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PREFACE

The National Center for Earthquake Engineering Research (NCEER) is devoted to the expansion
of knowledge about earthquakes, the improvement of earthquake-resistant design, and the
implementation of seismic hazard mitigation procedures to minimize loss of lives and property.
Initially, the emphasis is on structures and lifelines of the types that would be found in zones of
moderate seismicity, such as the eastern and central United States.

NCEER's research is being carried out in an integrated and coordinated manner following a
structured program. The current research program comprises four main areas:

• Existing and New Structures
• Secondary and Protective Systems
• Lifeline Systems
• Disaster Research and Planning

This technical report pertains to Program 1, Existing and New Structures, and more specifically
to System Response.

The long term goal of research in Existing and New Structures is to develop methods for rational
probabilistic risk assessment for damage or collapse of structures, mainly existing buildings,
especially in regions of moderate seismicity. The work will rely on improved definitions of
seismicity and site response, experimental and analytical evaluations of systems response, and
more accurate assessment of risk factors. This technology will be incorporated in expert systems
tools and improved code formats for existing and new structures. Methods of retrofit will also be
developed. When this work is completed, it should be possible to characterize and quantify
societal impact of seismic risk in various geographical regions and large municipalities. Toward
this goal, the program has been divided into five components, as shown in the figure below:

Program Elements:

I Seismicity, Ground Motions I
and Seismic Hazards Estimates I ~

+
I Geotechnical Studies, Soils Iand Soil-Structure Interaction

~

+
I System Response: I

Testing and Analysis I
~

+
, ,

I Evaluation Methods, Codes I
and Risk Assessment I

Expert Systems

iii

Tasks:
Earthquake Hazards Estimates,
Ground Motion Estimates,
New Ground Motion InslIUmentation,
Earthquake & Ground Motion Data Base.

Site Response Estimates,
Large Ground Deformation Estimates,
Soil-Suucture Interaction.

Typical Suuctures and Critical Strnctural
Components: Testing and Analysis;
Modem Analytical Tools.

Determine Adequacy of Codes,
Damage Assessment,
Evaluation Methodology,
Risk and Reliability Analysis.

Architectural and Structural Design,
Evaluation of Existing Buildings.



System Response Studies constitute one of the important areas of research in Existing and New
Structures. Current research activities include the following:

1. Testing and analysis of lightly reinforced concrete structures, and other structural
components common in the eastern United States such as semi-rigid connections and
flexible diaphragms.

2. Development of modem, dynamic analysis tools.
3. Investigation of innovative computing techniques that include the use of interactive

computer graphics, advanced engineering workstations and supercomputing.

The ultimate goal of projects concerned with System Response Studies is to provide an estimate
of the seismic hazard of existing buildings which were not designed for earthquakes and to
provide infonnation on typical weak structural systems, such as lightly reinforced concrete
elements and steel frames with semi-rigid connections. An additional goal of these projects is
the development of modern analytical tools for the nonlinear dynamic analysis of complex
structures.

One of the major problems that currently exists with regard to seismic analysis and design of
gable framed metal structures is the lack of reliable laboratory tests. This study is concerned
with providing that type of information. A typically proportioned gable frame was designed
using the current AISC specification, and that structure was tested on the shaking table to
ascertain its pelj'ormance under a variety of seismic excitations. One interesting and important
observation was that the ''R'' factor now contained in most earthquake codes is considerably at
variance with laboratory observed values - by a factor ofone-halfor more.

Retrofit of metal gable frame structures also is of concern, and this investigation examines one
particular type ofsuch strengthening.
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ABSTRACT

In the United States, design of steel gable frames normally follows the guide

lines of the American Institute of Steel Construction for assumed wind and gravity

loads. In this study, a pinned-base steel gable frame structure composed of pris

matic members was so designed, and its seismic behavior was investigated using

the shaking table. The structure was tested well into the inelastic range so that

its ultimate lateral strength could be evaluated and quantified. It was observed

that pinned-base steel gable frames designed according to the AISC specifications

under normal gravity and wind loads would not perform satisfactorily under strong

earthquake ground motions when measured by the limitations specified by UBC

and ATC.

The feasibility and efficiency of structural retrofit also was observed for one type

of knee brace. This initial investigation suggests that much subsequent strength and

ductility can be achieved for the type of structure studied.
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SECTION 1

INTRODUCTION

Steel gable frames with and without tapered members have been widely used

throughout the world over the past 30 to 50 years. In the United States, the design

of these structures normally assumes that the gravity and wind loads are static

loadings, and that the members are proportioned based on the AISC Specifications

[1,2].

Studies of the inelastic behavior and ultimate strength of structural members,

subassemblages and frames have been extensive during the last two decades. How

ever, these efforts have been mainly devoted to regular shear type buildings. Little

attention has been paid to the inelastic behavior of irregular structures such as

steel gable frames subjected to seismic loading. In the literature there are only

a limited number of documents, and those describe the cyclic inelastic behavior of

subassemblages of steel gable frame composed of prismatic members[3]. For tapered

members, none has been found.

In design practice, both allowable stress design and plastic design are applicable

for steel gable frames composed of prismatic members. For gable frames composed

of tapered members, only allowable stress design is permitted by the AISC Speci

fications [1,4]. Very limited information is readily available for the design of steel

gable frames subjected to strong earthquake ground motions.

The purpose of this study, therefore, is to investigate experimentally, using a

shaking table, the general seismic behavior of a pinned-base steel gable frame com

posed of prismatic members. Test results are compared with current seismic design
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practice [5,6], and important design paramet~rswarranting special consideration by

design engineers are summarized.
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SECTION 2

TEST STRUCTURE

Becau e many steel gable frames composed of prismatic members have been

designed and fabricated. and most of these have assumed a pinned-base condition. a

symmetric steel gable frame with pinned-base and prismatic members was used for

this stud)'. The complete test set-up consisted of two parallel frames. two concrete

blocks (or loading masses) mounted on a supporting frame between the two test

frames, and a foundation (see Fig. 2-1). The supporting frame was attached to the

two planar test frames by simple connections. The foundation was composed of a

steel skeleton and two concrete beams, which were attached to the shaking table.

The dimensions of the test structure are given in Fig. 2-2.

In order to avoid the necessity for special fabrication of a small-scaled section,

which would have been required by strict application of modeling laws [10,11], the

smallest rolled section, "i6x9, was used for both the rafters and the columns of the

test structure. The panel zones of the column-to-rafter connections were stiffened

by two doubler-plates to avoid the formation of plastic hinges within the panel zones.

The test structure was assumed to be a typical gable frame, but not necessarily a

scaled model of any particular prototype. The details of the struct ural configuration

and the instrumentation were reported in Ref. [ J.

The total weight of the roofing system, which included two concrete blocks, each

weighing 3..5 kips, and their supporting frame, was about 4 kips on each test frame.

Structurally, each frame was subjected to three concentrated vertical loads at the

location of three interconnecting or crosS beams, W6x12. The three concent ratec!
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FIGURE 2--1 Photograph of Test Structure

2-2



"-------- --J Shaking Table

T
96"

• ~: .: . .•- i • ." :".. .... .' "'~

, ' : .: :,'.~. - .. "..: ~

Front View of Test Set Up

Concrete Bemn

Top View of Test Structure

W 14x90

~N

'"..
"'"..,

192"

Top View of Steel Foundation

96"

I-- 12"

FIGURE 2-2 Dimensions of Test Structure

2-3



loads caused a static in-plane bending moment diagram which was different from

that which could correspond to a uniformly distributed load. This gravity load was

employed to simulate the lumped masses which were seismically effective, rather

than structurally effective. The design check according to AlSO formulas showed

that the test frame was over-designed. The combined stress ratios are shown in Fig.

2-3. As can be realized from this figure, the test frame possesses a strong lateral

capability.
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SECTION 3

TEST FACILITY AND DATA ACQUISITION SYSTEM

The experiment was carried out using the shaking table at the State University

of New York at Buffalo. The Table weighs 16.5 kips and has dimensions of 12 ft

x 12 ft x 1 1/4 ft. The Table is a composite sandwich plate faced by ferrocement.

It is vertically supported on four servo-hydraulic actuators and is connected to

two horizontal actuators through swivel joints. The details of the shaking table

facility are described in Refs. [7,17]. The system characteristics and the dynamic

performance of the shaking table are presented in Ref. [9].

The data acquisition system used in this experimental investigation consists of

a 54-channel MTS transducer conditioning system console (of which 12 channels

were reserved for system control), a 30-channel Measurements Group 2100 condi

tioner and amplifier system, four 16-channel AID (Analog-to-Digital) conversion

subsystems, and a PDP-ll computer.

The four AID conversion subsystems contain thirty-two 2-channel anti-aliasing

filters, twenty 4-channel sample and hold cards, four 16-channel multiplexers, and

four AID converters. A typical AID conversion subsystem is shown in Fig. 3-1.

The maximum configuration of a typical AID conversion subsystem is one 1230-1

(AID-I) and four 1230-0 circuit (AID-II) cards.

The AID conversion subsystem has a data resolution of approximatly 5 mV

based on the 12-bit digital word conversion. It is approximatly 0.05% of the maxi

mum conditioner output of ± 10 Volts.

A special feature of the system is its ability to simultaneously sample the data by
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FIGURE 3-1 AID Conversion Subsystem
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using four AID conversion subsystems for a total of 64 data channels, with negligible

phase lag. The maximum conversion time for each digital output is about 13 p,sec

so that the total required conversion time for the 64 channels is approximately 200

p,sec. This is almost five times faster than the allowable minimum data time interval

of 0.001 sec. limited by the seismic software.
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SECTION 4

INSTRUMENTATION AND TEST PROGRAM

4.1 Instrumentation

Theoretically, instrumentation should only be necessary for one of the two "iden

tical" parallel test frames. However, because of unavoidable variation between the

two test frames, such as the material property and the fabrication process, full

instrumentation was used on one frame and a limited amount of redundant instru

mentation was used on the other. For better identification of the locations of the

different transducers and other instrumentation, the various structural elements are

identified according to their general location in the over-all test set-up. The total

number of tranducer channels used were:

Strain gage bridges 26 channels

Accelerometers 13 channels

LVDT's

Temposonics

4 channels

4 channels

The summary of instrumentation is listed in Table 4-1. The typical locations of the

various transducers in the west frame are also shown in Fig. 4-1.

4.2 Table Motions

Two earthquake ground motions, the SOOE component of the 1940 EI Centro

Earthquake (ELC) and the S69E component of the 1952 Taft Earthquake (TF), were

used in this study. The Taft earthquake was used only for the preliminary test for

validating instrumentation and for identifying the fundamental dynamic properties
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Table 4-1 Instrumentation Scheme

Channel Channel File Signal
No. Identification

52 MTS 450 Flexural and axial strains, SW column
51 MTS 450 Flexural and axial strains, NW column
50 MTS 450 Flexural and axial strains, SW rafter
49 MTS 450 Flexural and axial strains, NW rafter
48 MTS 450 Flexural and axial strains, SW column
47 MTS 450 Flexural and axial strains, NW column
46 MTS 450 Flexural and axial strains, SW rafter
45 MTS 450 Flexural and axial strains, NW rafter
44 MTS 450 Flexural strain, SW column
43 MTS 450 Flexural strain, SW column
42 MTS 450 Flexural strain, SW rafter
41 MTS 450 Flexural strain, SW rafter
40 MTS 450 Flexural strain, NW column
39 MTS 450 Flexural strain, NW column
38 MTS 450 Flexural strain, NW rafter
37 MTS 450 Flexural strain, NW rafter
36 B&K 4370, 949970; ch. E3 Out-of-plane acceleration, SE column
35 B&K 4370, 947929; ch. D9 Out-of-plane acceleration, NE column
34 B&K 4370, 949927; ch. D8 Out-of-plane acceleration, roof ridge
33 MTS 450 Flexural and axial strains, NE column
32 MTS 450 Flexural and axial strains, SE column
31 MTS 450 Flexural strain, SE column
30 MTS 450 Flexural strain, SE column
29 MTS 450 Flexural strain, SE column
28 MTS 450 Flexural strain, SE column
27 MTS 450 Flexural strain, SE rafter
26 MTS 450 Flexural and axial strains, NE column
25 MTS 450 Flexural strain, NE rafter
24 MTS 450 Flexural and axial strain, NE column

~~
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Table 4-1 Instrumentation Scheme (Cont'd)

Channel Channel File Signal
No. Identification

23 Endevco SIN NP74, ch. A6 In-plane acceleration, SE column top
22 LVDT, SIN 2209 SE panel zone defonnation
21 LVDT, SIN 2202 SE panel zone defonnation
20 LVDT, SIN 1692 NE panel zone defonnation
19 LVDT, SIN 1691 NE panel zone defonnation
18 Temposonic Base rotation, NE column bottom
17 Temposonic Absolute Displacement, NW column top
16 Endevco SIN PP34, ch. AO Vertical accel., SE found. corner
15 Endevco SIN LN91, ch. Al Horizontal accel., SE found. corner
14 Endevco SIN PP96, ch. A9 Horizontal accel., NW found. corner
13 Endevco SIN FW42, ch. A3 Vertical accel., NW found. corner
12 Endevco SIN NP64, ch. C3 In-plane acceleration, NW column top
11 Endevco SIN RB95, ch. D4 In-plane acceleration, NE column top
10 Endevco SIN PS73, ch. A5 Vertical acceleration, Middle of ridge
09 Temposonic Absolute displacement, NE column top
08 Temposonic Base rotation, SW column bottom
07 Endevco SIN PK59, ch. A7 Horizontal accel., Middle of ridge
06 Endevco SIN PE61, ch. A8 In-plane acceleration, SW column top
05 MTS 450 Axial strain, NW column web
04 MTS 450 Axial strain, SW column web
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FIGURE 4-1 Typical Transducers on West Frame
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of the test structure. The El Centro Earthquake was used to study the linear and

nolinear behavior of the test structure. These two ground motions were corrected

using a modified frequency domain data processing before they were introduced to

the control console of the shaking table [9).

After the first series of tests was completed, the structure was retrofitted and the

time step of the ELC earthquake was scaled by the ratio of the first mode natural

frequencies of the test structures before and after retrofit. Thus, with respect to the

input response spectrum, the test structures before and after retrofit were subjected

to equal spectrum values corresponding to their first mode natural frequencies.

4.3 Test Sequence

The test sequence consists of two phases. The first phase was performed with

the original test structure. After the structure had been subjected to severe inelastic

deformation, the test was stopped and the test structure was retrofitted. The second

series was carried out to study the feasibility and efficiency of one particular type

of retrofit, with a simple type of knee brace. The test sequences of both phases are

given in Table 4-II.

For the original test structure, a total of eleven earthquake excitation tests were

performed, covering the entire range of elastic and inelastic behavior. Two of the

eleven excitations were carried out to identify the basic dynamic properties of the

test structure, such as the natural frequency and the damping ratio. In addition,

a few small-amplitude, banded white noise tests were carried out to investigate the

natural frequency change of the test structure during the tests.

At the beginning of the first phase tests, two scaled earthquake ground motions,

ELC with 0.15 g peak acceleration and TF with 0.10 g peak acceleration, were
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Table 4-11 Test Sequences

Before Retrofit After Retrofit

0.15 g peak ELC banded white noise
0.10 g peak TF
banded white noise

0.10 g peak ELC 0.10 g peak ELC
0.20 g peak ELC 0.20 g peak ELC
0.30 g peak ELC 0.35 g peak ELC
0.35 g peak ELC 0.50 g peak ELC
0.50 g peak ELC 0.60 g peak ELC
0.60 g peak ELC 0.70 g peak ELC
0.70 g peak ELC 0.80 g peak ELC
banded white noise banded white noise
0.80 g peak ELC (i) 0.90 g peak ELC (i)

banded white noise banded white noise
0.80 g peak ELC (ii) 0.90 g peak ELC (ii)
banded white noise banded white noise
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employed to define the fundamental dynamic properties of the test structure by

using the "system identification" method [18,19]. In addition, two small-amplitude,

banded white noise tests with frequency contents of [0 Hz - 25 Hz] and [0 Hz - 5

Hz] were used to identify the dynamic properties using the HP Spectrum Analyser.

(The white noise with a frequency content of [0 Hz - 5 Hz] was used to increase the

resolution of the measured first mode natural frequency of the test structure. The

resolution was then made equal to 0.0244 Hz corresponding to the 12-bit digital

conversion. )

Nine test runs with various peak accelerations of 0.10 g to 0.80 g of ELC earth

quake were next performed. This was done to determine the behavior of the test

structure subjected to elastic, moderately inelastic and severely inelastic deforma

tions, and to obtain the ultimate lateral strength of the test structure. This latter

condition was experimentally defined, and corresponded to that condition where

the maximum story drift in two consecutive test runs increased continuously while

the maximum base shear force decreased or remained constant. At that stage, the

test sequence was stopped.

The structure was then repaired, and the basic dynamic properties of the

"retrofitted structure" were identified using the Spectrum Analyser and banded

white noise excitation. Once the first mode natural frequency of the repaired struc

ture was identified, the time step of the input ELC earthquake was scaled as de

scribed above. Thereafter, a total of nine test runs (0.10 g - 0.90 g time-scaled

ELC) were performed with a process similar to the one used in the first phase.
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SECTION 5

TEST RESULTS

Results of three of the test runs, 0.15 g peak ELC, 0.60 g peak ELC and 0.80

g peak ELC (ii) are discussed in this report. These three test runs correspond to,

respectively, elastic, moderately inelastic and severely inelastic behavior of the test

frame. For the retrofitted structure, the envelope curve of all tests was compared

with that of the original structure.

For- numerical predictions, the general purpose computer program, DRAIN-2D

[13] and an average yielding stress of 42 ksi obtained from material coupon tests

were used.

5.1 Dynamic Characteristics of the Test Structure

An input of a small-amplitude, banded white noise with frequency content of a

25 Hz was first introduced to excite the test structure in the N-S (in-plane) direction.

The horizontal accelerations at the column tops and the roof ridge in the in-plane

direction were measured. The transfer function and phase angles were obtained by

using a HP 3582A Spectrum Analyzer. The fundamental natural frequency in the

N-S direction was observed to be 2.2 Hz, as can be seen in Fig. 5-1(a). The other

two (much smaller) peak values occurred approximately at 7.8 Hz and 22.5 Hz, and

were considered to be the frequency of the torsional mode of the the test structure

and the frequency of the rolling mode of steel-concrete foundation. At 7.8 Hz, the

phase angle between the two measured accelerations at NW and NE column tops

was of 178 degree. (It is therefore considered to be the torsional mode of the test

structure.) The transfer function of the vertical acceleration at the NW corner of

5-1



the foundation to the table horizontal acceleration is shown in Fig. 5-1(b). From

the figure, it may be estimated that the foundation has its first-mode frequency

around 22.5 Hz with respect to the test structure placed on it.

To have better resolution in using the spectrum analyzer, a 0 - 5 Hz white noise

was introduced and the test was repeated. For that case, the natural frequency

was estimated to be 2.08 Hz, and the damping ratio determined by the half-power

method was 1.92 %.

Results of the "system identification" method [18,19] indicated that the natural

frequency and the damping ratio of the test structure were 1.97 Hz and 1.66 %for

the 0.15 g peak ELC test, and 1.99 Hz and 2.88 % for the 0.10 g peak TF test.

Identified structural responses are compared with measured structural responses in

Figs. 5-2 and 5-3.

5.2 Shaking Table Performance

Because the reaction force and the resonance of the test structure may affect the

accuracy of the feed-back control of the shaking table, this effect was investigated

during the experiment. In Fig. 5-4, the desired and achieved acceleration time

histories and corresponding response spectra with respect to 0.15 g peak ELC, 0.60

g peak ELC and 0.80 g peak ELC (ii) tests are presented. As can be seen from these

figures, the pattern of the effect of table-structure interaction is the distortion at

a few peaks of the acceleration time history. The distortion became more obvious

with increasing intensity of excitation as the readion force of the test structure

on the shaking table became larger. Also to be noted, the loss of accuracy was

primarily confined to the high frequency range. Furthermore, the distortion in the

acceleration time history at a few peaks showed the instants when the structure
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experienced moderate to severe damage.

5.3 Behavior of Test Structure

For the elastic test with 0.15 g peak ELC, the structural symmetry was pre

served both for the global (displacements measured at the column tops) and local

(curvatures measured at the column tops and rafter ends around the column-to

rafter joints) responses. The typical local hysteresis curves shown in Fig. 5~5

demonstrates the linearity of elastic response.

In the moderate inelastic test with 0.60 g peak ELC, permanent offsets were

observed in the local responses. From a global response view point, these permanent

offsets were not obvious. The local hysteresis curves at four critical sections - rafter

ends and column tops - are shown in Fig. 5-6. From this figure, the non-uniform

distribution of inelastic deformation over the four critical sections is obvious, and

the local structural symmetry is no longer preserved.

In the final test run, 0.80 g peak ELC (ii), local buckling occurred at the column

top, and a kinematic structural mechanism nearly formed with a 1.5 inch permanent

sidesway at the column top, ¥ shown in Fig. 5-7. The local hysteresis curves shown

in Fig. 5-8 reveal that the inelastic deformation is more uniformly distributed over

four critical sections than that of the 0.60 g peak ELC test.

The envelope of maximum base shear force versus the maximum story drift

corresponding to each test in the test program is shown in Fig. 5-9. Based on

this figure, the maximum lateral strength of the test frame can be obtained. It is

interesting to observe that the envelope curve shows a "transition zone" around the

0.5 g peak ELC and 0.6 g peak ELC tests. Beyond this "transition zone" , the slope

of the envelope curve decreases rapidly. Before the "transition zone" , the structure
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resisted the seismic force primarily by its lateral over-strength. The simultaneous

formation of a sufficient number of plastic hinges for the formation of a collapse

mechanism iimited the further strength development after this "transition zone".

5.4 Numerical Prediction

For the 0.15 g peak ELC test, the analytical prediction suggests that the con

sideration of semi-rigid joints is required even when the panel zones are properly

stiffened with two doubler-plates. The mathematical models and the numerical re

sults are shown in Fig. 5-10. The masses lumped at each column top and the roof

ridge are assumed to be 1/4 m and 1/2 m , respectively, where m is the total

seismically reactive mass on the test frame.

For the moderate inelastic test, 0.60 g peak ELC test, the theoretical prediction

is given in Fig. 5-11. For the severe inelastic deformation test (0.80 g peak ELC

(ii) test), the numerical prediction is given in Fig. 5-12(a). The comparison of

the numerical results with and without the consideration of semi-rigid joint, shown

in Fig. 5-12(b), suggests that the semi-rigid joint may be less important in the

prediction of inelastic response. This is because the pinned-base steel gable frame

possessed only one degree of structural redundancy, and the formation of a sufficient

number of plastic hinges (a minimum of 2) was simultaneous with the formation of a

structural mechanism. The inelastic deformation at the critical sections contributed

dominantly to the global structural response.

5.5 Test Results of Retrofitted Structure

After the first set of tests, the structure was repaired to study the feasibility

and appropriateness of a particular type of retrofit. Two knee braces were added
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to bypass the zones where severe inelastic deformation had previously occurred. A

profile of this retrofit was finally decided and is shown in Fig. 5-13.

The fundamental frequency of the repaired structure was determined to be 2.52

Hz, using the Spectrum Analyzer test. The damping ratio was about 1.4%.

For the final test ( 0.90 g peak ELC (ii) test), the local hysteresis curves are

shown in Fig. 5-14. From these figures, it is interesting to observe that the severe

inelastic deformations are concentrated in only three critical sections. Particularly,

two of them are more exaggerated. The maximum base shear force obtained in this

test was slightly less than the previous 0.90 g peak ELC (i) test, as shown in Fig.

5-15. When the repaired structure reached its ultimate lateral strength (at 0.90

g peak ELC (ii) test), local flange buckling was observed. Web buckling was not

present.
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to bypass the zones where severe inelastic deformation had previously occurred. A

profile of this retrofit was finally decided and is shown in Fig. 5-13.

The fundamental frequency of the repaired structure was determined to be 2.52

Hz, using the Spectrum Analyzer test. The damping ratio was about 1.4%.

For the final test ( 0.90 g peak ELC (ii) test), the local hysteresis curves are

shown in Fig. 5-14. From these figures, it is interesting to observe that the severe

inelastic deformations are concentrated in only three critical sections. Particularly,

two of them are more exaggerated. The maximum base shear force obtained in this

test was slightly less than the previous 0.90 g peak ELC (i) test, as shown in Fig.

5-15. When the repaired structure reached its ultimate lateral strength (at 0.90

g peak ELC (ii) test), local flange buckling was observed. Web buckling was not

present.
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FIGURE 5-7 Local and Global Damage - O.80g Peak ELC (ii) Test
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(a) Global Pennanent Sidcsway

(b) Local Buckling at SW Column Top

FIGURE 5-15 Photographs of Local and Global Damage - O.90g Peak ELC (ii) Test
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SECTION 6

DISCUSSION OF TEST RESULTS

These test results are now reviewed using applicable seismic provisions of DBC

and ATC.

6.1 Lumped Mass at Roof Crown

Because of the roof geometry of the gable frame, a lumped mass at the roof ridge

in addition to the lumped masses at the column tops was considered necessary. This

was intended to account for the larger overturning moment that may be introduced

by the mass distributed along the sloping roof. Due to this overturning moment,

which is larger than that which would have been observered in a more regular SDOF

system, a larger column axial force resulted. A numerical study using mathematical

model 2 and the computer program DRAIN-2D was performed to obtain the column

axial forces. It was concluded that if 1/2 of the total mass were lumped at the roof

ridge, rather than have it all lumped only at the column tops, there could be an

increase of about 12 % in the column axial force under the excitation of the 1940

El Centro earthquake. 'With such a larger column axial force, the P-t.. effect and

the P-M interaction could be larger. (The effect of column axial force on seismic

response of a SDOF system is discussed in [15].)

6.2 Story Drift

Another significant test result was that the story drifts of the test structure were

much larger than the limits specified by the DBC (0.5 %) and the ATC (1.5 %). It

is appreciated that these are specified for fixed-base, regular, shear buildings, and
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not for the particular case tested. But no values are given in these model codes for

gable structures. As can be seen in Fig. 5-9, the test structure deflects up to 3 %

of the story height for the 0.35 g peak ELC test in which only very slight inelastic

deformation were observered during the test. In the severe inelastic test, the story

drift is up to 7 % of the story height.

6.3 Correlation of Test Results with ATe 3

6.3.1 ATe Provisions

For regular buildings fixed at the base, the design lateral seismic base shear

force, V, is to be determined from the following relationship :

V :::::: CsW

where

Cs = the seismic design coefficient, and

W = the total gravity load of building

The value of Cs is determined using the formula

1.2AvS
Cs =

RT2j3

in which

Av = the effective peak velocity-related acceleration

s = the coefficient for the soil profile

T = the fundamental period of the building, and

R = the response modification fador

(1)

(2)

The value of Cs need not exceed 2.5Aa /R, where Aa is the the effedive peak acceler-
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ation. For soil type S = S3, the value of Cs need not exceed 2Aa /R when Aa is equal

to or greater than 0.3.

Corresponding to the seismic design coefficient, the 5 % damping linear elas

tic design response spectra specified in the ATC should be reduced by a response

modification factor, R, to obtain the base shear force for "significant yield design".

While the R values are specified in the ATC for various building types, the deter

minations of reliable R values are difficult [12,14,16]. The following "facts" concern

the response modification factor :

(a) The response modification factor, R, has been established considering that struc

tures generally have overstrength capacities above the design loads which cause

"significant yield".

(b) The term "significant yield" is not the point where the first yield occurs in any

member, but is defined as that level which causes complete plastification of at

least the most critical region of the structure.

(c) The R factor essentially represents the ratio of the forces which would develop

under the specified ground motion presuming the structure behaves entirely

linearly elastic to the prescribed design forces at the significant yield level.

(d) Lower values of R should be used for structures which possesses a low degree of

structural redundancy. For those structures, all the plastic hinges required for

the formation of a mechanism may be formed essentially simultaneously, and at

a force level close to the specified design strength. This situation can result in

considerably greater P-ll. effects.

(e) R is an empirical reduction factor intended to account for both the damping and

the ductility inherent in the structural system at displacements great enough
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to surpass initial yield and approach the ultimate load displacement of the

structural system.

According to (d), a lower value of R should be used for the steel gable frame

tested since it possesses only one degree of redundancy and the plastic hinges re

quired for the formation of collapse mechanism form essentially simultaneously.

However, the actual value to be used is not specified. The R value for the test

frame was experimentally determined.

6.3.2 Expected Base Shear Capacities of the Test Structure

Two design methods, the ATC significant yield design and the AISC plastic

design, were used to evaluate the base shear capacity of the test frame. The simple

model of equivalent lateral forces shown in Fig. 6-1 was assumed. The reactive

mass distribution, 1/4 - 1/2 - 1/4, was presumed at the three roof connections.

The column axial force was then estimated to be (H/L) V = 9/16 V, and the

lateral resistant capacity was calculated as follows:

(1) ATC Design Level: In ATC Commentary Chapter 10, a modifier of 1.7 and a

capacity reduction factor ¢ = 0.9 are used to adjust the AISC allowable stresses

specified in Section 1.5.1, 1.5.2, 1.5.3 and 1.5.4 to establish the" significant

yield" design level. According to this modification and other alterations spec

ified in ATC Chapter 10, the seimsic base shear capacity of the test frame is

calculated to be V = 0.91 W. (W is the total weight of the reactive mass.) This

is shown in Fig. 6-2.

(2) AISC Plastic Design: In AISC Specification Part 2, the design formulas 2.4.1,

2.4.2, 2.4.3 and 2.4.4 are applied to obtain the base shear capacity of the test

frame. A load factor of 1.3 specified in Part 2 of AISC Specifications is used. The
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FIGURE 6-1 Assumed Analytical Model for Equivalent Lateral Force
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member forces induced by the gravity load are not included in these calculations.

The expected lateral shear capacity was calculated to be V = 1.16 W, as shown

in Fig. 6-2. It should be noted that the width-thickness ratio of the section

W6x9 is slightly larger than that specified in Section 2.7 of AISC Specifications.

In addition, a static, monotonic, analytical prediction was carried out with

an assumed elastic-perfectly-plastic moment-curvature model. A yielding moment

for the W6x9 of 233.5 kip-in was used. The ultimate strength of this analytical

prediction is V = 1.28 W. This, too, is shown in Fig. 6-2.

6.3.3 Discussion of Test Results Related to ATe

The respose modification factors, R, specified in the ATC were determined em

perically for various types of structures. The following R values were obtained for

the test structure based on the experimental data.

In Fig. 6-2, the 5 % damping linear elastic response spectrum for the 0.8 g

ELC acceleration measured at the foundation is shown. The 5 % damping linear

elastic response spectrum value corresponding to the experimental structural period

range was divided by the predicted structural base shear capacities to establish the

R values. For this particular test, the R value, so determined, was 2.10.

It is interesting to note that the experimentally observed ultimate strength of

the test structure is very close to the value of the 5 % damping linear elastic response

spectrum.

6.4 Discussion of Test Results of Retrofitted Structure

As can been seen from Fig. 5-9, the repaired structure had a considerable

amount of increased strength and stiffness. However, the lateral inelastic deforma-
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tion, when compared against the original structure, slightly decreased.

At the ultimate strength level, the input energy into the retrofitted structure

was generally smaller than that of the original structure (see Fig. 6-4). (The input

energy was obtained by integrating the time history of base shear force with respect

to the time history of ground displacement.) An R value of 1.90 with respect to

the ATe design load was obtained for the repaired structure (see Fig. 6-3). This

is lower than that of the original structure. The experimental ultimate strength of

the retrofitted structure is closer to its elastic response spectrum value than is that

of the original structure.
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SECTION 7

OBSERVATIONS AND CONCLUSIONS

Based on experimental observations and analytical predictions, the following

conclusions may be drawn:

(1) For the particular test structure and the selected input ground motions used

in this experiment, the fidelity of the simulation of ground motion time history

was distorted due to the shaking table-test structure interaction at higher ex

citation levels. This distortion occurred at a few peaks of the acceleration time

history. Generally, the distortion was confined in the higher frequency part.

(This can be seen by comparing the response spectra of the measured and the

input accelerograms.)

(2) Because the distortion in the acceleration time history occurred at a few in

stants when the test structure experiencing large deformation, the instants of

simulation distortion are the instants at which the structure was subjected to

severe inelastic deformation (or structural damage).

(3) The envelope curve of the base shear force versus maximum story drift indicated

a "transition zone" beyond which the slope of each curve decreased rapidly.

(4) When the lateral ultimate strength was reached, local flange buckling occurred

near the column top. There was no perceived local web buckling.

(5) The analytical prediction using DRAIN-2D with the assumed model 2 was found

to be generally satisfatory. For this particular gable frame with only one degree

of redundancy, and even with reinforced panel zones, the consideration of panel

zone deformation is significant for ascertaining the elastic seismic responses of
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the structure. Consideration of an additional degree of freedom in the panel

zone may not be necessary for the severe inelastic cases where at least two

plastic zones form simultaneously.

(6) The story drifts at the moderate and severe damage levels were up to 4 % and

7 %. Strengthening and/or stiffening is necessary if smaller story drifts are

desired.

(7) The experimentally determined response modification factor, R, for the test

structure was only 2.10 (when compared against the lateral structural capacity

determined by ATC significant yield design).

(8) The experimentally observed ultimate lateral strength was very close to the

value of 5 % damping linear elastic response spectrum of the measured table

acceleration.

(9) For the test structure; the structural retrofit using knee braces was generally fea

sible and appropriate, and much strength was obtained when compared against

that of the original structure. The inelastic story drift of the repaired was re

duced by the addition of knee braces. The R value of 1.90 for the retrofitted

structure was lower than the R value of 2.10 for the original test structure.
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