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Surface Breakage of the 1992 Landers Earthquake
and Its Effects on Structures

by Carlos A. Lazarte, Jonathan D. Bray, Arvid M. Johnson, and Robert E. Lemmer

Abstract The Landers, California, cearthquake (M, = 7.3) provides an ex-
ceptional opportunity to study surface rupture of an earthquake fault. Detailed
maps of the lateral distribution of fracturing adjacent to main traces show that
rupture patterns are much more complex than documented in past studies of
surface ruptures. The rupture occurs in tabular zones, up to hundreds of meters
wide. A main trace within each rupture zone accommodates much of the shear
deformation, but considerable fracturing occurs throughout the tabular zone.
The en-echelon pattern of fracturing in step-over zones between main traces is
typically even more complex than those along major fault zones. Inspection of
several on-grade concrete slabs indicates that unreinforced concrete foundations
generally crack when subjected to distinct ground ruptures beneath them or when
they are twisted because of differential ground movements across broad zones.
Methods of mitigating the potential hazards associated with earthquake fault

rupture are presented.
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Introduction

The Landers, California, earthquake (M, = 7.3) oé
28 June 1992 produced extensive surface rupturing over
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a distance of 85 km (Fig. 1). Faulting included signifi- -

cant movement on the Johnson Valley, Homestead Val-
ley, Emerson, and Camp Rock faults, and on the Kick-
apoo step-over (also referred to as the Kickapoo fault).
The focus of the earthquake was notably shallow, not
deeper than 10 km (Campillo and Archuleta, 1993).
Whereas some structures and lifelines were heavily dam-
aged, the damage was relatively light, because of the
low density of facilities in the area. Financial losses were
estimated to be at least $100 million (Mori et al., 1992).

The Landers earthquake had a nearly pure strike-slip
focal mechanism and exhibited primarily right-lateral
surface displacement. The magnitude of the horizontal
offset varied along the fault trace, but was typically 2 to
3 m (Kanamori er al., 1992), with maximum strike-slip
offset around 6 m (Sich er al., 1993). In addition, ver-
tical displacements up to 1.5 m were measured. Many
segments of the fault rupture were expressed as a broad
rone of shearing (often hundreds of meters wide) rather
than as a well-defined linear trace (Johnson et al., 1993,
1994). An example is shown in Figure 2. The broad shear
sones were observed in both unconsolidated deposits
teompact and loose alluvium) and weathered bedrock,
although the shear zones were generally more diffused
and broader in unconsolidated deposits.

The Landers earthquake is an important seismic event
because of its tremendous ground breakage, combined
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with the high quality of retrieved data. Several research
groups have collected field evidence of surface breakage
at different scales depending on their specific interests.
The earthquake ruptures were mapped at the regional
scale (features >1 km; fault zones) by a consortium of
geologists from the U.S. Geological Survey, the Cali-
fornia Division of Mines and Geology, and Caltech. For
example, K. Lajoie (1993, Personal Comm.) and Flem-
ing (1993) have mapped parts of the Johnson Valley,
Homestead Valley, and Emerson fault zones at scales of
1:4000 to 1:6000, using aerial photographs. Johnson et
al. (1993, 1994) mapped patterns of cracks and fault
segments within rupture zones 50- to 200-m wide at scales
of 1:100to 1:200 along the Johnson Valley, Homestead
Valley, Kickapoo, and Emerson fault zones. These maps
include representation at the microscale (features <1 m;
individual fractures). Some of the maps presented here
were made at scales of 1:100 to 1:200, but others were
at scales of 1:200 to 1:1000. These latter are at the proj-
ect scale (features 1 m to | km; movement relevant to
specific structures), and the emphasis of the mapping is
on effects of ground rupture on engineered systems.
The Landers earthquake offers an exceptional op-
portunity to observe the phenomenon of earthquake fault
rupture. Because fault ruptures occurred in sparsely in-
habited areas, there are few buildings, roads, and other
structures obstructing the rupture patterns. Moreover,
surface fault ruptures were extraordinarily well ex-
pressed because of the scarce vegetation and the arid cli-
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Figure 1. The principal faults activated by the
1992 Landers earthquake.

mate of the area. The principal objectives of this study
are as follows:

L. Document the pattern and distribution of cracking as-
sociated with the surface faulting at selected sites along
the rupture.

2. Assess how far from the main fault trace that ground
fracturing can be expected. The data gathered on this
topic are relevant to California’s Alquist-Priolo Spe-
cial Studies Zones Act (Hart, 1992), which addresses
setback criteria for structures near major faults.

3. Characterize patterns of ground breakage in step-over
areas. Step-overs are rupture zones that connect larger
fault zones. The deformation within a step-over may
be quite complex, and the resulting effects may be as
damaging as those along the well-established main
fault traces.

4. Investigate structures damaged by the faulting, and
develop an understanding of the response of engi-
neered structures to underlying fault movements.

Distribution of Surface Breakage

In this article. we are focusing on the project scale
of ground rupturing at Landers. At this scale, the ground
ruptures are highly variable, and the zone of faulting
ranges from a few meters to hundreds of meters. Within
a broad zone, there are thousands of fault segments,

C. A. Lazarte, J. D. Bray, A. M. Johnson, and R. E. Lemmer

Figure 2. Fault movement distributed across a
broad shear zone within the Kickapoo step-over.

fractures. and cracks that may affect engineered sys-
tems. The largest offsets were along a main trace, which
is typically considered “the fault.” Our observations
suggest that the main trace may accommodate 60 to 80
of the total offset across a fault zone, and the remaining
offset may be distributed along smaller faults. fractures,
and cracks. For example. where the Homestead Valley
fault zone crosses Bodick Road. the fault zone is 180-
m wide and accommodated 1.8 m of differential offset.
The main break. bounding the east side. accommodated
about 55% of the total offset; another large break,
bounding the west side. accommodated a further 17% of
the total Johnson er al.. 1994).

The characteristics of surface breakage resulting from
the 1992 Landers earthquake were affected by surficial
geology. For example, Irvine and Hill (1993) found, “The
[rupture] zone is more discrete within older. more con-
solidated rocks and becomes diffuse and less distinct
within younger, unconsolidated sediments.” These ob-
servations agree with those by the authors and those de-
veloped through previous investigations (e.g., Bray er
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al.. 1994). There appears to be a tendency for surface
fracturing to be more spread out in soft alluvium than in
compact alluvium and competent bedrock at Landers. A
map of the main trace of the Homestead Valley fault,
where it crosses a sandy alluvial wash between weath-
ered bedrock outcrops, about 1 km north of Bodick Road,
iHlustrates this tendency (Fig. 3). The ruptures along the
main trace in weathered bedrock were restricted to shear
sones about 0.5-m wide. In the alluvial material depos-
ited over the bedrock, the rupture zone was about S-m

of fracture (in cm.)

Relative displacement
3 components across
fracture (in cm.)

- -104. -~ Contour
o ___5om
‘ = Scale : e
Mapped by 10

K.M. Cruikshank

Figure 3.  Surface expression of the main trace
of the Homestead Valley fault as it crossed an al-
luvial wash located between weathered bedrock
outcrops.

wide. The surficial materials at the sites mapped in this
study are generally alluvium.

The relation between damage to structures and ground
fracturing was studied at five sites. All the sites were
relatively level, so the influence of local topographic ef-
fects was minor. Two sites were selected along the John-
son Valley fault zone to investigate the distribution of
fracturing on cach side of the main trace. The rupturing
was fairly linear, continuous, and simple. In addition,
there were no large enginecred structures, only small on-
grade concrete slabs and cabins. The first site along the
Johnson Valley fault is near Acoma Road (Fig. 1, site
A). The second is in Flamingo Heights, approximately
3 km south of the Acoma Road site, referred to as the
Chaparral site (Fig. 1, site B). We studied two sites within
the Kickapoo step-over where structures were damaged
by surface faulting. One site is at Kickapoo Trail (Fig.
I, site C), 400 m north of the intersection of the Johnson
Valley and Kickapoo fault zones. The other is the Charles
Road site, about 1.5 km south of the intersection of the
Kickapoo and Homestead Valley fault zones (kig. 1, site
D). The final site is where a single-tower power line
crosses the Emerson fault (Fig. 1, site E).

Acoma Site

The Acoma site consists of an area 1600-m long and
30-m wide, with its long sides bearing E~W. The area
is bounded by Desideria and New Dixic Mine roads (Fig.
4a). The main trace of the Johnson Valley fault zone in
the Acoma area is a linear feature trending about N-S.
The main trace is about 90-cm wide and has a scarp up
to 30-cm high facing west. Offsets of washes, paths, and
bushes indicate that the right-lateral offset on the main
trace averages 120 cm. At Desideria Road, to the north,
the offset is 180 cm; at New Dixie Mine Road, to the
south, the offset is 90 cm. At a fence line 400 m north
of the area, the offset is 300 cm. Farther north, offsets
increase.

There is less-intense, but still significant, right-lat-
eral displacement within a zone about 100-m wide cen-
tered on the main trace. Figure 4b shows fractures w ithin
bands of ground 100-m wide on either side of the main
trace. Some of the rupture zones contain tensile cracks
up to 2.5-cm wide. The amount of accumulated right-
lateral displacement across fractures is comparable on
cither side of the main rupture-—15 ¢m on the east and
I'l cm on the west. The total offset across this 200-m-
wide zone is estimated to be 146 c¢m. The features of
ground fracturing differ on each side of the main trace.
On the east side, lateral displacement is concentrated
mostly in a few cracks (Fig. 4b). On the west side, the
fracturing is relatively intense and distributed across a
zone about 40-m wide. A graben about 25-m wide de-



550

C. A Lazarte, J. D. Bray. A. M. Johnson, and R. E. Lemmer

1000 800 0 100 200 500 Moters
EXPLANATION A
—  Major Fracture . I i | NN |
~=  Minor Fracture ; ro—
~~—~ Tensional Cracks , i
® 2 Downthrown side ( cm.) ,','o..;.; \'
- Opening {inem.) A) v Ares ;
== Horlzontal Ofigetlin cm.) " ‘/
B On-grade Concrete Slab !
Wash Herd
NOTE: Vertical Measures Ares Aluvium
not to Scale. —
——
B)
/,'k_onbon —
« 7.8 ©
0 2 . ~
i EE :
© \ ' ' 0
> ' a © |2 L
1 Lo > | 1 L" ' [\ § ']
| g (3] 0.
: . m.
! ™ 2
: Shattered Ground ’
100 80 60 40 - 20 0 20 40 80 80 100 Meters
— i 1 1 A 1 1 1 1 i ]
West —_— East

Figure 4.

() Distribution of ground rupture across a segment of the Johnson

Valley fault at the Acoma site: (b) detail of movement around the main trace.

veloped in this arca, downdropping the ground S to 7
cm. Within the western part of the graben. the ground
is shattered, precluding detailed mapping of cracks.

Some minor cracks occur as far as 750 m from the
main trace (Fig. 4a). These are tensile cracks with ap-
ertures on the order of 1 mm. The separation between
cracks ranges from 50 m close to the main trace to 150
m in the outer section. Fresh tensile cracks. observed in
an unreinforced concrete foundation slab located 120 m
away from the main trace, indicate the broad zone of
damage to structures along this fault segment. No dam-
age wus observed in the three most distant unreinforced
concrete foundation mats within the surveyed area (Fig.
4a).

Chaparral Site

The main trace of the Johnson Valley fault zone at
the Chaparral site (Fig. 1, site B) traverses State Road
247 at 5° to 10° clockwise (Fig. 5). The main trace oc-
cupies a width of about 2 m and consists of a series of
en-echelon fractures generally stepping left. The amount
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Figure 5. Distribution of ground rupture across
a segment of the Johnson Valley fault at the Cha-
parral site.

of right-lateral displacement could not be measured pre-
cisely here, but it is less than 1 m. Adjacent to the re-
paved section of State Road 247, an area of bulging and
shattered ground develops along the main trace. A few
meters south of the bulged area, the main trace has a
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scarp 20- to 30-cm high and fissures up to 7.5-cm wide.
There is also vertical differential displacement across the
fractures in the main trace, generally with the down-
dropped side facing to the west. The main trace here is
the east side of a 20-m-wide graben. The ground within
the graben has been downdropped about 60 cm.

The rupture zone is generally west of the main trace
at the Chaparral site. A tension crack 1-mm wide, lo-
cated 33 'm from the main trace, marks the western
pboundary of the rupture zone. There are fractures dis-
tnbuted throughout the width of the rupture zone, in-
cluding the graben, but the right-lateral displacements
are concentrated along five narrow shear zones which
are zenerally uniformly spaced at intervals of 3 to 4.5
m. Right-lateral offsets of 1.5 to 2.5 cm were noted along
the outermost fractures, which are located about 21 and
24 m. respectively, from the main trace. No evidence of
ground fracturing was observed beyond a distance of 33
m from the main trace. Evidence of further rupturing
may have been destroyed at this site because of nearby
roads, rodent activity, and rainfall.

Kickapoo Fault (Step-Over)

The Johnson Valley fault was well known before the
carthquake (Dibblee, 1967), but the Kickapoo fault zone
was unrecognized. The Kickapoo fault (or step-over) is
the connecting zone that transferred slip between the
Johnson Valley and Homestead Valley faults. The step-
over 1s a relatively broad shear zone which accommo-
dated right-lateral offset in a more or less distributed
fashion (Fig. 6). Although the step-over trends NS to
I0L, the individual segments within the step-over trend
N3OE. The rupturing within the Kickapoo step-over is
somewhat different from that along the Johnson Valley
fault. A main fault trace is not as recognizable in the
Kickapoo fault zone. Slip is accommodated in a rela-
uvely wide shear zone (commonly 200-m wide) which,
in turn, is composed of numerous fractures along which
significant offset is locally concentrated. The Kickapoo
step-over is complex, and it consists largely of segments
of right-lateral rupture zones tens of meters to hundreds
of meters long, arranged in left-stepping en-echelon ar-
rays. Similar to the rupturing along the Johnson Valley
fault, the individual segments in the Kickapoo fault zone
consist of myriad fractures and cracks.

An area at Fifth Avenue, about 500 m north of the
intersection of the Kickapoo and Johnson Valley fault
zones and immediately east of Kickapoo Trail, is de-
scribed as an example of the pattern of en-echelon fault-
ing within the Kickapoo step-over. The area includes parts
of three en-echelon rupture zones trending about N10E
Jabout 10° clockwise from the overall N=S orientation
of the Kickapoo fault (Fig. 7)]. The longest segment ex-
tends for about 250 mi and ends in the vicinity of a barbed-
wire fence at the north end of the area. According to
measurements of displacements of the fence (top of Fig.

7), the right-lateral shift across this long, narrow zone
was about 30 cm at the fence, as compared to a shift of
120 ¢m for the entire en-echelon zone. To the west of
the long shear-zone segment is a shorter segment, about
80-m long, that also accommodates right-lateral shear-
ing. Near its northern end, at the fence line, the right-
lateral shift is about 10 cm. On the west side of the mapped
arca, starting at Fifth Avenue and extending for at least
200 m to the north (well off the map aredj, is a third
shear-zone segment. This segment has the largest right-
lateral displacement observed on the fence line, offset-
ting the fence an additional 70 ¢m (Fig. 7). There are
several short, left-lateral shear zones, generally trending
N30E to N45E, within the belt of shear zones. A right-
lateral shear zone, trending about N30E, is shown at the
southern end of the map. This zone extends across open
ground for several hundred meters to the NW, nearly
reaching the Johnson Valley fault zone.

Each of the narrow shear zones consists of the same
fracture clements described elsewhere at Landers {John-
son et al., 1993, 1994). The fracture elements are dom-
inated by diagonal tensile cracks oriented about 30°
clockwise with respect 1o the overall trend of the zone,
and have left-lateral offset of a few ¢cm. There are small
thrust faults, generally marked by low lobes at one or
both ends of the blocks of ground bounded by the ten-
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Figure 7. Dctailed map of en-echelon shear

zones in Kickapoo step-over, immediately east of
intersection of Fifth Avenue and Kickapoo Trail.
Map shows a nearly complete. long shear zone on
right. a complete, short shear zone in middle. and
the south end of a long shear zone on left. The
latter offsets the fence line about 0.7 m. a large
fraction of the 1.2 m of offset for the entire en-
echelon belt of shear zones.
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sion cracks. There are a few right-lateral ruptures par-
allel to the narrow shear zones, but distinct fault surfaces
are lacking. A striking difference in the narrow shear
zones in the Kickapoo step-over and those elsewhere at
Landers is that the tensile cracks, rather than being ori-
ented N-S, are oriented N30 to 40E in the Kickapoo
step-over.

Kickapoo Trail Site

A detailed map of the ground breakage at the Kick-
apoo Trail site (Fig. 1, site C) is shown in Figure 8. This
detailed map also served to study the damage to the
structure situated roughly in the center of the mapped
area. The west side of the area displays numerous, closely
spaced cracks. The number of cracks of all sizes is as-
tonishing. Offset on individual cracks in the west side
ranges from 0.5 to 5.0 cm. The accumulated offset in
the three western shear zones is: 15 to 20 cm, roughly
5cm, and 7.5 to 10 cm, for zones A-A, B-B, and C-C.
respectively. In the southwestern part of the area. zones
A-A and C-C accommodate more slip than zone B-B.
In the northern part of the area, the distribution of right-
lateral displacement is more uniform, and the accumu-
lated offset is comparable along the three zones. In the
southern end of zone B-B, some of the cracks accom.
modate little slip (on the order of a few millimeters) and
develop as extensional cracks with average openings of
2to 5 mm. In fact, it is characteristic that minor cracks
formed as tensile cracks at early stages of fracture de-
velopment. The rough, unsheared faces of these cracks
indicate that the cracks first opened in tension and then
accommodated slip (Johnson and Fleming, 1993). Zones
on the west side, especially B-B and C-C. veer pro-
gressively from a general trend of N20E to N30 to 45E
from south to north. A relatively intact wedge in the cen-
ter of the surveyed area is bounded by zones C-C and
D-D. Only minor, barely visible tensile cracks were no-
ticed in this wedge. The ground is relatively firm in this
area.

On the east side. a narrow shear zone D-D accom-
modates 65 cm of offset which is readily observable along
the fence line. The trend of this narrow shear zone is N5
to 10E. The concentrated shear zone degenerates into a
graben, which expands laterally to the north. The graben
is bounded by shear zones which are branches initiating
from zone D-D. Approximately 100 m beyond the struc-
ture, zone D-D progressively returns to a general trend
of N20 to 30E, and movement across the rupture zone
becomes more distributed over that area. Twenty meters

~ north of the house. zones C-C and D-D merge to form

a narrow zone 1.5-m wide, containing several subpar-
allel cracks and severe ground breakage. The offset across
the zone is 15.2 cm. Beyond this zone, the ground frac-
turing is more uniform.
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Figure 8.  Detailed mapping of ground

Charles Road Site

Ground rupturing is more concentrated at the Charles
Road site (Fig. 1, site D) than at Kickapoo Trail. The
total width of the rupture zone at Charles Road, near the
north end of the Kickapoo step-over, is about 120 m
(Fig. 9). Most of the fractures trend N5 to 10E; that is,
the fractures are oriented about 10° clockwise from the
overall trend of the Kickapoo fault. The rupturing at
Charles Road represents several long segments of the
Kickapoo en-echelon fracture array, much as shown in
Figure 7. The southern segment is about 500-m long, the
northern segment about 300-m long. The left-stepping
segments are separated 40 to 60 m. Within one step is
4 low rocky hill, composed of highly weathered bed-
rock about 3-m high. The map (Fig. 9) shows a group
of parallel and closely spaced cracks traversing the low
hll from north to south, ending in relatively flat ground
on the south side of the hill. These cracks occur within

fracturing at the Kickapoo Trail site.

the step between the rupture segments and appear to be
a result of interaction of the two segments. The cracks
do not exhibit strike-slip offset; rather, they are tensile
cracks.

Immediately southeast of the low hill is the central
rupture segment, which trends about N10E. It is 5.1-m
wide, with much of the slip concentrated in a narrow
strip 1.2-m wide. Although it accommodates both right-
lateral and vertical differential displacements, its most
prominent feature is a scarp up to 120-cm high facing
toward the SE. The vertical component of fault displace-
ment is distributed across the entire width of the seg-
ment. The relative vertical displacement increases from
30 to 120 cm from south to north along the scarp, with
maximum right-lateral offset on the order of 20 to 30 cm
on the scarp’s central part. The southern rupture seg-
ment, south and east of the house, accommodated as much
as 120 cm of right-lateral shearing. Much smaller hori-
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Figure 9. Detailed mapping of ground fractur-
ing at the Charles Road site.

zontal offsets (about 10 cm or less), however. were ob-
served along the northern section of this fracture. so the
step between the southern and central segments is at the
house. A line of power poles trending approximately
perpendicular to Charles Road. and located 15 m south
of the property line, is offset on the order of 1 m over
a width of about 40 m.

Single-Tower Power Line Site

A high-voltage transmission tower at the single-tower
power line site (Fig. 1, site E) nearly collapsed because
its legs straddled the main rupture of the Emerson fault
zone (Fig. 10) Johnson er al. (1993, 1994) calculated
270 c¢cm of offset and 2 to 7 cm of dilation (normal to
the trace) for the main rupture at the tower by comparing
the geometry of the damaged tower with that of the
neighboring, undeformed tower. Additional right-lateral
displacement of 21 and 60 c¢m, measured SW and NE,
respectively, from the deformed tower, accounts for the
entire 3.5 m of right-lateral differential displacement ac-
commodated by this rupture zone.

- A. Lazarte, J. D. Bray, A. M. Johnson, and R. E. Lemmer
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Figure 10.  Detailed map of fractures that de-
fine the rupture zone along the Emerson fault zone
at the single-tower power line. Overall shift across
70-m-wide belt is about 3.5 m. Each side defined
by relatively straight, narrow shear zones. Narrow
shear zone on right (NE) side is main trace, which
accommodated about 2.7 m of right-lateral shift-
ing. Tensile cracks within belt of shear zones gen-
erally oriented about N-S to N10E, whereas ten-
sile cracks outside NE side of belt, which apparenthy
are part of a step-over structure with the Camp
Rock fault, are oriented about N30OE to N40E.

At this locality, the rupture zone is simple and straight
for at least 2 km to the NW and 1 km to the SE. Farther
southeast, the rupture zone splits and passes around each
side of a granite ridge. At the tower, the rupture zone is
about 70-m wide, oriented N45 to 50W. Tension cracks
oriented N30 to 45W occur sparsely throughout the width
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of the broad shear zone; a few of them have some left-
lateral shift. There are a few, narrow, right-lateral shear
zones within the broad shear zone in the NW part of this
area (Fig. 10). Most of the right-lateral shift across the
rupture zone is accommodated by narrow shear zones
bounding a broad zone of minor shearing (as described
by Johnson er al., 1993, along other rupture zones at
Fanders). The narrow shear zone along the SW wall of
the broad shear zone accommodates about 20 cm of right-
iateral and up to 10 ¢m of vertical (downthrown on NE
sde) relative displacement. Along much of its length,
Wi narrow shear zone consists of NS-oriented fractures
weveral meters long. The blocks of ground between these
Iractures typically end in low thrusts, directed toward the
center of the broad shear zone.

The main trace—which is a narrow shear zone, or
“mole track, ™ along the NE wall-——dominates the belt of
shear zones. Its width ranges from 0.5 m in places in
ine NW part of s trace, to 10 m in the SE. It has a
beaded tor a pinch-and-swell) structure that is particu-
larly noticeable in the NW part. The narrow segments
ithe pinches) are a few tens of cm wide, and along parts
of their lengths is a narrower groove, about 10-cm wide
and deep, probably representing the fault surface not far
below the ground surface. The broader segments (the
swells) are several meters wide and generally have dis-
unctive internal structure. These broader segments con-
tain long fractures oriented at a clockwise angle of about
3 o the trend of the shear zone. The ground has been
thrusted at one or both ends of the blocks separated by
iractures. Another feature of the narrow shear zone here
is that the ground surface is depressed (up to 30 cm)
along some stretches and raised (perhaps equally) along
other stretches. Therefore, along the trend of the narrow
shear zone, there is an elongated basin, then an elon-
gated dome, then an elongated basin, and so forth.

At this site, there is another step-over zone—-in this
case, between the Emerson and Camp Rock fault zones.
This step-over, rather than consisting of en-echelon shear
zone segments, consists of a swarm of tension cracks
cast of the Emerson fault zone. These cracks occur in a
belt, about 50- or 60-m wide, trending N20 to 30E, and
extending at least 1000 m toward the Camp Rock fault
zone, 1.5 km to the NE (Johnson er al., 1993). The ten-
sion cracks within this step-over are oriented differently
than those within the broad shear zone along the Emer-
son fault zone. Interestingly, the tension cracks in the
step-over have the same orientation observed in the
Kickapoo fault to the south, rather than those within the
broad shear zone along the Emerson fault zone. The ten-
sion cracks in the shear zone along the Emerson fault
are oniented N-S, at a clockwise angle of 30° (but as
great as 45°) to the walls of the shear zone. The tension
cracks within the step-over are typically oriented at a
clockwise angle of 60° to 70° to the walls of the Emerson
fault zone.

Summary of Surface Breakage

The rupture zone produced by the 1992 Landers
earthquake is not a simple, linear fault zone as usually
described in textbooks; instead, it is a relatively wide
tabular zone, which accommodated shear deformation
(Johnson er al., 1993, 1994). The shear zone is often
hundreds of meters wide. There are numerous fractures
within this zone, and here we can observe the main trace.
The number of fractures and cracks observed in the shear
zone, especially within the Kickapoo step-over, is truly
astonishing. A substantial number of subsidiary fractures
were noticed in areas adjacent to main traces (e.g., Figs.
2 and 4). Despite the fact that most of the ground frac-
turing occurred in an area some tens of meters wide, we
noticed extensional cracks several hundreds of meters from
the main trace.

For the Landers event, we can define three levels of
intensity of ground fracturing: high, intermediate, and
low. High-intensity ground fracturing occurred along the
main trace and in its immediate vicinity. The offset in
this area, about 10-m wide, ranged between | and 3 m.
Intermediate-intensity ground fracturing is located mainly
in an area about 100-m wide. The offsets along these
fractures were on the order of a few decimeters. In spite
of the relatively small differential displacements and ap-
ertures associated with this intermediate category, the
fractures may pose a hazard to structures and lifelines.
Finally, low-intensity ground fracturing is observed in
areas up to hundreds of meters from the main trace. The
nature of the fractures in this zone is primarily exten-
sional. Offsets along fractures were on the order of a few
millimeters. The cumulative concentrated right-lateral
horizontal offset across some of the mapped areas is shown
in Figure 11. Figures 11a and 11b show a more con-
centrated offset along the main trace of the Johnson Val-
ley fault, whereas Figures 1lc and 11d depict a more
distributed horizontal offset within the Kickapoo step-
over. These figures do not include the relative displace-
ment between individual fractures resulting from ground
distortion, which may be important.

We should expect an exceptionally large number of
surficial cracks in transfer areas. The transfer mecha-
nism, which accomplishes geometric compatibility be-
tween subparallel fracture segments, is observed at two
scales. At the scale of the Kickapoo step-over, the step-
over transfers right-lateral displacement between major
fault segments. At a scale of a few tens of meters, in-
dividual en-echelon fault segments along the fault trace
also transfer relative displacement. The transfer takes place
at the ends of the segments, where they step laterally.
The magnitude of ground breakage associated with the
transfer mechanism, however, is significant both in the
larger and the smaller scales. The most spectacular ex-
ample of ground rupturing associated with transfer areas
at the larger scale is that in the area near the intersection
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of the Kickapoo and Johnson Valley faults (Fig. 6). At
the smaller scale, intense ground fracturing in transfer
areas was also damaging (Fig. 7). Two heavily damaged
structures (which will be described later) were located
where significant lateral transfer took place.

Faulting-Induced Damage to Structures

The Landers earthquake offers some important les-
sons, particularly regarding the distribution of ground
breakage on a project scale and its consequences to en-
gineered systems. About 30 houses were damaged, with
an additional 50 houses that may have been affected by
fault rupture in the Landers area (Hart et al., 1993).
Damage to water and sewer lines was estimated at $27
million. Lifelines in the towns of Landers and Flamingo
Heights were heavily damaged. As a result of hundreds
of water-line breaks. customers were without water for
as long as two weeks. Most of the pipeline damage re-
sulted from rupturing within fault zones (Toppozada,
1993). State Highway 247 was disrupted in 10 Jocations
by movement on the Johnson Valley fault, and the road-
way was not fully restored for eight days (Toppozada,
1993). The faulting-induced damage to structures during
the 1992 Landers earthquake did not kill anyone. This
sparsely populated area, however, was not a true test of
the life-safety risks associated with fault rupture. None-
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theless, given the low density of structures in this area.
a significant number were heavily damaged. Two houses
in the Kickapoo step-over and a damaged high-voltage
transmission tower are described to relate the structural
damage to ground breakage in the vicinity of the struc-
tures.

Kickapoo Trail Site

The house at the Kickapoo Trail site is a conven-
tional one-story, wood-frame house (130 m?) built on an
on-grade, unreinforced concrete slab. The wood-faced
exterior walls are insulated with fiberglass batting, and
the inner faces of the walls are standard gypsum wall-
board. The wood truss roof structure is covered by ply-
wood sheathing and shingles. With respect to building
damage resulting from ground deformation, it is impor-
tant to note that the concrete slab did not even contain
wire mesh. The ground in the vicinity of the house is
composed of well-graded sand with less than 20% non-
plastic fines. The in sin« density ranged between 18.!
and 20.4 KN/m’, characteristic of dense, cohesionless
soils. The density and apparent cohesion of the soil fa-
vored the preservation of ground cracking features. It is
likely that dilation occurred within the top layer of the
densc sand deposit.

The location of the house relative to the ground
breakage is shown in Figure 8. Perhaps the most im-
portant ground rupture zone, with respect to damage to
the house, is D-D, which trends about NS to 10E. This
shear zone is about 10-m wide and accommodates 65 ¢cm
of right-lateral offset. At the fence line along the south-
ern edge of the map area, most of the offset is concen-
trated along a very narrow zone. The map suggests that
this zone steps across 10 m and continues with the same
trend toward the north. Near the house. the zone he-
comes & graben. about 5-m wide and a few cm deep
Movement within the graben produced major damage
the building and supporting slab. West of the graben.
subparallel fractures, which accommodated 4 to 5 ¢m of
offset, also damaged the house. The NE corner of the
house is situated in a minor step-over feature. In this lett
step. the foundation of the house is subjected to N-3%
compression (Segall and Pollard, 1980). Measurement.
of offsets across the ground fractures indicate that 30 o
50 ¢m of differential horizontal displacement occurs in
the ground beneath the foundation of the house.

A complex pattern of cracks developed in the foun-
dation slab of the house (Fig. 12). In general, cracks
formed in the slab where fractures occurred in the un
derlying ground. Damage is concentrated in the eastern
part of the slab, where the adjacent ground movement is
largest. Cracks B. C-E-G, and D-F appear to have formed
where fractures impinge on the foundation. Crack A ap-
pears to be unassociated with a specific ground fracture.
and likely formed to accommodate the torsional dis-
placement induced in the structure.
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Figure 12, Distribution of cracking in the un-
reinforced conerete slab at the Kickapoo Trail site,

Figure 13.

crack in concrete slab at the Kickapoo Trail site.

View of ground-rupturing—induced

The largest crack in the foundation slab is crack B
tFig. 12). At the slab’s NE edge, the aperture of crack
Bis 25.4 cm, with 11.4 ¢cm of right-lateral offset (Fig.
13). The relative vertical displacement is less than 4 cm,
so the net displacement is 28 cm, and the direction of
the horizontal differential displacement is about N20W.
The side of the house east of crack B rotated clockwise
and moved right-laterally with respect to the intact side.
Cracks that formed oriented approximately NE-SW and
NW-=SE produced blocks, bounded by fractures B-K-E-
( and B-G-K. These blocks constitute a mechanism that
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Figure 14, View of the NE side of the house
damaged at the Kickapoo Trail site. At the lower
left comner, the largest crack (B) is noticeable. Note
the influence of the ground rupture extending from
the ground. up the wall, and 0 the roof in the
center of the picture.

Maximum Upilift: 14.4 cm
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Figure 15. Relative vertical uplift of blocks
formed in the cracked unreinforced concrete siab
at the Kickapoo Trail site.

allows clockwise rotation to accommodate ground de-
formation. Apparently, the imposed deformation is not
sufficient to develop other blocks, such as B-1-C. The
shearing deformation at the ground caused the slab to
rotate, which, in turn, rotated the roof framed structure
clockwise. This torsional movement caused a portion of
the wall panel on the NE side to be torn apart at its seams



Figure 16.  Ground bulging and foundation de-
tachment produced by rotation of the structure's
concrete slab.

(Fig. 14). The torsional movement also induced a per-
manent twist in the roof structure, and a crack 21.6-cm
wide along its NE edge. The relative vertical uplift of
the blocks formed in the concrete slab is shown in Figure
15.

The relative right-lateral displacement and rotation
of the severed part of the slab caused the ground to bulge
in the patio at the front of the house, and the foundation
to become detached from the surrounding ground at the
back of the house (Fig. 16). This situation indicated that
passive and active zones developed on the SW and NE
edges, respectively, of the concrete foundation slab. This
situation can be referred to as the development of con-
Jugate zones of principal stress, i.c.. active and passive
zones, in the soil. These observations are in accord with
the findings by Duncan and Lefebvre (1973). who stud-
ted the ficld of stress induced around a rigid buried body
subjected to an underlyving strike-slip fault movement.

Charles Road Site

There are three buildings at the Charles Road site
(Fig. 9). The house is a one-story wood-frame structure
(85 m’) on an on-grade, unreinforced concrete slab. The
house is constructed similarly to that at the Kickapoo
Trail site. The larger auxiliary structure is a metal, pre-
fabricated storage shed, and the smaller is a wood shed.
The metal shed is astride a tension crack, oriented NSE.
extending southward from the rocky hill. The SE corner
of the metal building moved 1.5 cm, but there is no ap-
parent damage to this structure.

The west side of the house is about 3 m east of the
eastern edge of the central rupture zone (Fig. 9). There
are many subparallel fractures in a zone about 8-m wide
trending about N20E and extending from the main trace
to the south side of the house. Across most of these frac-
tures, the ground is downdropped a few cm on the east
side. There are only a few fractures extending NE from
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Figure 17.  Schematic representation of the
visible damage to the house at the Charles Road
site. The relative horizontal displacement between
the roof (height = 2 m) and the ground is also
shown.

the northern side of the house; the offset appears to be
more concentrated here.

The distribution of fractures in the vicinity of the
house indicates that, like the house at the Kickapoo Trail
site, the house at Charles Road is situated within a left
step between two right-lateral rupture segments. The rel-
atively farge (120 em) right-lateral offset measured at the
southern end of the property (Fig. 9) appears to have
been transferred through the subparallel fractures in the
ground south of the house to the more-northerly segment
that passes between the house and the small building
Measurements of net displacement of posts supporting
the porch roof at the south side of the house indicate that
ground beneath the western half of the house moved 1%
to 26 c¢m in a right-lateral sense relative to the ground
beneath the castern half of the house (Fig. 17). The patio
slab on the eastern side of the house also moved relative
to the house. There is a right-lateral offset of 55 cm be-
tween the house and the slab. The house rotated in a
clockwise sense with respect to the slab so that ity SE
corner became separated 20 cm from the slab. It is likely
that the transfer of the right-lateral displacement between
the two segments of the main trace occurred immediately
beneath the house. The unreinforced concrete foundation
slab was twisted and broken into discrete sections by nu-
merous fractures.

Single-Tower Power Line Site

The damage to the high-voltage, steel-frame trans-
mission tower shown in Figure 18 illustrates the vulner-
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Figure 18, Damaged high-voltage transmis-
ston tower which nearly collapsed because its legs
straddled o narrow shear zone.

shility ot litelines that cross active faults. Linear Systems
sichas power dines and pipelines can be distorted and
nicrally pulled apart where they cross broad shear zones,
Nartow shear zones are especially damaging since ground
detormation and induced strains are concentrated along
shorter segments of the system. As shown in Figure 10,
the legs of the transmission tower straddled a narrow shear
sone that formed the right side of a 70-m-wide sheur
sone. According to analysis of the tower’s deformed legs,
this narrow' shear zone accommodated approximately 2.7
m of right-lateral offset. The legs were pulled apart 2 to
7 em. The ground deformation twisted the steel-framed
tower structure to the point of nearly collapsing the
structure. The high-voltage power lines did not breuk,
and may actually have helped support the damaged tower.
This flexible system was heavily damaged and required
replacement immediately following the earthquake, but
did not fail catastrophically. Buried pipelines and other
lifelines, however, do not possess this level of flexibil-
ity. and the 2.7 m of concentrated shear across this nar-
row zone would probably have induced catastrophic fail-
ure in these types of engineered systems.

Summary of Damage to Structures

A significant number of structures and lifelines were
damaged by surface ruptures produced during the 1992
Landers event. Concentrated slip along narrow ground
fractures typically produced similar fractures in overly-
ing foundation slabs. Distortion of the foundation slab,
resulting from underlying left-stepping fault segments,
produced cracks in the concrete slab and the develop-
ment of passive and active earth pressure zones in the
surrounding ground. The damage to the houses and
transmission tower described in this article is indicative
of the damage observed within the fault zones.

We inspected numerous, similar structures, includ-

ing reinforced and unreinforced concrete on-grade slabs
which support light wood-framed houses. For similar
levels of adjacent ground fracturing, the damage was
substantially greater to unreinforced slabs than to rein-
forced slabs. The fact that reinforced slabs performed
well, however, does not imply that they had been spe-
cifically designed to resist this type of boundary defor-
mation. In fact, resistance to ground breakage is largely
undeveloped in structural design, and some basic notions
are clearly needed. For instance, these observations lead
to the idea that concrete structures must be adequately
reinforced to resist the boundary strains imposed by the
localized differential displacements in the adjacent ground.
Alternatively, structures that can be partially isolated from
underlying ground deformation could pertorm satisfac-
torily.

Mitigation of Fault Rupture Hazards

The principal surficial hazards of carthquake fault
rupture are as follows (Fig. 19):

(A) propagation of the distinct shear rupture plane to the
ground surface,

(B) differential settlement or angular distortion of the
ground surface,

(C) compressive and tensile horizontal strains at the
ground surface, and

(D) development of surficial tensile cracks.

There are three principal means of mitigating the po-
tential hazards associated with carthquake fault rupture:
avoidance, geotechnical engineering, and structural en-
gineering. The success of cach of these methods de-
pends, first and foremost, on proper interpretation of the
geology on regional and project level scales. Although
the profession requires continual enhancement of its un-
derstanding of the complex fault rupture phenomenon,
sound judgment, coupled with reasonable interpretations
of surficial geology and crack propagation theory, can
be applied to develop earthquake-resistant designs with-
out resorting to arbitrary, specified setback criteria. More
realistic criteria can be established on a project/site-spe-
cific basis (e.g., Bray er al., 1993). Once detailed stud-
ies of the geology and local site conditions (soil and to-
pography) are completed, a combination of the methods
described below may be employed to reduce damage re-
sulting from surface rupturing.

The first method is avoidance. All structures and
lifelines may be deliberately positioned to avoid crossing
identified shear rupture zones. Obviously, this method’s
success depends on identifying all likely rupture zones,
and on the characteristics of the next earthquake com-
plying with our expectations. The 1992 Landers earth-
quake provides numerous examples of our imperfect un-
derstanding, and shows that some movement should be
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fault movement shown for clarity).

anticipated throughout fault zones. For example, Hart et
al. (1993) noted that 45% of all 1992 Landers earth-
quake surface ruptures fell outside established A-P Spe-
cial Studies Zones that delineate “approximately wide

- zones to encompass all potentially and recently ac-
tive [fault] traces.” In another study of over 1200 active
faults strands exposed in fault trenches, Bonilla and
Lienkaemper (1991) found that about 45%. of these strands
either appeared to die out, or actually did dic out, even
though surface faulting was known to have occurred re-
cently. They concluded that a fault strand overlain by an
apparently undisturbed deposit is not necessarily older
than the deposit.

The next approach is to use the inherent capability
of unconsolidated geomaterials to “locally absorb™ and
distribute distinct bedrock fault movements. Previous field,
physical model. and numerical studies (e.g.. Bray er al..
1990) have found that differential movement across dis-
tinct bedrock faults dissipates as the shear rupture plane
rises through overlying fills, especially if the fills are
reinforced (Bray er al.. 1993). The relative displacement
across a distinct bedrock fault is spread across a wider
zone in the overlying fill. This spreading of the localized
bedrock fault displacement over a wider zone at the ground
surface reduces differential settiement and tensile strains
at this level. Hence. ductile compacted fill or reinforced
fill may be used at a site to mitigate the surficial hazards
associated with fault rupture.

Finally. the constructed facility can be engineered
to undergo some limited amount of ground deformation
without collapse or significant structural damage. Design
of structures subjected to ground deformation resulting
from mining subsidence are applicable (e.g.. Kratzsch,
1983). Similar to observations of foundation perfor-
mance at Landers, mining subsidence studies indicate that
foundation clements should be reinforced to improve
ductility. The maximum allowable tilt is approximately
1/400. Fiber reinforcement and/or welded wire mesh

C. A. Lazarte. J. D. Brav. A. M. Johnson. and R. E. Lemmer
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Principal surficial hazards of earthquake fault rupture (2D dip-slip

reinforcement will reduce tensile cracking in floor slabs.
The maximum allowable horizontal tensile ground strain
below buildings is on the order of 0.3%. Post-tensioning
the floor slab will improve its ability to bridge over ir-
regular ground deformation of limited extent. Spread
footings and floor slabs should be constructed atop a
double layer of smoothly laid-out polyethylene sheets
sandwiched between layers of clean coarse sand to fine
gravel. This measure will reduce the extent of tensile
cracks just below the building’s foundation and mini-
mize the transter of horizontal strains in the ground be-
low the foundation to the structural foundation elements.
Trenches excavated to construct grade beams and un-
derground utilities should be backfilled with loose svil
or styrofoam to reduce lateral earth pressures developed
against these clements.

The experience at Landers has provided contrasting
signals. On the one hand. avoidance of faults in the sit-
ing of structures has become more difficult because these
observations show that the rupture zone can be much
wider than normally assumed. and rupturing can occur
m previously unidentified zones. Conversely, the fact th
simple structures located across major fault movemens
were able to survive ground fracturing, in terms of lite
safety (but not damage). suggests that we should con-
sider engineering structures to withstand ground rupture

Conclusions

The surface breakage of the 1992 Landers, Califor-
nia, carthquake provided numerous examples of the
complexity of earthquake fault rupture. Maps preparcd
at the project scale presented in this article indicate that
broad shear zones. often hundreds of meters wide. can
damage structures located at significant distance from the
main fault trace. Rotation of the sheared ground can in-
duce torsion and tensile cracking in foundation elements.
Moreover, narrow shear zones located within these broad
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shear zones concentrate differential movement in the
ground beneath structures and are especially damaging.
Step-over zones are also particularly dangerous since they
are difficult to identify, and are typically broader and
more complex. Given the scarcity of facilities in this re-
gion, the damage produced by the 1992 Landers earth-
quake surface breakage was significant. However, al-
though often heavily damaged, no structures collapsed
« a result of fault rupture. Evaluation of the regional
and local geology combined with measures to mitigate
the potential hazards associated with fault rupture can
asIst In designing structures to safeguard human life and
reduce damage.
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