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Near surface mounted (NSM) fiber reinforced polymer (FRP) reinforcement represents a valid alternative to externally bonded (EB) FRP 
reinforcement for strengthening existing reinforced concrete (RC) elements. NSM composites are usually comprised of glass, carbon, and 
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bars) or prismatic (strips) cross-section. When the NSM technique is employed for flexural 
ded into grooves cut in the concrete cover and filled with an inorganic (e.g. cement grout) or 
Although many studies on the bond behavior of NSM FRP composites can be found in the 
d-ing analytical models for designing NSM strengthening of RC members. In this paper, a 
 tests on RC beams strengthened in flexure using NSM reinforcement is collected from the 
base is employed to assess the accuracy of the analytical provisions obtained following the 
uidelines. The assessment shows that, although conservative, the analytical models considered 
studies are needed to provide a reliable tool for designing RC flexural strengthening with NSM 
means
In the last decades, fiber reinforced composite materials have
of bolts (adequately anchored into the concrete substrate) placed
along the length of the plate – usually along the anchorage length
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gained increasing popularity in the civil engineering industry.
Among them, fiber reinforced polymer (FRP) composites have been
employed to strengthen existing reinforced concrete (RC) and
masonry elements. FRP composite strips are largely applied to
existing elements as externally bonded (EB) reinforcement
(see e.g. [1]). A valid alternative to EB FRP systems is represented
by near surface mounted (NSM) FRP systems. In the NSM method,
grooves are first cut into the concrete cover of an RC element and
the added reinforcement is bonded therein with an appropriate
groove filler (typically epoxy paste or cement grout) [2].

The first applications of the EBR technique, made with steel
plates, are half a century old [3–5]. Before that, strengthening
made by means of near-surface mounted (NSM) steel rebar had
already been adopted in practice [6]. However, the NSM method
had a limited success with respect to externally bonded reinforce-
ment applications. One of the main reasons why externally bonded
reinforcement was preferred to near-surface mounted lies in the
– to avoid debonding failures. This solution guarantees the effec-
tiveness of the external reinforcement, which in turn allows for
attaining concrete crushing failure.

EBR systems made with steel plates is an effective solution but
suffers of some disadvantages, among which the problem of corro-
sion of the steel plates and the difficulty in manipulating heavy and
long plates in construction sites are the most important. Replacing
the steel plates with fiber reinforced polymer (FRP) sheets provides
a satisfactory solution to the problems described above and,
because of this, has been increasingly studied an adopted starting
from the eighties of the last century [7]. Nevertheless, the adoption
of FRP (mainly carbon fiber reinforced polymer, or CFRP) sheets
does not generally allow for using anchor bolts because of the
mechanical properties of the composite sheet. This fact implies
that the efficiency of an externally bonded FRP reinforcement is
limited by the delamination of the composite, which can be related
either to debonding of the sheet from the substrate with a rela-
tively thin layer of concrete attached to it or to splitting of the
entire concrete cover at the level of the tensile reinforcement [1].

More recently, near-surface mounted (NSM) FRP reinforcement
has attracted an increasing amount of research as well as practical
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application. NSM systems were proved to be more efficient than
EBR systems because the NSM strips are less sensitive to debond-
ing phenomena (see for instance [2,8,9]). Although NSM reinforce-
ment cannot be used in concrete elements for which the cover
depth is low, NSM bars are protected by the concrete cover and
are less exposed to accidental impacts, mechanical damage, fire,
and vandalism and the aesthetic aspect of the strengthened struc-
ture is virtually unchanged [10].

Extensive research has been carried out to investigate the NSM-
concrete bond behavior (see for instance [11–15]). However, lim-
ited work is available regarding analytical models for designing
NSM strengthening of RC members.

In this paper, three analytical models for the estimation of the
bending capacity of RC beams strengthened with NSM FRP com-
posites (i.e. American ACI 440.2R-08 [2], English TR 55 [16], and
Canadian CSA S806-12 guidelines [17]) are analyzed. Furthermore,
the procedure for EB reinforcement proposed by the Italian CNR-
DT 200 R1/2013 [1] is extended to the case of NSM reinforcement.
An experimental database comprised of 155 RC beams strength-
ened in flexure with NSM reinforcement was collected from the lit-
erature. Comparisons between the maximum bending moment
computed by the analytical models and the corresponding experi-
mentally measured value allowed to assess the accuracy of each
model.

2. NSM flexural strengthening analytical models

The accuracy of the analytical methods proposed by the Amer-
ican ACI 440.2R-08 [2], English TR 55 [16], and Canadian CSA S806-
12 [17] guidelines for the evaluation of the flexural capacity of
NSM strengthened RC members was assessed in this paper. In
addition, the procedure included in the Italian guideline CNR-DT
200 R1/2013 [1] for the evaluation of the flexural capacity of EB
FRP strengthened RC members was extended to the case of NSM
reinforcement and its accuracy was assessed using the experimen-
tal database collected.

All analytical models considered in this paper have a solid frac-
ture mechanics framework. The maximum strain of a near surface
mounted FRP bar should be computed by evaluating the fracture
energy of the specific interface where fracture is assumed to
occur. However, since the evaluation of the fracture energy
associated with each possible fracture interface is a difficult task,
simplified formulations are adopted by design codes/
recommendations.

All procedures considered are based on the assumptions that
plane sections remain plane, there is no relative slip between FRP
reinforcement and concrete, and FRP reinforcement has a linear-
elastic stress-strain behavior up to failure. These assumptions,
although questionable, appear to be reasonable for design pur-
poses and their validity can be confirmed by comparison between
experimental results and corresponding analytical provisions. Fail-
ure of the strengthened member is assumed when one of the fol-
lowing scenarios occurs:

i. failure (rupture or debonding) of the NSM reinforcement,
which is assumed to occur when the strain in the NSM rein-
forcement attains the maximum value efd;

ii. concrete crushing, which is assumed to occur when the con-
crete strain is equal to 0.003 in the case of American guide-
line, and to 0.0035 in the remaining guidelines considered;

iii. simultaneous rupture of NSM reinforcement and crushing of
concrete, referred to as balanced failure in the Canadian
guideline [17].

The analytical formulations provided by each guideline for com-
puting the maximumNSM strain efd are here briefly recalled for the
sake of clarity. Wherever possible, the same notation employed in
the original documents was adopted.

2.1. ACI 440.2R-08 [2]

According to the American guideline ACI 440.2R-08 [2] the
maximum strain in the FRP reinforcement is affected by many fac-
tors (e.g. the member dimensions, reinforcement ratio, and treat-
ment of the FRP reinforcement surface) and is included within
the range 0.6efu and 0.9efu, where efu is the design rupture strain
of the FRP reinforcement:

efu ¼ CE � e�fu ð1Þ
where e⁄fu is the ultimate rupture strain of the FRP reinforcement
and CE is an environmental reduction factor, which was assumed
equal to 1.0 in this study. CE accounts for the possible reduction
of the composite properties due to the exposition of the strengthen-
ing system to certain environmental conditions for a relatively long
time. The environmental reduction factor CE was assumed equal to
1.0 in this paper because the environmental conditions during lab-
oratory tests are controlled and no reduction of the composite prop-
erties due to environmental exposure should occur. The maximum
value of the strain in the FRP reinforcement is recommended to be:

efd ¼ 0:7efu ð2Þ
In order to achieve efd the FRP reinforcement should have a

bonded length greater than the development length ldb, which is
defined as the length needed to achieve the design strength [2]:

ldb ¼ db

4sb
f fd for circular bars ð3Þ

ldb ¼ ab � bb

2ðab þ bbÞsb f fd for rectangular bars ð4Þ

where db is the diameter of the NSM bar, sb is the average bond
strength, which is assumed equal to 6.9 MPa, ffd is the design
strength of the NSM reinforcement, and ab and bb are the width
and thickness of the NSM plate, respectively.

2.2. TR 55 [16]

According to the English guideline TR 55 [16], NSM strengthen-
ing of RC beams should be designed against three different failure
modes, namely concrete cover separation, concrete splitting fail-
ure, and failure in the adhesive layer. To avoid concrete cover sep-
aration, the strain in the FRP should be limited to:

elim ¼ 38

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b
n
� f ctk
Ef Af

s
6 efu ð5Þ

where b is the width of the concrete cross-section, n is the number
of NSM bars employed, fctk is the concrete characteristic tensile
strength, Ef is the FRP modulus of elasticity, and Af is the area of
the single NSM bar.

To avoid concrete splitting failure the strain in the FRP rein-
forcement in the cross-section where the FRP is needed, i.e. where
yielding of the steel reinforcement starts to occur, should be lim-
ited to the maximum ultimate anchorage strain emax:

emax ¼
10 � bnotchperim

ffiffiffiffiffiffiffi
f ctk
Ef Af

q
for l P ldb

10 � bnotchperim

ffiffiffiffiffiffiffi
f ctk
Ef Af

q
� l
ldb

2� l
ldb

� �
for l < ldb

8><
>: ð6Þ

where bnotchperim is the effective perimeter of notch, which is gener-
ally assumed as the minimum depth plus the minimum width if no
special methods were employed to prepare the notch sides, l is the



NSM reinforcement anchorage length, and ldb is the development
length (referred to as anchorage length lmax in TR 55 [16]):

ldb ¼ lmax ¼ 0:135 � bnotchperim

ffiffiffiffiffiffiffiffiffi
Ef Af

f ctk

s
ð7Þ

To prevent failure in the adhesive layer, the strain in the NSM
reinforcement should be limited to:

ead ¼ 0:3 � f at � bbarperim � l
Ef Af

ð8Þ

where fat is the adhesive tensile strength and bbarperim is the perime-
ter of the NSM bar. The maximum strain efd in the NSM reinforce-
ment is:

efd ¼ minfelim; emax; eadg ð9Þ
As a first attempt to assess the accuracy of the analytical proce-

dure proposed for computing the maximum strain efd, the shear
stresses at the adhesive-concrete and adhesive-NSM reinforcement
interfaces were assumed to be lower than the corresponding max-
imum values allowed, i.e. separation failure is prevented [16].

2.3. CSA S806-12 [17]

The Canadian standard CSA S806-12 [17] does not provide
specific formulations to prevent FRP debonding failure. However,
the maximum strain in the NSM reinforcement is limited to
0.007 and limitations on the mechanical properties of the FRP com-
posite are enforced. Therefore, according to the Canadian formula-
tion, failure of an NSM flexural strengthened RC beam occurs either
when the concrete strain is equal to 0.003 (i.e. concrete crushing)
and the strain in the NSM reinforcement is lower or equal to
0.007, or when the strain in the NSM reinforcement is efd = 0.007
and the concrete strain is lower or equal to 0.003. When the strain
in the concrete and NSM reinforcement is simultaneously equal to
0.003 and 0.007, respectively, balanced failure occurs.

2.4. CNR-DT 200 R1/2013 [1]

The Italian guideline CNR-DT 200 R1/2013 [1] provides accurate
design procedures for strengthening existing structural members
with EB FRP composites [18,19]. A specific procedure for designing
NSM strengthening is not provided. As a first attempt to propose a
design approach based on the Italian guideline procedure, the ana-
lytical approach provided by CNR-DT 200 R1/2013 [1] for EB rein-
forcement was extended to the case of NSM reinforcement. The
same procedure and hypotheses proposed for EB reinforcement
were employed for the case of NSM reinforcement. To take into
account the different geometry of NSM reinforcement with respect
to EB reinforcement, the thickness tf and width bf of an EB FRP strip
were related to the geometrical properties of the NSM reinforce-
ment as follows:

bf ¼
p�dn
2 n for circular bars
ðbn þ 2hnÞ � n for rectangular bars

(
ð10Þ

tf ¼
p�d2n
4

n
bf

for circular bars
bn �hn �n

bf
for rectangular bars

8<
: ð11Þ

where dn is the diameter of the nth NSM circular bar, and bn and hn
are the width and thickness of the nth NSM rectangular bar, respec-
tively. By using Eqs. (10) and (11) it is possible to employ the ana-
lytical approach for EB reinforcement proposed by the Italian
guidelines to estimate the flexural capacity of NSM strengthened
RC beams as follows. According to the Italian guideline, the strain
in the FRP reinforcement should be limited to efd:

efd ¼ min
ga � efk
cf

; efdd

( )
ð12Þ

where ga is an environmental conversion factor (assumed equal to
1.0 in this study), cf is a material safety factor (assumed equal to 1.0
in this study), efk is the FRP characteristic failure strain, and efdd is
the FRP intermediate crack-induced (IC) debonding strain:

efdd ¼ kq
cf ;d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � kb � kG;2
tf Ef � FC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f cm � f ctm

qs
ð13Þ

where kq = 1.25 for distributed loads and kq = 1.00 otherwise, cf,d is
a safety factor that depends on the probability associated with
debonding failure (assumed equal to 1.0 in this study), FC is a con-
fidence factor that depends on the level of knowledge of the ele-
ment to be strengthened (assumed equal to 1.0 in this study), kG,2
is a corrective factor with a calibrated mean value of 0.32 mm, fcm
and fctm are the concrete mean compressive and tensile strength,
respectively, and kb is a geometrical corrective factor:

kb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� bf =b
1þ bf =b

s
P 1 for bf =b P 0:25 ð14Þ

To prevent plate-end (PE) debonding failure, the strain in the
FRP reinforcement in the cross-section where yielding of the steel
reinforcement starts to occur under the applied load of the
strengthened configuration, should be limited to:

efdd ¼
1
cf ;d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�kb �kG
tf Ef �FC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f cm � f ctm

pq
for l P ldb

1
cf ;d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�kb �kG
tf Ef �FC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f cm � f ctm

pq
� l
ldb
ð2� l

ldb
Þ for l < ldb

8><
>: ð15Þ

where the development length ldb (referred to as optimal bond
length led in CNR-DT 200 R1/2013 [1]) is:

ldb ¼ led ¼ min
1
cRd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 � tf Ef � s2u � FC

8 � kbkG
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f cm � f ctm

p
s

; 200 mm

( )
ð16Þ

where kG is a geometrical corrective factor with a calibrated mean
value of 0.063 mm (for pre-cured FRP composites, as in the case
of NSM reinforcement), and su = 0.25 mm is the FRP-concrete inter-
facial debonding slip.

3. Experimental database

An experimental database comprised of 155 RC beams strength-
ened in flexure using NSM reinforcement was collected from the
literature. The database includes experimental tests of 114 rectan-
gular beams and 41 T-beams carried out from 28 different working
groups [9,14,20–45]. The main characteristics of the specimens
collected are listed in Table 1. Specimens in Table 1 are labeled
with the same name adopted by the authors of the tests. The fre-
quency distribution of specimens included in the database is
depicted in Fig. 1 for different ranges of geometrical and mechan-
ical properties considered.

The ratio between the beam span ls and corresponding effective
cross-section depth d varies between 6.3 and 19.6 (Fig. 1a), with
43.2% of the specimens having ls/d = 9–11.6. Although the concrete
mean compressive strength fcm (Fig. 1b) varies between 15.0 MPa
and 67.2 MPa, 65.2% of the specimens have an fcm higher than
35.9 MPa, which is not representative of old reinforced concrete
elements in need of strengthening. The tensile steel reinforcement
mechanical ratio qs (Fig. 1c) is:

qs ¼
Asf y
Acf cm

ð17Þ



Table 1
Database of NSM strengthened RC beams collected from the literature.

Name Cross-section Mechanical properties NSM composite Exp results Analytical Mth [kNm]

S bw
[mm]

a/d l/d fcm
[MPa]

fsy
[MPa]

qs F ffk
[MPa]

Ef
[GPa]

B qqf Mexp

[kNm]
FM [2] [16] [17] [1]

[9] NSM_c_2x1.4x10_1 R 120 8.41 19.09 17.4 540 0.253 C 2052 171 R 0.172 14.94 D 9.33 4.76 9.41 4.93
NSM_d_2x1.4x10_1 R 120 8.41 19.09 17.4 540 0.253 C 2052 171 R 0.172 15.69 S 9.33 4.76 9.41 6.88
NSM_c_3x1.4x10_1 R 120 8.41 19.09 17.4 540 0.253 C 2052 171 R 0.258 15.40 D 10.11 2.47 10.02 5.94
NSM_d_3x1.4x10_1 R 120 8.41 19.09 17.4 540 0.253 C 2052 171 R 0.258 14.87 S 10.11 2.47 10.02 8.11

[14] B1 T 300 5.24 10.47 48.0 400 0.064 C 2000 150 R 0.016 33.13 D 64.13 46.33 53.50 46.33
B2 T 300 5.24 10.47 48.0 400 0.064 C 2000 150 R 0.016 33.75 D 64.13 46.33 53.50 46.33
B3 T 300 5.24 10.47 48.0 400 0.064 C 2000 150 R 0.016 37.50 D 64.13 47.79 53.50 53.23
B4 T 300 5.24 10.47 48.0 400 0.064 C 2000 150 R 0.016 46.25 D 64.13 47.79 53.50 53.23
B5 T 300 5.24 10.47 48.0 400 0.064 C 2000 150 R 0.016 49.38 F 64.13 47.79 53.50 53.23
B6 T 300 5.24 10.47 48.0 400 0.064 C 2000 150 R 0.016 46.88 F 64.13 47.79 53.50 53.23
B7 T 300 5.24 10.47 48.0 400 0.064 C 2000 150 R 0.016 50.00 F 64.13 47.79 53.50 53.23
B8 T 300 5.24 10.47 48.0 400 0.064 C 2000 150 R 0.016 50.00 F 64.13 47.79 53.50 53.23

[20] BFC3 T 381 5.44 13.37 36.0 357 0.056 C 1550 165 C 0.045 186.30 D 147.47 65.76 137.35 63.78
BFC4 T 381 5.44 13.37 36.0 357 0.056 C 1550 165 C 0.080 206.80 D 194.52 73.10 188.29 72.97
BFG4 T 381 5.44 13.37 36.0 357 0.056 G 800 41 C 0.041 180.20 D 145.46 81.65 115.38 81.57

[21] BR1-a R 200 4.73 10.81 15.0 496 0.127 C 2400 129 B 0.101 74.11 D 82.27 62.91 65.56 15.59
BR1-b R 200 4.73 10.81 15.0 510 0.216 C 2400 129 C 0.101 109.50 C 104.39 91.83 99.36 28.06
BR2-a R 200 4.73 10.81 15.0 496 0.127 C 2400 129 C 0.201 85.14 D 96.78 33.61 82.76 17.49
BR2-b R 200 4.73 10.81 15.0 510 0.216 C 2400 129 C 0.201 118.50 C 114.87 42.42 115.65 30.14

[22] C-A R 200 5.49 12.09 20.0 534 0.063 C 1940 201 C 0.156 10.15 C 7.40 6.82 7.94 1.98
C-B R 200 5.49 12.09 33.0 534 0.038 C 1940 201 C 0.094 11.65 D 8.31 6.83 8.04 3.37
C-C R 200 5.49 12.09 40.0 534 0.031 C 1940 201 C 0.078 11.02 D 7.79 6.82 8.66 3.69
C-D R 200 5.49 12.09 63.0 534 0.020 C 1940 201 C 0.049 11.32 D 7.59 6.38 8.53 3.60
C-E R 200 5.49 12.09 53.0 534 0.024 C 1940 201 C 0.059 13.35 D 8.64 6.48 8.03 3.84
C-F R 200 5.49 12.09 20.0 534 0.126 C 1940 201 C 0.156 11.75 C 9.25 9.68 9.45 1.66
C-G R 200 5.49 12.09 33.0 534 0.076 C 1940 201 C 0.094 13.27 D 10.23 9.96 10.11 2.87
C-H R 200 5.49 12.09 63.0 534 0.040 C 1940 201 C 0.049 13.77 D 10.16 12.46 11.33 6.63
C-I R 200 5.49 12.09 53.0 534 0.047 C 1940 201 C 0.059 14.90 D 11.06 12.61 10.62 3.07
C-T R 200 5.49 12.09 20.0 534 0.063 C 1940 201 C 0.467 14.47 D 11.86 5.26 12.58 5.39
C-U R 200 5.49 12.09 20.0 534 0.126 C 1940 201 C 0.467 17.45 D 12.27 5.05 12.97 5.16

[23] A1 T 300 5.24 10.47 48.0 400 0.064 C 1918 111 C 0.036 35.00 D 73.63 46.33 69.96 46.33
A2 T 300 5.24 10.47 48.0 400 0.064 C 1918 111 C 0.036 41.88 D 73.63 59.09 69.96 28.56
A3 T 300 5.24 10.47 48.0 400 0.064 C 1918 111 C 0.036 45.63 D 73.63 59.09 69.96 28.56
A4 T 300 5.24 10.47 48.0 400 0.064 C 1918 111 C 0.036 49.38 D 73.63 59.09 69.96 28.56
A5 T 300 5.24 10.47 48.0 400 0.064 C 1918 111 C 0.036 36.88 D 73.63 59.09 69.96 28.56
A6 T 300 5.24 10.47 48.0 400 0.064 C 1918 111 C 0.036 43.75 D 73.63 59.09 69.96 28.56
A7 T 300 5.24 10.47 48.0 400 0.064 C 1918 111 C 0.036 47.50 D 73.63 59.09 69.96 28.56

[24] V1R1 R 100 3.42 10.27 45.3 730 0.054 C 2740 161 R 0.049 12.57 C 9.94 10.22 8.49 7.95
V2R2 R 100 3.27 9.80 48.9 730 0.072 C 2740 161 R 0.088 19.62 D 17.34 10.34 14.06 11.68
V3R2 R 100 3.33 10.00 42.8 730 0.090 C 2740 161 R 0.102 20.47 D 17.24 10.26 13.54 12.37
V4R3 R 100 3.23 9.68 46.4 524 0.095 C 2740 161 R 0.137 23.72 D 21.73 9.56 18.65 19.25

[25] B1 T 300 5.13 10.26 45.0 400 0.073 C 1408 123 C 0.028 58.63 D 74.03 61.46 72.51 29.84
B2 T 300 5.13 10.26 45.0 400 0.073 C 1525 140 R 0.028 62.06 F 76.41 56.66 73.72 53.35
B3 T 300 5.13 10.26 45.0 400 0.073 C 2000 150 R 0.034 68.88 F 72.24 56.34 73.24 62.24
B4 T 300 5.13 10.26 45.0 400 0.073 G 1000 45 R 0.056 64.19 D 90.26 30.12 73.24 63.05
B5 T 300 5.13 10.26 45.0 400 0.073 G 655 41 C 0.037 68.75 D 76.96 60.55 71.95 55.84

[26] CRD-NSM R 200 4.11 11.73 31.3 426 0.048 C 1878 121 C 0.064 48.63 D 42.45 31.01 40.39 15.91
NSM-PL-25 R 200 4.11 11.73 31.3 426 0.048 C 2453 165 R 0.046 45.24 D 40.49 32.12 29.43 24.26
NSM-PL-15 R 200 4.11 11.73 31.3 426 0.048 C 2453 165 R 0.027 43.83 F 31.16 29.20 27.72 21.90

[27] R-1 R 150 5.00 12.38 34.3 362 0.071 A 1450 63 C 0.044 30.92 D 28.76 22.70 23.90 14.81
R-2 R 150 5.00 12.38 34.3 362 0.071 A 1450 63 C 0.094 43.16 D 33.50 21.64 26.02 19.11
R-3 R 150 5.00 12.38 34.3 362 0.071 A 1450 63 C 0.143 45.64 D 40.52 20.48 28.11 22.07

[28] B500 R 150 4.69 11.72 36.5 532 0.073 C 2068 131 R 0.101 28.68 D 59.64 27.46 48.10 27.46
B1200 R 150 4.69 11.72 36.5 532 0.073 C 2068 131 R 0.101 37.86 D 59.64 27.46 48.10 27.46
B1800 R 150 4.69 11.72 36.5 532 0.073 C 2068 131 R 0.101 55.02 D 59.64 33.51 48.10 26.35
B2900 R 150 4.69 11.72 36.5 532 0.073 C 2068 131 R 0.101 59.88 C 59.64 47.15 48.10 26.35

[29] NSM-S1 R 120 2.11 6.34 52.2 788 0.029 C 2740 159 R 0.035 11.99 D 7.92 9.11 6.96 6.19
NSM-S2 R 120 2.11 6.34 52.2 788 0.049 C 2740 159 R 0.069 14.00 D 14.16 12.07 11.50 13.78
NSM-S3 R 120 2.11 6.34 52.2 788 0.074 C 2740 159 R 0.104 14.49 D 21.41 8.22 16.38 16.85

[30] B.1 T 550 4.17 11.11 49.5 558 0.036 C 2068 122 R 0.017 232.00 D 158.91 69.24 131.96 73.94
B.2 T 550 4.17 11.11 52.8 558 0.034 C 2068 122 R 0.019 240.00 D 167.56 51.06 137.21 106.79
C.1 T 550 4.17 11.11 52.7 558 0.034 C 1970 147 C 0.015 225.00 F 171.11 105.51 136.76 49.48
C.2 T 550 4.17 11.11 50.1 558 0.036 C 1970 147 C 0.016 237.00 F 169.17 78.43 163.78 50.64
D.1 T 550 4.17 11.11 50.1 558 0.036 G 690 41 C 0.018 234.00 D 160.85 70.72 161.03 70.83
D.2 T 550 4.17 11.11 35.2 558 0.051 G 690 41 C 0.025 219.00 D 166.62 52.16 148.92 52.13

[31] A1 R 180 4.44 13.33 24.1 530 0.053 C 2922 172 R 0.112 67.20 D 64.01 29.62 51.73 38.10
A2 R 180 4.44 13.33 20.6 530 0.062 C 2922 172 R 0.131 91.00 D 65.17 35.55 49.33 35.62

(continued on next page)



Table 1 (continued)

Name Cross-section Mechanical properties NSM composite Exp results Analytical Mth [kNm]

S bw
[mm]

a/d l/d fcm
[MPa]

fsy
[MPa]

qs F ffk
[MPa]

Ef
[GPa]

B qqf Mexp

[kNm]
FM [2] [16] [17] [1]

B1 R 180 4.44 13.33 21.8 530 0.062 C 2922 172 R 0.131 66.99 D 62.40 33.67 47.39 34.48
B2 R 180 4.44 13.33 22.5 530 0.060 C 2922 172 R 0.127 90.93 D 63.07 34.17 47.80 34.93
C1 R 150 5.38 16.15 41.5 563 0.153 C 2250 163 R 0.043 86.38 C 81.91 79.69 75.56 50.07
C2 R 150 5.32 15.97 37.7 530 0.080 C 2250 163 R 0.095 74.90 D 61.10 30.32 55.96 47.22
C3 R 150 5.32 15.97 43.5 542 0.063 C 2250 163 R 0.124 77.84 D 76.07 22.90 62.73 53.50

[32] B1 R 150 4.61 12.14 50.0 530 0.064 C 2580 157 R 0.062 48.17 F 40.72 37.47 30.54 32.14
B2 R 150 4.61 12.14 50.0 530 0.064 C 2580 157 R 0.124 63.75 D 56.50 25.30 42.36 40.55
B4 R 150 4.61 12.14 50.0 530 0.064 C 2500 153 R 0.067 49.21 D 41.06 33.48 36.77 31.40
B5 R 150 4.61 12.14 50.0 530 0.064 C 2500 153 R 0.133 64.70 D 57.25 25.84 42.79 40.79

[33] 6-1Fa R 152 8.46 19.04 37.2 490 0.180 C 1648 136 R 0.057 30.27 C 27.05 26.81 28.15 24.75
6-1Fb R 152 8.46 19.04 37.2 490 0.180 C 1648 136 R 0.057 28.32 C 27.05 26.81 28.15 24.75
6-2Fa R 152 8.46 19.04 37.2 490 0.180 C 1648 136 R 0.115 30.46 C 29.35 21.23 30.35 27.11
6-2Fb R 152 8.46 19.04 37.2 490 0.180 C 1648 136 R 0.115 32.84 C 29.35 21.23 30.35 27.11
9-1Fa R 229 8.37 18.83 37.2 510 0.120 C 1648 136 R 0.038 34.40 C 30.36 28.92 30.08 26.35
9-1Fb R 229 8.37 18.83 37.2 510 0.120 C 1648 136 R 0.038 33.38 C 30.36 28.92 30.08 26.35
9-2Fa R 229 8.37 18.83 37.2 510 0.120 C 1648 136 R 0.076 45.16 C 34.82 31.42 34.52 31.31
9-2Fb R 229 8.37 18.83 37.2 510 0.120 C 1648 136 R 0.076 43.66 C 34.82 31.42 34.52 31.31
12-1Fa R 305 8.37 18.83 37.2 510 0.090 C 1648 136 R 0.029 36.08 F 30.71 30.08 32.45 27.26
12-1Fb R 305 8.37 18.83 37.2 510 0.090 C 1648 136 R 0.029 37.80 F 30.71 30.08 32.45 27.26
12-2Fa R 305 8.37 18.83 37.2 510 0.090 C 1648 136 R 0.057 41.20 C 36.09 32.30 34.43 29.79
12-2Fb R 305 8.37 18.83 37.2 510 0.090 C 1648 136 R 0.057 50.92 C 36.09 32.30 34.43 29.79

[34] E-6-RT-1 R 254 6.88 19.61 43.3 667 0.038 C 2776 141 R 0.079 8.50 D 8.06 8.87 5.93 6.37
E-6-RT-2 R 254 6.88 19.61 43.3 667 0.038 C 2776 141 R 0.079 8.90 D 8.06 8.87 5.93 6.37
E-3-RT-1 R 254 6.88 19.61 43.3 667 0.038 C 2776 141 R 0.079 8.00 D 8.22 9.15 6.03 5.28
E-3-RT-2 R 254 6.88 19.61 43.3 667 0.038 C 2776 141 R 0.079 8.50 D 8.22 9.15 6.03 5.28
G-6-RT-1 R 254 6.88 19.61 43.3 667 0.038 C 2776 141 R 0.079 6.30 D 8.06 8.87 5.93 6.37
G-6-RT-2 R 254 6.88 19.61 43.3 667 0.038 C 2776 141 R 0.079 6.90 D 8.06 8.87 5.93 6.37

[35] S-7/1600Gr-1 T 305 3.97 7.95 29.7 414 0.067 C 2068 124 R 0.061 74.25 D 67.49 47.91 57.15 41.64
S-7/1600Gr-2 T 305 3.97 7.95 29.7 414 0.067 C 2068 124 R 0.061 72.05 D 67.49 47.91 57.15 41.64
S-9/1600Gr-1 T 305 3.97 7.95 29.7 414 0.067 C 2068 124 R 0.061 78.65 D 67.49 47.91 57.15 41.64
S-9/1600Gr-2 T 305 3.97 7.95 29.7 414 0.067 C 2068 124 R 0.061 75.79 D 67.49 47.91 57.15 41.64
S-11/1600Gr-1 T 305 3.97 7.95 29.7 414 0.067 C 2068 124 R 0.061 77.77 D 67.49 47.91 57.15 41.64
S-11/1600Gr-2 T 305 3.97 7.95 29.7 414 0.067 C 2068 124 R 0.061 70.94 D 67.49 47.91 57.15 41.64
B-7/1600Gr-1 T 305 3.97 7.95 29.7 414 0.067 C 2068 124 C 0.060 77.55 D 68.85 48.62 58.12 22.56
B-7/1600Gr-2 T 305 3.97 7.95 29.7 414 0.067 C 2068 124 C 0.060 81.08 D 68.85 48.62 58.12 22.56
B-9/1600Gr-1 T 305 3.97 7.95 29.7 414 0.067 C 2068 124 C 0.060 80.19 D 68.51 48.44 57.89 22.49
B-9/1600Gr-2 T 305 3.97 7.95 29.7 414 0.067 C 2068 124 C 0.060 75.35 D 68.51 48.44 57.89 22.49
B-11/1600Gr-1 T 305 3.97 7.95 29.7 414 0.067 C 2068 124 C 0.060 82.40 D 68.17 48.26 57.65 22.42
B-11/1600Gr-2 T 305 3.97 7.95 29.7 414 0.067 C 2068 124 C 0.060 77.77 D 68.17 48.26 57.65 22.42

[36] A1 R 200 3.32 10.78 41.0 460 0.148 C 1596 124 C 0.046 90.80 D 98.43 80.20 89.07 8.69
A2 R 200 3.32 10.78 41.0 460 0.148 C 1596 124 C 0.046 91.80 D 98.43 80.20 89.07 35.16
A3 R 200 3.32 10.78 41.0 460 0.148 C 1596 124 C 0.046 93.60 D 98.43 83.72 89.07 35.30
A4 R 200 3.32 10.78 41.0 460 0.148 C 1596 124 C 0.046 101.60 D 98.43 96.13 89.07 35.30
B1 R 200 3.32 10.78 41.0 460 0.074 C 1596 124 C 0.046 50.00 D 60.49 40.11 53.15 17.26
B2 R 200 3.32 10.78 41.0 460 0.074 C 1596 124 C 0.046 61.60 D 60.49 55.39 53.15 17.26
C1 R 200 3.26 10.58 41.0 454 0.037 C 1596 124 C 0.046 26.88 D 44.97 17.78 35.66 17.78
C2 R 200 3.26 10.58 41.0 454 0.037 C 1596 124 C 0.046 29.20 D 44.97 17.78 35.66 17.78
C3 R 200 3.26 10.58 41.0 454 0.037 C 1596 124 C 0.046 37.60 D 44.97 17.78 35.66 9.39
C4 R 200 3.26 10.58 41.0 454 0.037 C 1596 124 C 0.046 38.40 D 44.97 33.50 35.66 25.96
C5 R 200 3.26 10.58 41.0 454 0.037 C 1596 124 C 0.046 35.20 D 45.38 17.78 35.97 17.78
C6 R 200 3.26 10.58 41.0 454 0.037 C 1596 124 C 0.046 36.00 D 45.38 17.78 35.97 9.34
C7 R 200 3.26 10.58 41.0 454 0.037 C 1596 124 C 0.046 40.80 D 45.38 33.92 35.97 26.23
C8 R 200 3.26 10.58 41.0 454 0.037 C 1250 134 C 0.064 26.80 D 47.54 17.78 52.60 17.78
C9 R 200 3.26 10.58 41.0 454 0.037 C 1250 134 C 0.064 43.60 D 47.54 39.25 52.60 32.87
C10 R 200 3.26 10.58 41.0 454 0.037 G 756 45 C 0.039 28.40 D 36.61 17.78 32.22 17.78
C11 R 200 3.26 10.58 41.0 454 0.037 G 756 45 C 0.039 44.80 D 36.61 25.90 32.22 20.23

[37] S-C 6 (VC30) R 150 3.28 11.48 37.5 600 0.086 C 1875 146 C 0.067 58.50 D 48.05 31.46 44.30 20.65
S-C 6 (270-R) R 150 3.28 11.48 36.5 600 0.089 C 1875 146 C 0.069 53.30 D 47.61 31.05 43.92 20.38
S-C 6 (210-R) R 150 3.28 11.48 36.7 600 0.088 C 1875 146 C 0.069 44.00 D 47.70 31.13 43.99 20.43
S-C 6 (VC60) R 150 3.28 11.48 66.5 600 0.049 C 1875 146 C 0.038 65.40 D 52.35 39.99 45.42 25.65
S-C 6 (270-M) R 150 3.28 11.48 38.1 600 0.085 C 1875 146 C 0.066 73.20 D 48.31 31.70 44.52 20.80
S-C 12 (VC30) R 150 3.28 11.48 35.1 600 0.092 C 1875 146 C 0.144 59.20 C 63.99 41.99 59.60 11.95
S-C 12 (VC60) R 150 3.28 11.48 67.2 600 0.048 C 1875 146 C 0.075 43.90 D 67.51 57.07 60.34 32.18

[38] 1a R 275 1.92 6.41 41.9 481 0.055 C 1200 100 R 0.069 306.00 D 208.39 75.45 178.74 75.29
1b R 275 1.92 6.41 41.9 481 0.055 C 1200 100 R 0.069 299.30 D 208.39 75.45 178.74 75.29

[39] C3 R 200 4.96 13.74 60.7 490 0.054 C 4140 230 R 0.227 160.60 D 162.13 65.14 131.96 65.33
E3 R 200 4.96 13.74 60.7 490 0.054 C 4140 230 R 0.227 182.00 D 162.13 65.14 131.96 65.33
E4 R 200 4.96 13.74 60.7 490 0.054 C 4140 230 R 0.227 197.60 F 162.13 65.14 131.96 65.33

[40] B2600 R 150 4.69 11.72 31.1 576 0.093 G 760 41 C 0.039 48.90 C 40.27 36.57 33.92 16.30



Table 1 (continued)

Name Cross-section Mechanical properties NSM composite Exp results Analytical Mth [kNm]

S bw
[mm]

a/d l/d fcm
[MPa]

fsy
[MPa]

qs F ffk
[MPa]

Ef
[GPa]

B qqf Mexp

[kNm]
FM [2] [16] [17] [1]

B2800 R 150 4.69 11.72 31.1 576 0.093 G 760 41 C 0.039 48.36 C 40.27 36.57 33.92 16.30
B3200 R 150 4.69 11.72 31.1 576 0.093 G 760 41 C 0.039 49.14 C 40.27 36.57 33.92 16.30

[41] A9 R 100 5.87 13.33 27.9 452 0.141 C 1020 109 C 0.204 20.20 D 17.93 10.24 18.84 10.19
A10 R 100 5.87 13.33 27.9 452 0.141 C 1020 109 C 0.204 19.67 D 17.93 10.24 18.84 10.19
B8 R 100 5.20 12.00 27.9 441 0.199 C 1020 109 C 0.204 23.56 C 19.63 9.77 20.36 9.69

[42] VL1 R 200 2.51 6.85 31.1 552 0.066 C 2783 157 R 0.100 33.44 S 63.54 24.21 47.61 32.28
VL2 R 200 2.60 6.57 31.1 548 0.065 C 2783 157 R 0.078 62.19 S 80.92 30.80 59.04 45.17
VL3 R 200 2.58 6.30 31.1 588 0.069 C 2783 157 R 0.066 78.71 S 96.07 51.20 73.21 51.43

[43] B3 R 150 3.28 10.93 60.0 510 0.045 C 1970 136 C 0.056 48.40 D 38.18 37.23 29.38 12.02
B4 R 150 3.28 10.93 60.0 510 0.045 C 2166 130 C 0.069 44.34 D 42.08 38.71 29.86 12.32

[44] RW1F R 150 5.92 13.16 36.6 408 0.058 G 743 40 C 0.053 21.84 F 15.05 12.35 11.98 8.78
RW2F R 150 5.92 13.16 36.6 408 0.029 G 743 40 C 0.106 23.03 F 17.59 8.13 11.85 8.29

[45] LB1C1 R 160 3.28 9.84 32.4 545 0.085 C 2350 170 C 0.081 43.64 D 49.87 39.37 43.02 12.00
LB2C1 R 160 3.28 9.84 32.4 545 0.085 C 2350 170 C 0.163 46.88 D 65.55 28.15 56.20 18.60
LA2C1 R 160 3.28 9.84 32.4 545 0.085 C 2350 170 C 0.163 45.80 D 65.55 28.15 56.20 18.60
LB1G1 R 160 3.28 9.84 32.4 545 0.085 G 1350 64 C 0.047 39.68 F 40.63 30.12 32.53 18.96
LB2G1 R 160 3.28 9.84 32.4 545 0.085 G 1350 64 C 0.094 44.88 D 48.59 32.50 41.07 21.15
LA2G1 R 160 3.28 9.84 32.4 545 0.085 G 1350 64 C 0.094 44.24 D 48.59 32.50 41.07 21.15
LB1G2 R 160 3.28 9.84 32.4 545 0.085 G 1350 64 C 0.105 42.32 D 50.08 36.10 41.32 21.88

Note: S = shape: R = rectangular cross-section; T = T cross-section. bw = width of the beam web. l = distance between supports. F = fiber: C = carbon; G = glass. B = bars:
R = rectangular bar; C = circular bar. Failure mode (FM): D = debonding; C = concrete crushing; F = failure of NSM composite; S = beam shear failure.

Fig. 1. Frequency distribution of specimens in the database and, on secondary axes, CoVref for each analytical model considered for different data ranges of a) ls/d, b) fcm, c) qs,
and d) qf.
where As and Ac are the cross-sectional areas of tensile steel and
concrete, respectively, and fy is the (average) steel yielding stress.
qs varies between 0.02 and 0.25, with 83.2% of the specimens hav-
ing qs lower than 0.11. The NSM reinforcement mechanical ratio qf

(Fig. 1d) is:
qf ¼
Af Efe�fu
Acf cm

ð18Þ

qf varies between 0.02 and 0.47, with 80% of the specimens hav-
ing qf lower than 0.11.



Specimens in the database failed due to different failure modes
(FM). 112 beams (72%) failed due to debonding of the FRP rein-
forcement (indicated with ‘‘D” in Table 1), whereas the remaining
failed due to rupture of the FRP reinforcement (16 beams, 10% –
indicated with ‘‘F” in Table 1), concrete crushing (22 beams, 14%
– indicated with ‘‘C” in Table 1), or shear deficiency (5 beams, 3%
– indicated with ‘‘S” in Table 1).

4. Assessment of the analytical models considered

The accuracy of each analytical model considered was evalu-
ated by comparing the maximum bending moment measured
experimentally, Mexp, with the corresponding maximum bending
moment obtained with the analytical procedure, Mth. The analyti-
cal maximum bending moment was obtained by enforcing the
equilibrium of the beam cross-section assuming elasto-plastic
behavior of concrete and steel and linear-elastic behavior up to
efd of NSM reinforcement. Following the indications of each guide-
line considered, different concrete stress-strain analytical models
were employed. The elasto-plastic model proposed by Hognestad
[46] was used to model the concrete stress-strain behavior when
assessing the American and Canadian guidelines, whereas the
parabola-rectangle model proposed by EN 1992-1-1 [47] was
employed when assessing the English and extended Italian guide-
lines. The reinforcing steel was assumed elasto-perfectly plastic,
whereas the NSM reinforcement was described by a linear-elastic
behavior up to efd. It should be noted that mean values of all
parameters were employed and all safety factors and partial coef-
ficients provided by the models were assumed equal to 1.0. Fur-
thermore, when values of the adhesive tensile strength fat were
not specified by the authors of the tests, Eq. (8) was assumed to
be verified when assessing the TR 55 [16] model. Values of Mth
Table 2
Results of the assessment of the analytical models considered.

ACI 440.R2-08 [2] CSA S806-12 [17]

All data �r CoV [%] CoVref[%] �r CoV [%] Co

– 1.02 32.51 32.60 0.90 29.10 30
All data efd = e*fu �r CoV [%] CoVref [%] �r CoV [%] Co

– 1.13 38.06 40.12 1.16 37.85 40

ls/d [–] �r CoV [%] CoVref[%] �r CoV [%] Co

6.3–9.0 0.98 30.14 28.82 0.80 24.29 27
9.0–11.6 1.19 29.29 39.65 1.05 32.15 33
11.6–14.3 0.87 27.82 27.23 0.76 25.94 30
14.3–17.0 0.91 9.43 11.13 0.81 7.89 19
17.0–19.6 0.87 19.06 20.71 0.80 15.53 23

fcm [MPa] �r CoV [%] CoVref[%] �r CoV [%] Co

15.0–25.4 0.82 20.97 24.75 0.75 19.11 28
25.4–35.9 0.97 24.08 23.26 0.83 21.38 24
35.9–46.3 1.03 27.18 27.98 0.91 27.58 26
46.3–56.8 1.22 38.31 50.66 1.06 41.66 43
56.8–67.2 0.91 28.16 25.77 0.79 28.89 29

qs [–] �r CoV [%] CoVref[%] �r CoV [%] Co

0.02–0.07 1.08 36.35 39.68 0.93 39.80 37
0.07–0.11 1.01 25.18 25.34 0.88 24.01 24
0.11–0.16 0.93 14.43 14.57 0.89 8.88 13
0.16–0.21 0.91 5.86 10.37 0.94 5.87 7.6
0.21–0.25 0.75 22.64 29.68 0.74 21.63 29

qf [–] �r CoV [%] CoVref[%] �r CoV [%] Co

0.02–0.11 1.06 32.31 34.60 0.92 33.27 31
0.11–0.20 0.90 24.60 23.74 0.78 27.16 30
0.20–0.29 0.88 16.41 18.23 0.82 16.34 21
0.29–0.38 – – – – – –
0.38–0.47 0.76 10.86 24.56 0.81 11.04 20
obtained from the analytical models considered are reported in
Table 1 for each specimen included in the database.

The accuracy of each analytical model was assessed by comput-
ing the average �r and coefficient of variation CoV of the ratios r
between the ith analytical and experimental maximum bending
moments:

ri ¼ Mth;i

Mexp;i
ð19Þ

r
� ¼

PN
i¼1Mth;i=Mexp;i

N
ð20Þ

CoV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1ðri � �rÞ2
�r2ðN � 1Þ

s
ð21Þ

where N is the number of specimens in the database, equal to 155 in
this study. In addition, the discrepancy between analytical and
experimental results was measured by computing a reference coef-
ficient of variation CoVref with respect to the perfect match average
ratio �rref=1.0:

CoVref ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1ðri � �rref Þ2
N � 1

s
ð22Þ
5. Results and discussion

Values of �r, CoV, and CoVref with respect to all data included in
the database are reported in Table 2 for each analytical model con-
sidered. Comparisons between analytical and experimental maxi-
mum bending moment for the 155 beams included in the
database are shown in Fig. 2 (left-hand side). Call-outs for a limited
TR 55 [16] CNR-DT 200 R1/2013 [1]

Vref[%] �r CoV [%] CoVref[%] �r CoV [%] CoVref[%]

.84 0.70 28.86 41.58 0.55 27.10 52.82
Vref[%] �r CoV [%] CoVref[%] �r CoV [%] CoVref[%]

.94 1.17 37.34 41.06 1.17 37.34 41.06

Vref[%] �r CoV [%] CoVref[%] �r CoV [%] CoVref[%]

.55 0.60 23.61 41.97 0.53 51.00 54.02

.95 0.80 40.40 37.89 0.58 56.76 53.40

.86 0.57 31.42 46.50 0.43 36.25 59.27

.77 0.54 62.06 53.49 0.63 8.52 37.02

.31 0.78 42.19 38.87 0.71 24.13 33.76

Vref[%] �r CoV [%] CoVref[%] �r CoV [%] CoVref[%]

.40 0.45 49.66 58.89 0.34 37.90 66.89

.58 0.64 19.18 38.14 0.44 36.09 58.50

.44 0.73 33.90 36.59 0.59 37.69 46.78

.96 0.86 47.69 42.73 0.76 49.18 43.91

.90 0.68 46.55 43.78 0.39 36.83 62.12

Vref[%] �r CoV [%] CoVref[%] �r CoV [%] CoVref[%]

.35 0.74 48.89 44.46 0.59 52.00 51.12

.25 0.68 21.25 35.03 0.52 42.10 52.85

.75 0.74 28.38 33.29 0.44 52.44 60.15
3 0.72 29.37 33.92 0.76 26.10 29.60
.86 0.36 69.83 68.18 0.37 30.62 64.00

Vref[%] �r CoV [%] CoVref[%] �r CoV [%] CoVref[%]

.55 0.77 36.14 36.13 0.57 49.45 51.17

.32 0.49 32.35 52.92 0.49 44.08 55.24

.74 0.36 33.51 64.88 0.39 28.37 61.69
– – – – – –

.35 0.33 16.04 67.45 0.33 16.26 66.67



Fig. 2. Comparison between analytical and experimental maximum bending moment values of the 155 beams included in the database (left-hand side) and call-outs for data
up to Mth =Mexp = 125 kNm (right-hand side).
range of data (up to Mth =Mexp = 125 kNm) are shown in Fig. 2
(right-hand side). Values below the line Mth/Mexp = 1.0 are conser-
vative since the estimated bending moment is lower than the cor-
responding experimentally measured value, whereas values above
the line Mth/Mexp = 1.0 overestimate the experimental results and,
thus, are non-conservative.

The results obtained with respect to all data included in the
database show that the Canadian CSA S806-12 [17] model pro-
vided the most accurate results, having a reference coefficient of
variation of CoVref = 30.84%. The Canadian model tended to slightly
underestimate the experimental results (�r ¼ 0:90), with a disper-
sion around the mean value of approximately 29%. Although a
specific formulation to prevent NSM reinforcement debonding fail-
ure is not provided, the Canadian design approach seems particu-
larly attractive because provides accurate results with a simple
procedure. It should be noted that the CSA S806-12 [17] model
does not provide a specific formulation to compute the develop-
ment length of the NSM reinforcement. This approach could be
misleading because it provides the full contribution (up to
efd = 0.007) of the NSM reinforcement regardless of the bonded
length.

The accuracy of the American ACI 440.2R-08 [2] model
(CoVref = 32.60%) is close to that obtained with the Canadian model.
Although the average of ratios between theoretical and experimen-
tal maximum bending moment values �r ¼ 1:02 is approximately
equal to the perfect match ratio �rref ¼ 1:0, the dispersion of the
results (CoV = 32.51%) is higher than that obtained with the Cana-
dian model. Similarly to the Canadian model, the ACI 440.2R-08 [2]



model provided accurate results with a simple procedure, which
appears more reliable than the Canadian approach because the
maximum strain in the composite is related to the NSM reinforce-
ment failure strain through Eq. (2) and it is not a constant value.
Although a formulation for computing the development length of
NSM reinforcement is provided in ACI 440.2R-08 [2] (Eqs. (3) and
(4)), the possibility of failure along the development length is not
taken into account.

The English TR 55 [16] approach, which was developed specifi-
cally for NSM reinforcement and imposes several different analy-
ses, tended to underestimate the experimental results (�r ¼ 0:70),
with a dispersion of approximately 29%. The reference coefficient
of variation obtained (CoVref = 41.58%) is higher than those
obtained with the Canadian and American models, which indicates
a lower accuracy of TR 55 [16] with respect to CSA S806-12 [17]
and ACI 440.2R-08 [2]. It should be noted that performing the anal-
yses of the shear stresses at the adhesive-concrete and adhesive-
NSM reinforcement interfaces, which in this study were assumed
to be lower than the corresponding maximum values allowed,
might lead to lower estimation of the maximum bending moment,
which in turn would imply a lower accuracy of the model.

The less accurate estimations (CoVref = 52.82%) were obtained
by extending the Italian CNR-DT 200 R1/2013 [1] EB reinforcement
model to the case of NSM reinforcement. The extended Italian
model tended to a large underestimation of the results (�r ¼ 0:55),
with a dispersion of approximately 27%. The poor accuracy
obtained with the extended Italian procedure is caused by the esti-
mated premature debonding failure of the NSM composite. The
Italian procedure was calibrated for EB FRP reinforcement, which
is more sensitive to debonding than NSM reinforcement [2,8,9].
Therefore, when extended to NSM strengthened beams, the Italian
procedure leads to an underestimation of the maximum bending
moment, provided that the same coefficient calibrated for EB rein-
forcement are employed. By properly revising the model proposed
by CNR-DT 200 R1/2013 [1] with a new calibration of the coeffi-
cients, a higher accuracy for the case of NSM reinforcement could
be obtained.

The influence of debonding failure modes on the model accu-
racy was evaluated by enforcing the cross-section equilibrium of
the strengthened beams assuming efd = e⁄fu (Table 2). When
debonding is prevented (i.e. efd = e⁄fu), �r, CoV, and CoVref obtained
with the American and Canadian guidelines increased with respect
to those obtained considering the limitations imposed on the NSM
reinforcement strain (see Eqs. (1) and (2) and Section 2.3). The
results obtained with the English guideline assuming efd = e⁄fu were
similar to those obtained following the procedure proposed by TR
55 [16], with a slight increase of accuracy when efd = e⁄fu. The accu-
racy of the extended Italian guideline is the same obtained with the
English guideline when efd = e⁄fu is assumed, being both models
based on EN 1992-1-1 [47]. These results confirm that ACI
440.2R-08 [2] and CSA S806-12 [17] can accurately predict the
debonding failure, whereas the extended CNR-DT 200 R1/2013
[1] model tend to underestimate the NSM reinforcement bond
capacity.

5.1. Effect of the data range on model accuracy

The accuracy of each model considered was assessed with
respect to various data ranges to investigate the influence of differ-
ent parameters on the analytical maximum bending moment val-
ues obtained. Data in the database were sorted in five data
ranges with different ls/d, fcm, qs, and qf, as indicated in Fig. 1 and
Table 2. �r, CoV, and CoVref (Eqs. (20)–(22)) were computed for each
range and model considered and are reported in Table 2.

The results obtained showed that all analytical models except
the extended Italian model have a similar accuracy (CoVref between
30% and 40%, see Table 2) for ls/d included between 9.0 and 11.6.
The English model loses its accuracy with increasing ls/d (Fig. 1a),
which might indicate that this model was calibrated using experi-
mental results from beams with ls/d < 11.6, as typically occurs with
laboratory beam specimens.

The accuracy of the Canadian and American models does not
appear to be affected by varying the concrete compressive strength
fcm up to 46.3 MPa, whereas poorly accurate results are obtained
for 46.3 MPa < fcm 6 56.8 MPa. It should be noted that, although
similar CoVref values were obtained for all model for
46.3 MPa < fcm 6 56.8 MPa (Fig. 1b), the Canadian and American
approaches tend to overestimate the maximum bending moment
whereas the English and extended Italian approached tend to
underestimate it (see Table 1). However, values of fcm higher than
35.9 MPa are not likely to be found in real reinforced concrete ele-
ments in need of strengthening. Therefore, the poor accuracy
obtained for fcm should not affect real NSM strengthening
applications.

The influence of different qs and qf values could not be clearly
investigated. Values of �r, CoV, and CoVref obtained should not be
considered reliable statistical parameters due to the significantly
different number of specimens included in each range of qs and
qf (Fig. 1c and d, respectively).

5.2. Effect of the NSM reinforcement bonded length

The full contribution of a reinforcing material can be exploited
only if the bonded length l is higher than the corresponding devel-
opment length ldb. When the bonded length is shorter than the cor-
responding development length the reinforcement can provide
only a fraction of the full theoretical contribution. The English TR
55 [16] and Italian CNR-DT 200 R1/2013 [1] models provide speci-
fic formulations to compute the development length and enforce a
reduction of the strain attainable in the composite when l < ldb (see
Eqs. (6) and (7) and (15) and (16)). Debonding occurs when the
strain in the FRP reinforcement in the cross-section where the
FRP is needed, i.e. where the steel reinforcement begins to yield,
is higher than the maximum strain attainable in the FRP compos-
ite, which depends on the bonded length l.

NSM reinforcements with different bonded lengths, evaluated
as the distance between the composite end and the cross-section
where the steel reinforcement begins to yield, are included in the
database. The accuracy of the English and extended Italian proce-
dures was assessed for different bonded length ranges. Specimens
for which the steel reinforcement begins to yield outside the NSM
bonded length are indicated with l < 0 (in this case the NSM could
not provide any contribution and the beam behaves as unrein-
forced). When the steel reinforcement begins to yield along the
NSM development length (0 < l < ldb), the composite reinforcement
could not provide its full theoretical contribution. Otherwise, if the
NSM bonded length is higher than the corresponding development
length but shorter than the beam span (ldb < l < ls), the composite
reinforcement provides its full theoretical contribution, though
debonding failure could still occur. For some specimens included
in the database the NSM bonded length was higher than the corre-
sponding beam spam (l > ls). In this case the NSM reinforcement
results anchored and debonding at the ends is prevented. It should
be noted that anchoring the NSM reinforcement in correspondence
with the supports could not be easily performed in real applica-
tions due to the presence of columns and/or walls. All specimens
for which the distance between the NSM reinforcement end and
the closest support was not clearly reported by the authors of
the tests were included in the range l > ls.

Fig. 3 shows comparisons between analytical and experimen-
tal maximum bending moment values obtained by TR 55 [16]
and CNR-DT 200 R1/2013 [1] for the different bonded length



Fig. 3. Comparison between analytical and experimental maximum bending moment values of the 155 beams included in the database (left-hand side) and call-outs for data
up to Mth =Mexp = 125 kNm (right-hand side) for different bonded length ranges.

Table 3
Results of the assessment of the English and extended Italian models for different bonded length ranges.

Model Range of l n (%) �r CoV [%] CoVref [%]

TR 55 [16] l < 0 15 (9.7%) 0.83 38.16 36.33
0 < l < ldb 66 (42.9%) 0.72 42.95 41.81
ldb < l < ls 33 (21.4%) 0.74 31.56 35.13
l > ls 40 (26.0%) 0.62 38.86 45.44

CNR-DT 200 R1/2013 [1] l < 0 10 (6.5%) 0.88 39.74 37.20
0 < l < ldb 12 (7.8%) 0.40 48.85 65.79
ldb < l < ls 92 (59.7%) 0.57 44.43 50.46
l > ls 40 (26.0%) 0.51 50.87 56.24
ranges considered, whereas Table 3 reports values of �r, CoV, and
CoVref (Eqs. (20)–(22)) obtained for each range. The number of
specimens n in each range and the corresponding percentage with
respect to N are also reported in Table 3. The results obtained
shows that, when l < 0, the analytical maximum bending moment
values obtained with both TR 55 [16] and CNR-DT 200 R1/2013
[1] are close to the corresponding experimental values. For
0 < l < ldb the English procedure tends to slightly underestimate
the experimental values, whereas the extended Italian procedure
provides highly underestimated provisions. For ldb < l < ls and l > ls
both the English and extended Italian approaches tend to under-
estimate the maximum bending moment. It should be noted that
results obtained with TR 55 [16] procedure for ldb < l < ls, although
slightly underestimated, are (relatively) accurate (CoVref = 35.13%),
which indicates that this model is able to provide accurate results
when the NSM bonded length is higher than the corresponding
development length, whereas its accuracy is poor for the remain-
ing cases.

6. Conclusions

This paper presents the assessment of four analytical models for
the estimation of the bending capacity of RC beams strengthened
with NSM reinforcement. The NSM reinforcement design formula-
tions proposed by the American ACI 440.2R-08 [2], English TR 55
[16], and Canadian CSA S806-12 [17] guidelines were considered.
Furthermore, the procedure for EB reinforcement proposed by
the Italian CNR-DT 200 R1/2013 [1] was extended to the case of
NSM reinforcement. An experimental database comprised of 155
RC beams tested in flexure by 28 working groups was collected
from the literature. The accuracy of each analytical model was
assessed by comparing values of the maximum bending moment
obtained from the analytical formulations with corresponding val-
ues measured experimentally. The results obtained with respect to
all data in the database showed that the Canadian and American
approaches provided the most accurate results. The Canadian
model tended to slightly underestimate the experimental results,
whereas the American model provided results (on average) very
close to the experimental measures. These two approaches seem
particularly attractive because they provide accurate results with
a simple procedure. The American approach appears more reliable
than the Canadian approach because the maximum strain in the
composite is related to the NSM reinforcement failure strain and
it is not a constant value. However, although the American
approach provides a specific formulation for computing the NSM
reinforcement development length, both the Canadian and Ameri-
can procedures do not take into account the possibility of failure
along the development length.
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The English procedure, which was developed specifically for
NSM reinforcement, generally underestimated the experimental
results providing a limited accuracy. However, it provided accurate
results when the NSM bonded length was higher than the corre-
sponding development length. The extended Italian approach gen-
erally provided underestimated results, which are attributed to the
fact that the procedure adopted was originally developed for EB
reinforcement that usually fails due to debonding at strain values
lower than those observed for NSM reinforcement. A proper revi-
sion of the Italian EBR approach with a new coefficients calibration
could highly improve the accuracy obtained for the case of NSM
reinforcement.

The effect of debonding failures on the model accuracy was
investigated by assuming that NSM debonding was prevented
(i.e. efd = e⁄fu). The results obtained confirmed that the American
and Canadian models can accurately predict the debonding failure,
whereas the extended Italian model tend to underestimate the
NSM reinforcement bond capacity.

By sorting the data included in the database in different ranges,
the influence of ls/d and fcm was investigated. The results obtained
indicated that the English model loses its accuracy with increasing
ls/d, which might be due to a model calibration with respect to
experimental results from beams with ls/d < 11.6, as typically
occurs with laboratory beam specimens. The Canadian and Amer-
ican models were poorly accurate for concrete compressive
strength values between 46.3 MPa and 56.8. However, values of
fcm in this range appear too high to be representative of real rein-
forced concrete elements in need of strengthening.

The results obtained show that, although conservative, the ana-
lytical models considered are (relatively) poorly accurate. Further
studies seem to be necessary to provide reliable and accurate pro-
cedures for designing flexural strengthening with NSM
reinforcement.
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