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There are several sarchers developec Wlical procedures for evalualing

the response of soil-structure-inieractior und senw abtain the good result for

determining ground ependent on the correct

representative soil : has also been directed

toward the determinat hese analytical procedures. The

response is determined m \ aracterlstlcs of soil.

Chediluang 1 the northern part of

Thailand. The structure made from an AS0NT eral h 1,\ years ago. The main
& i.l.'nl.l| Prl
purpose of the research is 10 in ‘:-:-';g.a Seis cé capacity of the Chediluang,

which was partly torn déwn ilsstructure interaction under
seismic excitation. The finil i vent method i y for dynamic analysis. The input
parameters such as Poisson's rat R ’ d_tensile strength, shear modulus and
shear wave velocity are ted from the report anc itu_testing. The stress of the
structure under dyfamic condi ton is considered. In addition, the time-tiistory of acceleration
plots and stress & , fie structure are also

reported for further ratiun solutions.

From the analysis, E structure is able wsisl the compressive stress but some
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CHAPTER |
INTRODUCTION

1.1 Introduction

Earthquakes have been recognized as one of the most damaging natural
hazard. Earthquakes typically strike withoul waming any after only a few seconds leave
damage behind. Although earthquakes cannol beprevented, the current technology in
science and engineering provides new to:pia thal can be used to reduce their damaging
effects. Many earthquake disasiers have occurred during the present decade. An
earthquake causes a disaster depends on

1. The magnitude of the event
2. The distance of the active fault from the city
3. The -::ha;ac:lenjsﬁca‘-nfmil pmﬁla,“;

If the earthquake is small magnitude will ﬂm sufficiently violent to cause extensive
damage. If the large magnitude earthquake i_%ﬁs_tant far away from the city, the ground
shaking will not be strong. If the cily is well-prepared even the magnitude is large, those
close distance will not cause disasier. i

Seismic hazard in northem part of Thai!aﬂd”areas became a subject of detailed
study during the last few decades. The northern part DfThaﬂand logated in an active
region wherein/Several active faults have been detecled. As the historical data prove, a
large number of earthquakes have occurred in this area. The magnitudes of these
earthquakes are normally less than 5 of the Richter scale. However, northern part of
Thailand is likely to ‘experience strong earthquake frequently in the future. Recent
studies on active faults in this area indicate that earthquake with magnitude greater than
6 of the Richter scale might be possible occur. This study evaluates the seismic hazard
of Thailand, especially on the basis of the latest earthquake record and geological
active faull studies.

Wat Chediluang (1411 A.D.) is located in Chiangmai province of Thailand. This is

one of the most important ancient temples in Chiangmai since. The main structure
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systems made from brick and stone masonry. Chediluang (Grand pagoda) i1s the
highest pagoda in Chiangmai. The foundation is in square shape with the 60x60 meters
and height of 74 meters before it was partly destroyed by an earthquake in the past. It
was to remain one of the tallest structures in Chiangmai. The present restored pagoda is

approximately 40 melers height as shown in Figure1.
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Figure 1 (a) Chediluang after completed the ee?g@q@n in 1411 AD. (b) Chediluang
sl A ol
was partly desiroy&d in an earthquake in 1545 A.D.

N

a*

Nll'r'ol.:g-'i'l the brick masonry is one of the oldest forms of a;:ubtural material, the
study of its behawar under earthquake load started late in cmpansnn with other
materials like c.oncrete and steel. Masonry is a composite struclural material which in its
basic_form consists_of masonry units_and ‘mortar. Although masonry can carry
substantial loads in compression, its load bearing capacity for tension and shear
developed when subjected to seismic load is relatively low.

The dynamic behavior of masonry structures is tao complicated to be interpreted
by simple model. It is quite difficult to perform reliable guantitative strength evaluations
due to the difficulty of gathering experimental data on the resistance of structural

elements and even on the properties of the matenal on site. The analytical model of
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temples needs to be validated by the real structural charactenstics that are normally
obtained from the lab tesls. Also structural resistance decreases in ime due o
deterioration and aging effect is frequently accelerated by neglect or carelessness. The
most approprate method to investigate seismic effects on masonry structure would be
the measurement of real structure reésponse during earthquake or intensive artificial
seismic excitation. As for many reasons this is difficult and time consuming, therefore,
the seismic analysis was performed in FLUSH program. The real dynamic
characteristics of the temples are also the mosl important issue to evaluate their seismic
load capacity for fulure earthquakes.

The past strong earthquakes have already destrayed many ancient masonry
structures. To determine the dynamic capacity of masenry structures from seismic
excitation has become' very important fo protect these heritages from the possible
earthquakes in the future, a

1.2 Objectives of work )

1. To investigate active faulls in Northem ﬂwﬁandsgnd determine waveform of maximum
credible eaﬂquakﬁ'mgﬂﬁude based on eml'mg data from previous faulls studies.

2. To determine appropnate value of soil andm;tqrpt properties using in this analysis
such as soil density, shear modutus, damping ratio e}c_

3. To estimate dynamic capaeity of masonry st'ﬁién.rr"a‘shbjecled to seismic excitation.
1.3 Scope of Work .

1. Maerim and Maetha faull's characteristics which are 23 and 38 kilometers away from
Chiangmai city will be investigated base on existing geological data.

2. Maximum credible’ @arthquake magnitude will be considered, based on previous
studied, by empirical formulas.

3. Simulation of ground motion will be generated by stochastic method.

4, The behavior of masonry structure in various distances from the active faulls will be

considered (o evaluate their seismic resistance using FLUSH pragram.



CHAPTER Il
FAULTS INVESTIGATION AND WAVEFORM DETERMINATION

2.1 Faults Investigation

The seismic hazard al any given sile obviously depends on the seismic activity
of the region. Background information can bé obtained from many sources. Regional
seismic activity is seen lo include source mechanism, distribution of sources,
magnitudes, intensity of shaking, attenuation of intensity with distance and rates of
activity.

As most earthquakes arise from stress build-up due to deformation of the earth’s
crust, undarslandi___gg*ﬁf sgismic activity depends heavily on geological condition, which
is the science of the earth’s crust, and also calls upon knowledge of the physics of the
earth as a whole,i.e. geophysics. Faults are usually the seat of damaging earthquakes.
It is widely held that ﬂﬁuall} all large &amwaﬁs are caused by sudden displacements
on faults at varying depths. .

In some cases faults may reach the surface but are difficult to be recognized,
and it may not be possible to identify as an active fault from surface traces prior to its
next major movement. Apart from the presam;afuf weak superficial deposits, other
factors contribute to the difficulty nf idemﬂyingf?utts. such as low degree of fault activity,
thus creating less evidence and erosion and sadlrﬁﬂnt deposition rates that are higher
than the fault slip rates.

Some tectonic processes result in dispersed fault EmEs_at-ﬂHe surfaces so that
individual features are less pronounced. Fault zones vary in width from a few meters to
as much as kilometer or more. It appears that the characteristics of strong ground
motien in-the general-vicinity of the causative. fault can be strongly influenced by the
type of faulting. Housner suggests that four types of fault should be considered in the
study of destructive earthquakes;

(1)-Low-angle, compressive, underthrust faults: These result from teetonic sea-
bed plates spreading apart and thmusting under the adjacent continental plates, a

phenomenon common to much of the circum-Pacific earthquake belt:
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(2) Compressive, overthrust faults: compressive forces cause sheanng failure
forcing the upper portion upwards, as occurred in San Fernando California, in 1971

(also called reverse faulls);

Reverse Fault

Figure 2 Reverse Faull

(3) Extensional faulls: this is the inverse of the previous type, extensional strains

pulling the upper block down the sloping fault plane (also called normal faults);

Normal Fault

Figure 3 Normal Fault



&
(4) Strike-slip faults: relative honzontal displacement of the two sides of the faull
takes place along an essentially vertical fault plane, such as occurred at San Francisco

in 1906 on the San Andreas fault (also called wrench or transcurrent faults).

Left Lateral Stike-Slip Faulf

Figure 4 Strike-Slip Fault

Active faults include any faulls which are considered capable of moving in the
future. Because the amount and frequency of movement can vary enormously, it is
important to be able lo estimate the degree of activity likely to be exhibited by any fault
in the region.of interest, and various schemes have been devised for doing this. To this
rating of likelihood of movement should be added estimates of the associated
magnitudes of evenls. With the growing understanding of source mechanisms and the
use of the concept of seismic moment, 8 compressive system of fault activity
classification has been proposed by Cluff et al. as sel out in Table 1, based on an
analysis of 150 active faults. on a wordwide basis. The classification uses all the
parameters of interes! in fault behavior, in six general classes of active fault and five

sub-classes. Cluff el al. gave the following examples of different classes of faults.



Table 1 Comprehensive aclivity critena for fault classification

Seismic
: Slip per
i Slip rate Ruplure moment Magnitlude Recurrence
event
interval (yr)
1 <500
14 < 1000
1B <100
2 100 -1000
24 < 100
2B 1000
3 50 - 5000
4 1000 - 10000
44 0 205 210 265 100010000
—— g /
5 ———— Y > 10000

6 m = 100000

atuuhtamenuughin abuutmedateaandmlﬁufrrme

qma\an‘sm NMW’JWEH&EI



2.2 The nature and attenuation of ground motions

In order to obtain a complete predictive model for the ground motion al a given
site, it is necessary lo describe fully the ground motion at thé source and lo describe the
modifications to the ground molion as it propagates from source to site, Le. the
attenuation. The nalure of the sources and the attenuation are not the same for all
regions, and hence the appropriate regional deserpliens need to be determined from
assessing the seismic hazard at a given site.

)

2.2.1 Earthquake source models

The subjectof source models is an area of study for seismologists, the results of
which are fundamental to our mdws,tadﬂing of the nature of ground motion. From
amidst the -::ump'l'exitias of this maiqf.study'ﬂrqa a number of key parameters are evident
as being of interest to earthquake angi&sers some of which have already been
introduced, such as fault iength, fault width, gau!tdlspiaoemnl {or slip), stress drop on a
fault, and earthquake magnitude. id

An earthquake is the product of a diét@fﬂbéﬁnent discontinuity sweeping across a
fault surface. The shape_iﬁf the ruplure suﬂanaxgm the resistance across it are variable,
such that mathematical modeling of the sﬁ&ﬁ@"hmcass while often qualitatively
plausible, remains quantitatively promising ra'marman convincing. Nevertheless, various
simplified mmls are useful pradlctms of gross iaamms of ground motion and can be
helpful for amapalauons in.predicling design ground maﬁmammgjma with few data at
the appruprmn magnltudas and focal distances

Early work on source models concentrated on what could be learned from the
kinematics only, while more recently studies have been carried out based on the
fracture mechanics of eracks initiated in pre-existing stress fields on-a fault plane. In this
approach, called the dynamic model, components of the model such as fault slip and
rupture velocity are obtained by solving a mixed boundary problem. The local stress
drop-inside-the eircular crack areas is relatively constant, ranging from S0 to-400 bars
for all the events studied. Thus the maximum value of stress drop that is likely to occurin
any earthquake is uncertain, but values higher than several hundred bars do not seem

likely. Rupture velocity, the velocity at which faull rupture propagates, is a basic
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parameter of source modeling, with estimales typically varying from about half to about
equal to the shear wave velocity of the ruptured material, yielding rupture velocities

v_approximately 2 to 3 km/s.
2.2.2 Peak ground motions and attenualion

The most obvious piece of information 1o be gained from earthquake record is
obtain, and partly because earhquake f?rces are proportional to acceleration, in the
past this parameter has received most attention by engineers. Peak ground velocity and
displacement also have their uses, with growing interest in velocity in recent years. The
characteristics n'f’_ground'muﬁm vary wilh"}ha nature and size of the event at source and
with the distance from the source. Tradiﬂlunally the peak ground motions have been
described as a fungtion uf-magnimdé and dhi;nce from the source.

2.2.3 Upper bounds to peak gruurvﬁ?wﬂm

Brune gives two arguments, for ann.:ugpmg bound of about 2g for honzontal
acceleration in solid rock near to the smme.,ﬂq‘erabaralion of these results comes from
considering the ground motion at Em Surfaca'd;'e'fﬁﬁn S-wave radiated vertically during
the failure of the most heauiij.f loaded aspeﬁ:g@g;ﬁ"f;ult. The upper bound for a can lie
anywhere between 0.4 and 2.0g, depending ‘on the ratio of horizontal to vertical
principal stress. |

A mtﬁa& of ashmtmg peakhonzontal accelerations wmi':h is independent of
source mechanism and localion comes from considering the maximum acceleration that
can be transmilted according to the strength of the soil. Considera seismic shear wave

being transmitted ‘upwards through an elementary column of soil with forces and
motions.

2.2.4 Duration of strong motion

This variable is important because the amount of cumulative damage incurred. by
structures increases with number of cycles of loading, and also because the duration of

strong motion is used in evaluating one of the measures of strength of shaking, namely
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the root-mean-square acceleration. Duration of strong motion i1s usually defined in
relation to ground accelerations and several different definitions exist. The direct
approach is to equate duration to the time between the first and last accelerations on the
record which exceed some arbitrary minimum value, typically taken as 0.05g for
stronger events. Duration of strong mation tends to increase with both magnitude and
distance from the source and may also increase from rock lo soil sites.

Unfortunately, wadely varying expraﬁsinns"fq{ such correlations exist, partly
because of the inherent scatter in the data and partly because of the use of varying
definitions for duration of strong motion. As with all earthquake varables, durations
should be calculated from data for the region concemed, but at present the regional

dependence of duration of strong. n

2.3 Active Faults in Nerthem Thailand

Recent investigations have Edenlﬁéd a number of active faults in Northern
Thailand. The nommal faults are marked lﬂr stée;:l. linear range fronts with triangular
facets and wineglass €anyons and have slip rates of 0.1 lo 0.8 mm/year. Based on
limited data, the average vertical ditplacarﬁéf!ppervevent is about 1.0 to 1.5 m. These
faults are charactenzed by recurrence intewal;_:a;ﬂ?*uaands to tens thousands of years
and are capable of ganeraljﬁg Mquakas'-ﬂprﬂupfhomenl magnitude M7, and larger
(Clark H. Fenton, Punya Charusifi and Spencer H. Wood, 2003).

Due o lack of large damaging earthquakes during historical time, Thailand has
not been considered to be a seismically active country. Although there are number of
accounts of hislorical earthquake damage, the locations and sizes of most of these
events are nol well defined. Recent seismic in Thailand has been confined to low to
moderate levels with no clear association with ‘existing mapped faults (Bott et al., 1997).
In argas like Thailand, where there is no reliable, long-term earthquake record and an
absence of historical faults surface rupltures, it is necessary to examine the geologic and
geomorphic record, in order to quantify the activity .Gnssuspected active faults, and
thereby determine their contribution to the seismic hazards of-the region. List of
earthquake suspected from Maerim and Maetha faults from 1978-2007 is shown in Table
2.
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In this research, the results of several recent investigations of active faulls in
Morthern Thailand are summarized. The evidence for active faulting, illustrated by
examples of Maenm angd Maetha faults, and charactenstics of these faults are

discussed.

Table 2 List of earthquake suspected from Maerim and Maetha faults from 1978-2007

Year Month  Day. Time Laititude Lengtitude Magnitude Depth

1978 5 25 2322291 ) 1928 9907 4.8 8
1980 2 10 217528 19.35 99.23 4.1 10
1985 8 23 AEP3003 | 1815 99.28 33
1986 1 5 / 1616328 | 18.77 99.03 30
1987 i 29 220903  18.98 98.96 33
1988 2 18 1838424  18.87 99.17 4.2 5
1989 10 7 1120288 1948 9878 32
1989 9 20 | 1440819 1922 = 9923 33
1989 10 9 | 9142120 1932 9900 64
1989 11 11 6410287 1946 9851 10
1990 9 1 2434481 1929 |, 9926 37 33
1991 8 4 1221338 1859 9883 10
1995 12 21 —162957.9. 19.46 @  99.07 45 41
- 1998 5 23 4432028 1938 9876 4.0 33
2002 . 12 18 1347127 1919  98.96 4.3 40
2006 8 6 5152513 1943 9865 10
2006 12 12 1702297 1890  98.92 4.6 9
2007 6 19 5064269 1880 9900 10

2.4 Historical seismic activity in Thailand

Contemporary seismic aclivity in the Northern Thailand is diffusely distributed, of
low to moderate levels, does not appear fo be associated with currently mapped faults
(Figure 5), and is probably confined to the upper 10 to 20 km of the crust (Bott et al.,
1997). Although the historical earthquake record extends back to at least 1300 A.D., the
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largest known earthquake in Thailand has probably not exceeded Richter magnitude
MB.5. Associaling seismic activity with specific geologic structures, parlicularly mapped
faults, is extremely difficult in northern Thailand because large location uncerainties of

individual earthquakes (Bott et al., 1997).

LT

Figure 5 Faults and historical seismic activity (1362 to 1996) of the Northern Thailand
modified from Bott et al. (1997), -

2.5 Prévious fault studies in Thailand

Seismic source zones for Thailand was first introduced by Nutalaya et al. (1985),
based upon both seismological and geological evidences. Subsequently, Shrestha
(1990) identified 9 active faults in the country on the basis of only seismological data
analysis. Recently Department of Mineral Resources put an enormous effort to produce

the active fault map of Thailand with the co-operative research studies of Chulalongkom
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University (Thailand) and Akita University (Japan) on the bases of all the relevant
geotectonic, digitally - enhanced satellite-borne image, geochronclogical, historical and
seismological data along with the earlier published works (e.g.. Hinthong, 1995;
Nutalaya et al., 1985). Nutalaya (1994) and Hinthong (1995, 1997) initially complied data
on active faults in Thailand, idenﬁfyiqg,i:l af:hve potentially active, or suspected aclive
faults, based primarily on geomorphic aj{?s ion obtained from faull gouges.
Subsequent investigalions have added to mrﬁa@y active and suspected aclive
faults in Thailand (Figure 6). 2 . -

i
7
{
i

Hi

5i SawalFault Ionae

Figure'§ Actiye afid SUspected 36ive fauls i Thaitand modified rofh Hinthong (1995).
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2.5. 1Maerim Fault

Maerim fault northwest to southeast strike which is approximately 23 kilometers
away from Chaingmai city. Due to limited studies, so Maenm faull is not well defined. But
numerous events have been identified that the epicenter of many earthquake during

past 10 years lied on this fault as shown in Figure 7.

2.5.2 Maetha Fault

Maetha Fault Zone forms approximaltely 140 km-long, roughly NW-trending to the
east of the Chiangmai basin. The fault plane has a moderate dipping angle to west and
northwest. Along the northem part of its fault trace it sharply truncates the Maekuang
River, wilh the offset of aboul 4.5 km _in the right lateral slip. Small earthquakes with
mostly less than M3.0/and shallow depth oceurred abundantly in the northwestern part
of the fault. However, our geomorphologic investigations show poorly-defined
morphotectonic features during. Quatemary. Hot spring locations are mainly in the

southemn part of the faull. No dating data have been done along this fault yet.

('hrl]j[lr;lﬁr_ i

Figure 7 Lacal map of Chiangmai showing location of Chediluang and selected

earthquake epicenter generated by Maerim and Maetha fault (USGS data)
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2.6 Determination maximum credible earthquake magnitude

2.6.1 Magnitude versus fault rupture length

This is the most common method of estimating magnitude from a fault. As
seismic moment is a function of fault area. It may be expected thal the magnitude is
related to rupture length. From dala on worldwide historical events, Slemmons found
rough correlations for different fault types as follow,

Normal faults: M, =0809 +13411log L (1)
Reverse faulls: M, =2.021+l.142log L (2)
Sinke-slip faults: M, =1.404 +1.1691og L (3)

where, L is the rupturelength in meters. Because of the inherent large variance in the
above relationship, Bonilla carefully reworked the worldwide data, examining five
different fault types and carefully studying the variance. They found,

Ms(L)=6.04+0.708logL S = 0306 )

and the 95 percentile magnitude

2
J

Mog = Mg(L) +140 5 -f;q-'l] (5)

where, L is the rupture length in kilometers, Stsﬂ‘ua_ standard error, v is the number of
degree of freedom, and tis the statistic t-test parameter.

Alternatively, Moment magnitude, M, calculated from the formula of Well and
Coppersmith (1994) can be used

M, =581.16logL (6)
wheré L = Length of active segment.
2.6.2 Magnitude versus fault rupture area

Because ofthe'relationship between fault rupture area and seismic moment, & stronger
relationship may be expected using rupture area rather than rupture length. Indeed,
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even with errors in ruplure area up to a factor of two, estimates of magnitudes vary only

by 0.3 magnitude units. according to Wyss, who gives the following expression:
M. =4.15+log A @
where, A is the area of the fault rupture surface in square kilometers.
2.6.3 Magnitude versus fault displacement

Various empirical relationships have been developed between magnitude and
maximum observed surface displacements for historical events. and those derived by

Slemmons are
Normal faults: M, =6.668+0.75log D (8
Reverse faults: M, =6.793+1.306log D (9)
Strike-slip faults: Mg =6.974+0.804log D (10)

where, Dis the maximum surface ﬂispla&hnent in meters. As well as difficulties
experienced in finding and measuring the true maximum displacement in the field, the
large variance in the data used to derive me;ej-fgxpressinns needs o be recognized. A
special problem with earthquake in the magnitude of 5 1o 6 range is that many such
events have been associated with no m{ﬂi‘sﬁacemem. bul regression analyses

have not usually allowed far this and are thus biased in this magnitude range.
27 Deten;unaﬁmnfmm

Determination of waveform is one of the most important parameters in
conducling dynamic analysis of any kind of structures. In case where seismometer has
been widely installed; waveform of a particular-site can be directly obtained from the
recorded strong ground mation of the nearby instrument station., Without network of
reliable’ seismometer, generation of strong motion waveform from reliable numernical
method must be adopted.

Waveform can be more reliable generated based on the existing recorded of
small earthquakes in the targeted area. However, the proposed Chediluang site is a

remote area. There is no existing earthquake record nearby the site. To overcome this
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disability, small earthguake waveform will be first estimated from the statistical
simulation. The existing of soft soil can attenuate and altemate frequency content of the
vibration,

For most design purposes it can be assumed that ground motion is a random
vibratory process, and thalt accelerograms can be mathematically simulated wath
random vibration theory. This will be most rug at distances from the causalive fault
sufficient to ensure that the details of the fault 'ﬂi&piacement are not significant in the
ground shaking. Because of the scarcity, of actual bedrock recordings, at present the
modeling of simulated earthquake is necessarily based on the more numerous
accelerograms recorded on sefter soils. This is considered reasonable, as there is much
to suggest that the main difference 'bem,;een bedrock and soft-soil motions is one of
frequency content; :

To predict ground metions from f:':tu;".e Ia_rgﬂ earthquakes, the most important
factors are the source characiernizations Eurféurttplax rupture processes to formulate the
source chamcteﬁ;‘ﬂﬁung"ﬁa‘_ﬂd on recaﬂlﬂ”"(msﬁlls of the waveform source inversion.
There are two important aspects of charactarlzmg the earthquake sources, outer and
inner source parameters. The outer source pﬁ@meters such as total fault length, width,
seismic moment and S0 on are ebtainaﬁi;.db;age? on geological investigations of
capable earthquake faults and mrnahagmal ;ﬁ;fﬁes of source models. The inner
source parameters are parameters related to slip heterogeneity on fault plane from the
waveform inversion of strong motion records. To examine the procedure comparing
between obseved records and synthetic ground motions from the characterized
sources based on kinematic models for the recent large earthquakes. The validity of the
procedures for eharacterizing the earthquake sources and calculating ground motions

have to be confirméd.

High-quality ground motion records have been obtained from those recent
earthquakes. Peak ground acceleration and ve!ocily and response spectrum for
earthquake-resistant design are given by empirical methods as a function of magnitude,
fault distance, ground condition. Theré are twa important factars for predicting strong

ground maotion, one is source charactenzation based on geological features for active
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faults and statistical analysis of source processes from the waveform inversion of strong
motion records, the other is the estimation of the Green's functions from source to site.
To estimate strong ground motions in a determinislic approach, we need to have two

kinds of source parameters, outer and inner ones.
2.7.1 Outer Source Paramelers

The outer source parameters are tolal faulilength and width, average slip and
slip duration, ruplure velocity and so G(}_, which are to characterize the macroscopic
pictures of given snui_'a_:g_lal.dts. They are-:inferred._ based on geological investigations of
capable earthquake faulls and seismological studies of source models.

Total faultlengths ( L )-nfsmnaria’?arﬂ'imakes would be evaluated as one of the
long-term seismic hazgvd' evaluation. Some altempls have been making to estimate
segmentation and grouping of active fal.i!s'basad on branching features of seismic
surface ruptures (e.g. .M-atal‘.ida; 1998; Nal@:la: 1988). Such surveys give us strike (¢)
and slip type of every sqgmal'ﬂ ﬂﬁnsisﬁng' tha fault system. Dip angle (&) is inferred
from seismic reflection profile. — y

Fault width (W) gannot be directly d&permmed from the geological survey but
mostly from source nndellng f-:;ur wavefum‘i siﬁmlauuns compared with observed
records. The saturation of memxﬂhylelds for mnls‘iarger than M6.8, correspond to the
thickness of seismogenic zones. The sasrmqém: _zones are inferred from the depth-
frequency distribution of small earthquakes (lto, 19‘9{]__}. Recent study by Ito (1999)
shows that the seismogenic zones seem to have upper cutoff depth as well as lower
cutoff depth derived from the seimic-aseismic boundary in the mid-crust dependent on
regions.

The seismic moment of the capablé faults are estimated by the empirical
relalionship between the source areas and seismic sources (A4 = LW ), then average
slips are automatically constrained by the seismic moment and source area (e.g.
Somerville et al. 1999).
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2.7.2 Inner Source Parameters — Fault Heterogeneity or Roughness —

The slip and slip velocity have been found not to be uniform in the source areas,
in particular for large earthquakes more than 7 as clanfied from the waveform inversion
of rupture process (e.g. Wald, 1996). We need to know slip and slip velocily distnbution
in the source area as well as lhe average slip (o eslimate strong ground motions. We call
here such source parameters inner source parameters that express faull heterogeneity
or roughness. So far slip models have been denived from longer period ground motions
using the waveform inversion, Direct application of such iarsg-penmi 4 source models to
strong ground melien estimation is not always available because higher ground motions
than 1 Hz cannol.be generaled. Nevartheless, we found that the asperity models
derived from the helerogeneous slip d'rstrii;tutinn using the waveform inversion of longer-
period ground motion recordings  are avmlabla for estimatng broad-band ground
motions of engingering interest {B,g. Ifamagignd Irikura, 1998).

Someville et al. {;!'999} analyzed it;!a characteristics of slip models of totally
fifteen crustal eaithquakes ranging from abcl.ﬂ.rlt 6 to 7 in moment magnitude (M_) for use
in the prediction of strong ground motion. They used two approaches, deterministic and
stochastic, in characterizing the slip mndelsiflrsi they define fault asperities in a
deterministic manner o quantify the pmpﬂ.—h@sgﬂ heterogeneous slip models. The
asperities are areas on the faull ruplure su‘ﬁ-jﬁ& that have large slip relative to the
average slip.on the fault. An asperity is defined to enclose fault elements whose slip is
1.5 or more times larger than the average slip in the fault (in detail.refer to Somerville et
al. 1999). ‘ |

A simple and powerful method for simulating ground motions is to combine
parametric or functional descriptions of the ground motion’s amplitude spectrum with a
random phase spectrum modified such that.the metion. is. distributed over a duration
related to the earthquake magnitude and to the distance from the source: This method
of simulating ground motions often goes by the name “the stochastic method.” It is
particularly useful for simulating.the. higher-frequency ground motions of most.interest lo
engineers (generally, f > 0:1 Hz),-and it is widely used to predict ground motions for
regions of the world in which recordings of motion from potentially damaging

earthquakes are not available. This simple method has been successful in matching a
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variety of ground-motion measures for earthquakes with seismic moments spanning
more than 12 orders of magnitude and in diverse tectonic environments. One of the
essential characteristics of the method is that it distills what is known about the various
factors affecting ground motions (source, path, and site) into simple functional forms,
This provides a means by which the resulls of the rigorous sludies reported in other
papers in this volume can be incorporated inte practlical predictions of ground motion.

2.8 Literature Review
)

Comgrit (1997) investigaled the behavior of a masonry structure without
considering the soil-strueture. interaction during earthquake by using STRAP program.
The basic assumption was based on tha'I structure are thin shell structure which vary
depth from base 10 top of the structure. F!e found that under medium earthquake, the
structure were not able ta fesist mesammhad

Juhasova (2002) analyzed the saisc_ﬁic response of the masonry structure and
describes experiences wmh madelmg of tbdun-:i.:zlr*y,r conditions during the test of large
heavy model on shaking table. The main purpqge nf the research was how to increase
dynamic resistance €apagity of old masonry buildings including the medium and strong
seismic effects. J.J ,ﬂ

Jaishi (2003) inveshgatad the dyl'l-EllHi;-pI;:}:JEﬂIES of multi-tiered temples by
using finite element method. Those temples aqiﬁtﬁy=amb¢enl vibration methods under
wind-induced excitation to obtain real dynamic properties. Seﬂrme capacity evaluation
was performed using seismic coefficient method. The results Show that the failure
modes of masaniry temple are associated with tensile and compréssive stresses.

Soneji (2006) attempted to assess the influence of ‘dynamic soil-structure
interaction on the ‘behavior of seismically isolated structure. The emphasis has been
placed on assessing the significance of nonlinear behavior of soil that affects the
response of the system and identify the circumstances under which it is necessary to
include the soil-structure-interaction effects in the design of the structure. He found the
essential for effective design of the structure especially when the. structures, are very

rigid and the soil condition is soft o medium. He also found that the linear soil model
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does not lead lo accurate prediction of structure base shear response, and nonlinear
soil modeling is essential to reflect dynamic behavior of soil-structure system.

Livaoglu (2006) was also analytically inyestigated the foundation interaction. He
found that the tank roof displacements were affected significantly by the embedment in
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CHAPTER 1ll
SOILS CHARACTERISTIC AND MATERIAL PROPERTIES

3.1 Determinalion of site characteristics

In seismic regions geotechnical site investigations obviously should including
the gathering of information about the physical nature of the site and its environment that
will allow an adequate evaluation of seismic hazard to be made. In many earthquakes
the local geology and soil conditions have had a profound influence on site response.
On the assumption that the gross b-edrdi':k vibration will be similar at two adjacent sites,
local differences in geology and soil produce different surface ground motions at the
two sites. Factors influeacing the local modifications to the underlying motion are the
topography and pature of the bedrock ahd the nature and geametry of the depositional
soils. : 4
Soil conditions and local.geological features affecting site response are
numerous. The greater the rinr'iiont_al extént of the softer soils, the less the boundary
effects of the bédrock on the site response. The depth of soil averlying bedrock affects
the dynamic response, the natural pen-::.-ddl' vibration of the ground increasing with
increasing depth. Thi;_-';‘ihelps 1] ﬂetenninﬁ'f{;f’ig_,nfrequancy of the waves amplified or
filtered out by the soils and.is-alse related tu!f_t_&aﬁfount of soil-structure interaction that

will occur in an earthquake. ] 3 ; -

The slope of the beﬁ&ing planes of lh“e ;su;t; m.rarlying bedrock obviously affects
the dynamic fesponse; but it-is- less easy to deal nigorously withi non-horizontal strata.
Changes of soil types horizontally across a site affect the -respﬁﬁée locally within that
site, and may profoundly affect the safety of a structure straddling the two soil types.

The water eontent of the soil is an important factor in sile response. This applies
not only to sloping Soils as mentioneéd abave, but liquefaction may also occur in flat
terrain composed of saturated cohesionless soils.

Faults of varying degrees of potential activity sometimes cross the site of
proposed “or _eXisling constriction and| cases .of damagé have been'recorded: The

recurrence interval of given levels of fault displacement both horizontal and verical,.and
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the structure’s ability to tolerate the design displacement, sometmes need o be

evaluated.
3.2 Sile invesligations and soil tests

It is normal lo carry out some invesligations of the site, generally using Ffairly

standardized operations in the field and in the laboratory such as drilling boreholes.
3.2.1 Soil distribution and layer depth

Standard borehole dniling ant; sampling procedures are satisfactory for
determining layer thicknesses for most seismic response analysis purposes as well as
for normal foundation design. In the upper 15m of soil, sampling is usually carried out at
about 0.75 or 1.5 m intervals; from 15-3& m depth, a 1.5 m interval may be desirable;
while below 30m dépth/'1.8 of 3.0.m.may be adeguate, depending on the soi
complexity. If the site may be proné Io liquefaction or slope instabilities, thin layers of
weak materials enclosed in more reliable :{iatéf"ia! may need to be identified, requiring
more frequent or continuous sampling in mnas&s

o

3.2.2 Depth to bedrock

For use in response talculation, knw-‘[g;]gejt:lf the depth to bedrock or rock-like
material is essential. Be;rgm:! the qrdinarg.r bumhnl&gmm of 50-100 m, bedrock may be
determined from geophysical refraction surveys, preferably checked by reference to
information from geological records. In areas of deep overburden, for seismic response
purposes the depth at which bedrock or equivalent bedrock is réached may have to be
defined fairly arbitrarily. For example, on some sites it may be reasonable to say that
equivalent bedrock is.material for which the shear wave velocity at low strains (0.0001
percent) \is 760 m/s, where such ‘material. is not underlain by malerials having

significantly Tower shear wave velocities.
3.2.3 Groundwater conditions

Adequale standard borehole installations are available for accurately measuring

groundwater conditions at any site. For response calculations this information is used
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indirectly through effective confining pressures as lhey affect both shear modulus and
damping of the soil. Those sites which are most susceptible to liquefaction have their
water table within 3 m of the surface, while sites with water tables within about 8 m of

ground level may also be potentially liquefiable, depending on other soil parameter.
3.2.4 Penetration resistance leslts

The penetration resistance test is really an indirect means of determining the
relative density or degree of campaction of granular deposits. It is therefore an important
factor in the study of seftlement and liquefaction of scils in earthquake. It may also be
used to estimate shear modulus of the soil. Because it can be carried out simply,
frequently, and cheaply as part of routine subsail investigations, it is probably preferable
to the direct labwiary_m't for determining relative density.

Two basic Iypes of penetrometer are m common use for peneration tests, namely
hollow tube samplers and cone pengtrometers. Both types may be either driven by a
falling weight or by a stafic load into the undisturbed soil at the bottom of the borehole
as driling proceeds., When using the resulls of penetration tests for assessing the
condition of granular soils they may in some cases be used directly or else indirectly. It
is particularly important to bear in mind the Iatge ECEHEI‘ of results obtained using all
penetration tests; therefore peneliomeler readings *shuu[d be used to establish trends of
soil compaction rather than be censidered mﬂﬁb@ﬂlﬁl&ualuas,

3.2:5 Field determination.of shear wave. velocity

Although the shear wave velocity is often used directly in response analyses, it
may be thoughtof mainly as a means of determining the shear modulus G of a soil from
the empirical relationship. Determining shear wave velocity are the most applicable field
procedures because they involve a large mass of soil, they can be carried out in most
soil types, and they permit shear wave velocity to be determined as a function of depth.
Because these tests are only feasible at low levels of soil strain of 10 °- 10 ™ percent,
comparedwith design earthquake strains of about 10 * = 10" percent, values of shear

modulus calculated from the values of shear wave velocity will be scaled down for
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SEeISMIC response purposes. Il is also wise to compare values & computed in this

manner with values determined from laboratory tests.
3.2.5.1 Downhole method

Down hole surveys are performed by monitoring longitudinal and shear wave
propagation vertically in soil deposits in the vicinity of a borehole. A geophone or
hydrophone is clamped to the wall of borehole as.illustrate in Figure 8, lo monitor the
arrival of wave front propagating downward from the source on the ground surface. As
the source, a wooden plate clamped on the surfage is hit manually by a hammer. If the
plate is hit horizontally, it generates a shear wave polarized in the horizontal direction.
The longitudinal wave (P-wave) is generated by hitting the plate vertically or by dropping
a weight onto it. In the downhole method, the geophone is lowered to the desired depth
successively while generating the wave each time on the surface. The downhole survey
can be conducted effectively in place where space is limited. Shear wave velocities

from down-hole seismic test al site is shown in Figure 9.

Shot point

Figure 8 Downhole test method
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Figure 9 Shear wave velogities from downi-hole seismic test at site.
3.2.6 Field determination of fundamental peried of soil

Knowledge of the predominant period of vibration of a given site is helpful in
T il 110 proposed
construction to earthquakes. Many attempts have been made to measure the natural
period of vibration of dif-f;arent sites; the vibrations measured have generally been micro
tremors, some arnsing from small earthquakes or those induced artificially such as by
explosive charges, pile drving, passing trains or nuclear test explosions. It should be
noted that the fundamental period of tha sail will generally be between about 0.2 and 4.0
s, depending on the stiffness and depth of the soils overlying bedrock

Those investigating techniques related to the seismic response of seils are
discussed and summarized in Table 3.
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Table 3 List of main seismic soil factors with the most suitable test used in their

evaluation

General Procedure Test Condition Approx. Strain Range  Properties Determine

Modulus, Damping

Modulus, Damping

Modulus, Damping

Modulus, Damping

Modulus, Damping

Modulus, Damping

Modulus

Modulus, Damping

Modulus, Damping

Modulus, Damping
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3.3 Laboratory tests relating to dynamic behavior of soils

3.3.1 Cydlic triaxial test

This test is one of the laboratory methods at present available for determining the
shear modulus and damping of cohesive and cohesionless soils for use in dynamic

response analyses. In this axial compression stress-strain
characteristics are meas ive modulus £ so obtained is
converted to the

(11)
where v is Poisson's ratio. TI nay als ined from this test from
the resulting hysteresis diagram as illustratec in Fig \ ding on the range of
strains produ ; svel o - ay be chosen for plotting the

\
ﬂuﬁﬁﬂﬂ'§MHWﬂi

Figumu Hysteretic stress-stain reiaﬂumhips al different strain amplitudes

The disadvantages of this test are related to its inability to reproduce the stress
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condiions found in the field, i.e. thal the cyclic shear stresses are nol applied
symmetrically in the test, that zero shear stresses are applied in the laboratory with
isotropic rather than, anisotropic consolidation, and also thal the test involves
deformations in the three principal stress directions, whereas in earthquakes the soil in

many cases is thought to be deformed mainly unidirectionally in simple shear.

Cyclic shear tests are cared out at high strains (10 - 5 percent) equal to and
larger than the strains oceuming in strong earhquakes; since geophysical test involve
low strains, values of G at intermediate strains may be determined by interpolating
between G values found from these different methods, but as there is no overlap
between the strains occusring.in these two lests cross-checking between the field and
laboratory method.is not possibie. It is also to be noted that in the use of this test to
determine soil damping charactefisiics, no field method of evaluating damping is as yet
available for companson, and hence any va.lues of damping coefficient obtained should
be treated with appropriate caution. |

3.4 Dynamic properties of soils.

Sail behavior under dynamic Iuad%ng}_fé‘apends on many factors, including the
nature of the soil, the environment of the soil fﬁtﬁﬁb’ﬂr&ss state and water content) and
the nature of the dynamic Tuadmg {strain magmmda slraln rate, and number of cycles of
loading). Some soils increase in strength undar rapid cyclic loading, while others such
as saturated sands or sensilive clays may lose strength with vibrabion.

To provides background information on soil and rock properties required for
dynamic response analysis of soil or soil-structure systems, ways of estimating the basic
parameters of shear modulus, damping, and shear wave velocity are suggested, and
typical values of these-and other parameter-are given. In order to-obtain appropriate
design values of these parameters for a given site, suitable field and lgboratory tests

may be necessary.

34.1 Shear modulus

For soils the stress-strain behavior of most interest in earthquakes is that

involving shear. For small strains the shear modulus of a soil can be taken as the mean
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slope of the stress-strain curve. At large strains the stress-strain curve becomes
markedly non-linear so that the shear modulus is far from constant but is dependent on
the magnitude of the shear strain (Figure 11). There are vanous field and laboratory
methods available for finding the shear modulus & of soils. Field tests may be used for

finding the shear wave velocity, v, and calculating the shear modulus from the

(12)

strongly
by (or relative
dammbm not significantly by variations in grain size characleristics. It has been found

A TRITSI I TIVIETAY

K,(e,)? (13)
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so that the influence of void ration and strain amplitude can be expressed through
their influence on the parameter K,

The influence of other factors on K, , may be illustrated by the fesults in Figure

12 which were compulted using the relationships suggested by Hardin and Drnevich.
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modulus of sands (Seed and Idriss)

Figure 12 Influence of various factors on the shea

--"_- il---"'.--
Plots are presented to show the influence of ¢, effective verticalstress (o), K, , and
void ratio on the computed relationships between K, and strain amplitude From Figure

—
rear
« =

12, It may be seen that: =
(a) At very low strains (7 <10” percent), K,depends only on the void ratio, e

(b) Atintermediate strains (10° < < 10" -percent) the varation. of K, with.strain is only
slightly influenced by the vertical stress, and very slightly by variations in fand K,.The
valuesof K, are still influenced strongly by the void ratio however.

(€) At very High slrains ( #=10" percent), the values of K, arg'slightly influencad by the
vertical siress but they are essentially independent of K, ¢ ande.
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Thus for practical purposes, values of K, may be considered to be
determined mainly by the void ralio or relative density and the strain amplitude of the

maotions.
A number of investigators, using different laboratory testing procedures, have

Figure 14 Shear modulus of sands at relative density of about 40%
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Average relationships between K, and strain for these two relative density conditions
are shown in Figure 13 and 14, and they are compared in Figure 15. Values of K, at
other relative densities can be estimated by interpolation, as shown in Figure 15.

Figure 15 Shear modulus

It may be see 4 values of K, determined at
very low strains for lab !um@@em me the range of 50 to 75. The

results of a number of detenm'm' lus of sands at very low strain levels

good general agreement between the yratory and in-situ investigations.
For purposes of comparison, representative values of the relationship between

K, and strain at diffefént void ratios determi Hardin-Dmevich relationship for

B e
q_]Tha good agreement between the results in Figure 11 and 12 indicates that

reasonable values for the shear mtﬁuius of sands may be obtained either by use of the

R i\ VARA) xin i paiamll g

obtained in terms of the standard penetration resistance.



Table 4 Shear modulus of sands based on in-situ shear wave velocity measurements

Soil Depth (ft) K,
Loose moist sand ’ 10 34
Dense dry sand 44
Dense saturated sand 58-72
Dense saturated silty sa 65
Extremely dense silty s , , ‘ 86
Dense dry sand (slightly cemented) 65 166

Hﬂ’ﬁtclaﬁ?» X 119

in Figure 15 and 16 is
replotted fo shg : atio o modulus at strain y
to shear modulus @t a shear sirain of 10 percent, t \ fall within the relatively
narrow band sha in Figure 17. j_ a close approx --_-'..3: e modulus vs shear
strain relationship for any sand .
low strain level, say

lining the modulus at a very
netho ihe field, and then reducing this
value for other strain levels : 2 ; T res indicated by the average
(dashed) line in Figure —

Figure 16 Shear modulus of sand at different void ratio
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3.4.1,2 Shear modulus values for saturated clays

Accurate detgrmlnabnn of the sheqr maduluﬁ of saturated clays is enormously
complicated by the large effects of strﬂn amplltuda and sample disturbance on
modulus values. In-situ measurements eliminate the problems raised by sample
disturbance, but to date no tn“aahniquas J‘&ﬁve: been developed for inducing large
controlled strain amplitude in naunal d&miﬁ'ﬁﬁms modulus can only be determined
at very small strain levels. In the laboratory, en the other hand, samples may be tested
under a wide range of strains but for test specimens from natural deposits, the modulus
determined will inevitably be influenced by the effects of sample dmlurbance

The Jﬂlﬂ_l influence of these effects is Illush'atadkl;y—ti;a data presented in Figure
18 and 19. Figure 18 shows values of shear modulus for mud al a depth of about 25 ft
determined by in-situ shear wave velocity measurements by Aisiks andTarshansky
(1968) and values determined by cyclic loading simple shear tests on undisturbed
samples by Thiers (1965) Projecting the laboratory lest data to the strain level
corresponding to the field test conditions, it may be seen that the laboratory test values
are only about 40 percent of those for the in-situ clay..This result is not surprising in the
light of previots studies of the influence of disturbance on the modulus of natural clays
(Ladd, 1964) and it emphasizes the magnitude of the correction which may have to be

made for this effect.
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The influence of strain amplitude on shear modulus is also apparent from the

data in Figure 18, the values at strains of about 0.5 percent being only about 12 percent

of those corresponding to strains of the order to 107 or 10 percent.

ase values of shear
‘_ tioe _ wave velocity
measurements and from observations of the response of the da “during an earthquake;
modulus values fof undisturbed samples weré!détermined by resonant freq
e e
eam than the laboratory test values al comparable strains, and the modulus
decreases enormously with mcraaﬁ strain amplitude.

9 1 b s ik s

different clays will clearly depend on their relative strengths and stiffness. Hardin and

Drnevich express these effects in terms of the effective mean principal stress, void ratio,
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overconsolidation ratio and effective stress strength parameters, but the resulting
relationships do not always provide reasonable evaluations of shear modulus for in-situ

. conditions, as evidenced by the results shown in Figure 18 and 19.

‘clays does not vary

widely from @ l soil to another, and
(3) Test ﬁ!ﬂl very low strain levels indicates an approximately linear

"mﬂﬂﬁ '::T::::

characteristics might be taken Intfmnt with a reﬂnahle degree uf

and uxpmssglmg 1: ralalimsh — asa tion of shear st:am
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Tes! data obtained by a number of investigators and expressed in this form
are summarized in and plotted in Figure 20. For lest data obtained in laboratory tests
under unconsolidated-undrained test conditions, the measured modulus were multiplied
by a factor of 2.5 to make an approximate allowance for sample disturbance. Clearly the
to another bul in the absence of detailed
considered that a factor of 2.5

rre ictor for these effects. For in-situ and
laboratory consolidatee itior ' tion was applied to the test

— r S
results. F | -_"-I“

000

effects of disturbance will vary from

would represent a reasonat » average ¢

\eng Dietrich (1960}

L1367
ond Wilson [[A6T)
ord Walson (36T

While tl':e@ siderable scalter in Wda!a most of the test results fall within

T LI

estimates of the in-situ modulus for glay. .

ng the
the ratio of shear modulus at shear strain y to shear modulus at a shear strain of 3 x 10°
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percent. This ratio for the average values shown in Figure 20, is plotled as a funclion

of shear strain in Figure 17. Reasonable estimates of the shear modulus of clay at any
strain amplitude can be oblained by determining the in-situ value at strains of the order
of 3 x 10" percent by means of shear wave velocity measurements and applying the

reduction factors shown in Figure 21 to determine values at other shear strains.
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Figure21 Typical reduc r strain for saturated clay
0 fundamentally
different d rial damping and

maﬂnﬁm ratios for sands -

[ gt bl s

Drmevich concluded that shear str;rm effective mean principal stress (or o,and K;),

A JRle

the effects of varations in grain size characteristics were cmsndered to I:ne relatively

insignificant.
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Computations of the effects of the above factors on the relationship between
damping ratio and shear strain amplitude, as determined by the Hardin-Drnevich
relationships are shown in Figure 22. It is apparent that the effects of¢ , K, void ratio
and degree of saturation are relatively minor, and it can readily be seen from the

equation for maximum damping ratio
Ao =30—-1500gg N (14)

that if values of A are determined for ab&ut N =S5cyceles, values for other numbers of
cycles in the range of interest (say 5 to 30) will not be significantly different.

o'¥ o o4 ]

Figure 22 Influence of various factors on the damping ratio for sand

Thus the main factor affecting the relationship between damping ratio and shear
strain is the vertical confining pressuree, . The influgnce of this factor, as determined
by twa studies is shown in Figure 23. For pressures less than about 500 psf, the effect of
pressure changes may be significant but excluding these very low pressure, which
represent conditions in the top. few feet of soils, the effect of variations in préssure is
very small compared with the effect of shear strain, and an average damping ratio vs

shear strain relationship determined for an effective vertical stress of 2000 to 3000 psf
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would appear to be adequate for many practical purposes. Considering the potential
scatter of test data for damping ratios, even those obtained by the same investigator
using the same test procedure, the adoption of such an average relationship may be

even more justified.
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line. ﬂs average relationship is likely to provide values of damping ratio with sufficient
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Figure 23 Infl

accuracy for

y for many practical purposes. = T/
AT TR BRI N N
'/ between damping ratio and strain of particular sands for which limited test data is
available. If the value of damping ratio at a strain level of 0.1 to 0.5 percent is
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determined, the probable damping ratios at other strains can be closely approximated
by drawing a line through the known data point parallel to the curves shown in Figure

24,

28 :
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Figure 24 Damping ratio forsand .

; )
3.4.2.2 Damping values for saturated clays
=i,

Test data for damping ratios for saturated clays are so limited and the results
vary to such an extent that it is difficult to Mﬁﬁ‘me main factors influencing the
damping ratios of these soils. The results of these studies are mmm.auzed in Figure 21.
Approximate uppﬂr and lower bound relationships between damping ratio and shear
strain are shown by the dashed lines and a representative average relationship for all of
the test data is shown by the solid line. This average relationship may well provide
values of damping ratio with sufficient accuracy for many practical purposes.

The curves in Figure 25 also pravide a basis for evaluating the relationship
between damping ratio at a strain for any particular clay. If the value of damping ratio at
a strain level of 0.1 to 0.5 percent’is determined, the probable damping ratios at other
strains can be estimated by drawing a line through the known data point parailel to the
curves shown in Figure 25,
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Figure 25 Damping ratio for saturated clay

Laboratory methods generally measure G more directly from stress-strain tests.
It is clear that the 1apel of ‘strain at which G is measured must be known. Average
relationships of shear modulus fo strain are shown for clay and sand in Figure 26 as
produced by Seed et al. The shear modulus for -élays_ while always having the general
form shown in Figure 26, appears to vary as a ﬁ;nlcti_pn of the plasticity index.
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Figure 26 Average relationships of shear modus to shear strain for sand and saturated
clays (Seed et al.)

Shear strains developed during earthquakes may increase form about 10
percent insmall earthquakes to 10" percent for large motions, and the maximum strain
in each cycle will be different. Whitman sugges!s that for earthquake design purposes.a
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value of two thirds (G measured at the maximum sirain developed may be used.

Altemnatively, an appropriate value of G can be calculated from the relationship.

. (15)

T 21+v)

SD-Il type Puissnn's ralio

Soft clay 0.45
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Published data on damping ratios are sparse, and consist only of values

deduced from tests on small samples, or theoretical estimates. It should be appreciated
that to date no in silu determinations of material damping have been made, and that
damping ratios may only be used in analyses in a comparative sense. As dynamic soils
analyses are required for some projects, at least for its qualitative information, a means
of choosing values of material damping is required. Some material damping values are
therefore given in Figure 27. These represent average values of laboratory test results
on sands and saturated clays as presegied elsewhere. In the absence of any other

information it may be reasonable to take the damping of gravels as for sand.
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Figure 27 Average relationshipof internal dampin_g‘tn shear strain for sands and
salurated clay (Seed et al.}

3.5 Masonry Struciure-

The brick masonry is one of the oldest forms of structural material. Masonry has
also lagged behind other materals in the adoption of strength. There are numerous
studies conceming about behavior of masonry structure under seismic load. It also has
reasonable resistance to horizontal forces. However, masonry has a number of serious
drawbacks for earthquake resistance. It is naturally brittle; it has high mass and hence
has high inertial response to earthquakes; and relatively little research has been done
into its seismic response characteristics compared with steel and concrele. The

tendency to fail in a brittle fashion is the central problem with masonry. While
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unreinforced masonry may be categorically labeled as brittle, uncertainty exists as (o
degree of ductility which should be sought in reinforced masonry.

. Subsequent research in wvarious countries has examined various masonry
products and wall-reinforcing layouts, sometimes under slow cyclic reversed loading
and shake-table dynamic tests. The valua of having vertical and horizontal reinforcement
only at the perimeter of wall panels is surprisingly effective for both in-plane and out-of-
plane loading. The latter is more true for maseniy of higher tensile strength (i.e. concrete
blocks) and also is probably more true for stiff struclures with low lateral displacements.
Perimeter-only reinforcement is very cost-effective as a minimum provision for low-cost
construction and for 5trangﬂ-|emng of existing buildings.

For obtaining rellable seismic response behavior the principles concerning
choice of form, materials, and failure mode control discussed apply to masonry
structures, while furiher factors specific lo masonry are discussed below.

The wide range of masonry products, of clay and concrete types, means a wide
range of material behavior and h.ence:' of seisnuc reliability. Probably the mosl reliable
type is reinforced hollow concrete bbckﬁ. wf'mh have been more studied than other
masonry materials. However, with the grm)il]_g fesearch interest in reinforced clay
bricks® and other masonry products the full rana!ﬂtx potential and relative merits of the
various masonry materals are becoming bem mderstmd Where a choice between
relatively unresearched masonry matenals has o be made, those which are weaker in
compression and tension will obviously lend to be less reliable in earthquakes.

In considering reliability of seismic behavior of masonry structures through
structural forms-and failure mode control fewer alternatives need be considered than for
other structuralmalerials. Masonry is best suited to forming walls and less suited to
columns and lintel beams, and is constructionally and a seismically ill-suited for forming
other structural members. Thus this discussion mainly relates to the reliable seismic
behavior of walls.

While quite high repeatable ductility can be achieved in masonry walls and
columns by wusing thin steel plates between block courses the constructional
complications and ‘cost of such measures suggest that seeking high ductility for

masonry struclures is another example of seeking high ductility. The more pragmatic
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traditional approach of seeking limited ductility, so well demonstrated as successful
(at least for single-storey buildings) by the EERC lests, seems likely to remain

appropriate for most masonry structures, namely:

(1) Suppress the more brittle failure modes (e.g. shear);
(2) Design for limited ductility and adequate strength (e.g. the UBC approach);
(3) Use sound structural forms (as discussed below).

Masonry is a term covering a very wide range of materials such as brick, stone
and concrete blocks. Each of these materials varies widely in form and mechanical
properties. The variety available in form, color and texture makes masonry a popular
construction mat'eria_!._rmsanry has .s‘easoqabla resistance to horizontal forces. However,
masonry has a number of serious drawbacks for earthquake resistance. It is naturally
brittle, high mass and has high inertial raspunse to earthquakes. Relatively little research
has been done intoits aa"rsu'iicj response characteristics compared with steel and
concrete. “

The tendency o fail in, a, biiltle is a ﬂ"ﬁjﬂf problem with masonry. Subsequent
research in various countries has examinﬁag various masonry products and wall-
reinforcing layouts, sometimes under low cyc]iq I;gversbd loading and shake-lable
dynamic tests. The value of having verical and ﬁﬁr‘izmtal reinforcement distributed
throughout walls is apparent, but the use of reinforcement only at the perimeter of wall
parels is surprisingly effective for both in-plane and out-of-plane loading.

For ;pl?ﬁning reliable seismic response behavior the principles concerning
choice of form, materials, and failure mode control apply to masonry structures. The
wide range of masonry products, of clay and concrete type, means a wide range of
material behavior ‘and seismic reliability. Probably the most reliable type is reinforced
hollow concrete blocks, which have been more studied than other masonry materials.
However, with the growing research interest in reinforced clay bricks and other masonry
products the full reliability polential and relative merits Gf the various masonry materials
are becoming better understood. Where the choice between relatively unresearched
masonry materials has been made, those which are weaker in compression and tension

will obviously tend to be less reliable in earthquakes.
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In considering reliable of seismic behavior of masonry structures through
structural forms and failure mode control fewer alternatives need be considered than for
other structural materials. ¥

Masonry is one of the most widely used building materials in the world. Since
masonry is brittle, if construction does not accommodate this expansion and
contraction, cracking can resull. Masonry can be used as a structural system, as a
veneer, and can be used to build fireplaces and retaining wall. Masonry is strong in
compression but reduire the incorporation of reinforcing steel to resist tensile and
bending stresses. Masonry veneers can be constructed over many types of structural
frames and backing walls. Masonry also provides fire resistance, energy efficiency and
durability.

The Intemational Building Code _{IBCEHGD} defines masonry as “a built-up
construction or combination of building units ii;r materials of clay, shale, concrete, glass,
gypsum, stone or other approved unils bonded together with or without mortar or grout
or other accepted methods of joining”. ASTM (The American Society for Testing and
Malerials) E631 defined masonry as “conslruction usually in mortar, of natural building
stone or manufactured units such as brick, concrete block, adobe, glass, block tile,
manufacture stone, or gypsum block.” H

From structural engineesing perspecti’agg,-,ﬂﬁéunry is classified as plain masonry
and reinforced masonry. Plain masonry or masonry unit refers to natural or
manufactured building units of bumed clay, concrete, stone, glass, gypsum, or other
similar building units or combination made to be bonded together by a cement agent.
Plain masonry rafers to a form of construction that depends on high compressive
strength of masonry units. Like plain concrete, plain masonry possesses little tensile
slrength. Therefore, it.cannot be used as an efficient building material for structures or
structural elements that must resist tensile forces.

The term masonry includes many different matenals and types of construction.
Natural stone as well as manufactured unit of clay brigk, concrete block, cast/'stone,
structural clay tile are all masonry materials. Brick, concrete block, and stone are.the
most popular and most widely used. Brick and concrete block are usually laid with

mortar, but some block can be dry-stacked without mortar if the units have an
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interdocking shape or if a special surface-bonding mortar is applied to hold the unit
together.

Brick can be made of several different materials, but the most common type of
brick is made from ordinary clay oil. Clay brick is the oldest manufactured building
material in the world, and it is still one of the most widely used. Sun-dried bricks are a
traditional residential construction material in dry climates and are still used in many
countries. J

Brick are rectanqular in shape but_l_‘come in many different sizes. The easiest size
to work with is called modular brick because its height and length are based on a 4
inches module. Colors and textures vary depending on the clay and the methods used
to form the brick. Reds, browns, tans and pinks colors are common.

Brick has/many propérties which make it a good building material. It is strong,
hard, fireproof, abr?aéicm resistance and pﬂmdas some degree of thermal and
acoustical resistance, Three of the most ';impgrtant properties of brick are strength,
absorption and freeze-thaw resistance.

Brick are much stronger than they need to be for simple one and two story
construction. Compressive strength can range from 1,500 to 22 500 psi. Mortar is not as
strong as brick, so when morar and brick aﬁ'-mipinm. the compressive strength of
the masonry drops to about 1,000-2,000 psi depending on the mortar mix and the exact
brick strength. A brick wall could theoretically support its own weight for a height of
more than 100 meters without crushing. To resist the bending stress of wind loads, the
wall also needs flexural strength. Flexural strength requires godd bond between the
mortar and the Units. Good bond is a function of brick texture and absorption, mortar
quality and workmanship.

Unreinforced masonry has been in usé in many countries for many years. The
inherent weakness of unreinforced masonry structures to resist lateral loads was clearly
exposed during the 1933 Long Beach earthquake (M6.3). Although strong enough to
resist gravity loads, these slructures proved incapable of providing the requiréd lateral
rasistance 10 ‘seismic forces. Thus, in the ensuring period, reinfarcing of masonry
construction was codified, resulting in modern engineered reinforced masonry

construction, most numerous examples of which are to be found in California. Poor
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performance of unreinforced masonry was again evident during Oclober 1, 1987
Whittier Narrows earthquake (M6.3), and the October 17, 1989 Loma Prieta earthquake
(M7.1). In The January 17, 1994 Norhridge earthquake (Mw=6.7), hundreds of
unreinforced masonry struclures were severely damaged and some simply collapsed.
Many reinforced masonry structures and retrofitted unreinforced masonry structures also
were severely damaged during this earthquake, presumably because of poor
engineering design, delailing or poor workmanship and quality control. Extensive
destruction of unreinforced masonry structures dunng these earthquakes called
attention to poor tension and shear resistance of unreinforced masonry. This is not to
say that unreinforced masonry structures do nol posses any strength or stiffness. On the
contrary, numerous studiés have proved unreinforced masonry walls to be stronger than
their cracking strength, and that they do posses substantial deformation capacity.
Sufficient evidence of this inherent strmd& was found during the Loma Prieta
earthquake in the historic two-story firehouse in _Gﬂmy. California (approximately 15 km
southeast of the epicenter at Loma Prieta), Mi‘ch had been instrumented with six
accelerometers before mar-'aarmql_:ﬁke. Unrelnfurcad masonry brick walls form the
envelope of this building, joined by wood floor and roof systems. In spile of the roof
acceleralions as large as 0.79g, this structure was undamaged, with the exception of
two isolated cracks. LL

3.5.1 Standard Test Methods for Sampling and Testing Brick and Structural
Clay Tile (ASTM C67-99a) ~

These test methods cover procedures for the sampling and festing of brick and
structural clay tile. Although not necessarily applicable to all types of units, tests include
modulus of rupture, compressive strength, absarption, saturation coefficient, effect of
freezing and thawing, efflorescence,’ initial rate of absorption and determination of
weight, size, length change, and void area. (Additional - methods of test pertinent to
ceramic glazed facing tile are includéd in Specification C 126.)
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3.5.1.1 Compressive Strength

Test Specimens:

Brick—The test specimens shall consist of dry half brick, the full height and width
of the unit, with a length equal to one half the full length of the unit 61 in. (25.4 mm),
except as described below. If the test g)ecim‘n. described above, exceeds the testing
machine capacity, the test specimens shall consist of dry pieces of brick, the full height
and width of the unit, with a length not less than one quarier of lhlIE full length of the unit,
and with a gross cross-sectional area perpendicular to bearing not less than 14 in.
{90.3 {:m?]. Test specimens shall be obtained by any method that will produce, without
shattering or cmc:ldng, a specimen with approximatefy plane and parallel ends. Five
specimens shall be tested.

Capping Test Specimens:

All specimens shall be dry and cool bafnra any portion of the capping procedure
is carried out. If the sudace which will becun'_la bea[ir.g surfaces during the compression
test are recessed or paneled, fill the dapressid#slﬁth a mortar composed of 1 part by
weight of quick-hardening cement :‘:unfurming‘lﬁ'ﬂm requirements for Type Il cement of
Specification C 150, and 2 pﬂm.by weight uiggnd.“ﬁ.ge the specimens at least 48 hrs
before capping them. Where the recess exceeds 2 in. (12.7 mm), use a brick or tile
slab section or metal plate as a core ﬁ!l. Cap the test specimens using one of the two
procedures;

Gypsum-Capping: Coat-the two opposite bearing surfaces of each specimen
with shellac and allow to dry thoroughly. Bed one of the dry shellacked surfaces of the
specimen in a thin coat of neat paste of calgined gypsum (plaster of paris) that has
been spread on an diled honabsorbent plate; such as glass or machined metal. The
casting surface plate shall be plane within 0.003 in. (0.076' mm) in 16 in. (406.4 mm) and
sufficiently rigid; and so supported that it will not be measurably deflected during the
capping ‘operation. Lightly. coat it with oil or ‘other suitable material. Repeat this
procedure with the other shellacked surface. Take care that the cpposite bearing

surfaces so formed will be approximately parallel and perpendicular to the vertical axis
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of the specimen and the thickness of the caps will be approximately the same and not
exceeding v8 in. (3.18 mm). Age the caps at least 24 hr before lesting the specimens.
A rapid-setting industrial type gypsum, such as Hydrocal or Hydrostone, is frequently
used for capping.

Sulfur-Filler Capping: Use a mixlure containing 40 to 60 weight % sulfur, the
remainder being ground fire clay or other suitable inert matenal passing a No. 100 (150-
A m) sieve with or without plasticizer. Place four _i-in. (25.4-mm) square steel bars on
the surface plate to form a reclangular mold approximately V2 in. (12.7 mm) greater in
either inside dimension than the specimen. Heat the sulfur mixture in a thermoslatically
controlled heating pol to a temperature sufficient to maintain fluidity for a reasonable
period of time after contact with the surface being capped. Take care to prevent
overheating, and stir the liquid in the pat just before use. Fill the mold to a depth of va
in. (6.35 mm) with molten sulfur matenal. *Pis';::a the surface of the unit to be capped
quickly in the liquid, and hold the specimen so that its vertical axis is at right angles to
the capping suface. Thaihidmesa of the caps shall be approximately the same. Allow
the unit to remain undisturbed until solidification is complete. Allow the caps to cool for a

minimum of 2 hrs before testing the Specimens.
Procedure:

Step 1: Test brick specimens flatwise (that is, the load shall be applied in the direction of
the depth of the brick). Test structural clay tile specimens in a position such that the load
is applied in the same direclion as in service. Center the specimens under the spherical
upper bearing within ¥16 in. (1.59mm).

Step 2: The testing machine shall conform to the requirements of Practices.

Step 3: The upper bearing shall be a spherically seated, hardened metal block firmly
attached at the center of the upper head of the machine. The center of the sphere shall
lie at the center of the surface of the block in contact with the specimen. The block shall
be closely held.in its spherical seal, but shall be free to tum in any direction, and- its
perimeter shall have at least Vain. (6.35 mm) clearance from the head to allow for

specimens whose bearing surfaces are not exactly parallel. The diameter of the bearing
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surface shall be at least 5 in. (127.00 mm). Use a hardened metal bearing block
beneath the specimen to minimize wear of the lower platen of the machine. The bearing
block surfaces intended for contact with the specimen shall have a hardness not less
than HRC60 (HB 620). These surfaces shall not depart from plane surfaces by more
than 0.001 in. (0.03 mm). When the bearing area of the spherical bearing block is not
sufficient to cover the area of the specimen, place a steel plate with surfaces machined
to true planes within 0.001 in. (0.03 mm), and with a thickness equal to at least one third
of the distance from the edge of the spherical bearng to the most distant comer
between the spherical bearing block and ﬁa capped specimen,

Step 4: Speed of Testing: Apply the load, up to one half of the expected maximum load,
at any convenient rate, afier which, adjust the controls of the machine so that the

remaining load is applied at a uniform rate in not less than 1 nor more than 2 min.
Calculation and Report;
Calculate the compressive strength of each spgcimen as follows:

‘Compressive strength, C ;;= W! A (16)
where: . |

C = compressive strength of the Specimen, {kgf?émz‘-] -
W = maximum load, (N}, indicated by the testing machine, and
A = average of the gross areas of the upper and lower bearing surfaces of the

specimen, (cm ‘).
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Table 7 Compressive strength test of Masonry Unit

Length e Hoioht | Maxioad |
Sample strength
{(mm) (mm) (mm) (kg.) (MPa)
1 163.58 63.63 39.33 2629 2.48
2 16265 62.60 40.32 3008 2.91
3 162.45 63.18 39.88 2065 2.83
4 16246 6288 | 40.19 2710 2.60
5 162135 6331 | 4136 2890 2.74
Average 2mM

352 Standard Test Methiod for Spliting Tensile Strength of Masonry Units
(ASTM 1006-84)

This test method covers the determination of the splitting tensile strength of
masonry units. Masonry units alone and within assemblages commonly fail in a tensile
mode when lopaded in compression to failure. These tensile stresses resull from
differences in modulus of elasticity and Poisson's ratio between the masonry unit and
mortar. Additionally, the dissimilarity in behavior of the grout within cores of masonry
units under load leads to lensile stresses in the units and results in a splitting failure.
This test method produces a line load along the bed surface of the masonry unit. The
compressive load applied to the unil, imposed by means of bearing rods; results in a
tensile stress distributed over the height of the unit for the split length of the unit. This
test method can be applied in either the longitudinal (parallel to the face) ér the
iransverse direction. The test value provides an indicator of masonry-unit splitiing tensile
strength. Additionally, the presence of defects such as wvisible voids or impurities in
masonry units may be revealed.
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Apparatus

Bearing Rods matched paired steel bearing rods with diameters within VB to
12 of the specimen height, of a l'englh greater than the length of the intended lest area,
and of straightness within 0.5 % of the specimen length shall be provided for each unit.
Bearing rods that meet the straightness requirement can be reused.

Supplemental Bearing Bar or Plate: If the diameter or largest dimension of the
upper bearing face or lower bearing block is less than the length of the specimen to be
tested, a supplementary bearing bar or plale shall be used. The contact surfaces of the
bar or plate shall be machined to within 0.05 % of planeness as measured on any line of
contact of the bearing area. The bearing bar or plate shall have a width of at least 2
in. (50.8 mm), and a mi:kness not less than the distance from the edge of the spherical
or rectangular bearing block to the end of the specimen. The bar or plate shall be used
in such a manner that the load will be uniformly applied over the entire inlended split

length of the specimen.
Testing Machine

The testing machine shall c::;ﬁfnrm ta the requirements, and may be of any type
of sufficient capacity that will provide the rate of loading. The upper, hardened metal
bearing face shall be spherically seated and altached at the center of the upper head of
the machine. The center of thé sphere shall lie at the center of the surface of the plate in

contact with the specimen. The bearing plate shall be closely held.in.its spherical seat

but shall be free to fum in any direction; its perimeter at the ball face shall have at least
V4 in. (6.4 mm) clearance from the head of the machine to allow for specimens whose
test surfaces are not exactly parallel. The diameter of the bearing surface shall be at
least S.in. (127 mm). The bearing block surfaces that will contact the bearing bar or

plate shall not depart from plane surfaces by more than 0.05 %.
Sampling

Selection: For the purpose of this test, full-size masonry units shall be selected at

random by the purchaser or by his authorized representative. The specimens shall be



56
representative of the whole lot of units from which they are selected and shall include
units representative of the completle range of colors and sizes in the shipment.

Number: A minimum of five specimens shall be tested for the first 250 000 units.
The minimum number of test specimens shall be increased by one unit for each 50 000

additional units or fraction thereof.
Procedure

Positioning Bearing Rods: For units less than 4.in. (101.6 mm) high, mark the
intended location of the split suface on both faces, stretcher or normally exposed faces
for transverse spliting, and end faces for longitudinal spliting. Spread a gypsum
capping compound along the bed surface between these two marks. Place the bearing
rod into the fresh.eompound and press until contact is made with the unit. After the
compound has set, place the second bearing rod parallel to the first on the opposite
bed surface using an alignment device as illustrated in Figure 28. The two rods must be
within ¥4 in. (6.4 mm) in 8in. (203.2 mm) of being parallel.

Figure 28 Example of Alignment Jig for Maintaining Parallel Bearing Rods

For units. =4 in. (101.6 mm) high, use a carpenter's square to draw a line
perpendicular to the bed surface on opposite exterior faces. Spread capping compound
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on the upper bed surfaces between the two lines. Align the bearing rods with the lines
on the faces, and press one rod into the fresh compound until in contact with the unit.
After the compound has set, invert the unit and repeat this procedure on the opposite
bed surface. The two companion rods must be within V4 in. {(6.4mm) in 8 in. (203.2 mm)
of being parallel. The bearing rods shall be positioned no closer lo a free edge than one
half the specimen height. Cure the capping compound for at least 2 h at 756 5°F (22 6
18°C) prior to testing.

Test Alignment: Align the rods with the cenierine of the plates, and center the
rods in the transverse direclion. Support the specimen on compressible rods or tubes
that are ¥16 in. (1.8 mm) smaller in diameter than the bearing rods. Remove the
compressible rods when the specimen is held in vertical orientation by the testing-
machine platens.

Rate of Loading: Apply the load without impact and load continuously at a rate
less than BBIG6N/miInN.

Measurement: Determine the irewghmf the specimen to the nearest 0.1 in. (2.5
mm) by averaging h"nre&'heig_'l!s measured n&atme._,ands and the middle and on a plane
perpendicular o the bed surface. D,eternin’q‘ #’IE split length of the specimen to the
nearest 0.1 in. (2.5 mm) by auerajlng al least i;;!;ﬁi'{ngnasmaments taken on the plane of
the bearing rods. Measure nel length for halluw;nfiﬁi‘[iﬁd gross length for solid units.

Calculations:

Calculate the splitting tensile strength of the specimens as follows:

-

T=2PIrLH (17)

where:

T = splitting tensile strength, (kPa),

P = maximum applied load indicated by the testing machine, (kN),

L = spilit length, (m), net length for hallow units, gross length for solid units, and
‘H = height, {m).
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Length Width Height Max. Load Tensile Strength
Sample
(mm) (mm) (mm) (kg) (MPa)
1 161.5 61.26 40.66 173 0.16
2 160.5 62.84 41.34 182 0.17
3 162.2 60.18 4258 151 0.13
4 162.8 62.30 40.22 160 0.15
5 160.6 6148 41.28 165 0.16
Average 0.15

3.6 Summarized material properies and soil mmetm

The materials of structural cump-umntaf‘-a"ré.{assumed homogeneous, isolropic

and linearly elastic. The material properiies mﬁk&n from previous works on material

testing at the real site in Ghiangma‘i. The permissible stresses of masonry structure are

derived from-the field and laboratory test in Chiangmai a5 showneinTable 9. Soils are

considered in layers of different thickness resting on rock with decreasing damping with

depth. It is assumed that the rigid bedrock is available at a depth of 17.83 m. The

dynamic properties of the soil such as unit weight, Poisson's ratio, shear modulus,

damping ratio, ete. that vary with the depth.are given in. Table 10.

Table 9 Permissible stresses on masonry

Failure mode Permissible stress (MPa)
Tensile 0.15
Compression 2.71




Table 10 Properties of soil type condition

Layer Thickness Unit  Poisson's  Max Shear Damping v, Vv,

weight Shear  modulus

(mfs) (m/s)

270 890
820
610
410

B 38
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CHAPTER IV
SOIL-STRUCTURE INTERACTION

4.1 Dynamic analysis

For large or complex structures static methods of seismic analysis are often
deemed to be not accurate enough and many authorities demand dynamic analyses for
cerain types and size of structure. Various methodsof differing complexity have been
developed for the dynamic seismic analysis of structures. They all have in common the
solution of the equations of metion as well as the usual statically relationships of
equilibrium and stifiness, For sinuiciures with more than three degrees of freedom such
analyses are, of course, generally camied out using computers. The three main

techniques currently used for dynamic analysis are;
4.1.1 Direct 1nt&gmﬁon of the equation of motion by step-by-step procedures

Direct integration provides the nmstpmuerful and informative analysis for any
given earthquake motion. A ime-dependent *ﬁming_ﬁmﬂinn {earthquake accelerogram)
is applied and the cormesponding respanse—h.istory of the structure during the
earthquake is computed. That is, the momentl am;f force diagrams at each of a series of
prescribed intervals througheut the applied nmmcan be found. Computer programs
have been written for both linear elastic and nonlinear inelastic material behavior, using
step-by-step integration procedures.

Linear behavior is seldom analyzed by direct integration, unless mode coupling
is-involved, as narmal mode techniques are easier, cheaper, and nearly as accurate.
Three-dimensional non-linear analyses have been devised which can take the three
orthogonal accelerogram componenls from .a given earthquake, and apply them
simultaneously to the structure. In principle, this is the most complete dynamic analysis
technigue so far devised, and is unfortunately correspondingly expensive to carry out.

4.1.2 Normal mode analysis

Normal mede analysis is a more limited technigue than direct integration, as'it

depends on artificially separating the normal modes of vibration and combining the
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forces and displacements associated with a chosen number of them by superposition.
As with direct integration techniques, actual earthquake accelerograms can be applied
to the structure and a stress-history determined, but because of the use of superposition
the technique is limited to linear material behavior. Although modal analysis can provide
and desired order of accuracy for linear behavior by incorporating all the modal
responses, some approximation is usually made by using only the first few modes in
order to save compulation time. Problems are encountered in dealing with systems
where the modes cannot be validly separated, i.e. where mode coupling occurs.

The most serious shertcoming of linear analyses is thal they do not accurately
indicate all the members requiring maximum ductility. In other words the pattemn of
highest elastic stressesis not necessarily the same as the patiern of plastic deformation
in an earthquake structure. For important Structures in zenes of high seismic risk, non-

linear dynamic ana!pié is sometimes called for.

4.1.3 Response spectrum lechniques

The response spectrum technigue is really a simplified special case of modal
analysis. The modes of vibration are determined in period and shape in the usual way
and the maximum respanse magniludes coang to each mode are found by
reference to a response speciruim. An arbilrary;&ia-iﬁ"“than used for superposition of the
responses in the various meodes. The resultant moments and forces in the structure
correspond to the envelopes of maximum values, rather than a set of simultaneously
existing values. The response spectrum method has the great virtues of speed and
cheapness.

Although this technique is strictly limited to linear analysis Because of the use of
superposition, simulations of non-linear behavior have been made using pairs of
respanse spectra, one for deflections and one for accelerations. The expected ductility
factor is chosen in advance and the appropriate spectra are used. This is clearly a fairly
arbitrary procedure, and appears unlikely to be more realistic than the linear résponse
spectrum methad. Lai and Biggs have shown that Newmark and Hall's method, can be
unconservative and have developed an improved procedure.
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4.2 Seismic response of soil-structure systems

The importance of the nature of the sub-scil for the seismic response of
structures has been demonstrated in many earthguakes, but a reasonable j
understanding of the factors involved has only recenlly begun to emerge. For example,
it seems clear from studies of earthquakes that the relationship between the periods of
vibration of structures and the period of the supporting soil is profoundly important
regarding the seismic response of the structure.

In order to evaluate the seismic response of a struclure at a given site, the
dynamic properties of the combined soil-structure system must be understood. The

nature of the sub-seil may influence the response of the structure in three ways:

(1) The seismic excitation at bedrock is modified during transmission through the
overlying soils to the foundation. This may c:ausa attenuation or amplification effects.

(2) The fixed base dynamic properties of the structure may be significantly
modified by the presence of Soils overdying bedrock. This will include changes in the
mode shapes and periods of vibration.

(3) A significant part of the vibration energy of the flexibly supported structure
may be dissipated by material damping and m_dj,gtiun damping in the supporting

medium.

ltems (2) and (3) above are investigated under the general tifle of soil-structure
interaction, which-may be daﬁnedaa&mmlerdq:andanlrm relationship between
a structure and its supporting soil. The behavior of the,_structure is dependent in part
upon the nature af supporting soil and similarly the behavior of the stratum is modified
by the presence of the structure.

It follows that soil amplification and attenuation willl also be influenced by the
presence of the structure, as the effect of soil-structure interaction is {0 produce a
difference between the motion at the base of the structure and the free-field motion
which would. have occurred at the samé jpoint Jin' the absence of the stnicture: In
practice, however, this refinementin determining the soil ampilification is seldom taken
into account, the free-field motion generally being that which is applied to the sail-
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structure model, as discussed in the following section. Because of the difficulties
involved in making dynamic analytical models of soil systems, it has been common
practige to ignore soil-structure interaction effects simply treating structures as if rigidly
based regardless of the soil conditions. However, intensive study in recent years has
produced considerable advances in our knowledge of soil-structure interaction effects

and also in the analytical technigques available, as discussed below.
"4.2.1 Dynamic analysis of soil-structure systems

Comprehensive dynamic analysis of soil-structure systems is the most
demanding analytical taskin earthquake engineering. The cost, complexity, and validity
of such exercises are major considerations. There are two main problems lo be
overcome. First, the large computational effort which is generally required for the
foundation analysis makes the choice of foundation model very important; five main
methods of modeling the foundation are discussed in the next section. Second, there
are great uncertainties in defining a design gtouﬁd mation which not only represents the
nature of earthquake shaking appropriate for the site but also represents a suitable level

of risk.
4.3 Finite elements Analysis

The use of finite element for modsling the foundation of a soil-structure system is
the most comprehensive (if most expensive) method available. Like the half-space
model it permils radiation damping and three-dimensionality, but has the major
advantage of easily allowing changes of soil stifiness both vertically and horizontally to
be explicitly formulated. Embedment of footings is also readily dealt with. Although a full
three-dimensional model is generally too expensive, three dimensions should be
simulated. This can be achieved either by an equivalent two-dimensional model, or for
structures with cylindrical symmetry an analysis in cylindrical co-ordinates can be used.

In order to simulate radiation of energy through-the boundaries of the element

model three.main methods are available,
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(1) Elementary boundaries that do not absorb energy and rely on the distance
to the boundary 1o minimize the effect of reflection waves.

(2) Viscous boundaries which attempt to absorb the radiating waves, modeling
the far field by a seres of dashpots and springs, as used by Lysmer and Kuhlemeyer.
The accuracy of this method is not very good for thin surface layers or for horizontal
excitation, although an improved version has been developed by Ang and Newmark.

(3) Consistent boundaries are the besl absorptive boundaries at present
available, reproducing the far field in a way consislent with the finite element expansion
used to model the core region. This method was developed by Lysmer and Waas and
generalized by Kausel The later method, among other things, allows the lateral
boundary to be placed diregctly at the side of the foundation, with a considerable
reduction in the rmrﬁbar of degrees of freedom.

Non-linearity of soil behavior can be modeled with non-linear finite elements, but
the necessary time-domain analysis, is very expensive with most methods. Alternatively,
non-linearity could theoretically be simulated in repelilive linear model analyses with
adjustment of modulus and damping in each cycle as a function of strain level. In
frequency-domain solutions (for example, maén using consistent boundaries) non-
linearity can be appmxiﬁnate&)r-simulated agam'uéh'@m iterative approach. In a study of
a nuclear containment structure, Krusel showed that the iterative linear approach was
adequate for-structural response calculations, thé nﬁsﬂy full non-linear analysis only
being warranted for. detailed investigation.of soil behavior.at or.nearfailure.

As in the half-space solutions, material damping may be accounted for by using
a viscoelastic finite element model as used by Kausel and Roesset, or the Rayleigh
damping model may be used.

A recent major.development by Bayo and Wilson permits a time-domain solution
with much greater computational efficiency than was previously possible, due to the use
of Ritz vectors falher than exact eigenvalues for free-vibration mode shapes. Factors
that may be-incorporated include structural embedment, arbitrary soil profile, flexibility of
the foundations, spatial varations of free field motions, interaction between two or more

structures, and non-linearity of soil and structure.
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4.4 FLUSH Program

Analyses of soil-structure interaction effects during earthquake for the structure
are usually made by one of two methods. Either by means of complete interaction
analysis involving consideration of the variation of methods in the structure and the
adjacent soil, or by an inertial analysis in which the molions in the adjacent soil are
assumed to be the same at all points above foundation depth. For surface structure, the
distribution of free field motions in the underlying soil has no influence on the structure
response. For embedded structures, cansideration of the varation of ground motions
with depth is essential if adequate evaluations of soil and structural response are to be
obtained without undue conservatism. A simple structure is involved accurate
evaluations of the motions at the base of the structure can be obtained using two-
dimensional analyﬁbal model.

4.4.1 Two-dimensional Finite Element Analyses

A complete analysis of the soil-structure interaction problem would involve a
determination of the response of a structure when it is subjecled to earthquake ground
motions which vary from peint to point in the seil and rock around and underlying the
structure and travel in Some unknown way across the base of the structure. This
admittedly complex problem is usually idealized for purposes of analysis so that motions
in the vicinity of the structure-are censidered to be due to vertical propagation of body
waves from underlying stiffér formations.

A control motion specified at some point in the free-field soil profie can be
deconvolved to dﬂiﬂnnina the corresponding motions at some depth such as soil-rock
interface. One dimensional amplification theory can be used for this purpose (Schnabel
et al, 1972). Next, the metion computed at this depth is used as input to a finite element
model of the soil structure system and the response computed at points of special
interest (Seed et al, 1975). Another method of approach is to compute transfer functions
relating the motions and forces at desired points in the seil or structure to the control
maotion applied at the point on the surface of the soil well away from the structure
(Kausel, 1974). In either case, the analysis should be performed iteratively to allow for

the strain dependent nature of the non-linear soil characteristics (Seed and Idriss, 1967;
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Schnabel et al, 1972). In each iterations the analysis is linear but the soil properties
are adjusted from iteration to iteration until the computed strains are compatible with the
sail properties used in the analysis.

Using this approach, different soil properties may be assigned to every element
so that there is no difficulty in considenng the vanation of soil characteristics with depth,
while the iteration procedure permits consideration of the non-linear stress-strain and
damping characteristics of the soils. In order to control the damping ratio to the desired
value it has been found desirable lo use the complex response method of analysis.

The general method of approach in the seismic analysis of the structure is to
specify a prescribed control motion in the free field, usually at the ground surface or at
the depth of the base of the structure to be analyzed. If the finite element method is
used for the soil-structure interaction analysis, it is necessary to determine the free field
motion at a depth comresponding to the igid base of the overall finite element model.
This motion is then used as base excitation of the two-dimensional finite element system.

The rigid base mgtion can be-l:nmp&tgd‘b«_.r means of a one-dimensional wave
propagation analysis of the soil. column in the _i‘free field. In this research, strain
compatible dynamic Soil properties were obtained by using the equivalent linear method
(Seed and Idriss, 1969) and the sirain-soil pmp”_;rﬁra_mlﬁatiumhip presented by Seed and
Idriss (1970). EEs

The finite element formulation used in thﬁ -analysis of both axis-symmetry and
plane strain soil-structure system is based on the complex response method. This
method considers frequency independent damping values for each element. The
advantages of this method over more conventional methods using mode superposition
or step by step integration techniques are derived by Seed. The strain dependency of
the dynamic soil properties during strong earthquake is accounled for one-dimensional
wave propagalion analysis. The results shown in this research were obtained using the
computer program FLUSH.
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4.5 Numerical Analysis

The analytical procedure is essentially two-dimensional and the equation of

mation for a finite element representation of the system can be written

[pKii}+ [KKu} = ~{m}y - (7 }+ {F}- {T} (18)

where {u} are the displacements of the nodal paints relative to the rigid base, [M ]and
[K] are the usual plane sirain mass and stiffpess matrices respectively. A slice of unit
thickness and {m} is-a vector related to [M] and the direction of the rigid base
acceleration, rj,'r {t). Material damping can be included by forming [K] from complex
modulus.

The force {V'} originate from the viscous boundaries on the plannar sides of the

slice. These forcesare
{V}%{CI{I“};H};] (19)

where L is the thickness of the slice, [C]is a simple diagonal matrix which
depends on the properties of the free field, and {} are the known free field velocities.

The forces {F}act at the ends of the 5!11:_;3, ‘I‘hey are merely the forces which act
on a vertical plane in the free field and they m‘ﬁnlwa no horizontal transmission of wave

energy. These forces are

{Fl=lcku}, (20)

where [G] is a simple frequency-independent stiffness matrix formed from the
complex modulus in the free field. The forces related to the energy transmission are

T} =R+ D} fd,) @1)

where [R]and [L] are the frequency-dependent boundary stiffness matrices introduced
by Lysmerand Drake. These matrices represent the exact dynamic effect-of the semi-
infinite viscoelastic soil system at both ends of the model.

| The equation of motion can be solved by the complex response method which
assumes thal the input motion can be written as a finite sum of harmonics, i.e.truncated

Fourier sefigs

N
) = Reé ¥, -explio,r) (22)
a0
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where N is the number of digitized points in the input motion.
This implies that the response can also be written as Fourier series

-

) =Re 3 {U} -explinyr) 23)

a=

fu}, = Rei v, }. -explio,t) (24)

The amplitudes I’, and {U IL can be found easily by the Fast Fourier Transform
algorithm. Substilution of eqs 19 lo 21 and corresponding terms of Eqs 22 to 24 into the
equation of motion, Eq. 18, yields:

KTl ), +£-{c)-widio),
=—{mlf, +(f6)+ [RL +[2L + 2= (0D},

(25)

which is nothing but @ set of linear equations which determines the displacement
amplitudes {U}, at each frequency @,, 5= &, 1, .3 —*:— . The equations can be solved

by Gaussian elimination and the displacements in the time domain follow from eq 23 by

the inverse Fast Fourier Transform.
4.5.1 Boundary Condilions-

These boundary conditions simulated the exact dynamic effects of the semi-infinite
viscoelastic honzontally layered soil system beyond the finite element region. The lateral
boundaries can in principle be placed right at the edges of the structures. However, if
several iterations are required to account for nonlinear soil properties it might be
necessary to move the transmitting boundaries further away from the structures. A
distance of ope lo three elements will.usually. be sufficient. Besides the.transmitting
boundary conditions it is also possible to restrain nodes from moving in relation to the
rigid base. T;m's can be done separately for horizontal and vertical components of
displacement and is especially useful when advantage is laken of symmetry.
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4.5.2 Mass Distribution

The mass matrix used for solid elements in and in the free field computations is the
average of the lumped and consistent mass matrix. This distribution optimizes the ability

of the element to transmit high frequency.
4.5.3 Stiffness and Damping

All stiffness and boundary matrices in the complex equation of motion are formed using

the complex shear modulus.
G =-G(i ~23*4.2iB\1 - B )z G -exp(2ip) (26)

Where £ is the fractionof crical damping which may vary from element to element. It
can be shown, by application to a simple damped oscillator, that for a system with
uniform damping and no radiation damping (ﬁﬂnstniwng and viscous boundaries) the
use of the above complex modulus will lead to exaclly the same amplitudes as a modal
analysis with the damping ratio . A small error will occur in the phase of each mode
but this is of no importance for the analysis. A special oplion is provided to simulate
modal analysis by using the same damping in all elements.

Poisson's ratio is assumed o be real. mis‘,impliﬂﬁ that P- and S-waves are
assumed lo have the same attenuation factor. This assumption may not be physically
correct but is the best which-can be made with present knowledge of wave propagation

in soils,
4.54 Free Field Motions

The free field ﬂﬁtiuns.{U}f. appearing in Egs 19, 29, 21 and 24 are computed
separately on the assumption that the free field consists of horizontal soil layers and that
the seismic excitation consists of vertically propagation P- or S-waves. From these
assumgptions, it is sufficient to consider a single column of elements because all points
al the same level have identical motions. The computations are performed in the

frequency domain in terms of the free field amplitudes which can be expressed as

[Uf]. ={Af}, Y, s=0,1, % (27)
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where the {A ¢ L is a veclor containing the amplification values from the rigid base
accelerations to layer displacements.

The seismic input to the computer program FLUSH gonsists of a vertical or
horizontal time history of acceleration digitized at N points at the constant time interval,
At . This control motion can be specified to exist at any depth in the free field, say at the
top of the j™ soil layer. The program determines the rigid base acceleration from the

inverse of Eq. 27. i.e.

ML s =0, |, % (28)
Where U, and Aﬁ are the j" component of {U IL and tA_{J’. respectively. This
process, which is kmvm as deconvolution, may or may not involve iteration on the soil
properties. The iteration process is controlled by the aliowable difference between soil
properties in successive iterations. The iterations can be suppressed by using strain-
independent soil properties.

4.5.5 The Method of Complex Response
Substitute of Eq 27 inta Eq 25 give the new equation of motion

(k1 {v}, = (P}, -V (29)
Where [K ], is the frequency-dependent sliffnass_-ﬁmﬁ"ix,
(K], ~{K]+{[R] +[z +“fc]-o?[u] (30)

and

(7}, =61+ IRl + 1) + (e, ), <) &

is the load vector cofresponding to.unit amplitude of the rigid base motion (¥, =1). In the
above equations the subscript *s7 indicates frequency dependence and the stiffness
and damping matrices are formed from complex modulus to simulate viscous damping,
see Eq 26

The linear equation of Eq 29 can be solved by Gaussian elimination. However,

rather than solving Eq 29 directly, it is convenient first to find the solution of



(k] {4}, ={P}, (32)

where {4}, is the response comesponding to unit amplitude of the rigid base motion.
since [K] and {P}, are smooth functions of frequency, the components of {4}, , here
called amplificaion functions, will also be smoolth function of @. Hence, if Eq32 is
solved for a few points in the frequency domain, @ = @,;s= 1, 5, 9, 13, ..., the
intermediate points can be obtained by interpolation. This will lead to significant saving
time. Having thus determined the amplification functions 'ﬂj_a complete response follows
from Eq 23. .

fu}=Re 2{4}. ¥, expli,f) (33)

which can be evaluated by inverse Fast Fourier Transform algorithm. Actually, since a
constant acceleration s unrealistic, the pmgﬁam FLUSH, neglects the first term of Eq 33.

4.5.6 The Frequency Domain

The frequencies, o =2, a8t which the amplification functions have to be
determined are defingd by

= 34
= (34)

_:i _l
P - ot

where v, is the frequency in Hz and T = NA# iamemm duration of the control motion.
In the computer. program FLUSH the number, N, of discretized points in the control
motion is limited o values which are powers of 2. This reslriction is no inconvenience
because it is always possible, and in fact desirable, to augmeni-the earthquake by a
string of trailing zeros. This is so because the motion defined by Eqg. 22 is periodic with
the period T = NAt: Hence, in order to simulate the finite duration of actual earthquake
it is necessary to introduce a "quiet zone” al the end of each cycle to allow the viscous
and radiation damping of the system time to attenuate the response from one cycle
before the beginning of the next cycle. Fortunately, the damping of soils is high and the
quiet zone usually needs to be only a few seconds lang. Furthermare, the computation
time required by FLUSH is nearly independent of the duration 'of the control motion. This

is 50 because the frequency step Avu = %. is inversely proportional to the duration T .
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Hence, as T is increased the amount of interpolation on the amplification functions
can be increased without loss of accuracy.

A typical control motion, might contain say N = 1500 points digitized at a time
interval of Ar = 0.005 sec. This might be augmented by trailing zeroes to form a motion
with N = 2" = 2048 points. Hence, in principle, Eq. 32 would have to be solved for
% = 1024 frequencies, a formidable computational task. Fortunately, this task can be
reduced considerably by interpolation and truncation of the frequency domain.

The highest frequency cnntaingd in the control motion is the “folding” or
“Nyquist” frequency

(35)

I
AN

b

which for the above metion would be 1/(2x0.005) = 100 Hz. Such high frequencies are
usually not of interest and can be neglected by setting the high frequency terms of Eq.
32 equal to zero. This is done in program FLUSH by the introduction of a cut-off
frequency, v, sét by/fthe input vanable STEP (I). Say b,.. = 20 Hz, then only 20x
0.005x2048 = 205 salutions of Eq; 32 are redquad’ with the control motion considered.
Since many of these solutions can be obtained by the above mentioned interpolation
procedure Gaussian elimination of Eq. 32 may be required for only say 26 or 52
solutions. |

4.5.7 Interpolation

The economy of the complex response method used in FLUSH is to a large
degree due to the special interpolation scheme used on the complex arn;?liﬁcalicn
functions. This method is based on the observalion that linear interpolation on the
inverse of the complex amplification function for a simple damped oscillator with the

natural frequency ©, and the damping ratio £ will give a maximum relative error of only

4
[au‘]

[

o = £

T 135

(38)

where Au, is the width of the interval of interpolation. The maximum error will occur at

the peak and will be an under-estimate at that point. Hence if the interpolation interval is



73
chosen to be Av, =0.25-v, and the damping ration happens to be 10%, which is a
typical value for soils, the maximum error made by interpolation will be only 0.3%. Since
the individual peaks on the amplification functions for a multi-degree-of-freedom system
are similar lo the single peak for a one-degree-of-freedom system the above expression
is also approximately valid at each of the above peaks with the appropriate value of vy
This of course assumes that the peaks are well separated which appears to be so for

most soil-structure interaction problems.
4.5.8 The Equivalent Linear Method

The above solufion procedure makes extensive use of superposition and is
therefore, strictly speaking, applicable c—rf.!y to linear viscoelastic systems. However, the
large shear deformations which eccur in soils during strong earthquakes introduce
significant nonlinear effects and some meﬁnd must be introduced to take these into
account. This problem has been solved byS‘eed and Idriss (1969) by the introduction of
the equivalent linéar methad. According to this method an approximate nonlinear
solution can be obtained by a linear analysis provided the slifiness and damping used
in the analysis are compatible with the effective shear strain amplitudes at all points of
the system. Seed and Idriss {(1970) have published data on strain-compatible soil
properties for typical clays and sands. This data, here called material curves have been
summarized in Table 11. This or any numbers of similar curves developed for specific
malerials may be input to program FLUSH which proceeds as follows:

A set of shear modulus and damp&xg values is estimated for each soil element of
the finite element model. The system is analyzed using these properties and the
maximum shear strain time history is computed in each element of the model. From
these time histories the effective shear sirain amplitudes are estimated in each element
and the appropriate material curves are consulted to see if the strain level is compatible
with the values of shear moduli and damping used in the response evaluation. If the soil
properties are not compatible the curves are entered lo provide improved values of
shear moduli ‘and damping for the next interation and the process is repeated wntil
convergence has occurred, usually within 3 lo 5 interations. The response from the last

iteration is taken as being the nonlinear response. The special modular structure of
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FLUSH allows the user to perform one or several iterations at each run and lo restart

the iterative process if the convergence is not salisfactory.

Table 11 Strain-Compatible Soil Properties

Effective Shear Modulus Reduction | Fraction of Critical Damping
Shear Strain | Log (7) Factor' (%)

(%) clay 7 sand clay sand
<1.0x10° 40 1.000 1.000 2.50 0.50
3.16x10™ 3.5 0.913 0.984 2,50 0.80
1.0x10° 3.0 0.761 0.934 2.50 1.70
3.16 x10° 25 0565 | 082 350 3.20
1.0x10° 20 0400 | 0656 4.75 5.60
3.16x10° -1.5 0261 | 0443 6.50 10.0
1.0x10" 1.0 0452 | 0246 9.25 155
0.316 05 | o076 3.115 138 21.0

1.0 o | o037 EY" 200 2456

' This is the factor which has to be applied to the shear moduliis at low shear strain
amplitudes (here define 10” percent) to obtain modulus at higher strain level.

4.5.9 Effective Shear Strain Amplitudes

The effective shear strain amplitudes used in the equivalent linear method are
taken as

Y = 0.65xmaxy,..| (37)

The factor 0,65 in the above equation is purely @mpirical. However, due to the

relatively small slope of the material curves the final motions are not sensitive to
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moderate, say +10%, varations in this factor or in the estimate of the maximum shear
strain.

Two procedures are provided in program FLUSH for the evaluation of the
maximum shear strain in Eq. 37. The most direct, but also most expensive option,
involves the computation and transfer to the time domain of the entire time history of
maximum shear strain for each element. This option is used only if specifically
requested.

The above transfer of the shear strains, into the ime domain and the subsequent
search for the maximum value requires considerable computer time and storage. For
this reason it is recommended to use the second option which estimates the maximum
shear strain by a root. mean square procedure in the frequency domain. The effective

strains computed in the fime domain will be used on entering the material curves.
4.6 Finite Element Mesh of the Structure

The effect of soil-structure interaction on the seismic response of the structure is
often studied by two-dimensional plane strain finite element model (Anderson, 1972;
Isenberg, 1972; Seed and Idriss,»1973). Because of the approximation involved in
analyzing a three-dimensional system by a two-dimensional model, the seismic
response oblained may differ from that obtained by a three-dimensional analysis. Three-
dimensional axis-symmeltry finite element analyses have been reported by several
researchers. However, there is only limited information available on the comparison of
the seismic response obtained from two-dimensional and three-dimensional analyses.

The structure is an axis-symmetry médel of masonry structure extends 74 meters
above the ground surface. The soil profile consists of 17.83 meters, divided into 4
layers, overlying bedrock. The details of finite glement mesh are given in Figure 29. The
layer thicknesses for the mesh were chosen to match for each layer. The model extends
horizantally over a distance of 10 meters beyond the structure to ensure recaovery of the
free field response. The vertical degrees of freedom-at the free field boundary are
suppressad,
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Figure 29 Detail of Chediluang finite element mesh

The plane strain finite element mesh has the same dimensions and mesh
properties as those shown for the axis-symmetry model in Figure 30. This definition of
the equivalent plane strain structural model is of considerable convenience because the
meshes for the two analyses are idenlical. The adequacy of this simplifying assumption
will be discussed subsequently.
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Figure 30 Mesh generation for FEM analysis

In this research, numerical results are presented which show the difference in
seismic response as obtained from an axis-symmetry and an equivalent plane strain
finite element analysis of a soil structure system. A finite element model used is shown
conceplually in Figure 30. A comparison of the structure response computed by the two
methods shows that there is good agreement for point below the ground surface, while
pronounce are observed in the structure above the ground surface. Using a simplified
substructure approach, it is shown that these differences are largely due to the different
bending characteristics of the axis-symmetry and plane strain models of the structure

above the ground surface.



CHAPTER V
RESULT AND DISCUSSION

Determination of ground motion

* The method for simulating ground motion is to combine parametric or functional
descriptions of the ground motion’s amplitude spectrum with a random phase spectrum
modified such that the motion is distributed over @ duration related to the earthquake
magnitude and to the distance from the source. It is widely used to predict ground
motions for the regions of the world in which recording of motion from potentially
damaging earthquakes are nol available. One of the essential characteristics of the
method is that it distillswhat is known about the various factors affecting ground motion
(source, path and site).into simple function forms Boore. The parameters for generating
small ground motion for Maerdm fault are summarized in Table 12 and 13.

In the analysis, waveforms of earthquakes having moment magnitude of 5, 6 and
7 are generated for Maerim and Maetha faulls. Based on these two small earthquake
records, the strong ground mation wavefarms from both active faulls are generated by
Stochastic method. The synthetic wave forms of Maerim fault M5, M6 and M7 are shown
in Figure 31-33, whereas the synthetic wave forms of Maetha fault MS, M6 and M7 on
Richter scale are shown in Figmeﬂéfaﬁ, Durations ‘qf vibration are less than 20 seconds.
The peak accelerations (for outcrop motion) are about 66 gals (0.066g) for Maerim M7
and 37 gals (0.037g) for Maetha M7. By adopting the maximum magnitude of
earthquake that can be produced from the faults of M7, waveforms of strong ground
motion at the proposed site will be generated. Table 14 summarizes the maximum
acceleration of the strong ground motion at the proposed site due to earthquake
magnitude of M5 to M7 induced from Maerm faults and Maetha fault. Ground motions
associated with peak accelerations of 66 gals (0.066g) can be expected at the
proposed site due to earthquakes induced Maerm fault. The acceleration time histories
expecled at the proposed site is shown.
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Table 12 Summary of parameters used for ground motion generation for Maerim Fault

Data Maerim Maerim Maerim
M5 M6 M7
Time step (sec) 0.01 0.01 0.01
Radiation coefficient 0.63 0.63 0.63
Influence of ground surface 20 20 20
Cut off frequency in high frequency region (Hz) 10.5 10.5 10.5
Rock density (g/cm’) 2.7 2.7 2.7
Shear wave valgcitg,{ii'l.*s] 3500 3500 3500
Stress drop (bar) 50 50 50
Focal distance (km) 23 23 23
Seismic moment of small @arthquake, M, (dyne-cm) .4.94:10” 7.21x10* | 1.05x10”
Moment Magnitude of small earthquake, M_ = d 5.0 6.0 70
Q, (Q value) switch 5 5 5
T, (Earthquake duration time) switch 2 §2 2

F. (Comer frequency) switch
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Table 13 Summary of parameters used for ground motion generation for Maetha Fault

Data Maethab Maetha Maetha
M5 M6 M-?

Time step (sec) 0.01 0.01 0.01
Radiation coefficient 0.63 0.63 0.63
Infiuence of ground surface 2..9 20 20
Cut off frequency in high frequency region (Hz) 10.5 10.5 10.5
Rock density (g/cm’) 27 2.7 2.7
Shear wave velocity (m/s) 3500 3500 3500
Stress drop (bar) 50 50 50
Focal distance (km) 23 38 38
Seismic moment of small garthquake, M, (dyne-cm) 4.-%-.10” 7.21x10™* | 1.05x10™
Moment Magnitude of srﬁall earthﬁualée. M, 5.0 6.0 7.0
Q, (Q value) switch | s 5 5
T., (Earthquake duration time) switch 2 2

F. (Comer frequency) switch
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Figure 34 Maetha, M5.0, synthetic wave form generated by stochastic method
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Figure 35 Maetha, M&.0, synthetic wave form generated by stochastic method
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Figure 37 Acceleration-Time history for Maefim M5 at Point A

LFL
L

B — —

<018 |
ETL
230
il

T )

(a)

o

s i

(b)

(c)

Figure 38 Acceleration-Time history for Maerim M5 at Point B
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Figure 47 Acceleration-Time history for Maerim M7 at Paint C
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Table 14 peak acceleration time history analyses under earthquake ground molion along

longitudinal direction of Maerim and Maetha faull

Maximum Acceleration | Maerim | Maerim | Maerim | Maetha | Maetha | Maetha

(q) M5 M& M7 M5 ME M7
Acceleration (g), pointA, | 0.05 0.044 | 0.066 0.02 0.027 | 0.037
Base, At time (s) 1.52 a.ss 447 1.44 4.85 3.36

Acceleration (g), Point B, | 0.08 | 0.119 | 0485 | 004 | 0.073 | 0.109
Mid-Height, At ime () | 1.83 | 4.17 | 480 | 153 | 523 | 357
Acceleration (g), Point C,|" 047 | 0.209 | 0.345 | 007 | 0.122 | 0.189

Top, Attime(s) | 197 | 454 | 721 | 164 | 554 | 421

Normalize base acceleration with acceleration at any height of the structure in
comparison with M5 to M7 of Maerim.and Maetha are shown in Figure 61 and Figure 62.

72
60
|
48 |
E | —&— Maerim M6
£ —w — Maerim M7
£ - ¢ —& - Maerim M5
24
12
0 . =
0 i 2 3 4 5 6

Normalize (ahfabase)

Figure 61 Normalize base acceleration with any height acceleration for Maenm
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Figure 62 Normalize base acceleration with any height acceleration for Maetha

In this study. the interest'has nat‘um'lly focused primarily on the response of
masonry structure dufng severe earthquahqﬁ;’ For masonry structures, the shear
strength provided must exceed the actual flexural strength to ensure that shear
deformation associated with-large deterioration of stiffness and strength, which could
lead to failure, cannot occur. During strong motion, the result in severe reduction in
strength often eccurred in conjunction with shear failure and tensile failure of masonry
elements, damage or collapse were common. It became apparent that in many cases,
seismic design to existing lateral force was inadequate to ensure that the structural
strerjgtl'l provided was not exceeded by the-demands of strong ground shaking.
MNumerous cases illustrate applications including recommended of reinforcement at
failure zone is required.

From FLUSH program, maximum shear strain computed from its time history with

maximum stress of @ach element as shown in Figure 63.
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The stresses were plotted on the plane and Mohr's circle (Figure 64) is applied

to locate the center of circle.

AR
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Figure 64 Mohr's circle
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The maximum stress on principle plane of each element is shown in Figure 65
and those permissible siresses on each mode is compared with the stress on each

element as shown in Figure 66.
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Failure zones of the structure from Maerim faull with magnitude M5 to M7 is
shown in Figure 67 (a) through (c), whereas failure zones of the structure bfrom Maetha
fault is with magnitude M5 to M7 is shown in Figure 68 (a) through (c). Because of
symmetrical structure with anti-symmetry earthquake loading about vertical axis of
symmetry, the results at the symmetrical nodes of the structure are found similar in
magnitude and direction. Result of the response Quantities are presented for left half
part of the structure. As expected, the mode of failure in this structure is of tensile
failures. |
Although their tensile strength cannot be relied on as a primary source of
resistance, masonry is emineptly suited lo carry compression stress. However, the
maximum strains developed in compression are rather limited unless special
precautions are taken. The primary aim of detailing of composite structures consisting of
masonry and steel is to combine these materials in such a way as to produce ductile
members, which are capable of meeting the deformation demands imposed by severe

earthquake.

(a) (b) (c)

Figure 67 Damage pattern of (a) Maerim M5 (b) Maerim M6 (c) Maerim M7
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(a) (b) (c)

Figure 68 Damage pattern of (a) Magtha M5 (b) Maetha M6 (c) Maetha M7

Major deviations from a continuous variation with height of both stiffness and
strength are likely to invite poor-and often dangerous structure response. Reduced
stiffness is likely to be acéompanied by reduce sitreéngth, and this may result in the
concentration of extremély large deformation. Constant or gradually reducing stiffness
and strength Hmth height reduce the concentration of plastic deformations during severe
seismic events beyond the capacities of affected members.

If masonry structure is to be protected against damage during seismic
excitation, the structure-must have adequate strength to resistinternal actions generated
during the elaslic. dynami¢c response of the structure. Therefore, ‘the appropriate
technique for the evaluation of earthquake induced actions is an elastic analysis based
on stiffness properties.

To minimize major damage and (o ensure the survival of structure with moderate
resistance with respect to lateral forces, structures must be capable of sustain a high

proportion of their initial strength when an earthquake imposed large deformation. These
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deformations may be well beyond elastic limil. It includes the ability to sustain large
deformations and a capability to absorb energy by hysteretic behavior.
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CHAPTER VI
CONCLUSION

It is generally accepted that soft soils modify the characteristics of strong ground
motion transmitted to the surface from the underlying bedrock. Amplification of long-
period components occurs, and generally peak accelerations in short-period range are
reduced, as a result of strength limitations of the Soil. It also appears that amplification of
ground motion is dependent on the intensity of ground shaking.

As dynamic loading varies with time, the response of the structure also varies
with time. A full dynamic.analysis involves determining the responses at each of a series
of time intervals throughout the motion induced by the loading. The primary purpose of
all structures is i0'Suppert gravity loads. However, structures may also be subjected to
lateral forces due ta wind or earthquakes. The taller structure, the more significant the
effect of lateral forces will be. When subjected o lateral forces anly, a structure will act
as a vertical cantilever. The maﬁlﬁng tata!'liuri;bntal force and the overtuming moment
will be transmitted at the |evel of the foundation. During an earthquake, acceleration-
induced inertia forces will be generated at eacl] Ie»;rai_

The reinforcement of masenry is recmhﬁnded into high tensile stress zone. The
reinforcement of masonry depends for its effe;imnless on transfer of stress from steel to
masonry. In order to ensure adequale snmdard of retrofit and construction more
supervision is required for reinforcement. The points in particular need watching such as
reinforcement should be placed centrally or properly spaced from the masonry,
reinforcement should be properly lapped, the grouting procedure $hould be properly
carried out and the grout mix should conform to the specification
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