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Abstract—Experiments with sand-cement models show that reverse reactivation of a set of parallel faults
bounding domino blocks takes place in two principal modes. In (Mode I) reactivation, the domino blocks
undergo counter-rotation during contraction while normal faults are reactivated as reverse faults. Mode 11
reactivation occurs by fault-block transiation. We present a theoretical analysis of the two modes which considers
forces and their rotational moments in a domino block and show that low-angle normal faults are commonly
reactivated in Mode II. By contrast, steep faults are reactivated in Mode 1. Furthermore, fault reactivation
depends on the initial fault spacing. A large initial fault spacing opposes fault reactivation, especially in Mode I.
Instead, the system deforms along new thrusts, dipping opposite to the normal faults. We generate reactivation
parameters for the conditions of the two modes as functions of the ratio (R) between fault spacing and effective
thickness of fault horizon, the fault dip (6), the coefficient of friction (1) and the ratio of principal stresses (St)

during late contraction.

INTRODUCTION

During inversion tectonics, regional contraction can
reactivate pre-existing extensional faults as reverse
faults (Cooper & Williams 1989, Williams ez al. 1989,
Letouzey et al. 1990) and the magnitude of reverse
movement may reach several kilometers (Bruhn & Dal-
ziel 1977). However, reverse reactivation may not take
place in every domain of the thrust belt. Letouzey et al.
(1990) have shown that reverse slip occurs along the
deeper segments of the normal faults but not along
shallower fauit segments which typically dip more
steeply. Experiments with analogue models (McClay
1989) also showed that reactivation of normal faults
depends on their initial geometry and orientation with
respect to the direction of later contraction. The location
and orientation of new thrusts are also greatly controlled
by pre-existing extensional faults (McClay & Buchanan
1991).

Low-angie normal faults have been found whose dips
deviate significantly from those predicted by the Mohr—
Coulomb criterion of failure (Doser 1987). Some of
these faults are explained by reactivation of old thrusts
or other planes of weakness during extension (Sykes
1978, Brewer & Smythe 1984, Smith & Bruhn 1984,
Allmendinger et al. 1987, Enfield & Coward 1987).

There are some constraints in considering fault reacti-
vation universal (Wernicke 1981, Wernicke et al. 1985,
Etheridge 1986). Some field investigations (Hatcher
1981) have shown that many normal faults have not been
reactivated, and that contraction is accommodated by
new low-angle thrusts. Normal faults have been reacti-
vated only in areas subjected to large extension prior to
contraction (Etheridge 1986).

Theoretical analyses of fault reactivation (Etheridge
1986, Celerier 1988, lvins et al. 1990) show that the
orientation of fault planes in the new stress system and

the contrast in cohesive and frictional strengths between
intact and previously faulted rocks are the principal
parameters controlling fault reactivation. These para-
meters have a critical range of values in which reacti-
vation is possible. Fluid pressure is another important
parameter that may greatly enhance reactivation by
lowering frictional resistance along the fault zone (Ivins
et al. 1990).

In the present paper, we consider the reactivation of
sets of parallel faults arranged in domino domains. Both
experiments and theory indicate that the mode of reacti-
vation depends on the fault arrangement, when all other
physical factors are kept identical. Experiments also
show that it is mechanically easier to reactivate parallel
faults (dominos) than non-parallel fault arrays (horsts
and grabens).

EXPERIMENTAL PROCEDURE

We modelled reverse reactivation of normal faults in
experiments using weak, brittle sand—cement mixtures.
Dry, fine-grained (65-70 mesh) white sand and white
cement were mixed homogeneously in a 1:1 volume
ratio. We generated layering by adding very small
amounts of powders of different colours to the dry sand-
cement mixture. This mixture was watered in sand-
cement to water ratio 3:1 and became viscous. We then
built sand—cement layers of different colours above a
ductile base of painter’s putty. The role of the basal
ductile layer was to adjust and accommodate rigid dis-
placements of fault blocks in the brittle bed during
deformation. We used a very low viscosity (6.86 x 10°
Pa s) putty so that the basal layer itself did not influence
deformation in the brittle layer. The whole set-up rested
on a rigid perspex plate. During model construction we
kept glass plates on all four sides of the model to prevent
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Fig. 1. (a) Schematic diagram of model preparation. (b) After removal of the boundary plates. Y: yellow; B: blue; R: red;
W: white.

the viscous sand~cement mass from flowing (Fig. 1a).
The model was then allowed to dry for about 20 minutes
and to gain the cohesion of a weak solid. At this stage,
the glass plates were removed without disturbing the
model. Before starting deformation, the model was
allowed to dry and strengthen for an additional 10
minutes. The two side walls and the top surface of the
model were covered with soft plasticine (Fig. 1b). As the
sand-cement mixture was cohesive, the models (25 cm
X 12 cm X 5 cm) were not properly scaled to nature (see
also Discussion). However, sand—cement beds were

* >
screw driven pushing
plate

|

weak enough to fail under a load of 1450 Kg m~2. The
density of the sand-cement mixture was 2377 Kg m™>.

Models were deformed in two steps. The model was
first subjected to vertical compression in a pure-shear
box (Fig. 2) which formed normal faults. The normal-
faulted models were then deformed by horizontal con-
traction in a motor-driven pure-shear machine (Fig. 3).
The contraction was normal to the strike of normal
faults. Before beginning the second stage of defor-
mation, we photographed the two lateral sides of the
models to record the dips and offsets of the normal

~ fixed perspex
wall

plasticine slabs

putty

model

Fig. 2. First step of deformation (extension) of model in a pure-shear box.
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Fig. 3. Second step of deformation (contraction) of normal-faulted models in a motor-driven pure-shear machine.

faults. We observed and photographed successive stages
of model deformation through the transparent perspex
sidewalls.

EXPERIMENTAL RESULTS

Normal faults

Normal faults initiated with dips between 58° and 65°.
They commonly formed in conjugate pairs, forming
horst-and-graben structures (Fig. 7c,i). However, in
some models we found domains of parallel faults bound-
ing domino blocks. Typically, each model would have
two domains of parallel faults with opposite vergence
and a trapezoidal horst in the central part (Fig. 6a). We
generated models with a single set of parallel faults in
two ways. In the first method, a number of parallel cuts,
with inclination equal to that of natural normal faults
were first induced in the sand—cement bed at a desired
spacing. When such a model was subjected to horizontal
extension, these cuts were activated as normal faults
bounding regularly spaced domino blocks (Fig. 4a). In
the second method, similar to that of McClay & Ellis
(1987) and Vendeville et al. (1987), we forced faults to
form in a single set of parallel faults spontaneously, by
tilting (dip of about 15°) the sand—cement bed (Fig. 4b).
The normal faults had a uniform dip, synthetic of the
slope of the sand—cement bed.

Reactivation of parallel normal faults

During later contraction, new thrusts did not form
immediately in the domain of domino normal faults.
There was reverse movement along the normal faults
before the initiation of new low-angle thrusts at a late
stage of contraction. The present series of experiments
shows two modes of reverse reactivation which depend
on dip and spacing of faults. In Mode I fault blocks
undergo rigid rotation during the late contraction and
pre-existing normal faults are reactivated as reverse
faults (Fig. 5a). The normal faults progressively steepen
passively by fault-block counter-rotation. Finite fault
offsets and the dip of the layers progressively decrease
with increasing contraction (Figs 5a and 6b). In Mode II,

faults are reactivated in reverse movement without rigid
block rotation (Fig. 5b). As a result, the dips of faults
and layers do not change during contraction. Unlike
Mode I reactivation, the layers remain tilted even after
fault offsets vanish ( 5b and 6c,ii).

We conducted a set of experiments (Table 1) with
normal faults dipping greater than 45°. In these experi-
ments, horizontal extension formed normal faults, with
initial dips of 60° and then rotated down to fault dips of
about 56-48°. Later contraction caused reverse reacti-
vation of the normal faults in Mode I. Finite offsets
vanished when the layers and faults rotated back to their
initial orientations. However, in most of the experi-
ments, new thrusts formed prior to complete restoration
of the fault offsets (Fig. 6b). Mode I reactivation in our
experiments resemble the reactivation of extensional
faults and the formation of new low-angle thrusts during
inversion of rifted Brianconnais (figs. 13c & d, Butler
1989) and the External Crystalline Massifs in the Alps
(fig. 9, Graciansky et al. 1989).

Pre-contraction fault spacing in models was a control-
ling factor in Mode I reactivation (Table 1). When fault
spacing was very large (8.0 cm in a bed of 3.5 cm thick-
ness), there was little or no reactivation and new low-
angle thrusts formed in the early stage of contraction
(Fig. 7b). In models with similar bed thickness but lower
fault spacing (4.0 cm), faults were reactivated in Mode I
during most of the contraction episode. New thrusts
initiated only after the layers had rotated close to their
initial position and the finite offsets reduced nearly to
zero (Fig. 6b). In models with a much lower fault spacing
(2.0 cm) reactivation was similar to that in the earlier
case, but only every second fault in each domain was
reactivated as reverse fault (Fig. 7a). Non-reactivated
faults rotated passively and steepened during the reacti-
vation by rigid-body rotation of fault blocks. The experi-
ments thus indicate that reactivation of normal faults by
counter-rotation of fault blocks is most effective for a
critical fault spacing.

When the amount of early, horizontal extension was
large, fault-block rotations greatly lowered the initial
fault dip from 62° to less than 45° (Table 1). These gently
dipping normal faults underwent Mode Il reactivation in
the early stage of contraction. As shortening progressed
fault block rotation became more important and Mode I
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Fig. 4. Development of domino structures: (a) by activation of cuts induced in a horizontally deformed bed; and (b) by
spontaneous formation of parallel faults in an inclined (dip = 15°) bed deformed under vertical compression.

reactivation dominated. In the advanced stages of con-
traction, reversal of fault offsets were obtained (Figs. Sc
and 6¢,iii). The inversion structure can be compared to
reactivated normal fault systems in a continental colli-
sion zone (fig. 1, Butler 1989). Finally, new low-angle
thrusts formed and the normal faults became passive.

Contraction of horst-and-graben structures

For the same physical conditions, late contraction did
not reactivate normal faults significantly in horst-and-
graben systems (Table 1). There was a small amount of
homogeneous strain in the sand—cement bed that slightly
steepened the normal faults but did not involve any slip

on the normal faults. New low-angle thrusts appeared
and cut across horst-and-graben structures before sig-
nificant steepening of the normal faults (Fig. 7c,ii). The
segmented horsts and grabens were transported by the
new thrust and the normal faults remained inactive
during the movement.

Development of new thrusts

In a large horizontal contraction domino normal faults
steepened considerably and reverse slip on the normal
faults decreased. It indicates that further shortening of
the model by reactivation of the normal faults became
increasingly difficult mechanically. At this stage, short-
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MODE I + MODE 1l

(c)

Fig. 5. Different modes of reverse reactivation of parallel normal faults. (a) Mode I, (b) Mode II, and (¢) combination of
Mode I and 1I.
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Table 1. Summary of experimental results

Bed Fault Initial (pre-
Normal fault thickness spacing contraction) Nature of Fault-offset after Development of new
arrangement (cm) (cm) fault-dip (*) reactivation contraction thrusts
Parallel 435 8.0 52-56 Not significant Unchanged Early stage, vergence
opposite to the normal
faults
6)3.5 4.0 49-54 Mode I Decreased to almost ~ Late stage, vergence
zero opposite to the normal
faults
5)3.5 2.0 48-52 Mode I selective Non-uniform decrease Late stage, vergence
reactivation of in offset opposite to the normal
alternate faults faults
4)3.5 2.0 4245 Mode IT dominantin  Non-uniform offsets  Late stage thrusts,
early stage, Mode I in vergence opposite to
late stage the normal faults
6)3.5 1.5 3842 Mode II dominant, Reversal in offsets Late stage thrusts
Mode I in very late
stage
Non-parallel (5)4.0 — 58-63 Not significant Unchanged Early stage

Figures in parentheses indicate the number of experiments.

ening was accommodated by slip on new thrusts. The
vergence of new thrusts in the domino structures was
systematicaly opposite to that of the early set of parallel
normal faults (Figs. 6b,ii and 7a,ii). This relationship
between new thrusts and earlier normal faults consist-
ently occurred in all experiments. Similar opposed ver-
gence between new thrusts and normal faults is also
found in inversion of natural half-graben systems, e.g.
the Kechika Trough (fig. 11c, McClay et al. 1989). In
some experiments, new thrusts formed along layer inter-
faces as bedding-thrusts. During normal faulting, layers
rotated to dips close to that of potential plane of thrust-
ing. Because there is an inherent mechanical weakness
along layering, the new thrust propagated along the
layer interfaces or cut it at a low-angle.

THEORETICAL ANALYSIS

Geometrical considerations

Let T (=2f) be the vertical thickness of faulted horizon
containing domino blocks and L (= 2I) be the horizontal
distance between two parallel normal faults F, and F,

(Fig. 8). If 4 is the displacement on the normal faults,
then

h=t—0Jsind
where h is the vertical distance between the point P, and
the center of the domino block (Fig. 8). 8 1is the fault dip.
We consider two reference frames (oxy) and (ox'y’) at
the center of the fault block with x and x'-axis parallel to
the faulted horizon and the fault plane, respectively.

Criteria for Mode I reactivation

We consider rotational moments in the fault block for
the analysis of Mode I reactivation. The rotational

moment due to the normal component of traction, T to
the fault face F, is My (equation A8). T = F ds, where F
is stress vector (Muskhelisvili 1953). The rotational
tendency due to My will be opposed by a moment, M,
(equation A9) due to the downward vertical forces.
Then, the effective moment, M, resultant of M4 and M,
induces a rotational motion in the block. Counter-
rotation of the domino block may occur for positive
values of M, resulting in reactivation of the faults in
Mode I. In equation (A10) M, is a function of 1, /, € and
S, (03/0,). With decreasing 8, M, first increases gradu-
ally, then sharply decreases (Fig. 9). Thus Mode I can
not be significant if normal faults initially have gentle
dips. This theoretical inference conforms well with the
experimental observations (Table 1). When 4, 6 and S,
are kept constant, there is a definite range of / values for
which M. is positive (Fig. 10). Thus, normal faults can be
reactivated in Mode I for a specific range of initial fault
spacing as found in the experiments.

In the range of positive values of M,, rotational
motion will occur in the block when M, exceeds the
resistive moment M, (equation A12) due to friction
along the faults. For example, M, exceeds Myatl= 1.6
cm for 4 = 0.5 (Fig. 10). Normal faults with lower
spacing will not be reactivated in Mode I. Normal faults
that are initially closely spaced can be selectively reacti-
vated with a spacing for which M, > My, as has been
observed in the experiments (Fig. 7a). The threshold
l-value below which Mode I is not favoured depends on
the coefficient of friction (). For example, itis 1.1 when
u =0.4and 2.0 when u = 0.6 (Fig. 10) for A = 2, 6 = 50°
and S, = 0.5.

Criteria for Mode II reactivation

To analyze Mode II reactivation we consider the
tangential component (F,) of the traction (equation
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Fig. 8. Geometrical parameters and forces in a domino block (see text for details).
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Fig. 9. Calculated plots of rotational moment (M,) in a domino block
vs initial fault dip () for different R (= i/h) values.

Al4) to the fault. Block movement is opposed by the
overburden load on the faulted horizon. The resultant
force (Fy) of these two forces F, and Fy4 (equation A16)
will impart a reverse slip on the faults. Reverse slip will
be opposed by the frictional force (F,) (equation A17).
Mode II reactivation could occur for F > F;. The theor-
etical curves for Fy and F, vs 8 (Fig. 11) also indicate that
Mode II is important when normal faults had gentle dips
before contraction.

Reactivation parameters

From the above theoretical analysis we can define two
parameters to express the critical conditions for the two
modes of reactivation.

Mode I: the ratio between opposing and driving

161-
15
i
£ 13
T n
g
g 1
Z 10
2
29
x e
gz®
=87
=
£ ¢
g s
o
E
- &
[=]
=
s 3
-
o
5 2
[~4
1
L
0 1 2 3 4 5 6 7

Block half~width L {cm)

Fig. 10. Plots of rotational moment (M, ) and resistive moment (M;) vs
initial fault spacing (!) for different values of coefficient of friction ().

rotational moments is considered to generate reacti-
vation parameter (o) as

a= ¢1 + A.¢2 where ¢1 = M\,/Md and ¢2 = Mf/Md (1)

where A is to be taken as 1 when ¢, is positive. ¢, may
become negative as a consequence of geometrical con-
struction in the present theoretical analysis. Because M;
cannot be negative, 1 is to be taken 0 to nullify the
second term in equation (1). Substituting ¢, and ¢, from
equations (A18) and (A19) in equation (1) we get
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Fig. 11. Plots of effective fault-parallel force (F,) in a domino block and frictional resistive force (F, ) vs initial fault-dip ().
Dashed line indicates the upper limit of 8 below which Mode II occurs.
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Reactivation will occur for a < 1 in the range between R; and R,.

(1 + R tan §)?
Rtan @

— 1 Sr
T+ S)—(1+85,)c0s26
+ A{u(1 — }sin 26) tan 6}

where R = I/h.

If a <1, the domino system will be unstable due to
fault-block counter-rotation. Therefore, normal faults
can reactivate in Mode 1 only when the geometrical
factors R and 6 and the stress factor (S;) in the contrac-
tion yield a < 1 in equation (2). For constant values of 6
(=50°) and S, (=0.33), equation (2) shows a nonlinear
variation of a with R (Fig. 12). The a vs R curve
intersects the line a = 1 at two points R; and R,. Only
those domino structures with R; < R < R, are mechan-
ically favoured for Mode 1.

Mode II: Similarly, a parameter, 8, for Mode Il can be
generated using the ratios between resistive forces and
driving forces as

€)

@)

B =1+ Ay,

20

Reactivation parameter

? I
o i
o6} :
05 |

MODE II

1 A 1 1 I L L L L
5°¢" W 3g° 30°  25°
Fault dip ©

Fig. 13. Plot of reactivation parameter for Mode II {(8) vs initial fault
dip (). 8* is the critical value below which Mode II operates.

where ¥, = F,/F; and y, = F/F,. Substituting y, and ¢,
from equations (A20) and (A21) in equation (3),
_ 5 1+8,
ﬁ_l—& 1- 8,
% 1 - (R/2)sin 26
sin 26 )

Rtan 0 + ly( - €OS 20)

(4)

Normal faults can be reactivated in Mode II when the
geometric factors (R, 0) and stress factor (S,) yield § <1
in equation (4). 8 is most sensitive to fault dip (6). The
critical angle below which Mode IT becomes significant is
0* = 43° (Fig. 13) when R =1.5, §;, = 0.33 and u = 0.6.
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Fig. 14. Line drawings from seismic sections showing inversion structures north (a) and south (b) of the South Hewett
Fault, southern North Sea. Sections show fault offsets at the Top Zechstein and Top Rotligend (thick solid band). (After
Badley et al. 1989, reproduced with permission of Blackwell Science Ltd.)

The Mode II of reactivation can operate if normal faults
have rotated significantly during the first extension epi-
sode to dips lower than the critical angle.

DISCUSSION AND CONCLUSION

Experiments show that reverse reactivation of normal
faults is greatly controlled by their initial arrangement.
Normal faults in extensional areas have various arrange-
ments and will therefore respond very differently to later
superimposed contraction. Depending upon the initial
fault dip, parallel (domino) faults can be reactivated
either in Mode I or Mode II. For example, in the
southern North Sea (fig. 2, Badley et al. 1989) normal
faults, north of the South Hewett Fault (Fig. 14a) have
gentle dips and locally show offset of the top Zechstein
and Rotliegend, although the beds are inclined, as seen
in Mode II (Fig. 6¢). In contrast, parallel faults south of
the South fault zone (Fig. 14b) are relatively steeper and
the same stratigraphic units are horizontal and show no
significant offset, which is similar to Mode I inversion
structures (Figs. 6b and 7a).

The present analysis may help to explain fault geom-
etries on seismic profiles in areas of inversion tectonics.
Assuming a bed thickness (k) of, say 6 km. Figure (12)
indicates that reactivation occurs for a bed thickness—
fault spacing ratio, R, = 0.8-3.5. In the domains with

large fault spacing, say 12 km, the faulted horizon will be
restored significantly and somewhere the initial fault
offsets may not be observed in the seismic profiles. On
the other hand, seismic profiles may show significant
offsets and tilts of stratigraphic units where fault spacing
were initially larger than 21 km. Reactivation is also not
favoured for R < 0.8. Normal faults with low initial
spacing, say 3 km, are likely to undergo selective reacti-
vation during tectonic inversion leading to variable fault
offsets in that domain. Again, depending upon initial
fault dip Mode II may be important causing reversal
offsets in the seismic profiles.

In our theoretical analysis, we did not consider the
role of shear strength of intact rock. If the shear strength
is higher than the theoretically derived differential
stress, contraction will lead to reverse reactivation.
Otherwise, the rock will fail along new thrusts while the
normal faults will remain passive. During each experi-
ment we observed a gradual change in the cohesive
strength of sand-cement bed. Such a strength increase in
the experiments would favour reactivation of old faults
rather than formation of new faults. The theoretical
analysis is based on the geometrical and rheological
characteristics of normal-faulted rocks at the time of late
contraction. In our experiments, we kept an identical
time interval between the first (extension) and second
(contraction) steps of deformation and more or less
similar rheology at the onset of the late contraction.
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In experiments there was a ductile base of putty. The
putty was very soft and viscous forces did not signifi-
cantly affect rigid motion on overyling fault blocks. The
viscous putty only accommodated displacements in the
faulted horizon. The motion in domino blocks due to
contraction was determined by their own geometry. This
suggests that a set of normal faults overlying a décolle-
ment horizon could be reactivated in a similar manner
and the mode of reactivation would be determined by
the domino geometry,

Experiments on large-scale faulting are convention-
ally conducted with non-cohesive dry sand so that the
models are properly scaled to nature (McClay & Ellis
1987). In our experiments we added cement to sand in
order to gain a cohesive strength in the sand bed. The
cohesion was required for fault blocks to retain their
shape during rigid-body rotation. The cohesive strength
was in the range of 3.3-4.4 x 10> Pa. The model material
is, however, geologically relevant because the material
strength was fairly low with respect to the stresses that
acted in model. The strength is closely compatible to the
model length ratio, which was chosen 10> for con-
venience. But our model did not deform solely under its
own weight nor had vertical stress gradient. These
factors set constraints to quantitative extrapolation of
our experimental results to large scale or crustal scale
structures that require experiments with an account for
gravity forces.
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APPENDIX

The normal and tangential components of the traction to a surface
element are

T,=F,ds

Tf = Ff ds

(Ala)
(Alb)

where F, and F; are forces per unit area perpendicular and paraliel to
the fault face, respectively. The moment at any point (x’,y") on fault
face F, (Fig. 8) due to the action of T, is

dm = F,dx" x’' (A2)
The total moment is obtained by integrating equation (A2) as
X,
My= J CF,dx'x’ (A3)
xi
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My=F, 2225 (A%)
From Fig. 8 we have,
x1= hcosec 8 — lcos 8 (AS5a)
x5 = hcosec 8 + [ cos 6. (ASb)
Substituting x} and x5 in equation (A4) and after simplification,
My=2F,(h) ()) cot 6. (A6)

Let 0y and o, be principal stresses in contractional deformation,
where o, is the horizontal compressive stress, perpendicular to the
fault-strike and o is the vertical stress. Then F, can be expressed as

F =01+03_01"

n 3 ——2—glcos 26. (A7)
Substituting F, in equation (A6) we get
Mgy = {(0y + 05) — (0, — 73) cos 26} (h) (I} cot 6
=01{(1+5,) — (1 -S,) cos 28} (h) (}) cot 6 (A8)

where S, = 05/0,.
The opposing moment in the block due to the downward vertical
force on the faulted horizon is

*2
Mvz[ U_;'d)t'x
0

-0l

where (x,,,) is the co-ordinate of P, with respect to the xy-frame (Fig.
8). Since

x;=1+hcot8,

I+ h cot §)
M,= (—-7—)-03 (A9)
the effective moment in the block, resulting from My and M, in
equations (A8) and (A9), is

M, = al[{(l +8)—(1—-S)cos28} hicoté

2
_ S,(l + hcot 8) _ (A10)

2
-Inresponse to the action of M, rotational motion will occur in the block
when the frictional resistance along the fault planes is overcome. The
reactive forces act from 0 to x,. As fricitonal force is directly pro-
portional to the reactive force, the total frictional resistance is
2 Fy u(h cosecd — [ cosf), where y is co-efficient of friction on the
fault. The opposing moment due to the frictional force is

M; = 2uF,(h cosec @ ~ I cos 6) I'sin 6. (A11)
By substituting F, from equation (7),
M= 2u (—’-L;—g—-”— a4 ; G osZB)(h cosec 6 — I cos 0) Isin 6
M= po{(1 + 8,) — (1 - S;)cos 26}(h — 3Isin 26) L. (A12)
The tangential traction per unit area on the fault is
Fi=2"%in2e. (A13)

S6 17:8-F
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By substituting F; in equation (A1b) and integrating the equation, the
total tangential force is

F = J : (“—‘%i’lsin 20) &'
—xb

F = g—l—;z"isin 26 2x5.

From Fig. 8

x5 = hcosec 8
then

F, = (0 — 03) hcosec @ sin 26

F,=20,(1-S;) hcos@ (A14)

The downward force inthe block is 203 /. The fault-parallel component
of this force is

Fq=2031sin8. (A15)
From equations (A14) and (A15), the resultant force that induces fault
slip is
Fg=20{(1 - S;)hcos 6 — S,Isin 6)}. (A16)
The frictional resistance to the block is
Fp=po {(1 +8,) — (1 = S,)cos 28} (h cosec 8 — I'sin 8). (A17)

From equations (A8) and (A9), the ratios of opposing moments to
the driving moment in the block are

6= Sas(I + hcot 8)?
"o {0 +8S)~(1—-S)cos268) hicotd
_ 18,(h + ltan 6)*
Lh{(1 +S,)— (1 — S,)cos 26} tan
1 2
_ 15(1 + Rtan 6)
{1+S8)—(1~-S5,)cos26}.Rtan 8 (A18)
and
&, = 2u(h cosec @ — I cos 0) sin 6
z 2hcot
_ u(h — 3isin 26) tan 6
h
= p(1 — 4R sin 26) tan 6. (A19)

From equations (A14), (A15) and (A16), the ratios of resistive forces
to the driving force are

03 Isin @
(0, =~ 0g3) hcos 6
5 Rtan 6

r

Y=

=5

(A20)

and

uo{(1 +8,) — (1 = S,) cos 28} { h cosec § — I cos 6}
20/(1—8,)hcos@

R
_ 1+sr_C0529 1-55"‘20
M1, sin20 |

Y=

(A21)



