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13 R LCOLLAP TTER
OVERVIEW
1. In this section we will discuss the folowing:

a) The ATC-21 method of Building Classification
b) Basic Loading and Common Failure Patterns
c) Earthquake Caused Collapse Patterns

d) Wind and Flood Caused Collapse Patterns

ATC-21 NOMENCLATURE

ATC-21, Rapid Visual Screening of Buildings For Potential Seismic Hazards funded by
FEMA and written by Applied Technology Council in 1988

Method is intended to be used in sidewalk survey of existing buildings to preliminarily
determine location of buildings susceptible to earthquake damage. It’s expected to take less
than 30 minutes per building to obtain data and complete the form.

Buildings would be rated from 6.5 good to less than 2 which would be potentially hazardous,
requiring further study (see BF-1).

There are twelve building types listed (see BF-2), and these are discussed in detail in the ATC-

21 document pages 14 through 37.

Figures BF-3 through 14 illustrate each type of building and show the different variations
possible for floor and wall materials.

S2, C1, C2, C3/85, TU, PC2 and URM are expected to be most susceptible to earthquake
damage. Wood residential structures have also provided a large number of failures in
California, since they are, by far the most prevalent type. However, dueto theirrelatively light
weight and small size, people are seldom entrapped in wood residences. Type S3 is listed
since it is very susceptible to damage by wind. Many S1 (Steel Frames) structures
experienced cracks in their welded connections during the Northridge (L.A.) quake, which
is of great concern to the engineering design profession. However, since none of these
buildings were damaged to an extent that would cause even partial collapse, they are not
currently considered probable for Urban Search & Rescue operations.
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LD.

w
S$1
s2
S3
S4
C1
c2
- C3/85

TU
PC2
RM
URM

w

URM

I c1/C3

| PC2/TU
h s2

OTHERS

WOOD BUILDING OF ALL TYPES

STEEL MOMENT RESTING FRAMES

BRACED STEEL FRAMES

LIGHT METAL BUILDINGS .

STEEL FRAMES W/CAST IN PLASCE CONC WALLS
CONCRETE MOMENT RESISTING FRAMES
CONCRETE SHEAR WALL BUILDINGS
CONCRETE/STEEL FRAME W/URM INFILL WALLS
TILT-UP CONCRETE WALL BUILDINGS

PRECAST CONCRETE FRAME BUILDINGS
REINFORCED MASONRY BUILDINGS
UNREINFORCED MASONRY BUILDINGS

PROBLEM BUILDINGS

1 TO 3 STORY HOUSES & 2 TO 4 STORY
APARTMENTS (ESPECIALLY PRE 1940)

1 TO 8 STORY (MOST LESS THAN 3 STORY)
ALSO STEEL & CONCRETE FRAMES W/URM INFILL

PRE 1971 BLDGS (ESPECIALLY PRE 1940)

FACTORY BUILT PRECAST & TILT UP WALL
(OLDER POORLY CONNECTED BLDGS)

BRACED STEEL FRAMES
(COLUMN CAPACITY LESS THAN BRACE CAPACITY)

BUILDINGS WITH IRREGLARITIES
SOFT FIRST AND OTHER STORY BLDGS
OPEN FRONT AND CORNER BUILDINGS

Figure BF-2 "
—_—_——___________—_———J
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PROBLEMATICAL BUILDING TYPES.

1. Wood Frame Building- W (see BF-3, BF-4) These structures can vary from 1 to 4 stories
and contain from oneto tens of living units. The principle weakness maybe in lateral strength
of walls, or interconnection of structure, especially at the foundation. Common problemsin
strong earthquakes are:

a).

b)

c)
d)

g)

Walls that are weakened by too many openings become racked (rectangles become
parallelograms). This can cause a significant offset of one floor from another and in

severe cases collapse has occurred.

Relatively modern 2 and 3 story wood apartment buildings may have walls that are
braced using only plaster/gypsum board, let-in bracing, or inadequately designed
plywood. These structuresmay experience brittle, firststory failures, especially when
upper story walls do not align with those in the lower story.

Wood houses with crawl spaces can shift or slide off their foundations.

Masonry chimneys can crack and fall off or into the structure.

Masonry veneers can fall off walls and shower adjacent areas with potentially lethal
objects.

- Structures can separate at offsets in floor/roof levels (such as porches and split level

houses). :

There is a great danger of fire in these structures due to the presence of so much fuel.

2. Diagonally Braced Steel Frames- S2 (see BF-5, BF-6) may be from one to twenty story
office buildings with glass or other non-structural exterior covering. Steel buildings in
general have performed well, but those with diagonal bracing have had the following

problems:

a)

b)

c)

Buildings that contain slenderrod cross bracing may have excessive distortion (stbry
drift) which canlead to shedding or significant damage to brittle, finish materials such
as glass, masonry veneer, or precast concrete panels.

Whipping action has caused some slender cross braces to break.
When the braces/columns are not propcﬂy proportioned, especially in taller frames,
the great tension strength of the braces can cause compression (buckling) failure of

columns. This effect is attributed to the catastrophic failure of the Pino Suarez, 20
story tower in Mexico City 1985.
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COLLAPSED OR
BROKEN CHIMNEY

CHIMNEY SEPARATED
FROM WALL

=zl

@ DISPLACED CRIPPLE WALL

HOUSE SLIDING OFF FOUNDATION

RACKING OF WALLS (OUT OF PLUMB)
CAN BE BEST CHECKED IN DOOR OPENINGS

OTHER HAZARDS

— AFTERSHOCKS CAN CAUSE DANGEROUS CONDITIONS TO BECOME WORSE
(A CRACKED CHIMNEY CAN BECOME A LETHAL FALLING OBJECT)

- CHECK GAS, ELECTRIC, & WATER METERS FOR SPINNING DIALS THAT INDICATE
BROKEN PIPES AND/OR ELECTRICAL SHORTS

~ CHECK WATER HEATER, RANGE, & FURNACE FOR BROKEN PIPES
- CHECK KITCHEN, GARAGE, & LAUNDRY FOR SPILLED CHEMICAL HAZARDS

Figure BF-3
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WOOD APARTMENT BUlLDINGS

1. ROOF AND FLOORS HAVE 2x WOOD JOIST SPACED AT 16" O.C.
AND ARE SHEATHED WITH 1x WOOD UNLESS BUILT AFTER 1945
(PLYWOOD SHEATHING USED AFTER 1945)

2. WALLS MAY BE COVERED WITH PLASTER OR OTHER FINISH OVER
2x4 WOOD STUDS SPACED AT 16" O.C.

3. WALLS OF BUILDINGS BUILT PRIOR TO 1935 ARE NORMALLY
SHEATHED WITH HORIZONTAL 1x SHEATHING. THIS HAS ONLY
MINIMAL RESISTANCE TO WIND & EARTHQUAKE SHEAR FORCES

DIAGONAL 1x SHEATHING WAS OFTEN USED IN CALIFORNIA AFTER
1934. PLYWOOD SHEATHING STARTED TO BE USED IN SOME
BUILDINGS IN 1945 AND WAS USED IN MOST AFTER 1955.

BOTH TYPES GIVE FRAME CONSTRUCTION GREATER EARTHQUAKE
RESISTANCE THAN HORIZONTAL OR VERTICAL SHEATHING.

ﬁ
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4. WALLS MAY HAVE MASONRY VENEER, ESPECIALLY LOWER STORY

5. THE FIRST STORY GARAGE OPENINGS CREATE THE CONDITION FOR
A SOFT STORY. THIS CAN BE OVERCOME BY USING PROPERLY
DESIGNED WOOD WALLS OR BY CONSTRUCTING A SHEARWALL
BRACED, ONE STORY CONCRETE, GARAGE STRUCTURE.

8. UNFORTUNATELY THERE ARE MANY 2 AND 3 STORY, MODERN
BUILDINGS OF THIS TYPE THAT HAVE ONLY PLASTER OR
INADEQUATE PLYWOOD WALLS IN THE FIRST STORY. THEY ARE
SUSCEPTIBLE TO SEVERE EARTHQUAKE DAMAGE AND/OR COLLAPSE

Figure BF-4
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STEEL FRAME BUILDINGS S1 & S2

WOOD SHEATHING

. AND JOIST
. CONCRETE SLAB
>/ STEEL BEAMS
METAL DECK W/ '|
i
=53 s
5 '-‘,: ' £

~ 5 CONCRETE FILL

ROOF / FLOOR SYSTEMS = ®x

4

METAL ‘;
PANELS -~ |
MASONRY _ ‘
VENEER

GLASS -~ [ine

-

- | 3 - "
| i
PRECAST -

CONCRETE
WALL SYSTEMS
B | MOMENT RESISTING FRAME ST

* ROOF/FLOOR AND WALL AR
SYSTEMS ARE SAME AS ;
FOR MOMENT RESISTANT

e BEAMS AND COLUMNS
WILL BE SMALLER THAN
FOR MOMENT RESISTANT

FRAMES OF SAME LAYOUT [RS

» DIAGONAL BRACES MAY BE
STEEL TUBES, DOUBLE ANGLES
OR W BEAM SECTIONS.

e X BRACING USING RODS HAVE BEEN
USED BUT SINCE THEY ARE MORE LIMBER
THEY ARE NOW USED MOSTLY IN BUILDINGS

WITH INDUSTRIAL METAL WALLS
BRACED STEEL FRAM
Figure BF-5

m
w
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STEEL MOMENT RESISTING FRAME

Floor/Roof Systems

* Wood Jolst & sheathing

* Reinforced concrete w/steel beams

* Corrugated metal deck w/concrete fili
& steel beams or open web joist “
*Open web wood trussed joist w/
~concrete fill on plywood

Wall Systems

¢ Glass w/mullions
* Precast concrete panels
¢ Brick/Stone veneer over
metal studs
* Wood or plaster over wood
or metal studs
* Unreinforced masonry infill

STEEL FRAME BUILDING S1 & S4
CONCRETE SHEARWALL AT S4 ONLY

Figure BF-6
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d)

b)

When tube type members are used for diagonals, sudden premature local -
crippling of the members has resulted. This can occur when cold rolled
tubes are used, since high stresses are originally induced during forming.

Inadequate detailing or workmanship at connections has caused local
failures, such as buckling of connections plates and roll over of beams.
Although collapse has not resulted from these failures, significant non-
structural damage has occured.

Light Metal Buildings- S3 (see BF-7) are normally one story pre-engi-
neered buildings sheathed with metal siding and roofing. These structures
have been damaged during earthquakes due to poor connections and field
errors such as incomplete welding of joints but mostly they respond well
due to their lack of mass and abundance of flexibility. During strong
windstorms, however, Light Metal Structures have exhibited the follow-
ing problems:

Building wall and roof loose roof sheathing, purlins and girts, that were
braced by the sheathing will then buckle, often leading to progresswe
buckling collapse of entire structure.

Doors and windows are blown in leading to greatly increased outward
pressures on leeward wall and roof followed with shedding of sheathing

and in most severe cases progressive collapse (as in a. above).

Tie-_rod bracing can be broken or stretched by whipping action. Also, rod
end connections can fail by pullout, prying action, etc.

Lower chord bi'acing at end walls can buckle due to wind pressure on wall.
Since these structures have little redundancy, performance is usually

governed by "WEAKEST LINK" behavior, (failure of one element can
lead to progressive/domino type collapse).
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CHECK FOR
SEPARATION
OR BUCKLED
END CONN.

LIGHT METAL BUILDINGS S3

Truss at roof with single of double angle :
members CHECK FOR BUCKLED OR BROKEN

\Tlo-rod bracing at truss lower chord
CHECK FOR BROKEN BRACES OR CONNECTIONS

Steel moment frame made from thin plates
CHECK FOR BUCKLED CONN OR BROKEN BOLTS

Roof sheathing Is normally corrugated metal deck
supported by lightwelght bent steel purlins
CHECK FOR BUCKLED PURLINS IN END BAYS

a \
Cladding may be ——] | }!
corrugated siding or 1
metal stud framing J i
[— w—
N |

U u/ |
! CHECK FOR LEANNG
! CHECK FOR
/ SLIP AT COLUMN COLUMN

BASE

Tie-rod bracing in two of more side wall bays
CHECK FOR BROKEN OR BUCKLED ROD AND
BROKEN CONNECTIONS ‘

Figure BF-7
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Concrete Frame Buildings- C1, C3 (see BF-8, BF-9) usually are from one to thirteen stories
high, and mayhave URM infill walls. Older frames in California had thin concrete infill walls
onproperty linesin some cases. The most hazardous configurationsinclude: soft (high, open)
first stories; open front buildings (typical of retail, one and two story); and corner bmldmgs
(torsion problems). The common earthquake problems are:

a) Columns break at intersections with floor beam. Inadequate rebar and ties don’t
confine the concrete when subjected to high shear and tension stresses. Failures may
be driven by strong P-Delta effect.

b) Short columns in exterior walls get high shear and tension stresses focused into them
by surrounding massive concrete.

c) Bending and punching shear failure at intersections of flat slabs (wafﬂc, etc.) and
columns. :

d) URM infill can fall off, often pop out of surrounding frames. Also, URM infill can
cause columns to shear off at floor line or top of URM.

e) Weak concrete and poor construction can make all above conditions worse and more
likely to lead to larger collapse, which will be discussed later.

Concrete Shearwall Building- C2 are from one to thirteen stories high with walls on all four

sides and/or within the structure as corridor/stair or other divisions between spaces. Walls
may have openings "punched-in" as doors or windows, but in more modern buildings, the
openings may bein groups that are placed between solid wall sections. These buildingsrarely
collapse in earthquakes but damage can occur, such as:

a) X-cracking of wall sections between punched-in openings.

b) Severe cracking of shallow wall/floor header sections that frame between solid wall
sections.

c) Severe cracking or collapse of columns that occur in "soft stories" of otherwise uniformly
stiff shearwall buildings (soft first story, etc.).

Precast Concrete Frame- PC2 (see BF-10) usually one to ten stories tall, although precast
wall panels may beused in taller buildings. Floors/roof may be tee, double tee, or hollow core
concrete plank sections supported by precast girders and columns. Lateral resistance is often
provided by reinforced masonry or concrete walls, but buildings that rely on moment frame
resistance have performed very poorly (Armenia). The common earthquake failures are:

a) Joint failures- joints between roof/floor and walls, betweenroof panels, between wall

panels and joints between floor beams and columns. This can lead to complete
collapse as the building breaks into very large parts.
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- CONCRETE MOMENT RESISTING FRAME C'l

Roof/loor diaphragms: Curtain wall/ non-structural Infill:
1. concrete waffle slab 4. masonry Infil wals
2. concrete joist and slab 5. stone panels
3. steel decking with concrete topping 6. metal skin panels
7. glass panels

8. precast concrete panels

Structural system: Details:
10. typical tall first floor (soft story)

8. distributed concrete frame
Figure BF-8
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TYPE B1 BENT DETAILS AND DIMENSIONS
| Figure BF-8a (Information Only)

STU 11-17




CONCRETE SHEARWALL BLDG C2

RootAlloor span systems: Wall systerm:
1. heavy limber rafter roof 4, imar!or and exterior concrete
%. gz::tt: iolaitﬂslaa?:d st _ 5. I:ler;:’.“ m penetrations of

school and hespital buildings

1
3
00 %) ol E]Ef[l][l][l]l]][llﬂ][lnllmmuml
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0 paoen
Flgure BF-9
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PRECAST CONCRETE BUILDINGS PC2

Root/floor spari systems: A Wall systems:
1. structural concrete "T" sectlons 4. load-bearing frame components (cross)
2. structural double "T"sections S. muiti-story load-bearing panels

3. hollow core cancrete slab

Curtain wall system: _ : Structural systerm:
6. precast concrete panels 8. precast column and beams
7. metal, glass, or stone panels '

PRECAST CONCRETE FRAME W/ SHEARWALLS

Figure BF-10
L~ 5 ‘- -
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b)

Wall panels separate from building and fall off. If panels are non bearing only leca.l
failure may be the result. In cases the floors/roof supported by the walls can also

collapse.

Progressive collapse canbe caused by ajoint failure between column and beam or slab
and wall panel. This then results in failure of the structure just above, due to lack of
support, and also to the structure below, due to heavy debris loading (see BF-18).

Post-tensioned Lift Slabs- (see BF-11) are buildings from 3 to 13 stories high, made with
thin (6 to 8") flat slabs poured as pancake stacks and then lifted into place on concrete or steel
columns. They are laterally braced with castin place concrete shear walls that form clcvator
or stair wells and/or reinforced masonry shear walls.

Not listed in ATC-21, but included here since spectacular collapses have occurred.

a)

b)

A six story apartment building of this typc collapsed in the 1964 Alaska earthquake
due to overturning of the stair cores. A twelve story building of this type collapsed
during construction in 1987.

The resulting collapsed structures have very closely spaced broken slabs that are
essentially unreinforced concrete. The unbounded reinforcing cables become loose
during collapse, leaving the concrete essentially unreinforced. The lack of projecting
beams, in this type of construction, canresult in very close spacing of collapsed slabs.

Tilt Up Concrete Wall Buildings- TU (see BF-12) are usually one story buildings with
wood roof, but may be up to three stories. May have wood floors, concrete floors, steel
framing with concrete filled metal deck floors, or with up to 1 1/2" concrete or other fill on
wood floor. The common earthquake problems are:

a)

b)

Walls separate from wood floors/roof causing at least local collapse of floor/roof,
possible general collapse of walls and floor/roof.

Note: Thisproblem occured during the Northridge Earthquake to approximately 400
buildings, most of which had strap connections that were cast into walls and bolted
to roof members. More substantial connections, that can resist both tension and
compression, appear to be required, since it has been demonstrated that forces as high
as 200% G can be generated at the mid-span of wood roof diaphragms in this type of

building.
Suspended wall panels fall off building.

Note: Suspended panels could be a problem on S1, S2, C1, C2, PC2, and RM
buildings.
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POST TENSIONED LIFT SLAB BUILDING

Steel collar connects CHECK FOR PUNCHIHG
each slab to column | SHEAR AT EACH COLUMN
Joint between core | %RW;EEW- CHECK (CRACKING IS MOSTLY AT TOP)

wall & slabs Is made
with welded inserts _
CHECK FOR SLIP, Cladding may be

Moetal, glass, plaster, wood
exterior wall panels ‘
(usually light weight)

Reinforced concrete
shearwalls at stai/
elevator core

CHECK FOR CRACKING
& SPALLING IN LOWER
STORIES

Steel or Reinforced CHECK CLADDING
concrete columns JOINTS FOR DAMAGE

- CHECK FOR OUT OF
‘PLUMB AT EACH STORY

CHECK SHEARWALL
CORE FOR DIAGONAL
TENSION CRACKS

Figure BF-11
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TILT-UP CONCRETE WALL BUILDING

RooiMoor span systems: Root/lloor diaphragms:
1. pued laminated beam and joist 4. plywood sheathing
2. wood truss

3. light steel -web joist

Details: Wall systems:
§. anchor bolted wooden ledger 6. cast-in-place columns-
for rootTbor suppont scuare, "T shape, and "H*® shape
7. welded steel plate type panel connection

ONE STORY TILT-UP BUILDING
(MAY ALSO BE 2 OR 3 STORY)

Figure BF-12
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d)

Walls may have short, weak columns between window openings that fail due to
inadequate shear strength.

Large buildings that are Tee, or L, or other non rectangular shape in plan, can have

failures at the intersecting corners. The major weight of these buildings is normally
in the walls, and most failures are limited to exterior bays of the buildings, supported

by the walls.

8. Unreinforced Masonry Buildings- URM Usually from 1 to 6 story buildings with URM
bearing walls and wood floors (see BF-13, BF-14). There are estimated to be as many as
50,000 in California. This would include steel and concrete frames with URM infill
(see BF-15). Inaddition to these, there are unreinforced or under-reinforced hollow concrete
block walls, masonry veneer on wood or metal studs, and native stone, adobe, ect. bearing

wall structures. Common earthquake problems are:

a)
b)

c)

d)

g

Parapets and full walls fall off buildings due to inadequate anchors.

Multi thickness walls splif and collapse or break at openings. Mortar is often weak
and made with too high a lime content.

Walls thatare more heavily loaded by roof and floors tend to perform better than walls
that are parallel to framing, since load of floor etc., tend to compress bricks together.

Roof/floors may collapse if there are no interior wall supports and if the earthquake
has a long enough duration.

Cavities usually form by wood floors in familiar patterns of Vee, Lean-to, and
complicated Pancake.

Older steel frame buildings with unreinforced or lightly reinforced masonry infill,
often shed this weak, brittle covering as they flex to resist the quake (see BF-15).

Broken bricks often line the streets where these buildings are located and people can
be trapped on the sidewalk, auto, etc.
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UNREINFORCED MASONRY URM

Rool/floor span systems: _ Root/Moor diaphragms:
1. wood post and beam (heavy timber) 4. diagonal gheathing
2. wood post, beam. and joist (mill construction) 5. straigit sheathing

3. wood truss-- pitch and curve

Retro-fit type wall anchors

are seen as plate washers 9
with long boits tied Into floor

o Q

\— Wall anchors may be
original, retro-fit, or none

T type wall anchor w/
staple to alde of |oist
(L type not as good)

P
af

wood Jolst A
I J

ORIGINAL WALL ANCHORS

CANT BE DETECTED FROM OUTSIDE

Details: Wall systems:
6. typical unbraced parapet and comice 8. bearing wall-- four or more wythes of brick
7. fiat arch window opennings 9. typical long solid party wall

Figure BF-13
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UNREINFORCED MASONRY URM

# _ Root/ffloor span systems: Rootflloor diaphragms:
1. wood post and beam (heavy timber) 3. diagonal sheathing
{| 2 wood post, beam. and joist (mnill construction) 4, straight sheathing
_ 3 _
i
5 el ':n PN _"_..

Details: Wall systems:

5. typical unbraced parapet and cornice 9. bearing wall-four to eight wythes of brick
6. flat arch window opennings 10. typical long solid party wall

7. typical penetrated facade of residential buildings 11. lightventliation wells In residential bidg
8. large opennings of ground floor shops 12. non-structural wood stud partition walls

Figure BF-14
[ ——————— — __————__________
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STEEL FRAME WITH URM INFILL

Roof/ﬂoof span systems: Wall systems:
1. steel framing with concrete cover 3. nondoad-bearing concrete wall
2. wood floor joist and diaphragm : 4. non-load-bearing unreinforced
(diagonal and straight) masonry cover wall
1

:' Im. mm E.HD] Ll [IIU]
0 0w g Ennmmmm

00 OO0 OC 000000

[

Details: Openings and wall penetrations:

S. unreinforced and unbraced parapet and comice 7. window penetrated tront tacade
6. solid party walls 8. large openings of street level shops

‘ Figure BF-15 {
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BASIC STRUCTURAL LOADING (See BF-16, BF-17)

1.

Earthquake- Some of the most destructive effects caused by earthquake shaking are those
that produce lateral loads ina structure. The input shaking causes the foundation of a building
to oscillate back and forth in a more or less horizontal plane. The building mass has inertia
and wants to remain where it is and, therefore, lateral forces are exerted on the massin order
to bring it along with the foundation. This dynamic action can be simplified (in an upside
down way) as a group of horizontal forces that are applied to the structure in proportion to
it’s mass, and to the height of the mass above the ground, as shown in BF-16. In multi-story
buildings with floors of equal weight and relatively light walls, the loading is further
simplified as a group of loads, each being applied at a floor line, and each being greater than
the one below ina triangular distribution. Seismicly resistant structures are designed to resist
these lateral forces through inelastic action and must, therefore, be detailed accordingly.
These loads are often expressed in terms of a percent of gravity weight, and can vary from
a few percent to near fifty percent of gravity weight. There are also vertical loads generated
in a structure by earthquake shaking, but as mentioned previously, these forces rarely
overload the vertical load resisting system. Earthquake induced vertical forces have caused
damage to heavy concrete structures with high dead load compared to design live load. These
vertical forces also increase or decrease compression forces in the columns. (Increased
compression that overloads columns or decreased compression that reduces column bending

strength).

Wind- (see BF-16) forces are generated on the exterior of the building based on it’s height,
local ground surface roughness (hills, trees, other buildings) and the square of the wind
velocity. The weight of the building, unlike the earthquake condition, has little effecton wind
forces, but is helpful in resisting uplift. Unless the structure is penetrated, all the forces are
applied to the exterior surfaces of the building, as contrasted to earthquakes, where as an
example both exterior and interior walls are loaded proportionally to their weight.

Wind pressures actinward on the windward side of a building and outward on most other sides
and most roof surfaces. Special concentrations of outward force, due to acrodynamic lift,
occur at building corners and roof edges, especially overhangs. The overall structure must
bedesigned for the sum of all lateral and uplift pressures and individual parts must bedesigned
toresist the outward and inward pressure concentrations, and must be connected to supporting
members (beams, columns, walls, foundation) to form a continuous resistance path. Forces
are also generated on structures by airborne missiles that vary in size from roofing gravel to

entire sections of roofs.
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BASIC LOADING PATTERNS
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BASIC LOADING PATTERNS
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Explosion- (see BF-17) Inindustrial accidents and natural gas explosions that occur within
a structure, the weakest parts of the enclosures are blown away as the pressure escapes. If
the wall and roof coverings in frame buildings are well enough attached to the structure, the
frame maybe blownaway aswell. Inlarge explosions, precast concrete walls, slabs, and even
columns can be blown out, leading to conditions that will produce a progressive collapse as
illustrated in BF-18. Progressive collapse starts with the initial damage due to the outward
force of the explosion, but then the gravity load drives the structure to the ground due to the
instability caused by the blown out vertical support. It takes a very large explosion to
damage areinforced concrete building as long as there are enough lightly enclosed openings
that will allow the pressure to escape. However, lighter wood, steel, and precast concrete
buildings can be leveled by large explosions, as horizontal and vertical enclosing planes are
blowing out leading to an over all loss of stability.

When large bombs have been placed immediately adjacent to structures the effects have also
been very devastating. The shock waves radiate out in all directions causing lateral and
upward pressures innearby buildings. Missiles of all sorts are created, such as glass, building
contents, and small building parts, that can have devastating effects, especially on humans.
However, since the pressures dissipate so rapidly and have the greatest effect on objects in
their direct path, one can observe many conditions where a strong, resistant structure will
provide shading from the effects.

In the Oklahoma City bombing, according to Dr. Eve Hinman, (Specialist in blast design at
Failure Analysis Assoc., Menlo Park, CA) the shock wave radiated fromthe detonation point
in all directions with initial pressures in the range of 5000 p.s.i. Although the pressure
dissipates as a function of the cube root, (a location twice the distance from the blast that
another will feel only one eight the pressure) structures can be severly shattered and/or
shredded by it's effects, especially the upward pressures.

Flood- (see BF-19) Forces are generated on buildings due to hydrostatic lateral and lifting
pressure, hydrodynamic forces, and debris impacts. Hydrostatic pressures can highly load
foundation and basement walls and lift structures, when water level is not equalized between
exterior and interior spaces. River and ocean currents will load frontal and side walls that are
submerged, and ocean waves and step-up flows can produce pressures as high as 1000 psf.
Debris, varying in size from floating wood pieces to floating structures, can impact a building
causing anything from broken windows to a total collapse.

Construction Bracing, Urban Decay, Overload- These sudden collapses, usually occur
due to gravity loading when a vertical support is either, inadequate, overloaded by snow,
overloaded due to plugged roof drain, or reduced in capacity due to age, corrosion, or non-
engineered alteration. Failures of this type occur all too frequently, but most often effect only
one structure at a time.. In some cases very hazardous conditions have been left standing in
this type of collapse, i.e., multi-story URM walls left unsupported when wood floors
pancaked.
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BASIC LOADING PATTERNSe FLOOD
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BASIC COLLAPSE PATTERNS (See BF-20)

Most building collapses occur due to loss of stability; that is, the basic shape is significantly
changed when subjected to a combination of forces. The new, changed shape is much less
capable of carrying the forces and, therefore, the structure will rapidly continue to change
until it finds a new shape thatis stable. A typical example of lost stability is that of the slender
column, that “gets out of the way of the load by buckling”, as the load comes to rest on the
ground/foundation. The most common conditions that lead to building collapse are

illustrated in BF-20 as:

1.

a)

b)

Inadequate Shear Strength- Failureis normally caused by earthquake shaking, but
high velocity winds could produce the same effect. Itis most commonly seen in wood
structures that have weak wall sheathing or walls of insufficient length, but may also
be seen in buildings with unreinforced masonry and/or unreinforced concrete wall,
and in diagonally braced steel frames. In rare instances it could also occur when
reinforced concrete walls are present.

The basic instability occurs when the gravity load is offset a distance, delta, that is
large enough to overcome the shear capacity of walls at a particular level, usually the
first story. The horizontal resistance required to maintain stability in the racked
condition (parallelogram) illustrated, is proportional to the percent of offset (i.e.,
when a ten foot high story is offset one foot, then ten percent of the total gravity load
above that level is required to keep the parallelogram from becoming flatter).

Inadequate Beam/Column Joint Strength- is caused mostly by earthquake shaking
of poorly confined concrete. The cycling of the structure when excited by the
earthquake causes moment resistant joints to unravel as concrete chunks are stripped
away fromthe reinforcing steel cage. The gravity load can no longer be supported by
these columns, and it drives the structure earthward until it stops on the ground or
lower floors that have sufficient strength to stop the falling mass. The result of a
concrete collapse of this type may be a pancaked group of slabs, a condition where
columns are left standing, punched through the slabs, or a group of slabs that are
horizontally offset from each other, held apart by broken columns and building

contents.
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COMMON COLLAPSE PATTERNS

bbb bb

GRAVITY
LOADS

P bbb

SHEAR

NIy

GRAVITY
GRAVITY
- LOADS LOADS
bbb
GRAVITY GRAVITY
LOADS LOADS
» bhbhbb -
o
(7]
5 @
| = <
Jay i 2
| = o
COLUMN JOINT " OVERTURNING
Lo

bl

bbby

b

|}

bl

) |

(»)

[ =

%

-~

m

b
\

Al

b b

)}

b

!

|

b

o

Ny

b |
L

WEWE

) i

P

b |

)}

2}

b}

|}

A

o

bk

A

}

WALL JOINT

d

e

LOCAL COLUMN

Figure BF-20

STU 11-34

SINGLE STORY

f




d

Tension/Compression Failure- caused mostly by earthquakes and may occur in
taller structures with concrete shear walls and/or concrete or structural steel frames.
The tension that is concentrated at the edges of a concrete frame or shear wall can
produce very rapid loss of stability. In walls, if the reinforcing steel is inadequately
proportioned or poorly embedded, it can fail in tension and result inrapid collapse of
the wall by overturning. A more common condition occurs, when tension causes the
joints in a concrete frame to lose bending/shear strength, as previously discussed, a
rapid degradation of the structure can result in partial or complete pancaking as in

beam/column failure .

The previously discussed failure of Pino Suarez Tower is an example of how poorly
proportioned, steel structures can catastrophically overturn, due to a compression

failure of the columns.

Wall To Roof Interconnection Failure- Stability is lost in this case since the
vertical support of the roof/floor is lost, as well as the horizontal out of plane support
of the wall. This condition could be triggered by any of the destructive forces

previously mentioned.

Local Column Failure- can lead to loss of stability and/or progressive collapse in a
part of a structure, and may, again, be caused by any of the previously mentioned
forces. Precast concrete and structures that have wood floors tend to be more
susceptible to a progressive type failure (see BF-18), due to the lack of continuity of

these construction configurations.

Single Floor Collapse- has occurred in earthquakes due to pounding or vertical
irregularities that focus the damaging effects to a single story.

In summary, in most all collapses (except cases when wind causes lifting), the driving force
is the gravity load acting on a structure that has become unstable due to horizontal offset or
insufficient vertical capacity. In addition, subsequent lateral loads from wind or aftershocks
can increase the offset, exaggerating the instability. The structure is often disorderly as it
collapses. Some parts may remain supported by un-collapsed adjacent bays as tension

structures.

The issue in US&R is not the academic one of how the structure collapsed
in order to improve future construction, but what additional collapse is
possible and how stableis the existing configuration. This will be discussed
further in the Hazard Identification Section.
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EARTHOUAKE COLLAPSE PATTERNS

1.

The basic principles are:

a)
b)
)
d)

Earthquake shaking caused damage to structural loading system.
Gravity caused collapse. |
Redundancy and ductile behavior can prevent or reduce ex"tent.of collapse.

Brittle behavior enhances possibility and increases extent of structural collapse.

Based on previous earthquakes, the ATC-21 building types can be further divided into four. .
separate groups, with each exhibiting a distinctive collapse pattern. These groups are:

a)
b).

©)
d)

Light

LIGHT FRAME- Mostly wood frame

HEAVY WALL- URM, Tilt-up, and other low raise buildings with concrete and
masonry walls

HEAVY FLOOR- Concrete frame buildings and Highway bridges

PRECAST CONCRETE BU]LD]NGS- with fairly heavy floors and some heavy
walls o

Frame Collapse Patterns (see BF-21, BF-22)

Collapse usually occurs when lower walls have insufficient strength to resist the
lateral forces and rack (become parallelograms). "

If there is a sufficiently heavy load on these walls they can completely collapse as the
wall top moves sideways a distance equal to the height as shown in BF-21.

This causes the structural collapse to be in the form of part or all of the building being
projected away from it’s original foundation by the height of the story walls that fail.

When the bottom story of a multi-story light frame structure fails in this way,
additional stories can also collapse due to the impact of the first story hitting the

ground.
This type of collapse usually leaves many voids that are fairly easily accessible.

There is great danger of fire due to the combination of broken gas (or other fuel) lines
and the combustible debris.
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LIGHT FRAME COLLAPSE PATTERNS
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LIGHT FRAME COLLAPSE PATTERNS
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4. Heavy Wall Collapse Patterns (see BF-23, BF-24)

a)

b)

d)

g)

h)

Collapse is usually partial and is strongly relatcd to the hcavy, weak bcarmg walls
falling away from the ﬂoors

In URM buildings the walls normally fall away from their original position, but, most
often, don't project out as far as their height. The combination of the weak
interconnection of the masonry pieces and gravity tend to cause the debris to stay
within ten to fifteen feet of the building face.

Note, in collapse due to failure of interior columns or due to fire, it is possible to have
the very precarious situation of multi-story heavy walls that are left standing without
any laterally supporting floors/roof. For this caseitis probablethat the wall could fall

" such that they extend their full height along the ground

Walls in Tilt-up buildings also, normally fall away from the roof or floor edge, but
since they are very strong panels, the top of the wall will fall as far away from the
building as it’s height.

The falling walls can cause the roof and floors that they support to collapse in patterns
of Lean-to, Vee, Pancake, and Cantilever (sec URM-4PAT).

LEAN-TO can be formed when one exterior wall collapses, leaving the floor
supported at one end only.

V-SHAPE would occur when an interior supporting wall or column fails.

PANCAKE can occur when all vertical supporting members fail and most of the
floors collapse on top of one another. This is more common in Heavy Floor buildings.

CANTILEVER is a pancake collapse where some of the floor planes extend out as
unsupported members. :

When property line walls fall on an adjacent, lower buildings, these structures will
usually have some sort of roof/floor collapse.

When the wood roof and/or floors collapse, many easily accessible voids can be
created.

Areas adjacent to the walls where the heavy debris fall often contain very badly
injured or dead victims.

The combination of broken gas lines and debris can lead to fire.
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WALL COLLAPSE PAT
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Heavy Floor Collapse Patterns (see BF-23, BF-25, BF-26)

a)

b)

c)

d)

g)

h)

)

Collapse can be partial to complete. It is usually caused when columns or walls,
weakened by earthquake motion, are unable to support the heavy floors.

The collapse patterns can be the several shown on BF-25 and BF-26, but mostall share
the pattern of thin void spaces forming within the original plan area of the building.

These heavy floor structures usually fall on themselves, but they can project laterally
as they fall, if the columns and/or walls are strong enough to not fracture. That is, the
columns can fail due to hinging at the top and bottom, and then the collapse looks more

like the light frame type.

~ Thevoids can be very difficultto access, since even though the heavy floors may have

dropped tens of feet they are still usually well interconnected with reinforcing steel.

The height of remaining voids between floors in pancaked buildings will depend on
what projections the slabs originally had (beam stems, flat slab drops) and partly
crushed contents.

Overturned, normally taller structures with shear walls, will often fail due to tension/
shear failure at the base. In this case the structure can project sideways by it’s full

height.

Tall, moment frame structures, where tension to compression reversal causes an

-almost explosive failure of exterior columns, may overturn, but more often they will

collapse within their plan boundaries due to high gravity forces.

Many partially collapsed concrete frame structures will contain parts of slabs and/or
walls that are hanging off an un-collapsed area. This has been observed in corner
buildings when only the street-front bays collapse due to torsion effects, and in long
buildings or those with several wings, where some bays do not collapse.

Pounding can cause one floor to collapse, leaving a difficult problem to assess, due

to remaining floors being overloaded etc.

Fire is usually not a problem in this type of collapse.
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HEAVY FLOOR COLLAPSE PATTERNS
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CONCRETE BUILDING FAILURE PATTERNS
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Precast Collapse Patterns (sec BF-27)

a) Collapse is usually caused when the precast parts become disconnected from each
other, and the structure very rapidly looses stability.

b) The collapse normally contains numerous layers of broken and unbroken pieces of
slabs, walls, beams, and columns.

c) It is difficult to predict how far the parts can be projected away from the original
structure’s position, but gravity normally will drive them downward without pro_] ect-

ing them, laterally, away from the building.

d) The voids can be difficult to access, but the slab, etc. can be removed, layer by layer,
since interconnections is normally poor to non-existent.
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PRECAST CONCRETE COLLAPSE PATTERN
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Flgure BF-27
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Windstorms- often produce flooding and the damage to structures by both are similar, They
normally effect light, poorly, or non-engineered structures, and generate static and dynamic
pressures on the exterior surfaces as well as impact forces from missiles/debris. Well
engineered structures are designed to resist wind forces by elastic action (as contrasted to the
inelastic response that is assumed in earthquake design) and, therefore, it is unusual to have
this class of buildings sustain significant wind damage. Water surge, especially that
associated with coastal wind storms, can produce damage and even the collapse of the
heaviest of engineered structures, but those that are usually affected are lighter structures.

Building Types Damaged by Wind:

a) Wood houses

b)  Mobile homes

c) Wood frame - multi-residential & commercial
d) Pre-engineered metal buildings |

e) Commercial/industrial buildings with masonry or tilt up walls - especially when wind
penetrates openings

f) Large aircraft hangers - doors get opened by wind, lift on roof - "open structure"
damage follows

g Buildings with high walls and/or long span roof.

Most Common Wind Collapse
a) Part or all of light roof is blown off and walls collapse due to lack of lateral support.
b) Very tall walls are blown in or out causing the roof to collapse.

c) Light metal buildings collapse after loss of cladding due to buckling or bending failure
of long span roof beam/frame or pull out of base connection.

d) Missile penetrates glass opening or doors blow in, structure changes from "closed"
to "open type", roof and/or leeward wall are blown out. Exterior walls may even be
masonry or concrete tilts-up in this scenario, and light interior walls can also be badly
damaged.
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Common Wind Damage- that could create structural hazards:

a)

b)

©)

d)

€)

Partial removal of roof and/or wall skin in light frame.building. Partial loss of lateral
load resisting systern.

Peeling of outer layer of multi-layer, cav1ty type, masonry bearing wall (lightly
reinforced eastern type construction). ‘

~ Removal of masonry veneers on wood and metal frame walls, low or high rise

buildings.

Removal of roofing materials; clay/concrete tile, shingles, gravel, etc.

All items, a) thru d) can be destructive missiles.

Common Flood Damage

a)

b)

c)
d)

Structures moved partly or completely off foundations. They can slide if moved
completely off - or tumble if one side stays attached.

Broken or tilted foundation walls.
Undermined foundations and slabs on grade.

Buildings impacted by objects as large as residential structures, causing part wall and/
or roof collapse. -

STU 11-49




STRUCTURAL COLLAPSE ENGINEERING DAVID J HAMMOND 0CT91

REFERENCES:

1. “Procedures for Post-Earthquake Safety Evaluation of Buildings”, Applied Technology
Council, ATC-20 1989.

2. “Rapid Visual Screcnm§ of Buildings for Potential Seismic Hazards”, Applied Technol-
ogy Counc1l ATC-21 198

3, “Procedures for Post-Disaster Safety Evaluation of Buildings”, Applied chhnology
Council, ATC-26-2 1992.

(Sponsorcd by U.S. Postal Service) Appendlx F - Wind Damage;
Appendix G - Flood Damage.

APPLIED TECHNOLOGY COUNCIL
555 TWIN DOLPHIN DRIVE, SUITE 550
REDWOOD CITY, CA 94065 TELE 415-595-1542 FAX 415-593-2320

4, “Earth quakes, Agadir, Morocco -Feb. 1960; Skope, Yugoslavia July 1963; Anchorage,
Alaska - Mar 1964; Caracas, Venezuela July 1967 American Iron and Steel Institute.

5. “San Fernando Earthquake - Feb. 19717, Pacific Fire Rating Bureau.

6. “Report on Observations, Earthquakes of May 1983, Coalinga, CA”, H.J. Degenkolb
Assoc., Engmeers

7. Pllx_lt:hcatlons by Earthquake Engineering Research Institute: The followmg earthquake
Teports:

“Peru Earthquake of May 1970”

ED-15 “Peru Earth uake of Qctober 1974”

EP-31 “Friuli, Italy Earthquake of 1976”

EP-25 “Mm anao, Phili pmes Earth uake 1976”

JP-02 “Earthquakes m omania 1

JP-03 “Earthquake in C Eama/BasﬂlcatabItaly 1968”

EP-51 “El-Asnan, Algeria

87-B “Proccedmgs ot Us/Mexico Workshop, 1985 Mexico

Clt?’ arthquake

gol. .i&§NO .3 Earthquake Spectra “San Salvador E.Q. of
C

Vol. 6 Supplement Earthquake Spectra “Loma Prieta E.Q.

Report”

8. “Manual of Seismic Design”, James L. Strata, Prentice-Hall

9. “Wind Engineering”, Henry Liu, Prentice-Hall
10. Proceedings, “Symposium on Tomadocs”, Texas Tech, Univ 1976

STU 11-50




