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This paper evaluates the residual safety of isolated T-joists with severe corrosion for the two extreme cases of boundary conditions,
simply supported and fixed-ended, in order to help in making decisions about the magnitude of the necessary intervention. When
the T-joist is part of a complete slab, the boundary conditions will be in an intermediate situation between these two extreme cases,
so that it is possible to assess the safety with respect to its degree of embedding. The research is conducted for the cases of healthy
T-joist, T-joist with complete corrosion of the lower reinforcement, and repaired T-joists with a variable number of CFRP sheets.
This work is based on the ACI 318 load test to maintain a structure in use and proposes a Load Factor (LF), which estimates the
safety reserve. The simply supported T-joists specimens with severe corrosion do not meet the Load Factor or ACI 318 criteria, even
with a large number of CFRP sheets. On the other hand, fixed-ended cases can be kept in use despite corrosion by applying light
CFRP strengthening, and with four sheets the initial safety is restored.

1. Introduction
The rehabilitation sector has achieved a greater importance
than the construction of new buildings in recent years, due to
the crisis in the construction of buildings. According to the
Instituto de Tecnologı́a de la Construcción [1], the forecasts
for the coming years in Spain indicate that rehabilitation will
be the sector with more activity (Figure 1). Because of this, it
is essential to pay attention to the entire set of actions carried
out in cases of rehabilitation.
But in the growing sector of rehabilitation, the flexural
elements are the structural elements in which the higher
percentages of damage appear. In Spain, lesions appear in
25.6% of the slabs, and corrosion in one-way slabs represents
68% of these cases [2].
In some cases of large damage, the severe corrosion of
the lower level of tendons of a joist causes the spalling of
the lower concrete cover. This effect is enhanced by the use
of aluminous cement in prefabrication, widely used for a
few decades because of its shorter time of manufacture. This
occurs due to the conversion of this type of cement, since

the concrete becomes more porous and attackable and less
resistant [3]. In Spain, it is estimated that, of the 3,400,000
households built between 1950 and 1970, between 12 and 24%
of them have used this type of cement in the slabs [4].
When the technicians analyze a case of structural pathology, they find the difficulty of assessing the remaining safety,
in order to decide the magnitude of the intervention to be
performed. This research quantifies the residual safety and
helps to make this important decision.
Strengthening may be required when structures are damaged due to an aggressive environment. In these cases, the
most common rehabilitation techniques have been accomplished by the use of conventional materials such as steel
structural profiles (see Figure 2). However, recently the use
of innovative materials like fiber-reinforced polymer (FRP)
has emerged as an alternative to the use of the conventional
techniques and it seems to be the most promising method to
be used in structural engineering [5].
FRP is typically organized in a laminated structure, where
each sheet contains an arrangement of unidirectional fibers
or woven fiber fabrics embedded within a thin layer of

2

Advances in Materials Science and Engineering
110

100
90
80

Rehabilitation

70

Nonresidential

60

Residential

50

Civil engineering

40
30
2011

2012

2013

2014

2015

2016

2017

2018

Figure 1: Evolution of the different subsectors in the Spanish
building construction market. Production rates at constant prices,
basis 2011 = 100.
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Figure 2: Constructive detail (a) healthy joist, (b) joist with severe
corrosion and spalling, (c) joist repaired with UPN profile, (d) joist
repaired with IPE profile, and (e) joist repaired with CFRP sheet.

light polymer matrix material. Fibers are typically composed
of carbon, aramid, or glass. The matrix protects the fibers
from damage and transfers the stresses between fibers. This
matrix is commonly made of polyester, epoxy, or nylon. There
are two additional types of FRP composite, bidirectional
fibers, which are used commonly for strengthening two-way
slabs, and the FRP rods, which became an alternative for
reinforcement steel bars [6].
Externally bonded FRP reinforcement has been shown
to be applicable for the strengthening of many types of
reinforced concrete (RC) structures such as columns, beams,
slabs, and walls and can be used to improve flexural and shear
capacities [7–9] and also provide confinement and ductility to
compression members [10–12].
Externally bonded strengthening system, where the FRP
sheets or plates are bonded to the concrete tensile surface,
is widely used to improve the flexural capacity of concrete
structures. Their application has multiple benefits, including
increased ultimate flexural strength capacity and increased
postcracking stiffness, as well as concrete crack control [13],
high tensile strength, high durability, minimum increases in
structural size and weight, ease of site handling, and good
corrosion resistance. There are even some studies that aim to
improve the properties of FRP sheets with carbon nanotubes
or graphene nanoplatelets [14, 15]. Recently, near-surfacemounted technique was introduced, where the FRP bars of

plates are inserted into a groove made in the concrete surface
[16].
Although there are some authors who evaluate other
types of FRP [17], the Carbon Fiber-Reinforced Polymer
(CFRP) is mostly employed. There are numerous works
which research about externally bonded CFRP reinforcement
in order to strengthen many types of RC structures to resist
higher design loads [18–22], but there is less available research
on corroded, patched, and CFRP-repaired RC specimens [23,
24].
Most of the work done by other authors is centered on
isolated linear elements, usually beams, although there is
some study of bidirectional elements like solid slabs [25].
There is no research on safety of joists inside a one-way
slab. The aim of this research is to evaluate the residual
safety increase of joists with a high degree of damage when
they are part of a complete unidirectional slab, by gluing
CFRP sheets on the underside. For this reason, specimens
of isolated T-joists are assessed, with the different boundary
conditions of usual modeling in structure analysis (simply
supported and fixed-ended). When the joist is in a slab,
its boundary conditions will be between these two extreme
cases, so that we can assess its safety with respect to the
degree of embedding that they have. This work focuses on
the evaluation of slabs whose failure is dominated by flexion.
This happens in most cases, because corrosion usually occurs
in the lower reinforcement, due to it has less concrete cover.

2. Materials and Methods
Researchers have not made great efforts to accurately assess
the remaining safety in cases of corrosion, in the field of
building construction. The habitual action is to repair or
reinforce, leaving the existing building on the side of safety.
The structural simplification of considering the actual
three-dimensional elements such as lines does not represent
the minimum balance of work with which they behave in
reality. The loads are transmitted in various simultaneous
forms in space. Mechanisms such as struts and ties or the
arch effect appear in the elements subjected to flexion and
contribute considerably if these elements have the horizontal
displacement restrained. Because of this, it is necessary to
study the elements in three dimensions, to properly assess the
safety they possess.
2.1. Methodology for Assessing the Remaining Safety. The
methodology used for the evaluation of the remaining safety
of prestressed joists with severe corrosion and repaired with
CFRP sheets is similar to the one the authors have developed
in some publications of pathology in complete buildings [26],
but in this case with CFRP strengthening. The novelty of
this research is that it quantifies the remaining safety. Some
healthy and damaged specimens of prestressed joist with
compression layer (T-section) are simulated with ANSYS
finite element software. With these simulations, the loadvertical displacement curves at midspan can be drawn. The
proposed method to assess the remaining safety is based on
the study of two aspects in these behavioral curves. First,
the ACI 318 [27] load test for existing structures indicates
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Figure 3: Simulated T-joist.

Table 1: Process of load application.
Load (N/m2 )
Joist + compression layer dead load
Flooring + ceiling dead load
Partition walls dead load
Total dead load
Quasipermanent live load
Service load
Total live load
Total standard load
ACI 318 load test
Load
Deflection increase limitation (mm)

3,500
1,000
1,000
5,500
600
6,100
2,000
7,500
9,435
3.11

whether a structure may continue in use and then the
evaluation of the proposed Load Factor (LF).
According to ACI 318, the analyzed area must be loaded
to 0.85 (1.4𝐷 + 1.7𝐿), including dead load already present.
𝐷 is the sum of the dead loads, and 𝐿 is the total live load.
Therefore, the total load value for the load test is equal to
9,435 N/m2 (see Table 1). If the deflection increase caused by
the test satisfies Δ 1 ≤ 𝑙𝑡2 /20,000ℎ, the specimen can continue
in use, where 𝑙𝑡 is the span between supports (4.32 m in the
present research) and ℎ is the specimen thickness (0.3 m).
Thus, a deflection increase equal to 3.11 mm is allowed.
When exceeding this limitation, retrieved deflection must be
measured after the unloading. If the retrieved deformation is
greater than 75%, the specimen is also accepted to continue
in use.
And when it has been found that the slab can remain
in use, the Load Factor is analyzed in order to quantify
the remaining safety and the magnitude of the necessary
intervention. This factor is obtained making the ratio between
the load at which each specimen reaches the permissible
active deflection for the partition walls and the total standard
load (total dead load + total live load). The LF relates the
load that each model bears and the total load that they must
bear, according to standards. According to the Spanish code
on structural concrete [28], the limitation on the permissible

active deflection for the partition walls of 𝐿/400 is given, 𝐿
being the span. In this research, this value is 1.08 cm. This
deflection occurs from the moment that the partition walls
are constructed. A vertical displacement of 1.08 cm is allowed
from this moment, and the supported load in each specimen
is related to the total standard load.
2.2. Specimens Geometry. Nonlinear simulations of prestressed T-joists throughout their load range were performed
using the finite element method (FEM). The T-joist models
are very accurate, with the real 3D geometry and the reinforcement in its exact position (Figure 3). The simulated joist
is part of a one-way slab of 30 cm thickness with a span of
4.92 m between column axes, with flat beams of 60 cm width.
Therefore the joist length is 4.32 m.
The compression layer is centered on the joist and has
69 cm width, because it is the spacing between joists in the
one-way slab, and 5 cm thickness. The reinforcement mesh
inside the compression layer is composed of a 6 mm rod every
24 cm in both directions. The filler blocks are not simulated
because they are not resistant elements. The prestressed joist
is the T12.3 model of the Spanish company Prevalesa S. L.,
with four 5 mm prestressed tendons on three levels. The
middle and the upper level have one tendon, simulated as
two half tendons in order to keep the section symmetry in
the simulations.
This research work comprises 12 T-joist specimens, in
which the influence of the boundary conditions, the damage
level, and the CFRP strengthening are assessed. Simply
supported models are from (A1) to (A6) specimens, and
fixed-ended joists models are presented in (B1) to (B6)
specimens. As previously stated, when a T-joist is part of a
complete building, it does not behave in any of these two
ways, because it is in an intermediate position between full
restrain and freedom. In order to assess the increased safety
in damaged joists with CFRP repair, there are six variants:
healthy, extreme corrosion without CFRP repair, with 1, 2, 3,
and 4 CFRP sheets.
2.3. Process of Loads and Constructive Elements. The strict
simulation of the process of loads and order of appearance of
structural and building elements is very important, in order
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Table 2: Mechanical properties of materials.
Material
Concrete

Density (kN/m3 )
Elastic modulus (GPa)
Compression strength (MPa)
Tensile strength (MPa)
Poisson’s ratio
Yielding strength (MPa)
Ultimate strain
Element type

HA-30
25
28.6
38
3.39
0.2
—
—
SOLID65

Steel
HP-40
25
30.9
48
3.96
0.2
—
—
SOLID65

to capture the behavior and get the closest results to the actual
situation when the joist is part of a complete building.
The simulated steps, which correspond with real steps in
the constructive process and are summarized in Table 1, are
the following:
(i) Prestressed joist: in a first step, only the prestressed
joist is simulated, and therefore at this point only
these elements are active. The prestress is introduced
as equivalent prestressing forces at the corresponding
points. The equivalent force per 5 mm diameter rebar
is equal to 17,000 N, after a 29% loss over infinite
time. At the end of this step, the joist has a negative
deflection, as in reality.
(ii) Structural dead load: in a second step, the concrete is
poured in situ in order to complete the slab thickness
and the compression layer.
(iii) Flooring and ceiling dead load: these constructive
elements appear in this moment and are simulated as
a load increment of 1,000 N/m2 .
(iv) Partition walls dead load: now, the partition walls
appear as a dead load increment of 1,000 N/m2 . The
active deflection with respect to the partition walls
will start as soon as this load is completely added.
This deflection is limited to 1.08 cm in the assessed
specimens, due to their length.
(v) Service load: when the building is finished, the T-joist
is supporting the service load. The service load is the
load to which the structure will be subjected most of
its useful life. It consists of the dead loads and the
quasipermanent part of the live load, according to the
standard CTE-06 [29]. The characteristic value of the
live load for housing in Spain is 2,000 N/m2 , and the
quasipermanent value is 600 N/m2 .
(vi) Corrosion: corrosion damage appears during the
service life. The most severe pathological cases are
assessed in this research. Therefore, the corrosion
is modeled as the removal of the lower level of
prestressed tendons and the concrete cover spalling,
as it may occur in some extreme cases. But the other
two levels of prestressed tendons are maintained,
because they continue to assist in supporting the joist.
The assessment of the most severe cases provides the

B-500-SD
78.5
200
—
—
0.3
500
—
LINK180

Y-1860-C
78.5
200
—
—
0.3
1581
—
Prest. F

CFRP
—
230
—
4850
—
—
0.02
SHELL181

lowest value of failure load, so that it is on the side
of safety. Due to their boundary conditions, simply
supported specimens experience a large vertical displacement at midspan if the disappearance of the
lower tendons and concrete cover is simulated to the
load corresponding to the service load (6,100 N/m2 ).
Because of this, corrosion was simulated to a lower
load value in these cases (4,000 N/m2 ), and from this
point, the following load steps were loaded successively as explained in this part. This consideration
does not affect the results of the research, since
the objective is to assess residual safety and achieve
adequate safety at the end.
(vii) CFRP sheet: the prefabricated sheets are bonded to
the tension side of the specimens after sandblasting,
brushing, and cleaning the concrete surface to guarantee a good bond between the adhesive and the
concrete [30]. The choice and placement of the CFRP
sheet must follow the ACI Committee 440 guidelines
[31].
(viii) Total standard load: at this point, the specimens are
loaded with the total live load, in order to reach the
total standard load. This is the total load that the slab
must support according to standards.
(ix) Load until failure: finally, the T-joist is loaded until
collapse.
2.4. Materials. For the T-joist specimens, the simulation of
the behavior of five materials is needed: two types of concrete
and two types of steel and the CFRP sheet. Because the joists
are prefabricated and the rest of the reinforced concrete Tjoist is constructed in situ, different qualities of both steel and
concrete appear. The assessed prestressed joist is the T12.3
model of the Spanish company Prevalesa S. L., with four 5 mm
prestressed tendons on three levels. HP-40 concrete and
Y-1860-C high performance prestressing steel form precast
joists. Instead, the concrete in situ is the commonly used
HA-30 and the steel reinforcements are made with B-500-SD
steel. In addition, CFRP sheets are placed to repair damaged
specimens. The chosen CFRP sheet for this research work
is MAPEI MapeWrap C UNI-AX 300/10 with 0.166 mm
thickness. Table 2 summarizes the mechanical properties of
the employed materials.
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2.5. Finite Element Model. The finite element method (FEM)
is conducted to simulate the behavior of the test specimens
in ANSYS software. The investigated T-joist specimens were
developed in three-dimensional models in order to account
for the materials nonlinear behavior.
Eight-node solid brick elements (Solid65) were used to
simulate the concrete. This solid is capable of cracking in
tension and crushing in compression, creep nonlinearity,
and large deflection geometrical nonlinearity. The concrete
requires multilinear isotropic material properties and the
Willam-Warnke [32] spatial failure criteria to properly model
its behavior. The uniaxial stress-strain relation was defined by
the civil engineering Eurocode. Two simulation techniques
have been used for steel reinforcements. The prestressed bars
of the precast joist are introduced as equivalent prestressing
forces at the corresponding points, and 3D spar elements
(Link180) were employed to simulate the reinforcement mesh
inside the compression layer. This three-dimensional element
is a uniaxial tension-compression element with three degrees
of freedom at each node. Plasticity, creep, swelling, stress
stiffening, and large deflection capabilities are included. The
steel is assumed to be an elastic-perfectly plastic material and
identical in tension and compression, and its behavior can be
simplified by an isotropic bilinear curve. And finally, a shell
element (Shell181) was used to simulate the CFRP sheets. It is
a four-node 3D element with six degrees of freedom at each
node and is well-suited for linear, large rotation, and/or large
strain nonlinear applications. The CFRP-material is considered as linear elastic until failure. This type of element needs
a failure criterion for the complete definition of behavior. The
physical failure criteria are specially formulated to account
for different damage mechanisms (fiber and matrix failure)
in fiber-reinforced composite materials. Hashin maximum
stress failure criteria were used in this research [33] for the
CFRP sheets. To complete the material damage definition, it
is also necessary to specify a compatible damage initiation
criteria and evolution law. Progressive damage evolution
based on continuum damage mechanism was chosen. In
this case, energies dissipated per unit area 𝐺𝐶 are specified
individually for all damage modes (fiber tension, fiber compression, matrix tension, and matrix compression). For a
specific damage mode, 𝐺𝐶 is given by
𝐺𝐶 = ∫

𝑈𝑒𝑓

0

𝜎𝑒 𝑑𝑈𝑒 .

(1)

where 𝜎𝑒 is the equivalent stress, 𝑈𝑒 is the equivalent displacement, and 𝑈𝑒𝑓 is the ultimate equivalent displacement,
where total material stiffness is lost for the specific mode
[34]. For complex stress state, the equivalent stresses and
strains are calculated based on Hashin failure criteria. Viscous
damping coefficients 𝜂 are also specified respectively for all
four damage modes. For a specific damage mode, the damage
evolution is regularized as follows:

𝑑𝑡+Δ𝑡
=

𝜂
Δ𝑡
𝑑𝑡 +
𝑑 .
𝜂 + Δ𝑡
𝜂 + Δ𝑡 𝑡+Δ𝑡

(2)


where 𝑑𝑡+Δ𝑡
is the regularized damage variable at current

time, 𝑑𝑡 is the regularized damage variable at the end of the

Table 3: Esfahani et al. test results of reinforcing bars.
Bar diameter (mm)
Yielding stress (MPa)
Ultimate stress (MPa)

8
350
459

10
365
572

16
406
583

last substep, and 𝑑𝑡+Δ𝑡 is the unregularized current damage
variable [34].
Half of the T-joist specimen has been simulated, seeking
to optimize computing time. Therefore, it was necessary to
simulate suitable boundary conditions to behave in the same
manner as the complete T-joist. The simulated boundary
conditions were of symmetry at the midspan, allowing the
vertical displacement and roller support or embedding in the
end, according to the assessed model. A total of 5679 elements
were required for T-joist analysis (5040 3D elements, 423 link
elements, and 216 shell elements). The total nodes of each
specimen were 7592. Most of the concrete elements are a
prism with 30 × 30 × 30 mm. The choice of mesh size was
based on preliminary studies in which different sizes were
used [35]. This number of elements represents a good balance
between the computational time and the numerical accuracy
of results.
The Newton-Raphson equilibrium iterations were used in
the nonlinear solutions. Convergence criteria for the specimens were based on force and displacement. The convergence
tolerance limits were selected by analysis program [36].
In this study, a perfect bond between concrete and steel
was assumed. The nodes of the CFRP elements are also
connected to those of adjacent concrete elements [37]. The
interaction between the concrete joist and the CFRP is
modeled without considering debonding. The bond does not
have to be explicitly modeled in the numerical analysis [38].
The ANSYS software allows the generation of load steps
and the birth and death of elements in the different steps.
The cases of corrosion evaluated in this work are the most
severe, involving the total loss of the concrete cover and the
lower level of tendons. Therefore, corrosion is simulated in
the model by the death of the elements constituting the cover
and the lower reinforcement in the proper load step.
2.6. Model Verification. A very careful calibration of the
numeric simulations has been made in order to verify the
accuracy of the used hypothesis and models regarding the
behavior of CFRP sheets. The FE software is used to predict
the flexural behavior of strengthened beams reported by Esfahani et al. [39] in order to validate the research methodology
and its results and final conclusions.
For the Esfahani et al. specimens, the design compressive
strength of 25 MPa was used for concrete and different sizes
of reinforcing bars were used in specimens. The yield and
ultimate strength of different bars are given in Table 3. The
mechanical properties of CFRP are the following: the ultimate
strain is 0.012, the tensile strength is 2845 MPa, and the
modulus of elasticity is 237 GPa. Reaction force versus CFRP
strain relationship in simulated sheet can be seen in Figure 4.
The specimens (B5) and (B7) were selected. The dimensions details of the beam are shown in Figure 5. The 8 mm
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Table 4: Load at permissible active deflection, Load Factor values, and ACI 318 load test results for simulated specimens.

Specimen

Load at
permissible
active deflection
(N/m2 )

Load
Factor
(LF)

ACI 318
load test

Simply supported joist

(A1)
(A2)
(A3)
(A4)
(A5)
(A6)

Healthy
Corroded without repair
Corroded with 1 CRRP sheet
Corroded with 2 CRRP sheets
Corroded with 3 CRRP sheets
Corroded with 4 CRRP sheets

9,984
5,216
5,960
7,085
8,107
9,080

1.33
0.70
0.79
0.94
1.08
1.21

Right
Negative
Negative
Negative
Negative
Negative

Fixed-ended joist

(B1)
(B2)
(B3)
(B4)
(B5)
(B6)

Healthy
Corroded without repair
Corroded with 1 CRRP sheet
Corroded with 2 CRRP sheets
Corroded with 3 CRRP sheets
Corroded with 4 CRRP sheets

18,685
14,520
15,706
16,874
17,589
18,096

2.49
1.93
2.09
2.26
2.33
2.42

Right
Right
Right
Right
Right
Right

3. Results and Discussion

40,000
36,000

The prestressed T-joists simulation throughout their load
range has been performed. Load-vertical displacement plots
at midspan are compared in healthy, corroded, and repaired
models in order to assess the residual safety. Figures 7
and 8 represent the load-vertical displacement at midspan
relationships for the 12 specimens. Table 4 shows the load
at permissible active deflection, the Load Factor (LF) values,
and ACI 318 load test results for simulated specimens.
Several aspects can be seen in a deep analysis of the loadvertical displacement curves, which are as follows:

Reaction force (N)

32,000
28,000
24,000
20,000
16,000
12,000
8,000
4,000
0
0.012

0.024

0.036
Strain

0.048

0.06

Figure 4: Reaction force versus strain relationship in simulated
CFRP sheet.

steel rods are employed for stirrups each 80 mm. The nominal
thickness and width of the CFRP were 0.176 mm and 150 mm,
and the specimen (B7) was strengthened with one CFRP
sheet.
All specimens have been reproduced successfully in FE
software. A good correspondence in the behavior of the
different models has been achieved, following their specifications when performing the simulations. A great concordance
in the load-displacement curves has been obtained in all
cases. In Figure 6 the B5 and B7 specimens are shown, as
an illustrative example, where it can be seen that our work
improves the correlation between the results of the analytical
and the experimental study. The validated results are consistent in all models, so that both the software and the materials
properties are accepted as valid tools for the research.

(i) The initial precamber produced by the process of
prestressing in prefabrication.
(ii) The horizontal stretch due to corrosion: the end of
this step is the starting point for the simulation of the
load test acceptance criterion of existing structures
proposed by the ACI 318. For simply supported
specimens, it must be remembered that cases with
severe corrosion have a large vertical displacement if
corrosion appears at 6100 N/m2 , so that the corrosion
has been simulated to a load of 4000 N/m2 . But load
test is correctly performed from the service load, with
the deflection that the T-joist would have in service
life with pathology. The Load Factor has also been
obtained with the permissible active deflection from
the appearance of the partition walls.
(iii) ACI 318 load test evaluation: this test determines
whether a structure can remain in use, and its compliance is graphically analyzed in Figures 7 and 8. The
procedure consists of limiting graphically the service
load and ACI 318 load test and then also limiting the
allowed deflection increase.
(iv) Load Factor: the load supported at permissible active
deflection for the partition walls and the standard
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400
150

200

𝜙10
𝜙16
(B5)

200

150

600

200

25

600

164

200

P/2

(B7)

Allowed Δ1

100000
90000
80000
70000
60000
50000
40000
30000
20000
10000
0

10000

ACI 318 load test

3.11 mm

9,435 N/m2

8000
6000

Standard load
7,500 N/m2

Service load
2

6,100 N/m

4000
Allowed Δ1
3.11 mm

Admissible active deflection
with respect
to the partition walls

B5-16D-0L Esfahani et al. test
B5-16D-0L Esfahani et al. analytical
B5-16D-0L own simulation
B7-16D-1L15 Esfahani et al. test
B7-16D-1L15 Esfahani et al. analytical
B7-16D-1L15 own simulation

Figure 6: Load versus vertical displacement relationship for B5 and
B7 Esfahani et al. specimens. Comparison of Esfahani et al. test
results and analytical predictions with our simulations.

1.00E − 02

0.04

5.00E − 03

0.01 0.015 0.02 0.025 0.03 0.035
Vertical displacement at midspan (m)

0.00E + 00

0.005

−5.00E − 03

0
0

2.00E − 02

2000

1.50E − 02

Load (N/m2 )

Load (N/m2 )

Figure 5: Details of Esfahani et al. beam specimens.

Vertical displacement at midspan (m)
(A1) Healthy
(A2) Corroded without repair
(A3) Corroded with 1 CFRP sheet
(A4) Corroded with 2 CFRP sheets
(A5) Corroded with 3 CFRP sheets
(A6) Corroded with 4 CFRP sheets

Figure 7: Load-vertical displacement at midspan curves for simply
supported T-joist specimens.

load can be analyzed in Figures 7 and 8 and graphically understand the relationship with which the Load
Factor is obtained.
Simply supported damaged specimens do not withstand
the loads established by Building Technical Code CTE-06
[40] with less than 3 CFRP sheets ((A2), (A3), and (A4)
specimens), so they have a Load Factor of less than 1. A safety
coefficient of 1.08 and 1.21 was obtained with 3 and 4 sheets,
respectively ((A5) and (A6) specimens), remaining with an
unacceptable safety in structure analysis. In addition, no simply supported damaged specimen meets the criteria for continue in use of the ACI 318, even with 4 CFRP sheets. Severe
corrosion in the simply supported specimen causes a 47.4%
reduction in the ultimate capacity of the T-joist. The inclusion
of CFRP sheets improves the bearing capacity of the specimen
with respect to the damaged joist without repair as follows:

+12.9% with 1 sheet, +34.3% with 2 sheets, +54.3% with 3
sheets, and +72.9% with 4 sheets, not reaching initial safety.
Fixed-ended damaged T-joist without repair ((B2) specimen) support the loads established by the standard with a
safety coefficient of 1.93, almost double of the standard load
(dead loads + live loads). When gluing one CFRP sheet, the
Load Factor 2 is exceeded, and with 2, 3, and 4 sheets, the
safety coefficients of 2.26, 2.33, and 2.42, respectively, are
reached. All studied fixed-ended specimens can continue in
use according to ACI 318. The complete corrosion of the lower
level of tendons and the loss of the concrete cover in the fixedended specimen causes a 22.5% reduction in the ultimate
capacity. The capacity of the severe damaged T-joist is
improved with the inclusion of CFRP sheets as follows: +8.3%
with 1 sheet, +17.1% with 2 sheets, +20.7% with 3 sheets, and
+25.4% with 4 sheets, getting close to recovering initial safety.
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Figure 8: Load-vertical displacement at midspan curves for fixedended T-joist specimens.

Severe corrosion reduces the ultimate capacity of the
simply supported T-joists in a more noticeable way. But, on
the other hand, the addition of CFRP sheets improves to a
greater extent the capacity of this type of joists.
The regulations establish clear safety coefficients for the
calculation of structures in new construction, where they
have a great control of the materials and the processes of
construction. The acceptable Load Factor in cases of rehabilitation remains the responsibility of the expert performing
the project and depends on local standards. Anyway, it seems
sensible to assume a value near 2 as a minimum, depending
on the reliability of the materials tests.

4. Conclusions
The actual boundary conditions of a T-joist when it is
part of an entire one-way slab are in an intermediate case
of restriction on the ends, neither totally free nor totally
restrained. The evaluation of the two extreme theoretical
cases presented in this paper is very important because it
allows the technician to establish some actuation limits.
Cases of severely damaged simply supported T-joist do
not support the service load without the help of neighboring
joists. The added stiffness by strengthening with CFRP sheets
with low thickness does not solve the problem, and it can not
be accepted as constructive solution. Vertical displacement
can not be controlled according to EHE-08 [28], even in the
case with the addition of 4 CFRP sheets. Damaged simply
supported specimens do not meet the ACI 318 load test
to maintain the structure in use, not even with 4 CFRP
sheets. Perhaps proper safety can be reached with a higher
number of sheets, but it is not a common solution. The most
common cases in actual practice are in which one or two
sheets are used. Load Factor assessment indicates that none
of the repairs reaches an acceptable safety, notwithstanding

the loads with the safety factors established by the standards.
Our experience tells us that if there is a group of contiguous
and hardly damaged joists in a one-way slab, the loads
transmission perpendicular to joists force them to collaborate
one with each other. Despite the damage in the lower tendons,
damage may not appear in the rest of construction elements
in some cases. But even if the damage does not appear on the
other elements, an immediate shoring up and deep repair are
necessary.
The boundary conditions in the cases of fixed-ended Tjoists are theoretical. This degree of embedment is attainable
in the central bays of slabs with a large symmetry of spans or
with a very small difference in lengths. It is remarkable that
in the evaluated real cases of this type of slab it can be seen
that in spite of a great deterioration in the joists no cracking
or damage appears in the other elements of the building.
This can be understood watching the simulations of these
cases with severe corrosion, where the vertical displacement
at midspan with heavy loads remains small in magnitude.
The ACI 318 load test for these cases of isolated T-joist with a
span of 4.32 m indicates the meeting of all safety criteria. The
simulation of the load test in these specimens gives vertical
displacements around 30% of standard limitation, because
the boundary conditions maintain a high stiffness, even with
a severe degree of corrosion. The Load Factor for all these
cases exceeds the safety factors proposed by standards. It is
noted that the case with four CFRP sheets recovers the initial
safety.
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