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Introduction and Background

Strengthening of existing concrete structures has become an urgent
need in recent years as a result of aging and/or the necessity to
comply with the requirements of modern design codes (i.e., Euroc-
odes). As the main objective of strengthening methods is to achieve
sustainability and cost-effectiveness, the engineering community
has progressively turned to the use of advanced structural materials.
The introduction of textile-reinforced mortar (TRM) almost a de-
cade ago (Triantafillou et al. 2006; Bournas et al. 2007) can be rec-
ognized as remarkable progress in the field of structural retrofitting.

TRM is a cement-based composite material that consists of
high-strength fibers (i.e., carbon, glass, or basalt) in the form of
textiles combined with inorganic matrices, such as cement-based
mortars. The textiles that are used as reinforcement of the composite
material typically comprise fiber rovings in two orthogonal direc-
tions. The same material can also be found in the literature with the
acronyms TRC or FRCM (e.g., Brameshuber 2016; ACI 2013;
Carloni et al. 2015). One of the characteristics of TRM is its advan-
tages over fiber-reinforced polymers (a broadly used epoxy-based
composite material), namely, low cost, resistance at high tempera-
tures, compatibility with concrete and masonry substrates, ability
to apply on wet surfaces, and low temperatures and air permeability.

A significant research effort has been made in the last few years
toward the exploitation of the TRM strengthening technique in sev-
eral cases of structural retrofitting. Experimental investigations on
strengthening of reinforced concrete (RC) (e.g., Bournas et al. 2009;
Bournas and Triantafillou 2011; D’ Ambrisi and Focacci 2011;
Elsanadedy et al. 2013; Babaeidarabad et al. 2014; Koutas et al. 2014;
Tzoura and Triantafillou 2014; Bournas et al. 2015; Loreto et al.
2015; Ombres 2015; Tetta et al. 2015, 2016) or masonry elements
(Papanicolaou et al. 2007; Harajli et al. 2010; Babaeidarabad et al.
2013; Koutas et al. 2015a, b) have shown very promising results.
Research on strengthening of RC slabs, though, has been rather lim-
ited (Jesse et al. 2008; Papanicolaou et al. 2009; Schladitz et al. 2012;
Loreto et al. 2014), with most of the studies focusing on the flexural
behavior of one-way slabs. The only study reported in the interna-
tional literature on strengthening of two-way RC slabs with TRM is
that of Papanicolaou et al. (2009) who tested four square slabs under
concentrated load with three of them being retrofitted with carbon or
glass TRM. Nevertheless, all slabs in the study of Papanicolaou et al.
(2009) (including the unretrofitted one) failed in punching shear
without developing a plastic collapse mechanism in flexure, and
therefore TRM served for a punching shear capacity increase.

The use of TRM for increasing the flexural capacity of two-way
RC slabs has not been investigated to date. This paper investigates
for the first time the flexural strengthening of two-way RC slabs
with externally bonded TRM. The parameters under investigation
are the number of TRM layers, the strengthening configuration, the
material of the textile fibers, and the presence of initial cracking.
For this purpose, six large-scale slabs were experimentally tested,
with the results being used to derive simple design equations.
Details are provided in the following sections.

Experimental Program

Test Specimens and Parameters

The experimental program aimed to study the effectiveness of
externally bonded TRM in increasing the flexural capacity of
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two-way RC slabs. Six slabs with the same geometry were con-
structed and tested as simply supported at their perimeter (Fig. 1).
As shown in Fig. 1(a), the slabs had a length of 1,800 mm on both
sides (square slabs) and a thickness of 100 mm, whereas the effec-
tive flexural span was 1,500 mm [Fig. 1(b)]. The slabs’ geometry
represented a prototype slab at a scale of ½.

All slabs were lightly reinforced with plain steel bars (ρs ¼
0.17%) so as to have low flexural capacity, simulating flexure-
deficient slabs (i.e., corrosion of rebars; increase of slab loading).
Details of the reinforcement are shown in Fig 1(c). Plain steel
bars with a 6 mm-diameter and a spacing of 200 mm were placed
at the bottom of the midspan in both directions. Half of them were
bent at a distance of 300 mm from the edge and continued toward
the support as top reinforcement. All plain bars were bent over
180 degrees at their ends to ensure proper anchorage. Extra grid
reinforcement (consisting of 8-mm-diameter deformed bars) was
placed at the four corners to avoid cracking as a result of twisting
moments.

The role of various parameters on the effectiveness of TRM
strengthening schemes was investigated, namely, the number of
TRM layers, the material of the fibers (carbon versus glass), the
strengthening configuration (full coverage versus partial coverage),
and the presence of initial damage (cracked versus uncracked). A
description of the specimens follows, supported by Fig. 2 and
Table 1:
• One slab (CON) was tested without strengthening and served as

control specimen [Fig. 2(a)].
• Specimen C1 was strengthened with one layer of carbon textile,

applied over the full tensile face [Fig. 2(b)].
• Specimen C2 was strengthened similarly to C1, applying two

layers of carbon textile instead of one [Fig. 2(c)].
• Specimen C1_part received two strips of carbon textile in a

cross configuration (one per direction) [Fig. 2(d)]. Each strip
had a width equal to half of the effective span, resulting in half
the amount of fibers per direction of application when compared
to C1. Nevertheless, the total weight of the textile used in the
C1_part was the same as in C1.

• Specimen G3 was strengthened with three layers of glass fiber
textile, applied over the full tensile face of the slab. Three layers
of glass textile are equivalent (in terms of axial stiffness) to 3/7
(approximately half) of one carbon textile layer [Fig. 2(e)].

• Finally, specimen C3_cr was strengthened with three layers of
carbon textile applied over the full tensile face that was pre-
viously fully cracked [Fig. 2(f)].
All strengthening schemes were applied on the tensile face of

the slabs.

Materials and Strengthening Procedure

Casting of the slabs was made in two groups on different dates by
using ready-mix concrete. The average compressive strength on the
day of testing the slabs, measured on cubes with dimensions of
150 × 150 × 150 mm (average values from three specimens), is
given for each specimen in Table 1. The 6-mm-diameter plain lon-
gitudinal bars had a yield stress of 470 MPa, a tensile strength of
508 MPa, and an ultimate strain of 7.2%. The respective values for
the 8-mm-diameter deformed bars were 568 MPa, 654 MPa, and
11.5% (average values from three specimens).

A carbon textile was used as external reinforcement in four
slabs, whereas a glass textile was used in one slab. The carbon tex-
tile [Fig. 3(a)] had a weight of 348 g=m2 with uncoated (dry) car-
bon-fiber rovings in two orthogonal directions and an equal amount
of fibers in each one. The resulting nominal thickness of this textile
in each direction was 0.095 mm. According to the manufacturer
data sheets the tensile strength and the modulus of elasticity of
the carbon fibers were 3,800 MPa and 225 GPa, respectively.
The glass textile [Fig. 3(b)] had a weight of 220 g=m2 and equal
amount of uncoated (dry) glass fibers in two orthogonal directions.
The nominal thickness of this textile was 0.044 mm and according
to the manufacturer data sheets the tensile strength and the elastic
modulus of the glass fibers were 1,400MPa and 74 GPa, respectively.

The mortar used as a binding material between the textile and
the concrete substrate was a polymer-modified cement-based mor-
tar with an 8:1 cement-to-polymers ratio by weight. The water-to-
cementitious-material ratio by weight was equal to 0.23, resulting
in plastic consistency and good workability. Table 1 includes the
strength properties of the mortar (average values of three specimens)
obtained experimentally on the day of testing using prisms with di-
mensions of 40 × 40 × 160 mm, according to the EN 1015-11 (CEN
1999). The slightly different strength values between the two groups
of specimens are attributed to a small difference in the age of
tested slabs.

Fig. 1. (a) Geometry of the slab; (b) bottom face of the slab supported in its perimeter; (c) steel reinforcement details and 3D visualization
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The strengthening procedure included the following steps:
(1) removal of a thin layer of concrete and formation of a grid
of groves (2 mm deep) at the surface to receive strengthening
[Fig. 4(a)], (2) dampening of the surface [Fig. 4(b)], (3) application
of a first mortar layer (2 mm thick) by using a smooth metal trowel
[Fig. 4(c)], (4) application of the first textile layer into the mortar by
hand pressure [Fig. 4(d)], and (5) application of a second mortar
layer to completely cover the textile. For the application of more
layers the last two steps were repeated, while the previous layer was
still in a fresh state.

In the cases where TRM covered the whole tensile face of the
slab, each layer comprised three textile patches, which were over-
lapped at a length of 125 mm as illustrated in Fig. 2. For example,
Fig. 4(e) shows the application of an extra patch to fully cover
the tensile face of the slab strengthened with three layers of glass
fiber textile. This is attributed to the fact that the textiles were

manufactured into rolls of widths equal to 1,250 and 1,000 mm
for the carbon and the glass fibers, respectively. Finally, a picture
of a slab at completion of the strengthening application is shown in
Fig. 4(f).

Test Setup and Procedure

All specimens were subjected to monotonic flexural loading and
were tested as simply supported at their perimeter [Fig. 5(a)]. The
load was applied at a displacement rate of 1 mm=min by using a
500-kN-capacity servohydraulic actuator that was mounted at a
stiff steel reaction frame, as shown in Fig. 5(b).

The test specimen was laid on four rigid steel beams, which in
turn were simply supported at four corners, as shown in Figs. 5(a
and b). The effective flexural span in both directions was 1,500 mm.
Geometrical imperfections of the wooden molds resulted in small

Fig. 2. Strengthening configuration at the tensile face of tested slabs (all dimensions in mm): (a) CON; (b) C1; (c) C2; (d) C1_part; (e) G3; (f) C3_cr

Table 1. Specimens, Experimental Parameters, and Materials

Specimen Strengthening configuration

Steel
reinforcement
ratio, ρs (per
direction) (%)

Textile
reinforcement
ratio, ρt (per
direction)

Concrete
compressive
strength,
fc (MPa)

Mortar
compressive
strength,
fmc (MPa)

Mortar flexural
strength, fmt;fl

(MPa)

CON — 0.17 — 19.8 (0.8)a — —
C1 One layer of carbon textile covering the full tensile face 0.17 0.095% 19.8 (0.8)a 33.1 (1.2)a 8.0 (0.3)a

C2 Two layers of carbon textile covering the full tensile face 0.17 0.19% 19.8 (0.8)a 33.1 (1.2)a 8.0 (0.3)a

C1_part Two strips of carbon textile in cross configuration (one
per direction), covering half of the tensile face

0.17 0.0475% 22.2 (0.5)a 36.6 (0.8)a 8.9 (0.4)a

G3 Three layers of glass textile covering the full tensile face 0.17 0.132% 22.2 (0.5)a 36.6 (0.8)a 8.9 (0.4)a

C3_crb Three layers of carbon textile covering the full tensile face 0.17 0.285% 22.2 (0.5)a 36.6 (0.8)a 8.9 (0.4)a

aStandard deviation in parenthesis.
bStrengthening was applied on a precracked slab.
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gaps between the supports and the slabs in some regions over the
perimeter. Therefore, a thin sand layer (approximately 10 mm) was
placed between the support beams and the slabs to ensure full con-
tact during the test. As illustrated in Fig. 5(a), a system of stiff steel
beams was used to spread the load into four points; this helped to
achieve a more uniform load distribution. The four load-application
areas were centrally located, forming a grid 500 × 500 mm within
the effective flexural span [Fig. 5(c)]. To avoid concentration of
high local stresses in these areas, square rubber pads of dimensions
150 × 150 × 40 mm were placed in between the top of the slab and
the stiff steel beams.

In addition to the internal LVDT (linear variable differential
transformer) of the actuator, five potentiometers were installed at
the bottom of the specimen in a cross configuration to measure
the deflections in both bending directions [Fig. 5(d)]. Specifically,
one potentiometer (POT1) was installed at the center of the slab and
the other four at a distance of L=4 from POT1 in each direction
(where L is the effective span). All data were synchronized and
recorded using a data acquisition system.

Apart from C3_cr, all specimens were tested up to failure.
Specimen C3_cr was first subjected to a load level where yielding
of the steel reinforcement occurred (and significant cracking was
observed), and then it was unloaded. It was finally tested up to fail-
ure after strengthening and curing.

Test Results

The responses of all slabs tested are presented in Fig. 6 in the form
of load versus central deflection curves, whereas the final crack
pattern of each slab is illustrated in Fig. 7. Table 2 also summarizes
the main test results: the peak load, Pmax; the midspan deflection
corresponding to Pmax; the observed failure mode; the flexural
capacity increase from strengthening; the precracking (initial) stiff-
ness, which is calculated from the force-midspan deflection curves
as the tangent stiffness of the uncracked stage; the cracking load
(approximate load level based on the observations during testing
and the change in the slope of load-displacement curves); the
postcracking stiffness, which is calculated from the force-central
deflection curves as the tangent stiffness of the cracked state; and
the load at the serviceability limit state (SLS). According to the
Eurocode 2—Part 1 (CEN 2004), the SLS is reached when the mid-
span deflection becomes equal to l=250, where l is the slab’s
effective span (here this deflection is equal to 6 mm).

As designed, the control slab (CON) failed in flexure after yield-
ing of the steel reinforcement and the development of significant
plastic deformations. The first flexural cracks appeared at a load
level of 40 kN, which resulted in a decrease in the stiffness as de-
picted by the slope change in Fig. 6. This was followed by steel
yielding and further development of the cracks [Fig. 7(a)], accom-
panied by large deflections. As expected, all corners of the slab
were progressively uplifted as a result of the significant twisting
moments [Fig. 8(a)]. Ultimately, the control slab reached a maxi-
mum load of 95 kN. At that point the collapse mechanism of the
slab involved the formation of an almost circular-shaped crack,
which appeared at the top of the slab [marked red in Fig. 8(b)],
as a result of moment redistribution at very large displacements.

Slab C1, which was strengthened with one carbon-fiber TRM
layer, failed in a similar way (flexure-dominated behavior) but
at a substantially higher load, equal to 207 kN, owing to the con-
tribution of the TRM to the flexural resistance. The slab exhibited a
stiffer behavior with respect to the control slab (42% increase in the
precracking stiffness—see Table 2), and as indicated by the change
in the slope of the load-displacement curve in Fig. 6, the cracking

Fig. 3. Textiles used in this study: (a) carbon fibers; (b) glass fibers
(dimensions in millimeters)

Fig. 4. TRM strengthening application steps: (a) concrete surface pre-
paration; (b) dampening of surface to receive strengthening; (c) first
mortar layer application; (d) carbon textile application; (e) patch of
glass textile application; (f) final finished surface
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load was also increased, reaching 70 kN. The activation in tension
of the fibers crossing the flexural cracks resulted in a significant
increase of the postcracking flexural stiffness (4.25 kN=mm) when
compared to the CON slab (1.0 kN=mm). The postcracking stiff-
ness in Table 2 has been calculated as the slope between the crack-
ing point and the ultimate load in the load-midspan deflection
curves. Fig. 7(b) shows the crack pattern of the C1 slab, which
comprises a few major cracks and several minor cracks on the face
of the TRM. Failure of this specimen was progressive, as a result of
the fibers’ partial rupture and slippage within the mortar layer

across the major cracks that are visible in Fig. 7(b). After the flexu-
ral capacity was reached, the load gradually dropped and a circular-
shaped crack appeared at the top of the slab as a part of the collapse
mechanism at large displacements, similarly to the CON specimen.

Slab C2, which was strengthened with two carbon-fiber TRM
layers, failed at an even higher load, equal to 291 kN, owing to the
contribution of the additional carbon TRM layer. The cracking load
for this specimen was 90 kN, whereas even higher precracking and
postcracking stiffnesses (17.6 and 7.5 kN=mm, respectively) com-
pared to C1 were recorded. Failure of this specimen was attributed
to partial slippage of the fibers within the mortar across two cracks
[Fig. 7(c)], followed by concrete punching shear [Fig. 8(c)]. The
brittle nature of this failure mode resulted in a very abrupt load drop
at levels slightly above the ultimate capacity of the CON slab
(Fig. 6). The residual capacity was provided by both the steel
reinforcement and the TRM layers through the development of a
membrane resisting mechanism. The punching area at the top of the
slab had a rectangular shape following the perimeter of all four
load-application points, indicating that this failure might not have
occurred if loading was uniformly distributed.

Slab C1_part, which was strengthened with the same amount of
textile reinforcement with slab C1 but in a different configuration
(Fig. 2), failed in flexure at an ultimate load of 178 kN. The initial
stiffness of this specimen reached even higher levels (24.1 kN=
mm) compared to the slabs C1 and C2. The first cracks were de-
veloped at a load level of 75 kN, whereas the postcracking stiffness
(6.25 kN=mm) was very close to the average of the C1 and C2
slabs’ postcracking stiffness (Table 2). This specimen failed in
flexure after yielding of the steel reinforcement and slippage of the
textile fibers through the mortar, but with a different crack pattern at
the face of TRM. As illustrated in Fig. 7(d), four major cracks were

Fig. 5. Test setup: (a) schematic 3D illustration; (b) front view picture; (c) top view dimensioning; (d) location of displacement sensors at the bottom
to measure deflections (all dimensions in millimeters)

Fig. 6. Load versus central deflection curves

© ASCE 04016065-5 J. Compos. Constr.
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developed on the face of TRM at the overlapping region of the two
strips. The fibers crossing these cracks were highly stressed and
ultimately experienced partial rupture and slippage within the
mortar, which led to a gradual drop of the load as shown in Fig. 6.
The cracks that appeared on the face of the TRM composite
did not appear at the location of the cracks developed at the con-
crete substrate, as revealed in the uncovered part of the slab in
Fig. 4(e).

Slab G3, which was strengthened with three layers of glass-fiber
TRM, failed in flexure after yielding of the steel reinforcement, at
an ultimate load of 142 kN. The initial stiffness of this slab was
high enough (22.0 kN=mm), owing to the thickness of the mortar
needed for the application of three layers. The load level at first
crack was equal to 90 kN, whereas the postcracking stiffness
(4.05 kN=mm) was lower than all the other retrofitted slabs. As
illustrated in Fig. 7(e), the crack pattern of slab G3 comprised
only a few major cracks on the face of the TRM. The failure mode
of this specimen is associated with the partial rupture and slippage
of the glass fibers within the mortar along the developed cracks
[Fig. 8(d)]. This failure mode was identical to that observed in slabs
C1 and C1_part and similarly led to a gradual drop of the load.

Finally, specimen C3_cr, which was initially precracked and
retrofitted with three layers of carbon-fiber TRM before testing,
failed in flexure at a load equal to 302 kN. As shown in Fig. 6,
the initial stiffness of this slab was much lower than the stiffness
of the rest of the specimens, owing to the cracked state of the con-
crete. At a load level of 50 kN the stiffness was significantly
increased, thus indicating the full activation of the strengthening
layers in tension. At this stage, the bending stiffness of slab C3_cr
was higher than the stiffness of slab C2 (10.5 kN=mm) as a result
of the third TRM layer. Failure was attributed to slippage of the
textile fiber within the mortar mainly along the cracks shown in
Fig. 7(f).

Discussion of Results

All slabs responded as designed and failed after yielding of the in-
ternal steel reinforcement because of the failure (slippage and/or
partial fracture) of the externally bonded TRM reinforcement. The
flexural capacity of the lightly reinforced concrete slabs was sub-
stantially increased by all strengthening schemes proposed in this

Fig. 7. Crack pattern at the bottom face of tested specimens

Table 2. Summary of Test Results

Specimen
Peak load,
Pmax (kN)

Midspan deflection
at Pmax (mm)

Failure
mode

Capacity
increase (%)

Precracking
stiffnessa (kN=mm)

Cracking load
levelb (kN)

Postcracking
stiffnessa (kN=mm)

Load at
SLSa (kN)

CON 95 52 A — 10.1 40 1.0 47
C1 207 37 B 115 14.3 (42%) 70 4.25 (325%) 79 (68%)
C2 291 35 C 206 17.6 (74%) 90 7.50 (650%) 97 (106%)
C1_part 178 25 B 87 24.1 (139%) 75 6.25 (525%) 89 (89%)
G3 142 20 B 50 22.0 (118%) 90 4.05 (305%) 96 (104%)
C3_cr 302 35 B 218 — — 10.5 (905%) —

Note: A = flexural failure; B = slippage and partial rupture of the textile fibers through the mortar followed by flexural failure; C = slippage and partial rupture
of the textile fibers through the mortar followed by punching shear failure.
aPercentage increase with respect to the CON specimen is included in parenthesis for the retrofitted specimens.
bBased on (a) the change in the slope of the load-displacement curve, and (b) test observations.
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study. In terms of the various parameters investigated in this exper-
imental program, an examination of the results (Table 2) in terms of
ultimate capacity, cracking load, precracking (initial) stiffness,
postcracking stiffness, and resistance at the serviceability limit state
(SLS) revealed the following information.

Number of TRM Layers

A comparison of the results for specimens CON, C1, and C2 shows
that the effectiveness of TRM in increasing the flexural capacity of
two-way RC slabs was nearly proportional to the number of layers,
despite the fact that in specimen C2 punching shear failure ulti-
mately occurred. More specifically, as shown in Table 2, one and
two carbon TRM carbon layers resulted in strength increases equal
to 115 and 206%, respectively. The increase in the initial stiffness
(uncracked stage) was almost proportional to the number of layers
(42 and 74% increase for one and two layers, respectively), whereas
in terms of postcracking stiffness the increase observed was directly
proportional to the number of layers (325 and 650% increase for
one and two layers, respectively).

As reported in Table 2, the application of TRM layers in the
uncracked slabs increased the flexural resistance at the SLS; this
is also illustrated in Fig. 9, which presents the evolution of deflec-
tion with the increase of the applied load. By comparing specimens
CON, C1, and C2, it is concluded that the flexural resistance at the
SLS increases with the number of TRM layers but in a nonpropor-
tional way, a 68 and 106% increase for one and two layers, respec-
tively. Similarly, the increase of the cracking load was not
proportional, namely 75 and 125% for one and two carbon TRM
layers, respectively.

Strengthening Configuration

When specimen C1_part is compared with C1, it is concluded
that covering the full face of the slab (with a single textile layer)
is more effective in increasing the slab flexural capacity than ap-
plying two strips with a half-width in a cross configuration (which

are equivalent in terms of the total amount of fibers used and there-
fore the cost). Nevertheless, if only the fibers in the direction of
strengthening application are considered, it is concluded that apply-
ing the textile reinforcement close to the region of maximum mo-
ments is much more effective. The C1_part specimen having half
of the textile reinforcement in each direction with respect to C1
increased the flexural capacity of the slab by 87%, which is nearly
75% of the increase recorded in C1.

The strengthening configuration had a marginal effect on the
cracking load increase and the SLS resistance (compared to speci-
men C1). However, both the initial and the postcracking stiffness
increases were substantially higher in the C1_part slab than in C1,
by approximately 60 and 70%, respectively. This is attributed to the
overlapping of two textile layers in the central maximum moment
region (750 × 750 mm) of the C1_part slab where cracking initiated.

Textile Fibers Material

Three layers of glass textile (which are equivalent to 3=7 ¼ 0.46 of
one layer of carbon textile in terms of axial stiffness) increased the
flexural capacity of the slab by 50%, which is 0.43 times the in-
crease for one layer of carbon textile. Therefore, it is concluded that
different types of fibers (glass or carbon) show similar effectiveness
in terms of the ratio between the load-capacity increase and the
axial stiffness of the textile layers. The axial stiffness is expressed
by the product of the elastic modulus of the fibers times the thick-
ness of the textile times the number of layers.

The initial stiffness of slab G3 was approximately 50% higher
than that of slab C1, whereas the postcracking stiffnesses of these
two slabs were very close. Considering that in terms of axial stiff-
ness of the textiles, three layers of glass textile are equivalent to 3=7
of one layer of carbon textile, the above results indicate that the
slab’s bending stiffness depends not only on the axial stiffness
of the textiles, but also on the total thickness of the TRM jacket.
The latter is also believed to be the reason why three layers of glass
textiles provided higher cracking load and higher resistance at SLS
when compared to one layer of carbon textile.

Fig. 8. (a) Corner uplift, CON slab; (b) circular-shaped crack at the top of the CON slab; (c) slab C2 failure in punching shear; (d) partial rupture and
slippage of the fibers within the matrix along the cracks on the TRM face, G3 slab
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Role of Initial Cracking

Despite the reduced effectiveness in increasing the flexural capac-
ity, the precracked slab exhibited the stiffer behavior among all
specimens, at the stage where the textile fibers had been fully ac-
tivated in tension in all slabs (see postcracking stiffness in Table 2).
At this stage, the increase in the stiffness was proportional to the
number of TRM layers, regardless of the presence of initial crack-
ing or not.

Design Equations

In an attempt to provide simple design equations for calculating
the flexural moment of resistance per unit length of two-way slabs
retrofitted with TRM, two steps were followed.

Initially, the experimental moment of resistance of the retrofitted
slabs was derived after calibrating Eq. (1) to the results of the un-
retrofitted (CON) slab

Pmax ¼ k · mR ð1Þ
where Pmax = flexural load-bearing capacity; k = load to moment
calibration factor; and mR = flexural moment of resistance per unit
length. Through the use of standard cross section analysis-based
analytical modeling (Navier-Bernoulli hypothesis for plane cross
sections) and the rectangular stress block approach for concrete in
compression (without safety factors), the unretrofitted specimen
(CON) yielded a value of mR ¼ 6.0 kNm=m. By substituting the
ultimate load measured experimentally and the flexural moment of
resistance per unit length calculated analytically for the unretrofit-
ted specimen, Eq. (1) yielded a value of k equal to 15.8. This cal-
culated value of kwas then used in combination with the peak force
of the strengthened specimens (Table 2) to determine the experi-
mental flexural moment of resistance per unit lengthmR;exp (second
column of Table 3). Note that slab C3_cr was not included in this
procedure because of its initial cracked situation.

This approximate approach for defining factor k was deemed
necessary because of the lack of reliable analytical models in
the literature that correlate the moment of resistance (per unit
length) to the applied load in two-way slabs. The value of the k
factor, which is commonly derived by applying the so-called yield
line theory, is sensitive to the crack (or yield) pattern, which in turn
depends on the slab’s aspect ratio, the loading and the support con-
ditions. The equation proposed by Rankin and Long (1987) and
used also by Ebead and Marzouk (2004) for calculating the flexural
capacity of two-way slabs having a crack pattern quite similar to
the one observed in this study yielded a value of mR equal to
11.2 kNm=m. This value underestimates the load-carrying capacity
of the unretrofitted slab by 29% and hence it was not further con-
sidered for this study.

The effective tensile stress in the TRM reinforcement at flexural
failure, fte, was then calculated based on the mR;exp values, using
cross section analysis for the flexurally strengthened slabs, with the
tensile force (per unit length), Ft, carried by the TRM layers being
expressed by the Eq. (2)

Ft ¼ ttfte
wt

ws
ð2Þ

where wt=ws = factor to account for the case where the TRM width
(wt) covers only a part of the slab width (ws), like in the C1_part
specimen.

The obtained TRM effective stress and concrete strain values at
the ultimate limit state (failure of TRM) are reported in Table 3 as
fte;exp and εc;exp, respectively. It is observed that in the case of full
coverage of the slab’s tensile face with TRM, for textile reinforce-
ment ratios, ρt, in the range of 0.095–0.19%, the TRM effective
stress varies between 765 and 922 MPa for carbon TRM and is
approximately 300 MPa for glass TRM. However, in the case of
half coverage of the slab’s tensile face with carbon TRM in each
direction, a much higher stress value of 1,305 MPa was obtained,
indicating better fiber utilization when applied close to the region of

Fig. 9. Deflection evolution at all measuring points with respect to the load increase
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maximum moments. The concrete strain values were close to 1% in
both cases of coverage.

Based on the above findings and with the aim of eliminating the
need for iterative calculations and cross section analysis, simple
formulas for the calculation of the flexural moment of resistance
of slabs retrofitted with TRM are proposed in this study. Following
the suggestion of Ebead and Marzouk (2004) for the case of FRP
retrofitted slabs, here the moment of resistance per unit length, mR,
can be calculated as the summary of the contribution of the steel
reinforcement, mRs, and the TRM, mRt [Eq. (3)]

mR ¼ mRs þmRt ð3Þ

The contribution of the steel reinforcement to the total moment
of resistance can be approximately taken equal to the moment of
resistance of the unretrofitted slab. Based on the recommendations
of ACI 318-08 (ACI 2008), the following simple formula to cal-
culate mRs (in absence of compression reinforcement) is proposed:

mRs ¼ ρsfyd2
�
1 − 0.59

ρsfy
fc

�
ð4Þ

The contribution of the textile reinforcement to the moment of
resistance is calculated by Eq. (5)

mRt ¼ Ft

�
h − x

2

�
ð5Þ

where Ft is expressed by Eq. (2), and the neutral axis depth, x, is
calculated via Eq. (6)

x ¼ εc
fte=Ef þ εc

ð6Þ

It is proposed in this study that the value of TRM effective stress
(fte) to be used in Eqs. (2) and (6) can be calculated from Eq. (7) for
carbon-fiber TRM, whereas for glass fiber TRM a value of fte ¼
300 MPa should be considered until more experimental data be-
come available. Eq. (7) has been derived by fitting a power equation
to the experimental results, considering the different reinforcement
ratios of specimens C1, C2, and C1_part (Fig. 10). An upper limit
for fte has been set to 1,300 MPa

fte ¼ 57.5ρ−0.405t ≤ 1300 MPa ð7Þ

The value of concrete compressive strain to be used in Eq. (6) is
suggested to be εc ¼ 0.001 (based on the values of εc;exp in Table 3).
A sensitivity analysis showed that the results are not very sensitive
to this parameter. For example, by increasing εc from 0.005 to
0.0035 (600% increase), mRt decreases by 20%, whereas for more
rational values of εc in the range of 0.01� 0.005 the mRt values
change from −5.5% to þ4.5%.

For design purposes it is recommended to use a design value of
the TRM contribution to the moment of resistance, simply by using
a design value for the effective stress, fted (dashed curve in Fig. 10).
This value is here suggested to be calculated as

fted ¼
fte
1.50

ð8Þ

By applying the proposed methodology [Eqs. (1)–(8)], the theo-
retical values of the flexural moment of resistance, mR;theor (using
fte values), as well as the design values, mR;d (using fted values),
were calculated for the retrofitted slabs tested in this study and are
presented in Table 3 (except for the slab C1_cr). The results show
very good agreement between the experimental and theoretical val-
ues of the flexural moment of resistance. The suggestions for the
value of the effective stress that should be used in Eqs. (2) and (6)
are based only on the results of this study and therefore should be
treated carefully. A refined model should be developed when more
experimental data will become available. After obtaining the flexu-
ral capacity of the retrofitted slabs, the design engineer should
check that it does not exceed the punching shear capacity.

Conclusions

This paper presents an experimental investigation on the effective-
ness of a novel material, namely textile-reinforced mortar (TRM),
as a means of strengthening in flexure two-way RC slabs. The de-
sign of specimens allowed the investigation of a series of param-
eters including the number of TRM layers, the strengthening
configuration, the type of fibers, and the role of initial cracking in
the slab. In addition, design equations are suggested, based on the
test results. The main conclusions are summarized in a rather quali-
tative manner as follows:
• The application of TRM layers increased dramatically the flex-

ural capacity of two-way RC slabs. Therefore a viable alterna-
tive retrofitting solution, with clear advantages over FRPs, is
proposed for the flexural strengthening of deficient two-way
RC slabs.

Table 3. Experimental, Theoretical, and Design Values of Flexural Moment Capacity

Specimen
mR;exp ¼ Pmax=k

(kNm=m)
fte;exp
(MPa)

εc;exp
(‰)

fte;theor
(MPa)

fted
(MPa)

εc;theor
(‰)

mR;theor
(kNm=m)

mR;d
(kNm=m) mR;theor=mR;exp mR;d=mR;exp

C1 13.2 922 0.95 963 642 1.0 13.8 10.8 1.05 0.82
C2 18.4 765 1.10 727 484 1.0 17.7 13.2 0.96 0.72
C1_part 11.1 1,305 0.95 1,275 850 1.0 11.1 9.1 1.00 0.82
G3 9.0 303 0.75 300 200 1.0 9.1 7.8 1.01 0.87

Fig. 10. Fitting of a power equation to the experimental results of
specimens C1, C2, and C1_part
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• Increasing the number of TRM layers results in increases in pre-
cracking (initial) stiffness, cracking load, postcracking stiffness
and ultimate load capacity. The flexural resistance at the servi-
ceability limit state also increases.

• Covering the full face of the slab with a single textile layer is
more effective in increasing the flexural capacity than applying
two strips with half-width in a cross configuration. Neverthe-
less, the fibers in the main direction are better activated in
the second case, thus resulting in higher strains and postcracking
stiffness.

• Different types of fibers (glass or carbon) result in a load capa-
city increase that is proportional to the axial stiffness of the tex-
tile layers.

• The effectiveness of TRM in increasing the flexural capacity
two-way slabs is slightly reduced in precracked slabs. However,
the increase in postcracking stiffness was found to be propor-
tional to the number of TRM layers, irrespective of the presence
of initial cracking.

• Based on the results presented in this study, simple design equa-
tions that provide good estimation of the flexural moment of
resistance are proposed, eliminating the need for an iterative
design procedure.
In view of the limited number of tests performed in this study,

the above results as well as the design equations should be consid-
ered as rather preliminary. Future research should be directed to-
ward providing a better understanding of parameters, including
textile geometry, steel reinforcement ratio, and different slab di-
mensions, to investigate possible scale effects.

Acknowledgments

The authors wish to thank the students Joshua Spong, Sultan Alo-
taibi, Saad Raoof, and Zoi Tetta, the lab manager Mike Langford,
the chief technician Nigel Rook and the technicians Gary Davies,
Sam Cook, and Balbir Loyla, for their assistance in the experimen-
tal work. The research described in this paper has been financed by
the University of Nottingham through the Dean of Engineering
Prize, a scheme for pump priming support for early career academic
staff.

Notation

The following symbols are used in this paper:
d = effective depth of the slab;
Et = TRM elastic modulus taken equal to the fibers’ modulus

of elasticity;
Ft = tensile force carried by TRM;
fc = concrete compressive strength;
fte = TRM effective stress value at the ultimate limit state;
fted = design value of TRM effective stress value at the ultimate

limit state;
fy = steel reinforcement yield stress;
h = section height equal to the slab thickness;
k = load to moment calibration factor;

mR = flexural moment of resistance per unit length;
mRs = contribution of the steel reinforcement to the moment of

resistance;
mRt = contribution of the TRM to the moment of resistance;
Pmax = flexural load-bearing capacity;

tt = TRM thickness taken equal to the textile thickness times
the number of layers;

ws = slab width;
wt = TRM width;

x = depth of neutral axis;
γt = safety factor for the TRM contribution to the moment of

resistance;
εc = concrete compressive strain;
ρs = steel reinforcement ratio equal to the steel area per 1 m

divided by the effective depth of the slab; and
ρt = textile reinforcement ratio equal to the fibers’ area per 1 m

(per direction) divided by the thickness of the slab
(multiplied by the factor wt=ws for partially covered
slabs).
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