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ABSTRACT

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 aramid fiber reinforcement with
circular (bars) or prismatic (strips) cross-section. When the NSM technique is employed for flexural
strengthening, FRP composites are embedded into grooves cut in the concrete cover and filled with an
inorganic (e.g. cement grout) or organic (e.g. epoxy resin) binding agent. Although many studies on
the bond behavior of NSM FRP composites can be found in the literature, limited work is available regard-
ing analytical models for designing NSM strengthening of RC members. In this paper, a database com-
prised of 155 experimental tests on RC beams strengthened in flexure using NSM reinforcement is
collected from the scientific literature. The experimental database is employed to assess the accuracy
of the analytical provisions obtained following the American, English, Canadian, and Italian guidelines.
The assessment shows that, although conservative, the analytical models considered are (relatively)
poorly accurate and further studies are needed to provide a reliable tool for designing RC flexural

strengthening with NSM reinforcement.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In the last decades, fiber reinforced composite materials have
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
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possibility to increase the steel plate-to-concrete bond by means
of bolts (adequately anchored into the concrete substrate) placed
along the length of the plate - usually along the anchorage length
- 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 gg;

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 maximum NSM strain &g 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 0.6, and 0.9¢5, where &g, is the design rupture strain
of the FRP reinforcement:

Efy :CE'Sfu (1)

where €%y, is the ultimate rupture strain of the FRP reinforcement
and Cg is an environmental reduction factor, which was assumed
equal to 1.0 in this study. Cg 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 C; 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:

€ = O.7€fu (2)

In order to achieve gy the FRP reinforcement should have a
bonded length greater than the development length [ ,, which is
defined as the length needed to achieve the design strength [2]:

oy .
oy = 4—befd for circular bars (3)

-b

Ly = m frg  for rectangular bars (4)
where dj, is the diameter of the NSM bar, 1, is the average bond
strength, which is assumed equal to 6.9 MPa, f is the design
strength of the NSM reinforcement, and a, and b, 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:

R b fctk

where b is the width of the concrete cross-section, n is the number
of NSM bars employed, f. is the concrete characteristic tensile
strength, Ef is the FRP modulus of elasticity, and Ay 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 €pqy:

/f
10- bnotchperim ﬁ

Emax =
10- bnotchperim\/z% . ﬁ (2 - ﬁ) forl < ldb

where bpotchperim 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, [ is the

forl > ldb

(6)
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