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Abstract | {HE

This paper analyzes and develops a real-time GNSS monitoring system to evaluate the lateral
and torsional displacement and wind-induced response of a high-rise building. The system is
made up of four GNSS receivers located on the rooftop of high-rise building and an original
software, which together define a local geodetic network. The data processing is based on the
Gaussian adjustment methodology and its own imposed condition. Each monitored high-

rise building has a unique mathematical model with its own conditioning. Thanks to these
algorithms adapted to the project and a contrasting filter, we can correct blunders, avoid
unstable GNSS systems and improve quality and reliability of displacement of the high-rise
building being monitored. The real-time GNSS monitoring system provides interesting feedback
information for structural engineers and architects regarding the position and other key data of
high-rise buildings in real time, contributing to an effective risk management.

Keywords: Risk, Seismic, Structural Engineering, Structural Health Monitoring, Supertall,
and Wind.
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Introduction

The control of the position of structures

using GNSS techniques is a fact nowadays.
Specifically, auscultation and the dynamic
deformation behavior of engineering structures
has been a subject of concern for engineers for
many years. In this sense, the adoption of GPS
technology for monitoring and auscultation

of civil and architectural structures has already
been validated in other preliminary research
verifying its adoption as a standard technique.
Earlier examples of this include the Calgary
Tower, in Canada (Loves et al.1995) and

the Humber suspension bridge, in the UK
(Ashkenazi and Roberts, 1997).

The advancement of technology and
communications has allowed the development
of methods that provide these positions with
millimeter accuracy. It is also becoming a
research field of great academic interest (Van
der Auweraer, H. and Peeters, B. 2003) with an
understanding that tolerance levels, sometimes
to high levels of accuracy, are a vital detail.

WS, AALIRDESMAGHEARHIT
ENEMENER TR R. BRI,
TRREMIMAREINERATH, BA
AT TR 2 k—ERRNRAE=
F, EESZ T, BAGPSHEAE
A TR NFRARIR AR, FEEMD
BIERFR PEAIRER AR TN A EEE
B TSR, ZE AR AR R HREA 845
INEARM-E/RINEE (Loves et al.1995)
FRENZE B (Ashkenazi, V. and
Roberts, G. W. 1997),

R RETRHP RS T EATEN A
B, BETWEMEEESIEZEXT, X
—&USIE 5 [RFAFHIL A (Van der
Auweraer, H. and Peeters, B. 2003),
ERAENEGREFDUSIHRIZEXRE,
X—REXEE,

Eitt, GPSEARHIARRE ¥ —FEFi
HREALERIEIN, MRS
EMFITENM (RTK) o JUIESRZE
AR T GPSSER B E AR AT THE,
Eban, S H AR —EEEE (Tamura et
al. 2002)H9MEEmEIEAEATR. SN0

1216 Structural Engineering - Materials, Performance and Techniques | 4514 TF2—4k. MEEEFIRA



So, due to the evolution of GPS technology
an improved method using differential
positioning real-time kinematic (RTK)

was developed. Several studies have
demonstrated the feasibility of RTK-GPS
such as the observed full-scale performance
of a tower in Japan (Tamura et al. 2002).
Another study with the same aim used full-
scale measurement for the displacement of
three tall buildings in downtown Chicago
(USA). The wind-induced responses of the
buildings were measured and compared to
wind tunnel tests and finite element models
by installing force balance accelerometers
and a GPS receiver (Kilpatrick et al. 2003)

Some years ago the feasibility of a GPS
method for measuring wind-induced
responses and monitoring horizontal and
torsional displacement and acceleration
in high-rise buildings was verified (Park et
al. 2008).

The authors Yi, T.H. Li, HN and Gu, M. (2013)
present an interesting review of current
research and development activities in

the field of high-rise structure health
monitoring using the (GPS).

In Japan, wind engineering studies on the
effect of typhoons in tall buildings through
full-scale monitoring with accelerometers,
anemometers and pressure sensors have
been carried out (Li et al. 2014). There

have been further preliminary studies
undertaken about technical feasibility of
GNSS observations, such as the research

on the Yonghe Bridge in China; focus of

this was to examine the GNSS technique in
the deformation monitoring of the bridge
tower and develop parametric models to
assess the dynamic behavior of the bridge
utilizing RTK-GPS measurements. Then,
functions were transferred expressing the
relationship between the displacements of
the tower and the variations of temperature,
humidity, wind speed with the use of robust
fit regression models (Kaloop, M. R., and Li,
H.2014).

In accordance with the theme of CTBUH
2016 International Conference, this

paper suggest that it is fundamental and
essential within the scope of smart high-
rise buildings to have an instantaneous
determination of its precise position with
high reliability. This is because smart
buildings allow integrated and automated
management and control.

The continuous assessment of the
displacement of a high-rise building with
GNSS facilitates the systematic and scientific
analysis of its overall dynamic movement.

This provides an interesting source of
information which will be explored later.

This paper proposes to modify the
software to calculate GNSS observations
by introducing alternative mathematical
and statistical algorithms in the scope of
monitoring of structures.

In order to do this, the real-time monitoring
system includes:

- Geometric inner constraints
with the aim of giving more
rigor to the results, we added an
enforceable condition. According
to the monitoring methodology
of structures that we propose,
each building has a unique
mathematical model with its own
inner constraints. Thanks to the
algorithms adapted for the project
we can correct errors, and improve
the position and reliability of
GNSS measurements.

- Control surface defined by GNSS
receivers, instead of isolated points.
The control surface does not need
to conform to an existing flat
surface on rooftop of the building,
as itis always possible to project the
structured to monitor on the control
surface. It is not necessary that the
non-fixed points, which the GNSS
receivers are installed, are visible to
each other.

- Local geodesic network on the
structure to be monitored that
improves the compensated network
solution. At the same time, the
system proposes new algorithms to
process measurement uncertainty.
Itis precisely the treatment of data,
adjustment and analysis of partial
and final results that allows us to
achieve a high level of security
and effective risk management in
real time.

All of these features help to make our
system different from the current research
and commercial software.

A case study that has allowed the validation
of the model in the monitoring of two-
dimensional surfaces is presented, and the
current research is proposed to implement
the conceptual model monitoring with
three-dimensional surfaces, provided that
there is displacement of the structure in the
Z coordinate.

This real-time monitoring system has
been awarded the third position in the

BEERRRE XN BEEEEZ ST
PON=FEsERRHTERTNE, U
WEXLERFYINAZ. BT FE
BRERANGPSHE U L B NI AT
R, FHENRRIE N A RTREDHTES
RETH L.

B MGPSHINA AR NESERNA
HIMHRIEN. B oMK HHEUASANINIER
B, XMAENE{THAES TERES
B2 TSk,

ENAEREMRTN SFEEH TR

REMESUgp, (FEYITH LLHNA

GuM.(Yi et al. 2013)5+3S BRTARYBIZTH]
F&RER, BH T — M BB,

HABLZNBINEELT. XEHEAE
BiER%E, TN AN SRR T
SEAEN, BRI RN TIZF(L et
al 2014), ¥FGNSS (2EEMSMEA
%) MU AR AT, EAEH—
FSHWEEHTE, BIE0, X ESKFIAHY
5. 1ZRHIE S ETRRIGNSSHEA
FERNHETRA, FAESETE
B, IHEARTK-GPS (GPSIERTIAE
) ME KB IERE TIRE
AfE, BRRELIE N IREET R
H, TREBOMBITRE. BE. X&EZ
L2 [BRIE R,

AW, WeEEERAMS, IR
SEBHUETNSIEEZEMMER, B
BB, XWESERSEHHERT
= (CTBUH) 20165 EFF=IXIEE—
. BN, BERAAFEENEHISS
EFEANETNL.

EREKIDESHAES (GNSS) WEE
BRI TESITHMEN, BATAR
getth, NPT EBANSISER. X
MITERMT — M EENEERR, T
R HH TR .

AEENEITX—EIEA, ARG INE
REFENFHFEATNIETT TR DE
SHnFRsGt (GNSS) INEHRAVER T
21k,

ARE BAERY, KT RGTSI T

JUTREAR, AEEREEM,
FANBINT —NETHERM. RIES
MBI AL, BIBE—HER
BE—NEHENIPLRE TR
A, RAIMBARBANEL, #6E
BIFRE, HEGNSSIZERMIEN
AIEEt,

EXDESMARS (GNSS) Hlies
RE MR m ARz A o
NS RER IR R BT I _ AT
2= S EA I FESETE
AR EEEN., ZRERDES
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regional phase, of the European Satellite
Navigation Competition 2015, supported

by the European GNSS Agency (GSA), the
European Space Agency (ESA), the German
Aerospace Center (DLR), and the German
Federal Ministry of Transport and Digital
Infrastructure (BMWi) in association with the
Federal Ministry for Economic Affairs and
Energy (BMWi).

Technical Aspects

The technological improvements in GNSS
techniques, the progress of computer

data processing, and the development of
Internet and mobile telephony, has allowed

us to upgrade and advance the Gaussian
methodology applied to control the dynamics
of building structures in real time. This is due
to algorithms for calculating, and controlling
especially strict interpretation based on analysis
and least squares adjustment of satellite
surveys measurements.

What makes our system different from the
others, is not the GNSS techniques, but is the
methodology of calculation, interpretation
and control of the results, with the design of
original software.

In general terms, the system strictly determines
the position (coordinates x and yY) of the
non-fixed points of this local geodetic network
observed with VRS-RTK techniques and the
instantaneous and simultaneous precision of
each antenna at any time, with high accuracy
and reliability.

To achieve robust results of the instantaneous
position of each structure, a proper
conditioning must be designed to be part of
the proposed algebraic system. We add to the
observation equation some unique condition
equations for each structure.

Continuing with the applied method, we
defined the deformation experienced by
the network in the monitored structure

as a vector which will be the result of the
differences in the position of the measuring
points of the network in different GNSS
measurement campaigns:

d =x2-x1

being

d = x2-x1 = displacement
x1=UTM - ETRS89 at epoch 1
x2 = UTM - ETRS89 at epoch 2

MR GHEWZRMAFEE S AR &R
R

5 mizes 2 B ENEMES,
HEMENETTE. BN, ZR5GE
W BN ENMAE R E A,
HRSMRETE. ZEMNEER. &25
ERNITESEANEBRESFH
ZEMMSEN. BRHETERE,

LRFHEES AN AT S INEHITR.
B EREFANEL

— MNEIEZAR A T AR EA SRR
PIREL2ILER, M, SMFE
t, RSB ZENE, BICRA=4%
EAVEL SR A

20155, HRUMSMBE. BOMK=E. 12
ER=F0. BEBF BT EMR
FEER. FEEEXFRLATT SREREL SR N/
AU D2 SRS, KRETRGR
BT KIEE =RAIp SR,

BATTE

SIRDESHAL (GNSS) 7%=, it
BENBRELERAS, ULREFM. B8
B RESI LRSI B3
DN A TR S S RN A S IR
Ee RN THEDERFNEN TR
INEIRIE, TEEM FNEARA T
8. 75, BrIEmEsE.

EHNARFERT EMRFHREET
EIRDESMAL (GNSS) £, M
TRGHAHNRT, XINZRGHITE.
BRI HIEE R T A S ARG

BHEHR, ZRRTIRRERRELSS
E—SKNEISENE (VRS-RTK) . &F
BRI SRS BRI E M BHIAFEIE
SE (xo yHIAR) . DURE—1RE
EER BRI AEE.

ATIREE N ERGENBRER, N
ERHERIT—DEHANET, B2l
WHERGH—E0. HIThE—RER
ENUNAZ RN T IRF RIS T2,

(NIRRT ERAREE, Tl PR
IR E A Ed. 8
MEXE, FREMGNSSRENE %

B, WzZWENE NERRE EZER
HIZE(E:

d = x2-x1
being

d = x2-x1 = displacement
x1 = UTM - ETRS89 at epoch 1
x2= UTM - ETRS89 at epoch 2

NN FRAAR A ZEERITNSE =
N, AR A RERNNZ R RIRE

AR

ETWINIREAFRE B PRIFRIIRRE,
MR RERESNEENSETIE, H12
TP EBARIEHFRE, ®RARA:

AlT-P1-A Ag Xx\__ (A T.P1.K
()G
FHN, WFPENEER, AR
pusax 1N

(Ad1T'P1'Acu Ad; )( /‘11 )=(Ad1T'P1'Kd1)
A, 0 — Ky,

being
Aq1 = RITFERE
Pa1 = RFEME

Adz = JUAINERLYRAEM
d=x2x1 = fi#%

A = NIARBAHZEF

MEERFRETF, HAINBREFER
HERPERRMOED, DULHREEmIF
(&I RHIZ

—fgmE, A TPILURE —FEERYITHY
—HRIRZEATHF ANIERRIERER, T
B, AEXEEEELE XA AR
EE SRS AZE. Fitk, FRATRTRAE
M EE PO RS EIRI 2R AE Xix
HFRAHLAINERLIR,

PR, REdRAVIRIRRNFRAETITE
HRR, BSRITAEMA_d2FRIERIAETR
ARETE. BNTERERSFAHERER
WE, ERUER T EEmNEEERvE
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N T ER SRR P E— B
W, AILOBIT NI MR LB R
BESERRE, SO FRXF AN
2D ESMAL (GNSS) FEARAVEH
M, BEXFEEN, XEEBTETER
M, kREDL2IRDESMATHTIRE
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This expression, being differential, has the
advantage of not being influenced by the
coordinates of the fixed or reference point nor
by errors that may affect that point.

Based on the method of Sequential Solution
for a particular case of observation model,
and in assuming the additional of functions

of variables or parameters, we established an
adjustment to the overall mathematical model
(a firm mathematical model) for which the
expression is

(Ale'Pl'Adl Ad; )( ; )=(Ad1T‘P1'Kd1)
A, 0 — Ky,

In particular, for the deformation d of the
structure that we have to monitor, we obtain
this expression:

(Ale'Pl'Adl Acl-zr )( i )=(Ad1T’P1'Kd1)
A, 0 —A2 K,
being

Ag4q = design matrix

P = weight matrix

A 2= matrix used to incorporate geometric

inner constraints
d = x2-x1 = displacement

Az=Lagrange multiplier

From the preceding expression, we

know the displacement of the non-fixed
points on the rooftop according to unknown
vector d from the result of the overall
mathematical model.

[t can be stated that in general a slab in a
building is assumed to be a rigid diaphragm
with infinite stiffness, so the deformation of the
quadrilateral which is defined by the non-fixed
points of the network situated on the rooftop
of Torre Espacio, is null. Therefore it is possible
to use equations from this quadrilateral to
define the geometric inner constraints of the
mathematical model.

So the calculated vector d comes from the
initial adjustment mathematical model and
complies with the inner constraints which

are laid down by the design matrix Aqz . This
reflects the physical reality of the movement of
the structure to be monitored with confidence
since at all times the imposed conditions

are met.

Implementing a local geodesic network on

the building to be monitored can define a
threshold sensitivity or accuracy of the network
by external reliability, which is essential to study
the accuracy of the methodology and GNSS
techniques used. It will also help in establishing
a Blunder Detection Test to avoid instability in
the GNSS system as the coordinates obtained

with real-time GNSS techniques have an
accuracy which can vary between 0.2 and 3 cm
in a short time.

Due to the advantages of the implementation
of the local geodesic network, once the system
has determined the position of the non-fixed
points, we can apply standard multivariate
analysis to obtain the composed reliability of
confidence regions of calculated displacement.
In this way we obtain the instantaneous and
simultaneous accuracy of each antenna at any
given time understanding by accuracy the
error surface and simultaneously the individual
reliability of each GNSS receiver. The error
intervals are known through the determination
of the non-fixed points with a 0.99 reliability.

What Advantages Does it Provide?

Global Navigation Satellite Systems have
revolutionized the science of positioning

and Earth measurement. One part of that
revolution is accuracy; another part is speed
and simplicity. A third part is cost (Strang,
2012).The developed system focuses on one
major advantage of GNSS: accuracy. Due to
prior testing of GNSS observations the integrity
of the system improves. Another added
advantage is that it can correct the mistakes in
the position of the GNSS antennas.

GNSS coordinates in real time have an accuracy
that can vary between 0.2 and 3 cm in a short
time. The proposed system allows instant
quality control of precision, corrects errors of
GNSS coordinates to Gaussian algorithms, and
determines the accuracy and reliability of the
errors that could not be corrected.

The advantages of the proposed system:

- Motion control, with more accuracy
and reliability, facilitates scientific
and systematic analysis of the overall
dynamics of high-rise building and
other structures, that can be an
important source of information
which that can be extrapolated to
new projects. Since it is possible
to study the lateral and torsional
displacement and wind-induced
response in real time, a cost saving in
the design process can be obtained.

- The key data for applications
connected with wind and earthquake
engineering such as accelerations,
damping or displacements can be
calculated through the realtime
monitoring system because it detects
any movement in the horizontal plane

R BETPL?

LI TDE SMALGNSSEF 7R FENL
MAHNE . XMEFTHE—ERHTIR,
FERRE R, E=FMA (Strang,
2012) o BT RZRGhFGNSSHI—1
FEMRE: BE. BT ZATNEGNSS
MNARSHNTEMBRNE. TS —
MEEZE, EFUHIEGNSSKEREIR
E.
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SRIiMtEIRE, mEE, E
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THEF, FIEN. ERENREEERN
BHTTE.
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Eith, GNSSIIEERHR=T1EER
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1 X+ A X + X¢- X¢- At
2 At At

(1)
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F—HHE, SERERHIEBXHIY
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defined by the coordinates x and y of
each antenna at any time. So, the real-
time monitoring system introduces an
improvement in reliability, accuracy
and precision in the calculation of
displacements.

Sometimes it is necessary to know the
displacement of a structure with a sub-
centimeter level of accuracy, therefore the
filter, the dependent geometric, the
positioning interval and the geometrical
location antennas are also adapted to this
requirement of the project.

In this way, the GNSS accelerations are
computed by numerically differentiating
displacement values of three consecutive
points of t- Dt, t, t+ Dt using equation (1) to
obtain w(t) at time t.

1 X¢ + A X¢ X - Xt-At
w(t) = 2 ( At T A )

M

On the other hand, high-rise building
displacements consist of horizontal
displacement of X-axis and Y-axis as well as
torsional displacement. In order to measure
torsional displacement we can use two
antennas of the four that are available in the
real-time monitoring system. We denote GNSSi
coordinates as (X1, Y1) and GNSS2 coordinates
as (X2,Y2). The X-axis displacement differential
AX(t) and Y-axis displacement differential AY(t)
between GNSS1and GNSS2 were measured for
a period of time.

The torsional displacement 8(t) at time t can
be computed using equation (2) and these
coordinate values:

o =ams (310) = (4-22)

@

- Construction of high-rise buildings
can be economically attractive only
if the structural engineers can have
a comprehensive understanding of
the structural behaviors of various
systems on the one hand and the
practical sense of the construction
problems on the other (Khan,
1965). The continuous assessment
of the displacement of the building
enables verification that meets the
structural assumptions calculated
for the project, which provide an
additional useful feedback for the
structural engineers. Abnormal or
unexpected structural responses
during the phases of construction

or once the building is in use can
help detect current and future
problems. It can also result an
improvement in maintenance of
the structure’s life.

- Forimproving risk management
against natural phenomena, for
example, it is recommended that
the position data of a building
after an earthquake or typhoon
is used to verify the stability of
the structure and its return to
its original position. In this way
the real-time monitoring system
provides an additional safety item
for the building.

+ The system we have developed
allows the integration of
other information such as the
acceleration of gravity, wind
direction and speed, and so it
models the dynamics of the
structure with different variables
and detects possible correlations
between them. GNSS receivers
provide big data that can help us
to detect large mechanical and
structural failures, modeling the
position of the building or structure
with positional variables.

« Monitoring and remote monitoring
of the proposed system
continuously keeps the customer
informed of the status of the work
in real time with high accuracy
and reliability and sends automatic
alerts of potential dangers.

- An added advantage is that the
cost of the system is minimal when
compared to its advantages and
the value of any structure. In the
case of Torre Espacio, the cost of
implementation of the real-time
monitoring system has been 0.08%
of the price of construction of
the building.

Torre Espacio, Case Study

The experimental validation of the
proposed methodology was performed
on one of the tallest towers in Madrid. A
working prototype already exists for Torre
Espacio, Madrid, Spain (Figure 1).

In the case of Torre Espacio, our costumer
(OHL's R+D) wanted to install a security
system with GNSS technology that would
allow us to know Torre Espacio’s position
at any time. Once a preset threshold is

Figure 1. Torre Espacio, located on Paseo de la Castellana
in Madrid, Spain (Source: Nieves Quesada).

E1. Torre Espacio, I FAYIZFSEERPaseo de
la Castellana (gR: BXHE) »
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Figure 2. The real-time monitoring system has been installed on Torre Espacio (Source: Nieves Quesada Olmo, Maria Jesus Jiménez Martinez, and Mercedes Farjas Abadia)
B2, SER ISR ARG E LS ETorre Espacio (EJR: Nieves Quesada Olmo, Maria JesUs Jiménez Martinez, Mercedes Farjas Abadia)

exceeded the system will send an alarm
(via SMS and email) to the user. The
methodology proposed by the authors,
had as its priority an aim to improve the
monitoring system established previously
at the tower, consisting of theodolites
fixed to position on the upper floors

and accelerometers. The approach was
challenged to keep the order of accuracy
of traditional monitoring while improv
response times and maintenance costs.

The real-time monitoring Ssystem which
has been installed on the rooftop the Torre
Espacio is composed of a quadrilateral
control surface limited by a local geodetic

network with four GNSS receivers (Figure 2).

The system strictly determines the position
of non-fixed points of this local geodetic
network, through the instantaneous and
simultaneous precision of each antenna at
any time with high accuracy and reliability,
but not considered as isolated vertices
of a network, as a rigid figure through
modeling algorithms implemented in both
processing and calculation methodology.

In the case of Torre Espacio, the adjusted
overall mathematical model reduces the
maximum error, with a 0.99 reliability,
from 0.0165m to 0.0100m; this is a 40%
reduction.

The physical location of the four GNSS
antennas is indicated in figure 3. In

Figure 3. The real-time monitoring system is composed of a local geodetic network with four GNSS receivers, located
on the rooftop of the structure to be monitored (Source: Nieves Quesada).
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Figure 4. The real-time monitoring system develops mathematical algorithms to allow us to reduce position errors of each antenna at any time (Source: Nieves Quesada Olmo,
Maria Jesus Jiménez Martinez, and Mercedes Farjas Abadia)
El4. KN SERGTTANSFEEERITREB AN BFEEE I RENMUEER (R Nieves Quesada Olmo, Maria Jesus Jiménez Martinez, Mercedes Farjas

Abadia)

principle it would be enough to utilize

a line defined by two GNSS antennas in
order to define a torsional and translation
response of the rooftop, but the secure
option is constituted by a quadrangle that
keeps its shape.

The observational data of antennas can be
configured remotely, and then they can

Figure 5. This is the Graphical User Interface (GUI) of the developed system (Source: Nieves Quesada Olmo, Maria Jesus

Jiménez Martinez, and Mercedes Farjas Abadia)

record positions at intervals of sub-second
time if necessary.

A Graphical User Interface has been
designed, and there is also an App which
implements all the algebraic and statistical
algorithms used in the real-time monitoring
system (Figure 4 and 5).

B5. XRIZHFMER B EE(GUNMFERT (R Nieves Quesada Olmo, Maria Jesus Jiménez

Martinez, Mercedes Farjas Abadia)
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Figure 6. The sensitivity of the network is established through an accuracy threshold; below this figure we cannot be certain about the building deformation indicated by the
network data (Source: Nieves Quesada Olmo, Maria Jesus Jiménez Martinez, and Mercedes Farjas Abadia)
El6. WMENRHEZBIRHOEMERTIN, BFX—8F, KT EMERENSEIBETNEALH (KR Neves Quesada Olmo, Maria Jests Jiménez

Martinez, Mercedes Farjas Abadia)

What are the Key Features?

The unigue methodological characteristics
of this system, compared to the others in
existence can be summed up by the following:

1.Before implementing the real-time
monitoring system in the structure,
the accuracy of GNSS implementation
and initial adjustment mathematical
model is studied. In this way we
can define and understand the
sensitivity of the network through
an accuracy threshold., bBelow this
figure we cannot be certain about
the building deformation indicated
by the network data. The statistical
procedure consists of several

complementary methods. In short,
the Baarda Test was applied to obtain
displacements from the external
reliability and the generalized F-test
was applied to obtain displacements
by least squares adjustment of the
observational data (Figure 6).

2.GNSS technology can be an unstable
system in real time, as in a short
period of time it can vary its accuracy
between 2mm and 3cm. In order
to avoid this instability our real-
time monitoring system provides a
contrasting filter that selects GNSS
observations to reach the precision
required by the project. Once the
system has been installed on the

(F-test) ERTEIWNEENZ
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B RN,
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Figure 7. The system determines the position (coordinates X and Y) of the vertices and calculates instantaneously and simultaneously the accuracy of each antenna at any time.
The error intervals can be known and the vertices determined with a 0.99 reliability (Source: Nieves Quesada Olmo, Maria Jesus Jiménez Martinez, and Mercedes

Farjas Abadia)

Quesada Olmo, Maria Jests Jiménez Martinez, Mercedes Farjas Abadia)

4.
Figure 8. If the system detects that one or more of the receivers are abnormal, it warns the user and dispenses with the
receiver in the calculation of the adjusted position of the network (Source: Nieves Quesada Olmo, Maria Jesus Jiménez
Martinez, and Mercedes Farjas Abadia)
E8. MRAFHONEIENHESZSHEWERZAESH, BREESHPIHRETERRENMEUE N ERENES
(R Nieves Quesada Olmo, Maria Jesls Jiménez Martinez, Mercedes Farjas Abadia)
5.
building, the local geodesic network, 4.0nce GNSS observation filtered
consisting of GNSS receivers, allows us and their mistakes reduced by the
to compare the instantaneous quality Blunders Detection Test, the system
of GNSS measurements continuously determines the position (coordinates
and can dispose of observables that X and YY) of the vertices and calculates
do not pass the filter: the Blunders instantaneously and the accuracy
Detection Test. of each antenna at any time.By
understanding the accuracy,: the
3.The system also introduces error surface and simultaneously 6.
calculation algorithms and statistical the individual reliability of each
methods in order to obtain reliable GNSS receiver, the error intervals
results. This enables us to define a can be established and the vertices
structural deformation model on determined with a 0.99 reliability
which to make successful decisions. (Figure 7).
These algorithms must be adapted 7.
to the structure that needs to be 5.Each structure will have a set of
controlled so that each building has a GNSS receivers that form a local
unique mathematical model with its geodetic network. The consistency
own inner constraints. In this way it of the quadrilateral’s shape and its
creates a tailor-made system. Thanks displacement makes possible the
to these algorithms, adapted for each detection of any problems in the
individual project, we can correct antennas. If the system detects 8
errors, and improve the position and that one or more of the receivers
reliability of GNSS measurements. are abnormal, it warns the user and
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dispenses with the receiver in the
calculation of the adjusted position of
the network (Figure 8).

6.In order to improve the usefulness
of the data, the developed system
is able to temporarily decrease the
measurement under the threshold
defined by the user, initiated by some
specified level of displacement. It
would only affect that the accuracy
and reliability at the time of
observation will change.

7.Intergraph’s software can also be
installed on any mobile telephone.
An own App has been developed
which allows us to know same
control parameters calculated by the
real-time monitoring system

Conclusion

- Global Navigation Satellite Systems
(GNSS) have revolutionized the
science of positioning and Earth
measurement. One part of that
revolution is accuracy, another
part is speed and simplicity. The
feasibility of GNSS techniques for
monitoring of high-rise buildings
has been verified through previous
diverse studies.

- To achieve robust results for the
instantaneous position of each
structure, the real-time monitoring
system introduces calculation
algorithms and statistical methods
which must be adapted to the
high-rise building to be monitored
so that each building has a unique
mathematical model with its own
inner constraints. In this way it
creates a tailor-made system,
implemented in an original
software package.

- So, the real-time monitoring system

introduces an improvement in
reliability, accuracy and precision in
the calculations of displacements
and positioning of the high-rise
building being monitored.

- The key data for applications in

wind and earthquakes can also
be calculated through the real-
time monitoring system because
it detects any movement in the
horizontal plane defined by

the coordinates x and y of each
antenna at any time.

- Motion control, with more

accuracy and reliability, facilitates
scientific analysis of the overall
dynamics of high-rise buildings.
Since it is possible to study the
lateral and torsional displacement
and wind-induced response,

this allows us to achieve a high
level of security and effective risk
management in real time.

- The real-time monitoring

system can be used to improve
risk management for natural
phenomena. For example, after an
earthquake or typhoon it can be
used to verify the stability of the
structure. It provides an additional
safety item for the building.

- Itis fundamental and essential

within the scope of these smart
high-rise buildings to have an
instantaneous determination of its
precise position with high reliability.
This is because smart buildings
allow integrated and automated
management and control.

- This prototype can be installed

on any new high-rise building or
similar structure. In the case of Torre
Espacio, the cost of implementation
of the real-time monitoring

system was 0.08% of the price of
construction of the building.
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