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ABSTRACT
Fault damage zones strongly influence fluid flow and seismogenic behavior of faults and are 

thought to scale linearly with fault displacement until reaching a threshold thickness. Using 
analog modeling with different frictional layer thicknesses, we investigate damage zone dy-
namic evolution during normal fault growth. We show that experimental damage zone growth 
with displacement is not linear but progressively tends toward a threshold thickness, being 
larger in the thicker models. This threshold thickness increases significantly at fault segment 
relay zones. As the thickness threshold is approached, the failure mode progressively transi-
tions from dilational shear to isochoric shear. This process affects the whole layer thickness 
and develops as a consequence of fault segment linkage as inferred in nature when the fault 
matures. These findings suggest that fault damage zone widths are limited both by different 
scales of mechanical unit thickness and the evolution of failure modes, ultimately controlled 
in nature by lithology and deformation conditions.

INTRODUCTION
Fracture damage zones around faults con-

trol many aspects of fluid flow properties and 
the seismogenic behavior of faults. Their width 
is a key parameter controlling the hydraulic 
behavior of the fault, energy dissipation during 
earthquake ruptures, and stress distribution (e.g., 
Faulkner et al., 2010; Perrin et al., 2016). Several 
studies over the past decade have evidenced a 
linear scaling between fault displacement (D) 
and damage zone thickness (T) up to a scale 
limit of a few hundred meters (Micarelli et al., 
2006; Savage and Brodsky, 2011; Mitchell and 
Faulkner, 2012; Johri et al., 2014; Solum and 
Huisman, 2017; Mayolle et al., 2019; Torabi 
et al., 2020), defining a threshold in the scal-
ing. Although discussed in terms of seismogenic 
depth for earthquake-related damage (Ampuero 
and Mao, 2017), the existence of such a thresh-
old for faults is not yet supported by a physical 
explanation. In this study, we developed a rheo-
logically consistent and scaled analog model of 

Earth’s brittle crust to experimentally investigate 
the existence of such a threshold in D-T scaling 
and to identify the main controlling parameters. 
With these aims, we measured the strain field 
evolution, D-T scaling, and volumetric strain 
using high-resolution image correlation for 
models of different layer thickness.

MODEL SETUP
We present the two most illustrative tests 

from a series of 16 experiments designed to 
study reproducibility, the role of material com-
position, and the relevant boundary condi-
tions (see the Supplemental Material1). These 
two experiments were performed in a sandbox 
device 500 mm long, 300 mm high, and 100 mm 
wide, equipped with two lubricated low-fric-
tion glass walls and containing two layers of 
granular materials (Fig. 1). The upper layer was 
composed of 97.5% dry sand of 150 μm mean 
grain size and 2.5% pumice powder of similar 
packing to ensure reproducibility. The static fric-
tion angle and the cohesion were 38° ± 1° and 
185 ± 20 Pa, respectively, and dilation angle 

decreased with increasing plastic strain. These 
physical properties are analogous to those of 
upper-crustal rocks, and cohesion was scaled 
to satisfy a model-to-nature scaling of 1 cm 
equivalent to 0.5–1 km in nature (e.g., Schellart, 
2000; Arzúa and Alejano, 2013; Reber et al., 
2020). Such materials consistently reproduce 
the main geometries of faults and their segmen-
tation, interaction, displacement profiles, and 
gradients, but also displacement-length and size 
distribution scaling laws (e.g., Bellahsen and 
Daniel, 2005; Schlagenhauf et al., 2008). The 
lower layer was a mixture of 98% dry sand of 
150 μm mean grain size and 2% polydimeth-
ylsiloxane silicone (kinetic sand), inducing a 
visco-plastic mechanical behavior simulating 
that of the lower crust or ductile shales. These 
two layers lay on a pre-compressed elastic poly-
urethane foam which, once relaxed by move-
ment of a lateral backstop, induces distributed 
extensional strain in the layers above (Fig. 1). 
The extension velocity (30 mm/h) was regulated 
by a computer-controlled motor and allowed a 
total extension of 100 mm (20%). We performed 
two sets of experiments with different frictional 
upper-layer thicknesses: 50 mm and 200 mm 
(i.e., ∼4 km and ∼15 km thickness in nature). 
The kinetic sand thickness of the lower layer 
was 20 mm for the thinner model and 40 mm 
for the thicker model. All the experiments were 
monitored through the lateral glass wall using a 
Sony α7R II camera taking one photo every 30 s 
with a resolution of 1 pixel = 54 μm.

The acquired images were processed to 
analyze the displacement field using a sub-
pixel spectral correlation algorithm from Van 
Puymbroeck et al. (2000) (Fig. 1) and were 
also used to provide movies of the strain field *E-mail: sylvain.mayolle@umontpellier.fr

1Supplemental Material. (1) Movie and description of displacement gradient field evolution; (2) movie of strain fields evolution; (3) cummulative displacement 
field; (4) displacement gradient profiles through faults; (5) volumetric strain profiles through faults; (6) mechanical properties of the frictional layer; (7) images and 
parametric data of all the models; (8) a graph of all the measured D-T data; and additional information on the method and scaling to nature. Please visit https://doi​
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(see the Supplemental Material). The cumu-
lative displacement field (U; i.e., the sum of 
displacement fields derived from each image 
correlation) and cumulative net shear dis-
placement along the faults (D) were calculated 
using the horizontal and vertical displacement 
fields. Cumulative damage zone thickness (T) 
was determined using the distribution of dis-
placement gradient across the fault (dU/dx; 
i.e., grdgradient function in Generic Mapping
Tools software (GMT, https://www.generic-
mapping-tools.org/), the amplitude of the
gradient) (Fig. 2A). This displacement gradi-
ent field is the most relevant field attribute for
measuring fault thickness because it accounts
for both the absolute displacement (any direc-
tion) and displacement modes (shear, dilation,
and compaction). For each model, strain evolu-
tion is analyzed along six profiles normal to two 
selected fault planes. The Gaussian distribution 
of the displacement gradient along these pro-
files is compared to background deformation
outside the Gaussian curve to define damage
zone thickness (Fig. 2B). In an area devoid of
faults, an upper limit of the background dis-
placement gradient is used at each stage of
image correlation, defined as 3σ of the modal
value of the background displacement gradient 
(horizontal dashed line in Fig. 2B). The dis-
tance between the two points where the Gauss-
ian distribution reaches this upper background
value defines T, the cumulative damage zone
thickness (Fig. 2B, stage 2). Thus, T is mea-
sured in relation to background deformation as 
is commonly done along scanlines from field
data (e.g., Beach et al., 1999; Choi et al., 2016; 
Ostermeijer et al., 2020). Areas perturbed by
boundary conditions are excluded from mea-
surements (see the Supplemental Material).

We also measure the incremental volumet-
ric strain (dεv) along the faults to investigate 
its evolution in relation to the scaling behav-
ior. To quantify its evolution relative to the 
incremental shear displacement during fault 
growth, we also calculate its derivative in the 
form, dεv/dD.

RESULTS
Fault Geometry

Experimental faults initiate as shear zones 
dipping ∼60° toward the moving backstop, 
and cumulate, at the end of the experiment, a 
net shear displacement of as much as 4 mm for 
the model with 50 mm upper-layer thickness 
(8%) and as much as 7 mm for the model with 
200 mm upper-layer thickness (3.5%) (Fig. 2A). 
They die out at depth by diffuse deformation 
into the visco-plastic kinetic sand layer. In the 
200 mm model, individual dilational-shear seg-
ments are observed in the very early stages of 
shear zone development, linking up as the faults 
grow, leading to irregular fault surface geome-
tries (Fig. 2C, stages 1 and 2). During the experi-
ment, all the faults grow wider as displacement 
increases (Figs. 2A and 2B, stages 1 and 2). With 
increasing displacement, the fault deformation 
concentrates on narrow zones, which become 
straight and continuous through the sand layer 
(Fig. 2C, transition from stage 2 to stage 3). This 
strain localization is also shown by the change 
in shape of the Gaussian curve of displace-
ment gradient profiles across the faults, which 
increases its amplitude faster than its wavelength 
(Fig. 2B).

The incremental volumetric strain field 
reveals that in the frictional layer, the first stages 
of fault thickening occur under a dominant dila-
tional-shear mode (Fig. 2C, stage 1). The deriva-

tive of this incremental volumetric strain with 
respect to the net shear displacement (dεv/dD) 
increases but never exceeds 0.15. Fault widen-
ing continues to evolve by a combination of 
dilational-shear and compactional-shear modes 
(Fig. 2C, stage 2). Dilational shear occurs in a 
wide and diffuse volume of the fault, especially 
at the steeper parts of the fault plane. Compac-
tional shear initiates in limited regions of the 
fault, especially at contractional bends along the 
irregular fault surface (Fig. 2C, stage 2). Follow-
ing this stage, a very thin zone of compactional-
shear deformation, visible in the incremental 
volumetric strain field, develops over a larger 
extent along the fault and can reach a value of 
−0.14 (Fig. 2C, stage 3). Although its geom-
etry is variable from one fault to another, this
very thin compactional-shear zone is surrounded
by synchronous dilational-shear deformation,
spreading away from the fault at specific loca-
tions such as zones of segment linkage (Fig. 2B,
stage 3). The cumulative effect of these two
synchronous deformation modes results in net
dεv/dD values ranging from −0.05 to 0.05 over
the fault width, commonly close to 0 because
incremental compaction and dilation are similar 
in magnitude.

D-T Scaling
Figure 3A shows a plot of D versus T mea-

sured in the two sets of experiments along pro-
files both across fault segments with simple 
geometries (i.e., no intersections, no branch-
ing) and across more complex zones such as 
fault branches and relay zones. The dεv/dD 
ratio is indicated for each stage measured. This 
diagram reveals that damage zone thickness 
grows nonlinearly with increasing fault dis-
placement (Figs. 3A and 3B). The first stage of 

Figure 1.  Experimental 
setup. At the base of the 
model, elastic foam is 
uncompacted by a com-
puterized motor, imposing 
extension in the upper 
visco-plastic kinetic sand 
and frictional layer. The 
vertical displacement and 
vertical strain field derived 
from sub-pixel image cor-
relation are shown on the 
right-hand side.

https://www.generic-mapping-tools.org/
https://www.generic-mapping-tools.org/
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fault growth shows a nonlinear rapid increase 
of fault thickness with fault displacement, in 
which the fault develops in a hybrid dilational-
shear failure mode (blue symbols in Figs. 3A 
and 3B). In both models, this nonlinear increase 
occurs up to a value of D = ∼0.8 mm, where 
the dT/dD ratio stabilizes around a very low 
mean value of 0.18 (with 2σ = 0.6), reflecting 
very little increase of damage zone thickness 
with displacement (thickness threshold). This 
stabilization of the dT/dD ratio occurs nearly 
synchronously with a change of failure mode 
from dominant dilational-shear behavior (dark 
blue symbols) to isochoric shear (white, light 
blue, or pink symbols). The dεv/dD value then 
remains nearly stable until the end. Note that 

this behavior is observed in each of the differ-
ent model layer thicknesses, but the damage 
zone thickness at which the fault stabilizes is 
∼20% higher for the thicker model in cases of 
simple fault segments. In the thicker model,
T values measured at relay zones are ∼30%
larger than along segments. At relay zones,
the main curvature of the D-T data trend is
also smoother (Figs. 2A and 2B, green profile; 
Fig. 3A), showing a later and more gradual
transition of failure mode from dilational shear 
to isochoric shear. Finally, due to this thickness 
threshold, D becomes larger than T in the later 
stages of the models (see the Supplemental
Material), consistent with natural faults when
D > 100 m.

DISCUSSION
Our experiments show that (1) nonlinear D-T 

scaling occurs toward a plateau at a threshold 
value of damage zone thickness dependent on 
layer thickness, (2) a change of dominant fail-
ure mode occurs when the dT/dD ratio stabi-
lizes toward a value close to zero, and (3) the 
threshold damage zone thickness increases sig-
nificantly at fault segment relay zones, for which 
the width is large in the thicker model. This latter 
effect promotes a delay in the stabilization of 
the dT/dD ratio and allows a more progressive 
transition in failure mode.

A hybrid dilational-shear mode is promi-
nent in the first stage of fault growth during 
fault segment initiation and propagation. This 

Figure 2.  Example of 
fault growth in the experi-
ment with a 200-mm-thick 
upper layer at three 
different stages. (A) Dis-
placement gradient field. 
Damage zone thickness 
is measured along five 
profiles crossing simple 
fault geometry (in black) 
and one profile in the relay 
zone (green). (B) Displace-
ment gradient distribution 
along profiles shown in A. 
Gray dashed line is upper 
limit of background defor-
mation. (C) Incremental 
volumetric strain in the 
black dashed rectangle 
shown in A. Pixels rep-
resent image correlation 
resolution. Strain field 
movies are presented in 
the Supplemental Mate-
rial (see footnote 1).

B

C

A
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dilation is preserved later in extensional relay 
zones and around the fault as shear localization 
occurs (Fig. 2C). Hybrid dilational-shear fail-
ure modes are recorded in low-cohesion granu-
lar materials as shear-enhanced dilation due to 
grain disaggregation and rotation during shear 
(e.g., Rowe, 1962; Antonellini et al., 1994). 
Although the granular material does not pro-
duce transgranular fractures, it reproduces the 
main features of fault network geometry such as 
tip propagation, segmentation, linkage at relays, 
and fault bends, all of which contribute to gen-
erating the deformation volume around the fault 
as observed in nature irrespective of the defor-
mation micro-mechanisms (e.g., Childs et al., 
2009; Wibberley et al., 2008; Figure 2C; also 
see the Supplemental Material). This is because 
the mechanical behavior is consistent with stiffer 
rocks, and the grain size in our models is much 
lower than the fault thickness at saturation (by 
one to two orders of magnitude). For the same 
reason, initial grain-scale heterogeneity prob-

ably has little impact (<10%) on measured 
threshold thickness. The final dilational-shear 
thickness depends on initial fault-segment spac-
ing and relay zone width, which in turn depend 
on frictional layer thickness, probably because 
the distance at which segments can interact 
increases with layer thickness (Soliva et al., 
2006). Consequently, larger relay zones pro-
vide larger damage volumes, themselves need-
ing higher displacements to evolve into smooth 
isochoric shear surfaces.

When segment linkage is mature, the fault 
clearly cuts the entire thickness of the frictional 
layer and compactional-shear initiates on favor-
ably oriented parts of the irregularities related 
to the earlier segmentation (Mayolle et  al., 
2019). In a latter stage, compaction develops 
through the entire fault, probably due to the low 
strength of the dilated zones (Wong and Baud, 
1999; Rutter and Glover, 2012), which helps 
suppress further thickening. This process reflects 
strain localization and failure of the frictional 

layer and progressively inhibits dilational shear 
to promote isochoric shear within a fault of con-
stant thickness.

COMPARISON TO NATURE AND 
CONCLUSION

The models show first-order similarities 
with natural data such as fault dip angles, con-
jugate geometries, segmentation, and D-T trend. 
Although precise scaling cannot be achieved, 
the ratio of layer thickness to mean threshold 
thickness found in the thick model (200 mm / 
4.5 mm) is close to the ratio expected for nat-
ural faults in the seismogenic crust (15 km / 
0.3 km; Savage and Brodsky, 2011; Solum and 
Huisman, 2017). Also, the observed volumet-
ric strain can be considered, to a certain extent, 
analogous to fracture dilation and compaction 
occurring within faults (mode I fractures, dilat-
ant breccias versus cataclasites, gouge smearing, 
S-C structures, cleavage, and pressure-solution
seams; e.g., Billi et al., 2003; Gratier et al., 2011; 
Ishii, 2016; Vrolijk et al., 2016). In addition, it
is well known that mode I fractures generally
develop early in the growth history of a fault in
natural rocks (e.g., Petit et al., 1999; Crider and 
Peacock, 2004). Larger faults generally show a
combination of preferentially dilational-shear
damage zones and compactional-shear core
zones (e.g., Wibberley and Shimamoto, 2003;
Faulkner et al., 2010; Holdsworth et al., 2011),
with an average spatial arrangement consistent
with the volumetric strain distribution presented 
in this study.

Finally, as the overall mechanical controls 
on the failure-mode transition govern the thresh-
old of damage zone growth, this threshold is 
likely to be specific to the geological context 
of any one fault, probably accounting for the 
large scatter observed in the natural data (Sav-
age and Brodsky, 2011). However, this study 
suggests that mechanical layering is probably 
one of the most important parameters govern-
ing this threshold and scattering in nature, and 
such layering exists at several scales, with the 
ultimate scale limit of layer thickness control-
ling fault damage zone width being the thickness 
of the brittle upper crust. Other parameters like 
lithology, tectonic setting (e.g., Balsamo et al., 
2019), and the physico-chemical behavior of 
fluids in the fault are probably also important for 
scattering. For this reason, the specific context of 
any one fault must be taken into account when 
comparing different data sets for establishing 
overall scaling laws.
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Figure 3.  (A) Displace-
ment (D)–damage zone 
thickness (T) data from 
our experiments for two 
different frictional layer 
thicknesses (200 mm and 
50 mm) measured along 
24 profiles crossing four 
selected faults. Three 
examples of segment 
interactions are shown 
with corresponding dis-
placement gradient fields. 
Green dashed lines show 
positions of measurement 
profiles. (B) dT/dD versus 
displacement. Symbol 
color scale is dεv/dD in 
both graphs, where dεv is 
incremental volumetric 
strain.
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