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Abstract

Earthquake-induced fault displacement can cause significant damage to infrastructure,
including transportation systems, pipelines, and dams. Earthquake-based Probabilistic Fault
Displacement Hazard Analysis (PFDHA), analogous to Probabilistic Seismic Hazard Analysis
(PSHA) for ground shaking, provides a scientific framework for quantifying this hazard. This
study presents a brief review of current essential models used in PFDHA, including probability
models for surface rupture and fault displacement models (FDMs), applicable to both principal
faults and distributed ruptures. Using the Willunga Fault near Adelaide, South Australia, as a
case study, we perform a preliminary hazard analysis, generating hazard curves for target
locations both on-fault and off-fault to illustrate the annual rate of exceeding specified
displacement thresholds, as well as hazard maps for return periods of 10,000, 50,000, and
100,000 years. Key findings reveal that slip rate significantly influences hazard levels, the
considered characteristic magnitude scenario contributes more to moderate-to-large threshold
displacements compared to the NSHA23 model, off-fault uncertainties are higher than on-fault
ones, and PFDHA requires much longer return periods for significant hazards than PSHA for
ground shaking. This study aims to support urban planning and seismic hazard management
efforts to enhance infrastructure resilience in Australia.
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1. Introduction

Probabilistic Fault Displacement Hazard Analysis (PFDHA) is a methodology that evaluates
the hazards posed by surface fault ruptures, crucial for safeguarding critical infrastructure such
as dams, pipelines, nuclear facilities, and transportation networks against seismic disruptions
(Youngs et al., 2003; Petersen et al., 2011). Unlike deterministic methods that rely on worst-
case scenarios, PFDHA employs a probabilistic framework to estimate the likelihood of
exceeding displacement thresholds, integrating geological, geophysical, and seismological
data to account for uncertainties in fault behavior and rupture dynamics (Coppersmith &
Youngs, 2000). This approach is particularly vital in low-to-moderate seismicity regions like
Australia, where intraplate earthquakes exhibit long recurrence intervals (10,000-100,000
years) and may produce unexpected surface ruptures along neotectonic faults (Clark, 2023).

The methodology distinguishes between primary ruptures along principal fault traces and
distributed (secondary) faulting, which often involves higher epistemic uncertainties but can
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significantly impact infrastructure integrity (Baize et al., 2020; Nurminen et al., 2020). Historical
events illustrate these risks: the 1999 Chi-Chi earthquake (Mw 7.6) in Taiwan caused up to 10
m of displacement, damaging dams and water supplies (Gupta, 2024), while the 2002 Denali
earthquake (Mw 7.9) in Alaska demonstrated PFDHA-informed designs mitigating pipeline
failure despite 6 m of lateral offset (Milliner et al., 2024). In Australia, neotectonic assessments,
including the Neotectonic Features Database (Clark, 2023) and the National Seismic Hazard
Assessment (NSHA23; Allen et al., 2024), highlight reverse and thrust faulting under the
current compressional regime, with guidelines from the Australian National Committee on
Large Dams (ANCOLD, 2019) mandating fault displacement evaluations for active faults with
Holocene or Pleistocene activity.

PFDHA has evolved from extensions of Probabilistic Seismic Hazard Analysis (PSHA), with
foundational models like Okada's (1985) dislocation equations enabling probabilistic
deformation simulations (Goda, 2017). Empirical databases, such as SURE2.0 (Nurminen et
al., 2022) and the Fault Displacement Hazard Initiative (FDHI; Sarmiento et al., 2021), provide
high-resolution data for calibrating displacement predictions across fault types. In the
earthquake approach adopted here, key components include seismic source characterization,
surface rupture probability estimation, displacement distribution modeling, and hazard curve
computation (Kuehn et al., 2024).

This paper introduces the current development of these models and applies a classic PFDHA
framework (with characteristic magnitude frequency distribution assumption) to Australian
contexts, incorporating most updated FDHI and SURE2.0 models, Australia-specific
regressions (Leonard et al., 2014; Yang et al., 2021; Quigley et al., 2025), and uncertainties in
slip rates. By generating hazard curves for primary and distributed ruptures as well as high-
resolution hazard maps, it supports risk-informed infrastructure design, aligning with ANCOLD
recommendations and addressing challenges like data scarcity for small-magnitude events
(Valentini et al., 2025).

2. PFDHA models

In this paper, we provide only a brief summary of the models involved in the PFDHA framework.
A more detailed review of these models is the focus of ongoing work by our group. A list of
PFDHA models is presented in Table 1.

Table 1 Model list

No. Model SoF CPSR | CPDSR | AD | MD | D | d Reference
1 WC93 All v Wells and Coppersmith (1993)
2 WC94 All v v Wells and Coppersmith (1994)
3 PD96 NM v Pezzopane and Dawson (1996)
4 YEAO03 NM v v |V Youngs, et al. (2003)
5 TEAOQ7 All v Todorovska et al. (2007)
6 MR11 RV v v v |V Moss and Ross (2011)
7 PEA11 SS v v |V Petersen et al. (2011)
8 HEA13 All v Hecker et al. (2013)
9 MEA13 RV v Moss et al. (2013)
10 TEA13 RV/SS v v v vV | V|V Takao et al. (2013)
11 L14 All v Leonard (2014)
12 | TMG17 All % Thingbaijam et al. (2017)
13 TEA18 RV/SS v v Takao et al. (2018)
14 FL21 NM v Ferrario and Livio, 2021
15 | YEA21 RV % v [ v Yang et al. (2021)
16 LA23 All v v |V Lavrentiadis and Abrahamson (2023)
17 PEA23 All v Pizza et al. (2023)
18 RPO23 SS v Rodriguez Padilla and Oskin (2023)
19 MEA24 RV v v v V|V Moss et al. (2022, 2024)




20 | MVEA24 All Mammarella et al. (2024)
21 KEA24 All v Kuehn et al. (2024)
22 CEA25 SS v Chiou et al. (2025)
23 VEA25 RV/NM v v Visini et al. (2025)

24 QEA25 RV v Quigley et al. (2025)

Note: SoF: style of faulting; CPSR: conditional probability of surface rupture; CPDSR: conditional probability of
distributed surface rupture; AD: average displacement; MD: maximum displacement; D: principal displacement;
d: distributed displacement.

3. Case study for Willunga Fault

The PFDHA for the Willunga Fault in South Australia, presented in this section, serves as an
illustrative example of applying the models reviewed in this study to a site-specific fault
displacement hazard analysis. Our objective is to demonstrate the practical use of CPSR
(conditional probability of surface rupture), CPDSR (conditional probability of distributed
surface rupture), and FDMs (fault displacement models) for both principal faults and distributed
ruptures within a real-world context. We present the general workflow and a hazard map
covering a 10 km radius around the Willunga Fault, along with hazard curves for a sample site
under various rupture scenarios and fault slip rate assumptions. This site was selected
primarily because Quigley et al. (2025) highlight that Australian dams are exposed to
significant seismic ground shaking and fault displacement hazards from nearby faults.

3.1 Geological setting

According to Clark (2023), the Willunga Fault is a steeply southeast-dipping reverse fault and
one of the major western range-bounding structures of the southern Mount Lofty Ranges. A
prominent wave-cut bench of last interglacial age (ca. 125 ka) is incised into the uplifted
sequence and occurs approximately 4—5 m above present sea level (Sandiford, 2003). Further
south, near Normanville—along strike from the zone of greatest uplift in the fault’s hanging
wall—subtidal sediments of the same interglacial age are reported at elevations up to 12 m
above sea level (Bourman et al., 1999), suggesting a time-averaged vertical slip rate of
approximately 80 m per million years (0.08 mm/yr). This estimate is independently
corroborated by elevation differences of around 130 m in the Lower Pleistocene (ca. 1.7 Ma)
Burnham Limestone along the eastern margin of the St Vincent's Basin (Sandiford, 2003).
Additionally, the differential elevation of the Port Willunga Formation between the Myponga
Basin and the St Vincent's Basin indicates a post-Early Miocene displacement of
approximately 240 m. In a recent review of all available slip rate constraints for the Willunga
Fault, Quigley (2025) suggested a median slip rate of 0.05 mm/yr. This information is
incorporated into our hazard computations.

3.2 Parameters and models

The geometry of the Willunga Fault is derived from the Neotectonic Features Database (NFD),
maintained by Geoscience Australia, and supplemented by the National Seismic Hazard Model
(Allen et al., 2024). We primarily consider a single characteristic earthquake with moment
magnitudes 7.3, along with three different slip rates (0.006 mm/yr, 0.018 mm/yr, and 0.09
mml/yr), representing the characteristic event associated with the fault.

For the CPSR, we adopt the YEA21 model (Yang et al., 2021), which is specifically tailored to
Australian conditions and serves as the primary model for reverse faults. We acknowledge this
model was originally developed for cratonic conditions, and in this study, we assume it is
applicable to the South Australia region, which is a potential source of epistemic uncertainty.




At present, the effects of fault dip and seismogenic depth are not considered in the CPSR, as
demonstrated by the numerical model of Mammarella et al. (2024). This decision is based on
the fact that the MVEA24 model was developed using datasets from active crustal regions,
which are assumed to be inapplicable to Australian conditions. To avoid introducing additional
epistemic uncertainties, we exclusively use the YEA21 model for CPSR.

For principal fault displacement, only vertical displacement is considered, and the MEA24
model (Moss et al., 2024) is adopted accordingly. Other FDHI models, such as LA23
(Lavrentiadis and Abrahamson, 2023) and KEA24 (Kuehn et al., 2024), are excluded due to
their differing displacement measurement approaches. For CPDSR and distributed
displacement, we apply the VEA25 model using the Combination A assumption, which
represents a simple distributed rupture associated with the principal fault (Visini et al., 2025).

Additionally, as a benchmark, we present the source model used in NSHA23 (Allen et al.,
2024), which employs a hybrid model combining both the Gutenberg—Richter (G-R)
magnitude-frequency distribution (MFD) and the characteristic MFD with magnitudes ranging
from 5.55 to 7.25. Input parameters are summarized in Table 2.

Table 2. Input parameters for the Willunga fault PFDHA

Parameter Value and model Remark
0.006 .

. Quigley et al. (2025)
Slip rate (mm/yr) 0600198 Clark (2023)
On-fault location -35.1224, 138.6770 Closest on-fault point to sample site
Off-fault location -35.1229, 138.6829 samole dam site

Footprint size (m?) 200 * 200 P
CPSR YEA21 Yang et al. (2021)
CPDSR VEA25 Visini et al. (2025)
FDM-principal MEA24 Moss et al. (2024)
FDM-distributed VEA25 Visini et al. (2025)
3.3 Results

Figs. 1 and 2 present the median hazard curves for the considered charactertisc MFD model,
compared with the NSHA23 model. Fig. 1 corresponds to the on-fault site, while Fig. 2
illustrates the results for the off-fault sample site. Fig. 3 displays the median hazard maps for
return periods of 10,000 years, 50,000 years, and 100,000 years, using the NSHA23 model.




(a) Characteristic (Mw = 7.3) (b) NSHA23

-

107 107
—— SR = 0.006 mm/yr th th .
- - = SR =0.018 mmjyr 5 th— 95 percentlle
----- SR =0.09 mm/yr 50" percentile

109 E |——NSHA23 109k 16" - 84" percentile
=-==RP-=10,000 = ==RP-=10,000
—RP.=:50,000 — RP = 50,000
----- RP = 100,000 =-=-=RP = 100,000

10-11 1 L L L -11 1 L

0.001 0.01 0.1 1 10 0.001 0.01 0.1
Displacement (m) Displacement (m)

Figure 1. Median hazard curves for the on-fault site. The NSHA23 source model with a hybrid G-R and
characteristic magnitude-frequency distribution (MFD) is included as a benchmark. (a) Characteristic
MFD (Mw = 7.3) (b) NSHA23 model with varying levels of uncertainty. Three different return periods
(10,000 yrs, 50,000 yrs and 100,000 yrs) are evaluated.

Fig. 1(a) demonstrates that slip rate has a substantial influence on the hazard curves. The
annual exceedance rate associated with the highest slip rate (0.09 mm/yr) is approximately 15
times greater than that for the lowest slip rate (0.006 mm/yr), across all considered threshold
displacements. This is attributed to the assumption that the occurrence rate is linearly
proportional to the slip rate.

The hazard levels calculated using the NSHA23 model are significantly higher than those from
the characteristic model, particularly for small threshold displacements (< 1.0 m) at shorter
return periods. This is because the NSHA23 model aggregates multiple magnitudes, including
smaller events that contribute more prominently to hazard at lower displacement thresholds.
In contrast, the characteristic MFD with Mw = 7.3 s primarily influence hazard at moderate to
large threshold displacements, reflecting their lower recurrence rates. For example, for a return
period of 100,000 years, the characteristic model (with a slip rate of 0.09 mm/yr) and the
NSHA23 model contribute to around 1.5 m, but for a return period of 10,000 years, the
characteristic model yields an effective 0 displacement, while the NSHA23 model yields 0.3 m.
This phenomenon is analogous to PSHA, where different rupture scenarios exhibit sensitivity
to varying recurrence rates that correspond to different ground motion intensity thresholds
(e.g., Baker et al., 2021).

Fig. 1(b) illustrates the propagation of uncertainty from the fault displacement models to the
hazard curves (aleatory variability). In general, uncertainty is lower for shorter return periods
and increases with longer return periods. For example, at a return period of 10,000 years, the
corresponding threshold displacement differences for the 5"—95" percentiles and 16"-84"
percentiles can be neglected. In contrast, at a return period of 100,000 years, the threshold
displacement spans from about 0.7 to 5.0 m for the 5"-95" percentiles, and from 1.2 to 3.0 m
for the 16"-84" percentiles, with a median of approximately 2.0 m. This trend is consistent
with observations in ground motion hazard assessments (e.g., Allen et al., 2024).
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Figure 2. Median hazard curves for the off-fault sample site. The NSHA23 source model with a hybrid
G-R and characteristic magnitude-frequency distribution (MFD) is included as a benchmark. (a)
Characteristic MFD (Mw = 7.3) (b) NSHA23 model with varying levels of uncertainty. Three different
return periods (10,000 yrs, 50,000 yrs and 100,000 yrs) are evaluated.

Similar to the principal fault displacement hazard shown in Fig. 1, Fig. 2(a) demonstrates that
slip rate significantly influences the hazard curves for distributed ruptures. Overall, the on-fault
hazard level is approximately ten times higher than the off-fault hazard level. This result is
intuitive, as on-fault displacements are substantially larger than those associated with
distributed ruptures, and the CPDSR model further scales down the overall hazard for off-fault
ruptures. It is noted that the specific difference between the on-fault and off-fault hazard level
is dependent the relative locations (distance). The off-fault hazard curves in Fig. 2 exhibit
similar patterns to the on-fault curves in Fig. 1: the characteristic MFD model tends to
contribute more to hazard at larger threshold displacements, where the annual exceedance
rates are lower.

Fig. 2(b) illustrates the propagation of uncertainty from the fault displacement models to the
hazard curves. In general, the uncertainty is noticeably greater than that observed for the on-
fault site. This is due to the aleatory variability in distributed displacement, which combines
uncertainties from both the principal fault displacement and the distributed rupture
displacement models.

For better illustration, detailed median (50" percentile) hazard values for difference level of
uncertainties and the considered scenarios are listed in Table 3.

Table 3. Displacement hazard level for the target on-fault and off-fault positions, in unit m.

. Return SR (mm/yr), Mw = 7.3
PosItion | beriod (yrs) | NHA2023 5006 T 0.018 | 0.09
10,000 0.27 0 0 0
On-fault 50,000 1.32 0 0 0.91
100,000 1.84 0 0 1.78
10,000 0 0 0 0
Off-fault 50,000 0.09 0 0 0
100,000 0.49 0 0 0.42
Note: SR refers to slip rate

The hazard map presented in Fig. 3 illustrates the spatial distribution of fault displacement
hazard within a 10 km radius of the principal Willunga Fault trace. As shown, the highest




displacement hazard occurs directly along the fault trace, with peak values reaching 0.32 m,
1.26 m, and 2.37 m for return periods of 10,000, 50,000, and 100,000 years, respectively. For
the return period of 10,000 years, the hazard level for distributed ruptures is not significant
enough to show on the map. For all return periods, the hazard level on the hanging wall side
is noticeably higher than on the footwall side, with a typical difference of around 0.5 m and 1.0
m within 1 km of the fault trace for return periods of 50,000 and 100,000 years, respectively.
This asymmetry results from the combined effects of the CPDSR and fault displacement
models, which consistently yield higher displacement estimates on the hanging wall.
Additionally, the hazard level exhibits a clear attenuation trend with increasing distance from
the fault, with a more rapid decay observed on the footwall side.
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Figure 3. Fault displacement hazard map for the Willunga Fault, corresponding to a return period of
10,000, 50,000, and 100,000 years. The hazard is mapped within a region extending up to 10 km from
the principal fault trace.

Although this represents an initial fault displacement hazard analysis, several important
insights can be drawn from the results. First, compared to ground shaking hazard, significant
displacement hazard levels require much longer return periods. For instance, according to the
NSHA23 ground motion hazard model, the peak ground acceleration (PGA) for a return period
of 475 years is approximately 0.05 g (which is significant in Australia). In contrast, the
displacement hazard for the same return period is effectively zero. For on-fault displacement
hazard, a return period of approximately 7,000 years is required to reach a hazard level of 0.01
m (based on the NSHA23 fault source model). This highlights a fundamental difference
between ground motion and fault displacement hazard analyses.

Second, similar to ground motion hazard analysis, model selection has a direct impact on
hazard estimates. However, in fault displacement hazard analysis, models for CPSR and
CPDSR—components not included in PSHA—can significantly scale the hazard curves up or
down. Consequently, uncertainties in CPSR and CPDSR may exert a greater influence on
principal fault displacement hazard analysis than the uncertainties associated with FDMs,
which are analogous to ground motion models in PSHA.

4. Summary

This study presents a brief summary of probabilistic fault displacement hazard analysis
(PFDHA), including a comprehensive list of models involved in the framework, such as those
for conditional probability of surface rupture (CPSR), conditional probability of distributed
surface rupture (CPDSR), and fault displacement models (FDMs) applicable to both principal
faults and distributed ruptures. As an illustrative example, a preliminary PFDHA is performed
for the Willunga Fault in South Australia near Adelaide, utilizing up-to-date models like YEA21
for CPSR, MEA24 for principal fault displacement, and VEA25 for CPDSR and distributed
displacement. Key findings from the analysis, which incorporates characteristic MFD model




with Mw 7.3, three slip rates (0.006 mm/yr, 0.018 mm/yr, and 0.09 mm/yr), and comparisons
with the NSHA23 source model, reveal that:

o slip rate significantly influences hazard levels, with the highest rate yielding annual
exceedance rates approximately 15 times greater than the lowest across displacement
thresholds;

e compared to the NSHA23 model, the selected characteristic MFD model contribute
more prominently to hazards at moderate-to-large displacement thresholds (>1.0 m),
while NSHA23 aggregates smaller events for lower thresholds;

e uncertainties in off-fault PFDHA are notably higher than in on-fault analyses due to
compounded aleatory variability from principal and distributed rupture models; and

¢ although analogous to probabilistic seismic hazard analysis (PSHA), PFDHA requires
much longer return periods for significant hazard levels, such as approximately 7,000
years to reach 0.01 m on-fault displacement.

For more rigorous PFDHA applications, detailed investigations of target faults are essential,
including precise slip rate estimations, thorough fault segmentation analysis, and accounting
for mapping uncertainties to enhance accuracy and reliability in seismic hazard management
for Australian infrastructure.
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