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Abstract A modeling analysis is used to investigate the relative susceptibility of various hydrogeologic
configurations to aseismic rupture generation due to deformation of aquifer systems accompanying
groundwater pumping. An advanced numerical model (GEPS3D) is used to simulate rupture generation and
propagation for three typical processes: (i) reactivation of a preexisting fault, (ii) differential compaction due
to variations in thickness of aquifer/aquitard layers constituting the aquifer system, and (iii) tensile
fracturing above a bedrock ridge that forms the base of the aquifer system. A sensitivity analysis is developed
to address the relative importance of various factors, including aquifer depletion, aquifer thickness, the
possible uneven distribution and depth below land surface of the aquifer/aquitard layers susceptible to
aquifer‐system compaction, and the height of bedrock ridges beneath the aquifer system which
contributes to thinning of the aquifer system. The rupture evolution is classified in two occurrences. In one,
the rupture develops at either the top of the aquifer or at land surface and does not propagate. In the
other, the developed rupture propagates from the aquifer top toward the land surface and/or from the land
surface downward. The aquifer depth is the most important factor controlling rupture evolution.
Specifically, the probability of a significant rupture propagation is higher when the aquifer top is near land
surface. The numerical results are processed by a statistical regression analysis to provide a general
methodology for a preliminary evaluation of possible ruptures development in exploited aquifer systems
susceptible to compaction and accompanying land subsidence. A comparison with a few representative case
studies in Arizona, USA, China, and Mexico supports the study outcomes.

1. Introduction

Ground rupture, with fracture opening (Earth fissure; Figure 1a) or small to large vertical offset (faulting;
Figure 1b), is a geomechanical process that may be associated with groundwater pumping from unconsoli-
dated sedimentary aquifer systems. Apart from a few occurrences, for example those in Suzhou‐Wuxi‐
Changzhou area, Yangtze River delta, China (Ye et al., 2018; Zhang et al., 2016), ground ruptures associated
with groundwater pumping generally develop in arid or semiarid basins. The largest densities of ground rup-
tures are located in Arizona, USA (Conway, 2016; Jachens & Holzer, 1979), central Mexico (Carreón‐Freyre,
2010; Carreón‐Freyre et al., 2016; Teatini et al., 2018), northern China (Li et al., 2000; Peng et al., 2016), and
Iran (Ziaie et al., 2009), where the average annual precipitation is 200, 500, 550, and 300 mm, respectively.

Interestingly, the occurrence of ground ruptures caused by groundwater pumping is always associated with
exploited aquifer systems strongly affected by aquifer‐system compaction and accompanying land subsi-
dence, but not all exploited aquifer systems affected by land subsidence experience ground ruptures.
Shanghai in China (Ye et al., 2016), Ravenna in Italy (Teatini et al., 2005), and Jakarta in Indonesia
(Abidin et al., 2011) are only a few sites well known for land subsidence in excess of 1 m where ground rup-
tures have not been reported. Only a few ground ruptures have been recorded in the San Joaquin Valley in
California, despite the occurrence of more than 8.5 m of land subsidence (Galloway & Riley, 1999). The gen-
eration and propagation of ruptures requires the development of failure conditions, that is, tensile and/or
shear stress not supported by shallow alluvial sediments. Stress fields of these kinds have been documented
by a number of modeling analyses aimed at understanding the rupture occurrence at specific sites in Mexico
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(Carreón‐Freyre et al., 2016; Ochoa‐González et al., 2018; Pacheco et al., 2006), China (Ye et al., 2018),
and Nevada (Hernandez‐Marin & Burbey, 2010, 2012) and Arizona (Panda et al., 2015) in the USA.
Recently, Choubin et al. (2019) applied a machine learning approach to investigate the ground rupture
hazard in the semiarid Yazd‐Ardakan plain, central Iran. They found that the main factor driving rupture
occurrence is elevation: in their study area low elevations with low precipitation, high groundwater withdra-
wal, high well density, high road density, and the presence of Quaternary sediments are associated with a
high hazard of ground ruptures.

Important economic, social, and environmental damages are associated with ground ruptures: failure of
borehole casings, pipelines used for oil and gas conveyance, canals used for water conveyance, and structural
damages to surface structures (e.g., roadways, runways, dams and levees, houses, and buildings, including
historical heritage structures such as palaces and churches; e.g., Rucker et al., 2019). Generally, ruptures
caused by groundwater pumping develop aseismically due to the poorly consolidated nature of deposits con-
stituting the susceptible aquifer systems. Seismic events have been associated with aquifer overexploitation
in a few studies (e.g., González et al., 2012; Kundu et al., 2015), but induced seismicity is beyond the scope of
this study. Also ground ruptures associated with mining (e.g., Klose, 2007) and fault reactivation due to
hydrocarbon production (e.g., van Wees et al., 2014) are processes related to those of interest here but are
not addressed in this work.

This contribution is aimed at investigating the hydrogeologic settings and aquifer depletion conditions
that are most prone to the inception and propagation of ground ruptures. Using a numerical model we
analyze the three main hydrogeologic settings favoring rupture generation, qualitatively delineated by
Sheng and Helm (1998) and Sheng et al. (2003): (i) an aquifer system bounded by outcropping rocks;
(ii) differential compaction due to an abrupt variation in thickness of the exploited aquifer system, for
example in correspondence with a pre‐existing fault; and (iii) tensile fracturing above a bedrock ridge
(Figure 2). A parametric analysis is carried out for each setting to identify the geometric configurations
that likely cause rupturing, and to quantify rupture depth in relation to fluid‐pressure depletion in the
pumped aquifer.

Figure 1. Examples of earth ruptures: (a) a fissure disrupting a road in Cochise County, Arizona, USA (photo by Mike
Mahan, Arizona Geological Survey, August 2011); (b) the San Francisco monastery in Celaya, Mexico, cut in two
blocks to preserve the structure by accommodating the sliding of a preexisting fault reactivated by groundwater pumping;
and (c) structural damage to streets and buildings in Xian, China, as of 2014 due to ground faulting (modified after
Gambolati & Teatini, 2015). The rupture is mainly characterized by opening (~0.5 m) in (a), sliding (~1.2 m) in (b), and
both sliding (~0.2 m) and opening (~0.3 m) in (c).
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The analysis of the failure processes with a physically based approach requires advanced numerical
approaches developed in the field of discontinuummechanics. The stable and accurate simulation of the acti-
vation and motion of a discontinuity is still an active area of research. In this work, we use the Lagrange‐
multiplier based numerical formulation developed by Franceschini et al. (2016) and implemented in the
GEPS3D geomechanical simulator (Isotton et al., 2019; Janna et al., 2012). A rupture is simulated as a pair
of inner surfaces included in a three‐dimensional (3‐D) geological formation and Lagrange multipliers are
used to prescribe the contact constraints. The process is controlled by the classical Mohr–Coulomb failure
criterion, and the frictional work dissipated by the relative motion of the pair of inner surfaces is governed
by the Principle of Maximum Plastic Dissipation (Simo &Hughes, 2000; Wriggers, 2005). A similar approach
based on contact interfaces is implemented in advanced, commercial multipurpose/multiphysics simulators,
for example, Plaxis (Plaxis, 2017) and Abaqus (https://www.3ds.com/products‐services/simulia/products/
abaqus/, accessed 22 September 2019). Because of numerical efficiency (Franceschini et al., 2019) and accu-
racy of the approach implemented, as recently tested by Ye et al. (2018) in the simulation of a ground rupture
at Wuxi, China, we have elected to use GEPS3D.

Following a brief description of the modeling approach, the model development and results for the three
simulated test cases are presented in detail. The results of the numerical simulations along with a multivari-
ate analysis of the results are discussed to derive a more general understanding of the principal factors gov-
erning ground rupture. Then, a few sites worldwide that are characterized by ground rupturing and where
hydrogeologic information is available are discussed to contextualize the results of the present study.

Figure 2. Conceptual schematizations of geological settings which represent real‐world settings where ground ruptures
are known to occur: (a) sedimentary and volcanoclastic materials filling faulted basins, (b) aquifer systems with abrupt
thickness changes, and (c) buried bedrock ridge that forms the base of a sedimentary aquifer system.
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2. Modeling Approach
2.1. Mathematical and Numerical Model

A rupture developing in a geological formation can be mathematically idealized as a discontinuity within a
3‐D porous body identified by a pair of friction surfaces in contact with each other. The contact is subject
to a set of conditions, such as friction and impenetrability of solid bodies, so that the overall problem can
be mathematically described as a constrained minimization problem for the total potential energy of the sys-
tem. A continuum approach, typically used for modeling aquifer‐system compaction and land subsidence
(e.g., Hoffman et al., 2003; Leake & Galloway, 2007; Ye, Luo, et al., 2016), cannot be used to simulate
contact problems.

The friction law commonly used to describe the rupture behavior at the macroscale is based on the classical
Mohr–Coulomb framework (Jaeger & Cook, 1979). For a given 3‐D porous domainΩ ⊂R3 with the external
frontier Γ ⊂ R

2, a rupture is described by a well‐defined internal boundary Γf consisting of two overlapping
surfacesΓ−f andΓ

þ
f with unit normal vector nf, conventionally oriented fromΓ−f toΓ

þ
f . The classical Coulomb

frictional condition on the contact surfaces prescribes that, for every instant of time, the following inequality
holds true for the surface Φ(t):

Φ tð Þ ¼ tTk k2− c−tN tanφð Þ≤0 (1)

where tN and tT are the normal and tangential components of the traction vector t acting over Γf, that is,
t = tNnf+tT, and c and φ are the cohesion and friction angle, respectively, used to define the limiting value
τmax= c− tNtanφ for themodulus of tT. Whenever the rupture is compressed, that is, tN< 0, and the inequal-
ity (1) becomes an equality, a slip displacement gT between Γ−f and Γþf is allowed, and the tangential traction
tT has a magnitude τmax and direction collinear with gT, according to the Principle of Maximum Plastic
Dissipation.

The impenetrability of solid bodies is prescribed by the normal contact condition:

tNgN ¼ 0 (2)

under the constraints tN ≤ 0 and gN ≥ 0, where gN is the relative displacement between Γ−f and Γþf along the
direction nf. The jump ⟦u⟧ of the displacement vector across Γf has gN and gT as normal and tangential com-
ponents, respectively:

⟦u⟧ ¼ gNnf þ gT (3)

like the traction t over Γf. In other words, condition (2) with the definition (3) states that a normal positive
displacement is allowed only if the normal traction tN is zero; otherwise, gN is zero.

The application of the friction law (1) and the principle of impenetrability of solid bodies (2) subdivide the
inner boundary Γf into three portions:

1. Γstickf , where Φ < 0 and tN < 0: the discontinuity is fully closed and behaves as a part of the continuum;
2. Γslipf , where Φ = 0 and tN < 0: a slip displacement is freely allowed at a fixed tangential traction τmax;
3. Γopenf , where tN = 0: both opening and slip displacements are freely allowed with zero traction.

The subsets above are such that Γf ¼ Γstickf ∪Γslipf ∪Γopenf with empty intersections. The determination of such

subsets is part of the problem unknowns.

The minimization of the total potential energy of the porous system is carried out by a variational formula-
tion, where the constraints (1) and (2) are prescribed by Lagrangemultipliers. This way, the problem reduces
to a pair of variational equalities that can be solved numerically by finite elements (Kikuchi & Oden, 1988).
In this work, we use the numerical approach developed by Franceschini et al. (2016). Following the weak
mixed continuum formulation of this problem, we want to find the displacementu∈V inΩ and the traction
t∈M over Γf such that for every instant of the simulation:
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∫Ω∇
sv : σ uð ÞdΩ−∫Ωα∇

sv : 1pdΩ−∫Ωv·bdΩ−∫Γv·sdΓþ ∫Γf ⟦v⟧·tdΓ ¼ 0 (4)

∫Γstickf
μ· nf⊗nf
� �

·⟦u⟧þ μ· 1−nf⊗nf
� �

·⟦ _u⟧dΓþ ∫Γslipf
μ· nf⊗nf
� �

·⟦u⟧dΓ ¼ 0 (5)

for all vector functionsv∈Vandμ∈M, withVandMappropriate Sobolev spaces of square integrable func-
tions with square integrable gradients (Hager et al., 2008; Kikuchi & Oden, 1988). In equations (4) and (5),
σ(u) is the effective stress tensor, α the Biot coefficient, 1 the rank‐2 identity tensor, p the pore fluid pressure,
b and s are the volume and surface external forces, respectively, with ∇s denoting the symmetric gradient
operator and⊗ the dyadic product. In practice, equation (4) is the virtual work principle taking into account
the contribution arising on the inner boundary Γf, while equation (5) prescribes in a variational form the set
of constraints (1) and (2) over Γf. The traction t over Γf plays the role of Lagrange multipliers. Notice that the
same mathematical formalism applies for a 2‐D plane strain problem as those investigated in the following.
In this case the domain Ω ⊂ R

2 with the external frontier Γ ⊂ R.

Numerical solution of equations (4) and (5) is obtained in the classical Finite Element framework. The 3‐D
domain is discretized into nonoverlapping tetrahedral or hexahedral elements, with discrete function spaces

Vh and Mh replacing V and M. The main unknowns of the discrete problem are the displacement com-
ponents at every node of the computational grid in Ω and the traction degrees of freedom along the
fault/fracture surface Γf.

A fundamental challenge is the detection of the portions of Γfwhich belong toΓstickf ,Γslipf , andΓopen
f , which can

evolve during the simulation. Indeed, only the portions where the contact is active, that is,Γstickf and partially

Γslipf , contribute to the virtual work of the contact forces in equation (4), changing the form and size of the

discrete problem. Of course, the set of active constraints is not known a priori and must be updated at every
step of the simulation. In this case, an active set strategy is implemented as described algorithmically in
detail by Franceschini et al. (2016). Then, a Newton loop is defined to solve the overall nonlinear problem.
The resulting discrete system of equations has a generalized nonsymmetric saddle‐point structure, which
requires special numerical techniques to ensure convergence in large‐size problems, such as those typically
encountered in hydrogeologic applications of interest in this work. For more details on the solvers suitable
for these applications, the reader is referred to the work by Franceschini et al. (2019).

Following the methodological approach proposed by Ye et al. (2018), the pore pressure is introduced in the
discrete form of equation (4) as a source of strength obtained, for example, through a groundwater flow
model. A one‐way coupled approach is followed, as has been shown to be generally acceptable in hydrogeo-
logic applications (e.g., Gambolati et al., 2000).

2.2. Model Setup

A parametric analysis is carried out in simplified aquifer systems, which represent conceptual schematiza-
tions of real‐world hydrogeologic settings, for example, in Arizona, USA, Mexico, or China, where ground
ruptures accompanying aquifer‐system compaction and land subsidence occur. Particularly, three test cases
are taken into account (Figure 2):

1. Test case A: aquifer system comprising sedimentary and volcanoclastic materials filling a graben (a
depressed block of the Earth's crust bounded by opposing normal faults);

2. Test case B: aquifer systemwith significant heterogeneity in the distribution of compressible material and
abrupt thickness changes, for example, in correspondence to a preexisting fault;

3. Test case C: aquifer system above a relatively shallow basement with the presence of a buried bedrock
ridge.

The aim of this study is to investigate generation and propagation of ground ruptures caused by groundwater
withdrawal from the aquifer systems in the different settings. A number of state variables, such as the
ground rupture size, stress state, or deformation, are parameterized with the hydrostratigraphic variations.

For sake of simplicity, all simulations assume a linear elastic constitutive behavior for the aquifer system and
the bedrock. This facilitates a clearer understanding of the main features of rupture evolution. A plane strain
state condition is assumed in the three test cases. To this aim, a 50‐m thick, 3‐D rectangular slice 2,000‐m‐
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wide (x direction) and 500‐m‐deep (z direction) domain is simulated, with displacements prevented along
the direction orthogonal to x‐z plane. Horizontal displacements are precluded along the lateral boundaries
with a traction‐free top plane and zero displacements on the bottom. A sketch of the tetrahedral discretiza-
tion used in the numerical models is provided in Figure 3. A structured mesh, totaling 31,106 nodes and
150,000 elements, is generated, with the inner boundary Γf, representing a potential ground rupture where
Lagrange multipliers are introduced, highlighted in red. The size of this grid has been selected through a
mesh sensitivity analysis on the variation of the numerical outcome. All test cases use the same grid, with
the different problems simulated by properly changing the elemental properties. Moreover, we employ the
following simplifying assumptions:

1. Groundwater flow is confined. This implies that the “active” portion of the aquifer system, that is, the
units that are depleted because of groundwater withdrawal, is bounded on the top and bottom by “inac-
tive” layers, that is, the part of the sedimentary sequence where it is assumed that the fluid pressure does
not change, for example, a shallow phreatic aquifer or a deeper confined aquifer hydraulically discon-
nected from the pumped part of the aquifer system;

2. The fluid pressure does not change within the rupture. This is the most conservative condition, that is,
the condition most favorable to the continuation of rupture opening/sliding;

3. Density gradient with depth for the solid matrix is 1,200 kg/m2/m, with the minimum (maximum absolute
value) σ1 and maximum (minimum absolute value) σ3 principal stress coinciding with the vertical σv and
horizontal σh stress, respectively. Because of the shallow depth of the sedimentary sequences usually
affected by ruptures associated with groundwater pumping, a normal stress regime is assumed. Therefore,
the stress field is initialized based on the density gradient (σv) and using a minimum‐to‐maximum stress
ratio σh/σv equal to the confinement factor k ¼ ν

1−ν (Zoback, 2007), where ν is Poisson's ratio;
4. Pore‐fluid pressure variation in the active part of the aquifer system is uniform and varies linearly from 0

to−10 bar during a 10‐year simulation. The active aquifer system comprises the pumped aquifers and the
intervening aquitards (interbeds) where a fraction of the pressure depletion can propagate, although with
a certain delay, over the 10‐year simulation period. No fluid pressure change develops in the
adjacent/underlying bedrock and in the inactive portion of the aquifer system;

5. Cohesion c and the friction angle φ for the rupture plane are set to 0.1 bar and 30°, respectively. The ver-
tical uniaxial compressibility cM and ν of the differentmaterials, that is, rock basement, active and inactive
portions of the aquifer system, are summarized for the three test cases in Table 1. These are typical values
for aquifer systems exploited worldwide to supply freshwater (e.g., Conway, 2016; Ochoa‐González et al.,
2018; Ye et al., 2018).

For each test case, the analysis proceeds as follows. First, a continuum stress/strain analysis is performed to
identify the surfaces where the rupture is more likely to develop. Then, Lagrange multipliers are introduced
along those surfaces and the numerical results describing the evolution of the ground rupture are obtained
for the different parameter configurations. Finally, a multivariate regression analysis is carried out to
develop a statistical model able to predict the expected occurrences for a wider range of parameter values.

3. Numerical Results
3.1. Test Case A
3.1.1. Model Outcome
This test case conceptualizes the hydrogeologic configuration shown in Figure 2a. The problem domain is
schematically described in Figure 4. An outcropping rock structure bounds a sedimentary and volcanoclastic
depositional sequence, with an active aquifer system bounded by inactive layers on its top and bottom. This
configuration conceptualizes the geological setting where ground ruptures occur in Casa Grande, Arizona,
USA (Jachens & Holzer, 1982).

First, the continuum stress‐strain analysis is carried out. Dimensionless displacement u* and effective stress
σ* components are considered:

u*i ¼
ui
s
; σ*ij ¼

σij
Δp

; i; j ¼ x; y; z (7)

where s = cM · h · Δp is the compaction of the active aquifer, with Δp the pore‐fluid pressure change, h the
active aquifer thickness, and cM the uniaxial vertical compressibility. The pore pressure decrease due to
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groundwater extraction causes both a vertical and a lateral deformation of the aquifer system, while the
adjacent bedrock, which is much stiffer than the sedimentary sequence, remains practically unaffected.
The stiffness contrast induces strain/stress peaks at the boundary between the bedrock and the
compacting aquifer system. As an example, this occurrence is shown in Figure 5a for the dimensionless
shear stress σ*yz with h = 60 m and an aquifer depth d = 250 m. Aquifer‐system compaction occurs in the
active aquifer system (rightmost portion of the domain, Figure 5b), while the adjacent bedrock (leftmost
part of the domain) is largely unaffected. This differential compaction can induce a potential sliding of the
sedimentary deposits with respect to the bedrock, with the boundary between the aquifer system and
bedrock becoming a possible surface of rupture. Thus, the inner boundary Γf is inserted along this vertical
plane, which is discretized by 500 triangular elements.

The effect of the hydrogeologic setting on the possibility of rupture development is tested by varying the aqui-
fer depth d and thickness h (Figure 4) in the ranges from 50 to 300 m and from 60 to 360 m, respectively,
which are common intervals of exploited aquifer systems. The outcome of the numerical simulations pro-

vides evidence that two zones of Γf are more likely to be activated by sliding, that is, to become part of Γslipf .

One, as expected from the continuum stress‐strain analysis, is close to the aquifer top and bottom, where
the peaks of tangential stress are experienced, while the other is located at the ground surface. In the latter
case, because the initial vertical stress σv0 and the corresponding horizontal component σh0 are very small
owing to the small depth and overburden load, small stress variation can likely induce a shear failure and dif-
ferential displacements. Horizontal contraction of the aquifer system due to fluid pressure depletion, and the

consequent decrease of the stress normal to the discontinuity plane, may also cause opening. Generally,Γopenf

is smaller than Γslipf .

The rupture along Γf can evolve in two different ways. Figure 6, showing the evolution of Γslipf and Γopen
f

together with the dimensionless slip g*T and opening g*N :

g*T ¼ gTk k2
s

; g*N ¼ gN
s

(8)

describe what can typically happen with a thin and/or deep aquifer, that
is, small h and/or large d. In this case, the crack is confined at the aquifer
depth and the rupture does not propagate toward the ground surface
(Figure 6a). Moreover, for this case Γf does not evolve from Γslipf to Γopen

f

(Figure 6c). We denote this behavior as “condition (1).” By distinction,
with thick and/or shallow aquifer systems, that is, large h and/or small
d, the rupture can develop from the ground surface and propagate down-
ward, joining the deep crack at the aquifer depth (Figure 6b). In this case,
the upper part of Γf can evolve from Γslipf to Γopen

f , allowing for a potential
opening at the ground surface (Figure 6d). This second behavior is
denoted as “condition (2).”

Figure 3. (a) Horizontal and (b) vertical view of 3‐D grid used in the modeling study. The red line represents the trace of
the ground rupture where Lagrange multipliers are introduced.

Table 1
Uniaxial Vertical Compressibility cM and Poisson Ratio ν for the
Various Lithological Units Termed “Rock,” “Active Aquifer,” and
“Inactive Aquifer” Where “Active” and “Inactive” Represent the Portion of
the Aquifer System Where the Pressure Change Due to
Groundwater Withdrawal Occurs or Remains Unchanged, Respectively

Material cM (bar−1) ν

Rock 0.5 × 10−5 0.25
Active aquifer system 0.5 × 10−2 0.25
Inactive aquifer system 0.5 × 10−1 0.25
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3.1.2. Multivariate Analysis
To characterize the behavior detected in test case A quantitatively as a function of h and d, a multivariate
statistical analysis was performed. The state variable we considered as the model response for this test case

is the “relative activation depth” dr,act, which is defined as the vertical size of Γslip
f measured from the land

surface dact (Figure 6b), relative to depth of the aquifer top (d1 = d − h/2 > 0):

dr;act ¼ dact
d1

(9)

Combinations of values for the pair (h,d) were considered, with h ∈ [50; 300] and d ∈ [60; 360] uniformly
sampled by a regular step of 50 m. The combinations without a physical meaning, for example, those with
d ≤ h/2, were omitted, so that the overall data set composes 36 configurations. The outcome of 10 loading
steps with a uniform pore pressure change Δp in the active aquifer system was evaluated, totaling n = 360
observations. For the sake of clarity, a single lumped geometrical parameter was introduced to denote each
configuration. In this case, we used the ratio:

ηr ¼
d1
d2

(10)

of the depth of the aquifer top d1 = d − h/2 and bottom d2 = d+h/2.

The relation between dr,act and the pair (ηr,Δp) was investigated using a multivariate regression, which
builds a 3‐D surface using a least squares approach. The accuracy of the model fit was evaluated through
the root‐mean‐square error (RMSE) and R‐squared (R2). Tables 2 and 3 provide the values of RMSE and
R2, and the coefficients of the 3‐D approximating surfaces shown in Figure 7, respectively.

Figure 4. Test case A: Conceptual geologic setting. The aquifer system is bounded by a rocky outcrop. The active portion
of the aquifer identifies the compacting layers, that is, the geologic unit where pore pressure changes because of
groundwater pumping, and the inactive aquifer part of the sedimentary sequence where the pore pressure change does not
propagate.

Figure 5. Test case A: (a) shear stress σ*yz and (b) vertical displacement u*z provided by the continuum stress‐strain analysis with h=60 m and d = 250 m. A vector
map showing the displacement field is provided in (b).
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By inspection of Figure 7, we can highlight the following results:

1. The regression surface is discontinuous approximately along the straight line ηr = 0.25 in the plane
(ηr,Δp), where the transition between condition (1) (the rupture does not propagate to the ground sur-
face) and condition (2) (the rupture develops from the ground surface and propagates to join the deep
fracture) occurs;

2. The condition (2) occurs for ηr< 0.25, that is, when the aquifer depth is smaller than 5 to 6 times the aqui-
fer thickness, and dr,act evolves as a quadratic function of ηr and a linear function of Δp;

3. For ηr > 0.25, the rupture is confined and does not propagate to the ground surface.

3.2. Test Case B
3.2.1. Model Outcome
Test case B investigates the effects of the variation in thickness of the compacting aquifer system by concep-
tualizing the schematic configuration of Figure 2b as shown in Figure 8. The active portion of the aquifer has
an abrupt increase in thickness from h to h1. The analysis is carried out by keeping h = 60 m, and varying h1

Figure 6. Test case A: (a and b) dimensionless slipg*T (dotted black line), slidingΓ
slip
f , and closeΓstickf areas (red and blue zones) for the 3rd, 5th, and 10th loading steps

(denoted as t3, t5, and t10 in the figure) obtained for (a) h = 60 m, d = 250 m and (b) h = 240 m, d = 250 m. (c and d) Similar plots are shown for the dimensionless
opening g*N , opening Γ

open
f , and close Γstickf areas for the same loading steps and aquifer settings.

Table 2
Statistical Measures of the Model Fit for the Three Test Cases Addressed
by the Study

RMSE R2

Test case Condition (1) Condition (2) Condition (1) Condition (2)

A 0.09 0.14 0.73 0.96
B 0.05 0.15 0.62 0.99
C 0.00 0.16 1.00 0.93
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from h to 6h. The average depth of the aquifer is fixed at 250 m. As
expected, the continuum stress‐strain analysis shows that stress peaks
are concentrated around the discontinuity (Figure 9). Hence, the potential
rupture surface Γf is a vertical plane introduced where the change in aqui-
fer thickness occurs. This configuration conceptualizes the geological set-
ting where ground ruptures occur in Queretaro, Mexico (Carreón‐Freyre
et al., 2016).

The generation of a ground rupture is investigated as a function of the
ratio:

hr ¼ h1
h

(11)

varying hr in the range between 1 and 6. With this configuration, motion
along Γf can occur. Moreover, the amount of sliding induced by the aquifer depletion (reduction in pore pres-
sure) is smaller than that obtained in test case A. This is expected, because test case A can be interpreted as
the limit of test case B for the ratio h1/h approaching infinity.

As in test case A, two basic mechanisms, denoted as condition (1) and condition (2), can be recognized in test
case B depending on hr. When hr → 1, the rupture, if present, remains confined at the aquifer depth. This is
shown in Figure 10a for hr = 2 and gives rise to the configuration denoted as condition (1). By distinction,
with larger hr values, the rupture can develop from the ground surface and propagate downward, joining
the rupture localized around the interfaces of the active and inactive portions of the aquifer system
(Figure 10b). Similarly to test case A, this occurrence is denoted as condition (2). Figures 10c and 10d show
that opening extends in depth significantly less than sliding.
3.2.2. Multivariate Analysis
A multivariate analysis was done to define a model describing the behavior of the relative activation depth
dr,act (equation (9) where d1 corresponds to the top depth of the thicker aquifer) as a function of (hr,Δp). The
value of dr,actwas sampled by varying hr from 1 to 6, with a unit increment, and considering 10 loading steps
with a uniform Δp, for a total number of n = 60 evaluations of the state variable. The resulting regression is
shown in Figure 11. In this test case, the data set is well represented by a pair of planar surfaces, with a dis-
continuous behavior along the straight line:

hr ¼ −0:023Δpþ 3:56 (12)

in the (hr,Δp) plane. Generally, Δp has a minor impact on the inception of rupture, which occurs at hr ≅ 3.5.
The values of RMSE and R2 provided in Table 2 show a satisfactory match between the regression model and
the observations. Table 3 provides the coefficients of the approximating planes shown in Figure 11.

Inspection of Figure 11 suggests the following:

Table 3
Coefficients of the Models dr,act = a+bx+cy+dxy+ex2 Obtained by Fitting
the Numerical Results With a Multivariate Analysis

Coefficients

Test case Condition a b c d e

A 1 0.180 −0.401 0.019 ‐ ‐

2 4.785 −41.39 1.116 −4.085 112.52
B 1 −0.951 0.247 0.067 ‐ ‐

2 −1.923 0.506 0.145 ‐ ‐

C 1 0.0 0.0 0.0 ‐ ‐

2 −0.344 0.115 0.026 ‐ ‐

Note. The variable x corresponds to ηr (test case A), hr (test case B), Hr
(test case C), and y to Δp (in bar).

Figure 7. Test case A: (a) 3‐D regression surface dr,act = dr,act(ηr, Δp) obtained by the multivariate analysis. The condition corresponding to rupture 1 in Casa
Grande (CG1), see section 4, is provided. (b) Behavior of the 3‐D surface for a few Δp values.

10.1029/2019WR025034Water Resources Research

FRIGO ET AL. 10



1. As in test case A, the discontinuity along hr ≅ 3.5 is due to the transition between condition (1) and con-
dition (2);

2. For hr < 3.5 the rupture does not develop irrespective of the pore pressure decline Δp;
3. By distinction, for hr > 3.5 the relative activated area dr,act generally tends to increase with a linear trend

with both hr and Δp;
4. Relative activation depths dr,act are smaller than those computed for test case A.

3.3. Test Case C
3.3.1. Model Outcome
In test case C, the geological setting is characterized by the presence of a bedrock ridge covered by alluvial
deposits. We denote by Ht the total thickness of the simulated domain, h the thickness of the active portion
of the aquifer, andHb the height of bedrock ridge, as depicted in Figure 12. This configuration conceptualizes
the geological setting where ground ruptures occur in Wuxi, Yangtze deltaic plain, China (Ye et al., 2018).

Aquifer‐system compaction is responsible for the land subsidence, which is uniformly distributed except in
the central portion of the domain (Figure 13a). The continuum stress/strain analysis clearly reveals the
mechanism that can give rise to ruptures. The stiff ridge surrounded by compressing deposits causes hori-
zontal tractions in the alluvial deposits just above the ridge (Figure 13b). At the ground surface, the tensile
stress can be approximatively 20% of the pore pressure depletion in the active aquifer system. Figure 13c
shows that sediment dilatation (red areas) develops in a zone around the apex of the bedrock ridge, and
extends to land surface. Conversely, sediment contraction (blue areas) occurs along the base of the ridge near
the bottom of the active aquifer system and near land surface at the sides of the large central stretching zone.
Generally, because the tensile strength of soils is negligible, the potential for a ground rupture to form above
the ridge is high. Consequently, the inner discontinuity surface Γf is introduced as a plane along the central

Figure 8. Test case B: Conceptual model of the geological setting. The active and inactive aquifers identify the compacting
layer, that is, the geologic unit where pore pressure changes because of groundwater pumping and inactive aquifer where
the pore pressure change does not propagate, respectively.

Figure 9. Test case B: (a) shear stress σ*yz and (b) vertical displacementu*z provided by the continuum stress‐strain analysis
with h=60 m and h1 = 180 m. A vector map showing the displacement field is provided in (b).
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vertical section, from the ridge tip to the land surface. Notice that, because of the problem symmetry, the dis-
continuity or rupture in this case is subject to opening but not sliding motion.

The parametric analysis was done by varying the aquifer thickness h, the ridge heightHb, and the pore pres-
sure declineΔp. In particular, the analysis proceeded in two stages. In the first stage, hwas specified at 350m
and Hb was varied. Values of the ratio Hb/Ht were varied in the interval [0.25; 0.75], with Ht = 500 m. The
results are provided in Figures 14a and 14b. ForHb/Ht < 0.50, the rupture remains confined at depth, in cor-
respondence to the aquifer top (condition (1)). For Hb/Ht greater than or equal to about 0.50, the rupture

Figure 10. Test case B: (a and b) dimensionless slip g*T (dotted black line), sliding Γslipf , and close Γstickf areas (red and blue
zones) for the 3rd, 5th, and 10th loading steps (denoted as t3, t5, and t10 in the figure) obtained for (a) hr = 2 and (b)
hr= 4. (c and d) Similar plots are shown for the dimensionless opening g*N, openingΓ

open
f , and closeΓstickf areas for the same

loading steps and aquifer settings.

Figure 11. Test case B: (a) 3‐D regression surface dr,act = dr,act(hr, Δp) obtained by the multivariate analysis. The condition corresponding to ruptures in Queretaro
(Q1), see section 4, is provided. (b) Behavior of the 3‐D surface for a few Δp values.
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develops from the ground surface as well. ForHb/Ht= 0.75, the rupture depth is about 30–40m and themax-
imum dimensionless opening is approximately 10 times larger than in the case for Hb/Ht = 0.25. Although

Γslipf and Γopenf coincide, null g*T characterizes the rupture due to symmetry (Figures 14a and 14b). In the sec-

ond stage, Hb/Ht is fixed at 0.75 and h varies between 0 and 400 m. The rupture never propagates at depth to
reach the bedrock ridge.
3.3.2. Multivariate analysis
A multivariate analysis was performed to relate the relative activation depth dr,act and the pair of indepen-
dent variables (Hr,Δp). Hr is the ratio between thickness of the aquifer and the depth of the rock ridge tip:

Hr ¼ h
Ht−Hb

(13)

For consistency with equation (13), the definition of dr,act was modified slightly with respect to equation (9)
as follows:

Figure 12. Test case C: Conceptual model of the geological setting. The active and inactive aquifers identify the compact-
ing layer, that is, the geologic unit where pore pressure changes because of groundwater pumping and inactive aquifer
where the pore pressure change does not propagate.

Figure 13. Test case C: (a) vertical displacementu*z, (b) normal stressσ*xx, and (c) horizontal strain ϵxx provided by the con-
tinuum stress‐strain analysis with h = 375 m, that is, h/Ht= 0.75, andH= 350 m. A vector map showing the displacement
field is provided in (a).
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dr;act ¼ dact
Ht−Hb

(14)

The regression surface is given in Figure 15. In this case, the model outcomes are well matched by a pair of
planes with a discontinuous behavior along the straight line defined by

Hr ¼ −0:176Δpþ 2:61 (15)

in the plane (Hr,Δp). The satisfactory fit of the regression model is confirmed by the RMSE and R2 values
provided in Table 2. The coefficients of the 3‐D approximating surfaces are given in Table 3.

Inspection of Figure 15 suggests the following:

1. Opening prevails over sliding; however, this is due to the symmetry of the geometric configuration. In
nature, both opening and sliding are expected to occur;

2. Depth of the bedrock ridge and, secondarily, the thickness of the active portion of the aquifer system are
the key parameters for rupture inception. Rupture at the ground surface is more prone to occur as the
ridge tip becomes shallower, corresponding to Hb/Ht > 0.50 for the present configuration. Rupture pro-
pagation at depth tends to increase linearly with the thickness of the compacting deposits;

3. Pore pressure change plays a more important role than in the other test cases, because it controls the dif-
ferential subsidence between the area above the ridge tip and the sides. The inception of ground rupture
occurs for lower values of h/(Ht − Hb), that is, thinner active aquifer system or deeper ridge tip, as Δp
increases.

4. Discussion

Ground ruptures accompanying aquifer‐system compaction and land subsidence is an induced process that
is occurring more frequently worldwide. Initially recognized in the early 1950s in Arizona (Feth, 1951),
ground ruptures have been reported since the 1970s in other states in the southwest United States (e.g.,
Holzer et al., 1979; Jachens & Holzer, 1979), since the early 1990s in Queretaro, Mexico (e.g., Trejo‐
Moedano & Martinez‐Baini, 1991), and China (e.g., Lee et al., 1996), and since the start of the new millen-
nium in Saudi Arabia, Iran, and other arid and semiarid zones in various countries of Asia and Africa.
The relevant scientific publications mainly focus on the distribution of the ruptures at the land surface,
and unfortunately, little information about the geological setting and evolution of groundwater‐level
declines and groundwater depletion is available in most of the cases.

To test the reliability of hypothetical modeling outcomes developed in this study, we compare the results
described above with three well‐documented cases of subsiding areas where subsidence was attributed to
aquifer‐system compaction and where ground ruptures were reported. These cases pertain to Casa Grande
in the Picacho Basin, Arizona, USA, Queretaro, Mexico, and Wuxi, China (Figure 16).

Figure 14. Test case C: (a) dimensionless slip g*T (dotted black line), sliding Γslipf , and close Γstickf areas (red and blue zones)
for Hb/Ht = 0.25,0.50,and 0.75. Similar plots are shown in (b) for the dimensionless opening g*N , opening Γ

open
f , and close

Γstickf areas for the same aquifer settings.
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In Casa Grande, Arizona Jachens and Holzer (1982) carried out precise gravity and magnetic surveys across
ground failure zones showing that ruptures in the alluvial deposits developed in correspondence with local
high elevation of the buried bedrock surface where the buried bedrock surface exhibited relatively large
convex‐upward changes in slope. Figure 16a (top) shows a map of superimposed rupture traces in the early
1970s and bedrock depth, and the elevation profile of the top of the buried bedrock along a section crossing
three main ruptures (bottom). Test case A (i.e., outcropping bedrock laterally bounding the aquifer system)
can be associated with the hydrogeologic conditions of rupture 1 and test case C (i.e., a buried bedrock ridge
intruding on the aquifer system) can be associated with the hydrogeologic conditions of ruptures 2 and 3.
Because of the lack of more specific hydrogeologic information, we can grossly assume that the top and bot-
tom of the active aquifer system are represented by the water table and the bedrock, respectively. Therefore,
rupture 1, with d1/d2 ≅ 10/200 ≅ 0.05, that is, ηr< 0.25, satisfies the condition (2) (i.e., rupture development
and propagation) requirements (see Figure 7). In relation to ruptures 2 and 3, the estimated values of the key
parameters are h≅ 240m,Ht≅260m,Hb≅ 170m, andHr≅ 2.7. If Δp≅ 4 bar, the site can be characterized by a
condition (2) behavior favorable to ruptures (Figure 15). Interestingly, the map in Figure 16a shows that the
extents of the surface traces of ruptures 2 and 3 correspond to bedrock depths less than about 140–150m, that
is, Hb ≅120 m and Hr ≅ 1.7. Consistent with this observation, the parameter pair (Hr,Δp) = (1.7, 4.0) is near
the threshold between condition (1) (i.e., no rupture) and condition (2) in Figure 15. Though, no record of the
rupture depth dact is available, it can be estimated from themultivariate analysis. The use of Table 3 (test case
C, condition 2) with the parameter pair (2.7, 4.0) provides dr,act = 0.07, that is, dact on the order of 5–6 m
(equation (14)). Photos of the area taken in the 1960s show ruptures characterized by a depth with metric
order of magnitude (Robinson & Peterson, 1962).

Queretaro is a city located in the central Trans‐Mexican Volcanic Belt on a continental basin filled with
lacustrine and alluvial sediments, pyroclastic deposits, and interbedded fractured basalts (Ochoa‐
González et al., 2018). Due to the presence of north‐south trending normal faults, the depths and thick-
nesses of the filling compressible materials vary many tens of meters in short distances (Figure 16b, bot-
tom). Groundwater pumping caused a piezometric lowering of about 70 m over the last 50 years, with
significant land subsidence (as much as 2.5 m) and the development of ground ruptures in locations
corresponding to the locations of buried faults (Figure 16b; Carreón‐Freyre et al., 2016). The hydrogeo-
logic setting is analogous to that of test case B (i.e., an abrupt change of aquifer geometry). The com-
pressible deposits are represented by the Tp Ar‐Cg and Tom Py‐Lac stratigraphic units (Figure 16b).
In correspondence with the change in aquifer geometry imposed by the Central Fault system
(Figure 16b, bottom), their cumulative thicknesses are h ≅ 80 m and h1 ≅ 10 m, with hr ≅ 2.6.
Using Δp ≅ 7 bar, the parameter pair (hr,Δp) characterizes a condition (1) state (i.e., a limited propaga-
tion of the rupture; Figure 11), with dr,act = 0.16 (Table 3). Therefore, equation (9) provides dact ≅ 1.5 m
using a specified 10‐m depth for the top of Tp Ar‐Cg. Measurements of rupture depth and rupture slid-
ing are unavailable, but an estimate of 1–2 m of rupture sliding can be derived from the photos pub-
lished in the literature (e.g., Carreón‐Freyre et al., 2016; Ochoa‐González et al., 2018).

Figure 15. Test case C: (a) 3‐D regression surface dr,act = dr,act(Hr, Δp) obtained by the multivariate analysis. The conditions corresponding to ruptures 2 and 3 in
Casa Grande (CG2, CG3) and the rupture in Wuxi (W1), see section 4, are provided. In Casa Grande, ruptures 2 and 3 propagate until the condition represented by
the red‐empty dot is realized. (b) Behavior of the 3‐D surface for a few Δp values.
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The last case study is Wuxi, Jiangsu Province, China. Excessive exploitation of groundwater in Wuxi started
in the 1970s, and resulted in as much as 2.5 m of land subsidence between 1970 and 2013. The first ground
rupture in the Wuxi area was reported in 1989 and more than 20 ruptures had developed by 2000 when the
local government stopped groundwater pumping (Ye et al., 2016). The maximum piezometric decline of 60
m occurred in the second confined aquifer (aquifer‐2, Figure 16c) between 1999 and 2005. The fissures are
grouped with a banded distribution, whose orientation is aligned with the bedrock ridges buried by the
Yangtze alluvial deposits and partially outcropping in the sedimentary plain (Figure 16c). Specific monitor-
ing surveys and a modeling study have been recently carried out for one of the ruptures (Ye et al., 2018). The
hydrogeologic setting inWuxi conforms to the setting posed in test case C, although the multilayered aquifer
system is more complex than that represented in Figure 12, with four confined aquifers and four intervening
aquitards. The following values can be used to compare the Wuxi case study with the outcome of the multi-
variate model shown in Figure 15: h≅ 130 m,Hb ≅ 110 m, andHt≅ 170 m, resulting inHr ≅ 2.2, with Δp ≅ 6
bar. The parameter pair (hr,Δp) corresponds to condition (2) (Figure 15), that is, rupture development, con-
sistent with the occurrence in Wuxi. Using the parameters provided in Table 3, dr,act ≅ 0.07 and, conse-
quently, dact ≅4.5 m. This value is smaller than the 10–15‐m estimate of the rupture depth (determined in
situ by inserting a steel‐rod into the rupture) and the 20–30‐m value estimated from numerical modeling
results (Ye et al., 2018). However, accounting for the simplifications introduced in this analysis, the differ-
ences are reasonable.

A number of simplifications have been introduced in the present investigation. The hydrogeologic settings
are idealized and quite simple, the effects of changes in the saturated thickness of shallow (phreatic) aquifers
are not addressed, and possible spatial gradients in the pore pressure changes are not considered. From the
mechanical point of view, simple linear rock properties are used and weakening of rupture surfaces is not
accounted for. These simplifications can be mitigated when a modeling analysis is developed for a specific
case study. The geomechanical simulator used in this study, GEPS3D (Geomechanical Elasto‐Plastic
Simulator; e.g., Janna et al., 2012; Franceschini et al., 2016; Ye et al., 2018), can simulate complex hydrogeo-
logic systems with nonlinear elasto‐visco‐plastic sediment rheology and failure parameters that change once
the rupture has been initiated. Nevertheless, the above comparisons suggest that the principal features gov-
erning rupture generation in basins undergoing aquifer‐system compaction and the accompanying land sub-
sidence have been adequately addressed.

Figure 16. Case studies of ground ruptures caused by groundwater pumping: (a) Casa Grande, Arizona, USA (modified after Jachens and Holzer (1982)); (b)
Querétaro, Mexico (modified after Ochoa‐González et al. (2018)); and (c) Wuxi, China (modified after Ye et al. (2018)). A map with the main topographic fea-
tures and the rupture trace (above) and a representation of the main geological features (below) are provided for each site. The rupture locations are shown by red
alignments in themaps and red arrows in the geologic conceptual models. Definitions of stratigraphic symbols shown in (b): Q Clay: Quaternary lacustrine, surficial
clays and low‐permeable relatively thin deposits; Tp Ar‐Cg: Sediments and volcanic rocks representing the main porous unit; Tmt AB: Volcanic sequence com-
prising andesites, basalts and lava flows representing a highly fractured unit; Tom Py‐Lac: pyroclasticand lacustrine deposits forming the second main porous unit;
Tmm AB: older andesitic and basaltic fractured unit; To AB: Andesitic and basaltic less fractured unit; Base: Hydrogeological basement comprising low perme-
ability, rigid rocks.
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Possible mechanisms of rupture generation have been qualitatively delineated since the 1990s (Sheng et al.,
2003; Sheng &Helm, 1998), and theoretically analyzed via simple analytical models (Budhu & Shelke, 2008).
In this contribution we quantitatively investigate for the first time how the aquifer‐system geometry and
groundwater‐level decline influence rupture development. As observed in previous works, hydrogeologic
discontinuities play a key role. However, abrupt changes in soil compressibility and, secondarily, hydraulic
conductivity are not sufficient to cause rupture development. The principal driving mechanisms are related
to changes in the stress and strain fields caused by pore pressure depletion. The larger and closer to land sur-
face the hydrogeologic discontinuity is, the smaller the pressure change required to initiate ground rupturing
is. A set of parametric equations has been provided to distinguish whether a particular hydrogeologic setting
is prone to ground ruptures and to quantify maximum depths of rupture propagation.

5. Summary and Conclusions

The research presented here used numerical modeling to simulate three idealized, conceptual hydrogeologic
settings that are likely to produce the inception and growth of ground ruptures due to groundwater withdra-
wal. The original numerical formulation developed by Franceschini et al. (2016, 2019) was used to carry out
a parametric study addressing each of three main mechanisms of aseismic rupture inception and propaga-
tion implemented in test cases A, B, and C, respectively: (i) test case A—an aquifer system comprising sedi-
mentary and volcanoclastic materials filling a graben, (ii) test case B—differential compaction due to the
variation in thickness of the aquifer system, and (iii) test case C—presence of a bedrock ridge underlying
and intruding upon an aquifer system.

The simulation results were processed with the aid of a multivariate regression analysis, in order to evaluate
the relationships between rupture occurrence, the dimensionless geometric parameters characterizing the
conceptual hydrogeologic models and the pore pressure change in the aquifer system. Based on the model-
ing analysis, the following summarizes the results and conclusions derived for the three test cases:

1. Test case A: A ground rupture is more likely to develop for thick and/or shallow aquifer systems. For the
conceptual hydrogeologic configuration analyzed in this test case, the inception of a ground rupture is
practically independent of Δp and occurs when the depth of the aquifer top is less than 0.25 times the
depth of the aquifer bottom. Once initiated, the extent of rupture propagation is governed by the pore
pressure change Δp and increases with Δp;

2. Test case B: A ground rupture tends to develop for abrupt changes in aquifer thickness. In the prescribed
conceptual hydrogeologic configuration, the rupture can be initiated even for small Δp where the ratio
between the thicknesses of adjacent aquifers hr is about 3.5. Once initiated, the extent of the rupture pro-
pagation varies almost linearly with both hr and Δp;

3. Test case C: A tensile stress regime develops around the bedrock ridge owing to differential compaction of
the aquifer system. The rupture propagates downward from the land surface when the bedrock ridge is
sufficiently close to the land surface and the pressure decline in the aquifer is sufficiently large. In the
conceptual scheme analyzed herein, both geometric parameters and pressure variation play a similar
role. A ground rupture is likely to develop if the ratio between the depth of the active aquifer top and
the bedrock ridge Hr is approximately greater than 2.6 − 0.18Δp, with Δp in units of bar. After inception,
the rupture extent evolves linearly with both Hr and Δp.

The role of Δp in driving the generation of ground ruptures increases progressively from themechanism ana-
lyzed in test case A to the mechanism of test case C. The value of Δp also plays a major role in the magnitude
of opening and/or sliding of the rupture.

Comparisons between the observations available for three documented field cases (USA,Mexico, China) and
the modeling outcomes presented here support the validity of the analysis developed in this work.
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