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Key Points: 

 Discrete element models are utilized to assess the stability of Merapi’s flanks 

 The inelastic deformation of Merapi’s NW flank during the 2020 eruption was caused by magma 
pressurization and reached a stable state 

 Our study suggests that a 500 m deep portion of Merapi’s flank was mobilized during the crisis 

 

Abstract 
The northwestern flank of Merapi volcano (Java, Indonesia) moved from July 2020 to January 
2021. The cliff collapses at the summit, the size of the affected area (about 500 m in elevation 
and 1 km wide) and a flank displacement of about 14 m, never observed before, led to fears of a 
flank collapse. Field observations suggested a correlation between this flank movement and the 
opening of a NE-SW fracture crossing the entire summit, filled with magma. In the present study, 
we developed numerical models based on the discrete element method to investigate the role 
of the NE-SW fracture pressurization on the deformation of Merapi. Even though simplified, 
considering the complexity of the processes at stake, our approach manages to reproduce the 
observed deformations both in terms of kinetics and kinematics. Specifically, the model 
reproduces the inelastic deformation of the northwestern flank to a depth of about 500 m below 
the summit. Under the pressure of the magma, the northwestern flank tilted slightly, causing its 
sliding with displacement magnitudes increasing with elevation. As observed on-site, the sliding 
eventually stopped so that the flank reached a new stable state, demonstrating how topographic 
readjustments of a volcano, driven by magma pressure, can produce significant plastic 
deformation without leading to a major flank collapse. 
 

Plain Language Summary 
Between July 2020 and January 2021, the northwestern flank of Merapi volcano in Java, 
Indonesia, experienced unusual movements. A large fracture, running from northeast to 
southwest across the summit and filled with magma, appeared to be linked to this movement. 
Using computer simulations, we tested how the pressurization of this fracture could have caused 
the observed deformation. Our results reproduce the pattern of the flank movement recorded 
on-site. The simulations indicate that magma pressure caused the northwestern flank to tilt 
slightly and slide outward. This sliding affected the flank to a depth of about 500 meters but 
eventually stopped without leading to a catastrophic collapse. These findings suggest that 
volcano flanks can undergo relatively large and permanent deformations as a result of magma 
pressure without necessarily failing, which is crucial for understanding volcanic hazards and 
improving monitoring strategies. 
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1. Introduction 
 
Merapi volcano (Java, Indonesia) is known for its activity of dome growth, gravitational 

dome collapse, and for the associated pyroclastic currents (Gertisser et al., 2023). However, 
recent observations showed that its activity is far more complex than previously known, with 
multimetric deformations, sliding, and collapses affecting both the summit and its flanks (Global 
Volcanism Program, 2021; Grémion, 2024). 

 
After the emplacement of the 2018-2019 lava dome (Kelfoun et al., 2021), a series of 

explosions opened a NE-SW fracture at the summit of Merapi. Satellite images (Bemelmans, 
2025) show that the fracture length progressively increased and, subsequently, by July 2020, a 
large sector of the northwestern flank of the volcano began to move (Figure 1). At the summit, 
this movement led to major collapses affecting the crater walls, reaching 50 to 100 m in height 
and comprising several tens of millions of cubic meters of material (Figure 1c). Electronic distance 
measurements (EDM) on the northwestern flank (reflector RB1), made by the Merapi’s 
Observatory (Global Volcanism Program, 2021), indicated a northwestward displacement of 
about 10 m over a period of 7 months, with a maximum rate of 17.5 cm/day (Figure 1b). These 
displacement magnitudes have since been confirmed by our stereoscopic calculations (VELI-
BPPTKG data, up to 18 m at the summit) and by satellite imagery (Grémion, 2024) which also 
show that the displaced zone was 1 km wide (Figure 1a). In January 2021, after 7 months of 
deformation, the flank displacement ceased with the extrusion of two lava domes: one extruding 
from the tip of the fracture, on the SW flank, and the other one at the center of the summit crater 
(Figure 1a). The deformation resumed in July and decreased in August 2021 (Figure 1b), following 
a peak in the eruptive activity of the SW lava dome. 

 
This 2020-2021 crisis raises several fundamental scientific questions. What were the 

primary factors driving the flank instability? Were these movements primarily controlled by local 
stress conditions, material strength, or magmatic pressures within the edifice? Most critically, 
was the deformation limited to the surface, or did it extend to deeper levels? Indeed, given that 
the crisis was primarily analyzed through surface deformation measurements, the possibility of 
a deeper and more complex failure surface cannot be ruled out. Thus, the collapse potential 
remains a major concern, particularly considering past large-scale flank failures, such as the 1980 
Mount St. Helens debris avalanche (Criswell, 1987; Voight et al., 1983). Knowing whether such 
deformations are superficial or could lead to a debris avalanche is fundamental in terms of 
decision-making and human safety. It is therefore necessary to find a methodology that would 
be relevant to investigate such a case. 

 
During the last decades, volcanic edifice instabilities have been studied through several 

methods, from the classic limit-equilibrium methods (LEM) (Donnadieu et al., 2001; Reid et al., 
2000; Schaefer et al., 2013), through laboratory experiments or analogue models (Acocella, 2005; 
Cecchi et al., 2004; Tibaldi et al., 2006; van Wyk de Vries & Merle, 1998), to numerical modeling 
(Apuani et al., 2013; Bozzano et al., 2013; Heap et al., 2021; Russo et al., 1997). While LEM are 
simple to use and widely accepted, they come with several limitations. For instance, LEM 
formulation is purely plastic with no consideration of elastic deformation and progressive failure 
processes. The predefinition of the sliding surface geometry as well as the localization of the 



 

 

mechanical analysis along the sliding surface are other limitations of LEM. Also, the basal stress 
state in LEM formulations is ultimately a function of gravitational loading on the individual slices. 
Thus, the influence of topographic and stiffness-based variations in the underground stress state 
cannot be considered (Diederichs et al., 2007). Alternatively, analogue models have proven to be 
valuable for understanding complex volcanic edifice deformation processes (Norini & Acocella, 
2011). Nevertheless, they are often constrained by material properties, scale effects, and 
difficulty in replicating complex geological conditions (Kavanagh et al., 2017). Numerical 
modeling, on the other hand, allows for greater flexibility in incorporating heterogeneous 
material properties, complex geometries, as well as representative mechanical behaviors and 
boundary conditions. It also enables a more detailed analysis of stress distribution and failure 
mechanisms. 

 

 
Figure 1. (a) Digital elevation model of Merapi volcano showing the zone that deformed during the 
2020-2021 crisis (dashed yellow contour), according to Grémion (2024). The location of the NE-SW 
fracture, 2021 lava domes, Rb1 reflector, and the direction toward the Babadan (BAB) observatory 
are also depicted in the image. (b) Changes of slope distance Rb1-BAB during the period from 1 

June 2020 to 31 May 2022 measured by the Merapi’s Observatory (BPPTKG). (c) Southeast view 
from the Kalor station showing the crater in January 2021, with the black line indicating the 
shape of the summit in June 2020 (VELI-BPPTKG data). 

 
In recent years, several numerical approaches have been successively utilized to study 

volcano flank deformation related to magmatic activity. For instance, Beauducel et al. (2000) 
presented three-dimensional elastic boundary elements method (BEM) models to study the 
1993-1997 Merapi volcano deformation by taking into account topography, summit 
discontinuities and different types of deformation source including dome weight, magma 
pressure and shear stress within the conduit. Green et al. (2006) using BEM models, and Albino 
et al. (2011), Marsden et al. (2019) and Neuberg et al. (2018) using finite element method (FEM) 
models, explained surface tilt variations through shear stress variations along the conduit at the 
Soufriere Hills (Montserrat), Mount St. Helens (United States) and Tungurahua (Ecuador) 
volcanoes, respectively. However, these studies only considered the elastic behavior of the 
volcanic edifices, which is a limitation considering the cohesive-frictional nature of volcanic rock 



 

 

materials. As such, elastoplasticity (Currenti et al., 2010) and viscoelasticity (Del Negro et al., 
2009; Hickey et al., 2013; Le Mével et al., 2016) have been implemented in FEM models dedicated 
to the study of volcanic ground deformation. Nevertheless, the deformation processes modeled 
by these last studies were not related to upper conduit processes, but to overpressures related 
to relatively deep magma chambers, located at depths ranging from 4 to 17 km. Moreover, most 
of these numerical studies were based on 2D descriptions. However, although 2D models can 
provide useful insights into deformation mechanisms (e.g., Albino et al., 2011), they are limited 
when applied to real 3D objects. Indeed, as stated by Cayol and Cornet (1998), topographic 
features significantly influence volcanic deformation, making it essential to incorporate realistic 
topographies into such analyses (Apuani et al., 2013; Casagli et al., 2009). 

 
In the present study, we propose to use 3D discrete element method (DEM) models to 

study the multimetric displacements observed at Merapi during the 2020-2021 crisis. Besides its 
capability to model complex nonlinear behaviors representative of different rock types (Scholtès 
& Donzé, 2013), the DEM enables to explicitly describe progressive failure mechanisms without 
any assumption on a predefined sliding surface, making it a powerful tool for slope stability 
analysis (e.g., Jensen & Moore, 2023; Mreyen et al., 2022; Scholtès & Donzé, 2012, 2015; Huber 
et al., 2024). Moreover, DEM models have recently proven to be successful in describing different 
volcanic processes (Harnett et al., 2018; Holohan et al., 2011; Morand et al., 2024). 

 
In the following, we present a numerical analysis of the 2020-2021 Merapi crisis. Firstly, 

we describe the methodology we used to generate the synthetic Merapi volcano and the 
approach we implemented to simulate the magma pressurization within the NE-SW fracture. 
Secondly, we showcase our results, beginning with a parametric study dedicated to illustrating 
how mechanical properties control the volcano stability and its failure behavior. Then, based on 
the model’s predictions, we explore the kinetics and kinematics of the 2020-2021 instability. 
Finally, and considering the assumptions made, we discuss the possible consequences for the 
future flank behavior of Merapi. 

 

2. Method 
 

2.1 DEM formulation 
 

2.1.1 Particle model 
DEM models discretize the medium into discrete elements (DEs; see Figure 2 for 

illustrations of the discretization) that interact with one another through contact forces (Cundall 
& Strack, 1979). These contact forces are computed based on the relative displacements 
occurring between each pair of DEs according to predefined behavior laws (also called “contact 
laws”). In the present study, we used the bonded particle model (BPM) proposed by Scholtès and 
Donzé (2013) for modeling rock materials and implemented in the YADE platform (Angelidakis et 
al., 2024; Smilauer et al., 2021). This BPM decomposes interparticle forces into normal and shear 
components, respectively noted 𝐹𝑛 and 𝐹𝑠. In compression, the normal force 𝐹𝑛 is given by the 
linear relation, 

𝐹𝑛 = −𝑘𝑛∆𝐷; 



 

 

where ∆𝐷 is the relative displacement between the interacting DEs, and 𝑘𝑛 is the normal stiffness 
defined by: 

𝑘𝑛 =  𝐸𝑒𝑞
𝑅𝐴𝑅𝐵

𝑅𝐴+𝑅𝐵
; 

where 𝐸𝑒𝑞 is an equivalent bulk modulus and 𝑅𝐴 and 𝑅𝐵 are the respective radii of the interacting 

DEs (A and B). 
In tension, 𝐹𝑛 is computed with the same stiffness as in compression for small 

deformations. A maximum admissible tensile force 𝐹𝑛,𝑚𝑎𝑥 is defined as a function of the local 
tensile strength 𝑡𝑝 such that: 

𝐹𝑛,𝑚𝑎𝑥 = −𝑡𝑝𝐴𝑖𝑛𝑡; 

where 𝐴𝑖𝑛𝑡 = 𝜋(min (𝑅𝐴, 𝑅𝐵))2 is the interacting surface between each pair (A, B) of interacting 
DEs. 

The shear force 𝐹𝑠 is computed in an incremental way by updating its orientation and 
magnitude based on the shear force increment ∆𝐹𝑠 = 𝑘𝑠∆𝑢𝑠 which develops at the interaction 
point, as described by Luding (2008): 

𝐹𝑠 =  {𝐹𝑠}𝑢𝑝𝑑𝑎𝑡𝑒𝑑 + 𝑘𝑠∆𝑢𝑠; 

with 𝑘𝑠 and ∆𝑢𝑠 being the shear stiffness and the relative incremental tangential displacement, 
respectively. 

The maximum admissible shear force is defined through a Mohr-Coulomb criterion such 
as: 

 𝐹𝑠,𝑚𝑎𝑥 =  𝐹𝑛  tan 𝜑𝑝 + 𝑐𝑝𝐴𝑖𝑛𝑡 

where 𝜑𝑝 is the local frictional angle and 𝑐𝑝 is the local cohesion. 

If either 𝐹𝑠 ≥  𝐹𝑠,𝑚𝑎𝑥 or 𝐹𝑛 ≥  𝐹𝑛,𝑚𝑎𝑥, shear or tensile rupture of the bond occurs, 
respectively, and a “crack” is assigned at the former bond location. From this point onward, the 
interaction is deleted or becomes purely frictional (i.e., 𝑡𝑝=0 and 𝑐𝑝=0) if the contact is 

maintained between the DEs (i.e., if shear rupture occurred under a compressive state). New 
contacts created during the simulation are also treated as purely frictional. 

 
2.1.2 Numerical scheme 
 

The numerical scheme of the DEM consists in several steps: (a) the interaction forces 
between each pair of DEs in contact are computed based on the contact law according to their 
relative position (see section 2.1.1), (b) the resultant forces on each DE are used to determine 
their respective acceleration following Newton’s second law of motion, (c) the acceleration is 
then time integrated, using an explicit finite difference scheme, to find the new position of the 
DEs. This process is repeated iteratively over the entire simulation. In addition, to dissipate 
energy and favor the quasi-static response of the models, a local non viscous damping strategy 
is used (Duriez et al., 2016). It is designed to decrease the resultant force by an opposite force 
(∆𝐹)𝑑 defined as: 

 
(∆𝐹)𝑑

𝐹
= −𝜆𝑑𝑠𝑔𝑛(𝐹 𝑢̇𝑜) 

 
where 𝜆𝑑 is the damping coefficient (fixed to 0.5 in our simulations) and 𝑠𝑔𝑛(𝐹 𝑢̇𝑜) indicates the 
sign of the dot product between the net force 𝐹 acting on the particle and the previous mid-step 
velocity 𝑢̇𝑜. 
 



 

 

2.2 Simulation setup 
 
To investigate the 2020-2021 Merapi crisis, we considered the following observations: (a) 

a NE-SW fracture was detected on the summit (Bemelmans, 2025), slightly off-centered to the 
NW of the crater (Figure 1a), with a surface trace length of 450 m by October 2020, (b) the 
eruptions of two lava domes occurred on January 2021, at the SW tip of the NE-SW fracture and 
at its center, indicating that the fracture was filled with magma, and (c) the deformation slowed 
down right after the lava domes formed (Figure 1), suggesting that magma pressure was the 
driving mechanism of the deformation. 

 
From these observations, we hypothesized that the instability was related to the rise of 

magma through the NE-SW fracture. Thus, we built 3D DEM models of Merapi volcano containing 
the NE-SW fracture (Figure 2) (see Text S1 for details of the numerical volcano generation). The 
volcano is treated as a homogeneous medium (see section 4.1 for a discussion of this assumption) 
without predefined sliding surface and with dimensions of 4,620 × 4,620 × 2,109 m. The NE-SW 
fracture is modeled as a discontinuity plane with a trace length of 450 m, extending vertically 
from the crater floor (𝑧𝑝𝑡 = 2,805 m) down to the base of the model (𝑧 = 805 m), and positioned 

70 m to the NW from the crater center, as suggested by the satellite images from Bemelmans 
(2025). In order to gain computational efficiency, the model, built from a digital elevation model 
with a horizontal resolution of 15 m, was packed with 267,673 DEs following an adaptive strategy: 
the DEs have a diameter equal to 25 ± 8 m on the 800 m upper part of the volcano, while their 
sizes increase linearly with depth up to 100 ± 32 m. 

 
Gravity is applied in combination with roller boundary conditions (normal displacements 

are blocked) on the sides and at the bottom of the model to generate lithostatic stresses within 
the model corresponding to a material density 𝜌𝑟𝑜𝑐𝑘 of 2,500 kg/m3 as proposed by Heap et al. 
(2021) in a numerical study dealing with a volcanic edifice presenting similar settings in terms of 
composition (i.e., andesitic) and eruptive dynamics (i.e., lava dome activity) (see also section 2.3 
for a justification of the homogeneous medium assumption). The density of the DEs is defined as 
𝜌𝑝 =  𝜌𝑟𝑜𝑐𝑘 ∗  𝑉/ 𝑉𝑝, where 𝑉 is the volume of the model and 𝑉𝑝 is the total particle volume (see 

Text S2 for details). 
 
The effect of magma is modeled as a set of pressure forces applied along the NE-SW 

fracture walls (see Text S3 for details of the implementation). The pressure is magma-static along 
the lava column height, considering a density of 2,400 kg/m3 as suggested by Beauducel et al. 
(2000). To take into account the 2021 crater lava dome that reached an elevation 𝑧𝑑 of about 
2,855 m by February 2021 (Grémion, 2024), we added an overpressure of 1.2 MPa that 
corresponds to the 50 m dome thickness. 

To quantify the deformation, marker particles were located around the center of the 
summit, on the upper flanks (Figure 2a). In the northwest direction (the direction of the observed 
flank deformation), four marker particles (p1, p2, p3, p4) were located approximately 100 m 
under the volcano topographic surface to characterize the movements at depth (Figure 2c). 

 



 

 

 
 

Figure 2. (a) Top view of Merapi digital elevation model showing the horizontal extent of the DEM 
model, the NE-SW fracture trace, the marker particles, and the lateral roller boundary conditions. 
The location of the x-x’ cross section, which has a N130°E direction, is defined by the dashed black 
line. (b) DE assembly used to model Merapi: darker particles define the boundary conditions. (c) x-
x’ cross section showing details of the DE assembly as well as the bottom and lateral roller boundary 
conditions. The p1, p2, p3 and p4 marker particles are also shown. The red particles define the 
fracture walls. The red arrows represent the pressure forces applied to the fracture wall 
(perpendicularly to the fracture plane). The dashed black rectangle at the summit demarcates 
Figure 2d. (d) Inset displaying the height difference between the crater floor (2010 plateau top, 𝑧𝑝𝑡 

= 2,805 m) and the 2021 crater dome summit (𝑧𝑑 = 2,855 m). 

 
2.3 Mechanical properties 
 
The structure and composition of Merapi volcano are complex and reflect its long eruptive 

history, which began before 170 ka ago (Gertisser et al., 2012). According to Gertisser et al. 
(2023), this history can be subdivided into three major evolutionary stages or temporal volcanic 
edifices: Proto-Merapi, Old Merapi and New Merapi. The oldest edifices (Proto-Merapi and Old 
Merapi) are composed mainly of basaltic–andesite lavas intercalated with pyroclastic deposits. 
The most recent cone (New Merapi) was constructed after major flank collapses and explosive 
events that produced a horseshoe-shaped structure opening toward the southeast (Figure. 1a). 



 

 

The present summit consists of basaltic–andesitic lava domes, with older domes truncated and 
partly covered by younger ones, and interbedded pyroclastic rocks. Lithological and structural 
heterogeneities are thus present at all scales. Because it is not feasible to characterize the 
mechanical properties of each individual unit and to identify their respective spatial extension, 
we assume homogeneous material properties in this study. This simplifying assumption is 
discussed later in section 4.1. 

 
In DEM (particle) models, global material behaviors (i.e., emergent mechanical properties 

of the particle assembly at the scale of the volcano) arise from DE interactions (i.e., local or 
interparticle properties which are the model input parameters) but cannot be directly inferred 
from them. Therefore, a procedure is necessary to relate the model’s parameters to the 
emergent mechanical properties. It usually consists in performing a series of mechanical tests 
(Scholtès & Donzé, 2013) on subsamples of the model with a given set of interparticle properties 
to determine the emergent mechanical properties by analyzing the stress-strain curves resulting 
from the simulations. In the present study, because we performed a back analysis of the Merapi’s 
flank instability, we systematically performed this procedure to identify the material properties 
from the model parameters (see Text S4 for an example of this procedure). In the following, the 
emergent properties (volcano scale) are noted c and ϕ for cohesion and friction angle 
respectively; while the interparticle properties (particle scale) are called 𝑐𝑝, 𝑡𝑝, and 𝜑𝑝 for 

cohesion, tensile strength, and friction angle, respectively. 
 

3. Results 
 

Here below, we present the main results of our study, beginning with the back analysis of 
the 2020-2021 instability crisis we used to determine the mechanical properties of Merapi 
volcano. Then, based on the results of this analysis, we propose a characterization of the 2020-
2021 instability in terms of kinetics and kinematics. 

 
3.1 Back analysis 
 

3.1.1 Strength Reduction method 
 

To determine the mechanical properties (i.e., c and ϕ) that led Merapi volcano to 
destabilize, we used a strength reduction (SR) method (Bonilla-Sierra et al., 2015; Matsui & San, 
1992). First, the model is loaded into the simulation with high strength properties (i.e., 𝑐𝑝, 𝑡𝑝, 

and 𝜑𝑝) and is let to settle under the combined effect of gravity and magma pressure (450 m 

column height associated to an overpressure of 1.2 MPa, see section 2.2). Then, the strength 
properties are progressively decreased until the model destabilizes (see Text S5 for details of the 
SR method we used). In this study, we considered that the volcano slopes were stable if the 
displacement magnitudes recorded by the marker particles (p1-4) were smaller than those 
measured in the field during the crisis (about 10 m as presented in Figure 1). Additionally, we 
considered that the volcano was stable if the velocities of the marker particles tended toward 
zero after deformation. At this point, one has to note that we had to define the elastic properties 
of our model to perform this stability analysis. We chose to set the elastic properties of the model 
based on an upscaling of the laboratory values presented by Harnett et al. (2022), so that our 



 

 

synthetic volcano has a Young’s modulus, E, equal to 8 GPa and a Poisson’s ratio, , equal to 0.3. 
These values were obtained using the empirical scaling approaches proposed by Hoek and 
Diederichs (2006) and Vásárhelyi (2009), respectively, with a Geological Strength Index (GSI) of 
55 as recommended by Heap et al. (2020) for a volcanic rock mass. We analyze the influence of 
these elastic properties on our results in section 3.2.3. 

 
Figure 3. Stability analysis of Merapi volcano in the {c, ϕ} plane when subjected to magma 
pressurization (see section 2.2 for details). Green markers represent the stable cases (Sets 1, 4 and 
5). Set 1, depicted with a star, is our reference case discussed in section 3.2. Red markers represent 
unstable cases (e.g., Sets 2, 3, 6 and 7) and, thus, define the instability limit. The corresponding 
model parameters and emergent mechanical properties are given in Table 1. Green, blue, brown 
and sky-blue arrows represent model parameters (𝑐𝑝, 𝑡𝑝, and 𝜑𝑝) changes from the refence case 

toward Sets 2, 3, and 5, respectively. 
Table 1. Model Parameters and Emergent Mechanical Properties for the Seven Model Setups presented in 
Figure 3 
 

 
Model parameters 

Emergent Mohr-
Coulomb parameters 

Final state 

 𝑐𝑝 and 𝑡𝑝 [MPa] φp [°] c [MPa] ϕ [°]  

Set 1 2.17 17 0.63 34.0 stable 

Set 2 1.91 17 0.58 34.1 unstable 

Set 3 2.17 16 0.64 33.3 unstable 

Set 4 1.59 21 0.38 36.9 stable 

Set 5 2.65 15 0.89 32.2 stable 

Set 6 0 23 0.05 38.5 unstable 

Set 7 5.83 2 3.8 10.8 unstable 



 

 

3.1.2 Stability domain 
 

The respective domains of stability and instability that we identified based on the SR 
method are shown in Figure 3, defined as functions of c and ϕ. Seven simulation setups were 
used to determine these domains based on the volcano’s behavior. The local (𝑐𝑝, 𝑡𝑝, and 𝜑𝑝) and 

emergent (c and ϕ) mechanical properties corresponding to these seven setups are specified in 
Table 1. All the simulations were run during the same number of iterations and stability was 
assessed at the same final iteration itmax. According to our results, the volcano remains stable 
above the red line but becomes unstable at and below this limit. As expected, the instability limit 
shows an inverse relationship between c and ϕ, implying that a decrease in cohesion must be 
compensated by an increase of friction to counterbalance the shear strength and ensure the 
stability. 

 
To better understand how our synthetic volcano behaves, we analyze three 

representative cases (Sets 3, 6, and 7) lying along the stability limit (Figure 4). Although all three 
cases lead to unstable behaviors, they exhibit distinct deformation patterns depending on the 
values of c and ϕ. 

 
For low cohesion and high friction angle (Set 6), the behavior is close to that of a cohesionless 
(i.e., purely frictional) material creeping toward a new stable state: the volcano slides where the 
topographic slope is steeper than the friction angle and it stabilizes where it is gentler. The 
magma pressure opens the fracture in a wedge-like manner, with the opening at the upper part 
being larger than at depth. Consequently, the volcano surface becomes steeper and the 
amplitude of the deformation is higher for the upper parts close to the volcano summit (Figure 
4g-i). A rock volume, whose base is located at a depth of about 500 m, is affected by 
displacements higher than 3 m. However, this destabilization does not lead to a total collapse of 
the summit but rather to superficial movements associated to the sliding of a layer with a 
maximal thickness of about 150 m (Figure 4h). As a result of the fracture location, slightly off-
centered to the NW, and to topographic effects, the W and the S flanks are more affected by the 
deformation than the N and the E flanks. This asymmetric response is even more remarkable that 
the magma pressure applies similarly on both walls of the NE-SW fracture (see section 2.2). 
Additionally, we observe deformation in areas far from the summit, particularly to the North and 
to the East (Figure 4g). There, the steep relief, combined with the cohesionless nature of Set 6, 
promotes superficial deformation (see section 4.1 for further discussion). 
 

For high cohesion and low friction angle (Set 7), the destabilization is more evident and 
pronounced (Figure 4j-l). Indeed, the volcano is inherently more stable due to the higher 
cohesion of its constitutive material. When the magmatic pressure breaks the rock material, the 
remaining strength is only due to frictional effects and, because the friction angle is much smaller 
(10.8°) than the topographic slope (higher than 40° above 2000 m asl), the collapse is catastrophic 
(i.e., brittle). The SW half of the volcano summit collapses and the displacement amplitudes of 
the three upper marker particles exceed 300 m. As shown in the corresponding cross section, this 
displacement is effective up to 1,000 m below the summit. 

 



 

 

 
Figure 4. Top views and x-x’ cross sections of the displacement fields at the ends of the simulations 
(it/itmax = 1) for different parameter sets (see Table 1 for the parameters): (a-c) Set 1 is stable at the 
end of the simulation while (d-l) Sets 3, 6 and 7 are unstable. Particles with displacements greater 
than 3 m are shown in solid color, while those with displacements below 3 m are rendered with 
partial opacity. The locations of the marker particles, the deformed zone identified by Grémion 
(2024), and the black dashed squares indicating the zoomed-in regions used later in Figure 7 are 
shown in (a) and (b). On the right (c, f, i, and l), the displacements of marker particles are shown 
relative to their positions just before the onset of fracture pressurization at it/itmax = 0. 

 
 



 

 

For the intermediate values of Set 3 (Figure 4d-f), the behavior is very close to that 
observed with Set 6. However, this set of parameters gives a deformation more restricted to the 
NW flank and closer to the one observed in the field. Nonetheless, because the amplitude of the 
deformation is higher than the one observedin the field (>12 m on Figure 4f without deceleration 
after 20 m of displacement), Set 3 lies in the instability domain. 

 
In contrast to the unstable Sets 3, 6, and 7, Set 1 reproduces the stability-like state 

following the flank destabilization observed during the 2020-2021 crisis (Figure 1 and 4c). 
Additionally, this set produces the displacements that most closely match those measured at 
Merapi, not only in terms of displacement amplitudes but also in terms of spatial extent of the 
mobilized zone (Figure 4a-c). Thus, Set 1 is chosen as our reference case, lying in the stability 
domain of Figure 3. 
 

3.2 Reference case 
 
The back analysis enabled us to determine a set of representative mechanical properties 

for Merapi volcano (Set 1). In the following, we analyze the response of the model setup with 
these properties in terms of kinetics and kinematics, and also present a parametric study to 
assess how changes of mechanical properties influence the simulated behavior. 

 
3.2.1 Kinetics: ascending magma column 
 

During the 2020-2021 crisis, the progressive increase of the deformation observed over 
several months could be due to a progressive increase of the force exerted by the magma on the 
fracture walls, because the fracture has grown, and/or because the pressure has increased when 
the magma rose up until it was able to erupt on the surface of the volcano (i.e., lava domes 
growth, Figure 1). Here, in order to get insights into the kinetics of the instability, we thus 
simulate the progressive ascent of the magma and the associated pressurization of the fracture. 
We assume that the magma column starts from 1,765 m, an elevation sufficiently deep that no 
significant summit deformation is detected by magma pressurization, and that it ascends up to 
2,855 m, corresponding to the elevation of the 2021 crater dome. Note that the overpressure is 
only applied after the magma reaches the crater surface (2,805 m) to simulate the lava domes 
growth. 

 
The displacement evolution of a DE located at the Rb1 reflector position is shown in Figure 

5 (Rb1 located on Fig. 1a). Note that this DE undergoes larger displacement amplitudes than 
those shown in Figure 4c, as it lies on the topographic surface of the volcano and not 100 m below 
it. 

 
Three key aspects characterize the deformation: 

1. The deformation is small when the top of the magma column is below an elevation of 
2,700 m and then it increases exponentially. Most of the deformation occurs when the 
magma goes over the crater floor (2,805 m), in correlation with the dome growth. At the 
end of the magma ascent (the lava domes stop to grow), the displacement amplitude 



 

 

projected in the BAB observatory direction reaches approx. 8 m, which is slightly less than 
the 10 m measured by the BPPTKG in June 2021 (Figure 1). 

2. The deformation is mainly inelastic (results from plastic processes) as highlighted by the 
additional unloading phase that we performed at the end of the simulation where we 
made the pressure falls back from the top of the dome (2,855 m) to 2,750 m (lowest point 
of the summit crater). We can see that the pressure drop has very little effect on the 
displacement of the reflector (Fig. 5).  

3. As observed in the field, the system reaches a new equilibrium state at the end of the 
loading, despite the inelastic response of the system. The flank seems to have simply 
adjusted its geometry to the loading but did not suffer any catastrophic failure. 

 
Figure 5. (a) Evolution of the displacement, projected along the direction of the BAB observatory, 
of a DE located at the RB1 reflector position on the NW flank of the model, as a function of the 
magma column height 𝑧𝑚 during the magma rise in the fracture, pressure increase related to dome 
growth, and unloading phases. (b) Zoom into the exponential increase shown in (a). 𝑧𝑝𝑡 and 𝑧𝑑 refer 

to the crater floor (2010 plateau top at 2,805 m) and the 2021 dome summit elevations (2,855 m), 
respectively, and are represented with horizontal dashed lines. 
 

3.2.2 Kinematics: Deformation and extents 
 

As shown in Figure 4b, the deformation is not limited to the flank surface but involves a 
volumetric domain extending over ~500 m vertically and covering approximately 1 km² on the 
NW flank of the volcano. The deformation map evidences a wedge whose base is located at 
around 500 m below the summit, intersecting the flank surface at the elevation of marker p2. In 
total, a mobilized and subsequently stabilized volume of approximately 116 million m³ has moved 
by more than 3 m. Below this wedge, the deformation is effective but limited and tends to 
diminish with depth. At greater depths, some substantial deformation can be seen close to the 
fracture (approx. 1,500 m below the summit) but this is most probably related to the adaptative 
mesh which tends to favor larger porosities in areas where larger DEs are packed (below 800 m). 



 

 

Looking at the displacement field on the mobilized wedge (Figure 6), the deformation 
directly results from the pressure applied on the NE-SW fracture as evidenced by the horizontally 
oriented displacement vectors. At the RB1 location, the total displacement consists of roughly 
80% horizontal and 20% vertical components. From the marker particles recordings (Figure 4) 
and the displacement vectors in Figure 6, we can see that the displacement amplitude increases 
when getting closer to the summit, evidencing a displacement gradient over the flank. Moreover, 
the displacements show vertical components on the upper part of the mobilized volume which 
suggest an overall tilting of the summit due to the magma pressure: upwardly close to the 
fracture and downwardly close to the free surface of the volcano flank. One can note that this 
tilting is opposite to what is typically observed in rotational slidings, which characterizes many 
volcano flank collapses. 

 
3.2.3 Sensitivity analysis 
 

To better assess the influence of the properties of the edifice on its response to the 
pressurization, we show in Figure 7 how small variations in mechanical properties can affect the 
overall deformation. 

 
Firstly, we compare, in Figures 7a, b and c, the reference stable Set 1 with unstable Sets 2 

and 3, which local strengths 𝑐𝑝 and 𝑡𝑝, and interparticle friction angles 𝜑𝑝 only differ by 0.1 MPa 

and 1°, respectively (see Table 1). It can be seen that a slight reduction of the plastic properties, 
related to the material strength, increases the extent of the deformation, both horizontally and 
vertically. Furthermore, it causes instabilities in the upper part of the flank as evidenced by the 
greater increase in displacement around z = 2,500-2,600 m for Sets 2 and 3 compared to the 
reference stable Set 1 (Figure 7c). Above this height, an unstable and still moving 200 m depth 
layer, with displacements and velocities greater than our stability thresholds (displacement > 10 
m without deceleration), is observed. For Set 3, this unstable layer corresponds to the upper zone 
represented in red in Figure 4e. 

 
Secondly, we compare in Figures 7d, e and f, the reference stable Set 1 with two additional 

sets, 8 and 9, which present the same strength parameters but different elastic properties (i.e., 
Young’s modulus, E, related to the material stiffness). It is shown that increasing E by a factor of 
1.25 (Set 8) does not change the extent of the deformation. However, it amplifies the wedge 
movement as illustrated by the displacement which reaches up to 30 m at an altitude of 2,700 
m. This increase of stiffness thus favors instability. Conversely, a decrease of E by a factor of 0.75 
(Set 9), increases the extent of the deformation, both horizontally and vertically, as well as the 
amplitude of the displacement as illustrated by the displacement which reaches up to 10 m at an 
altitude of 2,700 m. However, contrary to the stiffer case, this “softer” version of the volcano 
remains stable, even though it experienced larger deformation. 

 



 

 

 
Figure 6. (a) Top view showing the displacement vector field of the reference case (Set 1 in Table 
1). (b-c) Cross sections showing the vertical distribution of the displacement vector field 
respectively perpendicular and parallel to the fracture plane within the zones identified by the black 
dashed squares shown in Figure 4a-b. Only displacements greater than 3 m are shown. The thin 
black contour delimits the area that experienced displacements bigger than 3 m. The fracture is 
represented by the red line in Figure 6b. 

 



 

 

 
Figure 7. Influence of the mechanical properties of the edifice on the pressure induced deformation 
of the synthetic volcano. Top figures: contours delimiting the more than 3 m displacements for the 
reference case (Set 1) and Sets 2 and 3 which have different plastic properties: (a) top view, (b) NW-
SE cross section, and (c) displacement profiles along the volcano upper part, from z = 2,300 to z = 
2,700 m. Bottom figures: contours delimiting the more than 3 m displacements for the reference 
case (Set 1) and Sets 8 and 9 which have different elastic properties: (d) top view, (e) NW-SE cross 
section, and (f) displacement profiles along the volcano upper part, from z = 2,300 to z = 2,700 m. 



 

 

4. Discussion 
 

4.1 Limitation of the model 
 
Obviously, we had to make several simplifying assumptions to perform our numerical 

analysis. For instance, our synthetic volcano is considered as a homogeneous medium, the 
magma pressure distribution is magma-static and applied along a planar fracture plane, and pore 
pressure and thermal effects are not taken into account while they can affect stability through 
induced effective stress changes (Voight & Elsworth, 1997). 

 
As mentioned in section 2.3, the Merapi stratovolcano is characterized by alternating lava 

flows, pyroclastic layers, lahar deposits, as well as lava domes, all overprinted by erosion. 
Although heterogeneities can be explicitly incorporated into DEM models (e.g., Lu et al., 2018; 
Scholtès & Donzé, 2012), field constraints are not sufficiently accurate to characterize them 
beneath the surface. As a result, we can only study the global behavior of Merapi considering 
average mechanical properties. This is also why, for low cohesion values, large superficial 
displacements can be observed in areas not affected by the magma pressurization: they are 
characterized by steep slopes or cliffs not compatible with the mechanical properties (see Figure 
4g). One can note that, overall, our reference case presents mechanical properties (c = 0.6 MPa 
and ϕ = 34°) that are consistent with both the summit topographic slope angle and the fractured 
cliffs located on the summit crater (Beauducel et al., 2000, 2006). 

 
Magma generally flows within complex geometries influenced by conduit erosion or by 

accretion of magma (de’ Michieli Vitturi et al., 2008). Simplified fracture geometries are 
commonly used in numerical modeling of volcanoes, mainly in inversion modeling (e.g., Bonforte 
& Guglielmino, 2015). However, more complex conduit geometries (e.g., transition from an 
elliptic dyke to a cylindrical conduit, presented in Hautmann et al., 2009) can be used. In our 
simulations, the magma flows within a vertical fracture plane with a constant geometry (i.e., 
aperture and width). This is clearly an oversimplification that can affect magma ascent dynamics 
and, consequently, the pressure induced deformation. One can note however that our results 
indicate that flank deformations only become significant when the magma exceeds the Merapi’s 
crater height, over around 2,700 m (Figure 5). This would suggest that considering a more 
complex conduit geometry below the crater floor would not drastically change our conclusions. 
Nevertheless, conduit geometry plays a key role in controlling deformation, as discussed in 
section 4.3. In addition, although DEM models can explicitly deal with progressive fracture 
propagation (Scholtès & Donzé, 2012), we did not include this possibility in our model because 
of the added complexity to parametrize the model without field data. Instead, we considered the 
final geometry of the NE-SW fracture, inferred from field observations. 

 
Three pressure terms are usually defined when magma flow is considered to be the cause 

of volcanic deformation: magma-static normal stress, viscous shear stress, and overpressure 
terms that can be related either to the magma composition, tectonic stresses and/or magma 
chamber processes (Beauducel et al., 2000; Marsden et al., 2019; Nishimura, 2009). Given that 
there was no evidence of magma flow during the 2020-2021 crisis (Grémion, 2024), we did not 
introduce the effect of shear stress in our simulations and only considered quasi static pressure 



 

 

loadings (i.e., magma-static normal stress and an overpressure term related to the summit domes 
growth). Adding the contributions of other pressure terms would probably affect the stability of 
our synthetic volcano (i.e., different critical properties; Figure 3) and/or the deformation extent 
and amplitudes (i.e., larger displacements for similar magma column heights). 

 
Finally, it is worth noting that elastic properties clearly influence the magnitude of 

pressure induced displacements as well as the stability of our synthetic volcano (see section 
3.2.3). For instance, we show that a lower Young's modulus leads to increased deformation 
amplitudes that can actually quantitatively fit with field observations. According to slope stability 
studies performed with classical continuous approaches (i.e., FEM models as in Cheng et al., 
2007), if elastic properties can influence the amount of deformation prior to failure, they should 
not drastically change the stability potential of a slope (i.e., factor of safety). Our results suggest 
otherwise considering local mechanisms that may not be taken into account in global analyses. 

 
4.2 Interpretation of the 2020-2021 crisis 
 
The displacement amplitude of RB1 was measured equal to 10 m in January 2021 and 

reached 14 m in August (Figure 1). These values correspond well to the range of deformation 
simulated with our model setup with the parameters of Set 1 (8 m, stable with c = 0.63 MPa and 
ϕ = 34°), Set 9 (11m, stable with c = 0.63 MPa, ϕ = 34° and a lower E compared to Set 1), and Set 
3 (>15 m, unstable with c = 0.64 MPa and ϕ = 33.3°). In terms of spatial extension, these 
parameter sets also enable to reproduce with good agreement the spatial extent of the 
destabilized zone observed on Merapi’s NW flank (Figure 4; Grémion, 2024). Finally, as observed 
in the field, the deformation stops at the end of the loading, when magma pressure cannot 
increase further up because the domes have reached their maximum heights. Based on these 
similarities, we can thus propose an interpretation of the 2020-2021 crisis based on our results. 

 
Firstly, the model demonstrates that the overpressure inferred from the dome height (1.2 

MPa) is sufficient to produce a surface deformation close to that observed in the field. The model 
also shows that the magma pressure opened the fracture in a wedge-like manner: the higher the 
elevation, the wider the fracture, with its opening reaching up to 10 meters at the crater floor. 
The pressure-induced deformation pushes and steepens the upper slopes of the NW flank. Given 
the relatively low cohesion and high friction angle of the material, surface rocks (to a depth of 
approximately 200 m) fail and slide downslope. This is actually consistent with the large (>100 m) 
collapses observed on the crater walls, as well as with the rock dismantling and sliding observed 
on Merapi’s NW flank during the crisis. Our results also reveal that the shape and the location of 
the fracture play a key role in determining the localization of the deformation. Indeed, because 
it is slightly off-centered toward the northwest of the crater, only the NW flank is affected by the 
magma pressurization, while the other flanks remain stable. Finally, and more critically, our study 
reveals that the deformation is not restricted to the surface of the volcano: a 500 m deep portion 
of Merapi’s flank comprising 116 million m3 of rock could have been mobilized during the 2020-
2021 crisis. 

According to the field data (Figure 1), there were two phases of deformation: from 
November 2020 to January 2021 and then from June to August 2021. We did not manage to 
model the second phase with our model setup. The interruption from January to June 2021 is 



 

 

probably linked to a drop in pressure when the lava flowed to the surface to form the two domes. 
The resumption of deformation in June seems to be linked to the increase in pressure in the 
magma system associated with the thickening of the domes (from 50 m to 75 m; Grémion, 2024). 
It might also be due to internal changes which cannot be related to observations (e.g., internal 
fracture propagation, thermo-hydromechanically induced damage, etc.). A key result of our 
model however concerns the kinetics of the first phase of deformation. As shown in Figure 5, the 
deformation increases exponentially with a magma overpressure corresponding to magma 
column heights higher than the crater floor elevation (2,805 m). This asymptotic trend resembles 
the temporal evolution of deformation measured during the 2020-2021 crisis (Figure 1b). By 
comparing the two curves, we can assume that the magma level was at approximately 2,000 m 
elevation in July 2020, when deformation was first detected, and had reached the crater floor at 
2,805 m in January. Assuming a constant ascent rate of magma within the fracture, this 
comparison suggests a vertical velocity of about 3.83 m/day, which, associated to a fracture 
length of 450 m and an average width of 10 m, corresponds to a volumetric rate of roughly 17,000 
m³/day. Even though resulting from simplifications, this value is remarkably close to the mean 
extrusion rate estimated for both 2021 crater and flank domes (18,000 m³/day; Grémion, 2024). 
This effusion rate, in turn, is four times higher than the one estimated for the 2018-2019 lava 
dome (3,000-4,000 m³/day as specified according to Grémion et al., 2023 and Kelfoun et al., 
2021), and also exceeds the long-term average eruption rate over the past century, estimated at 
0.10 × 10⁶ m³/month (i.e., ~3,300 m³/day) by Siswowidjoyo et al. (1995). 

 
4.3 Implications for the stability of Merapi 
 
Generally, magma at Merapi erupts through a conduit a few tens of meters long, circular 

or elongated, and located near the center of the crater. For instance, Beauducel et al. (2000) 
modeled the 1993-1997 summit deformation at Merapi volcano using a 25-m radius cylindrical 
conduit as the deformation source. With such a geometry and for a pressure consistent with the 
height of the lava dome, ground deformation would be limited compared to what was observed 
during the 2020-2021 crisis. Indeed, considering the same vertical pressure distribution, the 
resultant force produced by a 25-m radius pressurized cylindrical conduit would correspond to 
approximately 17% of the force exerted by the NE-SW fracture we considered. Hence, 
unreasonable high pressure values (a ~300 m thick lava dome) would be required to produce 
forces comparable to those simulated with the fracture. Our results thus suggest that, to 
reproduce the sliding and dismantling observed during the 2020-2021 crisis, a dike (pressurized 
fracture) needs to be considered as the deformation source. Intrusion induced flank 
deformations have been observed at many volcanoes around the world (Bonforte & Guglielmino, 
2015; Elsworth & Day, 1999), and it should thus not come as a surprise in the context of the 
Merapi volcano. Furthermore, two conditions must be fulfilled: (1) the fracture must be located 
closer to the northwestern flank than to the southeastern flank, and (2) the fracture must be long 
enough, comparable to the width of the summit area, to produce the necessary driving force. 
The reason why the fracture was formed close to the northwestern flank in 2020 remains 
unknown (e.g., local stress rotation, heterogeneities, pre-existing planes of weakness, ...) but 
there is no reason to exclude the possibility that another fracture could form somewhere else in 
the future and that it could then shift the deformation to another area/flank. 

 



 

 

As confirmed by our results, Merapi volcano seemed to have adjusted its geometry to the 
magma loading as it eventually reached a new equilibrium state at the end of the 2020-2021 
crisis. This adjustment involved inelastic processes at depth but it did not produce a large-scale 
flank collapse such as that of Mount St. Helens. According to our models and based on our 
assumptions, such a catastrophic collapse could only have occurred if the rock material presented 
a relatively high cohesive (brittle) nature, as illustrated in Figure 4. Considering the predominantly 
frictional nature of Merapi’s rock material inferred from our back analysis, only a sudden drop in 
friction (caused by physicochemical alteration processes) or effective stress variations (caused by 
thermo-hydro-mechanically induced pore pressure buildups) could eventually lead to a 
catastrophic failure. All these phenomena are present within volcanic edifices and cannot thus 
be ruled out. That is why, in the future and despite our conclusions, we cannot exclude a 
catastrophic collapse to occur at Merapi. Future works could thus consist in building upon our 
models (or the mechanical properties we inferred) to assess the role of these phenomena on 
Merapi’s stability. 

 

5. Conclusions 
 

 We developed discrete element method (DEM) models to investigate the flank instability 
observed at Merapi during the 2020–2021 crisis. The simulations were performed assuming a 
simplified, homogeneous mechanical behavior of the volcanic edifice, with magma overpressure 
applied along the NE-SW-trending fracture identified during the crisis. Despite these simplifying 
assumptions, a back-analysis approach allowed us to determine a set of effective bulk mechanical 
properties capable of reproducing the deformation observed on the NW flank of the volcano, 
both qualitatively and quantitatively. 

 
The results indicate that the deformation was not limited to the flank surface but involved 

a volumetric domain extending over approximately 500 m in vertical extent and covering about 
1 km² on the NW side of the edifice. In total, a mobilized volume of approximately 116 million m³ 
may have undergone displacements exceeding 3 m in response to magma pressurization, before 
subsequently stabilizing. As documented by field observations, the pressure-induced 
deformation did not culminate in a catastrophic flank collapse; instead, it resulted in progressive 
creep of the volcanic flank toward a new equilibrium configuration. 

 

Our analysis suggests that the observed deformation is governed by inelastic processes 
that developed predominantly in the upper part of the edifice, where confining stresses are lower 
and the relative influence of magma pressure is higher. Pressure forces acting along the fracture 
walls induced a slight tilting of the northwestern flank, leading to downslope sliding with 
displacement magnitudes increasing with elevation. This sliding process ceased once 
pressurization diminished and the flank topography adjusted accordingly. 

 

Decametric-scale collapses and progressive dismantling of a volcanic flank are particularly 
concerning phenomena, as they may be interpreted as precursors to catastrophic flank failure 
and debris-avalanche formation. In this context, the 2020-2021 Merapi crisis is noteworthy, as it 
illustrates how magma-pressure-driven topographic readjustments can generate substantial 
deformation without triggering large-scale instability. By successfully reproducing the observed 



 

 

deformation patterns and providing a coherent mechanical interpretation of the underlying 
processes, the DEM approach emerges as a particularly promising tool for anticipating the 
evolution of similar volcanic crises. Future work will focus on incorporating additional complexity 
into the modeling framework, including material heterogeneity (e.g., pre-existing faults or 
mechanical contrasts) and multiphysical processes (e.g., thermos-hydro-mechanical coupling), in 
order to further constrain the mechanisms controlling volcanic flank deformation. 
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