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Chapter 2

Basics of Seismicity, Wood-Frame
House Construction, and Seismic
Resistance

Thas chapter provides a basic overview of seismicity in the United Sates, and
of the typical types of wood-frame houses and how they resist earthquake
forces. It is infended prmanty for bomeoemners and confractors who bave hittle
the documents referenced 1n Chapter 1 and in the list of References.

21 Seismic Hazards in the United States

The map in Figure 2-1shows the earthquake shaking hazard levels in the
Umted States. More detailed maps are pronided m the companion FEMA P-30
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Figure 2-1 Seismic hazard map of the United States. Colors represent ranges of horizontal ground
shaking, with grey representing the lowest hazard and pinkish-red representing the
highest hazard. More detailed maps of acceleration response, 5, the parameter referred
to in Table 1 of the Simplified Seismic Assessment Form, are provided in the companion
FEMA P-50 report.  (Source: U. 5. Ceological Survey.)
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report, Simplified Seismic Azsassment of Detachead. Single-Family,
Wood-Frame Dwellings (FEMA, 2012) and 1n the ASCE/SE]I 7 and IRC
documents. The latter two documents provide the basis for the seismic
provisions of most state or local building codes. The shaking harard for your
home location can be obiained from the U.5. Geological Survey (USGS)
Sersmic Design Maps website: (hitps:‘geohazards wsgs. povsecure’
designmaps/us/). This procedure 15 descnbed in detail in Table 1 m the
Simphfied Sersmie Assessment Form (Figure 1-3).

The shaking expenenced by a bmlding 1= al=o affected by the soal under the
acceleration smmlar to that of the bedrock beneath. However, buldmgs
bonzontal shaking acceleration amplified by as much as fve imes, potenfially
causing more damage. An analogy 15 to consider a bowl of gelatin dessert
being shaken; the gelatin dessert moves more than the bowl.  Your bulding
Jqunsdichon (local buldng department) may have mformation on sml types
within the jumsdichon.  An enginesr desigmng a new building or a bmldmg
selsmme refrofit in accordance with the locally adopted version of the IBC wall
use this so1l information and the bedrock shaking level to caleulate the design
2.2  Wood-Frame House Foundaotion Configurations

As explained more fully m Section 2.3, earthquake imerhal forces acoummlate

in the upper parts of the bulding and are resisted at the foundation. The forces
are larger near the foundation, and thus most earthquake damage ocours m the
wood-framing adjacent to the foundafion. The configuration of this framimg at
the foundation 15 enfical to the seismc resistance of the dwrelling.

There are four predominant configurations for supporting a wood-frame house
on its foundation:

#  cripple-wall crawl space,

#*  basement (crawl space with no cripple-wall),

*  slab-on-grade, and

#®  post-and-pler.

A fAfth common bouse configuration, the split-level bouse, 15 usually a
combimation of a slab-on-grade and a enpple-wall house configuration.
Houses may have other combinations of elements of the different
configurations as a result of remodeling or other considerations.
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221 Copple-Wall Crawl Spoce Houses

In a cnpple-wall house, there 15 3 pemmeter foundaton of wnreinforced or
reinforced concrete, brick or stone masonry, or conerete block. This penimeter
foundation typically comprises a stem wall supported by a wider footing. The
stem wall supports the bottom sill plate, or *mmdsill’, of a short wood sted wall
called the cripple, or pony, wall. The cnpple wall encloses the crawl space,
and supports the perimeter of the first floor. The construchion of wood stud
walls and floors then continmes up to the roof. The miminmm height of the
crawl space 15 nsually 18 inches. On a sloping site, the maxamum crawl space
height depends on the slope. Typically, the crawl space remains an imfinished
ufility space. Figure 2-2 15 a sechon drawing through a typical cripple-wall
crawl-space house. Mote that, away from the perimeter cnpple wall, the floor
joists are supported by beams resting on posts set info concrete prer footngs.
Figures 2-3 and 2-4 are photographs of typical enipple-wall houses.
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Figure 2-2 Section through typical cripple-wall crawl-space house (from
ATC, 2002).
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Figure 2-3 Typical one-story cripple-wall crawl-space house ifrom ATC, 2002).

] ' L S . L M
Figure 2-2 Typical older one and one-half-story cripple-wall crawlspace house
firom ATC, 2002).

Two common seismic vilnerabibifies i enpple-wall howses are the
insufficient strength of the cripple wall extenior sheathimg and the lack of
sides of cnpple walls are usually sheathed with stucco (with or wathout
structural sheathing undemeath), sawn wood siding, extenior fimsh structural
panel sheathing or other matenal  Figure 2-5 shows typical earthquake
damage to a copple wall, due fo insufficient strength of the cnpple wall
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Figure 2-5 Typical earthquake damage to a cripple-wall house {from ATC,
2002

stucco-only sheathing. It 15 also common for the posts fo shake out, leaving the

222 Slab-on-Grode Houses

A slab-on-grade house has a foundation formed by a cast-in-place concrete
slab that hies drectly on the leveled and compacted scal.  Most of this
foundation 1s a ground floor concrete slab of about four-inch thickness. At the
penmeter, and often at the location of selected inferior load-beanng walls, this
slab 15 thickened to 12™ to 18™ to form a deeper footmg. The slab and
thickened footing are usually remnforced with steel reinforcmg bars or two-way

FEMA P50-1 2: Basics of Seismicity, Wood-Frame House Construction
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steel wire fabne. Sometimees, the slab 15 reinforced with sleeved pre-stressing
steel tendons that are post-fensioned and anchored after the concrete has cured.
Anchor bolts cast into the =slabs and footings or shot-in nals connect the
intenor and exterior wood-frame stud walls to the slab and foundation. Interior
stud walls are usually sheathed wnth gypsum board or plaster. Exterior walls
are nsually sheathed wnth gypsum board or plaster on the intenor faces, and
with stucco (with or wnthout strechoral sheathing underneath), sawn wood
siding, exterior fimizh stroctwral panel sheathmg, or other materal on the
exterior faces. Smmilar wood-frame construction proceeds upwards for the
desired pumber of stones, with wood joists supporfing the elevated floors.
Figure 2-6 15 a transverse sechon through a typical one-story slab-on-grade
house. Figures 2-T and 2-8 are typical photos of one and three-story
slab-on-grade houses.
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Figure 2-6 Section through typical one-story slab-on-grade house (from ATC, 2002).
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Figure 2-7 Typical one-story slab-on-grade house (from ATC, 2002).
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Figure 2-8 Typical three-story slab-on-grade house (from ATC, 2002).

A common seismic vulnerabibity in some tero-story and many three-story
slab-on-grade houses 15 the msufficient lateral-force-resisting strength of the
first floor extenior and mienor walls due to the large number of door and
window openings in these walls and the lmmited strength of the sheathing
matenials. Figures 2-2 and 2-10 show typical earthquake damage to the
first-story walls.
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Figure 2-3 Cracking damage at the window to stucco first-floor walls of a
two-story slab-on-grade house (from ATC, 2002).

Figure 2-10 Damage and racking displacement to the right in the first floor
walls of a bwo-story slab-on-grade house (from ATC, 2002).

223 Basement Houses (Pernmefer Foundotion with no Copple
Wil

The vertical-load-beanng elements of basement houses begin with full-height
penmeter concrete or masonry basement walls foumded on a concrete
penmeter footing. A concrete slab 1s usually placed between these walls to

form the basement floor. A wood sill plate supporting the first floor joists 15
placed on the fop of the penmeter basement wall, and the wood-frame
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Figure 2-11 15 a section through a typical one-story basement house.

Figure 2-12 15 a section through a crawl space house that is similar to a
basement house. The pennmeter walls are shorter, as they enclose a crawl space
rather than a full-height basemsent. Thas confipuration differs from a
cripple-wall house m that the penmeter foundation walls enclosmg the crawl
space are of concrete or masonry rather than wood framing.

A common seismic vulnerability in basemsent houses 15 the lack of anchor bolts
between the =il plate and the basement wall. Figure 2-13 shows a house of
thus type that was damaged n the 1992 Cape Mendocino earthquake m
Cahformia as the zll plate shd along the top of the foundation wall.
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Section through a typical one-story basement house (from ATC,
2002).
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Figure 2-12 Section through a variation of the basement house where the
perimeter foundation walls enclose a crawl space {from ATC,
2002).
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Figure 2-13 Damage to a basement-type house where the sill plate slid on the
top of the foundation wall (from ATC, 2002).
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224 Perimefer Post-ond-Pier Foundation Houses

In post-and-prer foumdation houses, mdmidual footings are spaced along the
house penmeter and along mtenior lnes. These footings may be shallow
foundations or deep dnlled prers, and may or may not be hied together by grade
beams at ground level. The foohings support wood or steel posts, or masonry or
concrete piers. Posts are provided wnth lateral-force resistance by diagonal
bracing, or the width'benght ratio of masomry or concrete plers providing
overtmning capacity. The first-floor joists and the house superstrocture are
supported by pirders supported by the posts or piers.  Figures 2-14, 2-15 and
2-16 illustrate this house confisuration on sloping and flat sites, respectively.

Ll i

2002).

Figure 2-15 Wood post-and-pier house on flat site (from ATC, 2002).
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Figure 2-16 Masoniry pier house on flat site ifrom ATC, 2002).

A common seismic vilnerabilidy in post-and-pier houses 15 the lack of
selsmac-resishng strength in the post-and-per foundafion system or 1o the
diagonal bracing system. Figure 2-17 shows earthquake damapge to a
post-and-pier foundation.

Figure 2-17 Earthquake-damaged perimeter post-and-pier foundation. The
diagonally-braced post has overturned the shallow-founded
concrete pier footing (from ATC, 2002).

2-12 2: Basics of Seismicity, Wood-Frome House Construchion FEMA P-30-1



225 Split-Level Houses, Mulli-Lewvel Hillside Houses

Houses where adjacent floor levels are separated by less than a full story
height are nsually designated split-level houses. One typical confipuration 1=
shown in Figure 2-18. The nght part of the house is of two-story

slab-on-grade wood-frame constroction, with the garage space occupying the
construchon.

Figure 2-18 Splitdevel house, where the section of flooring above the garage
is at a lower level than the main second-fleor kevel {from ATC,
2002

Crhber split level bouses may have all slab-on-grade ground floors at different
elevations, and may not have living spaces over the garage. These houses may
be on esther flat or sloped sites. On flat sites, the two lower levels may be at
nearly the same elevation.

A common seismic vulnerability in split-level bouses with living spaces over
the parage 15 inadequate strength of the walls at each side of the parage door to
resist seismic forces from the bouse porbion above. Damage that was in part
mihated by thas vulnerabality 1s shown i Figure 2-19. Another common
portion of the bouse, when present, cansing damage simmilar to that of

Figure 2-5.

2.3 Elements of the Primary Seismic Load Path

An understanding of how the vanous bulding elements work together along
the prmary seismuc load path to resist earthquake forces will make the retrofit
process more clear. A more m-depth explanation can be found m FEMA 232,

FEMA P50-1 2: Basics of Seismicity, Wood-Frame House Construchion
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Figure 2-19 Split-level house with damage and collapse at the garage-level
walls at bwo-story portion ifrom ATC, 2002).

Hornzontal earthquake ground mobon canses house foundations to accelerate
back and forth Because of the inerhia of the heavier elements of a house
structure, these heavier elements resist the tendency to follow the foundation
moton In so doing, these beavier elements supply "mmertial” sersome forces to
the attached structural elements. The serzmac forces mmst be transferred alonz
the “seismic load path’ from each element to the supporting ground. As
dizcussed in more detanl i Chapter 8, along this sersmoc load path may be, for
example, bonzontal diaphragmes, nailed commections, shear walls, nailed and
anchor-bolted connections, and the foundation.

2.3.1 Horzonfal Diophrogms

Floors and roofs with contmuous sheathmg that 1s honzontal (or sloped, in the
case of most roofs) are considered honzontal diaphragms. In the primary
selsome load path, honzontal diaphragmes serve to transfer the lateral mertial
selsmme forces from all attached elements mito the shear walls or other vertieal
wall elements below the dizphrazm level. Most often mm houses, the horizontal
diaphragm collects these forces from attached walls hawving planes
perpendicular to the earthquake mobion, and transfers these forces to lower
shear walls whose plane 15 parallel to the earthquake moton. The forces are
camed down through the walls to the foundation where they are resisted by
foction or beanng ground reactions.  Figure 2-20 illustrates thys load path,
of the shear walls, then down through the shear walls to the foundation.
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LP3

Peak ground acceleration, presumed constant, in direction |efi-right
Ertire foundation is moved laft-right.

Building inertia causes bulding to lag to the left, as though avery item of weight W, was acted
on by a selsmc inertial force Wa to the left

Inertial forces in the roof diaphragm are transferred along LP1 to the edge of the roof by
shear in the diaphragrm.

Farces at the edoe of the roof diaphragm are collected and transferred along LP2 to the top
af the wall through connectars,

Farces at the top of the wall and inertial forces in the wall are transferred along LF3 to the
foundation by shear in the wall diaphragm, nailed connections and bracing o the mudsill,
ard through balt shear to the foundation,

Figure 2-20 Horizontal and vertical diaphragms ishear walk) transferring

horizontal earthquake forces (from ATC, 2002).

232 Sheoar Walls

Shear walls have a capacity to resist earthguake forces m the drechion of the
plane of the wall The sheathimyg of the wall must have suffiment strength to
resist the shear force. The connections at the top and bottom of the wall must
be strong enough to transmit the forces without breaking. The wall can onkby
resist in-plane forces; other walls nmst be provided to resist forces in the
be connected adequately at the bottom, fo resist bemg cverfuned by the
honzontal shear force being apphied at the top.  Figure 2-21 illustrates a
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shear wall wath applied lateral forces at the top and wath dead weight and
bottom restramts resisting overtmming
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Figure 2-21

Shear wall with a seismic shear force applied at the top, and the resulting shear
and overtumning reactions at the base {from ATC, 2002).

Intended Sheor Walls
In modern earthquake-resistant design, certain walls are designed and bult to
have the strength to resist a designated amount of earthiquake force. The total

capacity of these infended shear walls above a specific floor level must be
greater than the desipn earthquake force at that level of the bulding.

Tnintended Sheor Walls

In many older bmldings, no particular interior or exterior walls were infended
to be shear walls. However, if the top edges of these walls are comnected to a
honzontal roof, cealing, or floor diaphragm and the bottom to a honzontal
floor diaphragm or foundation, they will resist some amount of force as the
wall. These unintended shear walls may be evaluated for their capacity to
contribute to the earthquake-resisting capacity of the bulding.

As part of an overall bulding retrofit, the strength of an exasting wall can be
mmcreased.  Faosting inferior walls wsually already have inferior sheathing on

2: Basics of Seismicity, Wood-Frome House Construction
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both sides, and extenior walls have infenior and exterior sheathing. The wall
strengthening 15 usually done by removing the mbenior sheathing for the full
width of 2 room, improving top and bottom connections as needed, placmg
new structural sheathing, and placing new mntenior sheathing over the new
structural sheathing. In an attached garage and certain other locations, the new
sheathing may peed to meet fire-resistance rating requirements.

Tied

Modern wood-frame houses often have steel iedowm hardware betwesn the
foundation and the shear walls or eripple walls above the foundation. The
tiedowns comnect the foundation to vertical boundary posts at the ends of the
shear walls. They prevent the shear wall from cverfuming when a seismc
force 15 apphed in-plane to the top of the wall  Figure 2-21 shows the
vertical force apphed to a tiedown from a honizontal force at the top of the
wall. Figure 2-22 illustrates typical commercially available iedowns. The
tiedown connects to the foundaton with an embedded threaded rod or strap
and to the post with bolts, nails, or screws. Tiedowns are required when the
dead wenght at the top of the wall 15 not sufficient to prevent overtmmmg. This
condifion 15 more hkely to occur in short walls with small length'henght ratios.
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Figure 2-22 Typical commercially available tiedowns {from ATC, 2002).

233 Connections Beiween Walls and Horzontal Diophragmms

The connection of a roof or floor honzontal diaphragm to the walls above and
below 1t must be adequate for the transfer of seismme forces. A typical
sechonal view of this comnection 15 shown m Figure 2-23.  The nathng of the
wall sheathing, sills, subfloor, frarmng hardware and top plates forms a
complete load path for the transfer of shear forces from the upper wall and the
subfloor down nto the lower wall.
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Figure 2-23 Detail from the Los Angeles Standard Retrofit Plan (5ee Chapter &) of a connection between a
wall and a horizontal floor diaphragm, with strengthening of the connection between the top of
the cripple wall and the floor joist blocking above the wall ffrom ATC, 2002).

The IEBC Cripple Wall Provisions require that the connection between the top
of the cripple wall and the floor joist blocking above it be strengthened.
Various connection details_ such as the one illustrated in Figure 2-23, are
provided in the IEBC Cripple Wall Provisions.

234 Cripple Walls

The cnpple walls are the lowest wood-frame walls m a enpple-wall bulding.
All of the sersmic forces collected in the honzontal diaphragms and the walls
above the cripple walls are delivered to the cnpple walls.  As enpple walls
typically are only on the bmldimg penmeter and have sheathmg only on the
exterior face, they have often failed when in-plane seizyme forces delvered to
them exceeded their capacity.
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It 15 a very common seismic refrofif to increase the strength of the sheathing on
a cnpple wall. This is usually done by adding structural sheathing to the
unzheathed m=ide face of the cripple-wall framving. By the presenptive
cripple wall retrofit provisions (to be infroduced i Chapter 4), the length of an
added wood structural-sheathing panel 1= to be at least twice the henght of the
crnipple wall. Tiedowns are then not required because it 15 assumed that
sigmficant uphft forces do not ocour with thas length'height rato.

2.3.5 Anchor Bolis

Anchor bolts serve to connect the bottom =ill plate of the lowest-level shear
walls to the foumdation.  All of the se1smmic shear forces from the
wood-framed part of the house pass through the anchor bolts to the foundation.
resistance of the si1ll plate on the foumdation 15 overcome by earthquake forces,
the =l plate can shde off the foundation.

Refrofit anchor bolts are often added to connect the sill plate to the foundation.
Haoles for the anchor bolts are dnlled throuph the exstme bottom 511l plate and
into the foundation.  The pew anchor bolts can be chemically bonded into the
foundation with epoxy or other adhesive, or they can have a mechamcal
expansion wedse to pnp the sides of the bole. When hmited clearance m the
crawl space prevents the installation of anchor bolts, hardware 15 available to
substitute for new anchor bolts by comnecting the mide of the foundation to the
side or top of the sll plate.

236 Foundaotions

the wood-framed part of the house and fransfers it info the ground. The
foundation walls must have sufficient m-plane shear strength to remst the
bonzontal force, and they must have sufficient thickness'height stability to not
collapse dunng the earthquake shaking If shearwrall hedowns are used, the
foundation nst also bave sufficient weight and bending strength fo resist any
vertical overhorming forces they impose.

All or part of unstable, weak, or discophnucus existing penmeter foundations
are somefimes replaced with new confimuous reinforced concrete foundations
as a part of a seismic refrofit. This 15 a major construction effort.
Eeplacement of amy =i pnificant length of foundation 1= wsnally done m
altermating sepmeents along the length of the foundation to aveld having to

FEMA P50-1 2: Basics of Seismicity, Wood-Frame House Construchion
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Post and pier foundations are usually of concrete, with a foundation pier at
each post. Mewer houses on hillsides, and newer houses on poorer soils are
more likely to bave deep pier foundations and to have grade beams connecting
the piers together.

24  Platform Framing and Balloon Fraoming

Platform framing and balloon framing are the two predominant ways of using
nominal two-inch thick wood frammg homber to frame 2 multistory honse.
Platform framing 15 mmach more common than balloon framing in newer
houses.

In platform franung, the stud-framed walls are discontimuous at each floor
level A first floor platform 15 bumlt of joasts, nm joasts or blocks, and
subflooning.  Stud walls made of bottom =11l plates, studs, and double top
plates, are then placed on the top of this floor platform. A second floor
platform again of joists, mm joists or blocks, 15 then constructed on top of
these stud walls. This pattern 15 repeated for the requred mumber of floors.
The stud walls have extenior sheathing that 15 continned across the platform
floors. Figure 2-21 illustrates one story level of a platform framed stud wall.

In balloon framing, the studs extend more than one story m beight, nsually the
studs by a ledger or a let-m “nmband”.

2.5 House Elements not on the Primary Seismic Load Path

Some house elements are conmidered nonstructural and do not serve to resast
the earthquake force cansed by the merhia of the full weight of the building.
These elements resist the force from some smaller part of the buildmg. The
valnerallity of these elements 15 considered i Section D of the Simplhified
Sersmic Assessment Form and their retrofit is covered m Chapter 7.

251 PRoofsand Floors of Porches and Decks

Porch and deck roofs and floors are often supported vertically by the house
framing on one side and by posts on the outboard side.  Earthquake forces can
cause them to pull or pry away from the house framing, which allowrs the posts
to hinge, collapsing the porch or deck. Porch and deck roofs and floors can be
prevented from prving away from the house by fying their framong back mnto
the house framang.

Posts supporting porch and deck roofs and floors often cannot resist

earthquake shaking. Sometimes the upper part of the post 15 a wood member
supported by a separate wood or brick lower post.  As desenibed m detail in
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Secton 7.6.2, fthis “hinged’ assembly can become unstable and allow the roof
to collapse. These posts and post footings can be stabilized so that they
conhnue to provide vertical support dunng earthiquake shakmg.

252 Interior Pier Foundofions and Posts

In a crawl-space house, the inferior beams supporting the first-floor floor joasts
are m twon supported by wood posts, as seen m Figure 2-2.  The wood posts
usually rest on concrefe pier footings, although in some older homes they rest
on the bare earth

Even when the eripple walls are adequate, earthquake mohion can shake these
posts loose from the floor beams or the pier footmgs so that they no longer
support the beams. The posts should be well-fastened top and bottom so that
they confinue fo provide vertical support.  Where the posts rest on bare earth,
pler foundations should be added.  Chapter & provides gmdance for thus
retrofit work.

253 Chimneys Veneerand Boof Tile

Unreinforced bnck masonry chimmeys are heavy and bnttle.  When subjected
to earthiuake forces, they often crack, break apart, and become falling

the use of less vulnerable non-masonry chimneys. Steel-remforced bnck
masonry chimneys are also hkely to crack, but are less hikely to become a
falling hazard (see Chapter 7 for addrhonal mformation).

Stone or brick venesr 15 often used as an exterior fimish on wood-frame walls.
The veneer 15 often not well fastened to the wall frammg, making it volnerable
to bemg shaken off the wall swface by earthquake movement perpendicular to
the wall. If the sheathing on the wall, belumd the venser or on the interior face,
does not have adequate strength or stiffness to resist in-plane earthquake
deformation, m-plane forces can also cause the veneer to come loose. To
lessen the sulnerability of the veneer, the connection of the veneer to the wall
framing can be improved. Full-theckness brick veneer can be removed and
replaced with a hghtweight facmg that has the same appearance.

Eoof tiles on bouses bult to older codes are often not well secured to the roof

sheathing. Se1smmc shaking can dislodge the files, creatmg a falling hazard and

roof leakage. It is possible, but difficult, to retrofit the roof file connections to
- imize fhis s

Brick veneer and roof tile spmficantly increase the weight of the house and

thus increase the seismic forces on the house shear walls and honzontal

diaphragms.
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Chapter 7 provides guidance for the retrofit of clhimneys, brck venear, and

roof tle.
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