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Analysis of the residual safety level in R/C slabs with severe joist corrosion

Jose Vercher?!, Enrique Gil?, Angeles Mas?, Francisco Cubel*

Abstract

An analysis until the failure on a series of one-way slabs with severe corrosion at the lower

reinforcement of the R/C joists is presented.

Different positions in the slab and number of damaged joists have been studied, obtaining

the residual safety assessment in cases of slabs damaged by flexural failure mechanisms.

Since the boundary conditions have proved decisive for obtaining the behavior, the
damaged slab has been evaluated as part of the entire building, as precisely as possible,
taking into account the different phases of the construction process and deterioration in time,
and the complex behavior of concrete, steel and masonry. The results of the proposed

methodology are consistent with the pathology of the observed cases.

As a result of this study the authors propose practical recommendations to help in making
decisions about the magnitude of the intervention, always necessary in this type of

pathology.
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Introduction

The results of technical evaluations show that damage due to reinforcement
corrosion is among the first three causes of deterioration in concrete structures
(Troconis 2006). Specifically, Spanish Concrete Group —GEHO- analyzed 844 cases
with different pathologies in Spain, with reinforcement corrosion taking important
place as the most frequently occurring pathology among the problems detected
(GEHO 1992). Excessive deformation ranks first with 22% of cases, the
reinforcement corrosion represents 15%, and cracking is the cause of deterioration

in 2% of cases.

Unfortunately, the use of aluminous cement in Spain has forced to assess and
develop the rehabilitation project of thousands of dwellings with severe corrosion of
the reinforcement. Prefabricated joists were widely used because of the speed of
aluminous cement setting during the years 1950 to 1970. The posterior conversion of
this type of cement and the presence of moisture accelerates the corrosion of
reinforcement in the prefabricated joists, both with prestressed reinforcement as non-

prestressed reinforcement, the latter being less used.

The authors have performed costly experimental tests in some damaged slabs.
Some damaged joists are taken from slab, removing the concrete compression layer,

the mesh and the concrete blocks. And subsequently made pure bending test of
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these nerves. With the performing of the test on the isolated joist, which will have
eliminated the other building elements, it does not reach a sufficient safety, since the
corrosion of the reinforcement prevents the bond with the concrete. This does not
correspond with the low degree of deformation and cracking observed in some cases

the building, where the joist is part of the whole slab.

Due to the mismatch between the results observed in the building and those
extracted from the experimental work is necessary to contemplate the real boundary
conditions in a simulation. Therefore, the simulation was made of an intermediate

slab restricted by the boundary conditions as real as possible.

The evaluation of the reliability is made on three-dimensional models. By analyzing
the structures in space rather than using lineal models, other ways of working can be
observed: the arch effect (Coronelli and Gambarova 2004); the membrane effect
(Foster et al 2004); and the formation of struts and ties, as well as the transmission
of loads in space. All this gives an estimation according to the observed pathology.
When structural elements are simplified through their neutral lines, the minimum
work under which a supporting structure actually behaves does not appear. The
present work is realized by spatial models, due to when pathology appears, these
other ways of working are very important to assess the remaining safety. In this
investigation, simulations have been made with different cases of corroded
reinforcement, and a high proportion between the ultimate load and the service load
is obtained when corrosion affects up to three neighboring joists. This observation

also corresponds with the surveying experience of the research team.

The proposed method can estimate the remaining safety in these cases and help in
making decisions about the intervention to be performed. The rehabilitation project

can range from a light intervention to the evacuation of the building.



Significant influence of reinforcement corrosion

The severity of corrosion with loss of steel section depends on the percentage of
reinforcement section lost, whether or not the linkage between concrete and steel is
lost, and whether the concrete is reinforced or pre-stressed. Corrosion may
significantly affect the load-bearing capacity, the capability to bend, and the

deformation of a slab.

The loss of bond is much more critical than the loss of steel section (Mangat and
Elgarf 1999). The degree of bond of corroded bars cannot be measured directly and
the problem of identifying the properties of bond is far from being solved (Coronelli

and Gambarova 2004).

The relationship between bond strength and corrosion must take into account the
pressure due to the expansive action of corrosion, the tensile strength of cracked
concrete, and the adhesion and friction between cracked concrete and corroded bars

(Chung et al 2008).

In the model proposed by Bhargava et al (2007), bond strength of corroded bars
increases while the concrete cover remains uncracked, usually up to corrosion level
of 1-4% of mass loss in the rebar. However, bond is negligible at higher levels of

corrosion.

A complete loss of bond and steel section at the lower reinforcement of the joists is
assumed in this study as this facilitates the understanding of the worst possible

scenario.



Residual capacity of a slab with corroded reinforcement

Two collapse mechanisms govern the safety of damaged slabs, the bending in the
center of the span and the shear near the supports. If initial tests indicate a possible
shear failure, it is usually entirely underpin and reinforce the slab, given the danger
of brittle fracture mechanism that produces. The most common cases of corrosion
occur at the lower reinforcement, so that this investigation evaluates the residual

safety in cases of failure mechanisms of flexural bending.

The members subjected to bending moment are particularly corrosion sensitive. In
Spain, some 25.6% of slabs show signs of corrosion-induced damage (Vieitez and
Ramirez 1984). The same source indicates that one-way slabs are the type of

structure most affected by corrosion — representing 68% of all cases.

In some cases, even when all the lower reinforcement of any single joist was
corroded, the slab did not reveal an unreasonable deflection or a high degree of
cracking in partition walls or flooring. The structure appeared capable of withstanding

considerable loads in those cases.

In case of severe corrosion, an expert must look after the rehabilitation works. There
are no simulated evaluations or test for an entire building with corroded slabs in the
literature, with its construction process, load history and phenomena of deterioration.
Slabs affected by widespread corrosion until the ultimate load are simulated in this

work. Two aspects that can help the experts to make decisions are analyzed.

On the one hand, there are acceptance criteria by a load test to determine if a
building shall be permitted to remain in service for a specified time period. According
to ACI 318 (ACI 2008), a load test whose total load (including dead load already

present) must not be less than 0.85 (1.4D + 1.7L) can be performed, where D is the



sum of the dead loads and L is the sum of the overloads. Measured deflections shall

satisfy any of the following equations, where It is the joists span, and h is the slab

thickness:
A<k
1= 20,000k (1)
Ay
= 1
=3 @

If the measured maximum and residual deflections, Al and Ar, do not satisfy any of

the above equations, it shall be permitted to repeat the load test.

On the other hand, the ultimate load in the simulations can be compared with the
service load. The ratio between the ultimate load and the service load enables the

estimation of the residual Load Factor (LF).

Vielma et al (2008) re-evaluate reliability factors for healthy R/C buildings in seismic
analysis published by other authors. Table 1 shows Residual Safety index (RS)
values. These values are obtained making a ratio between the real strength and the
ideal strength, where the ideal strength is the strength with which the element is

designed. The Load Factor and the Residual Safety index are equivalent.

Table 1 - Values for Residual Safety index

Source Type studied Residual Safety index (RS)
Osteraas and Krawlinker (1990) Frames resistant to moments 2.1-65
Edge frames 1.8-35
Frames with concentric diagonals 2.2-2.8
Hwang and Shinozuka (1994) Concrete building with four levels 2.2
Fischinger, Fajfar and Vidic (1994) Low / medium height concrete build. 1.6-4.6
Mwafi and Elnashai (2002) Concrete buildings of medium height with and 2.0-3.0

without vertical irregular.




The acceptance of a given Load Factor remains the responsibility of the expert. By
analyzing the values of Table 1, it seems sensible assume 2 as a minimum

acceptable value of reliability -LF in this work.

The criterion of the Load Factor can help decisions about the actions to take, but the
meeting of the load test proposed by ACI 318 (ACI 2008) is essential to remain in

use an existing structure.

Building geometry

To analyze a full slab with real boundary conditions, a theoretical three-storey
apartment building, consisting of frames of flat beams, one-way slabs with R/C joists
and masonry facades and inner walls, has been modeled. The axis-to-axis spans

have usual values comprised between 4 and 5 meters (157.6 — 197.0 in).

The entire structure is modeled in space where each element is precisely
dimensioned and located, and all the reinforcement is in its real position, as can be

seen in Fig. 1.

Fig. 1. Geometry of one quarter of the assessed building: (a) concrete and masonry, (b) steel

reinforcement.



The stability of the damaged structure is totally dependent on the degree of
continuity and bracing of the entire structure. The assessment is realized on a middle
floor with the appearance of the facade in the actual moment. Thus, the slab 2 has

intermediate ideal boundary conditions.

There are many studies that exploit the symmetries of the models in finite element
calculations (Hu et al 2003; Huang et al 2002; Mirmiran et al 2000; Schneider 1998;
Shahawy et al 2000), and this approach reduces computing time. Because of this, a

quarter of the building is modeled.

OUTER CENTRAL OUTER
BAY BAY BAY
! o m] ] ]

Fig. 2. Geometry of the assessed building.



The geometric characteristics of the model are shown in Fig. 2 and 3:

- Inter-storey clearance: 2.64 m (104.02 in)

- Spans of beams to the column axes: 4.47 - 5.22 - 4.47 m (176.12 — 205.67 —
176.12 in)

- Spans of joists to the column axes: 4.92 m (193.85 in)

- Spacing between joists axes: 69 cm (27.19 in)

- Slab thickness: 0.30 m (11.82 in)

- 5.cm (1.97 in) top compression layer with @5 wire mesh with a spacing of 25
cm (9.85in)

- Joists: 9x25 with 210 on the lower side and 2010 as negative reinforcement

- Beams: 60x30, 3012 + 4016 as positive reinforcement, 30312 + 4020 as
negative reinforcement close to the columns, 4@6 stirrups with variable
separation at least every 12 cm (4.73 in)

- Columns: 30x30, 4012, @6 stirrups each 24 cm (9.46 in)

- Barcover: 3cm (1.18 in)

a) 3012 b) 3012+4G20
- - [ N ] - LN ]
3012+4016 30912
c) 2012 d) 2010  @5c/25
- - l : \|:|// : I
2012 2010

Fig. 3. Sections of the flat beams at the center of the span (a) and at the supports (b), sections of the

columns (c), and section of the joists (d).



The facade has conventional hollows on the ground and upper floors. Walls are

modeled as solid 18 cm-thick panels (7.09 in), as they consist of a cavity wall with an

11 cm (4.33 in) brick outer wall, an insulated air chamber, and a 7 cm (2.76 in) brick

inner wall.

Loads and structural members have been applied in order of their real appearance

during construction as follows:

Load-bearing structure: concrete prismatic finite elements and links that
represent the reinforcement in actual position.

Dead load for reinforced concrete structure (3,500 N/m? = 0.51 psi).

Flooring load (+1,000 N/m? = 4,500 N/m? = 0.65 psi): with 4,500 N/m? (0.65
psi) are not yet built nor the partition walls nor the facade. The live load has
not appeared. With this load, active deflection begins with respect to the
partition walls.

The facade is built at this moment. The facade weight will help loads to be
withstood. This facade was modelled at the right moment to provide the
stiffness necessary to prevent rotation and descent of structural elements.
Weight of the partition walls (+1,000 N/m? = 5,500 N/m? = 0.80 psi): the
weight of these walls appears as pressure on the upper face of the slab.
Quasi-permanent value of the live load (+600 N/m? = 6,100 N/m? = 0.88 psi).
The value of the live load according to CTE (Ministerio de Vivienda 2006) and
EC-1 (AENOR 1998) is 2,000 N/m? (0.29 psi); but to evaluate the residual
Load Factor of the slab, the quasi-permanent value of the live load is first
applied (¥ x live load = 0.3 x 2,000 N/m? = 600 N/m? = 0.09 psi). It is the
value of the live load that is exceeded during 50% of the reference time

(Ministerio de Vivienda 2006). The total value of all these loads means 6,100
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N/m? (0.88 psi), which is the minimum service load required in an accidental
situation.
- Remaining live load (+1,400 N/m? = 7,500 N/m? = 1.09 psi).
- Load until collapse: the load continues increasing in the studied area until a
collapse happens.
To evaluate the load-bearing capacity in cases where corrosion appears, the
complete loss of bond and steel is simulated on lower reinforcement of the joists at

the moment when the slabs are loaded to 6,100 N/m? (0.88 psi), the service load.

Material properties

Models of a complete R/C structure with fagade include three materials: concrete,
steel, and masonry. To model the behavior of these materials as realistically as
possible, values of average strength rather than characteristic strength values
(Ingeciber 2004) are used. Romao et al (2012) evaluate the Eurocode 8 Part 3
confidence factors for the characterization of concrete strength in existing structures.
Concrete
Multi-linear isotropic is the most widely used behavioral model for concrete. In Fig. 4
appears the stress-strain curve to represent this behavior for concrete provided by
Bangash (1989).
The values of the concrete properties are obtained from Eurocode-2 (AENOR 1993)
and the Spanish Code on Structural Concrete EHE-08 (Ministerio de Fomento 2008).
- Compressive strength: in studied models, an element is crushed when the
compression exceeds the strength of the concrete. The failure criterion of

William and Warnke (1975) is adopted.
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Fig. 4. Typical stress-strain curve of concrete subjected to uniaxial compression and tension.

Tensile strength: concrete has a certain capacity for withstanding tensile
forces. This strength is usually taken into account in FEM. As it is intended to
evaluate the additional resistance mechanisms that appear actually, it is
important to take this capability into account — even if the value is small. When
concrete exceeds its tensile strength, cracking occurs and stiffness is then
lost in a direction perpendicular to the crack.

Shear transfer coefficients: Those coefficients valuate the shear portion
transmitted from one side of the crack to the other. The coefficients for open
cracks (B:) and closed cracks (Bc) should be introduced in order to model
concrete behavior. These coefficients may range from 0, meaning a complete
loss of transfer, to 1, which corresponds to a very rough surface that transmits
any force.

Shear failure is characterized by a very brittle behavior and often occurs
suddenly. The shear transfer coefficients are very important for the
simulations to take into account this kind of failure. A very hard work has been

realized in order to calibrate these coefficients. Values within the minimum
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that produce an adequate convergence are searched in order to ensure that
the results suitably reflect the mechanisms of shear.
According to Padmarajaiah and Ramaswamy (2002) values from 0.1 to 0.5 for
open cracks, and from 0.7 to 0.9 for closed cracks can be used. Kachlakev et
al (2001) attempted a number of comparative analytical studies to evaluate
the influence of shear transfer coefficient. They used B: values within the
range 0.05-0.25 and encountered convergence problems at low loads with
values less than 0.2. In this study, conservative values of 0.15 and 0.6 are
used respectively. These values make the simulations reflect the shear failure
cases adequately.
In addition, it is necessary to validate these coefficients in cases where
corrosion appears. Coronelli and Gambarova (2004) assess beam specimens
with different degrees of corrosion. The Coronelli and Gambarova’s
specimens have been reproduced with the same shear transfer values used
in this work (0.15 and 0.6), showing their actual behavior.
The developed work in this paper evaluates the residual safety level in R/C slabs
with complete corrosion at the lower reinforcement of the joists. The chosen values
of shear transfer coefficients reproduce the real behavior with severe corrosion at the
reinforcement.
Table 2 shows all properties required to model concrete.
Steel
Steel has the same tensile and compressive behavior and a simplified isotropic
bilinear behavior is assumed, which is extremely realistic. To define this behavior,

elastic limit and tangent modulus values are needed.
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- The elastic limit for B-500-SD steel used in this study is 500 MPa (72.5 ksi).
Tensile tests for steel rebar have been conducted in an Ibertest STIB-200W
machine and the results show that the elastic limit always exceeds 550 MPa
(79.75 ksi) and the ultimate strength exceeds 650 MPa (94.25 ksi).

- The tangent modulus is the slope shown by the second branch of the stress-
strain diagram. A value of 3 GPa (435.0 ksi) is adopted, corresponding to
1.5% of the modulus of elasticity. With this value, problems of convergence
are avoided and more realistic load-displacement diagrams are produced.

The remaining mechanical properties of steel have been taken from EC-2 (AENOR

1993) and EHE-08 (Ministerio de Fomento 2008) as depicted in Table 2.

Table 2 - Summary of material properties

Properties HA-30 Concrete B-500-SD Ceramic Masonry
Steel
p (KN/m?®) 25 78.5 14
fen (MPa) 38 - 4
E (GPa) 28.6 200 2
fim (MPa) 3.39 - 0.2
Poisson ratio (v) 0.20 0.30 0.20
Bt 0.15 - 0.15
Be 0.6 - 0.6
fy (MPa) - 500
Tangent modulus (GPa) - 3

Notes: 1 GPa = 1000 MPa = 145.0 ksi; 1 KN/m* =.0.003613 Ib/in’

Masonry

The masonry is a complex and heterogeneous material. It can be micro modelled or
macro modelled (Lourengo 2002). The first option is often used to study small simple
elements, and bricks and mortar are often modelled separately, as well as the
contact between both materials. However, macro modelling is employed in this study

as large masonry structures are evaluated, where interaction between bricks and
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mortar is unimportant for understanding the overall performance. Furthermore, this
study is focused on assessment of the reinforced joists.

- The value of masonry compressive strength is taken from the Basic
Document for Structural Safety in Brick Buildings (DB SE-F) of the Spanish
Technical Building Code (Ministerio de Vivienda 2006).

- The shear transfer coefficients employed in this study are based on a study by
Cubel et al (2012).

Remaining data for simulating the behavior of the facade has been taken from
studies by Brencich and de Felice (2009), and Dilrukshi et al (2010).

Table 2 shows the summary of the material properties values used in this research.

Parameter verification

Simulations cannot perfectly reproduce the reality, so it is very important to check the

validity for the whole of this complex simulation.

In order to validate results and conclusions and confirm the accuracy of assumptions
made in the studied cases, models and materials have been calibrated with research

published by other authors.

Validation process starts with the analysis of healthy structures by comparing
elements in terms of bending of the studies made by Barbosa and Ribeiro (1998),
and Fanning (2001). In order to validate elements subjected to compression

comparisons with Tavio and Tata (2009) studies are made.

In a second phase of the validation, flexural bending in corroded elements is

evaluated. Tests made by Rodriguez et al (1997) -GEOCISA-Dragados Group-,
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which have been later simulated using Ansys by Coronelli and Gambarova (2004),

have been assessed.

All beam specimens simulated by Coronelli and Gambarova have been reproduced

according to their specifications successfully. For reasons of space, the results of all

specimens are not included in this paper. The reinforcement section is reduced to

simulate different degrees of corrosion and properties for concrete and steel are

modified. In this paper only one healthy case (11.1) and one corroded case (11.4)

are shown. In order to ascertain corrosion degree

Table 3 is attached.

simulated in these specimens

Table 3 - Corrosion attack at the reinforcement

Beam no. 111 11.4
Bottom bars 2010 2010
Bottom bars attack (mm) - 0.45
Bottom bars corrosion 0% 17.2%
Top bars 208 208
Top bars attack (mm) - 0.52
Top bars corrosion 0% 24.3%
Stirrups @6/170 @6/170
Stirrups attack (mm) - 0.39
Stirrups corrosion 0% 24.3%

Note: 1 mm = 0.0394 in.

Figure 5 and 6 show the correlation of results

respectively.

S0000
45000

for samples 11.1 and 11.4

0000
35000
30000
25000
20000
150040
10000 442
S000
0

Load (N)

0,005 0 005 0,02 0,025

003 0,035 [

Vertical displacement (m)

=——GEOCISA (Dragados Group) ===Coronelli and Gambarova's simulation

....... Authors' simulation

Fig. 5. Load-vertical displacement curves of specimen 11.1 in Rodriguez et al. tests (1997), in

Coronelli and Gambarova'’s study (2004), and according to authors’ model.
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Fig. 6. Load-vertical displacement curves of specimen 11.4 in Rodriguez et al. tests (1997), in

Coronelli and Gambarova’s study (2004), and according to authors’ model.

Calibration was carried out very thoroughly, as it is sometimes difficult to accept the

large loads that structures with corroded reinforcements can support.

Coronelli and Gambarova’s research simulates the corrosion effect with different
percentages. In this paper the extreme case of overall corrosion is shown. With

smaller degrees of reinforcement corrosion, the building is on the side of safety.

Results of building specimens

Calculations have considered all materials nonlinearity (concrete, steel, and
brickwork), equilibrium in the deformed structure, and the loss of rigidity caused by
the cracking and crushing of concrete. The reliability of an entire structure has been
evaluated by applying nonlinear models (Val et al 1997), which are loaded to the

ultimate load.

Stress in continuous slabs is distributed in a significantly different manner from
distributions obtained using linear methods of calculation (Calavera 2003). When
using plastic analysis reserves of strength that were not calculated in the design

phase can be discovered, thus less reinforcement is needed (Micic et al 1995).
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Due to many factors involved in the safety it is appropriate to consider the overall
response of the structure. It is obtained from the load-displacement relationships; as

well as the effects produced by the incremental load (Vielma et al 2008).

Therefore load is applied incrementally to the entire building model, where the
damaged slab has the real boundary conditions, obtaining load-vertical displacement
curves at representative points of the slab. Comparisons are made between the
healthy situation and the situations exhibiting a complete corrosion and bond loss in
the lower reinforcement of one or more joists, with or without spalling, at different

positions of the slab.

Table 4 - Load at admissible active deflection and Load Factor values for simulated cases

Case Load at admissible Load Factor
active deflection (LF)
(N/m?) Quagmacten. ! Quers.
A 13,603 2.23
B.1. 14,335 2.35
B.2. 9,150 1.50
B.3. B.3.1. 13,481 221
B.3.2. A _
B.3.3. A _
B.4. B.4.1. 12,261 2.01
B.4.2. 11,981 1.96
B.4.3. 11,464 1.88
B.5. 2 2
B.6. 12,952 212
C C1 16,531 271
C.2. 12,263 2,01
C3. C3.L 16,043 2.63
C.3.2. A _
C33. @ @
C4. C4l 14,579 2.39
C4.2. 14,516 2.38
C4.3. 14,037 2.30
C.5. 2 2
C.6. 15,345 2.52

2These cases have not been calculated because they are more favorable
Note: 1 N/m? = 1.45x10 psi
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Table 4 shows results obtained with simulations of various models in original
conditions and in cases of corrosion. In each case, the three slabs are loaded up to
6,100 N/m? (0.88 psi), and at this point certain joists are selected. These joists are
corroded and load is added until the collapse to the zones affected by corrosion. The
corroded joists are located in slab 2 in order to remain in an intermediate situation.

Uncorroded bars models are also tested to establish the loads that can be endured.

Figure 2 shows the diagram of bays, squares and analyzed points of the theoretical
building. Case A corresponds to a pristine conditions model where slab 2 is loaded
until failure. Case B represents the specimens in which corrosion appears in the
outer bay, which is modelled along its entire length in doubly symmetrical model.
Several cases have been studied: B.1 (corrosion-free), B.2 (all joists corroded), B.3
(just three central joists in the square 1 are corroded), B.4 (just three central joists in
the square 2 are corroded), B.5 (just one central joist in the square 1 is corroded)
and B.6 (just one central joist in the square 2 is corroded). The cases with three
corroded joists are simulated without spalling (B.3.1 and B.4.1), with central spalling
(B.3.2 and B.4.2) and with total cover spalling (B.3.3 and B.4.3) to analyze the
spalling influence. The cases with one corroded joist are simulated with total spalling

(B.5 and B.6).

In case C, corrosion is simulated in the central bay. Several models are studied in
case C analogously: the corrosion-free case (C.1); complete corrosion in this portion
(C.2); corrosion in three central joists in the square 3 (C.3); corrosion in the three
central joists of the square 4 (C.4); corrosion in the central joist of the square 3 (C.5);
and corrosion in the central joist of the square 4 (C.6). The cases C.3.1 and C.4.1

are simulated without spalling. C.3.2 and C.4.2 models have central spalling, and
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C.3.3 and C.4.3 specimens have total cover spalling. Cases with one corroded joist

are also simulated with total spalling (C.5 and C.6).

With the evaluation of these cases, the expert has an estimation of the remaining
safety in cases of corrosion in some or in all the joists in the corner square, the
square with joists continuity on one side, the square with beam continuity on one

hand, and the square with beams and joists continuity in both directions.

These results are valid for the cases of usual spans. When analyzing a singular

geometry, it is necessary to conduct a specific study.

The present paper proposes a methodology to assess the residual safety level in
R/C slabs damaged by severe joists corrosion. Based on simulations made with
Ansys finite element software, the remaining capacity of a structure with pathology is
evaluated in highly realistic models of an entire building, as the model shown in Fig.
7. The experts have two tools to help them in decision making. The essential tool is
the ACI 318 load test (ACI 2008) for existing structures. Buy in this paper other tool

is proposed to assess the reliability, the Load Factor.

Fig. 7. Detail of collapse at ultimate load of corroded slab in a quarter of the building for case B.2.
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On the one hand, the Load Factor is obtained by making the ratio between the load
that each model accepts for the permissible active deflection and the service load.
The permissible active deflection is the maximum active deflection allowed for
partition walls under the EHE code (Ministerio de Fomento 2008). Active deflection
for partition walls is produced after these walls construction. As both the facade and
the partition walls appear when the models are loaded to 4,500 N/m? (0.65 psi),
according to the real constructive process, it is at this moment when the active
deflection begins with respect to the partition walls. For this reason, the deflection at
this load level is measured — which is equal to 1.9 mm (0.07 in). Given that the joist
span between columns is 4.92 m (193.85 in), admissible active deflection is 1.23 cm
(0.48 in) — equal to a value of L/400, being L the span value in meters, according to
EHE code. By adding the deflection that there is at the moment of its construction, a
vertical deformation of 1.42 cm (0.56 in) is reached. At this deformation value, load
on each model should be measured. This load value is divided by 6,100 N/m? (0.88
psi), which is the value of service load (value 1 of Load Factor), to obtain the Load

Factor.

Due to model geometry, the points 2 and 4 are dominant in each bay with respect to
the achieved vertical displacement, as the squares 1 and 3 have a smaller span.
With the aim of maintaining the extension of the discussion, the results at the point 4
are only shown. But all the points have been studied, and the conclusions are drawn

from the overall results of the research.

Figure 8 and 9 show the load-vertical displacement curves for point 4.
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Fig. 8. Load-vertical displacement curves of specimens without spalling for point 4.
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=--C.6. 1 CORRODED JOIST IN THE SQUARE 4 WITH TOTAL SPALLING

Fig. 9. Load-vertical displacement curves of specimens with 1 or 3 corroded joists for point 4.

On the other hand, the way in which the standard ACI 318 indicates whether a
structure may continue in use is by conducting a load test. The slab analyzed area
will be charged to a load value equal to 0.85 (1.4D +1.7L), including dead load
already present. The value of D is the sum of the dead loads and the value of L is

the sum of the live loads.

In the present case, D has a value of 5.500 N/m? (0.80 psi) and L has a value of
2.000 N/m? (0.29 psi), according to CTE (Ministerio de Vivienda 2006), so that the
total load value for the load test is equal to 9.435 N/m? (1.37 psi). According to ACI

318, if the deflection increase caused by the test does not exceed the value of A,
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construction can continue in use. In the present case, with a span of 4.92 m (193.85
in) and a slab thickness of 0.30 m (11.82 in), the increased deformation limit is equal
to 4.03 mm (0.16 in). When exceeding this limitation, retrieved deformation must be
measured when slab is unloaded, and it should be bigger than 75% of Ai. In this

case, the construction state is also accepted to continue in use.

Figure 8 shows that corrosion-free case meets standard ACI-318, and all joists in a
bay corroded case does not meet this standard. The most interesting cases to
evaluate at this point are those with just three central corroded joists in a square, the

worst position.

The case C.4 is analyzed under three scenarios: no spalling (C.4.1), with overall
spalling (C.4.3) and with partial spalling at the central zone of the joists (C.4.2). The
specimen without spalling meets the ACI 318 load test, as can be observed in Fig. 9,
and has a Load Factor value of 2.38. In Fig. 10 can be seen that the specimens with
spalling, total or partial, do not meet this load test, even with the simulation of the
unload, since the unload remaining deflection is greater than the allowable. But
these cases have still considerable load factor values, 2.29 and 2.37 respectively.
Finally, a case with a single corroded joist at the center of the square has been
assessed (C.6). This specimen meets ACI 318 load test even with total spalling, and

has a Load Factor value of 2.51.

A collapse caused by shear failure of the slab is the most dangerous possible
occurrence as the speed of the event may produce victims. The priority during a
survey therefore is to guarantee that the reliability ratio is adequate for the shear

solicitation at the joists ends, where the shear solicitation is maximal.
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Fig. 10. Load-vertical displacement curves with unload according to ACI-318 for point 4 in case C.4.

with total and partial spalling.

In the studied cases, collapse will be caused by bending moment. Traditional spans
of around five meters are used in this research work. With these spans, shear does

not determine the ultimate load (assuming there is no deterioration in the concrete).

Furthermore, most of the cases of reinforcement corrosion are found on the lower
side of the joists. In this study, the lower reinforcement of some joists is simulated
completely corroded, leaving the top reinforcement at the joists ends perfect,
uncorroded, as it usually happen. Therefore, in the area with the maximum shear
stress there is steel reinforcement in perfect conditions. In this area, the flexural
reinforcement is located in the upper side. In cases of real surveys, it has been
proved that this upper reinforcement is tensioned, even in cases of total corrosion of
the lower reinforcement. Shear is not the main stress. It implies that, except for the
case of spalling of the concrete cover, the section is in a state of high reliability. In
any event, a very conservative approach regarding the shear transfer coefficients for
open and closed cracks has been used (Vercher 2013). With this conservative

approach, simulations are able to represent the shear failure.
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Summary and conclusions

The methodology proposed in this research produces results consistent with the

literature and with the many real cases observed in slabs with corrosion in the R/C

joists with damage produced by bending.

The recommendations for the practical application of criteria for intervention in these

cases of buildings with usual spans are:

When total corrosion occurs only in one isolated joist, regardless of its degree
and position, the structure meets ACI 318 load test and presents appropriate
Load Factor values. In these cases, the needed intervention is a complete

protection and a light reinforcement.

When severe corrosion appears in three adjacent joists at the center of a
square, it is necessary to differentiate some cases. In this work, three
assumptions are assessed: without spalling, with total spalling and with

central spalling (Fig. 9).

In the case without spalling, the simulations meet ACI 318 acceptance

criterion only in cases with continuity at both ends.

However, the specimens do not meet ACI 318 load test when spalling
appears, total or in part. The tensile reinforcement has disappeared, and
nonetheless the Load Factor has values of 2.29 and 2.37 respectively in the
square 4. In the square 2 the load factor values are lower: 1.88 and 1.96. This

fact reassures the experts to perform the repair project, even light.

In humid zones, some of the joists (from 1 to 3 contiguous joists) will often

have suffered corrosion of all the flexural reinforcement — yet the constructive

25



elements remain undamaged and cracking is not excessive due to the

deflection increase is very small.

The conclusion that can be drawn once the level of shear reliability is guaranteed is
that when no more than three joists are corroded the repair is simple and there is no
risk that the building will collapse. The required repair may even be as simple as

fixing fiber bands to the lower side of the joists.

- Although less common, there are cases where corrosion has affected all the
R/C joists of a bay. These cases require immediately shoring up the building
and the general repair of the entire slab, which can range from the placement
of lower joists to the fixing of fiber bands to the joists with a specific study of

bond.

Regardless of the number of corroded joists in the area under study, much
information about the residual safety can be acquired by estimating the slope in the
position where the slab is within the load-displacement curve. This slope is obtained
by a load test, and it is easy to identify if the structure is in the first or second stretch

of behavior, because the slopes are very different, as can be seen in Fig. 8.

It is especially recommended to reinforce the joists facing columns, as all simulations
have shown that the failure occurs when the squares stop behaving independently,
immediately after the failure of these joists. It can be easily seen in the break lines
for an outer bay of a slab in Fig. 7. This recommendation can be generalized to the
new buildings, where these joists can be designed with a more important lower

reinforcement. It also produces more safety in case of fire or earthquake.
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An intervention is required in all cases of damaged joists, which can range from a
protection to avoid future problems of durability to a comprehensive structural

reinforcement.
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