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Abstract
This study presents a web-based application for reconstructing and visualizing a litospheric stress field based on
geological features from a digital structural-geological map. The application is implemented on top of a free and open
source spatially aware relational database management system. The algorithm generates a component-wise
approximation of the stress, derived from the original features’ geodynamic properties. Elements of the stress vector
are subsequently displayed on a web map using both static visualization techniques and cartographic animation. To
this end contemporary web technologies such as WebGL is used. Results can also be exported as geospatial data for
further analysis or cartographic visualization.
Keywords: geological map, stress field modeling, online geodata processing

INTRODUCTION
Geoscientists often use predictive models to estimate the stress field of the upper lithosphere. These modeling methods
usually based on measurements (borehole-, focal mechanism- and geodesic data) and the result is a possible structural
pattern or a stress map (Gephart and Forsyth 1983; King et al. 1994; Brückl 2011). Field observations of outcropping
rocks are also used to serve stress modelling (Angelier 1979; Angelier 1984; Michael 1984). The physical properties of
stress accumulation in rocks and the geometry of structures (i.e. faults, fractures etc.) related to the stress are also well
defined in several studies (e.g. Ramsay and Hubert 1987; Lorenzo-Martin et al. 2006; Twiss and Moores 2006; Hergert
and Heidbach 2011). Stress models can be used for fundamental researches to understand the dynamics of the upper
lithosphere in a given region (e.g. Horváth et al. 2006; Hergert et al. 2011), but these models can be used in the mineral
exploration industry as well since the accumulation of mineral resources are often related to faults and fractures (Tikoff
et al. 2013).
To create a model for the lithospheric stress a functional geodatabase is required. The structure of such geodatabase
depends on the processing tool. Applications for processing regional and point-like stress data – e.g. GMT by Wessel
and Smith (1998), DIPSLIP by T. Orife at al. (2002), Stereonet or Faultkin by R. Allmendinger (Allmendinger et al.
2012) and CASMI by Heidbach and Hohne (2008) – require data preparation according to strictly defined logic. The
geolocated data in such database has several attributes such as the measured, or in the case of seismic data the
calculated parameters of fault planes (strike or dip direction of the plane and the vector of displacement).
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Figure 1. Characteristic displacements of fault blocks associated with the basic fault types, and the usual map symbols
related to these types (based on Compton 1985; Twiss and Moores 2006).
Fault traces are linear features on a digital geological map. Each line is represented by several control points which are
connected to compose polylines. If we provide geodynamical data to these linear features as attributes, we can process
the control points similarly to observed point-like data (i.e. the line section orientation provide the azimuth, and the type
determines the optimal dip-angle). Our aim was to implement this logic in the form of a web-based modeling
application, which is designed for field geologists, who are interested to see a potential realization of the stress field
over an area. Such models are not accurate enough for engineering-geological purposes because simplifications are
always present in maps, but in many cases maps are the only sources for a tectonic analysis. The method was applied in
recent studies (Albert et al. 2014; Szentpéteri et al. 2015), and the results of these projects showed that such method can
produce valid stress field model for areas of different scales.
This study consists of three main parts: the description of the input data format, the modeling method, and an overview
of the application’s technical aspects and interface.

INPUT DATA FORMAT
The application takes a number of geological features (faults) as its input, described by their geometry and their
geological attributes. These features can be traced by digitizing polylines from a structural-geological map then
supplementing them with additional attribute information based on the naming system described below. Based on
previous experiences (Albert et al. 2012; Albert 2014) and to provide the easiest way of data interchange, we chose
KML as the format for the application’s input data. From our and our users’ points of view, there are multiple
advantages of KML over other geospatial data interchange formats:


It provides a simple, standardized, XML-based schema for geospatial data, which is both human- and machinereadable. Both feature geometries and attribute data are stored in a single file which allows for easy data
upload (compared to e.g. ESRI Shapefiles).



The standard was conceived and is still consistently backed by Google, but is now fostered by the Open
Geospatial Consortium (OGC 2015). Long term support by these two major parties means the format is here to
stay. This fact provides us with wide-spread and stable KML support in both professional GIS systems and
other applications, including multiple non-professional ones for creating KML files (e.g. Google Earth). This
is important so that our users are not tied to desktop GIS software for preparing input data for the application.
The complexity of a contemporary desktop GIS product would probably dissuade a large fraction of our
audience from using the application.



Not only has KML become a de-facto standard for GIS data exchange, it has also been used in a number of
geophysical/geological visualization applications. Mochales and Blenkinsop (2014) used Google Earth and
KML files to visualize paleomagnetic data; or De Paor and Whitmeyer applied the KML to render geological
maps and link associated COLLADA models to represent data such as structural orientations, cross-sections,
and geophysical moment tensor solutions (De Paor and Whitmeyer 2011).

The uploaded KML file should contain a simple list of <Placemark>s with <LineString> geometries
representing the faults. The application also expects the <Placemark>’s <name> element to contain a string that is
syntactically valid based on the following type-orientation-property naming system (Albert 2014).
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The Type-Orientation-Property Naming System
Each feature’s name should consist of three parts, delimited by a single underscore (‘_’) character. (Parts of the literal
name are set in monospaced font):
1. The first part contains the type, the order and the sureness of the structural element:
o

The type is either FT (for ‘fault’) in the case of brittle, or DT for ductile fractures.

o

The order of the element is either 1 (large: longer than 10000 meters), 2 (medium: length between
100 and 10000 meters) or 3 (shorter than 100 meters).

o

The optional reliability of the fault can either be sure (s) or unsure (u) or omitted. If this field is
provided, the application allows the user to process only the elements indicated to be sure.

2.

The second part of the name refers to the geodinamical property of the tectonic element (i.e. N=normal,
R=reverse, D=dextral, S=sinistral). We also allow oblique faults to be described by combining these letters,
e.g. ND stands for a normal dextral fault.

3.

The third part contains information on the orientation of the fault/thrust plane, given by abbreviations of points
of the compass (e.g. N=North, E=East; S=South, W=West). We allow the orientation to be specified down to a
half-wind (22.5 degree) granularity (e.g. NNE stands for north-northwest). In the case of a normal fault, the dip
direction (towards the hanging wall) is indicated. In the case of a thrust fault (or reverse fault), the dip direction
of the plane aims toward the thrusted block.

Figure 2. The “type-orientation-property” naming system, which was used to process structural geological data from
maps.
Table 1. Example of names for structural elements in the input KML file
FT1s_N_WSW
FT1u_NS_E
FT2u_R_NW

A sure first-order normal fault dipping towards west-southwest.
An unsure first-order normal fault with sinistral component, dipping
towards the East.
An unsure second-order reversed fault thrusted from the northwest.

OVERVIEW OF THE MODELING METHOD
Given a number of features in the format described above, our modeling algorithm calculates the minimum absolute
tectonic stress required to break the rock body compared to its initial, unbroken state. This is done in two stages: first,
an irregular point cloud is created by generating points in a predefined buffer along each structural line. These points
hold attributes describing the properties of the local stress field around these features. Based on the irregular point
cloud, the second stage interpolates stress vectors at each point of a uniformly spaced grid inside the minimum convex
hull that encloses the input features. (This is chosen instead of a non-oriented bounding box so as to avoid extrapolation
in areas outside of the convex hull). The resulting interpolated map shows perturbations arising from the geometry of
the original fault pattern.
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Generation of the irregular point cloud
Our algorithm is based on the notion that the presence of certain tectonic features can be an adequate indicator for
describing the stress field’s properties in the feature’s surroundings. Therefore we define a zone of influence around
each feature and generate equally spaced points in this zone along the feature (Figure 4). The attributes of these points
represent the alleged orientation and magnitude of the stress field’s 3D components at the given point inferred from the
geodynamical properties of the original feature. The size of the zone around the structural element is a function of the
feature’s length (the longer the fault, the wider the zone will be), while the point density inside the zone is dependent on
the nominal cartographic scale of the model. The nominal cartographic scale is automatically inferred from the size and
data density of the model’s research area during the preprocessing stage by computing
𝑀=√

1010
𝑝0

where 𝑝0 is the total number of points of geometries in the research area per km2. M is also exposed as a user-definable
parameter on the application’s interface. Its possible values are constrained to the following five options: 1 : 25,000;
1 : 50,000; 1 : 250,000; 1 : 500,000 and 1 : 1,000,000 (the most common scales for topographic and geologic maps).
The user is offered the two closest options to their dataset’s actual scale. Given M, the point density is computed as a
function of points to be placed per square kilometers as:
𝑝=

1010
.
𝑀

Figure 3. Irregularly placed point cloud consisting of points placed along structural lines (in red) in their zone of
influence. Red triangles and blue dots depict points along dip- and oblique-slip faults’ hanging and footwalls
respectively, while grey dots depict points along strike-slip faults.

Interpolation
To homogenize the irregular point cloud obtained with the method described above, we apply a weighted moving
average interpolation to our data. The algorithm iterates over the cells of a rectangular grid with a predefined spatial
resolution covering the minimum convex hull of the features in the study area. For each cell, a circular window is
defined, and the statistical mean of the stress vector’s components is computed by averaging the vector components of
all irregular points lying inside the interpolation kernel’s window. The interpolated values are inversely weighted by
their source points’ distances to the center of the interpolation window, then normalized into the [0..1] range by the
maximal number of points found in a single interpolation window. The window size (s), as well as the grid’s spatial
resolution (r) are both user-definable, but their range is constrained to 10ln10 (0.03∗𝑀− 0.5) < 𝑠 < 10ln10 (0.03∗𝑀+ 0.5) and
10ln10 (0.005∗𝑀− 0.5) < 𝑟 < 10ln10 (0.005∗𝑀+ 0.5) respectively, where M is the model’s nominal cartographic scale. The
result of the interpolation is stored in a way that allows easy visualization, therefore the two horizontal components are
composed into a pair of polar coordinates describing the azimuth and magnitude of horizontal stress, while the
magnitude of the vertical component is stored as a third attribute.
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APPLICATION ARCHITECTURE
Backend
The application’s core business logic is implemented as a number of stored procedures on top of PostgreSQL, an open
source relational database management system and PostGIS, its geospatial extension. These procedures handle the preprocessing of the imported geometries (parsing the type-orientation-property names, determining the faults’ foot- and
hanging walls, etc.), creating the irregular point cloud and finally, performing the weighted moving average
interpolation.
The core logic is wrapped into a thin layer of UNIX Makefiles and PHP (using the Lumen micro-framework). The
former handles data import/export and interfacing with the database server via OGR and PostgreSQL command line
tools, while the latter does housekeeping, and provides a simple JSON-based REST API for model and telemetry data to
be used by the web client.

Frontend
The application’s frontend is built as a single-page JavaScript application based on contemporary web technologies
such as Facebook’s React. It provides an easy-to-use interface to upload KML files, set model parameters, track their
progress as they are being processed on the server side, and to download/visualize results of the stress field modeling
algorithm, once the model is successfully processed (Figure 6).

Figure 6. The user interface of the application. Left: file upload page. Right: model data sheet.
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Models
Each uploaded dataset (accompanied by its user-definable parameter set) is considered a model by the application.
Every model is identified by an 128-bit long globally unique identifier chosen such as to avoid collisions between
possibly redundant input file names. To help the user identify result datasets, the downloadable ZIP file and its contents
are named similarily to the uploaded KML’s original name (sanitized into an alphanumeric-only form). Model
parameters are also appended to the file names to help the user distinguish between multiple processing rounds of the
same model with different parameters. (E.g. if the original dataset was named Darno_D5_uj.KML, a possible name
of the resulting ZIP file might be darno-d5-uj-t0-s50000-g250-b1500.zip wherein t stands for the
sediment thickness, s for the nominal cartographic scale, g for the spatial resolution of the interpolated grid and b for
the radius of the interpolation window.) In an attempt to avoid identical datasets to be uploaded multiple times, the input
KML file is mapped through a cryptographic hash function. For every dataset uploaded, this hash is compared to
already existing models, and if a match is found, the user is redirected to the original model. To preserve storage space,
at most one result dataset is stored for a model at any given time. Previously used values of processing parameters are
however stored for every model and can be reused at a later time. The input and output data for models is only stored
for a limited time after which it gets automatically garbage collected.

Processing workflow
The processing workflow consists of two stages. The first stage is responsible for pre-processing: after the file has been
uploaded, a number of checks are performed to ensure whether the file is syntactically valid XML, conforms to the
KML schema and whether the names of features are sane according to the type-orientation-property naming system. If
the dataset passes these tests, the application computes valid ranges and sane defaults for the user-definable model
parameters and presents the user with a form to possibly modify these parameters and start processing (Figure 6). The
second processing stage creates the irregular point cloud then performs the moving average interpolation. This is the
most resource-heavy therefore the time consuming stage. The user interface helps the user to be continously informed
about the model’s current state during processing. When processing is finished, the user can export or visualize the
results.

VISUALIZATION
The application provides a configurable, animated cartographic visualization of the stress field (Figure 7). The
visualization is based on MapBox GL JS, a JavaScript library that uses WebGL (a web adaptation of the well-known
OpenGL vector graphics rendering API) to render hardware-accelerated interactive maps from vector and raster data
sources. Our visualization uses a number of custom overlays to extend the functionality of MapBox GL and display the
stress field’s components. The application also provides a number of modifiable configuration parameters to help the
user customize the visualization and gain a deeper insight into the data. The visualization uses points of the interpolated
grid as its data source. While WebGL allows us to leverage the processing power of the computer’s graphical
processing unit (GPU), simultaneously displaying (animating) hundreds of thousands of points is beyond feasibility on
most of today’s commodity hardware. To overcome this problem, data is generalized on the server side before being
sent to the client. This cartographic generalization (complemented with viewport-based filtering) allow us to maintain a
healthy balance between graphical detail and performance as it limits the number of points displayed. The
generalization mechanism is implemented such that the on-screen resolution of the grid (measured in pixels) always
stays the same irrespective of the current zoom level. This resolution is also configurable on the interface.
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Figure 7. Cartographic visualization of the reconstructed stress field. Left: a model of the Pannonian Basin as
displayed on the application’s interface. Right: configurable visualization parameters.

Vertical Stress
The reconstructed stress field’s vertical component is displayed as a heatmap. Areas with upwards vertical stress are
displayed in light colors while areas with a downwards pointing stress vector are colored dark. The user may choose
from a number of color scales which are designed to be perceptually uniform (Borbély and Szűcs 2012) and roboust to
colorblindness (Rudis et al. 2016). The user can adjust the size and intensity of the points of the heatmap to make the
visualization fit to the dataset’s scale and point density.

Horizontal Stress
Horizontal stress is visualized as a two-dimensional vector field. Each point is represented by a line marker, rotated and
scaled to match the local horizontal azimuth and magnitude of the stress field. An option to animate the vector field is
also provided. When switched on, textures on the stress lines are animated in a way that evokes a sense of movement
along the lines towards the stress field’s local orientation. Graphic properties of the vector markers can be configured on
the interface.

DATA EXPORT
In addition to the visualization, processing results are also offered for download to allow further processing in GIS
applications. Both the irregular point cloud and the results of the interpolation can be exported. The output is saved as a
.ZIP of ESRI Shapefiles. KML was also considered, but was deemed unsuitable because the amount of output data (up
to hundreds of thousands of points) is several orders of magnitude larger than the input (typically hundreds of points):
While KML’s text-based format lends itself to effective compression, its uncompressed size is prohibitively large for
most applications it can be displayed in. The result dataset is accompanied by separately downloadable layer style
definitions to make them readily displayable in QGIS.

Output File Structure
The result dataset consists two shapefiles: points.shp contains the irregular point cloud generated along faults,
while interpolated_points.shp contains the regular point cloud generated by the interpolation algorithm. The
attributes of the exported shapefiles are listed in Table 2.
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Table 2. Attributes of the result dataset
points.shp

interpolated_points.shp

id

Feature identifier

id

Feature identifier

geometry_id

Identifier of the fault’s original geometry this
point belongs to
Whether the point resides on the hanging wall
of a dip- or oblique-slip fault
Position of the point along the fault.
Values:“left/right” and “hanging/foot”
The type-orientation-property name of the
fault this point belongs to
Direction of the n-th component of the local
stress vector at the point
Magnitude of the n-th component of the local
stress vector at the point

count

hmax_length

Number of points inside the interpolation kernel’s
window
The number of points normalized by the maximum
number of points at any interpolated point
The azimuth of the horizontal components of the
locally interpolated stress vector (in radians)
The magnitude of horizontal stress

s1v

The magnitude of vertical stress

hanging
pos
type
sn
snv

weight
hmax_angle

CONCLUSIONS
This study revealed that it is possible to approximately reconstruct the state of a litospheric stress field from a database
of geological features. We also provided an implementation of this method in the form of a web-based application
which takes a database of features as an input and provides the user with an interpolated model of the orientation and
magnitude of the stress field in the study area. The application uses KML as its input format and provides a cartographic
visualization of the resulting data set – these features make the application easy to use not only for field geologists but a
wider audience (possibly without profound knowledge of GIS systems) who want to gain an insight into a possible
realization of the litospheric stress field in a given area.
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