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ABSTRACT

Many normal faults consist of closely spaced overlapping segments. Field data on pre-existing and
active faults indicate that such geometries have a pronounced effect on the distribution of the fault slip.
The slip distribution on the segments is complex and asymmetric while the area of maximum slip
generally is not located at the center of the segment. In relay zones between segments, slip gradients
are steeper. Numerical analysis using a 3-D boundary element method was applied in two overlapping
naormal fault segments observed in the Megalopolis lignite mine. Our analysis suggests that mechanical
interaction between neighboring segments may cause such asymmetrical slip distributions. This
interaction occurs through lacal perturbation of the stress field and does not require the segments to be
connected. Additionalty, 3-D numerical modeling enable us to reproduce the principal characteristics of
the observed fauit scarps, and to iliustrate the variation of the maximum Coulomb shear stress in the
surrounding rock volume. in the relay zone a region of high Coulomb stress is observed. In this region,
relay breaching deformation is possible ta initiate, leading to segment hard linkage. in this way, this kind

of modeling provides a mechanical rationale for fault evolution.

1. INTRODUCTION

it has been recognized for many years that
major faults consist of arrays of distinct segments
rather than a single fault slip plane (Tchalenko &
Ambraseys 1970, Moore 1979, Segall & Pollard
1980, Peacack 1991, Peacock & Sanderson 1994).
Fault segmentation is observable over a wide range
of scales (Pollard and Aydin 1984, Nelson et al.
1992). The mechanical interaction between adja-
cent segments affects the subsequent develop-
ment af each segment and the evolution of com-
posite faults, which are comprised of linked seg-
ments (Willemse et al. 1996). Initially isolated and
non coplanar segments propagate towards each
other and interact producing a refay ramp. Con-
necting fractions start to link by breaching the re-
lay ramp and finally the relay ramp is destroyed to
produce a single, irregular fault (Peacock 2002).

Segmentation also plays an important role to
the slip distribution across the fault surface. Along

a single isolated fault, the slip distribution is rela-
tively symmetric (Fig.1a). Slip varies from zero at
tip lines to a relative maximum value near the
middle of the fault surface (Rippon 1985, Dawers
et al. 1993). However, for segmented fault arrays
the slip distribution is generaily asymmetric and
more complex due to the mechanical interaction
between the neighboring segments (Fig.1b). Steep
displacement gradients occur at oversteps and
points of maximum displacement are commonly
shifted away from the center of the fault (Willemse
etal. 1996, Crider & Poliard 1998).

In this study, we use 3-D numerical modeling
to reproduce the mechanical interaction between
two segments of a normal fault affecting the Mega-
lopolis basin. We use 3-D modeling because natu-
ral faults are not infinite in one dimension and do
not have blade-like shape, as postulated in 2-D
models. Additionally, the 3-D fault shape strongly
influences the magnitude and the spatial distribu-

Wneoiakn BiBAI0BrKkn "OedppacTog” - TuAua Mewloyiag. A.MN.O.



219

isolated segment overlapping segments

Normalized slip

02 04 0.0 08
Figure 1. Models for slip distribution on normal faults. a) Slip distribution on a single isolated normal fault. The tip
line is elliptical, with contours of equal normalized slip distributed around the displacement maximum in the center
of the fault plane. b} Slip distribution on overlapping segments. Slip maximum is located towards the relay zone and

the slip gradient is steeper on the relay.

tion of stress enhancement or stress shadowing
that cause mechanical interaction (Willemse 1997).
Our main purpose is to compare modeling results
with observations from a natural segmented nor-
mal fault, indicating in this way that field observa-
tions can be understood using relatively simple
numerical modeling.

2. GEOLOGICAL SETTING

The Megalopolis basin is an intramontane ba-
sin located in central Peloponnese and is formed
at the boundary between Mesozoic limestones of
Pindos unit and Eocene flysch of Tripolitsa unit
(Vinken 1965; Fig. 2a). The eastern margin of the
basin is marked by a series of NW to NNW trend-
ing normal faults, forming a half — graben struc-
ture. This fault direction seems to be active since
Late Miocene for the area of central and south
Peloponnese (Kokkalas et al. 2006, Doutsos and
Kokkalas 2001).

Active tectonic subsidence and deposition
during the Pliocene and Pleistocene was respon-
sible for the accumulation of a 250 m thick sedi-
mentary sequence. This sequence comprises two
large-scale propagation cycles from lacustrine
(Makrision and Choremi formations) to fluvial units
(Trilofon, Apidhista and Potamia / Thoknia forma-
tions; Fig.2a). The lignite deposits in Megalopolis

basin have been divided into four major coal seams
(Lohnert & Nowak 1965; Fig.2b) intercalated by
clay, silt and sand beds. The Choremi formation,
which concentrated our main interest (Fig. 2b),
consists of lacustrine clays containing freshwa-
ter bivalve and ostracod fossils (Hilterman & Luttig
1969), silt and lignite seams ca. 20 m thick (Van
Vugt 2000).

The lignite layers exposed in the mines are
thickest towards the western part of the basin
where subsidence was maderate, enabling swaps
to accumulate the organic material for longer peri-
ods of time in contrast to the eastern part where
tectonic footwall uplift was responsible for the ac-
cumulation of the thicker defrital sedimentary units.

3. NUMERICAL MODELING

Our modeling study uses the computer soft-
ware Poly3d (Thomas 1993), a boundary element
method numerical code based on the displace-
ment discontinuity method and the governing equa-
tions of linear elasticity theory. Becker (1992) pro-
vides a detailed overview of the boundary element
technique and Thomas (1993) describes the imple-
mentation in Poly3d software. The fundamental
solution used by Poly3d is that of an angular dislo-
cation on a homogenous linear elastic half space
(Comninou & Dunders 1975, Jeyakumaran et al.
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Figure 2. a) Geological map of the Megalopolis basin and stratigraphic column of the basin fill (from Van Vugt
2000). b) Cross section through the Megalopolis basin. Roman numerals indicate the major coal seams (from Van
Vugt 2000). c) Topographic map of the study area.
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Angular Dislacation
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Figure 3. Schematic representation of a Poly3D model configuration. a) Construction of polygonal element is
based on the efementary solution of an angular dislocation (left). Two angular dislocations are added to define a
dislocation segment (middle). The n dislocation segments are subsequently added to form an n-sided polygonai
element (right). b) The discretization of 3D fault surface into triangular boundary elements allows the construction
of a surface of any desired tip line shape. Boundary conditions can be applied remotely and locally, at the center of
each element. Output at observations points can be displacement, stress and strain (Thomas, 1993).

1992). Two angular dislocations of opposite sign
are added to compose a dislocation segment. Sev-
eral dislocation segments with vertices in a com-
mon plane can in turn be superposed to yield a
planar polygonal element of constant displacement
discontinuity or slip (Fig. 3a). By joining many
elements, one or more faults with varying slip can
be modeled. Slip varies over the entire fault sur-
face according to a set of step functions. Because
the displacement discontinuity is constant across
each element, smooth fault slip distributions can
be approximated by using many small elements.
The faults do not need to be planar and can have
irregular tip lines. All modeled faults are imbedded
in an infinite homogenous material (Fig. 3b).

The stress, strain tensor and the displace-
ment field at any area of observation points can be

calculated in the surrounding material once the
slip distribution on the fault surface is known. From
the stress tensor and the principal stresses, the
maximum Coulomb shear stress or other criteria
of failure can be calculated. We used the maxi-
mum Goulomb shear stress, AS , (Jaeger & Cook
1979) as an index for near fault deformation. The
value of the maximum Coulomb shear stress is
determined by

el [

(U]

where 0, and o, are the maximum and mini-
mum principal stresses and j is the coefficient of
internal friction, taken to be 0.6 (after Byerlee
1978). Regions with increased values of AS,_ rela-
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Figure 4. a) First model consisting of two similar sized segments. b) Second model with different sized segments.
¢} Displacement against length plot (from Koukouvelas et al. 1999). Shaded area indicates the values of interest.

tive to initial conditions are regions where one
expects to see future deformation that could con-
tribute to fault propagation and linkage across a
ramp (Crider & Pollard 1998).

4. GASE STUDY

in this study, we focused in two overlapping
segments of a normal fault affecting the Megalopo-
lis basin (Fig. 2c). Both segments trend parallel,
have a NW-SE orientation and have a dip of 55 de-
grees towards NE. The overlap of the fault segments,
defined as the horizontal distance between the two
overstepping and proximal segment terminations
measured parallel to strike, is 400 m and the spac-

ing, defined as the horizontal distance between the
segment surfaces measured perpendicular to their
strike, is 350 m. Both segments do not reach the
surface. The 3-D geometry of the first segment (seg-
ment A) is determined by examining a series of
horizontal sections (topographic maps) at different
depths derived from the Choremi coal mine. The
fault segment has a length of 3 km at the depth of 35
m, its maximum downdip dimension is 1.5 km (as-
pectratio=2) and it has a complex 3-D shape. The
geometry and the length of the second segment
(segment B) could not be fully determined from the
field data because excavation and mapping have
not reached this mine area. For this reason two
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different models were made.

Inthe first model (model I), the two segments
were assumed to have the same dimensions and
geometry (Fig. 4a). Inthe second model (model i),
the segment B was assumed to be smaller having
a length of 1 km and a maximum downdip dimen-
sion of 500 m (aspect ratio=2; Fig. 4b) in order to
observe distinct reasonable difference between
the two models.

In both models the segments were embedded
in a homogenous linear elastic half space. The
boundary of the haif space represents the traction
free surface of the Earth (Fig. 4). Two elastic con-
stants, Poisson’s ratio and Young’s modulus, were
used to characterize the behavior of the surround-
ing material. For this study, all model calculations
use a Poisson ratio of 0.30 and a Young’s modu-
lus of 25000 MPa, which are typical values for
Neogene deposits (Poulimenos & Doutsos 1997).

Deformation is driven by a uniform, uniaxial
tension, of magnitude T, acting perpendicular to
the strike of the segments. In this study we chose
a value of 10 MPa for the tension magnitude T
(after Crider & Pollard 1998). Mechanical interac-
tion between the two segments is modeled by pre-
scribing traction boundary conditions at the cen-
ter of each element. The displacement discontinu-
ity across each element is found by solving a se-
ries of linear algebraic equations that describe
the influence of each element on all other elements
(Crouch & Starfield 1983). Itis important to recog-
nize that normal faults subject to orthogonal exten-
sion may experience some strike slip motion due
to their 3-D tip lines shapes and mechanical inter-
action with adjacent segments. But since maxi-
mum dip slip motion is about four times greater
than maximum strike slip motion, strike slip mo-
tion can be ignored (Crider & Pollard 1998). Addi-
tionally, the displacement discontinuity perpen-
dicular to the fault was prescribed to be zero,
thereby preventing opening and no friction was
used on the segment surfaces. Lack of friction is
not realistic, but it allows us to observe one end-
member of fault behavior: the maximum possible

223

slip and the maximum fault interaction (Crider
2001). These boundary conditions generate a
complete downdip displacement discontinuity on
both segments surfaces and should be consider a
first approximation that will nonetheless capture
some of the principal effects of mechanical inter-
action. For example, Aydin and Schuliz (1990) in-
corporated a Coulomb friction criterion on the fault
and showed that the slip distributions for the faults
with and without friction are very similar.

The above mentioned conditions reflect the
mechanics of an idealized single slip event. A single
slip event displaces the surface of the half space,
producing fault scarps and variations in the local
topography. Comparing the modeled surface dis-
placements with the displacement contours pro-
duced from the coal mine data, we can examine
which model reproduces the reality with more pre-
cision. However, the final topography is not the
result of only one slip event. A single slip event can
produce an average displacement from few centi-
meters to meter, for segments of the predefined
dimensions, thus many hundreds of events are
necessary to reproduce the final topography.

In our case using numerical modeling for a
single slip event, the applied orthogonal extension
produces maximum displacement of about 0.2 m
and 0.035 m for the 3 km and 1 km length seg-
ments, respectively. According to Koukouvelas et
al. (1999) fault segments with these dimensions
have total maximum displacement ca. 200 and 30
m, respectively (Fig. 4c). For this reason we use
1000 events to obtain total maximum displacement
values that fit well with the ones obtained from the
empirical diagrams of maximum displacement
versus length for same dimension fault segments
{Koukouvelas etal. 1999).

5. MODEL RESULTS

Once the boundary conditions have been de-
termined, numerical modeling calculates the dis-
placement discontinuity on each element of the
segments for a single slip event. Summing the
displacement discontinuities of 1000 events, we
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Figure 5. Distribution of dip slip on the modeled fault segments. a) Model | with the similar sized overlapping
segments. Contours interval is 20m. Darker areas indicate greater values of slip. b) Model iI. Contour interval is 3m

and 10m for the segment B and segment A respectively.

determine the slip distribution on the segments.
Then, the three components of the displacement
field, the stress tensor, the principal stresses and
the maximum Coulomb shear stress can be calcu-
lated at different observations points in the sur-
rounding rock volume.

5.1 SLIP DISTRIBUTION
In model | on both segments the maximum

computed slip is ca. 200 m. The area of maximum
slip is shifted from the segment centers towards
the area of overlap. The slip gradient is more gentle
on the distal parts of the segments and steeper
towards the relay zone. The slip is gradually mini-
mized to zero towards the tip lines. In the relay
zone the slip gradient decreases rapidly indicat-
ing progressive growth impediment with increas-
ing fault overlap. The contours of the computed
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slip distribution on the segments are shown in
Fig.5a.

Slip distribution on different dimension fault
segments is shown in model Il (Fig.5b). The main
difference between the two models is that since
the segment B has smaller dimensions, the me-
chanical interaction between the two segments is
weaker. Thus the maximum slip on the segment A
is ca. 130 m, while on the segment B is ca. 35 m.
On the segment A the slip gradient is more gentle
towards the relay zone and steeper on the distal
part while the area of maximum slip is shifted away
from the center towards the distal part. This distri-
bution indicates progressive growth of the seg-
ments toward the overlap zone which results in
stronger mechanical interaction between the seg-
ments. Slip distribution on the segment B is ap-
proximately symmetrical and the area of the maxi-
mum slip is slightly shifted from the center.

5.2 FAULT SCARP SHAPES

In order to investigate which model corre-
sponds better with the field observations, we com-
pared the modeled surface displacements pro-
duced by the accumulated slip on the faults over
many slip events, with the field data derived from
the Choremi coal mine. The field data consist of
the upper horizon contour map of the coal seam |l
(Fig.2b) and were provided by the Puplic Power
Corporation. Since the environment of deposition
was lacustrine, erosion or scarp degradation have
not greatly modified the local topography. For this
reason the elevation contours of the upper coal
horizon can be used for the comparison with the
modeled topography. To facilitate comparisons,
the surface displacement contours produced by
the models and the coal horizon contours were
transformed to 3-D elevation models, as shown in
Figure 6.

The 3-D elevation models are similar but not
identical with the gbserved topography. Both mad-
eled topographies show the elevation changes that
clearly outline footwall uplift and hanging wall sub-
sidence, and the small uplift on the hanging wall,
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east of the fault trace (Fig. 6.a and 6.b.). The hang-
ing wall subsidence produced by the model | (Fig.
6a), is wider and its shape corresponds better
with the observed one (Fig. 6¢). The beginning of
the relay ramp between the two segments is more
clearly illustrated by model I. The small depres-
sions observed on the footwall block and in some
other locations farther from the vicinity of the fauit
segments, as well as other topographic differ-
ences, are attributed to erosional processes and
the integrate history of faulting in the area, factors
that were not accounted in the modeling.

Considering all the above, we conclude that
the model with the two similar segments (model )
provides the most satisfactory resuits capturing
the overall topography in the fault vicinity.

5.3 STRESS DISTRIBUTION

Since model [ is closer to our field data, this
model is used for the calculation of the maximum
Coulomb shear stress. In the model, fault slip de-
forms the material around the fault and perturbs
the local stress field. The distribution of the per-
turbed maximum Coulomb shear stress, AS_ in
the vicinity of the two overlapping segments illus-
trates the three dimensional variation in the stress
field, especially nearthe fault tip lines. Normalized
to its remote value, AS_ is a measure of the stress
perturbation around the fault.

Horizontal slices through the model at the
depths of 50, 500 and 1000 m are shown in Figure
7(a, b, ¢). The contours show the distribution of
maximum Coulomb shear stress normalized to its
remote value. By examining the shallower slice
(50 m depth; Fig. 7a), the asymmetric distribution
of the Coulomb stress is evident. Regions of rela-
tively high AS_follow the tip lines of the segments
and the highestincrease is at the segment tips. In
the footwall, the maximum Coulomb stress is less
than the remote value in contrast with the hanging
wall where the Coulomb stress is increased, ex-
cept in the vicinity of the two segments.

For the intermediate depth (500 m; Fig. 7b) the
footwall — hanging wall asymmetry is decreased
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Figure 6. Natural and modelfed topography. a) Topography relief produced from the model | b) Topagraphy relief
produced from the model Il. ¢) Natural topography of the upper horizon of coal seam Il coming from the coal mine

data.

and AS is reduced in that regions relative to the
remote value, especiaily in the footwall. In the re-
lay zone, the effect of segment interaction is
clearly visible: AS, in the relay zone is more than
the remote value. At the two neighboring tips the
stress increase is approximately 160% whereas
at the distant tips the stress increase is 140% of
the remote value.

At greater depth (1000 m; Fig. 7¢), the distri-
bution of stress perturbation is not greatly altered.
The magnitude of the stress increase near the
tips is 160% and in the relay zone is 120% of the
remote value. The only difference is a zone of in-
creased stress into the footwall of the two seg-
ments.

Ta illustrate more clearly the stress perturba-
tion with depth, we constructed a vertical cross
section through the center of the relay zone (Fig.
7d). In this section the stress concentration at the
tips of both modeled segments is visible. In the
relay zone the greatest stress increase is observed
in the vicinity of the segment A tip and the stress
progressively decreases towards the segment B.
Under the depth of ca. 1000 m the contours illus-
trate a zone of increased stress connecting the
two segment tips, creating a “bridge” across the
relay. If the stress increase is sufficient, faults
and fractures may form in this region, breaching
the relay. Thus we see that breaching deformation
is more likely to initiate at this depth from the hang-
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Figure 7. Plan views of the perturbed maximum Goulomb shear stress, AS, distribution at depths of a) 50m b)
500m and c) 1000m. d) Cross section through the center of the refay zone. Values are normalized to the remote
value. Shaded areas indicate where Coulomb stress is increased relative to remote value. Contour interval is 0.1 m.

ing wall of the segment A towards the footwall of
the segment B.

6. CONCLUSIONS

Numerical modeling has become a common
approach for understanding fault mechanics. We
used modeling to show the 3-D distribution of slip
on overlapping normal fault segments and how this
affects the displacement and stress field of the
surrounding rock. Mechanical interaction occurs
through local perturbation of the stress field lead-
ing to systematic deviations from simple symmet-
ric slip distributions. For the model | which is closer

to our observations, the slip distribution on the
segments A and B is asymmetric, the area of
maximum slip is not located at the center of the
segments and the slip gradient in the relay zone is
decreased. These results are in agreement with
other studies (Willemse 1997, Crider & Pollard
1998) and suggest that segments with appreciable
overlap will tend not to propagate.

Slip variation on the segment surfaces and
the 3-D shape of the segments influence the stress
field in the surrounding material and indicate the
way stress is concentrated in the relay zone. The
3-D numerical modeling allows us to use curving
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Figure 8. Fault segmentation and linkage. Isolated segments (Stage 1) propagate and interact forming relay zones

(stage 2). The relay zone is breached to produce a single

tip lines; thus the proximity of the fault tips is not
everywhere the same. Realistic tip line shapes
and not uniform slip distribution on fault surfaces
are important differences from other quasi-static
stress solutions that have been used to evaluate
stress-triggering phenomena of earthquakes (King
etal. 1994). In those analyses very small changes
in Coulomb stress ('0.01 Mpa) are correlated with
aftershock distributions (Hardebeck et al. 1998).
Given the sensibility of these analyses, spatial
variation in the stress field due to tip-line shape
and slip distribution should be important in pre-
dicting stress triggering.

According to several researchers (Cartwright
et al. 1995, Kim & Sanderson 2005, Peacock &
Sanderson 1991, Wu & Bruhn 1994) three stages
can be identified in the growth of fault segments
(Fig. 8). Initially isolated segments (stage 1) can
propagate towards each other. At stage 2 the fault
segments approach each other and interact with-
out obvious connection (soft linkage) producing a
relay ramp. Stage 3 is when connecting fractures
start to breach the relay ramp producing a single
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fault (stage 3).

irreqular fault (hard linkage) leaving the adjacent
segment tips inactive. In this study which pro-
vides a mechanical rationale for this sequence of
evolution, the segments are soft linked. There is a
ramp between them, but the ramp is not breached
yet. Slip on the overlapping segments perturbs the
local stress field, elevating the maximum Coulomb
shear stress in the relay zone and enhancing the
likelihood of relay breaching structures. The zone
of increased Coulomb stress is observed under
the depth of 1000 m, is broader in the footwall and
the hanging wall of the segment A and continues
to the footwall of the segment B. Under this loading
configuration, the greatest potential for deforma-
tion is at the depth of 1200 — 1400 m, from the
hanging wall of the segment A towards the footwall
of the segment B, leading the segments to hard
linkage. In this way the breach may be produced
solely by the local stress perturbation.

Finally, this study brings together two sets of
independent observations, field and numerical. The
modeled topography, which represents many iden-
tical slip events, is benchmarked against a natural
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example. The model reproduces the overall geom-
etry, as well as the footwall and hanging wall defor-
mation. The difference between the modeled and
the natural example reflects surface processes
and faulting parameters, such as erosion, spatial
variations in material properties, development of
permanent strains in the host rock material, in-
elastic deformation near the fault tips, effects of
fault growth, friction, etc. All these factors have not
included in the model. Further study of the differ-
ences between modeled and observed scarp pro-
files may provide additional insight into the devel-
opment and degradation of fault scarps. Nonethe-
less, given the simple nature of the model idealiza-
tion, the good correspondence between our model
and the field data is encouraging.
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3-D APIOMHTIKH MPOZOMOIOZH ENIKAAYNTOMENQON TMHMATON
KANONIKON PHIMATQN: ENA MAPAAEIrMA ANO TH AEKANH METAAONOAHE,

NEAOMONNHZOZ, EAAAAA

Zouphag I., KokkdAag X., Koukoupéas |.

Tunjua lewAoyiag, NMaveruommo Natpwv, 26500, Ndrpa, EAAGSa.

NMepiknyn
MMoAAd and ta kavovikd priypata anoteAouvTat and enaiuntopeva Tunuata. Ta dedopéva unai-
Bpou evepywv kal avevepywy pnypdtwy deixvouv 4Tin katatunam twv pnypdtwv emdpd omy katavo-
A MG OAigBnang enti tou priypatog. H katavour) me oAloBnang eivat moAUmAoKn kat agUpueTpn Kat
ouviiBwe n B€on PEYIOMS 0AigBnoNg dev CULMIMTEL LE TO YEWHETPIKG KEVIPO Twv TUNUATWY Tou
priynarog. g {wveg petapipaong n paduida mg peratdmang eivat peyaiutepn 6nwe auvdyetat yia
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£va napddetypa ata Atyvitkd nedia me MeyahdmoAng 6rou e¢apudaTnKe 1 aplOunTIKr MPooouoinan
ge Ouo enikaiurtépeva Tpnuata priypatog. H apBuntikn npogopoinon 0€IEE T dnuioupyia agippe-
TPWV Katavouwv oAlgenong ota 6Uo0 YEITovIKA TURHata Tou pryHatog Kat aAkayég ato nedio twy
Taoewy Ywpic ta d0o TUAKATA TOoU PHYLATOS va AMOTEAOUV TO £va OUVEXELD TOU GAAOU. ETumAgov 1)
apBINTIKT TIPOCONOIWOT ETUTPENEL TV AVANAPAOTAGT) TWV KUPLWV XAPAKMPLGTIKOY TWV PNELYEVOV
nipavay kat mv katavoprt mg tdong Coulomb yopw and To priyua. Otneploxeg énou auEdvetaln tdon
Coulomb tapouoidfouv my miBavomTa GUOIKIG CUVEVWOTS TWV TUMHATWY TWV pPYHATOV.
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