigidity i
tion ratio with time in Fig.6, which is defined by the following formula
__ Eguivalent Rigidity Reduction Ratio = (K _-K_)/K
where K is the standard equivalent rlgldlty obtalﬂedeqfrcﬁqthe standard
restoring force characteristics.
(ii) The log-log relationships between t?e number of cycles to failure by
means of the following six count methods${3) and the rms. values 3§ of inter-
floor displacement amplitude shown in Table 3 have been plotted in Fig.7:
(a) Peak C. M., (b) All Peaks C. M., (c) Range C. M., (d) Range—palr C. M.,
(e) Range-mean C. M., (f) Full Wave C. M.. InFig.7, it is recognized that
the slope of AS-N, curve is the same. as’ that in the constant amplitude test.
(iii) The damage %actor, £(n./N,), where N.is the number of cycles to fai-
lure at the displacement ranée 8., and n, ts the number of cycles at AG.,
was calculated based on AS8~-N cur%e of tﬁe constant amplitude test by
of the {o}low1ng four cumulaflve damage theories: (a) Sachs-Weiss}(# (b)Yho—
Munse's}”’ (c¢) Ohji-Miller's,G) and (d) Morrow-Landgraf! 8{7)" and the results
have been shown in Table 4, from which it is mentioned that scatter of the-
data is pretty large and that the damage factor is smaller than umity. The
scatter may be caused partly by uncertainty of finding the crack initiation.

PART II [EVALUATION OF EARTHQUAKE RESPONSE PROM THE VIEW PQINT OF FATIGUE

Formulation of Restorlgg Force Characferlstlcs
The restoring force characterlstlcs 1n the above experlments have bQEn

,.w
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expressed to be the following two typés of formulas and shown in Fig.8:

(i) Power Function Type: P= k06 for 686 (8)
P=kJ6+k, (8-8,)"  for 6 <8 (9)
P=kJ(6-8 )+pL  for 638, (10)
(ii) Bilinear Type: P=k’ 8 for 6§§Y (11)
P=n"k 5(8-6 )+PX for 628, (12)
:here n=1.371, aD-Q .03, uD—u 5, 6 -uD Y-a 56 D—aDPY—2 OSPY, PY-kOGY,
107D sen)_ o 443670-371, Zopyn. D_ D—o 0325, nt=142 D Do,

k “Tu —l)n k u. -1 n+l u -1
Formugas (8) and (9) have been obtained from the hysteresis loops of the con-
stant amplitude test and Formula (10) from the static test. Formula (12)
has been obtained so that the line passes through the yield point (P,,s_)
and the skelton curve has the same hysteresis strain energy as in thé case
of the power function type until the point (PD,6D) for Hp=4. 5.

Earthquake Response Analysis

The elasto-plastic earthquake response analysis has been done for eight
models of 8, 12, 16, 20, 24, and 28 storied buildings having the parameters
in Table 5 and the distribution of mass and stiffness in Fig.9, and the
natural period of T =0.1N, where N is the number of story. As the input
disturbance, NS component of the El Centro Earthquake of the maximum accel-
eration of 300gals in 1940 was used for 9sec long. The hysteresis rule was
after Jennings!(a) Maximum ductility factor has been plotted against the nat-
ural period in Fig.l0. It is recognized in Fig.l0 that the response for the
restoring force characteristics of both bilinear and power function type are
almost.the same. The damage factor I(n, /N ) of the response was calculated
based on (a) Yao-Munse's, (b) Ohjl—Mlllér 5§, and (c) Morrow—Landgraf's cumu-
lative damage theories considering mean strain, and plotted in Fig.ll versus
the natural period and in Fig.12 versus the ductility factor. The range-
pair count method was adopted as the counting method of cycles. In Fig.l2,
it is recognized that different damage factors are obtained for the same
ductility factor and the larger the ductility factor is, the larger the
difference and that this tendency is larger for the Yao-Munse's theory than
for the Ohji-Miller's. Consequently, it is concluded that the maximum duc-
tility factor can not be a sure measure compared with the damage factor.

CONCLUSIONS

In this study, both constant and random displacement amplitude low
cycke fatigue tests were conducted for the steel frames used in tall residen-
tial buildings, and after formulating the restoring force characteristics,
realistic earthquake response analyses weére done for 8128 storied buildings,
and then, the random fatigue theories were applied to their results. The
following conclusjons have been obtained:

(1) Although in the static test, the frame attains to failure by lateral
buckling of the upper girder, in all the fatigue tests, the frames do by
propagation of crack initiated at the weld of the flange of the girder end
" and the stifféner of the panel zone.

(2) In the constafit amplitude fatigue test as well as in the random fatlgue
test, the relationshlp A8=aN_0+124pN70.7% has been obtained, where N_ is the
number of cycles t6 failure, A§ the ms. interfloor displacement ampfltude
" and a and b the constants.

(3) The damage factor in the random low cycle fatigue test due to the white
noise has been found to be smaller than unity.

(4) Since, according to the earthquake response analy31s, different damage
‘factors are obtained for the same ductility factor, the maximum ductlllty
factor can not be ‘a sure measure.
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Table 1 Results of the Static Test, S-A-l

Test Frame S-A-1
Load-Interfloor Displacement Curve[One llnear t and one curved (Fig.2)
3 5. 3t/cm
=y Table ¥ Fatigue Damage Factor in the
PakéR Formula —P—IIE.L%‘M%%-“‘ (Znd cycle) Random Load Fatigue Tests
P218.1560-13% (3rd cycle) g —C T [ 802 [ S=C-3 [ AV:
[¥axcimum Load 32,8¢ =36 10.50 10,30 [0.
. I t 10.4cm (10.4/77.5rad) 257 X 0.37 | 0.
Strain Distribution Maximum In the panel zone and next in the .34 1 0.38 [0.286 10,
flange of the girder end 43 1 0.6% 10.31 ]0.
Wode of Fracturs T}tmu bueklﬁ of the upper girder and cracking in
‘the weld of the lower girder end
~ Table 2 Results of the Dynamic Constant Amplitude Fatigue Tests
[Test Trame 2 TE7 Ty TEG
Interfloor Displaceast 29.7 30.6 25.4 68,0
lllxté Rotation Angle of the 1 v 1 2
Golumn (rad.) 52,2 50.6 81 22,8
2,13 2.19 .81 4,86
Number of Cycles to Failure, Ng- 50 48 101 S
e onship 147, w) 86-Ng0+34211.6 or A623.64N0- 12412.8NF0-7%
Restor: Force Characteriatics Spindle shaj
e R T B [ BN = 7 T o7
Available e, wm 2.7 ) (;g,g-\.g , A
valent t . . .. .
valent cous 1tio)] 0.0895 0.074 Unreadable 0.299
of Failure . Welded Part :
t-up coruner Left end of upper |Flange at the Left end of upper [Left end of both stiff-
stiffener er end stiffener. eners and el zone
Right-down corner _ | Lower flange at Flange at the Flange at the one
the girder end irder end ﬁirdu' end
Left-up corner Right o E{Eﬂt end of ione Kight end of upper
%E“ stiffener u stiffener stiffeners and panel zone
Te¥t-down corner - per e at %pcr ?uu(c at Upper hlngl at USpr' mc at the
the girder end the girder end the girder end girder end
Concrete
[Cyclic Rate M.Mncsgch ).Onc[g*ch
Control Fair AL gO [ good cellent
: 4
Table 3 Number of Cycles to Initial Crack and
Root Mean Square Displacement Amplitude Table 5 Parameters of Structures on the First Floor
in the Random Load Fatigue Tests Used in the Earthpuake Response Analysis
Total Amplitude [Plastic Amplitude
or e (cm) |.or e (om) I
1 13-0-3[8-C=3]6-C~ . - 0.¢
t 1.0
153w [~ ak] [17308 £y
t I83] 489 o.5§|§ 70910. B .
e-mean Count 153] 48] 207] 1 % 2226 2 2097] 2088] [k
= il V) L) 73] IT.69] 1.06] 1.6 183183
¢ 0.2cm Y] . 1.01] 1.14 -27 .'%._‘ 1.53] 1.6 i
ave i L3 I L3 ﬂ_q 5.40] 8.37] 8.31] 8.27] 8.24] 8.
i .2cm 61] 145 GELE | u365]| 5508] 6028]
. Dlaplacement T 78512500 801
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