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Abstract

Dams are very important structures to their surroundings that need to be monitored. Interpreting
and understanding harvested dam behaviour data is not always an easy task. This thesis provides an
updated and refreshed system for monitoring dam data, called DamVis. It was developed in partnership
with LNEC’s Concrete Dam Department. DamVis was developed using web technologies for both the
back-end (NodeJS, HapiJS, MathJS, etc.) and the front-end (HTML, CSS, jQuery, D3js, Threejs, etc.).
The communication between both components is made through a RESTful API, sending data in the
JSON format. Renewed ways of representing data and interacting with it, for this type of system, was
achieved through Information Visualization (InfoVis) principles. Usability Tests (including a System
Usability Scale scoring) and Case Studies were done to validate DamVis. They proved that DamVis is
a better alternative to common dam monitoring systems, like those currently used by LNEC.
Keywords: Visualizing Dam Behaviour, Dam Monitoring, InfoVis, Dam 3D Visualization

1. Introduction

Ensuring that the structure of a dam is in perfect
conditions is extremely important. A structural
failure in this type of constructions can be catas-
trophic in many ways. Therefore, it is easy to as-
sume the importance of dam maintenance. Moni-
toring dam behaviour is a key aspect in this main-
tenance task. For these reasons, Laboratório Na-
cional de Engenharia Civil (LNEC) Concrete Dam
Department created their own set of dam monitor-
ing tools. Several years later, LNEC felt that their
existing tools for dam monitoring were outdated
and inefficient, shown in Figure 1. They needed a
new system that relied on newer technologies to per-
form this task. The visualization techniques used in
this existing monitoring system, make it extremely
difficult to efficiently interpret data. The lack of
intuitive and natural interaction within the system
also hinders the ability to explore data in a mean-
ingful way. For these reasons it is crucial to improve
the overall effectiveness of this dam monitoring sys-
tem, taking into account that up-to-date techniques
of data representation and interaction can serve an
important role for this purpose.

DamVis is a project carried out in partnership
with LNEC that aims to solve these issues. LNEC
provided data gathered from the Cabril Dam to im-
plement this system. Despite using data from one
specific dam, DamVis objective is to be an univer-
sal dam monitoring system that can be adapted to
most concrete dams, with minor tweaks.

Figure 1: Visualization tool for dam monitoring
used by LNEC.

Information Visualization (InfoVis) main goal is
to represent relevant data in a meaningful manner
to the user. It creates encodings of data into vi-
sual channels that people can view and assimilate
more easily [7]. InfoVis is a great way to represent
big collections of data in a perceptible manner [13].
This means that users can abstract themselves to
a higher level and interact with a full-fledged sys-
tem that is able to represent data in different ways,
exploring or filtering it to their liking and need. Al-
lowing users to disregard low level details empowers
them to achieve better results in their original tasks.
For those reasons, InfoVis techniques are considered
useful for DamVis.

1.1. Objectives

Given the importance of visualization for this type
of systems, DamVis main objective is:
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Develop a web-based system for visualizing
dam behaviour using monitoring data that
helps to understand and interpret its struc-
tural response.

The system should be able to:
• Represent external parameters that affect dam

behaviour (i.e. reservoir water level).
• Visualize values of structure vibration regis-

tered by dam sensors.
• Visualize processed sensor data, using mean-

ingful algorithms to produce derived measures.
• Spatially identify the dam’s structural response

for each sensor.

2. Theoretical Background
In order to have a meaningful visualization it is
mandatory to understand the main goals and issues
in the dam behaviour scope. An infrastructure has
always some kind of structural response to environ-
mental changes. Mostly, this structural response
is very small and imperceptible to the naked eye,
even though it is always present. Visual inspection
of a dam was used in the past but it is an out-
dated technique. It does not guarantee that all fail-
ures are detected while it also requires a significant
amount of labour. Locations with extremely diffi-
cult or impossible access can not be monitored, an-
other major drawback of the visual inspection tech-
nique. This method does not support preventive
measures, therefore many issues are not detected
early enough to be properly fixed [1].

To gather the data needed to evaluate dam be-
haviour it is imperative to determine what variables
are essential to register. The most mentioned vari-
able is concrete displacement [3, 9, 10, 14, 11], which
measures the motion or shift of the concrete in a
given point of the structure. Dam behaviour is also
heavily related to environmental causes, such as hy-
drostatic load (reservoir water level) [3, 9, 10, 14].
Natural catastrophes and other environmental phe-
nomena can have a great impact on a dam’s struc-
ture, due to their unpredictability and intensity.
Earthquakes or storms with severe rain fall are the
natural catastrophes with most impact on a dam
[3, 9, 14].

Once determined what values should be regis-
tered, it is necessary to choose which tools or sen-
sors are going to capture those values. A specific
type of pendulums (accelerometers) are used in real
world scenarios to register fluctuation in the con-
crete position [3]. The measurements registered by
it can be extrapolated to external stimulations, like
reservoir water level variation. Non-reversible ef-
fects caused by concrete displacement can be iden-
tified if the pendulum position changes over time
but does not revert back to its initial position. Sen-
sor location on a dam is another key aspect to note.
It is necessary to know where the values were ob-

served in order to fully understand them. This way
it is possible to identify if some areas of the dam
are at risk. The values captured by the sensors
are considered to be raw data because they need
to be processed in order to produce meaningful val-
ues. Raw data is transformed into tabular data by
carrying out some data sampling or filtering tech-
nique. Captured values can produce helpful data
when derived using wavelets transformations [10].
Fast-Fourier Transforms (FFT) are widely used for
time-frequency transformations.

3. Related Work

Not a lot of academic research has been done com-
bining both dam behaviour monitoring and infor-
mation visualisation, meaning that there is a short-
age of proven methodological approach in this field.
Since dams share some characteristics and princi-
ples with other large constructions, related work re-
search was broadened to cover this aspect in order
to retrieve more useful information.

3.1. Information Visualization Principles

Visualization strives to provide intuitive, immedi-
ate and language-independent ways to view data,
exploiting the human visual system [7]. There are
common sets of rules when building monitoring sys-
tems that rely on InfoVis but for dam monitoring,
off-the-shelf products are not enough [4]. Data may
lose some important details or the system will not
cover all aspects and needs for the end-users when
using them. [4].

Interaction is regarded as one of the most impor-
tant aspects for this kind of visualization systems
[2, 4]. Visualizations should not be a static demon-
stration of data and should grant the ability to in-
teract and explore their underlying data [2].

3.2. Temporal Data

Displaying time associated data is extremely impor-
tant to understand patterns, sporadic events and
the overall data trend. If the data is known to be
cyclical, like weekly or monthly data, radar charts
are a good choice [7]. On the other hand, if it is not
cyclical but still has time associated, a heat map is
a good way to encode it [7, 8]. A heat map con-
veys progression of the data through time dividing
it into equal rectangular shapes, enabling the pos-
sibility to compare them [8]. If a daily time frame
is chosen for the heat map it can be assumed that
it takes the form of a calendar, which results in a
compact and intuitive visual representation that is
good to relate weekly or monthly patterns [7].

Time-frequency data representation is commonly
used in analysis of acoustic signals and seismic data,
usually employing spectrograms to represent it [1].
Fourier transforms are widely use to obtain time-
frequency data. Spectrograms enable the analysis
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of frequency progressions through time but have the
disadvantage of not being able to specify the exact
value of the represented signal at a point in time.

3.3. Monitoring Techniques

Line charts can be used to monitor the dam re-
sponse as a whole, with thresholds that define
whether this response is normal or abnormal [9].
Line charts are also used to represent external vari-
ables that highly affect a dam’s behaviour, like air
temperature or reservoir water level [9].

Some visualizations try to map real life physical
characteristics. As it was already said, some values
are only meaningful when connected to a location.
For example, if a sensor location is not known, then
the values it captures are not that useful. For those
reasons, usage of schematic representations for the
dam are helpful, displaying location of relevant ele-
ments, such as sensors [12].

Usage of a sideways schema of the dam com-
bined with a spectrogram, shown in Figure 2, is
a useful combination of different visualization ap-
proaches [14]. This method facilitates the represen-
tation of multiple sensors location while also giving
information about acquired values. It helps to un-
derstand which areas of the dam are going through
more stress and enable the easy identification of ar-
eas that are being affected by abnormal behaviour
[14].

Figure 2: Schematic side way view of a dam with
a spectrogram representation to show higher dis-
placement/movement points [14]

Some 3D techniques may also be used, like a vir-
tual 3D terrain. The ability to explore a 3D envi-
ronment, simulating real-world constructions with
spatial information, could be useful to observe pat-
terns with location awareness. The exploration of
the three-dimensional scene may be useful to com-
prehend how different sides of the dam behave at
the same point in time. 3D representations can use
animations to simulate the observed dam behaviour
in different points in time. This way it can be pos-
sible to determine if distinct points of the dam are
being put through more stress than others. If that
it is true, than an assessment is needed to those
specific locations to evaluate the risk of failure.

3.4. Discussion

As stated in the beginning of this section, lack of
information regarding dam behaviour visualization
is a problem. Very little to no real research was done

to try and solve this issue from a InfoVis point of
view, which is a handicap when trying to develop a
powerful and meaningful tool.

Every visualization has advantages and disadvan-
tages that must be considered. For dam behaviour
monitoring, as it was already stated, the physical
location of sensors is extremely important. This
means that the visualization with a dam’s schematic
representation can be very effective in this context,
however they do not show changes through time.
Other visualization techniques that can represent
data evolution through time, like a heat map or
spectrogram could complement the dam schematic
to overcome this drawback. Heat maps and spec-
trograms can be considered to be representations
with similar function, since both can represent the
variation of a sensor through time but without the
possibility of pinpointing the exact value at a given
instant. Bar and line charts should also be con-
sidered since they could be useful in almost every
situation, given their versatility and effectiveness.

4. DamVis

DamVis, as said before, is a system for visualiz-
ing dam behaviour that can be tailored to most
concrete dams. Data from Cabril’s dam was used
in this DamVis implementation. LNEC’s Concrete
Dam Department is responsible for maintaining and
monitoring it [11]. They also have made the devel-
opment of this system feasible, providing the data
and expert knowledge. Therefore, it is possible to
affirm that LNEC’s Concrete Dam Department is
the stakeholder for DamVis.

An incremental iterative approach was used in
all the process of developing DamVis. This ap-
proach grants flexibility and greater ease to adjust
and adapt the work developed to the new needs that
arise over time [5, 13].

The first stage, as in most projects where stake-
holders are involved, required to figure out what
are their needs and what tasks should the system
accomplish. In this case, the data used in the sys-
tem was also collected at this stage. The next step
was to build low fidelity prototypes. They are a
quick and easy way to convey and discuss ideas
about the layout and visualization techniques to be
used at a higher-level [5, 13]. Functional prototypes
were the next stage and, as the name suggests, it
was where all the planning started to take a tan-
gible form. They allowed us to test and interact
with the visualization techniques suggested in the
low fidelity prototypes, as well as understanding if
they actually fitted our tasks or not. Since they
were functional prototypes, the whole system ar-
chitecture also started to be implemented at this
stage. The final state of DamVis presented in this
document is the latest iteration of the functional
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prototypes. In each of these stages one or more
testing phase was carried out. This helps to vali-
date and receive feedback about the work that had
been developed more often and in smaller amounts,
which helped to tailor the system to our stakehold-
ers needs.

4.1. Requirements and Data Gathering
The first stage in the process of developing DamVis
was to meet with LNEC’s Concrete Dam Depart-
ment and discuss the main goals and functionalities
expected of this system. The major requirements
that the system should meet were defined as:
• Watch the variation in the water-level.
• Choose a point in time to:

– Visualize values acquired by the sensors.
– Visualize a Fast Fourier Transform (FFT)

of those values.
– Visualize Frequency Domain Decomposi-

tion (FDD) for all sensors at that point in
time.

All data used in this system was provided by
LNEC and represents real values registered in
Cabril’s dam. The data can be divided in three
distinct categories:
• 3D Mesh of the Dam.
• Water level.
• Accelerometer Data.
The 3D Mesh, as the name suggests, is a mesh of

points in a three-dimensional coordinate system of
Cabril’s Dam and its surrounding foundation and
reservoir. Another category of data is the recorded
water level, in meters, for each hour between Jan-
uary 1st of 2014 and October 24th of 2014. Lastly,
the other category of data contains the values reg-
istered by each of the 19 accelerometers in Cabril’s
Dam, used to measure concrete displacement. From
those 19 sensors, 16 are uni-axial, which means that
they only acquire concrete displacement in one axis
and the remaining 3 are three-axial.

4.2. System Architecture
From an early stage it was determined that this
new monitoring tool should be developed with web
technologies, using JavaScript libraries, replacing
the existing MATLAB monitoring tool. This choice
was made due to the amount of work done in open-
source visualization libraries in the last few years.
It facilitates our work because it removes the need
to develop a solution from scratch, being able to
use templates for the system layout or visualization
libraries.

An usual client-server architecture was consid-
ered for this system. The back-end (or server-side),
described in Section 4.2.1, should process and de-
liver data to the front-end (or client-side), as shown
in Figure 3.

The front-end will be a single-page application

Figure 3: Basic scheme of DamVis architecture.

that requests data to the back-end and displays it
using some visualization techniques, described in
Section 4.2.2. The communication between both
sides is made through a web Application Pro-
gramming Interface (API) with standard Hypertext
Transfer Protocol (HTTP) requests. The API de-
fines a set of paths, accessible through these HTTP
requests in order to exchange data in the JavaScript
Object Notation (JSON) format. Therefore, the
back-end is responsible for handling requests incom-
ing from the front-end, which may involve data pro-
cessing and delivering it in a known format, such
as JSON. After a certain user interaction with the
application on the front-end, a corresponding data
request will be sent to the back-end. Once the re-
sponse from the back-end reaches the front-end, it
will manipulate the data to form the visualizations,
corresponding to the user request.

4.2.1 Back-End
DamVis back-end is developed in JavaScript, more
specifically using Node.js. Node.js is a run-time
environment for executing JavaScript server-side
code. It is also open-source and cross-platform.
Node.js provides a package ecosystem, Node Pack-
age Manager (npm), which is one of the largest ex-
isting repositories for open-source libraries.

For DamVis, only requests using the GET
method of the HTTP protocol are considered, since
the front-end only needs to read data. The paths
available to be queried are the ones defined in Fig-
ure 4.

Figure 4: Paths that the back-end handles.

The root path returns the single-page application
in HTML that contains all the front-end logic and
implementation. The remaining three usable paths
to communicate with the server belong to the API.
Their paths are prefixed with /api/.
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Figure 5: Raw Sensor Data to FFT.

The 3D Mesh Model path reads its corresponding
file and returns a JSON array with the 3D points
of the dam. The Water Level path reads its corre-
sponding file and returns a JSON array of objects.
The Sensor Data path is more complex, since it is
the one that processes all the raw sensor data into
the derived values used in the visualizations. This
path only accepts requests when a date is specified,
in order to fetch the corresponding data file. The
outputted data from this path can be divided into
three categories:

1. Raw Sensor Data.
2. Fast-Fourier Transforms (FFT).
3. Frequency Domain Decomposition - Singular

Value Decomposition (FDD-SV).

Sensor raw data is the base for both of the re-
maining categories, since FFTs depend on it to be
calculated and FDD-SV on the FFTs.

After validating that the requested date exists,
the raw sensor data is extracted from the corre-
sponding file into an array. Each three-axial sensor
is treated as three separate uni-axial sensors, which
means that there are a total of 25 sensor values
per file. The next step is to calculate the FFT for
each sensor, that is done using the NPM package
FFT. 25 FFTs are calculated with the help of this
package, which returns complex numbers, like what
is shown in Figure 5. JavaScript does not natively
support complex numbers so the output of the FFT
package represents them in an array, where the ele-
ments with even index represent the real parts and
the odd index the imaginary parts. The Mathjs is
an extensive math library for Node.js that supports
complex numbers and matrices (among others) and
operations between them. This package is used to
store the complex numbers returned by the FFT
package in a more structured way, instead of an in-
teger array.

Once the FFT operation is completed it is now
possible to process the FDD-SV values. This algo-
rithm is only applied to the 16 uni-axial sensors. It

Figure 6: FFT data to FDD-SV.

is completed in two steps. This first step is to gen-
erate the Frequency Domain Decomposition values.
The second step is to factorize the values obtained
in the first step by applying the Singular Value De-
composition algorithm to it, represented in Figure
6. The FDD is achieved by building 16 by 16 ma-
trices, each one of its elements is produced by doing
the dot multiplication of a vector of FFTs, that was
previously multiplied with the frequency of the sam-
ples, by a conjugated vector of complex numbers.
After calculating the FDD matrices it is now possi-
ble to apply the Singular Value Decomposition al-
gorithm. The utilization of the Node-SVD package
was considered to help in this task but was quickly
discarded due to incompatibility with DamVis de-
velopment environment. The original Node-SVD
packaged was forked and re-written into a com-
patible version with the development environment.
This re-written package, to date, was not yet regis-
tered in the NPM repository but it is available to be
installed in a Node.js project by using the following
url: https://github.com/JMoura5/node-svd.

For each matrix provided to the SVD module it
returned two variables: U and V. U is a singular
value of the factorization of the FDD matrix and
V an array, in this case, of 16 elements that corre-
spond to the factorization for each sensor individu-
ally. This is useful to produce values for the Dam as
a whole (U) or per sensor, with location awareness
(V).

4.2.2 Front-End

DamVis front-end was developed in a typical web-
application way. It consists of HTML, CSS and
JavaScript. Some JavaScript libraries like jQuery,
D3.js and Three.js were used to help in the imple-
mentation of the visualizations and user interaction.
The front-end was built in the same incremental it-
erative approach as before. After gathering the re-
quirements, low fidelity prototypes (LFP) were de-
veloped. Only after validating these LFP with the
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stakeholders a functional version of DamVis was im-
plemented, the functional prototypes (FP). These
FP were also developed in an iterative approach,
adding new visualizations and interactions always
with validation from the stakeholders. With this
approach it is guaranteed that the final version is
useful to LNEC’s Concrete Dam Department and
fits their needs, since the end-users were always
aware of the system’s state and evolution.

The landing page is shown in Figure 7. The
content of this landing page displays the Water
Level visualization and the disabled Sensor Loca-
tion Schema. Selecting a point in time can be done
in two distinct ways. It can be done either by click-
ing in the Water Level visualization, where a tool-
tip is displayed to show which date is being hovered
or by selecting a point in time using the date-picker,
which is used to directly input a specific date. Be-
sides the tool-tip, Water Level visualization also
supports user interaction through zoom and pan.

Figure 7: Landing page.

After choosing a point in time, the Accelero-
grams panel is automatically selected and the Sen-
sor Location Schema is enabled, shown in Figure 8.
While the Accelerograms and FFTs data is being
retrieved, a loading button is displayed, to provide
feedback to the user. It is also possible to see that
the Water Level visualization now has an orange
line to mark the selected time.

When the sensor data is ready, it is possible to
view the Accelerograms and FFTs or change which
sensor’s data is being displayed, through interac-
tion with the Sensor Schema Location, like in Fig-
ure 9. The page scales vertically, with a scroll-bar,
to adjust to the number of sensors being displayed

Figure 8: Selecting a point in time from Water
Level.

Figure 9: Accelerograms and FFTs panel.

at once. If more than one sensor is selected, two
more line charts are added, one for the accelero-
grams data and the other for the FFT values. Each
of them display the maximum, median and mini-
mum value for every selected sensor, per time sam-
ple. Each of the visualizations in this panel also
support user interaction through zoom and pan.

The FDD-SV panel represents the values calcu-
lated by the Frequency Domain Decomposition with
Singular Value Decomposition. It contains three vi-
sualizations, Response Spectrum and Response in
Displacement in 2D and 3D, represented in Figure
10. The 2D Response in Displacement can also hide
the lines that are being displayed, each one rep-
resenting the corresponding sensor values. This is
done through interaction with the group of buttons
next to it. The 3D Response in Displacement sup-
ports exploration of the three-dimensional scene, to
view different sides of the dam. There are two slid-
ers bellow it. The first one, called Displacement
Multiplier, is used to control a scalar multiplier ap-
plied to the displacement values. The second one,
called animation speed, controls the speed at which
the frames are updated to show the animation of
displacement values.

The last panel is the 3D Finite Element Model.
It contains the same Response Spectrum visualiza-
tion present in FDD-SV, to give some context to the
two 3D dam models displayed bellow it, represented
in Figure 11. Some more relevant context is given
by displaying the maximum water level registered
for all data and the water weight against the dam’s
structure. The Observed 3D displacement model
represents the calculated values, which is the same
3D model displayed in the FDD-SV panel. The Cal-
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Figure 10: FDD-SV panel.

Figure 11: 3D Model panel.

culated 3D displacement model shows the predicted
values for the dam behaviour, obtained through the
statistical prediction model. This way it is possible
to compare observed values in the real-world with
the prediction model. Both 3D models also sup-
port the same interaction as the 3D model from the
FDD-SV panel.

4.2.3 System Potential
DamVis improved some use case scenarios that had
flaws in the previous monitoring system. One of
those scenarios was when a user wanted to know
what values the sensors registered given a
specific water level. On the old system it was
only possible to choose a date through a set of
drop-down menus to select the corresponding year,
month and hour. This is a direct manner to se-
lect a point in time if the user already knows which
date he wants to see, however it does not enable
the exploration of the visualized data in the water
level graph. The date-picker is similar to what the
old system had, since it enables the user to pick
a specific date directly, but in a more structured
way (the dates are displayed through a calendar in-
stead of drop-down menus). Interacting with the
Water Level to select a date is another way to ex-
plore the displayed data that complements the cal-
endar. This way the user has the freedom to choose
which method of selecting a date is more useful to
him, taking into account the task he needs to ac-
complish.

Comparing the registered response dis-
placement in a graph and 3D visualizations

at the same time was another use case that was
lacking in the previous system. These two visualiza-
tions were in two distinct panels, which removed the
ability to compare them at the same time, despite
being complementary to each other. In DamVis
this is not an issue since the FDD-SV panel con-
tains both visualizations.

Another major issue present in the old monitor-
ing system was the inability to explore the three-
dimensional scene. DamVis grants the user abil-
ity to explore the three-dimensional scene through
mouse interaction. This way the 3D model repre-
sentation has the advantage of being able to show
how different sides of the dam behaved with the
registered concrete displacement.

5. Evaluation

To get an objective evaluation of DamVis some tests
were carried out. These tests can be divided into
two different categories: Usability Tests and Case
Studies.

5.1. Usability Tests

The usability tests were executed to assess the qual-
ity of system usability and interactivity. Users that
performed these tests were volunteers that do not
have expert knowledge of dam monitoring. Twenty
different users completed the usability tests, guar-
anteeing meaningful results, given the broader span
of test subjects.

5.1.1 Protocol

Usability tests followed a protocol that was re-
peated for each user, to ensure objectivity in the
results.

The first stage, consisted on explaining to the
user what were the objectives for the test and a
brief introduction to DamVis. A demonstration
was performed, giving context on what visualiza-
tions were used, why they are important and what
tasks do they fulfil. The second stage granted the
user the opportunity to freely explore the system
for five minutes. This worked as a consolidation
mechanism of the introduction done before and en-
sured that the user was more comfortable to execute
the next stage. The third stages consisted on ask-
ing the user to execute five tasks, while recording
the amount of time and number of errors it took to
complete each of them. The tasks simulate some of
the tasks that end-users will be executing. These
tasks should always be executed in the same order
for each user, to prevent disparity between the reg-
istered results. In the fourth and last stage the users
filled a questionnaire that measured the system us-
ing a System Usability Scale (SUS).

SUS is a ”quick and dirty”, technology indepen-
dent, usability scale that should be measured after
executing the aforementioned tasks [6]. To produce
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this SUS scoring a questionnaire with a predefined
set of ten questions should be filled. Answers were
given a scale from 1-5, where 1 means ”Strongly
Disagree” and 5 ”Strongly Agree”. After a user
gives his responses, his individual SUS scoring can
be calculated through a set of operations. Once all
users complete the questionnaire a median of the
individual SUS scoring is calculated, revealing the
final SUS score for DamVis.

5.1.2 Results

The results presented in this section can be divided
into two categories: Results from task execution
and SUS scoring. The amount of time (in seconds)
and number of errors for each user when performing
the each of the five tasks are registered as results for
the task execution. An error is considered when a
user is trying to find the answer for the correspond-
ing task in an incorrect panel.

• Task #1 average time 7.45 seconds (standard
deviation 3.86) and 0 errors.

• Task #2 average time 42.55 seconds (standard
deviation 10.93) and 0.45 errors (standard de-
viation 0.51).

• Task #3 average time 53.2 seconds (standard
deviation 10.43) and 0.5 errors (standard devi-
ation 0.83).

• Task #4 average time 18.2 seconds (standard
deviation 6.29) and 0.35 errors (standard devi-
ation 0.59).

• Task #5 average time 8.45 seconds (standard
deviation 6.07) and 0.2 errors (standard devia-
tion 0.41).

Regarding the SUS questionnaire:

• Question #1 average score 3.5 (standard devi-
ation 0.51).

• Question #2 average score 3.4 (standard devi-
ation 0.75).

• Question #3 average score 3.4 (standard devi-
ation 0.6).

• Question #4 average score 3.25 (standard de-
viation 0.79).

• Question #5 average score 3.6 (standard devi-
ation 0.5).

• Question #6 average score 3.5 (standard devi-
ation 0.76).

• Question #7 average score 3.3 (standard devi-
ation 0.66).

• Question #8 average score 3.4 (standard devi-
ation 0.68).

• Question #9 average score 3.05 (standard de-
viation 0.69).

• Question #10 average score 2.85 (standard de-
viation 0.93).

The final SUS score is 83.125 (sum all average
scores for each question and multiply by 2.5: 33.25×
2.5).

5.1.3 Discussion

Regarding the tasks executed by the test subjects,
Task #1 was the easiest because users did not need
to change panels and it was asked to analyse a sim-
ple pattern. For that reason it was expected to
be the one to take the lowest amount of time and
register less errors, as it did. For Task #2 it was ex-
pected that the user selected a specific date and ob-
served the FFT graph of a determined sensor. This
task recorded the second highest average amount
of time to accomplish and number of errors. The
amount of time to completed this task was already
expected to be higher than the previous because
the user needed to select a specific date and then
wait for the back-end to respond with data. Most of
the users used the Water Level line graph to reach
the desired date, which sometimes meant that the
wrong date was selected. This could mean that
the date-picker should be highlighted somehow, so
that the users do not forget to used it when they
have a specific date in mind. Task #3 was assumed
to be the most difficult one, since it required the
user to select yet another specific date and navigate
through a different panel. The recorded values con-
firmed this assumption. This is justified by the fact
that, once again, some users used a less direct way
to pick a date but also because this task depends
on the biggest amount of data to be sent from the
back-end. The most common mistake in this task
was to look at a graph that did not correspond to
the Response Spectrum, which maybe due to the
lack of expert knowledge in dam monitoring and
mixing up some of the similar concepts and graphs
used in DamVis. Task #4 made the users analyse
a different graph on the same panel as before, with
the same date, which made it take less time to ac-
complish and with less errors. Lastly, Task #5 was
the second lowest in duration and number of errors.

Concluding, the observed results for task execu-
tion may point to a need to adjust the way of select-
ing a date, since it was one of the common mistakes.
The other common errors observed could be related
to lack of experience in the dam monitoring field.

When a system get a SUS scoring of 80,3 or more
it is considered to have optimal usability and users
are more likely to recommend it to others [6]. This
means that DamVis, considering a SUS scale, is a
system with optimal usability, with a 83.125 score.

5.2. Case Studies

A system with good usability does not necessarily
mean it is useful for its end-users. A great sys-
tem is one that not only has good usability but one
that also is able to give the right information at
the right time to help the user achieve its objec-
tives. Case studies are useful to assess this because
they are targeted at evaluating the context of the
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system. They are carried out with end-users, which
means that what is being evaluated is the content of
the system and how good it helps them to complete
their tasks. Since end-users are involved, it removes
the amount of context and explanation that an in-
expert user needs to start testing the system. Case
studies are a much less strict way to test a system
than Usability Tests [13].

5.2.1 Protocol
The purpose of case studies is to evaluate system
usefulness in real-word scenarios by receiving quali-
tative feedback from test subjects. In this case, the
users that are testing the system are end-users, un-
like in the usability tests. This means that the focus
is less on usability or interaction and more on visu-
alizations, their content, potential and helpfulness
when a user performs real-world tasks.

Working with end-users in this testing scenario
means that little explanation is needed to introduce
the system. After a brief introduction the user has
full control over the system, in order to explore it as
he likes. This emulates real-word use cases, where
the user does not have guidelines to execute a prede-
termined task. During system exploration, the user
should give feedback about what he is trying to ac-
complish and how does he feel during that process.
The qualitative feedback received from the users is
then interpreted, revealing how well the system re-
sponds to real-world scenarios and how useful it can
be as a new and improved dam monitoring system.

5.2.2 Results
The ability to view various accelerograms and FFTs
graphs simultaneously was considered a helpful fea-
ture, since the old monitoring system only al-
lowed to display three sensors simultaneously. With
DamVis all 19 sensors can be selected and their cor-
responding data visualized, scaling the page verti-
cally with the help of a scroll bar. When selecting a
4th sensor our user said ”It is possible to select
more than three sensors at a time? That
is very useful. That was not available in
the previous system, we had to always se-
lect three sensors, regardless of wanting only
one or more.”. This statement confirms the flexi-
bility that DamVis provides for different variations
of the same task.

Comparing side-by-side the displacement re-
sponse values calculated with the FDD-SV algo-
rithm in 2D graph and 3D dam model was also
commented as a major improvement. In the old
monitoring system these visualizations were in sep-
arated panels without any context from each other,
not enabling to compare them effectively. The user
stated that ”Before we had these representa-
tions in two distinct panels, which hindered
the ability to compare them. Now we can

easily relate them, since they are side-by-
side.”. Once again, DamVis proves to be tailored
to LNEC’s needs because of the thought and plan-
ning that went into the conception of its layout.
The frequent testing stages and feedback received
through the development process of DamVis also
helped achieved this usefulness.

The capability to explore the three-dimensional
scene of the 3D model was also lacking in the old
system but included in DamVis. This spatial explo-
ration of the three-dimensional scene is one of the
greatest advantages when using 3D representations
and so it was considered to be very useful. The user
commented that ”We had a static 3D represen-
tation of the dam, which did not allowed us
to explore different perspectives. There was
an older tool that had this ability to explore
the 3D scene but was separate from the main
monitoring system, which made it of little
use.”. This way the user feels that it is easier to
complete tasks that were cumbersome before.

5.2.3 Discussion
With the positive feedback received from the case
studies, we can conclude that DamVis is a use-
ful system for dam monitoring. The results gath-
ered from the case studies support the idea that
DamVis provides a new and improved dam moni-
toring system. It fulfils all the objectives proposed
while improving the effectiveness of the dam mon-
itoring task. New patterns can now be discovered
due these improvements, such as viewing multiple
sensors accelerograms at once. End-users can now
complete their tasks more efficiently or even in ways
that were not possible before, which is the main goal
when creating a new visualization system.

This is corroborated by the received feedback,
which is even more meaningful when considering
that is was obtained through real-world use cases
and from someone with expert knowledge in the
matter. Therefore, with the case study, it is pos-
sible to confirm the usefulness of DamVis and its
ability to provide an updated and meaningful dam
monitoring system.

6. Conclusions
DamVis had the goal of developing a web-based sys-
tem for visualizing dam behaviour, using monitor-
ing data that helped to understand and interpret
its structural response, which was achieved. It pro-
vides a new and improved way of monitoring dam
behaviour, fulfilling the needs of LNEC’s Concrete
Dam Department. This claim is supported by the
results of the system evaluation, both in usability
tests and case studies. DamVis implemented all set
of features that LNEC’s Concrete Dam Department
deemed mandatory in order to effectively perform
the dam monitoring.
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Choosing which visualizations and user interac-
tion to use in DamVis was a cooperative work with
LNEC’s Concrete Dam Department applied with
InfoVis techniques and principles that fitted their
tasks and demands to properly monitor dam be-
haviour. They had the expert knowledge on dam
monitoring and the corresponding data that en-
abled the completion of this project. Therefore it is
possible to state that DamVis was tailored to their
need.

6.1. Achievements

The greatest achievement of DamVis was to pro-
vide a new and improved tool for monitoring dam
behaviour using unprecedented technologies in this
area allied with InfoVis. DamVis front-end is much
more powerful than what is commonly found in sim-
ilar systems because it was specifically tailored for
dam monitoring while also considering the impor-
tance of data visualization and user interaction to
explore data in a natural and meaningful way. This
is confirmed by the results obtained in the system
evaluation. Usability tests results and SUS scoring
attest the quality of the usability and interaction of
DamVis. The case studies corroborate the useful-
ness of the system from the end-users perspective,
with context awareness and knowledge of the dam
monitoring tasks.

User interaction was something lacking in their
previous system, and that was overcome in DamVis.
On almost every visualization the user has the abil-
ity to zoom and pan, complemented by a tool-tip to
help read exact values. The most innovative visu-
alization in DamVis was the 3D dam model. This
type of visualizations is not commonly found in web
applications. It complements very well the displace-
ment response data in 2D, enabling end-users to
draw conclusions that were not possible before. The
ability to interact with the 3D model and exploring
the three-dimensional scene is also a very impor-
tant feature that was lacking in LNEC’s previous
system.
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