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Abstract

Monitoring and control of large size civil works was an important and well known application area for topographical and geodetic methods, with a wide range of
articles published. However, documented experiences applying precision geodetic methods in monitoring in a smaller scale (structural elements: beams, columns,
slabs, etc.) are sparse. The main objective of this study is to evaluate and compare the use of precision geometric levelling technique with instrumentation with
displacement transducers (structural instrumentation method) in vertical displacement control in a concrete beam with excessive deformation, being subjected to
recovery processes and reinforcement. Although precision geometric levelling is not considered a modern technique in the structures monitoring, it is cost-effective
feasible, accurate, and highly precise, with acceptable uncertainties and results, considering procedures normally followed in the processes of recovery and
reinforcement related to this type of works. The results have shown that precision geometric levelling is an effective alternative, with remarkable advantages in
assembling times and installation, as well as in monitoring post-recovery process of structures (medium and long term), and as the possibility of establishing a
correlation between the behaviour of the monitored points. In addition, precision geometric levelling is a valid alternative to be implemented jointly with structural
instrumentation techniques, especially where redundancy needs to be obtained in the observations.

Geometric levelling, monitoring, vertical displacements, structural elements
Resumen

El control y monitoreo de obras civiles de gran tamano siempre fue una importante y conocida drea de aplicacion de métodos geodésicos y topograficos, con una
amplia gama de trabajos publicados. Sin embargo, las experiencias documentadas usando métodos geodésicos de precision en el monitoreo a una escala menor
(elementos estructurales como: vigas, columnas, losas, etc.), son escasos. El objetivo del presente trabajo es evaluar y comparar el uso de la nivelacion geométrica de
precisién con la instrumentacion con transductores de desplazamientos (método de instrumentacion estructural), en el control de desplazamientos verticales en una
viga de concreto con excesivas deformaciones, sujeta a trabajos de recuperacion y refuerzo. Si bien la nivelacion geométrica de precision no es considerada una
técnica moderna en el monitoreo de estructuras, es econémicamente factible, con alta precision e exactitud, con aceptables resultados e incertidumbres,
considerando los procedimientos que normalmente se siguen en trabajos de recuperacion y refuerzo de este tipo de obras. Los resultados demostraron que la
nivelacion geométrica de precision es una alternativa Gtil, con notables ventajas en el tiempo de montaje e instalacion, asi como en el monitoreo de la estructura
post-recuperacion (a mediano y largo plazo) y con la posibilidad de establecer correlacion entre el comportamiento de los puntos monitoreados. Ademds, la
nivelacion geométrica de precision es una opcion vélida para ser implementada en conjunto con técnicas de instrumentacion estructural, especialmente cuando se
requiere redundancia en las observaciones

Nivelacién geométrica, monitoreo, desplazamientos verticales, elementos estructurales

A high percentage of the pathological manifestations
of the buildings are originated mainly throughout project
phase by conception mistakes and during the execution of the
work, thus increasing considerably the costs and causing a lot
of troubles during the utilization.

One of the effects associated to the occurrence of
pathological manifestations in concrete structural elements
are their excessive deformation. Beams and slabs are
deformed by the load imposed, by the creep of concrete
effect, by temperature effect, among others. Such
deformations, in general terms, can be understood as a
response to the external load and environment exposure
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(Baroni, 2003), thus impacting not only the performance of
the part itself, but also the structure as whole.

The unsatisfactory performance of a structure does not
mean that it is doomed to fail and is wholly improper, even
when their lives are started out in improper ways, due to
project or execution failure. In most cases, the immediate
technical intervention enables the structure’s rehabilitation,
aiming at re-establishing the originally defined conditions in
the project (recovery), or it allows the adjustments of the
resistant capacity of the structural elements on account of the
use (reinforcement) (Reis, 2001).

The structure’s rehabilitation process starts by
determining the real conditions, aiming at evaluating the
existent abnormalities, the causes, measures and methods to
be considered for recovery or reinforcement. There are three
basic stages: data survey, analysis and diagnosis.

After an accurate diagnosis, a suitable technique is
chosen, which includes the selection of materials, equipment,
and labour needed for the work’s execution (Souza and
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Ripper 1998). In the recovery of great size constructions,
usually, the data survey stage and the adopted solution
execution, involve the structure and its elements’ monitoring
and control.

The monitoring of the deformations or displacements
allow the follow up of the structure’s behaviour, besides
contributing with information which can offer support in the
decision making process, also ensuring the correct execution
of the recovery works, as in accordance with correction
project.

Traditionally, great size constructions are monitored
through techniques and high precision and accuracy geodetic
equipment, including precision levels, total stations, laser
scanner and photogrammetric equipment (Mills and Barber,
2004) (Costantino and Angelini, 2014) (Sabuncu and
Ozener, 2014) (Beshr, 2015) (Capra et al., 2015) (Mill et al.,
2015) (Lienhart, 2017) (Lienhart et al., 2017) (Kovaci¢ and
Motoh, 2019). More recently, these techniques have been
implemented with the use of satellite positioning, GNSS
technology (Global Navigation Satellite System) (Acosta et
al., 2018). On a smaller scale, more specifically of elements
which make up a structure (beams, columns, foundations,
slabs etc.), monitoring has been carried out by employing

structural  instrumentation techniques with the use of
deformation sensors, displacement transducers,
accelerometers, inclinometers, extensometers, etc., (Erol,

2010) (Detchev et al., 2011) (Diaz et al., 2018) (Kovacdi¢ and
Motoh, 2019).

This study focus on monitoring the main reinforced
concrete beam of the structure, throughout the recovery
process of a great size construction bearing capacity. Two
techniques were employed: precision geometric levelling and
instrumentation with  displacement transducers.  Similar
studies have been developed by (Carvalho et al., 2001) and
(El-FAshmawy, 2017) with displacement measurement in
precast concrete beams and I-shaped steel beam by means of
topography equipment and displacement transducers in
laboratory. The methodology employed is detailed in these
studies, the appropriate devices’ choice and the procedure to
measure the displacements in points of interest. (Kovacic¢ y
Motoh, 2019) and (Mill et al., 2015) evaluated the
application of geodetic techniques by using precision
levelling, total stations and terrestrial laser scanning in
determining the range and spatial distribution of the
deformations in a bridge during static load tests. (Palazzo et
al., 2005) also used techniques and equipment for geodetic

purposes in vertical displacement monitoring of reinforced
concrete precast slabs in three bridges which were subjected
to load tests. (Rénnholm et al., 2009) compared and analysed
data findings of three techniques applied (terrestrial laser
scanning, photogrammetry and total station) with the results
yielded, by using dial gauge, in displacement measurement in
laboratory concrete beams. Lastly, (Henrriques and Casaca,
2001) applied geometric levelling in vertical displacement
control in different types of buildings. All these researches
indicate that geodetic techniques are adequate for monitoring
and deformation control in both structures and its elements,
e.g. (Mascort-Albea et al., 2016) (Ata et al, 2018)
(Mrowczynska et al., 2018) (Okiemute et al., 2018).

Precision geometric levelling is regarded as a reliable
technique, being very precise in vertical displacement
measurement (Henriques y Casaca, 2001) (Mulahusié et al.,
2018) (Tang et al., 2018). It is the most indicated way in
determining the elevations, since it enables the best quality
results in the monitoring process. The technique uses high
precision equipment (precision levels, invar staffs) and strict
procedures in data collection and taking (Bannister et al.,
1998) (Silva and Segantine, 2015). Data processing is
relatively simple and well known (Mill et al., 2015). Despite
being a consolidated geodetic technique in monitoring great
size structures, it is very little used in vertical displacements,
especially in works of recovery and reinforcement of
structural elements.

This study’s main objective is assessing the use of
precision geometric levelling in monitoring and control of
vertical displacements in structural elements which were
subjected to works of recovery and reinforcement.

2.Case study (Description of work)

Unicamp Arts Institute Theatre (“Teatro-Laboratdrio do
Instituto de Artes”) is a reinforced concrete work, in a
construction phase, comprising of two modules: the theatre
(main module) and the entrance building which offers access
to the theatre, made up by three floors, basement, mezzanine
and general top floor (denominated as attached module),
inside a total area of 5.668,73 m (Figure 1), located at the
University of Campinas and based on the University City
“Zeferino Vaz” in Campinas (SP).

Figure 1. Unicamp Arts Institute Theatre
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A technical survey report was carried out on the
construction site, due to non-conformities found in the
execution of the first phase, which comprised of the
superstructure,  waterproofing and roof. Among the
pathological manifestations highlighted were cracks on the
walls and in the beams, caused by excessive vertical
displacements. The source of such pathologies is related to
deficiencies detected on the execution of the work.

The correction project for the rehabilitation of the
beams with excessive deformation involved minimizing
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vertical displacements by structural jacking and the
implementation of four metal columns as reinforcement,
aiming at restoring the original load capacity, in addition to
re-establishing structural safety.

As related to case study, a beam which is part of the
first slab, located at the attached module of the building was
selected. It is a reinforced concrete beam, supported in its
ends onto rectangular cross section column walls (average
height and width of 75,00 cm x 20,50 cm) and 30,82 m
longitudinal length (Figure 2).

Figure 2. First floor beam undergoing the recovery process

3.Methodology

The structural jacking process was executed aiming at
restoring the structure’s load bearing capacity and decreasing
the beam’s vertical displacements. Concurrently, monitoring
was carried out by having two techniques employed
simultaneously:  precision ~ geometric  levelling  and
displacement transducers instrumentation.

3.1Vertical displacement
Geometric Levelling

For monitoring, a Carl Zeiss model NIOO5A precision
level with invar staff was used. As in accordance with the
specifications, the level presents a standard deviation of + 0,5
mm/km in double-levelling, with compensating pendulum
and parallel flat plate micrometre. The invar staff is double
graduated (Left Reading (LR) and Right Reading (RR)) with
1,75 m height, equivalent intervals at dm/2 and divisions at
each 5 mm. The level-staff set allows uncertainty readings in
tenths of a millimetre.

monitoring, using  Precision
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Both control points and reference level were marked with flat
head bolts, fixed in the concrete to ensure observations on
the same places always. The monitored points were
denominated from left to right, as: C1, C2, C3 and C4 with
average proximity to the 20,00 cm transducers. refer to details
on (Figure 3) (Figure 4) (Figure 5.).

Displacement monitoring was carried out into three
stages:

1. Without the applied load - Before structural jacking process
to establish the initial deformations and the vertical
displacement differences.

2. With the applied load - During the structural jacking
process, for displacement reduction control as related to the
load applied.

3. Post Applied load - After the structural jacking process and
the implementation of the metal columns, aiming at knowing
the deformations and final displacement differences.

Abril de 2019 www.ricuc.cl 207
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Figure 3. Under monitoring beam site plan with the control points location (C1, C2, C3, C4), the
Benchmark (BM), the auxiliary Benchmark (ABM) and surveying equipment installation location

During the three stages, the level was installed outside
the building with accessible line-of-sight for benchmark and
the four control points as from a same installation point
(Figure 3) (Figure 4). A series of readings were carried out in
the first stage to allow knowing the beam’s initial deformation
state. On the second stage, six reading series were carried
out, aiming at following up the gradual application of loads.
In this process, loads were applied in ten-minute intervals,
being the required time to evaluate through a visual
inspection, the state of the structure and conduct the survey
of the series of readings. For the third stage, four series of

readings on different dates were carried out. On this stage,
the structure accommodation was expected, after the last
load had been applied, in addition to the implementation of
the reinforcement columns.

Data were collected in a specially elaborated
spreadsheet (Table 1), for “in situ” staff constant calculation,
aiming at ensuring the coherence and precision of each
observation, besides temporarily determining displacements.
The same spreadsheet was used to adjust levelling and
displacement permanent calculation of each monitored point.

Figure 4. The surveying equipment installation side view as related to Benchmark location (BM) and
control points (C1, C2, C3 and C4)
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Table 1. Data collection spreadsheet

Backsight Foresight Backsight Readings (dm/2) Staff
Point Reading Reading Calculation Constant,
LR RR LR RR LR RR Backsight
BM
Cl
Foresight Readings (dm/2) Staff
Calculation Constant, LED RED ED
LR RR Foresight
) ) Adjusted Afisheice Vertical
Elevation |Correction i between |
Elevation displacements

Elevations

3.2 Vertical displacement monitoring, using displacement
transducers

Instrumentation monitoring was carried out by means
of a computer with data acquisition system, “System 5000”,
model “5100b Scanner” from “Micro-Measurements” brand
and four displacement transducers also from “Micro-
Measurements”, gauged with a precision of a thousandth of a
millimetre (Figure 5.). Instrumentation technique was used
exclusively in the second monitoring stage, with data
acquisition at each second.

<)

By means of a structural model using finite elements
the loads that should be applied in the structure could be
determined, in order to re-establish the project’s condition.
The structural jacking and transducers were positioned in
points near the metal columns’ installation. The choice of
such control points aimed at following up displacement
recoveries for future comparison with those obtained
numerically.

Figure 5. (a) Control points location (C2 and C2’); (b) Displacement transducers and (c) Jack
used to apply the loads and temporary cut columns
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4. Vertical displacements values
comparison

Aiming at assessing the use of precision geometric
levelling to monitor vertical displacements in structural
elements undergoing recovery works, it was adopted as a
reference technique in this comparison the results of
instrumentation with displacement transducers, taking into
account its high precision (a thousandth of a millimetre), in
addition to being used normally in this type of monitoring.

(Table 2) shows the displacement values found by
displacement transducers during structural jacking process.
The loads presented on the first column are those applied at
each jack, as per loading phase, highlighting that a total of 4
jacks were used. As it can be noticed gradual loads were
applied with increments of 3,15 ton-force (tf), except in the
last case of 1,55 tf, which was the increment needed to
complete the project load of 17,30 tf. Points C17, C27, C3”and
C4’ correspond to the four displacement transducers located
over the beam and near the places where jacks were placed.

Considering  structural, geometric and excessive
deformation features, originally observed in the beam, it was
expected that for the same load applied, its vertical
displacements over the extreme points were smaller than the
displacements in the internal control points. Such behaviour
in the results kept itself as a standard practically for all loads

applied, as it can be verified in (Table 2). The biggest vertical
displacement occurred in control point C2” with 26,817 mm.
The definite displacements using geodetic technique were
determined after processing and adjustment of geometric
levelling campaigns (Table 2).

For result analyses purposes, the difference of the
displacements obtained by the two techniques were
calculated and are presented in (Table 3). Given the nature of
the study and the techniques used, displacement differences
are the product of the direct comparison between magnitudes
measured by two different methods. In this respect it is
important, however, that the levelling control points were
located near transducers’ monitored points, however not
exactly in the same places, a fact that partially explains the
differences obtained. The greatest and smallest calculated
standard deviation for the differences corresponds to point C3
(with a value of £0,227 mm) and points C1 and C4 (with a
value of 0,128 mm) respectively. Standard deviations and
relative  percentage difference with similar order of
magnitudes were reached in laboratory by other authors, for
example, (Carvalho et al., 2001) (Gordon and Lichti, 2007)
(Rénnholm et al., 2009) and (El-Ashmawy, 2017), using
similar ~ feature techniques and geodetic equipment.
Following, figure 6 graphic shows the same differences, in
addition to control points” displacements, as in accordance
with each technique, and a broad view of the deformations’
behaviour in a beam, given the load applied.

Table 2. Vertical displacements obtained through: (a) displacement transducers and (b)
geometric levelling

(a) Displacement transducers

(b) Geometric leveling

Applied load Displacements (mm) Applied load Displacements (mm)

(th) (63 3 Cc2' c3' c4 (¢h) C1 C2 G3 c4
6,30 2,319 | 4,741 | 4,131 | 2,019 6,30 2,538 | 4,475 | 3,838 | 1,950
9,45 4,791 | 9,674 | 8,669 | 4,364 9,45 5,125 | 9,563 | 8,637 | 4,200
12,60 7,739 | 14,871 | 13,670 | 6,825 12,60 7,825 | 14,687 | 13,175 | 6,850
15,75 11,398 | 22,690 | 19,434 | 9,854 1575 11,775 | 22,825 | 19,025 | 10,075
17,30 13,438 | 26,817 | 22,381 | 11,427 17,30 13,888 | 26,575 | 21,662 | 11,400

Table 3. (a) Differences between vertical displacements and (b) relative percentage difference,
obtained as from the comparison of the results of the two techniques applied

(a) Differences between displacements (mm)

(b) Relative percentage difference

Applied load c1 c2 c3 ca Applied load c1 2 c3 ca
(tf) (tf)
6,30 0,219 | -0,266 | -0,293 | -0,069 6,30 9,42% | -5,61% | -7,10% | -3,42%
9,45 0,334 | -0,111 | -0,032 | -0,164 9,45 6,97% | -1,15% | -0,36% | -3,76%
12,60 0,086 | -0,184 | -0,495 | 0,025 12,60 1,11% | -1,23% | -3,62% | 0,37%
15,75 0,377 | 0,135 | -0,409 | 0,221 15,75 3,31% | 0,59% | -2,10% | 2,24%
17,30 0,450 | -0,242 | -0,719 | -0,027 17,30 3,34% | -0,90% | -3,21% | -0,24%
Revista Ingenierfa de Construccién Vol 34 N2 Abril de 2019 www.ricuc.cl

210



ENGLISH VERSION . ...t

30

25

20

15

10

Revista Ingenieria de Construcciéon RIC

Vol 34 N°2 2019 www.ricuc.cl

Vertical displacement (mm)

C1 Cc2
--6,30 Ton-force / Leveling
-+-9,45 Ton-force / Leveling
-m-12,60 Ton-force / Leveling
---15,75 Ton-force / Leveling
-4-17,30 Ton-force / Leveling

Cc3 Cc4
—e—6,30 Ton-force / Transducer
——9 .45 Ton-force / Transducer
—=— 12,60 Ton-force / Transducer
—15,75 Ton-force / Transducer
—— 17,30 Ton-force / Transducer

Figure 6. Graphic of the results’ comparison obtained with levelling and displacement transducers

The levelling results were also evaluated through the
relative percentage difference (Table 3), with the measured
displacements by transducers as the reference values. It is
observed that the greatest relative percentage differences are
associated to the smallest displacement values, generated,
thus in the initial loadings (6,30 tf and 9,45 tf). Even if the
greatest differences between displacements had occurred as
from the load’s third stage of 12,60 tf.

(Figure 7) presents each control point behaviour in an
isolated way, with the vertical displacements being
experienced given the applied load. The graphics offer a
purpose of which is to facilitate the results” comparison over
each point, besides enabling the correlation analysis between
the involved variables (Load and Displacement).

It is evident that irrespective of the displacements’
magnitudes or the technique employed, the four graphics
present bends with similar trends and forms, suggesting a
strong linear correlation between the variables. The
correlation coefficient (R2), which explains the proportion of
variation between data, in all cases, was higher than 99 %.

As previously mentioned, monitoring with levelling
was carried out in the three defined stages in the study,
aiming at following the behaviour of the beam, prior, during
and after rehabilitation process and reinforcement. Such
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behaviour, in terms of vertical displacements given the stages
and series of readings, is presented in (Figure 8). The trend of
the four bends in the second stage was clarified in the
previous paragraph; however, the displacement variations in
stage 3 match the following situations:

1) on the transition between stages 2 and 3, after 24
hours of the recovery process with structural jacking, the
structure underwent minor increases in the displacements of
the extreme points (C1 = 0,225 mm and C4 = 0,300 mm)
and a decrease in internal points (C2 = 0,225 mm and C3 =
0,350 mm);

2) 3 days after, the last applied load had to be adjusted,
aiming at implementing the four columns, being observed
then, a significant increase of the displacements, mainly in the
internal control points (C1 = 1,387 mm, C2 = 2,925 mm, C3
=2,325mm, C4 = 1,375 mm) and

3) lastly, when the jacks were removed, the beam rested
on the reinforcement columns. On this stage, as expected, the
displacements decreased up until similar values to those
determined in the last load applied (17,30 tf) in stage 2.

Abril de 2019 www.ricuc.cl
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Figure 8. Displacement behaviour bends in each monitored point during the three Stages, using
precision geometric levelling

Revista Ingenieria de Construccién Vol 34 N°2 Abril de 2019 www.ricuc.cl

212




Revista Ingenieria de Construcciéon RIC
Vol 34 N°2 2019 www.ricuc.cl
ENGLISH VERSION . ...ttt et et h e a4 et e et e et e bt oot oot e ekt e ett e ehe e o4t e et e et e eat e ebt oot e et e e et e eab e eht e ea e e ead e et e e et e ebe e eht e bt e et e eabeebteetseeuteateeabeeateetseeuneeueeanes

mentioned), with acceptable uncertainties and results,
considering procedures normally followed in the processes of
recovery and reinforcement related to this type of works.

Some significant differences between levelling and
structural instrumentation are related with the assembling
time and installation of the equipment. The work’s
preparation which involves placing displacement transducers
requires a laborious installation and de-installation. The use
of geometric levelling requires a qualified team for equipment
handling and previous calculations.

With levelling there is the possibility of monitoring the
behaviour of the structure post recovery (medium and long-
term) not having to expose devices, which in the
instrumentation case are very costly, in addition to the high
risks of damaging sensors, given the collapse of the structure.
The instrumentation technique commonly presents scarce or
no redundancy in data, being limited to measure variations
only on the subjected to monitoring point, not being possible
to establish a correlation between points.

Based upon the comparison of procedures and the
attained results by the two employed technique in this study,
it is confirmed the usefulness of precision geometric levelling
in control and monitoring of vertical displacements in
structural elements subjected to recovery works and
reinforcement. This is therefore a reliable and precise
technique mainly due to its well defined office and field
procedures, strict protocols in taking, collecting and
processing data, as well as the employment of high precision
equipment. Hence, precision geometric levelling is a valid
alternative to be implemented jointly with structural
instrumentation techniques, especially where redundancy
needs to be obtained in the observations, data collection or in
the monitoring of points in places where instrumentation with
devices (sensors) is not accessible.

Although geometric levelling is not considered a
modern technique in the structures monitoring, it is cost-
effective feasible, accurate, and highly precise (as previously
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