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ABSTRACT

DETERMINATION OF EARTHQUAKE INTENSITIES FROM CHIMNEY DAMAGE REPORTS

by

Alan Darrell Ho

Submitted to the 'Depai4 tment of Civil Engineering on June 25. 1979, in
partial fulfillment of the requirements for the degree of

Master of Science.

An approach to determining earthquake intensities from chimney
damage reports is presented. In particular, the intensity at Boston of
the Cape Ann Earthquake of November 18, 1755 is estimated. A detailed
analysis of a two story heavy timber brame home with a masonry chimney
extant in 1755 was performed to determine i) the dynamic response
characteristic i1) force levels in the structure when subjected to
3 earthquake motions iii} forces required to initiate damage and iv)
the approximate (lower bound) intensity of the 1755 Earthquake. A
standard analytical model, with basic mass and stiffness properties,
was enveloped and a parametric study was performed to understand the
effects of the several chimney, house and ground parameters involved
in the study.

The results indicate that the chimn:y-house system is quite stiff
with a fundamental frequency of about 12 Hz. It was also observed that
the higher modes contribute to the total response of the system, The
effect of a gap in the chimney-house connection appears to be a very
important consideration in determining chimney damage due to earthquakes.

It is concluded that an earthquake intensity in the range of
0.15g to 0.04g would initiate damage to the various chimneys as modeled.
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CHAPTER 1 - INTRODUCTION

'.\ General

in the past. and still today where seismographs are not available.

th~ i~~ensity of an earthquake has been expressed in terms of observations

of natural phenomena and the extent of damage to structures. The widely

U~ed Modified Mercani (MM) scale. Table 1.1, which isa l2-point scale

r(\ngi"9 from I, not felt by anyone. to XII. total destruction. is an exam

Ple ov such an intensity scale. But such subjective intensity scales are

d~fici~nt in providing criteria such as peak ground acceleration, frequency

Content, duration. velocity and displacement. for the design of earthquake

rasistant structures.

Observations of damaged structures have been utilized to obtain a

quantitative approximation to the intensity. expressed in terms of maximum

ground acceleration. As an example. the Japanese have observed the final

Position of displaced tombstones in an attempt to obtain the maximum

ground acceleration of an earthquake [1.1]. The method is briefly described

below.

If it is assumed that the inertial force acting on the tombstone at

the time of maximum ground acceleration is applied statically, the rela

tion between seismic and gravitational forces at the instant when the tomb

stone is on the verge of overturning will be as indicated in Fig. 1.1. By

summing moments about point D. the ground acceleration required to initiate

overturning may be obtained in tenns of the tombstone dimensions, Eq. (1.1).

(1.1)
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Thus by going to a cemetery after an earthquake and examining the

ratios of base width and height of tombstones a general idea of the inten

sity of an earthquake is obtained. Although this method is convenient~

the soil conditions in a cemetery are usually poorer than that in surround

ing areas. Moreover, the events leading to a displaced or overturned tomb

stone are not always "the same. In any case, this treatment of overturning

considers seismic forces, which really act dynamically, as being static;

so it is only a method of rough approximation.

1.2 Scope of Thesis

The present work is an effort toward determining earthquake intensi

ties from chimney damage reports. The main objective of this thesis is

to understand the dynamic response characteristics of a pre-1755 masonry

chimney and its interaction with a heavy timber frame house (also pre

1755), in order to estimate the intensity of the November 18, 1755 Earth- ..

quake in New England. The 111755 Earthquake,1I whose epicenter is thought

to have been located about 10 miles east of Cape Ann, Massachusetts, is

one of the larger earthquakes in New England's seismic history. With an

epicentral intensity of MM VIII, it was felt from Halifax, Nova Scotia,

to the northeast and from Annapolis, Maryland, to the southwest, and was

reported inland to Fort Crown Point, New York, as shown in Figure 1.1.

A significant amount of chimney damage was reported after the earth

quake. Damage appeared to be heaviest in the region around Cape Ann and

Boston, Massachusetts, although it was observed that in Boston much of

the damage was confined to the area of infilling near the wharves. One

account reports [1.2] that "•.• about one hundred chimneys were in a
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manner leveled with the roofs of the houses, and about fifteen hundred

shattered and thrown down in part. In some places, especially upon the

low; loose ground made by encroachments on the harbor, the streets were

almost covered with the bricks that had fallen.'" It also appeared that

chimneys were damaged in a few different ways. Damage reports indicate

that "... in many instances the portion of the chimney above the roof

line toppled over, sometimes causing roofs to cave in." In other instan-

ces the portion of the chimney above the roofline was II partly turned

around, as upon a swivel ... " or II ••• shoved on one side horizontally,

jutting over, and just nodding to their fall."

In performing a dynamic analysis on a typical residence extant in

1755, it is necessary to make several estimates regarding the condition

of the structure. Several factors such as workmanship, weathering, and

load history influence the ability of the structure to resist load. Vari

ables such as wall and partition layout, connection details, and soil

conditions influence the response of the structure to seismic loads.

Strengths and constituents of materials employed at that time significantly

affect the degree of damage sustained by the structure.

In order to understand the effect of some of the variables on the

chimneys, a parametric study was performed. The study involved developing

an analytical model of the house chimney system by estimating some basic

mass and stiffness properties and performing a dynamic a~alysis subjecting

the system to three different earthquake motions, all scaled to 1.0g.

After obtaining results, one parameter, such as the modulus of elasticity

for the masonry or mass distribution of the house, was changed and the

analysis performed over again. The results of the parametric study are·

presented in Chapter 3.
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The intensity required to initiate failure of the chimneys was then

obtained by first defining a simple failure criterion and determining the

forces required to initiate that type of failure. The ratio of the fail

ure forces to the force results of the parametric study is the intensity

required to initiate failure. The intensities are tabulated in Chapter 4.

. In spite of the several variables involved in this study, it would

be interesting to investigate the dynamic response characteristics of a

house-chimney system. Moreover, such an investigation seems potentially

useful in developing detailed engineering data for contemporary aseismic

design.

1.3 Organization of Thesis

Chapter 2 describes the chimney, house and related parameters to be

analyzed. Particular attention is paid to developing the basic analytical

model, from the architectural and structural details, for the dynamic

analysis. The computer programs, DRAIN 2-D and EIGZF, which are used in

the analysis, are described. The parametric study is outlined in detail.

Chapter 3 discusses the dynamic response characteristics of the vari

ous models of the parametric study. The frequency and mode shapes for the

various chimneys are presented. Tabulated force results, for each of the

chimneys analyzed, are also presented. Comments are made on the force

levels of each model.

Chapter 4 defines the failure criteria used in determining the earth

quake intensities. Tabulated earthquake intensities are presented and com

ments are made on the intensities computed for each model.

Chapter 5 consists of a brief summary of the major conclusions in this

study, wi~h some suggestions for future work.
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Figure 1.1 Forces acting on tombstone



Page 13 has been removed.

Due to copyright and legibility problems, the following map (Figure 1.2)
has been omitted:

Isoseismal Map of Earthquake of November 18, 1755,
prepared by Weston Geophysical Research, Inc.



14

TABLE 1.1

THE MODIFIED MERCALLI

INTENSITY SCALE

Modified Mercalli Intensity Scale of 1931 (Abridged and Rewritten by
C. F. Ri chter) .

1. Not felt. Marginal and long-period of large earthquakes.

2. Felt by persons at rest, on upper floors, or favorably placed.

3. Felt indoors. Hanging objects swing. Vibration li.ke passing of light
trucks. Duration estimated. May not bes recognized as an earthquake.

4. Hanging objects swing. Vibration like passing of heavy trucks; or
sensation of a jolt like a heavy ball striking the \'1al1s. Standing
motor cars rock. Windows, dishes, doors rattle. Glasses clink.
Crockery clashes. In the upper range cf 4, wooden walls and frames
crack.

5. Felt outdoors; direction estimated. Sleepers wakened. Liquids dis
turbed, some spilled. Small unstable objects displaced or upset.
Doors swing, close, open. Shutters, pictures move. Pendulum clocks
stop, start, change rate.

6. Felt by all. Many frightened and run outdoors. Persons walk unsteadily.
Windows, dishes, glassware broken. Knickknacks. books, and so on, off
shelves. Pictures off walls. Furniture moved or overturned. Weak plaster
and masonry D cracked. Small bells ring (church, school). Trees, bushes
shaken visibly, or heard to rustle.

7. Difficult to stand. Noticed by drivers of motor cars. Hanging objects
quiver. Furniture broken. Damage to masonry 0 including cracks. Weak
chimneys broken at roof line. Fall of plaster. loose bricks, stones,
tiles, cornices, unbraced parapets, and architectural ornaments.
Some cracks in masonry C. Waves Qn ponds; water turbid with mud.
Small slides and caving in along sand or gravel banks. Large bells
ring. Concrete irrigation ditches damaged.

8. Steering of motor cars affected. Da~age to masonry C; partial col
lapse. Some damage to masonry B; none to masonry A. Fall of stucco
and some masonry walls. Twisting, foll of chimneys, factory stacks,
monuments. towers. elevated tanks. Frame houses moved on foundations
if not bolted down; loose panel walls thrown out. Decayed piling
broken off. Branches broken from trees. Changes in flow or temp
erature of springs and walls. Cracks in wet ground and on steep
slopes. .
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9. General panic. Masonry 0 destroyed; masonry C heavily damaged.
sometimes with complete collapse; masonry B seriously damaged.
General damage to foundations. Frame structures, if not bolted,
shifted off foundations. Frames racked. Conspicuous cracks in
ground. In alluviated areas sand and mud ejected, earthquake
fountains, sand craters.

10. Most masonry and frame structures destroyed with their foundations.
Some well-built wooden structures and bridges destroyed. Serious
damage to dams. dikes.embankments. Large landslides. Water thrown
on banks of canals. rivers, lakes. etc. Sand and mud shifted hor
izontally on beaches and flat land. Rails bent slightly.

11. Rails bent greatly. Underground pipelines completely out of service.

12.- Damage nearly total. Large rock masses displaced. Lines of sight
and level distorted. Objects thrown into the air.
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CHAPTER 2 - CHIMNEY ANALYSIS

2. 1 Introduction

The objective of this chapter is to describe the preparatory work

necessary to estimate the intensity of the 1755 Earthquake. A brief de

scription of a typical heavy timber frame house extant in 1755 is pro

vided, along with a summary of a preliminary analysis that was performed

to determine the basic behavior of the chimney. This is followed by a

description of a standard analytical model that was developed. A stand

ard analytical model was developed so that a comparison of results could

be made when the parameters varied. A description of the computer pro

grams used in the study is included, and an outline of the parametric

study is presented.

2.2 Description of Typical Heavy-Timber Frame House Extant in 1755.

The chimney to be analyzed was taken from the Whipple-Matthews House

(c. 1638) of Hamilton, MA. [2.1]. Chimneys at that time were usually con

structed with clay brick laid in a bed of clay or mud mortar. Lime mortar

was not used until 1733 [2.2], but when some lime was available it was

used for the exterior portions of the chimney, which required a hard mor

tar to withstand the weather.

The chimney was not built integrally with the house, but there was

probably some contact at each floor level due to floor boards butting up

against the chimney. Plans of the house (Fig. 2.1) indicate that there

existed a gap, as large as one inch, between the main members and the

chimney. A detail (Fig. 2.2) of the framing adjacent to the corbelled

hearths on the second floor illustrates the degree contact of the framing
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members against the chimney. At the roofline, an opening was roughed

out through the rafters, with the sheathing and shingles butting up against

the chimney just beneath the drip course, as shown in Figure 2.3.

The Whipple-Matthews home is a typical example of a two-story heavy

timber frame house extant in 1755. The frame was constructed of massive

hand-hewn oak members mortised and tenoned together and secured with a peg

as shown in Figure 2.4. Members required a large cross-section, because

much of it was carved away so that the members could be joined together.

A typical member size was 811 x 1011, but the largest member was approximately

1211 x 15". No nails were used in the entire con,struction except for fasten

in9 shingles, sheathing and clapboards.

A common exterior wall section was 3" x 3" oak studs. spaced at 20" on

center~brick nogging laid in a bed of clay mortar, or mud between the

studs, and clapboards nailed to the studs. Another exterior wall section

employed in that time consisted of 3" x 3" oak studs at 2011 O.C., a 1ayer

of sheathing nailed t~ the studs~ and clapboards nailed to the sheathing.

Figure 2.5 illustrates these two wall sections. The interior partitions

consisted of vertical oak planks nailed into place.

Although a large portion of the Boston area homes were heavy-timber

frame homes (approximately 60% [2.1]), the construction techniques for

each were not standard. Member sizes were non-uniform, because the timbers

were hand-hewn with an axe. Moreover, member sizes depended upon the avail

ability and sizes of trees. The quality of workmanship in making the tim

ber connections, which probably varied, influenced the lateral stiffness

of the house. Mortar strengths varied from that of mud to the various

lime mortars that eventually became available. Even after lime became
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more plentiful, the proportions of the mortar mix were probably not uni

form, and the quality of workmanship, which is crucial in masonry construc

tion, was probably not consistent. The type of exterior wall employed also

affects the lateral stiffness of the house. The inclusion of brick nogging

could add to the lateral stiffness if the mortar had enough strength, act

ing as an infill panel between beams and columns. The sheathing, if well

nailed, could also contribute to the lateral stiffness through shear-type

behavior.

Other factors affecting the variability of material strengths are

weathering and load history. ~~eathering would tend to deteriorate rtiat"er"fals,

especially mortar and masonry of the portion of the chimney above the roof

line, while loadings such as past tremors may have caused cracks, weaken

ing the chimney.

Addi~ional factors that would affect the degree of damage sustained

by a chimney include site soil conditions and frequency content, duration,

amplitude and periodicity of the ground motion.

Due to the number of variables affecting the strength of the house

chimney system, a parametric study was performed to understand the rela

tion of each parameter to the dynamic response characteristics of the

system. A detailed description of the parametric study is presented in

Section 2.4.

2.3 Preliminary Analysis and Behavior

In studying damage to structures caused by ground motions, it is

essential to consider" the structural response. Structural response is

highly influenced by the proximity of the fundamental frequency of the
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system to the predominant frequency of the ground motion. For the chimney

house system, the chimney is basically a very rigid structure, with a high

fundamental frequency, while the timber frame can be characterized as a

flexible, relatively low fundamental frequency structure.

A preliminary analysis [2.3] of the Whipple-Matthews chimney was per

formed. For simplification, the chimney was idealized as a cantilever

beam (including shear deformation) with seven lumped masses as shown in

Figure 2.6. The analysis was performed for six different cases of the

chimney: i) chimney only, ii) chimney plus additional lumped mass due to

a sheathing and clapboard exterior-wall-type house, as shown in Figure 2.5,

and iii) chimney plus lumped mass due to a brick nagging and clapboard

exterior-wa11-type house, as shown in Figure 2.5. Each of the above-men

tioned chimneys was analyzed in both strong and weak bonding axis direc

tions. Table 2.1 indicates the mass and geometric properties of the six

chimney types. The two wall types were included in the model to understand

their contribution to the dynamic response. By lumping the additional

masses due to the walls at each floor level, it is implied that i) the

house contributes mass but no stiffness to the system, and ii) the walls,

including framing, are in direct contact with the chimney. The first

assumption is made to simplify the model, although the house probably does

contribute some lateral stiffness to the system.

The second assumption may not necessarily be accurate at each level

due to the possibility of a gap between the chimney and the main framing

members. At the roofline, where flashing or some other type of weather

proofing exists, it is reasonable to assume that the chimney and framing

are, to some degree, in contact. In any case, the assumption is adequate

for and simplifies the preliminary analysis.
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The dynamic analysis was performed using STRUOL. STRUOL performs

a normal mode analysis, where the physical coordinates of the system are

transformed into generalized coordinates, thereby uncoupling the equations

of motion. The result is a system of single-degree-of-freedom equations,

equal in number to the degrees-of freedom in the total system, which are

integrated individually by the unconditionally stable constant accelera

tion method. The total response is then obtained by superimposing the

response of each mode. The coordinate transformation also facilitates the

computation of frequencies and mode shapes.

The frequencies given in Table 2.2a indicate that the fundamental

frequency is quite high, 22 Hz for the chimney only in the strong direc

tion (COSO), and 18.2 Hz for the chimney only in the weak direction (COWD).

Once the mode shapes were obtained, modal participation factors were calcu

lated to determine the contributions of the various modes. The partici

pation factors given in Table 2.2b indicate that, in general, the higher

modes are important in contributing to the total response. This rather

unusual behavior is a result of having most of the mass concentrated in

the lower, rigid portion of the chimney.

2. 4 Standard Analytical r~odel

In the preliminary analysis the Whipple-Matthews House was roughly

idealized as a cantilever beam with seven lumped masses. The study inves

tigated the effects of the variation of house mass and orientation to

ground motion. In the present study, various chimney, house, and ground

parameters are investigated. In response to the many parameters to be

investigated, a standard model was developed so that a comparison could
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be made when the parameters were varied, as will be described in Sec

tion 2.4.

The standard model (Fig. 2.7) has idealized the Whipple-Matthews

chimney as a cantilever beam (including shear deformations) with nine

lumped masses. The finer discretization in the slender portion of the

chimney is employed to model more accurately the distributed mass system

at the critical roofline location. The cross-sectional moment of inertia,

the cross-sectional area and the shear areas are computed based upon aver

age values for each beam element and are shown in Table 2.3. As a result,

each element has constant cross-sectional properties. Although this is

only an approximation to the actual variable moment of inertia chimney,

it is felt that the effect on the results is negligible. The actual modu

lus for the clay mortar, mud or lime mortar used in 1755 is not known,

so a value of 216,000 ksf was used for the standard model because it is

the modulus of masonry commonly used today. The modulus will be varied

as described later in the parametric study.

The house was modeled as a timber truss. The total mass of the house

was included ;n the model and lumped according to tributary area at each

joint. The standard house mass used is from the sheathing and clapboard

wall-type house described in Section 2.1. The mortise and tenon joints

are assumed to be pinned joints. Although there probably exists some

degree of friction in the joint, the contribution to the lateral stiffness

is relatively small and can therefore be neglected.

In the transverse direction, Figure 2.1, the lateral resistance of

the house is composed of four trusses. The analytical model accounts for

the lateral stiffness of the four trusses by multiplying. the actual cross-
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sectional areas of the beams, rafters and columns by four. The total

! lateral stiffness is necessary to remain consistent with the inclusion

of the total house mass. The longitudinal direction, which may be of

some significance, is not treated in this study.

A study in the longitudinal direction would involve estimating the

lateral stiffness of the structure shown in Figure 2.9. It would also

involve a careful treatment of the different chimney-to-house connec

tions, at the roofline and at each. floor level (Fiourp. 2.,1.).

For these reasons, the investigation of the longitudinal direction would

be both interesting and necessary in future research work.

In Figure 2.7 the diagonal members represent the contribution of the

wall material between the main beams and.columns, to the lateral stiffness.

The contribution of the wall material to the "lateral stiffness of the

house was estimated by using the "Equivalent Strut" concept for infi1l

frames. Basically the diagonal stiffness and strength of an infill panel

depends upon its dimensions, physical properties and length of contact

with the surrounding frame, as shown in Figure 2.8. The method shows [2.4J

that this length of contact was governed by the relative stiffness of the

infill and frame. The length of contact is treated in a manner similar to

a beam on an elastic foundation, where the infill panel corresponds to the

elastic foundation and the frame corresponds to the interacting beam. Once

the length of contact was obtained, an effective width of the panel was

calculated. The effective width of the panel was then replaced by an

equivalent strut [see Appendix A]. It should be noted that the equivalent

strut has been computed assuming no windows or door openings, so the strut
1

is only an estimate of the diagonal stiffness of the infi11 material.
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The horizontal members of the truss are assumed to be infinitely

rigid, in order to neglect axial shortening of the floor members. More

over, this assumption constrains the mass of the house to accel~rate with

the chimney mass to which it is connected, allowing cross-checking with

the force results of the preliminary analysis for the chimney-plus-house-

mass cases.

A rotational spring at the base of the chimney has been included to

model foundation rocking. Scholl and Farhoomand [2.5] have determined

from pull tests of wood frame structures that as the structure stiffness

of a -system increases, foundation participation also increases. The

standard spring stiffness was calculated (see Appendix B) by assuming that

the foundation was a rigid solid rectangular base resting on an elastic

half-space [2.6]. The shear modulus for the soil was determined by assum

ing a shear wave velocity for a stiff till of 1200 ft./sec. and a mass

density of 4.2 lb-sec/ft4. The actual base is not a solid rectangle, so

it was further assumed that the spring constant is directly proportional

to the ratio of Iactual/Isolid' the actual second moment of the cross

section to the second moment of the cross-settion for the solid rectangular

base.

2.5 Description of DRAIN 2-D and EIGZF

The computer program DRAIN 2-D was used to perform the dynamic analy

sis. DRAIN 2-D is a general-purpose inelastic dynamic analysis program

for planar structures developed by Kanaan and Powell [2.7]. The elements

available in the program exhibit bilinear force deformation relationships,

as shown in Figures 2.10.
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DRAIN 2-D directly integrates the equations of motion~ assuming a

constant acceleration within each time step. The constant acceleration

method is unconditionally stable~ but the time step must be carefully

selected to ensure accurate results. The time step used for the parametric

study (except impact cases) was 0.005 seconds~ while for the impact study

a time step of .0008 seconds was used. The time step for the basic para

metric study {except impact cases}, which is an elastic analysis, was

selected by trial and error until the results converged to the final solu

tion. The usual rule of thumb of using. lTp' where Tp is the period of

the highest contributing mode, does not produce results for such a stiff

system, due to the storage limitations of DRAIN 2-D. The required time

step would have been approximately 0.0007 seconds for the standard model

and much smaller for the impact studies. Such a small time step would

require a tremendous amount of computer storage when integrating an accel

erogram of 5.0 seconds duration. DRAIN 2-D does not have sufficient stor

age capacity requirements to perform an analysis with a time step of

0.0007 seconds for a duration of 5.0 seconds. (see Appendix C)

The time step for the impact study, which is an inelastic analysis,

was selected by using the smallest possible time step so that the storage

capacity was not exceeded~ for a duration of 5.0 seconds. It should be

mentioned that the peak response for an impact model subjected to Palmdale
•

analyzed at ~t = 0.008 seconds for a duration of 5.0 seconds occurred at

approximately 2.0 seconds. This observation allowed an analysis to be

performed at a time step of ~t = .0005 for a duration of 3.0 seconds. A

comparison of the force results, table C.3 indicates an average difference

of 4% for the different time steps. It was therefore concluded that a
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time step of ~t = 0.0008 seconds was suffici~ntly accurate for the

analysis.

Since DRAIN 2-D performs direct integration of the equations of

motion, which precludes the coordinate transformation necessary to ob

tain frequencies and mode shapes, the frequencies and mode shapes were

obtained using the computer program EIGZF [2.8]. EIGZF computes eigen

values .and eigenvectors for the generalized eigenproblem,K$ =wM$,

where Kand Mare the stiffness and mass matrix, respectively, of the

finite element assemblage. EIGZF first transforms K to upper Hessenberg

form and Mto upper triangular fonn. Then K is further transformed into

quasi-upper triangular form or upper Hessenbergform with no two consecu

tive subdiagonal elements being nonzero, while retaining Min upper and

triangular form. Hnally, output vectors a and 8 are computed from K

and Mand the eigenvalues ware obtained by taking the square root of

ai/Bi . The eigenvectors are automatically obtained by substituting the

eigenvalues into the general equation and solving for $. The eigenvec

tors are normalized so that the largest component has the absolute value 1.

2,.6 Parametri c Study _

Due to the several undeterminables and variables involved in this

study, it is necessary to investigate those parameters which might have

significant influence on the dynamic behavior of the system. A discussion

of the effect of the variation in parameters compared with the correspond

ing standard model is presented in Chapter 3. The parameters to be inves

tigated can be separated into three categories: i) chimney parameters,

ii) house parameters, and iii) ground parameters.
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The chimney parameters investigated are the modulus of elasticity

of masonry. Values 108,000 ksf, 54,000 ksf and 144 ksf are studied. Since

the exterior portion of the chimney may have aeteriorated more than

the interior, due" to weatherin~, an additional analysis was performed

with an elastic modulus of 54,000 ksf above the roofline and 216,000 ksf

below the roofline. A modulus of 216,000 ksf is a common modulus for

masonry used today.

The house parameters to be investigated are the mass .distribution and

the connection between the chimney and house. It should be noted that

although the transverse stiffness of the house is not known with great

certainty, it is not varied because the resulting frequency of the house

alone seemed reasonable. The mass of the two wall details described in

Section 2.1, the sheathing and clapboard wall and the brick nogging,

sheathing and clapboard wall are used. The house connection is modelled

in four basic ways. The first assumes the connection to be infinitely

rigid. The mass of the chimney and house will consequently accelerate

together. The second assumes no connection. The connecting link is given

very small (almost zero) axial stiffness, so that the chimney and house

respond independently. The third uses the actual dimensions of the hori

zontal framing members adjacent to the chimney~ and the fourth assumes a

gap in the chimney-house connection at the roof and floor levels. The gap

between the chimney and house framing would permit some .independent move

ment of both the chimney and house. But, if the gap were small enough

and/or their relative displacement large enough, the chimney and house

could impact against one another. The gap or impact element was modeled

using a spring element with the force-deformation relationship shown in
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Figure 2.l0d. The initial stiffness is assumed to be small, to model the

. gap, while the hardening branch represents the stiffness of the timber

members in contact with the chimney. Various gap sizes of 0.005',0.01',

0.015',0.02',0.04', and 0.05' are investigated to determine the gap size

that would cause the most damage.

The ground parameters investigated are the foundation rocking spring

and the ground motions to which the model is subjected. The standard

foundation rocking spring stiffness assumed a shear wave velocity of

1220 ft/sec, which is for a stiff till. The rocking spring stiffness is

arbitrarily varied to 10% and 1% of the standard rocking spring stiffness,

to determine when the house begins to restrain the chimney, i.e., the chim

ney becomes more flexible than the house. The ground motions used in the

study are from the 1940 £1 Centro Earthquake N-S component, the 1951 North

west California Earthquake N46W component recorded at Ferndale, CA., and

the 1971 San Fernando Earthquake, S30W component recorded at Palmdale, CA.

The ground motions were selected to correspond to the magnitude and

distance thought to be typical of the 1755 Earthquake. All acce1erograms

were scaled to 1.0g so that displacements could be obtained from the com

puter results. At a peak ground acceleration input of 0.37g, the displace

ments were so small that the computer output indicated displacements at

the top chimney node to be 0.000 ft. The response spectrum for the

actual (non-scaled) earthquake motions are shown in Figure 2.11.

A summary of the various analyses to be performed is shown in Table

2.4. The results are presented in Chapter 3 with comments and general

observations.
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Brick
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Figure" 2.3 - Roof-chimney detai 1
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Figure 2.4 Mortise and Tenon Joint
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Preliminary Analysis
Whipple-Matthews Chimney
Mass and Geometric Properties

NODAL MASS* (Slugs) SECO~D MOME~T OF
AReA (Ft. ) I-z

CROSS- LJJ
::::

LJJ CO CA CC SECTIONAL LJJ
Cl -I
b ISD IWD AREA

2
LJJ

z
(Ft. )

1 .051 .051 .051
10.8 6.8 5.8 1

2 .097 .572 .724
10.8 6.8 5.8 2

3 .091 .091 .091 ~

10.8 6.8 5.8 3

4 .193 1.299 1.687
257.2 240.0 . 26.5 4

5 .392 .392 .392
699.5 456.5 41. 9 5

6 .585 1.94 2.784
1082.5 535.3 59.7 6

7 .789 .789 .789
1183.3 596.1 68.8 7

* Mass based on 105 1bs/ft3 for masonry

CO = Chimney Only
CA = Chimney + t4a11 "A"
CC = Chimney + Wall "C"
SD =Strong Direction
WD = Weak Direction
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Table 2.2a Fundamental Frequencies (Hz)[2.3]

COSO
22

CASO
13

CCSO
12

COWO'
18

CA~~O

11

COWD
10

Table 2.2b Participation Factors

MODE COSO CASD CCSO GOWO CAW0 CCWO
..._-

1 1.8 1.7 1.8 1.8 1.7 1.8

2 -1.6 -1.9 -1.8 -1. 4 -1. 8 -1. 7

3 1.1 1.3 1.6 1.3 1.3 1.6

4 - .85 -1. 3 -1.8 - .9 -1.5 -1.6

5 .9 1.7 .95 .9 1.6 1.0

6 -.43 -0.1 -.48 -.27 -0.3 .64

7 .21 .8 1.1 .2 .73 .98

Participation Factor: E.m.0. ..
J J1J

r. = -----,0;2-
1 ~' 01

"jmj"'i j

; where m.=mass at noc.~ jJ .

0ij=moda1 deformation at node j in mode i
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Dimensionless
Rotational
Spring

2nd Floor
9.-------1.-----e::,.---------------.:-~

~Nodes 39
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1 ~Elemenh

·..-l 2
co ®·..-l 3 House Connection
co G) (Truss Elements)·..-l 4 Ridge Line
'-0 ®·..-l 5
'-0 (D· 6.-l

'!) ®
..-l 7

.
®co·..::t

14 Attic 16
8

.
\/"\·C"-

-J"----~10_'__~:.....-... 2_2' ~

Chimney
(Beam Elements)

HeaV) Timber House
(Truss Elements)

Figure 2.7 Standard Analytical Model
Finite Element Assemblage
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Table 2.3 Refined Whipple-Matthews Mass and Geometric Properties

4 Cross Secti~
NODAL MASS (Slugs) Area (Ft.2) t-ISJFt. ) z:

I.LJ

;/ Shear 2 ::E
I.LJ
-J

I.LJ Area( Ft. ) I.LJ
0
0z CO CA CC

10.8 ~1 .017 .017 .017 13.0 1
10.8
~2 .034 .034 .034 13.0 2

10.8
~3 .034 .034 .034 13.0 3

10.8
~4 .0323 .5073 .659 13.0 4

10.8
~5 .031 .031 .031 3.0 5

10.8
~6 . 031 .031 .031 13.0 6

- 42.3
~7 .060 .060 .060 31.8 7

468.7
~8 .579 1.691 2.079 8.2 8

965.2 62.3 _~
9 1.17 2.527 3.369 .-:---152.9 9 ,



41

(bl ~SUMED INTERACTION DISTRIBUTION
ON TYPICAL' INFILL
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Figure 2.8 Equivalent Strut Concept
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Ridge Line (No Ridge Board).-_o __r--

Attic

2nd Floor
Equivalent

Strut

Longitudinal
)

Figure 2.9 Whipple Matthews House
Timber Truss Longitudinal Direction
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Force

Displacement

Figure 2.10a Truss Elements
Yield in Tension & Compression

Moment

Rotation

Figure 2.10b Beam Element
Moment Rotation Relationship
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Moment

Rotation

Figure 2.10c Semi-Rigid Connection Element
(Rocking Spring Element)
Moment Rotation Relationship

Force

gap
size Displacement

Figure 2.10d Impact Element
(Modified Shear Connection Element)
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RESPONSE SPECTRUM

IMPERIAL VALLEY EARTHQUAKE MAY 18, 1940 - 2037 PST

IIIAOOl'QO.OOl.O El CENTRO SITE IMPERIAL VALLEY IRRIGATION DISTRICT COHP SOGE

DAMPING VALUES ARE O. 2.5. 10 AND 20 PEACENT ~F CRIttOAL
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Figure 2.11 a



RESPONSE SPECTRUM

N~ATHWEST CALIFORNIA EARTHQUAKE OCT 07. 1951 - 2011 PST

IIIR00251.001.0 FERNDALE CITY HALL COHP N~6W
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RESPONSE SPECTRUM
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Table 2.4

Parametric Study Outline

Chimney Parameters.

E=216000 ksf*
E=108000 ksf

. E= 54000 ks f
E= 144 ksf
E= 54000 ksf outsi de/216000 ksf inside

House Parameters.

House Mass due to Wall "N'*
House Mass due to Wall lie"

Chimney House-Connection
Infinitely Rigid Link
Actua1 Link*
Impact Element

gap = 0.005\,0.1', 0.015', 0.02', 0.04', O~05'

Ground Parameters

Soil Rocking Spring
Standard * =5580000 ft-kirs/rad.

10% Standard =558000 ft-kips/rad.
1% Standard =55800 ft-kips/rad.

* Denotes standard model.
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CHAPTER 3 - ANALYSIS RESULTS

3. 1 Introduction

The objective of this Chapter is to discuss the results of the free

and forced vibration analyses. The discussion compares the standard model t

which has basic properties t with the other models in which the chimneYt

house and ground parameters varied.

'3.2 Free Vibration Analysis

The natural frequencies and mode shapes of the various models are shown

in Table 3.1 and Figure 3.1. Only the first five modes are shown t because

the accuracy of the analytical model and the eigenvalue solution is uncertain

in the higher modes.

The fundamental frequency of the standard model is 11.8 Hz. This com

pares with 13.3 Hz for CASD of the preliminary analysis described in Section

2.2. Although the present model has included the stiffness of the house t

which would tend to increase the fundamental frequencYt the Teduction in the

fundamental frequency in the present model is due to the softening effect

of the foundation rocking spring.

3.2a Chimney Parameters

In comparing the standard model with the models in which the elastic

modulus of the chimney varies t it can be generally stated that the funda

mental frequency increases as the modulus increases. The general trend is

indicated in the graph of natural fundamental frequency vs. elastic modulus t

shown in Figure 3.2 The exception is the case where the modulus is 54 tOOO

ksf above the roofline and 2l6 tOOO ksf below the roofline. The frequencies
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and mode shapes for this case are essentially the same as for the standard

model.

3.2b House Parameters

In comparing the standard model with the models in which the house
I •

mass increases, it is observed that the fundamental frequency has decreased.

The frequencies for case 3, where the chimney-house connection has

been assumed to be very small, so that the house and chimney behave independ

ently, correspond to that of the house alone and the chimney alone. The

first three modes correspond to the three modes of the house, while the next

two modes correspond to the first two frequencies of the chimney alone. The

fundamental frequency of the chimney mass alone with rocking spring is

approximately 18 Hz.

The fundamental frequency for case 4, where the actual sizes of the

horizontal timber frame members were used in the assumed rigid chimney-

house connection, is smaller than the standard model. This result seems

reasonable since the overall structural stiffness has been slightly reduced.

3.2c Ground Parameters

In comparing the standard model with the models where the foundation

springs have been reduced, it is observed that the fundamental frequency

is drastically reduced. As previously mentioned, the intention here was

to determine the foundation rocking spring stiffness at which the house

begins to restrain the chimney. It is observed that at 10% of the standard

rocking spring stiffness, the fundamental frequency is slightly larger than

the fundamental frequency of the house alone.
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The corresponding shear wave velocity for the soil waul d be approxi

mately 273 ft/sec. The fundamental frequency for the case of 1% standard

rocking spring is slightly less than that of the house alone. The shear

wave velocity for the soil corresponding to this stiffness would be approx

imately 86 ft/sec. Average soft soil would have a low-strain shear wave

velocity of maybe 300 - 400 ft/sec. Due to straining, the effective veloc

ity may be reduced to 1/3 of the above values. Therefore, a shear wave

velocity of 273 ft/sec seems low, but ,86ft/sec seems unrealistically low.

Inspection of the higher modes confirms the well known fact that soil

foundation interaction may affect the fundamental mode (Figure 3.1), and

frequency of vibration (Table 3.1) appreciably but its effects are small

on the second mode frequency and negligible in the higher modes.

3.3 Dynamic Analysis Results

The purpose of performing the dynamic analysis was to determine the

force levels and the failure locations in the chimney when subjected to

earthquakes. The force results will be discussed in four parts: a) chimney

parameters, b) house parameters (except impact), c) ground parameters and

d) gap model.

The force results of the various models will be compared with the

standard model and a rigid body chimney model, Tables 3.2. The rigid body

chimney model assumes that the chimney is very stiff so that the shear

force at any location on the chimney may be obtained by multiplying the

total mass above that location by 32.2 ft/sec2~ the scaled peak ground

acceleration. The rigid body shear forces are shown in Table 3.2.

In order to understand the general trends of behavior in each of the
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various models, the force results for each earthquake were averaged to

gether. These average shears and moments are shown in Tables 3.3a and 3.3b~

respectively. Particular attention will be directed toward the portion of

the chimney above the roofline because this is where most of the reported

damage occurred. The first three elements and the first four nodes corre

spond to the portion of the· chimney above the roofline.

It should be noted that the force results are obtained for a lumped

mass system. In particular, the shear force at element 1 (Figure 2.7) is

computed due to the lumped mass at node 1, and is constant over the length
. .

of the element. The shear force should be adjusted since the chimney is

really a distributed mass system, where the shear force would vary linearly

over the length. Therefore, tabulated shear forces due to the lumped mass

system are approximately the shear force at mid-height of the actual distri

buted mass system. Although the distributed mass shear forces may slightly

affect the earthquake intensity results, the adjustment of the lumped mass

results is avoided for simpl icityl s sake.

3.3a Chimney Parameters

In general, the force levels above the roofline vary only slightly

for each variation in the elastic modulus of the chimney. A plot of the

elastic modulus vs. the average shear force in element 3, shown in Figure

3.3, depicts this slight variation. The exception is case 10, where the

modulus has been reduced to 144 ksf. The forces are significantly smaller

than the forces of the standard model, due to the drastic reduction in the

chimney stiffness.

Note the slight increase in shear for case 9~ where the modulus has
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been reduced to 54000 ksf. This slight increase seems to be due to the

frequency being in a range of higher spectral acceleration. The struc

tural frequencyw has decreasa:f slightly due to the decrease in elastic

modulus, but the chimney is still stiff enough to carry the major portion

of the lateral load. When the portion of the chimney above the roofline

for cases 1, 7, 8 and 9 are compared to the rigid body case, it is observed

that the forces are at least three times the rigid body forces.

This amplification, V/Vrigid' the ratio of the shear to the rigid

body shear, can be explained by comparing the spectral acceleration of each

structure. The rigid body case, which has a high fundamental frequency

(low period), would accelerate at the peak ground acceleration, as shown

in the response spectra in Figure 2. n. Cases 1, 7, 8 and 9, whi ch have a

lower fundamental frequency, are in a range of higher spectral accelera

tion. It is the higher spectral acceleration that causes the increase in

force levels.

3.3b House Parameters (except impact).

There are basically two house parameters that vary: the house mass,

and the chimney-house connection. By comparing the standard model with

case 2, where the house mass was increased, it is observed that the force

levels in the chimney have increased. The elements just below each stand

ard connection have increased considerably. The increasesin shear at ele

ments 4, 8 and 9 are primarily due to the additional mass being rigidly

attached to the chimney so that the connecting house and chimney masses

accelerate together. Note also the increase in shear forces above the

chimney. This increase can be attributed to the freqGency ratio being

in a range of higher amplification.
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the Palmdale recording of the San Fernando Earthquake than for the other

earthquakes. This is primarily due to the higher spectral values in the

short period range of the digitized accelerogram.

3.3c Impact

In the previously discussed models the house and chimney were either

completely connected together at each level or not connected at all to

behave independently of one another. The mean forces for these cases varied

only slightly above the roof1ine where failure reportedly occurred. The

present section deals with the situation where there is a gap between the

house and chimney. The modeling of the gap type chimney-house connection

was described in Section 2.5, and the time step used for the analysis was

explained in Section 2.4.

The "average" force reuslts are shown in Tables 3.4. Notice that the

shear force at the top node for the .01' gap model has been amplified approx

imately 15 times that of the rigid body shear forces. From these results

it would appear that impact is an important factor in chimney damage. But,

it should be remembered that an inelastic analysis has been performed and

the results don't have full meaning until the forces and gaps have been

scaled down to a realistic level. The scaling procedure commonly used for

elasto-plastic analysis is also employed here. The peak ground accelera

tion; force results and gap size are all scaled by the same factor. As an

example, the .01 1 gap case if scaled down to .10g peak ground acceleration

would have 10% of the force results for a gap size of .001'. This gap size

is extremely small, but would still produce the same highly amplified forces

when compared to the rigid body cases. Therefore the structural integrity



56

of the chimney-house connection appears to be an important factor in chim

ney damage. If the connection is either very strong or very weak, the

force levels in general do not appear to vary significantly regardless of

the variation of the other parameters. But if the connection is similar

to the gap modulus, then a potentially damaging situation exists.
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Figure 3.2 Frequency vs. Modulus
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CHAPTER 4 - EARTHQUAKE INTENSITIES

4.1 Introduction

From the description of damage, chimneys apparently toppled, slid hori

zontally, and some slid and were partially rotated. The forces required to

produce these conditions are necessary to determine the earthquake intensi-

ties. This chapter will define the failure criteria used in this study. The

failure criteria are defined as the initiation or onset of i) sliding (shear

failure) and ii) cracking or uplift due to overturning moment. The failure

forces are therefore forces required to initiate damage.

After defining the failure criteria and obtaining the associated forces,

the earthquake intensiti es will be determined. It follows then that the

earthquake intensities will be the intensities required to initiate damage,

i.e., lower bound intensities.

4.2 Failure Criteria

a) Shear Failure (Coulomb-t~ohr Type Failure)

The forces required to initiate shear failure were obtained by

assuming:

the shear resistance is due to friction developing at the hori
zontal failure plane, between the brick and mortar. The shear
capacity, Vf is given by Eq. (4.1).

1) the bond stress at the failure location is zero

2)

v = llWf
(4.1)

where II = coefficient of friction
W= total weight of chimney above the

failure location.
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Sliding occurs at the instant the horizontal inertial forces exceed

the frictional capacity, as shown in Figure 4.1. It should be noted that

~ = 0.7 was used in this study since it is the average value found in a

literature survey [4.1J.

The shear capacity or the shear failure forces are shown in Table 4.1.

b) Normal Stress Failure

The nonnal stress failure criteria is defined as the bending mom-

ent that produces a state of normal stress at which zero stress exists

along one edge of the horizontal failure plane, Eq. (4.2) ..

M ~I
(1=5-1\=0

M- sw-r ( 4.2)

where S = the least section modulus of cross-section at the
failure location

W= total weight of chimney above the failure location
A = cross-sectional area at the failure location.

The zero normal stress state, shown in Figure 4.2, is produced by the mom-

ent due to the horizontal inertia force becoming larger than the moment

due to the self-weight of the chimney above the failure plane.

In determining the moments required to initiate nonnal stress failure,

it was necessary to make the following assumptions:

1) the horizontal inertia force does not
exceed the shear capacity at the failure
plane;

2) the mortar tensile capacity is equal to zero.

The normal stress failure moments are shown in Table 4.2..
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4.3 Earthquake Intensities

The earthquake intensity required to initiate damage at a particular

node is determined by ff/f, the ratio of the failure force, to the force

from the analysis results. The resulting intensity is expressed in accel

eration units, ft/sec2. The intensities shown in parentheses in Tables

3.2 are expressed in decimal parts of acceleration due to gravity. The

asterisks denote the location of the smallest intensity that would initi

ate failure.

It should be emphasized that the tabulated intensities would only ini

tiate the defined failure and are therefore lower bound "intensities to the

1755 Earthquake. Depending upon the duration and peak ground acceleration

of an earthquake, the resulting forces may exceed the failure forces (capac

ity) for an extended period of time, resulting in inelastic behavior, or

even total failure. For this reason it would be necessary to perform an

inelastic analysis and define more detailed failure criteria, including

inelastic behavior, in future research.

4.3a) Chimney Parameters

When comparing the average intensity required to initiate failure

of the standard model with the intensities for the different cases where

the elastic modulus of the chimney varied, it is observed that the stand

ard model would fail before the others. Shear failure would generally

occur at node 4, element 4, at an average intensity of 0.087g. It should

be noted that failure would occur just below the roofline, which is not

the location of interest, since the force at node 4, element 4 is due to

the chimney mass at node 4 plus the house mass at node 15 (refer to Fig-

ure 2.7).



85

For shear failure to occur just above the roofline, an intensity of

0.23g is required, assuming the other nodes do not fail first. But it is

observed that elements 4 through 8 would begin to fail before element 3.

Therefore it would be expected that inelastic behavior may account for

sliding failure at the roofline.

Normal stress failure would also occur in the standard model before

the others, at an average intensity of 0.018g at node 8 (Figure 2.7). For

normal stress failure to occur just above the roofline, an intensity of

0.084g would be required. But, as in shear failure, failure. would begin

at nodes 5 through 10 first.

From Table 3.3b it is observed that the intensity required to initiate

normal stress failure slightly increases to 0.031g at node 8, as the modulus

decreases, from 216000 ksf to 54000 ksf. The intensity suddenly increases

to 0.28g at node 4 as the modulus is reduced to 144 ksf.

From these results it is evident that normal stress failure is more

critical than shear failure.

4.3b) . House Parameters (except impact)

Case 2, where the house mass was increased, would fail in shear at

node 4, element 4, at an average intensity of 0.61g. This failure also.

occurs below the roofline. But the normal stress failure is more critical,

requiring an average intensity of 0.]4g to initiate failure at node 8.

In Case 3, where the chimney-house connection was made very weak,

failure in shear would occur at node 1 element 1 at an average intensity

of 0.20g. The normal stress failure would occur at node 8 at an average

intensity of 0.04g.
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In Case 4, where the actual member sizes were used in the chimney

house connection, shear failure would occur at node 4, element 4, at an

average intensity of 0.12g. Normal stress failure would occur at node 8

at an average intensity of 0.025g.

As in the chimney parameter cases~ failure would be initiated at

several other locat~ons, before the location just above the roofline.And

similarly, inelastic behavior may account for failure just above the roof

line.

From these results it is observed that an intensity of 0.049 would

initiate normal stress failure in any of these cases.

4.3c} Ground Parameters

For the cases of reduced rocking spring stiffness, the average in

tensity required to initiate failure is larger than that for the standard

model. For the case of 10% standard rocking spring stiffness, the average

intensity for normal stress failure is 0.033g, while for the 1% standard

rocking spring case the intensity required to initiate failure is 0.029

at node 8.

From inspection of Tables 3.2 it is evident that the Palmdale Earth

quake would initiate damage before the other earthquakes. As mentioned in

Chapter 3, this is primarily due to the higher spectral values in the digi

tized accelerogram.

4.3d) Impact

From Table 3.3c the case with the gap size of 0.01' ;s the critical

case, requiring the smallest intensity to initiate failure, when compared
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to the other impact cases. The average intensity required to initiate,

normal stress failure is 0.0159 at node 8. It should be noted that as the

forces are scaled down to an intensity of 0.015g the gap size must also be

reduced by the same factor. The corresponding gap size would therefore

be 0.00015'. This implies that if there is even the slightest bit of inde

pendent movement between the house and chimney, the forces in the chimney

can be increased by as much as 2.8 times the case where the actual member

sizes were used in the non-impact chimney-house connection. The effect of

a gap in the chimney-house connection, therefore, appears to be a very im

portant consideration in determining chimney damage due to earthquakes.
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w

Figure 4.1 Shear Failure

b 2 w

Fai lure Plane

Zero Normal Stress

Figure 4.2 Normal Stress Failure



TABLE 4.1

.p
s::
Q)

FailureI=! Q)
Q) "C

Force(kips)r-f 0
1%1 :z;

1 2 .38

2 3 1.15

3 4 1.92

4 5 2.64

5 6 3.34

6 7 4.04

7 8 5.4

8 9 18.45

9 10 44.82

89

TABLE 4.2

Q) Failure
"C
0 Moment(ft-kips):z;

1 .46

2 1.39

3 2.33

4 3.2

5 4.06

6 4.90

7 6.5.5

8 22.41

9 54.42
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CHAPTER 5 - CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

A pre-1755 heavy-timber frame house with a masonry chimney has been

analyzed to determine 1) dynamic response characteristics~ ii) force levels

in the structure subjected to three earthquake motions, iii) forces required

to initiate damage and iv) the approximate lower bound intensity motions of

the 1755 Earthquake.

A standard analytical model was developed and a parametric study was

performed to understand the effects of the several chimney, house and

ground parameters involved in the dynamic analysis

i) From the free vibration analysis it was determined that the fundamen

tal frequencies of the various models were quite high. The fundamental

frequency of the standard model was determined to be about 12 Hz. The free

vibration analysis of a case where the chimney-house connection was made

very weak revealed that the fundamental frequency of the house was approxi

mately 5 Hz and chimney alone was 18.5 Hz.

Once the frequencies and mode shapes were determined, participation

factors were computed. The participation factors indicated that the higher

modes contribute to the total response of the structure. This rather un

usual behavior is due to the concentration of mass in the lower, rigid por

tion of the chimney.

ii) The dynamic analysis of the standard model revealed that the Palmdale

Earthquake was, in general, more severe than El Centro or Ferndale. This

is primarily due to the higher spectral values in the short period range of

the digitized ac~elerogram. A comparison of the dynamic analysis and an
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assumed rigid body motion case revealed the 'amount of dynamic amplifica

tion in the dynamic response results. It was observed that forces were

amplified by at least a factor of 3 when the elastic modulus of the chimney

varied. When the chimney and house were allowed to move independently

(case 3), the dynamic amplification factor became as large as 3.5 at the

top element.

When the foundation rocking spring was reduced, a peculiar variation

in force levels of the chimney, inside the house, was observed. The pecu

liar variation is due to the higher modes of the house, causing some addi

tional lateral load on the chimney.

When there was a gap in the chimney-house connection; it was observed

that shear forces increased by as much as 15 times the rigid body shear

forces.

iii) The chimney was assumed to fail in one of two possible modes: shear

failure and normal stress failure. The shear failure forces are based on

the assumption that the coefficient of friction ~ between the brick and

mortar was 0.7. Shear failure is assumed to occur at the instant frictional

resistance, ~W, is exceeded, where ~ is the coefficient of friction between

the brick and mortar and Wis the total weight above the failure plane.

Normal stress failure occurs when zero stress exists along one edge

of the horizontal failure plane.

iv) The earthquake intensities, ff/f, the ratio of the failure force to

the force from the parametric study results, were computed for the various

models. Normal stress failure was always the most critical, requiring a

smaller intensity, at a particular node, to in'itiate failure.
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An intensity of .0319 is required to initiate normal stress failure

in the various chimney parameter models (except for the case where the

elastic modulus is reduced to 144 ksf).

An intensity of O.lOg would initiate normal stress failure in the

various house parameter models.

For the cases of reduced rocking spring stiffness, an intensity of

0.02g would initiate nonnal stress failure at node 8.

The impact studies reveal that an intensity of 0.048g would initiate

normal stress failure at node 8 for the various gap sizes studied.

The earthquake intensity results indicate that, in .general, intensi

ties in the range of 0.015g to 0.04g would initiate normal stress failure

in any of the models investigated. It may therefore be concluded that, if

the 1755 Earthquake were in the 0.015g to 0.04g intensity range, it would

have initiated damage in anyone of the various models analyzed.

5.2 Recommendations

In determining earthquake intensities from chimney damage reports, it

is of primary interest to understand the damage process. The damage process

must then be defined in terms (criteria) of forces so that reasonable estim

ates of the intensity can be made. The simple failure criteria employed

in this study can be improved by allowing the members to yield, since the

failure process is an inelastic phenomenoD.

To better understand the entire failure process, it is also necessary

to investigate both transverse and longitudinal directions of the system.

Although an estimate of the transverse stiffness of the house was made, the

effects of exterior wall openings, and interior partions, should be studied.
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The stiffness in the longitudinal direction may have a significant effect

on damage to chimneys, and should therefore be studied.

A study of the impact problem in the chimney-house connection is also

an area in which future work should focus. Perhaps modeling the chimney

top as a rigid block resting upon a pedestal, subjected to an instantane

ous base motion, may be a suitable approach.

And finally, the procedure for determining earthquake intensities

should be verified by selecting a modern earthquake where chimney damage

has been reported and the intensity is known.
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APPENDIX A

MErHOD FOR PREDICTING THE LATERAL STIFFNESS AND

STRENGTH OF MULTI-STORY INFILLED FRAMES [2.4J

The characteristic of the infilled frame, 7\ , for a rectangular

frame is given by,

and h, represents the relative stiffness of the infill to the

column. The relation between Ih, the length of contact, and

h, is shown in Eq. 2.

(1)

(X

h

= _1'(;.;.-._

2 h
(2)

The length of contact can therefore be determined using

Eq. 2 after , has been determined by Eq. 1. Substituting

values,

CJ. = 0.47
h

The effective width of the equivalent strut, wid, is then

determined from experimental curves shown in figure 1. The

effective width is a function of the infill stiffness and

dimensions. From the curves, w/d= 0.10, where d is the
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diagonal length of the infill panel. Therefore,

w =O.ld (3)
= (0.1)( 2) .2)

w = 2.3'
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NOTATION

d = Diagonal length of infill = 23.2'

Ec=Elastic modulus of infill =1.5(106)psi

E =Elastic modulus of frame = 106 psi

1 = Length of beams between center-lines of columns = 22.87'

t = Thickness of infill = 4 in.

w =Effective width of infill

~= Length of contact

e =Slope of the infill diagonal to the horizontal = 18.8

.,...,. = Characteristic of the infilled frame; for a rectangular frame

'1\ =V[(Ectsin 20)/(4EIh) ]
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APPENDIX B

SPRING CONSTANTS FOR RIGID RECTANGULAR
BASE RESTING ON ELASTIC HALF-SPACE [2.6J

For rocking motion:

where,

IA- = 0.4 for moderately saturated soils
L = 14.33'
B = 9.33'N= 0.56, £'rom Fi§,"Ure B.1

Therefore,

k~ - G (0.56)(9.33)(14.332)
't' - 1-0.4

=1788G (ft. units)

(1)

The shear wave velocity is used to determine the shear modulus,G.

G =fC~ (2)

where,

Therefore,

C~ = Shear wave velocity = 1200 ft/sec
(for good stiff till)

f =mass density = r/g
~ =unit weight of soil = 135 lbs/ft3
g =acceleration of gravity = 32.2 ft/sec2

G = (4.19)(12002)

=6.04(106) lbs/sq. ft.

The rocking spring constant calculated above is for a~

rigi:l :;:-ectangular base, but the actual base is not solid.

Assume that the spring constant is directly proportional to

the ratio, Iactual! Isolide
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bh)
=-rr;-
= (9.)))(14.)3))

12

=2288 ft4

Iactual =1183 ft4

Therefore,

k4> = (1788)(6.04)(106)(1183)
2288

=5.58(106) kip-ft/rad

11---+---1
---'-

Figure B.l Spring constant coefficients for
rectangular foundations
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NOTATION

B = Width of foundation along axis of rotation = 9.33'

Cs=Shear velocity =1200 ft/sec (for good stiff till)

G =Shear modulus

g =Acceleration of gravity =32.2 ft/sec2

t =Unit weight of- soil = 135 lbs/ft3

I =Second moment of area

k+= Rocking spring constant

L = Length of foundation in plane of rotation = 14.33'

f =Mass density

! = Poisson's ratio
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APPENDIX C

GAP MODEL TIME STEP ACCURACY AND
SCALING OF RESULTS

Tables C.1, C.2 and C.) compare results of the gap model

when integrated a~ different time steps. Table C.1 compares

time steps of 0.001 sec. and 0.005 sec. Table C.2 compares

time steps of 0.0008 sec. and 0.001 sec. Table C.) compares

time steps of 0.0008 sec. and 0.0005 sec. Note that the results

are approximately the same.

Table C.4 indicates that results of the gap model can be

scaled. For a gap size of 0.01", subjected to a peak ground

acceleration of 1.0g, the results are 10 times larger than a

model with a gap size of 0.001' subjected to a O.01g peak

ground acceleration.



101

TABLE C.l

SHEAR FORCES
~ Gap Size = 0.00001'
~ El Centro 1.0gQ)

a
Q)

r-l 0.001 sec. 0.005 sec.l":il

1 1.24 1.24

2 3.20 3.52

3 4.90 5.61

4 25.87 24.89

5 27.20 26.46

6 28.54 27.92

7 30.91 30.53

8 92.63 95.19

9 152.76 156.91
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TABLE C.2

SHEAR FORCES
~ Gap size =0.001'
l=: El Centro 1.0gQ)

ID
.-I 0.0008 sec. 0.001Ii1 sec.

1 15.4- 14-.05

2 29.9 28.24-

3 39.1 39.4-2

4- 50.3 4-9.4-8

5 4-8.2 4-9.17

6 51.8 i+6 .68

7 52.5 51+.19

8 122.3 129.97

9 212.0 208.91
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TABLE C.]

~ SHEAR FORCES
s:: Gap Size =0.01'Q)
=; Palmdale 1. OgQ)

r-i
P:l

0.0008 sec. 0.0005 sec.

1 6.55 6.07

2 15.83 15.55

3 22.64 23.11

4 38.56 38.49

5 40.60 41.25

6 42.70 43.08

7 48.84 48.91

8 141.58 139.41

9 216.77 216.80
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TABLE C.4
~
$:l
Q) SHEAR FORCES
~ . Gap =0.01' Gap = 0.001'~

I!iI El Centro 1.0g El Centro 1.0g

1 15.38 1.54

2 29.91 2.99

3 38.83 . 3.91

4 50.29 5.03

5 48.21 4.82

6 51.81 5.18

7 52.59 5.25

8 122.43 12.23

9 212.16 21.20
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