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Abstract. Reinforced concrete hollow piers are well known for the shear effects they so often
reveal to be subjected to. This aspect is particularly true in the case of hollow piers where the
failure modes usually relate to shear behavior. Very few studies have devoted their attention
to the economic consequences of repairing and retrofitting the physical damages existing in
RC hollow piers subjected to the seismic action. This information is deemed crucial when
cost-benefit analysis is concerned for the definition of measures for repair and retrofit of
seismic damage.

Therefore, the present work intends to discuss adequate strengthening strategies and their
costs, associated with each seismic physical limit state of damage. An extensive review of nu-
merous cyclic experimental works on RC hollow piers conducted at the University of Porto
will be performed, and in liaise with specialized construction companies, the repair costs will
be estimated.
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1. INTRODUCTION

The hollow section piers are often used in high-rise bridges, particularly when it is neces-
sary to ensure high stiffness and simultaneously low weight, thus leading to a more economi-
cal construction. Hollow piers can be compared to reinforced concrete walls, however when
such components are subjected to high intensity seismic actions can, in certain circumstances,
evidence a significant vulnerability associated mainly to the low shear capacity.

Due to the expected vulnerability of these piers, when subjected to seismic actions, it be-
comes urgent to assess the expected damage and its evolution with the increase of the intensi-
ty level. Additionally, it is noted that the focus of the scientific research devoted to seismic
behaviour of these elements is still reduced, in particular with regard to damage and to the
limit states of damage. This paper focus on the analysis of damages on hollow piers due to the
seismic action, proposing a methodology to characterize the limit states of damage under the
perspective of the physical behaviour. To establish a correspondence between physical dam-
age states and structural parameters, a set of results of quasi-static experimental tests was ana-
lysed, in hollow piers of reinforced concrete subject to cyclic loading [1-3].

2. DESCRIPTION OF THE EXPERIMENTAL TESTS

An experimental test campaign was conducted in the Laboratory of Earthquake and Struc-
tural Engineering (LESE), located at the Faculty of Engineering of University of Porto, where
a test setup was developed and that served to several research works on this field of study.

2.1. Test Setup

The test setup, illustrated in Figure 1, consists in a structure constituted by two reaction
steel frames.

Figure 1: Test Setup

One of the reaction frames is equipped with a horizontal actuator which enables to ap-
ply loads up to 500 kN. The second frame is equipped with a vertical actuator for the simula-
tion of axial loads, with a capacity of 700 kN. This second actuator is prepared to keep
constant the axial load. The pier foundation and the reaction frames are connected to the rigid
floor using high strength rods, pre-stressed to prevent undesirable displacements and rota-
tions.
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2.2. Tested piers

This experimental test campaign consisted of 12 piers, 6 with a squares cross section
(POI) and 6 with a rectangular section (PO2). The square piers have a section of 0.45x0.45m
and a wall thickness of 7.5cm. The rectangular piers have a section of 0.90x0.45m also with a
wall thickness of 7.5cm. All piers are 1.40m tall and were built with %4 scale from the original
size. All the piers have different characteristics of materials, arrangement of shear reinforce-
ment or cross areas of reinforcement. Table 1 shows these characteristics of the piers [1-3].

' . RI;:(i)rIllfg(: Fclgrllllleilrll ¢ Shear Reinforcement
Designation | Geometry | fen (Mpa) 5 A

area | fs,(Mpa) (mm) | (Mpa) Type
POI-NI Square 19,8 4008 625 3,8 390 2 legs
PO2-N1 | Rectangular 19,8 6408 625 3,8 390 2 legs
POI1-N2 Square 27,9 4008 435 2,6 437 2 legs
PO1-N3 Square 27,9 4008 435 2,6 437 2 legs
PO2-N2 |Rectangular 27,9 6408 435 2,6 437 2 legs
PO2-N3 |Rectangular 27,9 6408 435 2,6 437 2 legs
PO1-N4 Square 28,5 4008 560 2,6 443 2 legs
POI1-N5 Square 28,5 4008 560 2,6 443 2 legs (EC8)
POI1-N6 Square 28,5 4008 560 2,6 443 4 legs (ECS)
PO2-N4 | Rectangular 28,5 6408 560 2,6 443 2 legs
PO2-N5 | Rectangular 28,5 6408 560 2,6 443 2 legs (EC8)
PO2-N6 | Rectangular 28,5 6408 560 2,6 443 4 legs (EC8)

Table 1 :Properties of tested piers

For instrumentation LVDT’s were used, on one of the lateral faces. Images and videos
were also recorded, from outside and inside the pier. Figures 2 and 3 illustrate the detail of the
reinforcement and arrangement of LVDT's, respectively.

705




Delgado Pedro, Sa Nelson, Marques Mario, Aréde Antonio

0.434
L] B
o g 3 40&/3 2
: 2
s © b4
’ - U
0.30
0.45

Corte 1-1 (PO1-N5)

==

0.434

. - -
] (1 b
n u H
] 1. U
AL 2
b 4 ° '-‘
1 f408 41 T
] 1 4
1] o

0.30

0.45

Corte 1-1 (PO2-N5)

Figure 2:

0.30
’ljlﬁ
"
2
o
2102,6//0.075
-
g
1 1
14012
| — ~ ]//
| !
2912 ‘ I 2812
o .
2
° | I
Nz
0.425 0.45 0.425
1.00

1.30{x1.30)

Detail of the reinforcement (Delgado, 2009)

Actuador
Vertical 37
38 39
Placa Superior ] 31
Placa Inferior 34
32
12 13
10 21
28 ]
4 5
15 16
27
29
1 2
38 7 8
30 35ﬂT

Figure 3:

Disposition of the LVDT s (Delgado, 2009)

706



Delgado Pedro, Sa Nelson, Marques Mario, Aréde Anténio

2.3. Loads / Displacements applied

In terms of loads, were applied one axial load of 250 kN, that corresponds to a normal-
ized axial force of 0.08 constant over time, and one horizontal load responsible for the piers
top displacement, variable over time, depending on the target displacement. These values re-
sulted from the displacement load pattern, and correspondent drifts, shown in Table 2, repeat-
ing three times for each intensity.

Displ. (mm) 1 3 5 10 | 4 14 17 7 25 30 33 40 | 45
Drift (%) 0.07 {021 |035 |07 |028 |10 |12 |05 |18 |21 |24 |29 |32

Table 2 : Displacements and drifts load pattern.

3. SEISMIC DAMAGE STATES

With the analysis of the experimental test it was possible to perform an evaluation of
the damages in the columns. The types of damages that were observed correspond to: concrete
cracking, concrete spalling and concrete crushing. After quantifying and analysing the dam-
ages due to the displacement applied on the top of the column, it was possible to identify sev-
eral response levels corresponding to the seismic damage limit states. The seismic damage
limit states chosen for the present study were those defined by Delgado et al. [4]. These seis-
mic damage limit states are in line with other studies and documents, e.g. [5] and [6].

The methodology proposed by Delgado et al. [4] defines a total of four damage limit
states. The first state of damage corresponds to slight damage. In this state, the damage is
barely visible and does not compromise the structural stability. The visible damages are es-
sentially the beginning of cracking, in a small extension and density, concentrated on the low-
er third of the columns. The second state of damage, referred to as moderate damage, is
distinguished from the previous state limit by the increase in cracking. The cracks have re-
duced openings, smaller than 1mm, being a large part of the typical cracks, shear cracking,
which reach a maximum of 1mm of opening. The third state of damage is the state of exten-
sive damage. When a pier reaches this level of damage the element already requires attention
and a significant repair. The most visible damages in the piers are the appearance of cracks
openings of up to 3 mm and with a high density. In this state of damage the cracks are essen-
tially due to shear in the webs and to bending in the flanges also noting the effect of "shear lag
effect". The cracks are evenly distributed over the entire section of the pier. It is also possible
to observe some concrete spalling. The ultimate damage state is the collapse. When damage to
the pier reaches this level, it is no longer economically and feasible to repair the structural el-
ement and its structural safety is seriously compromised. Between this state and the state of
extensive damage, there is a significant evolution of damages, with emphasis on the concrete
crushing and an increase of the detachment of the concrete cover. Numerically, this state is
defined when the shear stress is higher than the theoretical resistant value or the conventional
shear occurs. Figure 4 illustrates the evolution of damage, in the various limit states of dam-
age, of the PO2-NG6 piers.
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a) b)
) d)
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Figure 4: a) Slight damage, b) Moderate damage, c¢) Extensive damage, d) Collapse

After defining the several damage states, it is necessary to identify a response parame-
ter capable to translate the evolution of the physical damages of the column in each of the
above limit states. Thus, and with the purpose of using a single structural parameter for all
limit states, which can be easily evaluated in any numerical model, the drift response parame-
ter was selected. The correspondence between the four previously defined limited states of
damage and the drift values was established from the analysis of the experimental tests of the
hollow piers, and considering a description of each boundary state. The analysis of the exper-
imental tests had a main focus on the PO2-N6 piers. Table 3 translates the drift limit values
associated with each physical damage state.
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Limit State Drift (%)
Slight 0.71
Moderate 1.21
Extensive 2.14
Collapse 3.21

Table 3 :Limit states and corresponding drift value

4. REPAIR AND REINFORCEMENT TECHNIQUES

Once the seismic damage limit states are defined, it is possible to analyse the best
techniques for the repair or strengthening of the piers. In the following points, will be de-
scribed the best techniques of repair and strengthening for each state of damage. This study
was followed by the approach and characterization of repair techniques proposed in the re-
search project "PRISE - Evaluation of Losses and Seismic Risk of Buildings in Portugal" [7],
funded by the Portuguese Foundation for Science and Technology, in which the authors of
this study were involved, and as presented in the work conducted by Delgado et al. [4]. In this
project was built a database of unit repair costs for each repair technique, which includes ma-
terials and labour costs, obtained from surveys collected from several construction companies
existing in Portugal and specialized in repairing/strengthening these damages. It should be
noted that in this study, the indirect costs, such as access to the pier to be repaired and assem-
bly of the work platform, were neglected.

4.1. Slight Damage Limit State

As previously stated, this state is characterized by minor or irrelevant and visually im-
perceptible damages. The damages are characterized by very small cracks, up to 0.5mm of
opening. For such pattern, with crack width less than or equal to 0.1mm, three possible repair
techniques are identified and may or may not occur together, namely: surface painting; Sur-
face plaster of the piers; Scrub surface with epoxy resin. If the environmental conditions of
aggression are zero, no repair is necessary. For crack width between 0.1mm and 0.5mm, the
most appropriate repair technique is the injection of epoxy resin.

The painting of the concrete surfaces of the piers must be carried out through water-
based monolayer paint scheme. This painting should be done in two coats, with a smooth fin-
ish, resistant to the alkalis of the hydraulic binders and complying with the minimum re-
quirements of EN 1504-2 [8]. This painting should be done with elastic paints to prevent
further fissure of the piers. The surface plater repair technique consists of a generalized treat-
ment of the cracks at an unspecified location. The same plastering should be done with an ad-
juvant mortar. The last repair technique, applied on crack width lower than 0.1mm is to scrub
the surface with epoxy resin. This technique consists on the application of impregnation prod-
uct with one coat, resistant to the alkali of the hydraulic binders and fulfilling the minimum
requirements of EN 1504-2, [8]. Figure 5 illustrates the three repair techniques described
above. For larger crack openings, less than or equal to Smm, the most appropriate repair tech-
nique is epoxy resin injection. This injection of epoxy resin must comply with EN 1504-5 [9],
which concerns injections in reinforced concrete structures. Figure 6 illustrates the execution
of this same technique.
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a) b) c)

Figure 5: a) painting , b) plaster , c) ; Scrub surface with epoxy resin

Figure 6: Injection of epoxy resin

4.2. Moderate Damage Limit State

The present state of damage shows cracks greater than that of the previous state, but
does not concerned the structural stability of the element. In this state of damage the cracks
vary between 0.5 mm and 1 mm of opening. In relation to the repair technique to be used, it is
the same that was identified in the previous damage state (epoxy resin injection), for larger
cracks, i.e. width up to 0.5 mm

4.3. Extensive Damage Limit State

In the limit state of extensive damages the crack width is, approximately, between 2 to
3 mm, and is visible some concrete spalling. When a pier reaches this state of damage it al-
ready requires some attention, and needs to be repaired in a short term in order not to com-
promise the structural stability. For this reason, it is necessary to proceed with a structural
reinforcement of the element. The repair technique for the cracks consists of the injection of
epoxy resin, respecting EN 1504-5 [9], as previously mentioned. When the pier has cracks
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and some spalling, it is necessary to proceed with the reconstruction of the piers. With respect
to the structural reinforcement of the element this can be realized in three distinct ways: in-
crease of the section with the use of reinforced concrete; Bonding of metal sheets and Pier
engagement with carbon fibre blankets (CFRP).

When the piers have some concrete spalling, it is necessary to replace this same con-
crete. It is first necessary to remove the damaged concrete, to clean and to perform a surface
treatment with a needle hammer. Once the degraded concrete has been cleaned, it is necessary
to place a new concrete in compliance with EN 1504-2 [8]. Figure 7 illustrates the concreting
process of areas where concrete detachment occurred, [11].

Closure placed upon
completion of placement
of repair material

repair material

formwrork —-

Figure 7: Concreting process of areas with problems of concrete spalling(Kamran, 2006)

Regarding to the structural reinforcement, it is possible to increase the section with the
use of reinforced concrete. This increase shall consist of a minimum increment for each side
of 50 mm in the case of projected concrete and 70 mm in the case of cast concrete, i.e. it is
necessary to increase the cross-section by at least 100 mm. With respect to the steel rein-
forcement to be added, the longitudinal reinforcement should have a diameter of more than 8
mm and the minimum transverse reinforcement should be ¢8 // 0.15 cm. If metal profiles are
used, the minimum thicknesses are 40 mm and 60 mm, respectively, for projected concrete
and cast concrete. With respect to the metal profiles to be incorporated, the longitudinal sec-
tions must be angled with equal flanges with a minimum cross-section of L 50.50.5 mm and
cross-sections of a rectangular cross-section with a cross-section of at least 25.4 mm or bars
of 10 // 0.10 Cm. If this type of reinforcement is used, it is necessary to have special atten-
tion to the anchorage of the new reinforcement. Figure 8 illustrates the reinforcement tech-
nique using reinforced concrete, showing in detail the additional outer reinforcement.
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Figure 8: Detail of additional reinforcement in reinforcement technique using reinforced concrete.

The reinforcement using metal profiles is a technique used when there is no alternative
to increase the section of the piers. In this type of reinforcement, it is necessary to be careful
with the connections to the existing nodes. Figure 9, illustrates the end result of a reinforced
column with addition of metal profiles.

Figure 9: Reinforced pier with metal profiles

The last reinforcement technique proposed corresponds to the sectioning with compo-
site materials. This reinforcement technique has the advantage of causing a minimal increase
of the section and greatly increasing the strength of the same. This technique consists of bond-
ing carbon fibre blankets using epoxy resins and then finishing them with a self-adhesive
mortar. In this type of reinforcement, it is necessary to ensure that the ends are well bonded,
which is always more burdensome in the case of slabs and beams. Figure 10 illustrates the
result of a CFRP-reinforced piers. All of these glues referred to in the previous reinforcements
must comply with EN 1504-4 [10].
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Figure 10:  Pier reinforced with CFRP

4.4. Collapse Limit Damage State

As previously mentioned, the damage limit state corresponding to the collapse is char-
acterized by a large concrete spalling and in which the theoretical resistance is exceeded.
Thus, when a pier reaches this state of damage, it becomes economically impracticable to re-
pair. If the demolition operation is not possible, there is no feasible repair techniques and only
structural reinforcement is possible, using the reinforcement techniques described above.

5. ESTIMATION OF REPAIR COSTS AND STRUCTURAL REINFORCEMENT BY
TECHNIQUE

This chapter presents the costs associated with each repair and reinforcement tech-
nique to be applied to damaged piers. The evolution of the costs of repair per damage states
and the relationship between costs of repair / reinforcement and the costs of demolition and
construction of a new pier will be presented. It is worth to mention that the unit repair costs
associated with each work and technique were quantified under the scope of the PRISE re-
search project and presented in detail for this study in [11]

5.1. Slight Limit Damage State

In this state of damage, the painting works of the surfaces of the columns are included
in the estimation of costs, being reflected in the total cost of the technique: the supply, load-
ing, transport, discharge and application. Considering that the entire surface of the pier under
study (PO2-N6) will be painted, the cost of painting will be 37.80 €. If it is also necessary to
plaster the surface of the piers with an adjunct mortar, the total cost of repair would addition-
ally be 30.24 €. If, on the other hand, it is necessary to scrub the surface application of epoxy
resin on the whole surface, the cost of repair using this technique would be 49.14 €.

If the cracks have a minimum opening of 0.5 mm, the epoxy resin injection should be
used. Thus, assuming a crack density of 10.12 m / m? of surface, this technique will represent
acostof 101.20 €

Table 4 illustrates the repair costs for the limit state of slight damage.
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Limit States Technique Unit Unit cost Amount Cost
Painting m’ 10,00€ 3,78 37,80€
Plaster m? 8,00€ 3,78 30,24 €
Slight damage .
Scrub epoxy resin m? 13,00€| 378 49,14€
Injection of epoxy resin m/m’superficie 10,00€ 10,12 101,20€

Table 4 :Costs of techniques in the state of slight damage

5.2. Moderate Limit Damage State

As previously mentioned, the repair technique to be applied for this level of damage
corresponds to the injection of epoxy resin. The unit cost of this technique includes cleaning
the surrounding surface, all work and materials. Considering that the crack density is 16.79 m
/ m2 surface, this technique will cost 167.90 €.

Table 5 illustrates the repair costs for the limit state of moderate damages.

Limit States . Unit Unit cost Amount Cost
Technique

Moderate damage Injection of epoxy resin m/m’superficie 10,00€ 16,79 167,90€

Table 5 :Costs of techniques in the state of moderate damage

5.3. Extensive Limit Damage State

In this damage state, it is possible to distinguish two types of costs. The first one refers
to the superficial repair of the piers and a second that refers to the structural reinforcement. In
this state of damage, as previously mentioned, there are cracks and some concrete spalling.
The repair technique for cracks is also the injection of epoxy resin. Considering that the crack
density is 20.84 m / m2 of surface, this part of the cost will be of 208.47 €. The repair tech-
nique for the concrete spalling is the cleaning of the damaged concrete area and the applica-
tion of a new concrete. The cost of this repair technique includes repairing the piers with
application of a mortar, including the removal of degraded concrete, cleaning and surface
treatment using needle hammer, supply, placement, materials, equipment and execution. Con-
sidering this state of damage, it is expected a detachment of 0.05 m? over all surfaces, with a
cost of 0.75 €.

About the structural reinforcement of the pier, there are three types of reinforcement.
In order to determine the cost it is necessary to design the reinforcement so that the cost of the
technique can be directly related to the increase of resistance whatever will be the reinforce-
ment.

If the technique of increasing the section with the use of reinforced concrete is used,
the cost will be of 86.80 €. If instead of using this technique, one would use metal sheets, the
cost will be of 286.74 €. Lastly, if a reinforcement technique with carbon fibre blankets
(CFRP) is applied, the cost will be 172.80 €.

Therefore, the final cost of this state of damage will be the sum of the two repair tech-
niques with the respective reinforcement technique to consider. Thus, if the first repair tech-
nique is used, the cost will be 295.96 €, if the technique using metal sheets is used, the cost
will be € 495.90, if the last technique is used it will be 381.96 €.

Table 6 illustrates the repair costs in the state of extensive damages.
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Limit States Technique Unit Unit cost Amount Cost
Enrollment with BA ud. 295,96 € 1 295,96 €
Extensive damage i
- Metallic plates ud. 495,90 € 1 495,90 €
CFRP ud. 381,96 € 1 381,96 €

Table 6 :Costs of techniques in the state of extensive damage

5.4. Limit State of collapse

In this state of damage, the piers are already so degraded that it is economically unfea-
sible to repair/reinforce it, and the best solution is to replace the piers. Thus, the total cost will
reflect the demolition of the pier with the respective sorting in the work itself, recycling of all
materials, loading, transport and unloading, all the accessory tasks necessary for the comple-
tion of the work, as well as for the cleaning of the place. The construction cost includes the
concrete, including the execution of a standard reinforced concrete pier, including the supply,
placement, compaction and cure of the concrete. The concrete has waterproofing incorpora-
tion; Transport, assembly, decoeing oil and formwork cleaning for plain concrete with smooth
surface and shoring. Relative to the steel reinforcement, the cost reflects the supply, place-
ment, loading and unloading, wastes and splices and elements of reinforcement assembly and
all work, materials and execution. Unit prices for the construction of the new pier were taken
from Top Informética generator price [12]. Thus, the replacement cost of the pier will be
454.69 €.

Table 7 illustrates repair costs in the collision damage state.

Limit States Technique Unit Unit cost Amount Cost
ud. 454,69 € 1 454,69 €

Table 7 :Costs of techniques in the state of collapse damage

5.5. Evolution of structural intervention costs

After analysing the costs of each structural repair and reinforcement technique, it is
necessary to understand how the cost evolution occurs as a function of the structural response,
considering in this case the drift as a response parameter. Thus, it will be possible to quantify
the economic weight of each state limit for the repair or reinforcement of the piers. This in-
formation is shown in Figure 11.
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Figure 11: Evolution of repair and reinforcement costs due to drift

The previous figure tries to represent the costs disaggregated by technique of repair or
reinforcement, for each limit state of damage. Analysing this information, we can estimate the
evolution of repair costs along the increase of damages in the column. It should be noted that
the costs in the state of slight damage are very clustered and in the state of extensive damage
greatly dispersed. The evolution of costs by the different states of damage is translated by the
expression (1) (coefficient of determination R2 = 0.96).

vy = 38200x1220% (1)

To better identify the impact of each boundary state on the cost of repair and to verify
its economic viability, it was chosen to represent the same evolution in terms of the repair cost
ratio by the replacement cost of the pier, illustrating this in Figure 12. Table 8 shows the cost
of each technique as well as the ratio previously described.

Slight Damage Moderate Damage | Extensive Damage Collapse Damage
1,2
1 I ] ]
1 | 1 | ol
I ! I |
0,8 . . . .
I | [ 1
06 1 I | |
I ! I 1
0,4 o .
I 1 I I
02 I | 1 I
[ | [ [
0 - - - -
0,00% 0,50% 1,00% 1,50% 2,00% 2,50% 3,00% 3,50%
Figure 12: Ratio price Repair / price new pier vs drift
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Limit Repair / reinforcement . . .
States technique g Price Ratio
Painting 0,36% 37,80 € 0,08
Slight Plaster 0,36% 30,24 € 0,07
damage Scrub epoxy resin 0,36% 49,14€ | 0,11
Injection of epoxy resin 0,71% 101,20 € 0,22
Injection of epoxy resin 1,21% 167,90 € 0,37
Enrollment with BA 2,14% 295,96 € 0,65
Metallic plates 2,14% 495,90 € 1,09
CFRP 2,14% 381,96 € 0,84
Demolljclon and gonstruc- 321% 45460 € 1,00

tion of a pier

Analysing the ratio of all repair techniques and structural reinforcement, it can be veri-
fied that there is a constant and increasing evolution between the different damage states.
However, a large difference in the ratio between the moderate and extensive damage status is
noted. This is due to the state of extensive damage requiring reinforcement, which greatly in-

Table 8 :Cost and ratio of each reinforcement / repair technique

fluences the final cost of the technique.

Figure 13 shows the evolution of the drift ratio for each repair / reinforcement tech-
nique. The evolution of cost, as previously shown, increases and it is possible to adjust a po-

tential function to this trend.

1,20
1,00
0,80
0,60
0,40
0,20

0,00

Figure 13:

9377

0,36% 0,71% 1,21%

1,00

3,21%

Evolution of the ratio per the limit drift of the repair techniques
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As shown in the previous figure, the quality of the adjustment is high (coefficient of
determination of R2 = 0.98), which makes this continuous cost transfer function an important
indicator for any estimate of costs in hollow piers of reinforced concrete. Additionally, it al-
lows to evaluate the impact and efficiency of each repair or reinforcement technique.

y = 0.0799x15738 (2)

6. CONCLUSIONS

In the present study, the evolution of structural damage in hollow reinforced concrete
piers (whose behaviour is also representative of reinforced concrete walls) due to the action of
earthquakes, with the purpose of defining limit states of damage, is based on a previous study
of the authors of this study Delgado et al. [4]. This information was associated with repair and
reinforcement techniques, which are commonly applied in Portugal. Finally, the respective
costs were estimated, which allowed to characterize the evolution of the costs of repair and
reinforcement of the piers as a function of the structural response. This work uses the con-
struction techniques and their unit costs established under the PRISE project.

In this way, it was possible to observe the trend of increasing evolution of the type of
structural damage (quantified by the drift response parameter), and limit state, with the cost of
repair estimated for the proposed techniques. At the same time, it was identified that this evo-
lution of the cost is potential, being translated by equation (1).

The evolution of the ratio repair cost (or reinforcement) by replacement cost of the
pier allowed to conclude on the feasibility of introducing a specific repair technique. Through
this evolution, which can be translated by a potential curve, equation (2), we can also con-
clude that between the state of moderate and extensive damage there is a great gap, which
greatly increases the cost. It should be noted that in this study indirect costs were neglected,
and if they were considered the costs would be much higher.

Thus, the present study intends to be a starting point for a more detailed analysis of a
benefit-cost study for structural intervention in hollow reinforced concrete piers, and may be
equally important for analyses of seismic risk at the structure level or at a regional scale (port-
folio analysis).

7. ACKNOWLEDGMENTS

This work was financially supported by: Project POCI-01-0145-FEDER-007457 -
CONSTRUCT - Institute of R&D In Structures and Construction funded by FEDER funds
through COMPETE2020 - Programa Operacional Competitividade e Internacionalizagdo
(POCI) — and by national funds through FCT - Fundagao para a Ciéncia e a Tecnologia.

* X x

*

COMPETE = 95554 i FCT

2 0 2 O UNIAO EUROPEIA Fundagio para a Ciéncia e a Tecnologia

Fundo Europeu
de Desenvolvimento Regional

718



Delgado Pedro, Sa Nelson, Marques Mario, Aréde Anténio

REFERENCES

[1] Delgado, R., Delgado, P., Vila Pouca, N., Aréde, A., Rocha, P., Costa, A. Shear effects
on hollow section piers under seismic actions: experimental and numerical analysis,
Bulletin of Earthquake Engineering, 7, 377-389, 2009. (DOI: 10.1007/s10518-008-
9098-x).

[2] Delgado, P., Monteiro, A., Aréde, A., Vila Pouca, N., Delgado R., & Costa, A. Numeri-
cal Simulations of RC Hollow Piers Under Horizontal Cyclic Loading. Journal of
Earthquake Engineering, 15:6, 833-849, 2011.

[3] Delgado, P., Aréde, A., Vila Pouca, N., Rocha, P., Costa, A., Delgado, R. Retrofit of
RC Hollow Piers with CFRP Sheets, Composite Structures, 94, 1280-1287,
doi:10.1016/j.compstruct.2011.11.032, 2012.

[4] Delgado, P., S4, N., Marques, M. & Aréde, A., Methodology for the characterization of
seismic limit states of damage in RC hollow piers experiment. I6WCEE — [6th Confer-
ence on Earthquake, Chile, 9-13 January, 2017.

[5] Rodrigues, H., Aréde, A., Varum, H. & Costa, A., Damage evolution in reinforced con-
crete columns subjected to biaxial loading. Bull Earthquake Eng, pp. 1517-1540, 2013.

[6] FEMA, HAZUS MR4. Washington DC: National Institute of Building Sciences, 2003.

[7] PRISE, “Avaliagao de Perdas e Risco Sismico dos Edificios em Portugal”, projeto fi-
nanciado pela Fundagdo para a Ciéncia e a Tecnologia, 2013-2015 (http://prise.fe.up.pt)

[8] CEN, NP EN 1504-2. Produtos e sistemas para a protec¢do e reparacao de estruturas de
betdo - Defini¢des, requisitos, controlo da qualidade e avaliagdo da conformidade. Parte
2: Sistemas de protegao superficial do betao. Brussels: European Standard, 2006.

[9] CEN, NP EN 1504-5. Produtos e sistemas para a protec¢do e reparagao de estruturas de
betdo - Defini¢des, requisitos, controlo da qualidade e avaliagao da conformidade. Parte
5: Inje¢do do betdo. Brussels: European Standard, 2006.

[10]CEN, NP EN 1504-4. Produtos e sistemas para a protec¢ao e reparacao de estruturas de
betdo - Defini¢des, requisitos, controlo da qualidade e avaliagdo da conformidade. Parte
4: Colagem estrutural. Brussels: European Standard, 2006.

[11]Kamran, M. N., Point Shilshole Condominium Building Concrete Deterioration. Seattle:
2006.

[12]CYPE Ingenieros, S.A., Gerador de precos. (Online)
Available at: http://geradordeprecos.info/.

719



