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2 Surface Fault Rupture

INTRODUCTION

Extensive surface rupture accompanied the August 17, 1999, Kocaeli earthquake. Surface
rupture consisted primarily of right-lateral strike-slip displacement of up to 5.5 meters, averaging
3 to 4 meters, with localized vertical displacements of up to 2.4 meters. The fault rupture produced
classic examples of strike-slip offset, including well-formed mole tracks, left-stepping en echelon
fault traces at a variety of scales, uplift of pressure ridges, and subsidence of extensional pull-apart
basins. Four distinct segments of the North Anatolian fault (NAF) ruptured during the earthquake,
providing the opportunity to investigate the dynamic process of fault rupture and the physical and
behavioral features of a fault that may control the propagation of fault rupture. Surface fault rupture
traversed both rural and urban areas, generating excellent examples of the effects of surface fault
rupture on engineered structures and, locally, the influence of some engineered structures on the
surface expression of fault rupture.

This chapter describes the characteristics of surface fault rupture resuiting from the August 17
earthquake. It covers the length of observed and inferred surface fault rupture, the distribution of
horizontal and vertical displacements along the rupture zone, the fault segments and pull-apart basins
involved in the rupture, and, lastly, the effects of surface fault rupture on the built environment.

SURFACE FAULT RUPTURE

RUPTURE LENGTH AND DISPLACEMENT

Surface rupture occurred over a distance of 126 km, extending westward from Eften Lake near
the city of Diizce to the Hersek Peninsula in Izmit Bay (chapter 1, figure 1.5; plate 1). Fault rupture
broke four distinct segments of the NAF: from east to west, the Karadere, Sakarya, Sapanca, and
Golciik segments (table 2.1). These segments range in length from 26 to 36 km and are bounded
by right, en echelon stepovers and/or a gap in the fault trace. From east to west, the stepover and
rupture gaps include Eften Lake stepover basin, Akyazi gap and restraining bend, Lake Sapanca
stepover basin, Golciik stepover basin, and Karamiirsel stepover basin (plate 1; table 2.2). Surface
mapping and seismicity focal mechanism solutions (e.g., chapter 1, figure 2.3; Kandilli Observa-
tory 1999) show that fault rupture was nearly pure strike-slip. Surface displacements ranged from
1 to 1.5 meters on the Karadere segment, up to 4 meters on the Sapanca segment, and up to 5.5
meters on the Sakarya and G6lciik segments (e.g., Barka et al. 1999). Localized normal displace-
ment of up to 2.4 meters occurred on a discrete normal fault along the southwest margin of the
Golciik pull-apart basin between the Gélciik and Sapanca fault segments.

These four fault segments are bounded on the west by the Yalova fault segment and on the east
by the Diizce fault segment of the NAF. Minor surface faulting was observed or is suspected to have
occurred on both these faults. The amount and extent of rupture on these segments adds uncertainty
to the estimated total rupture length.
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Surface Fault Rupture 15

On the Diizce segment, minor right-lateral displacements of up to 20 cm were observed along
the westernmost 2 to 3 km of the fault (USGS 2000). It appears likely that rupture of the Karadere
segment during the August 17 earthquake locally stressed the adjoining Diizce segment, producing
sympathetic displacement. This segment subsequently ruptured during the November 12 My7.1
earthquake, producing up to 4.5 meters of displacement.

The Yalova segment crosses the Hersek and Yalova Peninsulas in Izmit Bay (plate 1). On the
Hersek Peninsula, no significant ground rupture was observed, although minor ground cracking
with a few centimeters of lateral displacement did occur locally over a broad zone of several
hundred meters in the town of Hersek. In addition, minor surface rupture occurred along a linear
trend crossing the Yalova Peninsula. In this area, extensional cracking and normal displacements
of up to 30 ¢cm occurred with minor right-lateral displacements of a few centimeters along
continuous cracks in a delta fan. The ground rupture near Yalova may be the result of a large, deep-
seated lateral spread. However, the length of the feature and the existence locally of what appears
to be a pre-existing scarp suggest that the ground rupture is related to slight movements on the
Yalova fault segment. It also is possible that minor displacements along the Yalova segment are
related to aftershock activity.

Aftershock data, SAR interferometry data, and GPS data also suggest that minor rupture (<1
meter) may have occurred along the Yalova fault segment west of the Golciik segment. Aftershock
data for the first month following the August 17 earthquake show a distinct cluster of seismicity
west of the city of Yalova and minor but distinct activity in western Izmit Bay (figure 2.3). Although
significant surface rupture was not observed on the Hersek or Yalova Peninsulas, most of the
Yalova segment lies offshore in western Izmit Bay. Aftershock and GPS data suggest that rupture
may have extended an additional 40 to 70 km to the west of the Hersek Peninsula. If so, the total
fault rupture would be approximately 170 to 200 km long. Alternatively, minor faulting on the
Yalova segment may be sympathetic displacement similar to that which occurred on the Diizce
segment following the August 17 earthquake. If so, this may suggest that the Yalova segment has
been stressed to near the rupture threshold.

In our opinion, the minor displacement observed on the Diizce fault segment to the east and
the Yalova fault segment to the west most likely represent secondary sympathetic displace-
ments. These displacements probably did not contribute significantly to seismic moment
release during the earthquake. The estimated total rupture length of 126 km for the August 17
earthquake, therefore, does not include the observed minor displacements on the Diizce and
Yalova fault segments.

RUPTURE MORPHOLOGY

For most of the August 17, 1999, Kocaeli earthquake rupture length, the fault lies north of the
steep rangefront of the Naldoken, Kapiorman, and Almacik Mountains (plate 1). Fault rupture
generally occurred across the floors or edges of alluvial basins and only locally followed the
prominent mountain rangefront to the south of the rupture zone. In many places, fault rupture
occurred along a previously mapped fault trace characterized by geomorphic features such as
degraded scarps, shutter ridges, pressure ridges, linear drainages, sag ponds, and tectonic
depressions. In particular, rupture along the Karadere, Sakarya, and Sapanca segments commonly
followed pre-existing topographic breaks at the base of low hills and locally followed contacts and
erosional scarps between Holocene valley alluvium and slightly elevated older alluvium (Pleis-
tocene lake and alluvial fans; figure 2.1). The eastern part of the Karadere segment generally trends
along, or directly north of, the Almacik Mountain rangefront. This section of the fault curves
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Figure 2.1. Left Fault rupture extends
along eroded scarp between Holocene
valley alluvium and elevated
Pleistocene alluvium.

Figure 2.2. Above Moletrack along
Sapanca segment produced by 3.1
meters of right latcral-offset.

northward around a bend in the fault zone, to run in a more northerly direction than the other fault
rupture segments (plate 1). At its easternmost end, the Karadere segment followed straight stream
segments, commonly diverging from the rangefront across slopes and side-hill benches.
Inother areas, the rupture diverged from mapped bedrock fault traces or hillfronts and extended
across relatively level alluvial plains that show no, or little, evidence of past rupture events. The
primarily strike-slip nature of the rupture typically formed low moletracks across flat altuvial
plains (figure 2.2). Geomorphic features of this nature commonly are destroyed quickly by erosion
and grading. Along most of the Sakarya and Sapanca segments, the fault trace cuts across alluvial
valleys, plains, and distal portions of alluvial fans between Akyazi and Izmit. The rupture between
the Sakarya and Sapanca segments extended into the Lake Sapanca extensional stepover basin and
is under water. Most of the Golciik segment is located offshore in [zmit Bay, where it forms the
relatively linear coastline, with the notable exception of a 2-km section that extends onshore at the
Golciik Naval Base and exhibited a maximum displacement of 5.5 meters (figure 2.3). Locally, the
Golciik rupture closely follows the base of a pre-existing linear pressure ridge on the naval base.

RUPTURE WIDTH

Fault rupture varied in width from a simple narrow zone of primary deformation a few meters
wide, with little or no secondary deformation, to a broad zone of primary and secondary
deformation up to 200 meters wide. Generally, the fault rupture consisted of one or two primary
traces within a zone of distributed secondary deformation. The primary traces typically were
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Figure 2.4. Left-
stepping en-echelon
steps in the surface
rupture along the
Sapanca segment.

g .

Figure 2.3. Right-lateral fault offset of stone wall along western
margin of Golelik Naval Base. Total fault offset at time of photo
(September 2) was 4.2 meters. Subsequent measurement of the

offset on October 2 showed cumulative offset of up to 5.5 meters.

separated by 5 to 20 meters and commonly exhibited a left-stepping en echelon pattern at scales
ranging from a few meters to several hundred meters (figure 2.4). Surveys of offset fence lines,
roads, and tree lines show that the primary fault traces typically accommodated 80 to 90% of the
fault displacement, with the remaining deformation distributed over a zone generally 20 to 50
meters wide.

The width of deformation appears to be controlled primarily by local fault geometry and rupture
mechanics. Where the fault trace deviated in orientation from the prevailing strike of the fault,
rupture complexity and width of the zone of deformation increased. In these areas, the primary fault
trace(s) generally accommodated 50 to 80% of the fault displacement, with the remaining
deformation distributed over a zone up to 200 meters wide. In addition, where fault rupture
approached the end of a fault segment and/or entered a pull-apart basin, rupture complexity and
width of the zone of deformation increased. In these areas, the amount of lateral slip decreased
abruptly over a short distance, and distributed right shear with localized normal displacement
occurred over a zone up to 1 km wide. Fault rupture zone width typically was narrower where it
followed pre-existing scarps or prominent breaks-in-slope. Conversely, other possible controls on
the width of fault rupture, such as thickness, age, and depositional environment of surficial
deposits, did not appear to significantly affect the width or complexity of surface deformation.
However, amore systematic evaluation of the fault rupture relative to the distribution and thickness
of surficial deposits should be performed before this preliminary observation can be confirmed.
There are areas (e.g., Akyazi stepover) where the amount of surface displacement along the fault
trace may have been attenuated, in part, by deep soil deposits.
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AFTERSLIP

Several cases of afterslip were reported following the August 17 earthquake. The best example
of afterslip occurred at the Golciik Naval Base, where fault rupture offset a stone wall. On
September 2, total offset of the wall was measured at 4.2 meters (figure 2.3). On October 2, total
offset of the wall was measured at up to 5.5 meters. Multiple surveys at several other sites suggest
that afterslip of a few tens of centimeters occurred on both the Sapanca and Gélciik fault segments.
No observations were made along the Sakarya and Karadere fault segments to document the
presence or absence of afterslip.

FAULT SEGMENTS AND PULL-APART BASINS

One of the more interesting aspects of the August 17, 1999, earthquake is that fault rupture
involved four distinct segments of the NAF. Segment end points are defined by right-releasing
stepovers or gaps in the fault trace. Distinct structural basins have formed within the right-releasing
stepovers, indicating that these segmentation points are long-lived features in the displacement
history of the fault. The rupture, therefore, provides excellent empirical data on the amount of
coseismic displacement that can and cannot propagate through fault stepovers of different
dimensions.

Fault segments involved in the earthquake include, from west to east, the Golciik, Sapanca,
Sakarya, and Karadere segments (plate 1). Rupture characteristics for each of these segments are
provided in table 2.1. Of note, each of the segments had different maximum and average amounts
of surface displacement. In particular, the Karadere segment produced surface displacement of
only 1 to 1.5 meters, generally one third or less than the amount of surface displacement observed
on the other three segments. The Karadere segment was the segment farthest from the earthquake
epicenter (>65 km east). Based on the amount of surface rupture, the Karadere segment appears
to be a distinctly different rupture event and may represent a distinct subevent in the August 17
earthquake sequence (Toksoz et al. 1999).

Fach of the fault segments can be distinguished on the basis of physical and behavioral
characteristics. The Golciik segment lies primarily offshore in Izmit Bay and defines the straight
coastline between Karamiirsel and Gélciik. The offshore extent of rupture is interpreted on the
basis of pre- and post-earthquake bathymetry and the extent of shoreline subsidence. To the west,
the Golciik segment forms a 5-km-wide right-releasing stepover to the Yalova fault segment
across the Karamiirsel pull-apart basin (figure 2.5a, b). To the east, the Gélciik segment forms
a 1- to 2-km-wide right-releasing stepover to the Sapanca segment across the Golciik pull-apart
basin (figure 2.6a, b). The east end ofthe Golciik fault dies out within the Golciik pull-apart basin.
The basin is bounded on the southwest by a prominent normal fault. Up to 2.4 meters of vertical
offset occurred along the normal fault. The fault locally follows a pre-existing 2- to 6-meter-high
scarp preserved in late Holocene deposits, suggesting that the fault has experienced several
previous ruptures in the Holocene.

The Sapanca segment traverses broad, alluvial floodplains and bedrock ridges and is defined
by well-expressed sag ponds (marshes), linear drainages, side-hill scarps, and tonal lineaments. To
the east, the Sapanca segment forms a 1-km-wide right-releasing stepover to the Sakarya segment
across the Sapanca pull-apart basin (figures 2.7a, b). In addition, the Sapanca basin forms the
intersection of the August 17 fault rupture with the southern branch of the NAF, which most
recently ruptured during the 1967 My 7.0 Mudurnu Valley earthquake (plate 1).



Surface Fault Rupture

19

40°45'

Matchline A

Explanation
NN Ottshore subsidance recorded by H:05-1m Slip measurement in meters. Vis vertical
bathymetric data displacement, H is right-lateral
displacement
m Area of significant coastline subsidence
and lateral spreading 4 Lateral spreading
— __  August 17 rupture, fauit dashed and m Liguefaction
~ queried where location is uncertain. Bar
and ball on downthrown side, arrows A Subsidence
denote sense of lateral motion
-
== Fault apparently not ruptured during recent
events

..+ Location of faun west of Hsrsek is
. uncertain; grourid cracks reported
“near.chemical plant on delta
between: Hersek and Yatova may
bs:eithar from minor tectonic
_deformation, or ground failure.

w Approxlmately 206m
xtensive lateral _of subsidence occurred
. spread up to during earthquake, but

100 m from i fappears to have
i{rebounded after 2
{months

i V.0.3-0.4m posslble

% normal fault mapped by
. “Yasuo Awata, Japan

“~Geological Survey

1

A -
i
|
|
It
1

1
29°25' 29°30' 29°35

Map by: William Lettis & Asscciates, Inc.
Bathymetry provided by A.C. Glneysu.

Fault rupture mapped by J. Bachhuber, R. Witter
W. Lettis, W. Page, J. Hengesh

|- 40°45'

Note: Extent of offshore rupture based
on pB&-earthquake bathymetry to 5 km
west of Degirmendere, and from older
batpymetry further to the west

20°40 29°45

Figure 2.5a, b. Karamiirsel stepover basin and western extent of rupture
along the Golciik fault segment.



20 SEISMICITY, FAULT RUPTURE, AND TSUNAMI

29°47" 29°48' 29°49' 29°50' 29°51" 29°52'
] | | ] L i
b Fault ruptured around Submerged buildings and streets |
= ] massive concrete bunker (Figures 3-09, 3-1 Possible fault or slump scarp
? (Figures 3-18 & 3-19) wyVisible on post-rupture air photos |
Gélciik Segment
J 7~ — ,
- Approximate limit of
. e - - 4. . m, lateral spreading.
\\\\\\\>¢ Navy Base m
NP o v:1.48m I
D Lateral spread & incipient B N ~ V-222m
movement cracks Golelik V:1.8m, H:0.8m” e I«
Dégirmendere |2
. V: 1.55m, H:0.50 ord Otesan Plant |5
Explanation / (Figures 3-23) |8
P V:1.58m =
2 Fault dashed where location q Offshore lateral spreading and 3
f;' is uncertain. Bar and ball on subsidence bl 9 V:2.35m V._ 17Mm I
- ! — downthrown side, arrows (maximum vertical L H1.20m |
== == = denote sense of lateral 0 Lateral spreading "
<~ moton displacement)
)  Liquefaction V-1.38m v:1.65m £|
V:1.8m H:08m Slipmeasurement in meters. -
EaSL Vs vertical disp t,H A Subsidence V:1.08m H:0.70m P
is right-lateral displacement. V:1.48m /‘ - |
Onshare lateral spreading and V:1.19m, H:0.71m o T V:0.18m
subsidence b " V.055m V:0.75m !
T T L T 1 T
Map by: William Lettis & Associates, Inc.
Normal fault rupture mapped by E. Altunel, T. Dawson
Golciik and Sapanca se%(mems mapped by J. Bachhuber, W. Lettis,
W. Page, J. Hengesh, A. Kaya.
29°53' 29°54' 29°558' 29°56'
[ 40744
Sapanca
| R
<! Segment
2l &
£
§ |gracks m;y/ Basiskele L .
e related” = 1 -
lo Iateral{ " Mitita 4 N ;1
|spread  ap g e Base ;—-Severely Delta fan
TE A o) - = A damageéd N
1 g ' buildings |
o e o T Diffuse
i _— shear 0 05 1
| stepping zone Kilometers
! crack one gehoo| with Minor or
| (diffuse)  right-lateral wall diffuse |
v displacement  Ccracking?
[ T i

Figure 2.6a, b. Golciik stepover basin and central and eastern part of Golciik fault segments.



Surface Fault Rupture 21

40°44'

40°42'

.
;

H "t

on cracks

and tear fissures
1 ]

Fenceline
H.29m

Matchline A

Explanation

= Fault dashed where location is uncertain. Bar
and ball on downthrown side, arrows denote
sense of lateral motion.

Slip measurement in meters. V is vertical
displacement, H is right-lateral displacement.

Onshore lateral spreading and subsidence
Depression, dashed were uncertain or inferred

Submarine landslide

T
Map by: William Lettis & Associates, Inc.

Bav%/mstry provided by A. Kaya, funding provided by
Pacific Gas & Electric Company and

Pacific Earthquake Engineering Center.

Fault rupture mapped by J. Bachhuber, J. Hengesh, W. Lettis & W. Page.

30715' 3020

40°44'

e ! £

= 1Significant right- -
g1 Jlateral offsetto
0.5m.. Jroad gnd railwtay

Matchline A

#Fault Zone
stributed

4042

Vertical seftl.
0.2-0.5m) and
%subsidenoe at

rupture interpretation based on
bathymetry data.

Figure 2.7a, b. Lake Sapanca stepover basin and portions of the Sapanca and Sakarya fault segments.



22 SEISMICITY, FAULT RUPTURE, AND TSUNAMI

40°48'
40°47
40°46'
-~ -1.5m rightJateral
- 5Eduring August 17
Kocasli earthquake
40°45'

30°55'

Map by: William Lettis & Associates, Inc.
Rupture map from USGS (2000) and reconnaissance
mapping by W. Lettis, W. Page.

Matchline A

= e NB
' Sy 0 Sl ] X
“August Kocaeli = ¥R =5—14.5-m right-lateral slipT~
“earthquake B B A% Ruptureduring X
P iz : <t 12 November

LI 11~ Duzce eyarlf}quake

Figure 2.8a, b. Eften Lake right-stepping double pull-apart at eastern termination of the August 17,
1999, Kocaeli earthquake rupture. A small fault at the southern margin of the basin experienced slight
displacement during the Kocaeli and November 12, 1999, Diizce earthquakes. The Diizce earthquake
initiated in or near the Eften Lake pull-apart, and ruptured eastward along the Diizce fault.
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The Sakarya segment traverses a broad alluvial valley and is well expressed by sag ponds, linear
scarps and pressure ridges, and tonal lineaments. To the east, the Sakarya segment dies out in a
series of left-stepping en echelon fault traces within the Akyazi basin. Slip on the segment abruptly
decreases to between 0.5 and 1 meter. The Sakarya segment is separated from the Karadere
segment by a 1- to 2-km-wide, 6-km-long left-restraining gap in the fault trace (plate 1).

The Karadere segment trends about 19° more northerly than the Sakarya segment and lies at
or near the base of a steep rangefront. It is defined by linear drainages, fault scarps, and tonal
lineaments. To the east, the segment forms a 4- to 6-km-wide double right-releasing stepover to
the Diizce segment across the Eften Lake pull-apart basin (figure 2.8a, b).

KARAMURSEL PULL-APART BASIN

The Karamiirsel basin is about 5 km wide and 16 to 19 km long (table 2.2, figure 2.5a, b). Based
on interpretation of bathymetric data, the basin is formed by aright-stepping overlap of the Yalova
and Golciik fault segments. The basin area is about 80 to 95 km?, The basin appears to have arrested
up to 5.5 meters of westward propagating right-lateral displacement on the Golciik segment
(observed on the Golciik Naval Base). Displacement along the Gélciik segment extending offshore
along the southern margin of the Karamiirsel basin is inferred, based on the presence of extensive
lateral spreading and offshore subsidence at various locations along the coastline, in particular near
the towns of Degirmendere (chapter 4, figure 4.9) and Halidere.

Field reconnaissance on the Hersek Peninsula clearly shows that significant fault rupture did
not extend onshore along the trend of the Golciik segment or along the Yalova segment bordering
the northern margin of the Karamiirsel basin (figures 2.5a, b). There was no evidence of
significant rupture along mapped older fault traces at the mountain front south of the Hersek
Peninsula on trend with a westward projection of the Golciik fault segment. On the Hersek
Peninsula, the Yalova fault segment is geomorphically well expressed by linear depressions, a
sag pond, a linear ridge, tonal lineaments, and truncated or offset late Pleistocene beach ridges.
The geometry and location of the Hersek Lagoon is consistent with westward growth of the
Karamiirsel pull-apart basin and encroachment onto the Hersek Peninsula. Paleoseismic
trenches excavated during our reconnaissance mapping across the north margin of the Hersek
Lagoon documents the presence of the Yalova fault and the absence of rupture during the August
17 earthquake. No ground rupture was observed in the area following the earthquake, although
Hersek Lagoon reportedly subsided by about 20 to 30 cm.

GOLCUK PULL-APART BASIN

The August 17 earthquake appears to have nucleated within the Golciik pull-apart basin. The
earthquake epicenter generally plots within or directly north of the basin (plate 1). Rupture
propagated bilaterally to the west along the G6lciik fault segment and to the east along the Sapanca,
Sakarya, and Karadere fault segments (Pinar et al. 1999). Right slip of 4.5 to 5.5 meters occurred
on the Golciik segment at the western end of the basin, and 3 meters occurred on the Sapanca
segment at the eastern end of the basin. Slip on the Sapanca segment progressively decreased into
and along the southern margin of the Gélciik pull-apart basin, producing minor ground cracking
directly east of Gélciik (figures 2.6a and 2.6b).

The earthquake also produced significant tectonic subsidence within the basin. Vertical
displacement of up to 2.4 meters occurred on a continuous normal fault along the southwestern
margin of the basin (figures 2.6a, b). Additional down-to-the-east normal faulting appears to have
occurred along the coast directly east of Golciik. The normal faulting produced global subsidence
of the basin and locally caused submergence of the coastline and widespread inundation of the
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areas under water

¥

Figure 2.9. SPOT satellite image with enhanced blue shading delineating areas of flooding and
subsidence within a tectonically down-dropped block along the south margin of Izmit Bay at Golcik.

Figure 2.10.
Widespread
tectonic subsidence
in eastern Goélciik
City caused by
normal faulting and
subsidence of the
Golciik pull-apart
basin.
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northeastern part of Goélciik city (figures 2.9, 2.10). Evaluation of pre- and post-earthquake
bathymetry shows that several near-shore areas also subsided from 2 to 6 meters (plate 1, figure
2.6).

The Golciik basin is about 1 to 2 km wide and up to 6 km long (table 2.2, figure 2.6a, b). The
basin is formed by a right stepover or right separation between the Golciik and Sapanca segments.
Based on interpretation of bathymetric data, the G6lciik segment may or may not extend along the
northern margin of the basin; thus, we cannot determine the amount of overlap, if any, between the
two fault segments. The basin area is about 6 to 12 km?,

SAPANCA PULL-APART BASIN

The Sapanca basin is about 1 to 2 km wide and up to 7 km long (table 2.2, figure 2.7a, b). Based
on interpretation of bathymetric data, the basin is formed by a right stepover or separation between
the Sapanca and Sakarya fault segments. The Sapanca fault segment defines the northern margin of
the basin and extends almost entirely across Lake Sapanca to the eastern margin of the lake. The fault
is expressed by a prominent scarp on the floor of Lake Sapanca. The Sakarya segment appears to die
out at the eastern margin of the basin and is not expressed by bathymetry in Lake Sapanca. Rather,
the southern margin of the Sapanca basin appears to be defined by a series of northwest-trending
normal faults. In addition, the Mudurnu Valley segment of the southern branch of the NAF intersects
the Sapanca segment at Lake Sapanca (plate 1). This intersection forms a larger 5-km-wide stepover
and right-releasing bend in the southern branch of the NAF. Rupture during the Mw7.0 Mudurnu
Valley earthquake of July 22, 1967, was arrested by this larger stepover at Lake Sapanca. Reported
ground fissures observed near Sapanca and Esme following the 1967 Mudurnu Valley earthquake
(Berg 1967) are considered to be related to large-scale lateral spread or liquefaction rather than
primary tectonic rupture. Similar continuous cracks developed in these areas from lateral spread
failure during the August 17 earthquake. Hence, surface fault rupture from the 1967 Mudurnu Valley
earthquake is shown to terminate southeast of Sapanca on plate 1.

Rupture during the earthquake broke through the Sapanca stepover between the Sapanca and
Sakarya fault segments. About 3 meters of right slip was observed on both the Sapanca and Sakarya
segments near the lake. Right slip began to die out within 1 km of the shoreline as each fault entered
the basin. In particular, right slip decreased from 3.5 meters to about 1 meter on the Sakarya segment
near the eastern margin of Lake Sapanca (figures 2.7a, b). The pull-apart basin area is about 7 to 14
km?. The earthquake also produced normal offset of about 30 cm on one normal fault south of the pull-
apart basin, southwest of the town of Sapanca (Y. Awata, personal communication, 1999). Extensive
subsidence also occurred along the southern coast of Lake Sapanca near the town of Sapanca. A
notable occurrence of liquefaction and lateral spreading occurred near Hotel Sapanca, as described
in chapter 6. An offshore scarp 2 to 3 meters high near the hotel may be the margin of a lateral spread
or, equally likely, may be displacement on a normal fault along the lake margin.

AKYAZI STEPOVER

The Akyazi stepover is a 1- to 2-km-wide left-stepping separation between the Sakarya fault
segment and the Karadere fault segment (plate 1). The Karadere segment also trends 19° more northerly
than the east-west-trending Sakarya segment, forming a lefi-restraining bend in the fault zone.

Rupture during the earthquake broke through the Akyazi stepover and left-restraining bend.
Approximately 3 meters of right slip on the Sakarya segment progressively died out into the Akyazi
stepover as a series of lefi-stepping en echelon fault traces. After approximately a 6- to 8-km-long
gap in the rupture, right slip progressively increased to 1 to 1.5 meters on the Karadere segment,
The rupture gap coincides with the Akyazi/Mudurnu alluvial plain. Surface expression of fault
rupture may have been masked or attenuated, in part, by unconsolidated deposits in the area.
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The length of the Akyazi stepover is estimated to be 6 to 13 km. Six kilometers is the minimum
length of the rupture gap between the Sakarya and Karadere segments and includes the 19°
restraining bend in the fault zone. Thirteen kilometers includes the easternmost 7 km of the Sakarya
segment, where right slip decreased significantly and broke up into a series of left-stepping en
echelon fault traces. Total area of the restraining stepover, therefore, is 6 to 26 km?, with a preferred
value of about 18 to 20 km?,

EFTEN LAKE STEPOVER

The Eften Lake stepover appears to be a double-releasing stepover between the Karadere fault
segment and the Diizce fault segment, with a short (6 to 8 km long) intervening fault segment
(figure 2.8a, b). Each stepover is about 2 km wide, for a total stepover width of about 4 km. The
total stepover length is about 9 km, indicating a stepover area of about 18 to 36 km?.

The Eften Lake stepover arrested rupture during both the August 17 and November 12
earthquakes. Rupture of 1 to 1.5 meters occurred on the Karadere segment during the August 17
earthquake. This rupture progressively died out into the stepover basin, producing minor (up to 20
cm) right slip both on the intervening 6- to 8-km-long fault segment (USGS 2000) and along the
southeast-facing rangefront bordering the northwestern margin of the basin (figure 2.8a, b).

The November 12 earthquake nucleated within or near the eastern margin of the stepover and
produced unilateral east-propagating right-slip rupture of 4 to 4.5 meters on the Diizce segment.
The earthquake also produced significant vertical slip of up to 4 meters along the southern margin
of the basin. Slip occurred on an apparent normal fault connecting the Diizce fault with the
intervening 6- to 8-km-long fault segment. Minor right-lateral slip of 20 to 30 cm also occurred on
the intervening fault segment; thus, the intervening fault segment experienced minor rupture
during both the August 17 and November 12 earthquakes.

PULL-APART BASIN COMPARISON

Four pull-apart basins were involved in the August 17 earthquake. These basins are shown at
the same scale in figure 2.11 for comparison. The basins significantly influenced the distribution
and length of fault rupture and, thus, provided broad controls on the size of earthquake magnitude.
The Karamiirsel stepover, a right-stepping overlap with a basin area of about 95 km?, arrested up
to 5.5 meters of rupture. The earthquake appears to have nucleated within the Gélciik pull-apart
basin, producing bilateral rupture to the east and west. The stepover is a right-releasing separation
between fault traces with a basin area of about 6 to 12 km?. The Sapanca stepover is aright stepover
with little or no fault overlap or separation. Fault rupture of about 3 meters broke through the basin.
The basin area is about 7 to 14 km?. The Eften Lake stepover is a double releasing right stepover
with little or no fault overlap. The basin area is about 18 to 20 km?. The basin arrested 1 to 1.5 meters
of right slip during the earthquake. The November 12 earthquake appears to have nucleated within
or near the basin, producing unilateral east-propagating rupture away from the basin.

THEORETICAL MODELING OF PULL-APART RUPTURE DYNAMICS

The distinctive segmented nature of the fault rupture during the August 17 earthquake provides
an opportunity to investigate the influence of stepover size and geometry on the propagation of fault
rupture. The relationship between strike-slip fault segmentation and fault rupture dynamics has
been explored extensively by previous workers, with field examples (e.g., Aydin and Nur 1982;
Barka and Kadinsky-Cade 1988), physical analog models (e.g., Dooley and McClay 1997; Reches
1987), and numerical models (Harris and Day 1993; Segall and Pollard 1980). The earthquake
provides a wealth of high-quality field data on a single fanlt rupture event, including the fault trace,
slip distribution, segment lengths, and stepover geometries. These data have been incorporated into
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a simple numerical model to investigate the relationship between segmentation and surface
rupture. The model utilizes Poly3D (Thomas 1993), a three-dimensional boundary element
program that solves for stresses and displacements at points in a homogeneous, isotropic linear
elastic half-space in the vicinity of faults.

Preliminary modeling illustrates the fault stepover geometries that are most favorable for
continued fault rupture and which others tend to inhibit fault rupture. Analysis focused on two pull-
apart basins in the region of the August 17 rupture: the Sapanca stepover basin and the Karamiirsel
stepover basin. These basins were chosen as endmember cases; the Sapanca pull-apart did not
arrest fault rupture, while the Karamiirsel stepover did appear to halt the rupture. Preliminary
results suggest that the stress perturbation associated with up to 3 meters of slip along the Sapanca
segment was sufficient to increase stress on the adjacent Sakarya segment and allow rupture to
propagate eastward across the intervening pull-apart basin (figure 2.12). In addition, the model of
the Karamiirsel stepover indicates that the observed 4 to 5 meters of slip on the Gélciik segment
did not appear to stress the Yalova segment enough to cause rupture. The preliminary results of the
model suggest that fault stepovers with widths greater than 4 to 5 km can arrest up to 5 meters of
fault rupture propagation, but that 3 meters of rupture can propagate across a 1- to 2-km-wide
stepover. This model agrees with the field observations that the 5-km-wide Karamiirsel stepover
terminated further westward rupture of the Kocaeli earthquake.

EFFECTS OF SURFACE FAULT RUPTURE ON ENGINEERED STRUCTURES,
FACILITIES, AND LIFELINES

Surface rupture from the August 17 earthquake caused extensive damage to engineered
structures and lifelines. In a few instances, massive concrete structures and/or foundations
influenced the surface expression of the fault rupture. Fault rupture traversed both rural and urban
areas, providing excellent examples of the effects of surface rupture on buildings. In particular,
fault rupture extended through the eastern part of Golciik (figures 2.13, 2.14), the Golciik Naval
Base, the towns of Kullar and Arifiye, and numerous rural communities.

Surface rupture during the earthquake dramatically illustrated the damaging effects of surface
fault rupture on structures, facilities, and lifelines. Although most of the damage during the
earthquake resulted from strong ground shaking and permanent ground deformation due to
liquefaction (Adapazari) and coastal landslides, surface fault rupture locally contributed signifi-
cantly to the overall earthquake damage. Fault rupture contributed directly to the collapse of or
significant damage to over a hundred buildings, fifty of which are located within or directly east
of Golciik. In addition, fault rupture severed many lifelines, including railroads, highways, and
pipelines (water and sewer), contributing to significant delays in emergency response and loss of
water and sewer service to many communities.

Fault rupture generally contributed to building damage where the primary trace of the fault
passed directly beneath the structure. In many cases, where the fault rupture on the primary trace
occurred within one meter of a building, the building was not damaged either by fault rupture or
by strong ground shaking. In several instances, glassware, flowerpots, and other fragile items
appear not to be disturbed in these apparently undamaged houses. However, in many other cases,
buildings close to the fault were significantly damaged.

The following section provides photo-documentation of damage to structures caused by
surface fault rupture. Documentation is provided from west to east along the fault trace, including
examples from the Gélciik, Sapanca, and Sakarya fault segments.
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Figure 2.12. Model outputs for (a) Karamiirsel and (b) Lake Sapanca fault stepovers. (a) Contours
of change in Coulomb stress (MPa) on east-west trending strike-slip faults caused by slip on the
Golciik fault segment. Approximate trace of the Yalova segment shown by dashed line. Fault
rupture on the Golcilik segment was arrested at this stepover and did not activate the Yalova
segment. (b) Contours of change in Coulomb stress (MPa) on east-west trending strike-slip faults
caused by slip on the Sapanca fault segment. Trace of the Sakarya segment shown by solid line,
dashed where fault rupture is uncertain. Slip on Sapanca segment ruptured across this stepover and
continued onto Sakarya segment.
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Figure 2.13. Aerial
view of extensive
damage in Goélciik
with Izmit Bay in
upper corner. Surface
fault rupture extended
through the city.
Although most of the
observed damage in
this photo resulted
from strong ground
shaking, surface fault
rupture contributed to
damage when
apartment buildings
and houses lay astride
the rupture.

Figure 2.14. Four-story apartment house that collapsed from surface rupture on right side of photo,
west of Golciik Naval Base. Fault rupture passes left to right across the middle of the photo between
two standing apartment buildings. These apartment buildings were originally aligned and are now
offset about 4 meters relative to one another across the fault.
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EFFECTS OF SURFACE FAULT RUPTURE ON BUILDINGS AND STRUCTURES

Surface fault rupture caused complete collapse or significant damage to buildings directly
astride the fault trace. In particular, significant damage occurred in the city of Golciik along the
Golciik fault segment and from normal faulting related to subsidence of the Gélciik pull-apart basin
(figure 2.10). Additional damage to buildings from fault rupture occurred in the town ot Kullar
along the Sapanca fault segment and the town of Arifiye on the Sakarya fault segment. Buildings
also were damaged in rural areas where they were located on the fault rupture.

Golciik Fault Segment

In the city of Gélciik, 4 to 5 meters of surface rupture occurred along the Golciik fault segment
(figures 2.6a and 2.6b). Several reinforced concrete frame apartment buildings collapsed or were
heavily damaged by fault rupture in areas that were relatively undamaged by strong ground shaking
(figure 2.14). Thus, fault rupture contributed directly to collapse ot the buildings.

Surface fault rupture also damaged numerous buildings on the Go6lctk Naval Base (figure
2.15). Fault rupture crossed the basc near the southern margin of a linear pressure ridge and
extended beneath a single-story building and a three-story building in the western part of the base
(figures 2.16, 2.17). Both buildings were severely damaged by the rupture but did not collapse.
Rupture also cxtended beneath a large officer quarters building on the base, causing complete
collapse of the building and significant loss of life. A series of three buried bunkers are present

Figure 2.15. Aerial view of Golciik Naval Base; view toward the south. Izmit
Bay is in the foreground. The linear hill covered with trees in middle of photo
is a pressure ridge along the Golciik segment of the North Anatolian fault.
Three to four meters of fault rupture occurred along the far side of the ridge,
and extended through the naval base and docks.
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Figure 2.17. Fault rupture between and through a complex of three-story buildings,
west part of Gélcitk Naval Base.
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along the base of the linear pressure ridge. Fault rupture of 3 to 4 meters directly intersected the
bunkers, which appear to be constructed of heavily reinforced concrete. The massive concrete
bunkers caused the surface rupture to go around them (figure 2.18, 2.19). The bunkers did not
appear to be damaged, although a small amount of counterclockwise rotation may have occurred.

Farther to the east on the Golciik Naval Base, fault rupture extended offshore and crossed a
series of docks and port facilities (figure 2.20). Displacement typically was transferred through the
rigid structural members to weaker connections, joints, or elements of the docks or was accommo-
dated by global rotation, thereby spreading the damage over a wider area (figure 2.21).

Road
repaired

4 m fault rupture
steps around
bunker
4 m fault N
rupture steps ;
around bunker
Note: Bunkers appear intact without v 40 meters
evidence of structural distress. |

Mapped by : J. Bachhuber and W. Lettis
Figure 2.18. Surface rupture on Golciik fault segment at Goélciik Naval Base broke around massive
concrete bunkers without structural damage to the bunkers (see also figure 2.19).

Figure 2.19. Lefi Fault rupture of 3 to 4 meters extending
around undamaged bunker on south side of the pressure

8 ridge (in figure 2.18), west part of Golciik Naval Base.
Rupture locally pulled the soil away from the bunker on
one side, and compressed the soil on the other side.

Figure 2.20. Above Aerial view of the docks at Golciik
Naval Base. Surface faulting has displaced the docks,
most clearly seen in the middle of the photo.
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Figure 2.21. Fault offset of about 2 meters of a dock at the Golciik Nava] Base.

Gélciik Pull-Apart Basin

The Golciik pull-apart basin is located in the right-releasing stepover between the Gélciik and
Sapanca fault segments (plate 1, figures 2.6a and 2.6b). The eastern part of the city of Golctik is
located within the pull-apart basin. Fault rupture during the August 17 earthquake produced up to
2.4 meters of vertical displacement along a normal fault through the city and widespread tectonic
subsidence within the basin. The vertical displacement and tectonic subsidence caused inundation
of large parts of eastern Golciik city (figures 2.9, 2.10). In eastern Gélciik city, several reinforced
concrete frame structures with clay-tile infill walls located on the fault trace suffered partial to total
collapse (figure 2.22). Many of these buildings collapsed in areas of widespread damage due to
strong ground shaking; thus, the contribution of fault rupture to building damage is uncertain. At
the Ford-Otosan plant, secondary fault rupture significantly damaged a large multicolumn truss
assembly plant building (figure 2.23). Fault rupture of 30 to 40 cm extended below the southwest
corner of the building. Differential distress to the building was transferred throughout the structure
by truss displacement and tilting of the columns at the truss-column connections. This building is
an excellent example of damage from secondary faulting.

Directly west of the Ford-Otosan plant, normal fault rupture extended beneath a large mosque
(figure 2.24). Vertical displacement of approximately 1 meter caused collapse of the western part
of the mosque.
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Figure 2.22. Concrete frame, clay-tile infill two-story apartment damaged by normal fault
displacement of I to 2 meters in eastern Gdlciik City.

Figure 2.23. Wall
of Ford-Otosan
assembly plant
building showing
distress caused by
secondary faulting
beneath the
building. Building
consists of multi-
column truss
structure on a
concrete slab.
Secondary
displacement of 30
to 40 cm
significantly
damaged the
building.
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Figure 2.24. Vertical surface displacement of about 1 meter extended beneath and caused collapse of
a mosque in a residential area directly east of the city of Gdlciik.

Sapanca Fault Segment

Approximately 3 meters of right-lateral displacement occurred on the Sapanca fault segment
(plate 1). Fault rupture extended through the community of Kullar and residential areas nearby. For
example, directly west of Kullar, 3.2 meters of lateral fault rupture extended beneath one of a group
of seven six-story concrete frame apartment buildings (figure 2.25). All but one of the seven
apartment buildings collapsed; thus, collapse of the apartments was due primarily to strong ground
shaking and not fault rupture. In Kullar, surface rupture occurs on two primary fault traces. On one
fault trace, 2 meters of lateral and 0.5 meter of vertical displacement caused partial collapse of the
town’s primary school (figure 2.26). Surrounding buildings were not significantly damaged by
strong ground shaking; thus, collapse of the primary school was due to fault rupture. On the
adjoining fault trace, about | meter of lateral displacement directly intersected a two-story building
(figure 2.27). Displacement on the fault stopped at the building, and slip was transferred to the
adjoining, subparallel fault trace. In eastern Kullar, 1 to 1.5 meters of fault rupture intersected a
concrete frame four-story house under construction (figure 2.28). Rupture extended beneath the
shallow foundation of the house but did not damage the foundation or concrete frame of the house.

Fartherto the east, near Lake Sapanca, fault rupture occurs along the crest of a linear, east-west-
trending ridge. About 1 km west of Lake Sapanca, the fault rupture directly intersects a Koran
school building (figures 2.29, 2.30). About 1 to 2 meters of distributed surface rupture was
apparently arrested by the building and forms a left en echelon step around the building. The
building foundation and walls were not damaged or cracked by the fault rupture.
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Figure 2.25. Aerial view of a recently completed, but unoccupied, complex of six-story

apartment buildings directly west of the town of Kullar. Surface rupture along the Sapanca
fault segment is visible as a series of open fissures in the middle of photo.

Figure 2.26. Fault rupture extended beneath the music building of a primary school in Kullar,
about 4 km east of Izmit Bay. About 2 meters of lateral offset and 0.5 meter of vertical offset
caused partial collapse of the school.
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Figure 2.27. Fault rupture extended toward and went around a two-story concrete frame building
near the damaged school in Kullar shown in figure 2.26. Approximately 1 meter of lateral offset
extended to, but was arrested at, the building. Slip on the fault strand was transferred to an
adjoining parallel fault strand.

Figure 2.28. Four-
story concrete frame
building under
construction in
eastern Kullar City.
Fault rupture
extended bencath the
building, but the
building foundation
decoupled from soil,
and the structure was
not damaged.
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Figure 2.29. Map of surface faulting at a Koran school along the Sapanca fault segment.
Distributed fault rupture of 1 to 2 meters impacted the northern corner of the building. Rupture
appears to have been stopped by the building foundation and forms a left en-echelon step around
the building. The building rotated slightly but was not damaged.

Figure 2.30. Fault
rupture of about 1 meter
extends toward the
northern corner of the
Koran school shown in
figure 2.29.
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Sakarya Fault Segment

Approximately 3 to S5 meters of right-lateral displacement occurred on the Sakarya fault
segment (plate 1). Fault rupture extended through several small residential towns, including the
town of Arifiye, and a number of agricultural communities. Within Arifiye, 3 to 3.5 meters of fault
rupture extended beneath a two-story house (figures 2.31, 2.32). The house was not damaged by
the fault rupture. The house foundation consisted of a shallow, 1-by-1-meter reinforced concrete
grid. Apparently, the shallow foundation was sufficiently stiffand strong to hold the building intact
and to allow the foundation to decouple from the underlying alluvial soil on the south side of the
fault. The decoupled side at the building was dragged about 2 meters eastward by the north side
of the fault. About 1 meter of lateral displacement was accommodated by compression of the soil
along the margins of the house.

Directly east of Arifiye, fault rupture crossed an agricultural area, where it damaged several
wood-frame structures. At one location, fault rupture caused partial collapse of three warehouses
(figure 2.33). At another location, lateral offset of 5.2 meters extended the length of a tool storage
shed, causing complete collapse of the building (figure 2.34).
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T (0.4m)  extension _ _
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e l{ L] 05mhigh)
- (( )) L~
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Figure 2.31. Sketch map of fault rupture beneath two-story house at #27
Selimiye Street, Arifiye, along the Sakarya fault segment.
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Figure 2.32. Surface faulting beneath the two-story house in figure 2.31 pulled the front porch and
walkway away about 2 meters, yet the building is essentially undamaged.

Figure 2.33. Directly east of Arifiye, surface rupture of about 5 meters on the Sakarya
fault segment caused partial collapse of three agriculture warehouses.
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Figure 2.34. In the area of maximum offset along the Sakarya fault segment, a road is
laterally offset 5.2 meters. Fault rupture extended the length of a tool storage shed and
caused collapse of the shed.

Effects on Buildings Located Close to Surface Rupture

Surface fault rupture during the August 17 earthquake also passed close to numerous buildings,
providing an excellent opportunity to evaluate the performance of structures near faults. Along
some reaches of the fault, buildings adjacent to surface rupture completely or partially collapsed
(e.g., figure 2.35). However, in several cases, if fault rupture occurred close to, but not beneath, a
building foundation, the building suffered little or no observable damage. In some cases, the
buildings contained fragile items such as glassware and flowerpots that remained standing,
suggesting that strong ground shaking was relatively low in these areas.

For example, normal fault rupture occurred within several meters of numerous houses within
the city of G6lciik and the adjoining residential area east of the city. Approximately 2.4 meters of
vertical displacement occurred within 1 meter of a four-story concrete frame apartment building
near the Ford-Otosan plant (figure 2.35). The building frame was undamaged by fault rupture or
by strong ground shaking, although the ground deformation did produce some tilt of the building.
Within the city of Gdlciik, normal displacement of 1.5 meters occurred within 1 meter of a two-
story house, exposing its concrete mat foundation (figure 2.36). The house was not visibly damaged
by either surface fault rupture or strong ground shaking.

Lateral fault displacement also passed near several buildings on both the Sapanca and Sakarya
fault segments without causing significant damage to the buildings. Figure 2.37 shows an example
of fault rupture on the Sapanca segment where 3 meters of lateral slip passed within 5 to 20 meters
of several two- to three-story houses. The houses were not damaged by fault rupture or by strong
ground shaking. As mentioned previously, however, strong ground shaking caused significant
damage to many other structures in close proximity to the fault. Thus, additional study is warranted
of the possible variation of ground shaking in close proximity to the fault.



Surface Fault Rupture 43

Figure 2.35. Normal fault displacement of 2.4 meters passed within | meter of a four-story concrete
frame apartment building. The building is undamaged.

Figure 2.36.
Two-story house
in the city of
Golclik with
1.5-meter fault
scarp. The
house was not
damaged.




44 SEISMICITY, FAULT RUPTURE, AND TSUNAMI

Figure 2.37. Fault offsct of 3 meters on the Sapanca fault segment. Rupture caused collapse of the
house in the left foreground, but houscs adjacent to the rupture werce not damaged by either the fault
rupture or by strong ground shaking.

EFFECTS OF SURFACE FAULT RUPTURE ON LIFELINES

Surface fault rupture caused damage to highways, water and sewer pipelines, railways, and
electrical transmission lines. In many cases, fault rupture was the primary reason for closure of
many transportation corridors (i.e., highways and railways) and impeded emergency response to
critical areas.

Highways

The main Istanbul-Ankara highway (E80, or Trans-European Motorway) was closed at
several locations by surface fault rupture, in particular, along the Sapanca and Sakarya fault
segments. Where fault rupture crossed the highway, the road pavement buckled and the road was
offset by up to 3 meters (figure 2.38). Near the town of Arifiye, fault rupture caused collapse of
an overpass, making it necessary to close the highway for several days until debris could be
removed from the roadway (figure 2.39). Highways are discussed in greater detail in the chapter
on transportation systems.

Railways

Surface fault rupture caused closurc of both tracks of the railroad between Izmit Bay and the
town of Arifiye (figure 2.40). The tracks were damaged at several locations by lateral offset,
compressional buckling, and extensional opening of the tracks. Repair crews partially opened one
line within two days after the earthquake; however, repairs extended for several weeks before
railway traffic could be returned to normal. The chapter on transportation includes additional
discussion of earthquake effects on railways.
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Figure 2.38. Fault offset of about 3 meters along the Sakarya fault segment near the town of
Arifiye damaged roadways and the Trans-European Motorway.

Figure 2.39. Collapse of overpass across the Trans-European Motorway (E80) near the town
of Arifiye caused by 3 to 3.5 meters of right-lateral offset along the Sakarya fault segment.
Collapse of the overpass caused closure of the highway for several days.
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Figure 2.40. Fault rupture produced 3 meters offset of the railroad between [zmit Bay and
Lake Sapanca. Repairs to the railroad opened one line within two days of the carthquake,
but extended for several weeks following the earthquake.

Electrical Transmission Lines

Surface fault rupture caused only minor damage to electrical transmission lines. Atone location
directly east of the city of Golciik, fault rupture of about 1.5 meters vertical and 0.5 meter lateral
crossed beneath a transmission tower (figure 2.41). Rupture pulled one footing of the tower out of
the soil. The footing casily decoupled from the soil because the plunge of the footing parallels the
displacement of the fault in both the vertical and horizontal components. The tower essentially was
undamaged because of decoupling between the tower footing and the soil.

Water Pipelines

Surface fault rupture caused significant damage to the Thames River Water pipeline system
near the town of Kullar. A large-diameter (2.2 meters) Thames River main water transmission pipe
crosses the Sapanca fault segment between Izmit Bay and Kullar (40°43.173” N, 29°58.098 E).
Between 3.16 and 3.23 meters of slip was measured by displaced walls and a fenceline west and
east of the pipeline, respectively. Fault rupture did not sever the pipe but caused localized kinking
of the pipe at two places and bending within a broad zone. The pipeline remained in service after
the earthquake, but it suffered a significant leak at one of the kinks, which was repaired within a
month of the earthquake. A field reconnaissance of the pipeline was performed on September 30,
1999, just after completion of repairs. The repaired section of the pipeline was largely backfilled
at the time of the visit, with the exception of a short section near the fault crossing (pipeline Station
1+320 meters).
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Figure 2.41. Aerial view of the normal fault along the Gdlciik segment east of Golclk, near the Ford-
Otosan plant. Fault rupture crosses beneath one footing of the tower, which was pulled out of the soil,
preventing damage to the tower lattice.

Following are the pipeline design specifications.
Diameter: 2,200 mm
Thickness: 18 mm
Material: Spiral welded steel (API Grade B) with field-welded butt joints
Bedding: Granular fill
Backfill: Native clay soil, compacted to minimum 30 c¢cm over the top of the pipe
Cover: 1.5 to 2.5 meters of fill over the top of the pipe

The fault crossing occurs at a break-in-slope between an older alluvial terrace or ridge slope
and a small, active alluvial valley. The pipeline descends the terrace/ridge slope at an overall trend
of about N 40° W and obliquely crosses the fault zone, which has a local surface rupture trend of
N 85° E (pipeline-fault angle of 55°). It is interesting to note that the fault rupture does not follow
the topographic break-in-slope between the terrace/ridge and valley that trends N 68° E, but departs
from the valley margin and trends obliquely up the slope east of the pipeline and over the crest of
the ridge. At the fault crossing, the pipe is underlain by Holocene alluvium. Native soils exposed
in the pipeline repair trench wall consist of medium stiff, dark brown clay and silty clay. Standing
water was present in the trench near the bottom of the pipe and may represent either groundwater
or pipe leakage. In either case, groundwater is likely to occur at shallow depth in the small alluvial
valley at the crossing.

Performance of the pipe suggests that ground deformation was partially distributed plastically
around the pipe, and strain was accommodated within the pipe by localized kinking and broad
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bending. The primary zone of deformation in the pipe was approximately 30 meters wide and
includes the two kinks and a discrete bend in the pipe. The kinks exhibited lateral displacements
of up to tens of centimeters at Station 1+320 meters and Station 1+337 meters. A finger-width tear
and leak occurred at the Station 1+337 meters kink, and a reported slight leak occurred at the
discrete bend in the pipe at Station 1+358 meters; however, the pipe remained largely intact. The
primary zone of deformation and pipe damage was localized at the fault and was surrounded by a
wider zone of bending that was over 60 meters wide.

Geotechnical laboratory testing was performed on three hand-collected samples from the repair
trench and adjacent to the pipeline to document site soil conditions:

1. Native clay soil (clay to silty clay with sand and fine gravel)
2. Compacted backfill (mixed native clay soil and bedding)
3. Granular bedding (well-graded gravel with silt and sand)

Results from the laboratory testing are shown in table 2.3. Native soils at the fault crossing
consist of medium stiff, fat clay (CH) to silty clay with sand and fine gravel and have a plasticity
index of 52% to 38%. A three-point direct shear test was performed on the native clay soil sample
and indicates peak shear strength of about 44 kilopascal (kPa) at a normal stress of 29 kPa and
effective stress parameters of @’ (phi) = 30-32° and ¢’ = 28-31 kPa. Pocket penetrometer
soundings in the trench wall and backfill clay soil indicated unconfined compression strength
values of between 38.6 and 76.5 kPa.

The performance of the Thames River pipeline was surprisingly good, considering that it
survived approximately 3 meters of right-lateral rupture without severing. The pipe, which has a
diameter-wall thickness ratio of 122:1, accommodated the displacement by discrete kinking
within the 30-meter-wide primary deformation zone and broad bending through a wider zone of
secondary deformation at least 60 meters wide.

SUMMARY AND CONCLUSIONS

The August 17, 1999, Kocaeli earthquake produced extensive surface rupture from the Hersek
Peninsula to near the city of Diizce. The total onshore and offshore length of rupture is estimated
to be 126 km. Surface rupture was primarily right-lateral strike-slip of up to 5.5 meters and
averaging 3 to 4 meters. Surface rupture extended through portions of several larger cities or towns
and across major transportation and lifeline corridors.

Faultrupture broke four distinct segments—the Karadere, Sakarya, Sapanca, and Gélciik—ofthe
North Anatolian fault. These segments vary in length from 26 to 36 km and are bounded by right, en
echelon stepovers and/or a gap in the fault trace. From east to west, the stepover and rupture gaps are
Eften Lake stepover basin, Akyazi Gap and restraining bend, Lake Sapanca stepover basin, Golciik
stepover basin, and Karamiirsel stepover basin. The Kocaeli rupture terminated to the west at the
Karamiirsel stepover basin and to the east at the Eften Lake stepover basin. Surface rupture extended
across alluvial valleys north of a steep mountain front, in many places following a previously mapped
fault trace characterized by geomorphic features such as degraded scarps, shutter and pressure ridges,
linear drainages, sag ponds, and tectonic depressions. In other areas, the surface rupture extended
across level alluvial plains that show little or no geomorphic evidence of past rupture events. A
significant portion of rupture occurred offshore in Lake Sapanca and Izmit Bay.

Rupture typically was expressed as straight and en echelon fissures, moletracks, warped zones,
and locally, vertical scarps. The primary zone was typically a few meters to about 20 meters wide,
and in places it was surrounded by a broader zone of secondary deformation up to 200 meters wide.
Typically 80 to 90% of the fault displacement was accommodated by one or two primary traces:
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locally, particularly when the fault trace deviated from the prevailing strike, rupture complexity
and width increased, and 50 to 80% of displacement occurred on primary fault traces, with the rest
of the deformation distributed throughout the bordering secondary zone.

Four right-lateral, extensional pull-apart basins were involved in the August 17, 1999, earth-
quake: the 80— to 95-km? Karamiirsel basin; the 6— to 12-km? Golciik stepover, the 7— to 14—km?
Sapanca basin, and the 18— to 20-km? Eften Lake double stepover. The earthquake appears to have
nucleated within the Golcilik stepover basin and ruptured bilaterally to the west and east. The
Karamiirse] stepover arrested about 5 meters of westward-propagating rupture, and the Eften Lake
stepover arrested 1 to 1.5 meters of eastward-propagating rupture. Fault rupture of 3 meters broke
through the Lake Sapanca stepover. Preliminary numerical modeling using detailed slip data from
field measurements suggests that the 4 to 5 meters of slip on the Golciik segment did not sufficiently
stress the Yalova fault to cause rupture, but stress perturbation associated with 3 meters of slip on the
Sapanca segment was sufficient to increase stress to the Sakarya segment across the Lake Sapanca
pull-apart basin. This model agrees with field observations that fault stepovers with widths greater
than 4 to 5 km can arrest up to 5 meters of fault propagation, but that 3 meters of rupture can propagate
across a 1- to 2-km-wide stepover.

The August 17 fault rupture provides excellent examples of the effects of surface faulting on
the built environment. Because highest priority must be given to rescue and recovery operations
after a major earthquake, demolition and removal of buildings make it difficult to obtain precise
data on the amount of damage due to surface fault rupture. Based on the initial reconnaissance
surveys, it is estimated that about a hundred reinforced concrete frame buildings suffered partial
or total collapse as a direct result of surface fault rupture through the building foundation. This
number is small (but still significant) compared with the thousands of buildings that suffered
similar damage due to strong ground shaking and ground failures due to liquefaction. Among the
reinforced concrete buildings intersected by the primary fault trace, buildings of four or more
stories typically suffered partial or total collapse. These structures pose the highest risk. One- and
two-story buildings typically suffered extensive damage but did not collapse. In some cases, low
buildings having shallow massive foundations that were founded on soil withstood up to 3 or 4
meters of horizontal displacement with very little or no damage to the structure. The foundations
for some buildings became decoupled from the ground, allowing sliding displacement with
minimal damage to the structure.

Along predominantly strike-slip sections of the fault, most of the surface displacement
occurred along a very narrow (<1 to 2 meters wide) zone coincident with the primary fault traces.
In these areas, damage from fault rupture was very localized and was generally restricted to the
structures that were intersected by the fault. Numerous buildings built immediately adjacent to the
fault rupture suffered little or no damage. Therefore, in future zoning for surface fault rupture
hazard, only minimal setback from the fauit may be needed where the fault trace is well defined.
However, buildings adjacent to faults should be designed to accommodate a minor amount of
secondary ground deformation.

Along the predominantly dip-slip section of the fault where the fault had a normal sense of
displacement, the zone of deformation tended to be wider (several meters to a few tens of meters)
on the downthrown (hangingwall) side of the fault, but most of the displacement occurred in a
narrow zone along the main fault scarp. Numerous buildings near the fault scarp on the upthrown
(footwall) side of the fault suffered little or no damage unless the foundations were intersected by
the fault scarp. Where the fault scarp is well defined, setback zones can be relatively narrow on the
upthrown side of the fault but should be wider on the downthrown side.
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In several areas the faulting was distributed over a wide zone with no well-defined fault trace
(e.g., at fault bends and at fault stepovers). Damage due to surface fault rupture occurred in these
areas, but the damage tended to be much less severe.

The August 17, 1999, surface rupture occurred along a previously known active fault. In most
places the main fault traces could have been identified prior to the earthquake based on detailed
mapping and subsurface investigations; thus, losses due to surface fault rupture could have been
mitigated. Several approaches should be considered to mitigate the hazard from future surface
faulting events (Lazarte et al. 1994):

*  Where possible, avoid the well-defined active fault traces.

*  Where the fault traces are not well defined, limit building height to one or two stories
to greatly reduce the risk of injury and loss of life.

* In areas of distributed faulting, include special provisions in building codes such as
stronger foundations and one- or two-story height limits.

»  Where it is impractical to avoid the fault trace, design structures to withstand fault
displacement.

+  Mitigate risks from surface fault rupture through advance planning for quick emer-
gency response (e.g., proper placement of shutoff and bypass valves along pipelines
and stockpiling of replacement parts).

It is not possible to eliminate all risk from fault rupture, and the tendency is for the risk to
increase as population increases and urban areas continue to expand. In order to lessen the hazard,
detailed maps that show the locations of active faults should be readily available to the public, and
methods for mitigating the hazard should be implemented in the planning, design, and construction
or retrofitting of facilities that could be affected by the active faults.
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