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ABSTRACT

The objective of this work was to develop a rule-based system that supports to determine the structural
health of multi-level buildings. Hardware description techniques using programmable logic, by
employing entity integration and hierarchical design with VHDL programming, are presented. The
system is embedded in a FPGA (Field Programmable Gate Arrays) which, using an algorithm,
integrates a first stage where a group of ultrasound sensors collect the measure that is interpreted to
obtain the relative displacement of the mezzanine. In the second stage, an inference engine performs
the evaluation. We present results using an experimental model that verifies that the system was able
to determine the stability of the structure based on the relative displacement parameter of mezzanine.
Keywords: structural health monitoring; relative displacement; programmable logic; rules-based
system.
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Sistema embebido basado en reglas aplicado a la determinacion de la salud
estructural en edificios de varios niveles.

RESUMEN

El objetivo de este trabajo fue desarrollar un sistema basado en reglas que apoye la determinacion
de la salud estructural de edificios de varios niveles. Se utilizan técnicas de descripcion de
hardware mediante logica programable empleando integracion de entidades y disefio jerarquico
con programacion VHDL. El sistema se embebe en una FPGA que, mediante un algoritmo, integra
una primera etapa donde un grupo de sensores de ultrasonido recolectan una medida que se
interpreta para obtener el desplazamiento relativo de entrepiso. En la segunda etapa un motor de
inferencia realiza la evaluacion. Se presentan resultados utilizando un modelo experimental donde
se verificd que el sistema fue capaz de determinar la estabilidad de la estructura con base en el
pardmetro desplazamiento relativo de entrepiso.

Palabras clave: monitoreo de salud estructural; desplazamiento relativo; l6gica programable;
sistema basado en reglas.

Sistema incorporado baseado em regras aplicado a determinacio da saude
estrutural em edificios multiniveis

RESUMO

O objectivo do trabalho era desenvolver um sistema baseado em regras para apoiar a determinagao
da saude estrutural de edificios de varios andares. As técnicas de descricdo de hardware sdao
utilizadas através de logica programavel usando integracao de entidades e desenho hierarquico
com programag¢do VHDL. O sistema esta incorporado numa FPGA que, através de um algoritmo,
integra uma primeira fase em que um grupo de sensores de ultra-sons recolhe uma medi¢ao que ¢
interpretada para obter o deslocamento relativo do mezanino. Na segunda fase, um motor de
inferéncia realiza a avaliagdo. Apresentamos resultados utilizando um modelo experimental onde
foi verificado que o sistema foi capaz de determinar a estabilidade da estrutura com base no
parametro de deslocamento relativo.

Palavras-chave: monitorizacdo da saude estrutural; deslocamento relativo; logica programavel;
sistema baseado em regras.
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1. INTRODUCTION

Structural Health Monitoring (SHM), based on sensor technology has been accepted as an
important method for safety assessments of structures in engineering. In SHM, the responses of a
structure are traditionally measured using various technologies such as accelerometers (Arias and
De la Colina, 2018), distributed fiber optic sensors (Bao and Chen, 2012), Laser Displacement
Sensors (LDS) (Song et. al., 2006; Park et. al., 2013), Global Positioning System (GPS) (Tamura
et. al., 2002; Breuer et. al., 2002) Linear Variable Displacement Transducers (LVDT) (Arias and
De la Colina, 2018), wireless sensors (Li et. al., 2019; Guo et. al., 2014; Zrelli and Ezzedine, 2017),
and Wheatstone bridge circuit (Li and Hao, 2016). Likewise, several data processing and evaluation
techniques such as deep learning (Li et. al., 2019; Guo et. al., 2014), Particle Swarm Optimization
(PSO) (Chatterjee et. al., 2017; Moosazade et. al., 2019), and genetic algorithms (Ghasemi et. al.,
2018) have been employed for this purpose. Finally, the data is transferred to a monitoring server
for analysis of the recorded historical information and evaluation by specialists in the area. The
characteristics of the structure and the various loads (wind load, seismic load, and service load)
determine the target structural elements, the types of response and the required measurement
sensors. Therefore, the selection of a response index that can accurately assess damage to a
structure is critical.

For the development of microelectronics applications, the design methodology of Application-
Specific Integrated Circuits (ASICs) is used, which presents several development alternatives
(Maxinez and Alcala, 2007). Programmable logic is a type of design that uses Programmable Logic
Devices (PLDs), such as Field Programmable Gate Arrays (FPGAs), which can be characterized
from the outside through various programming techniques using a Hardware Description Language
(HDL).

The objective of this work is to provide a proposal for the development of an electronic system that
can determine the stability of a multi-story building based on the evaluation of the relative
displacement measurement of the mezzanine that is obtained by a network of ultrasonic sensors
that acquire measurements directly from the vertical structural elements in a non-invasive manner.

2. METHODOLOGICAL DEVELOPMENT

In this section we present the development of our proposal, first we present the specifications and
scenarios, then we start with the modeling of the proposal, continuing with the approach of the
solution algorithms and their programming, ending with the implementation of the system.

2.1 Specifications and scenarios
The most important parameter for determining the magnitude of possible damage to buildings is

the mezzanine distortion y, that is, which is the relative displacement of the mezzanine A, divided
by the mezzanine height H.

y =2 (1)
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In equation (1) it can be observed that the mezzanine distortion is a dimensionless parameter, since
both A and H have length dimensions, and it can be used in percentage terms. To evaluate we based
on what was established by Pauly, (2001), which proposes that the measure of permissible average
displacement will lay between 2.0 and 2.5 % of H, from this premise the system inference engine
table will be built and from this the system will react in a predetermined way to activate the
actuators.

The practical case is not a general case, it is specifically proposed for a structure with a well-defined
rectangular geometry, for which the model of a six-level structure with a heigh of each mezzanine
Hi =3.5 m is used, with flexible vertices each level for the generation of inclinations. The purpose
of the model used is solely to collect measurements to obtain the relative displacement of the
mezzanine and the stresses analyzed are of one-dimensional nature, since, if they were otherwise,
a general geometry would have to be analyzed with stresses of a vertical nature that they can cause
displacements in more than one direction, induce rotations, transverse modes of vibration,
longitudinal, torsional, etc. Therefore, it is important to mention that the analysis is bounded to the
one-dimensional stress in the vibration-free rectangular structure

To obtain the value of the lower limit state of the proposed case, we use equation (1) and formulate
it as follows:

y=A/H<0.02H; )
We must consider that 2.0 % of Hi is 0.07m. For the case we pose:
AH<0.07m 3)

To obtain the maximum permissible average displacement of the complete structure, the average
displacement multiplied by the number of levels is used, in this case the relative displacement of
the mezzanine lower limit is obtained:

A=0.42m 4)

In the same way to obtain the value of the upper limit state, we must consider that 2.5 % of Hi is
0.0875m. And we obtain:

A=0.525m (5)

2.2 Modeling

In a first stage, to obtain the measurement of the relative displacement of the mezzanine of a six-
level model structure, it is proposed to develop the Sensor System of Ultrasonic Relative
Displacement in Pendulum (SSURDP) block, in which the relative displacement measurement of
the mezzanine is calculated, for this, a system was designed that integrates a net of high-capacity
ultrasonic sensors HC-SR04 placed suspended on the mezzanine ceiling to obtain the measurement
of the relative displacement at specific points of a building, the sensors are the elements capable of
obtaining the parameter of a physical signal that is conditioned into a convenient signal for its
interpretation, and thus integrate these into a data acquisition system to adapt the signals obtained
in data that we can process in the analysis stage. Figure 1 shows the parameters to consider:
measurement obtained by the sensor M; measurement of the base of the similar triangle that is
generated in the triangle on the right-side m; relative displacement of the mezzanine A; and the
height of the mezzanine H;, which is known. When the structure suffers an inclination, the sensors
for M; due to the effect of gravity will remain in the original vertical axis, the mezzanine wall
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follow the inclination of the mezzanine, with which, when projecting the inclination we must
consider that the references of the coordinate axes are translated and the projection describes two
triangles, we can identify that both triangles contain two similar triangles that would comply with
Thales’s first theorem, then, applying the similarity relations for similar triangles we can obtain the
value of the bases, noting that the base of the triangle on the right side, as we represent it in the
diagram, we identify it as the relative displacement of the mezzanine A;. The measurement M;
obtained by each sensor varies, undergoing a decrease that will be used so, through the similarity
relation applicable to the case, the length of the base of the triangle on the right could be obtained,
which, as indicated, corresponds to the relative displacement of the mezzanine Ai. With these data,
the distortion of the mezzanine from each level is calculated and it is determined which of the
measurements is the largest to enter the limit state evaluation.
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Figure 1. Parameters for the measurement of relative displacements of mezzanine.

As explained above, we can base ourselves on Thales’s first theorem and stablish a relationship for
similar triangles:

AB/(AB")=AC/(AC")=BC/(B'C") (6)
Identifying the elements, we have that:
The measurement AB = H
The measurement B'C'=m
The measurement m = X - M

The measurement BC = A
Then, from equation (6) we take:
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AB/(AB")=BC/(B'C") (7)
Substituting we get:

H/I(AB') = A/m (8)
We solve for A and obtain the expression:

A= Hm/(AB") )

In a second stage, the value of the relative displacement measurement of the mezzanine is received,
whose magnitude is the largest of the six that were determined, this parameter will be the input
variable to a Rule-Based System (RBS), the analysis will be based on the principles of fuzzy logic
for which we first assign a universe of discourse in the desired range, in this case from Ocm to
70cm, where Ocm represents the initial and calibrated state of the perpendicular of the building and
its base, and 70cm we consider a sufficiently permissible value since from the calculations obtained
in (4) and (5) the limit state for the case is between 42.0cm and 52.5cm, with which we determine
to set the limits between 39.0cm and 53.0cm, which means that a measurement greater than 53.0cm
would represent that the structure would be in danger of collapsing, for which reason the range that
we propose is more than enough to allow the inference system to work in a mayor range to the
established limits and not act immediately if these measures are exceeded.

With this consideration, we determined to use four membership functions: two trapezoids and two
triangular ones, to give meaning to each linguistic variable. Each membership function identifies
the range of input values that correspond to a linguistic variable, the membership functions map to
the present data to determine the degree of membership. That is, the physical values of the input
variable, that is the largest of the measurements obtained by the sensors, are converted into
linguistic values.

In Table 1 we show the ranges how the input variable is partitioned, these ranges were defined
subjectively with the support of an expert, who adjusted these ranges so that the behavior of the
input measure will observe the correct assignment of membership to the function in which it
obtained the greatest value.

Table 1. Ranges of the input variable DESP REL.

Set Range (cm)
STABLE 0-39
REGULAR 32 -46
LIMIT 39-53
DANGER 46 - 70

We apply what we have determined and feed the fuzzyTECH software using a membership function
for each established range, these being two triangular and two trapezoidal. In Figure 2 we can
identify the membership functions for the input variable DESP REL that corresponds to the largest
of the relative displacement measures and that are defined with the linguistic terms: STABLE,
REGULAR, LIMIT and DANGER. The four membership functions used allow the limit ranges
calculated for the practical case not to activate the outputs towards the actuators when reaching a
maximum limit; that is, proposing two triangular membership functions for the REGULAR and
LIMIT terms allows handling values between 32.0 cm and 53.0 cm to identify the membership
value of a physical value of the input variable in order to observe the behavior of this and in this
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range, a degree of belonging is assigned that corresponds to a linguistic variable that allows us to
dose the operation of the actuators in the following phase.

STABLE REGULAR uMIT DANGER

0 2 4 6 8 10 12 14 1 18 2 22 24 2% 28 30 32 M 3Bb I/ 40 42 44 4 48 50 5 5 5 5 60 62 B4 6 6 70
Units

Figure 2. Membership functions of the DESP REL variable in the range [0-70].

Now we conveniently extract the ranges for each membership function, to describe each of these
we use the equation of the point-slope line and obtain:

0 <X <32 {Yy =10 Trapecio
2<X239 (12 exo 15714 Tringal

{s9<x<as (12 ar ssia im0
s6<x<53 (2 eI e

53 < X {Y =10 Trapecio

Third stage: Reasoning. This inference process determines the most appropriate output of the
system from two implications, on the one hand, the input data and on the other the knowledge base.
Inference is a computation consisting of two main steps: aggregation and conclusion. It will allow
us to obtain logical deductions from propositions. Knowledge is presented by rules of the /F-THEN
form, the actual behavior of the system is defined by individual rules. To prototype an appropriate
set of rules, we started by creating rules that represent unambiguous controller strategies at specific
operating points. Once these have been established, we proceeded to the construction of the set of
rules, in Table 2 we present the four rules that were established as sufficient to determine the
desired behavior of the system, this was done by direct assignment of behavior to actuators that
was determined with the help of the expert.
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Table 2. Production rules.
DESP REL A VISUAL A _ACOUSTIC A MESSAGE
STABLE AVGREEN TURN OFF TURN OFF
REGULAR AVYELLOW TURN OFF AMCAUTION
LIMIT AVYELLOW TURN OFF AMALERT
DANGER AVRED ALERT AMALERT

Fourth stage. At this stage we get the exact value of the output. Then we only need to transform
the membership values provided by the inference engine, into a real value for practical purposes
from the consequents of the rules that have been activated, it is necessary to obtain a single control
action combining the result proposed by each one of them.

A designed system check is initiated by invoking a debug mode of the fuzzyTECH software. All
changes made to the driver are immediately implemented in the current debugged driver task, this
allows testing of changes entered into the driver due to specific input data, that is, verifying the
behavior of the system with manually entered data. The range from 0 cm to 70 cm is covered
completely. Figure 3 shows the case when the input is fed with a value of 37 cm that is manually
fed and the value that would correspond to the outputs.

- STETTEe) - =en
B &S e | [~ mxwlE e
STABLE REGULAR LIMIT DANGER
Inputs: Outputs: Term
A APNIISTIC 23R aTarl F og 10 The
A MESSARFE 8RN RERII AR
A VISIIAL 4 98RN FIMIT 0| gg 03
0g 08
o7 07
06 08
0s 0s
04 04
03 03
02 02
01 01
0.0000 g a0
370000 . 0 4 [ 12 16 2 2% 3 2 ES 4 4 ] 52 56 &0 6t b
0.0000 370000 Units
=8 [ =B [ =8 [=
£ [~ muwEl | 2 £l e m o w|E | ® Xyl [~ mxw|El | 2
Term TURN_OFF  CAUTION ALERT Term GREEN_ YELLOW RED_ Term TURN_OFF ALERT
THRN A 1 10 AnEEn on 10 10 10 10
CATINM 71| 09 09 YELLOWFT 0.9 09 Al FRT n oy 09
08 08 oeg 08 08 08
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Figure 3. Debugging of the designed system (37 cm input).

Rule-based embedded system applied to determine the structural health of multilevel buildings 35

Ramirez-Cervantes, F., Garcia-Lamont, F., Maxinez, D. G., Ayala, J., Garcia, R.



_ I 36 |

Revista ALCONPAT, 13 (1), 2023: 28 — 44

2.3 Proposed algorithm

We propose to proceed as follows:

Inference data type declaration (stable, regular, limit, danger)

Process MEMBERSHIP
Converts distance (BCD) to dis (integer)
Evaluates dis
Assigns SlopeNegative and SlopePositive
Assigns MembershipNegative and MembershipPositive
End Evaluates
End MEMBERSHIP

Process REASON
Declaration of process variables
while SlopeNegative and SlopePositive
result = SlopePositive and belongs = MembershipPositive
if not, result = SlopeNegative and belongs = MembershipNegative
End While
End REASON

Process OUTPUT
If rising edge
Evaluates belongs
Assigns values to outputs
End Evaluates
End OUTPUT

RBS algorithm for SSURDP.

2.4 Implementation

Once the system has been debugged, verified and optimized we can program the necessary modules
to implement the Rule-Based System for the Sensor System of Ultrasonic Relative Displacement
in Pendulum (RBS for SSURDP).

Then SBR for SSDRUP embedes the inference engine that is responsible for evaluating all the
measurements collected by the sensors, determines the largest of the measurements, evaluates and
establishes the state of structural health that is determined with the inference rules, and generates
the logical levels of the system outputs to activate or not the operation of the intended actuators.
Finally, Figure 4 shows the SBR system for full SSDRUP.
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Figure 4. General scheme of the system.

3. MATERIALS AND METHODS

A wooden model was employed with flexible vertices to generate the inclinations manual and
independently for each level. Instrumented with a system of six ultrasonic sensors HC-SR04, each
one set on every level suspended at 45cm from the roof of the mezzanine, and at 50cm from the
limit wall located in the entrance of the lateral force. The purpose of suspending the sensor in the
roof of the level to analyze is to generate the pendulum effect when the inclination is produced, see
Figure 5. The system just requires a simple calibration regarding the vertical axis reference. The
sensor did not rotate during the measurement, the pendulum approximation is for small oscillations,
the subtended angle between ultrasonic transmitter, the contact point of the structure and the echo
receptor is almost zero. The sensor preserved all the time the vertical orientation during the
measurement, such that the structure kept oscillating, but using the pendulum, there may be phase
changes that alter the measurements.
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Figure 5. Instrumentation of the model with sensors HC-SR04.

For the modeling and verification phases the software fuzzyTECH 6.03 14-S7 was employed, it
provides a graphic definition of the membership functions of each term employed and eases the
debugging of the system designed. The system was implemented using methodology for the
hierarchical design and integration entities of the logic programable, and its programming in the
hardware description language VHDL in the platform Intel Quartus II V.13.0.1 Web Edition. RBS
for SSURDP was embedded ina FPGA EP2C5T144C8, see Figure 6, the conditioning of the output
signals toward the actuators, have visual indicators of the current logic levels.

Figure 6. RBS for SSURDP embedded in FPGA EP2C5T144CS.
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4. EXPERIMENTS AND RESULTS

In order to validate the system proposed, the described model was implemented, and a test set was
designed where in every experiment, each one of the six levels of the model are manipulated
independently, such that different inclinations are generated in each one of them. SSURDP obtains
the relative displacement measurements of each mezzanine y determines the largest value of these
measurement, which RBS for SSURDP uses for the evaluation.

Test 1. SSURDP determined 21cm as the largest of the six measurements, so, RBS for SSURDP
assigns the membership of the input variable the linguistic value STABLE and sets the logic levels
for the outputs of the actuators, see Figure 7.

Master Time Bar: |[] ps ‘ d *  Pointer: ‘309.82 ns Interval: |309.82 ns | Start: |0 ps
Value at 0 ps 80.0 ns 160.0 ns 240.0 ns 320,0 ns 400.0 ns 480.,0 ns 360,0 ns 640.0 ns
Name
0ps 0ps
Clk BO
B 000010101 000010101
SAAalert BO
SAMalert BO

SAMcaution BO
SAVyellow BO
SAVred BO

SAVgreen B1

= PEETETEEE . - 5
BE U VB UE UE R BF ©

Figure 7. Time diagrams of test 1.

Test 2. SSURDP determined 37cm as the largest of the six measurements, so, RBS for SSURDP
assigns the membership of the input variable the linguistic value REGULAR and sets the logic
levels for the outputs of the actuators, see Figure 8.

Master Time Bar: |O ps ‘ d * | Pointer: ‘632.26 ns Interval: |632.26 ns | Start: ‘U ps
Value at 0 ps 80.0 ns 160,0 ns 240,0 ns 3200 ns 400,0 ns 480,0 ns 360,0 ns 640.0 ns
Name
0 ps 0 ps

5 Ck BO

B > [EEe © 000100101 000100101

2 SAAalert BO

2 SAMalert BO

SAMcaution B1
SAVyellow B1

SAVred BO
SAVgreen BO

s
LB

D..,..ﬂ...\
L=

Us

o
Us

Figure 8. Time diagrams of test 2.
Test 3. SSURDP determined 41cm as the largest of the six measurements, so, RBS for SSURDP

assigns the membership of the input variable the linguistic value REGULAR and sets the logic
levels for the outputs of the actuators, see Figure 9.
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Master Time Bar: |0 ps d * | Pointer: |394.38 ns ‘ Interval: ‘394.38 ns ‘ Start: @

Value at 0 ps 80.0 ns 160.0 ns 240.0 ns 320.0 ns 400,0 ns 480.0 ns 560.0 ns 640.0 ns
Name 0 ps 0ps
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Figure 9. Time diagrams of test 3.

Test 4. SSURDP determined 44cm as the largest of the six measurements, so, RBS for SSURDP
assigns the membership of the input variable the linguistic value LIMIT and sets the logic levels
for the outputs of the actuators, as shown in Figure 10.

Master Time Bar: ‘O ps | { * Pointer: |446.12 ns | Interval: ‘446.12 ns | Start: ‘0 ps
Valueat ||0ps 80.0 ns 160,0 ns 240.0 ns 3200 ns 400,0 ns 480,0 ns 5600 ns 640,0 ns

Name 0ps 0ps
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Figure 10. Time diagrams of test 4.

Test 5. SSURDP determined 49cm as the largest of the six measurements, so, RBS for SSURDP
assigns the membership of the input variable the linguistic value LIMIT and sets the logic levels
for the outputs of the actuators, see Figure 11.

Master Time Bar: ‘0 ps ‘ ! ' Pointer: ‘644.88 ns | Interval: |644.88 ns | Start: |0 ps
Value at 0ps 80.0 ns 160.0 ns 240.0 ns 320,0 ns 400.0 ns 480,0 ns 560,0 ns 640.0 ns
Name
0ps 0ps
2 Ck BO
3 B 000110001 000110001
25 SAAalert BO

LSSl 5AMalert B1

% SAMcaution BO

¥l avyelon [

5 SAVred BO
5 SAVgreen BO

Figure 11. Time diagrams of test 5.
Test 6. SSURDP determined 50cm as the largest of the six measurements, so, RBS for SSURDP

assigns the membership of the input variable the linguistic value DANGER and sets the logic levels
for the outputs of the actuators, see Figure 12.
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Figure 12. Time diagrams of test 6.

The logic values from the outputs to the actuators are verified physically in the visual indicators of
the conditioned outputs, they are reported in Table 3.

Table 3. Logic values from the outputs to the actuators.

Test JA(cm){[Membership] SAAalert ;":;1:’/1 yi;;olfv iﬁ; cjft]i‘gn ‘ZZ]"Z
1 21 STABLE 0 1 0 0 0 0
2 37 | REGULAR 0 0 1 0 1 0
3 41 | REGULAR 0 0 1 0 1 0
4 44 LIMIT 0 0 1 0 0 1
5 49 LIMIT 0 0 1 0 0 1
6 50 | DANGER 1 0 0 1 0 1

Test 1: The system determines that the 21cm of relative displacement belongs to the STABLE
category; hence, the output towards the green visual actuator is activated, and the other actuators
are turned off, indicating that the structure is stable and without collapse risk.

Tests 2 and 3: the measurements obtained, 37cm and 41cm, respectively, the system determines
the status as REGULAR, the yellow visual actuator and the caution message actuator are turned on;
the other actuators are turned off; This provides a visual and message alert that the structure is in a
compromised situation.

Tests 4 and 5: There are obtained measurements of 44cm and 49cm, respectively, the system
stablishes the LIMIT status; thereby, the system activates the corresponding actuators: the yellow
visual turned on and the alert message actuator are turned on, and the other actuators are turned
off, this alerts that the structure is compromised and at risk of collapse.

Test 6: The measurement obtained is 50cm, therefore, the system establishes the DANGER status
and activates the three corresponding actuators to alert of the situation: the acoustic actuator, the
red visual actuator, and the alert message actuator are turned on, while the other actuators are turned
off; in this case the structure considered seriously damaged and in risk to collapse.

The lower limit computed in (4) is 42cm; hence, a larger relative displacement measure would
activate the alerts and a lower measure would not activate them. In test 2 with a measure of 37cm,
thus, the warning alerts are turned on; hence, the system doesn’t expect the lower limit to react.
Also, for the upper limit computed in (5), is 52.5cm, so, it would expect that from this relative
displacement measure, the structure is unstable. In test 6 there is obtained a measure of 50cm, that
is, a lower measure to the upper limit of the system, the status is set as DANGER, the three
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corresponding actuators alert about the situation. Thereby, the system is validated because it reacts
in a dosed manner, not only to maximum and minimum values, according to the design performed.

S. DISCUSSION

Monitoring the structural health uses, mainly, displacement laser sensors and accelerometers,
representing a high cost and technical complexity for their management; also, often there are
required fixed points to perform such measurement.

Li and Hao, (2016) report the development of a relative displacement sensor, that employs the
Wheatstone bridge circuit principle, they determine a damage index, where the sensor measures
the local relative movement, and it is sensible to the changes of condition locally.

Park et al., (2013) employ a laser displacement sensor and a customized wireless sensor node that
measure the displacement as a damage index with which they implement SHM to verify and correct
the design parameters of an irregular edification. This method involves to use the optic technique
LDS to obtain the distance of the objective by triangulation with its inherent complexity.

Our proposal is based on a Sensor System of Ultrasonic Relative Displacement in Pendulum
(SSURDP), that it is capable provide the measure of the mezzanine relative displacement by taking
only one measurement, it just requires that the sensors are located, toward the vertical structural
element, on the side of the incoming horizontal force that is identified, and the measurement
performed taking advantage of the pendulum effect. We follow what Paulay, (2001) who indicates
that to evaluate we must consider that the magnitudes of medium displacement should not exceed
2 to 2.5% of the height H and with this we establish the limit of the relative displacement
measurement and provide our own damage index for the SHM.

In the three proposals there are developed different relative displacement sensors, and a particular
damage index is proposed for each case, thus, it is no possible to establish an efficiency comparison.

6. CONCLUSIONS

The proposal for the location of the sensors and the pendulum effect caused by their suspended
placement was correct, since the geometric projections generated allowed, based on a measurement
of each suspended sensor, through the relationship of similarities that can be applied in this case
by contain similar triangles and using the corresponding mathematical mechanisms, the measure
of relative displacement of the mezzanine was obtained. The system just requires a simple
calibration regarding the vertical reference axis.

The application of the hierarchical design of the programmable logic with programming VHDL,
allowed the design of an electronic device capable to obtain measures recollected by the sensor
network, to be processed by the SSURDP algorithm, so that to give the mezzanine relative
displacement measures, and also to identify the largest magnitude where the RBS algorithm for
SSURDP performs the evaluation to evaluate the stability of the structure by the proposed index
presented in this study.

The instrumentation with RBS for SSURDP of the model employed in this work, provided the data
necessary for evaluation. The results section shows that the system was capable to determine, in
each case, outputs toward the actuators, and 100% of the tests implemented corresponded with
exactitude to the design established and the actions defined by an expert. We conclude that the
RBS for SSURDP system is capable to determine the stability of a structure, in a non-invasive
manner, in real time, without requiring fixed points to acquire data, and basing on a parameter:
mezzanine relative displacement; therefore, the present proposal can be recommended as a support
tool to be used in SHM to estimate the damage in multi-story buildings.
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