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Abstract

Durability and serviceability are one of the primary concerns of reinforced cement concrete (RCC) structures. The RCC
structures require periodic monitoring and strengthening with time to enhance the structural performance degraded by
varieties of reasons. Arches are one of the extensively used structural elements and can be found in many structures
which face the challenges of inadequacy to carry the new loading condition requirements. Furthermore, they suffer from
degradation of structure, corrosion of reinforcement steel bars, bad conditions of weather and etc. Therefore, this paper
focuses and reviews the materials, methods and processes for strengthening of reinforced concrete arches. The review
includes the historical development of repair and strengthening techniques including the state of art material usage. A
comparative study is carried out on the success ratio of different processes employed in the strengthening and repair of
damaged arch. It is observed that the modern materials and techniques have raised the success ratio of strengthening of
the RCC arches. The paper also investigates the current gap of the knowledge and limitations of the area of study and
prospects on the future scope of experimental studies.

1. Introduction

Recently, due to insufficiencies of structures such as material deterioration or aging, poor maintenance, earthquakes and etc.
and as built structures in past are not constructed as per new engineering codes of design which make them structurally
unsafe and replacement of such structures require a huge amount and in the same time, it destroys their antiquity if they are of
ancient time, have made number of researches to invent efficient, adequate and economical techniques for repairing and
strengthening. Further, on account of aging process, insufficiency in maintenance, as well as the upshot resulting from
inconvenient environmental conditions (e.g., local cracking of the concrete matrix and corrosion of reinforcement), the built
bridges don't have an adequate safety limits against seismic failure.[1] OIn many structures nowadays reinforced concrete
arches can be found, but historically as the supremacy of its shape that allows spanning over long distances, they may be used
in construction of bridges. In many cases, the arches are designed with spandrel columns to behave in compression under
symmetric vertical forces. [2] Because of improved traffic loads and modifications in the design codes, only few of these
bridges encounter the available standard specifications for traffic loadings. Nevertheless, most of them are damaged because
of some non-symmetric actions which induce considerable flexure in the form of cracks. [[3], [4], [5]] Arch bridges are not
only the culture and heritage symbols but also are the ancient structural memorials which need to be protected. Such bridges
have been using for servicing on road, railway and water networks. The arches basically work in compression which make
probable by the horizontal reactions at the abutments to create a normal thrust over the arch. Most of the reinforced and pre-
stressed concrete bridges which are constructed in the past are not entirely satisfactory according to their performance which
need rehabilitation and strengthening. [2] Buckling and geometrical nonlinearities became critical aspects of the structural
behavior. using traditional construction techniques and materials for reinforcing and retrofitting of available concrete
structures in order to increase ductility, to resist higher design loads, to correct design or construction insufficiencies, and to
correct capacity loss due to distress, have been performed conventionally. Some of the traditional techniques which have
been performed conventionally for strengthening of structures are concrete or steel jackets, externally bonded steel plates,
and external post-tensioning. In the construction industry, the use of FRP's applies primarily to the restoration of distressed
structures and to improve statically and seismically behavior of the structures. [6] But for strengthening of RC arches as of its
curved geometry, its load resistance mechanism (combined membrane and flexural actions), cracking pattern, and failure
mechanisms, mostly externally bonded strengthening with FRP systems are used. Repairing and reinforcing of reinforced
concrete or concrete structures by means of fiber reinforced polymer materials are a great revolutionary in the arena of
structural engineering. Fiber reinforced polymer (FRP) is another method for reinforcing of structures rather than traditional
methods. FRP composite materials are used alternatively as externally bonded reinforcement in FRP strengthening systems.
Thus, mainly, the FRP strips play role in such reinforced RC arches to minimize the effects of geometric imperfections and to
restrain/postpone extreme cracking and failure as a product of non-symmetric loading. [2] Its lightweight, easy setting up,
and non-corrosiveness are the benefits of FRP methods over the traditional reinforcing methods. It is used for reinforcing of
either new and already built structures. There are different kinds of FRP materials like Carbon, Glass, Aramid and etc. To
wound the structural member, these sheets are used on external surface of the member and basis on the strength required, the
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number of layers are selected. [6] Many researches have been done for strengthening of arches but there are few reported test
results for reinforced RC arches. [2] This paper focuses on the materials, methods and processes for strengthening of
reinforced concrete arches. A comparative study is carried out on the success ratio of different processes employed for the
strengthening and repair of damaged arches.

Background Information and Historical Development of Strengthening Techniques

As most of the RC arches are strengthened with externally bond FRP techniques therefore the development and historical
information of the FRP will be discussed here. The ideology and theory of retrofitting and reinforcing of structures by means of
fiber reinforced polymer strengthening is not new. The primary improvements of FRP methods for retrofitting and reinforcing of
structures emerged in the mid of 1980s either in Japan and Europe. For repairing, retrofitting and reinforcing of available
structures, FRP reinforcing methods have been utilized across the globe. Externally bonded FRP methods were established as a
substitute to other external reinforcing methods like jacketing of steel or concrete column and etc. The number of strengthened
projects has been increased considerably. Elements or members of structures like slabs, beams, columns, connection/joints,
walls, chimneys, smokestacks, domes, vaults, silos, tunnels and pipes have been reinforced using this technique. In spite of
using FRP reinforcement methods in concrete, they also have been used for reinforcement of steel, timber, masonry and cast-
iron structures. [9]

Europe has developed FRP techniques as substitutes to steel plate bonding for multiplying the flexural capacity of concrete
structure elements.[[9], [10]]. This technique has been used to reinforce and retrofit many structures such as bridges and
buildings across the world. Researchers have looked to find a substitute way to steel because steel requires heavy equipment
and is difficult to install and as steel plates can corrode, which causes destruction of the bond between steel and concrete thus
they have found FRP materials. In 1978 Germany researched experimentally using of FRP materials for reinforcing and
retrofitting of concrete structures. [[9], [11][12]]. In Switzerland research showed the first application of externally bond FRP
techniques to reinforced concrete bridge for flexural reinforcing. [[9][13]] In 1980s Japan firstly applied FRP techniques to
strengthen concrete columns for giving extra confinement [[9][14]]. After 1995 Hyogoken-Nanbu earthquake in Japan, there
was an abrupt growth in the usage of FRPs as strengthening technique. [[9], [15]]. In the United States researchers have had
a continues interest in reinforcement of concrete structures with fiber reinforcement polymer since 1930s. Improvement and
investigation in the installing of these materials as retrofitting medium for reinforcing of structures started in the 1980s
through the inventions of the Federal Highway Administration (FHWA) and the National Science Foundation (NSF). The
research activities directed to the establishment of many field projects that encompassed a wide diversity of environmental
conditions. [[9], [16] -[22]

United States, Canada and Europe are developing standards and codes for FRP techniques. For application of FRP materials
in concrete structures, the Railway Technical Research Institute (RTRI), the Japan Concrete Institute (JCI) and the Japan
Society of Civil Engineers (JSCE) researched and published different papers and documents. Task Group 9.3 of the
International Federation for Structural Concrete (FIB) in Europe issued a design guideline for externally bonded FRP
techniques for strengthened concrete structures.[23] The Canadian Standards Association (CSA) and ISIS also developed
guidelines of FRP techniques for reinforcing of structures. Canadian Highway Bridge Design code section 16, "Fiber
Reinforced Structures," was finalized in 2006 and was approved by (CAN/CSA-S6-06) and CSA.[24]

1. Research Findings

Strengthening is the process which increases the initial designed performance of the structures and add capacity to structural
member. When the loads on the structures increase, this process is needed. [25] In civil engineering, Fiber Reinforced
Polymers (FRPs) have been broadly applied for improving the capacity and to retrofit distressed structures. This technique
has been utilized to arch structures too. In unreinforced arches only strengthening continuously can avoid typical local failure
mechanisms. The most efficient possibility to improve capacity of arches is reinforcement at the intrados. High deformation
capability prior to failure achieves in reinforcing of extrados and endows arches with remarkable ductility behavior.[36] The
FRP strengthening methods can efficiently increase the load carrying capacity of reinforced concrete arches. Peak load of the
reinforced arches with FRP fails with an improvement of 21% and 40% and a remarkable improve of the deformability at
failure. The weakest section where has less or no bonded FRP strips is affected by critical cracks.[2] Blast reactions of CFRP
reinforced arches was discussed experimentally by Chen et al. and Xie et al. [26] At first, they strengthened the arch by
means of externally bonded CFRP sheet, but in dynamic de-bonding, the reinforcing influence was diminished. Afterward,
Chen et al, for restricting the dynamic de-bonding, used anchoring/bonding method. Nam et al. [30] studied numerically
reaction of concrete arches which are reinforced by FRP. A group of researchers from University of Chongging Jiaotong
[[28][29]] investigated efficiency of bridge arches reinforced via CFRPs and GFRPs and proposed 3 reinforcing schemes: (i)
O-Style; (ii) U-Style and (iii) I-Style.
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Fig. 1. Strengthening schemes: (A) Bonding method, consist of i) I-style bonding ii) intrados bonding (B)
Wrapping method, consist of iii) U-style bonding iv) O-style bonding and (C) v) anchoring or Intrados
bonding method. [8]

Impact of CFRPs for reinforcement of masonry arches was focused more by most researchers. [31] But Hamed et al. [2]
researched on strengthening of R.C. arches using CFRPs as externally bonded and he found the ultimate force of reinforced
arch with a peak improvement of 40%. Dagher et al.[27] suggested for bridges structures, concrete filled tubular FRP arches
which it makes a unique usage of CFRP for reinforcement of arch structures. For strengthening of concrete arches, 3
methods are used: (a) wrapping method; (b) bonding method; and (c) anchoring/bonding method, as demonstrated in Fig. 1.
For bonding method, the concrete arch is reinforced using CFRP strips on the inside and outside of the arch as I-style for
arch bridge structures. In bridge arches, for restricting de-bonding, the FRP strips can be wrapped around the cross section.
To improve the shear capacity and provide high de-bonding resistance, CFRP strips are employed on the web in inroads
CFRP reinforcing method. Using such schemes of reinforcement can substitute reinforced concrete member to concrete
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member since CFRP strips are used instead of steel re-bars. The wrapped concrete by means of CFRP strips behaves like 3-
dimentionally constrained and caused ductile. Underground arches cannot be wrapped as only one surface is accessible
therefore Intrados bonding and anchoring/bonding methods are applicable. FRP strips are used only on the interior surface
of the arch if it is buried underground. For intrados bonding method, the basic failure is de-bonding, particularly at the vault
and for resisting of the de-bonding, mechanical fasteners are used periodically distributed on the internal surface of the arch.
Effect of strengthening is related to strengthening schemes. As demonstrated in Table 1. O-style is the most effective
method which significantly reaches the ultimate peak load of reinforced concrete arch. In this research the span of arch 2.4
m, rise of arch as 0.6 m and 0.5 for its rise to span ration are considered, the width of arch is taken 0.15 m with thickness of
0.1 m as presented in Table 1. The steel reinforcement ratio for CR2, CR3 and CR4 arches is 0.337% and CFRP ratio is
0.167% of both extrados and intrados, respectively.[28][29][8] Before the failure of the material, CFRP de-bonding was not
considered. The increase was about 30.7%. But in U-style reinforcing scheme the development was 46.7%. While in I-style
reinforcing scheme, the development was only 7.8%. The impacts of reinforcing are considerable in concrete arches. In case
of concrete arches as demonstrated in Table 1. the arch C4 has a peak load of five-times higher than arch C1 and even
higher than RC arches if strengthened as O-style. The two other arches C2 and C3 are reinforced by other two schemes
which have 3 times higher peak loads. [29]

Hamed et al. also applied I-style strengthening in RC arches. The arch's rise is 0.6m, its span is 4.27m and the rise-to-
span ratio is considered 0.14. The thickness is considered as 0.08m and its width is 0.3m. 0.353% is the steel ratio and
0.35% is considered as CFRP strengthening ratio in both internal and external surfaces of the arch respectively. [2] For
preventing local shear failure, the loaded locations of the A3 arch was wrapped. There was a highest improvement of 38.9%
in ultimate load of A3 arch. The improvement is about 20.6% for arch A2 and the de-bonding was considered. With higher
CFRP reinforcement ratio and lesser rise-to-span ratio, the reinforcing effectiveness of I-style is improved from 7.8% to
20%.

Strengthening result of GFRP strengthened arches (G2, G3 and G4) are so smaller[8][35] as presented in Table 1.

Table 1
Characteristic of the strengthened arches [6-9].

Ultim
ﬁ;?,:: Geometry  Material Type of Ig:ltpi Sst$2r?n;re1eorri ate Increment References
of Arch of Arch FRP o ng Load (%)
9 (Kn)
CR1 Span:24 RC arch, Controllin - None 130.2 Wang [6]
m g arch
Rise: 0.6 m
CR2 CFRP, 0.167 |I-style 140.4 7.8
CR3 CFRP 0.167 U-style 191.0 46.7
CR4 CFRP 0.334 O-style 170.2 30.7
0/A
C1 Span: 2.4 Concrete  Controllin - None 32.8 - Sun [7]
m garch
Rise: 0.6 m
C2 CFRP 0.167 I-style 142.3 333.8
c3 CFRP 0.167 U-style 127.8  289.6
c4 CFRP 0.334 O-style 199.2 507.3
0/A
Gl Span: 24 Concrete  Controllin - None 35.0 - Tu [8]
m garch
Rise: 0.6 m
Gl GFRP, — - I-style 60.2 72
G3 GFRP, — - U-style 78.1 123.1
G4 GFRP, — - O-style 85.7 144.9
Al  Span: 4.27 RC arch, Controllin - None 30.6 - Hamed et al.
m g arch [9]
Rise: 0.6 m
A2 CFRP, 0.5% 0.5% Bonding 36.9 20.6
A3 CFRP, 0.5% 0.5% Bonding/wr 42.5 38.9

apping
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Xu Zhang [8] revealed the impact of rise-to-span ratio of semi-circular arches strengthened by CFRP. Totally 5 arches
were tested. One as controlling arch, 2 of them were reinforced with intrados bonding method and 2 with intrados/bonding
method as demonstrated in table 3. The load was applied on the controlling arch at the vault and initially cracks observed on
the internal surface at the vault. In arch R2 and R3 de-bonding was observed on the external surface at the vault when the
deflection was 2.4mm and 2.4mm respectively, as demonstrated in Table 3. De-bonding of the CFRP sheets were not
obtained at the vault due to wrapping and transferred to the internal surface of the arch between the wraps while the
deflection was 3.3mm and 2.8mm respectively.

Table 3

Specification of the strengthened arches by Xu Zhang [8]

Arc Strengthening CFRP style CFRP Ultimate Increase in Increase in stiffness
h method ratio load (kN) ultimate load (%)
(%)
R1 Control arch 106.1
0.11%
rp Intrados Sheet ° 103.4 2.54 76.1
bonding
(o)
Rz Intrados Strip 0.93% 106.3 0.19 72.7
bonding
Intrados 0.11%
R4 bonding/wrap Sheet 120.9 13.95 115.9
ping
Intrados 0.93%
R5 bonding/wrap Strip 114.4 7.82 118.2

ping

As demonstrated in Fig. 2, for rise-to-span ratio of 0.14 the increment in the capacity of the arch strengthened by wrapping
method is 0.398, for rise-to span of 0.25, the increment in the capacity is 0.307 and for the rise-to-span ratio of 0.5, the
increment was observed only 0.14. But in wrapped semi-circular arch, the ductility and stiffness are achieved. [8]
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FRP reinforcement techniques for concrete arches are effective to increase their strength especially CFRP. The ultimate load
of the reinforced arches according to experiments is four times more than the un-reinforced arch. The increment is
remarkable that the strengthened concrete arch even has as good strength as the reinforced RC arch.

[1].
[2].

[3].
[4].
[5].
[6].
[7].
8.

[9].

2. Conclusions

1. This research shows that advantage of FRP for improving load carrying capacity of arches depends on the material
of arch, the ratio of rise-to-span and the method of reinforcing.

2. The FRP strengthening methods can efficiently improve the load carrying capacity of reinforced concrete arches.

3. The position of the critical crack transfers to the locations where there is no or less bonded FRP strips.

4. Normal de-bonding happens if the tensile crack of concrete develops on the internal surface at the vault and de-
bonding can cause decrease in reinforcing effect.

5. Several design issues and material exist particularly to FRP which need modifications to the design codes.

6. The number of experimental studies or applications using FRP- composites for reinforcing of RC arches is less.

7. This research shows that some points need more illuminated. These comprise consideration of various imperfection
scenarios, the cracking effects and material nonlinearity, and the features that govern the stable de-bonding.

8. In the future one of the key areas in development of bridge will be the rehabilitation, strengthening and retrofitting
of deteriorated and distressed bridges.
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