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Axial Capacity of Concrete Filled GFRP
Tubes with Simulated Tube Damage

Osvaldo Taveras, Abdeldayem Hadhood, Amir Fam, and Bhum Keun Song

1 Introduction

Concrete-filled fiber-reinforced polymer (FRP) tubes (CFFTs) offer a number of
advantages as an alternative to conventional reinforced concrete (RC) members
and concrete-filled steel tubes due to their excellent corrosion resistance and the
simplified and accelerated construction where the tube is also the formwork. CFFTs
have been studied, and in several cases used, as poles, piles, overhead sign struc-
tures, girders, columns, and piers (Fam et al. 2003a, b). Many studies addressed
the structural behavior of CFFTs in terms of strength and durability (Mirmiran and
Shahawy 1997; Fam and Rizkalla 2001, 2002; Robert and Fam 2012), including
CFFTs exposed to salty environment (Robert and Fam 2012), the residual strength
of CFFTs after fire exposure (Echevarria et al. 2015) and the effect of blast and
impact loading on CFFTs (Qasrawi et al. 2014).

Given that the FRP tube is exposed, itmay be vulnerable to accidental or deliberate
damage and vandalism. Accidental damage may be caused by sharp blades of snow
plowers tractors, vehicle collisions, or ship impact in marine applications, while
vandalismmay be caused by sharp tools such as axes, saws, or knives. Lu et al. (2019)
addressed this problem for CFFTs subjected to flexural loads. Various configurations

O. Taveras · A. Hadhood · A. Fam (B)
Department of Civil Engineering, Queen’s University, 58 University Ave, Kingston, ON, Canada
e-mail: Amir.Fam@queensu.ca

O. Taveras
e-mail: 18odt@queensu.ca

A. Hadhood
e-mail: Ahmed.Abdeldayem@queensu.ca

B. K. Song
Korea Institute of Carbon Convergence Technology (KCTECH), Jeonju 54853, Korea
e-mail: bksong@kctech.re.kr

© Canadian Society for Civil Engineering 2023
B. Benmokrane et al. (eds.), 8th International Conference on Advanced Composite
Materials in Bridges and Structures, Lecture Notes in Civil Engineering 267,
https://doi.org/10.1007/978-3-031-09409-5_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-09409-5_1&domain=pdf
mailto:Amir.Fam@queensu.ca
mailto:18odt@queensu.ca
mailto:Ahmed.Abdeldayem@queensu.ca
mailto:bksong@kctech.re.kr
https://doi.org/10.1007/978-3-031-09409-5_1


2 O. Taveras et al.

of cuts were induced in the GFRP tube, including cuts in the circumferential and
longitudinal directions and cuts on the tension and compression sides, separately.
The circumferential cut at the extreme tension side was the most critical type of
damage in flexure. The CFFT lost up to 75% of its original moment capacity at a cut
equal to 20% of the perimeter. Flexural tension failure governed the failure of most
specimens of different types of cuts.

CFFT axial compression members take more advantage of the GFRP tube than
flexural members in terms of concrete confinement. The confinement increases both
the axial strength and ductility of concrete significantly. This increase is function of
tube thickness, tube laminate structure, and the angle of fibers, among other param-
eters. This study is the first to address the effect of damage of the GFRP tubes on the
axial strength of CFFTs.

2 Experimental Program

2.1 Materials: FRP Tubes and Concrete

Two different types of FRP tubes, designated as G1 and G2, were used in this study.
Bothweremade of E-glass fibers andEpoxy resin using the filamentwindingmethod.
TheG1 andG2 tubes had an outer diameter of 144mmand 168mm, respectively, and
total wall thickness of 5.5 mm and 4.3 mm, respectively, as shown in Table 1. A burn-
off test was used to determine the laminate structure of G1. This involved burning off
the epoxy resin from the FRP tube samples in amuffle furnace at 600 °C and exposing
the fiber structure. The layers of the FRP were not perfectly uniform along the tube,
and the average angles relative to the longitudinal axis were [+61°/−62°]. Tension
and compression coupon tests were carried out on G1 tube following a modified
version of ASTM D3039 (ASTM 2017) and ASTM D3410 (ASTM 2016). The
ultimate longitudinal tensile strength of G1 were 54 MPa and 6.9 GPa, respectively,
whereas the ultimate longitudinal compressive strength and Young’s modulus of
G1 were 122 MPa and 6.4 GPa, respectively. The laminate structure and mechanical
properties of G2were provided by themanufacturer. The average fiber angles relative
to longitudinal axis were [+85°/−6°] and the ultimate longitudinal tensile strength
and Young’s modulus were 110 MPa and 20.7 GPa, respectively.

All CFFT specimens using G1 and G2 tubes were cast on the same day with
normal-weight, ready-mixed concrete with 9 mm maximum aggregate size and
120 mm slump. The unconfined compressive strength of concrete was determined
by testing plain concrete specimens as reported in Table 1 and was 51.9 MPa and
49.1 GPa for G1 and G2 specimens, respectively.
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2.2 Test Specimens

A total of eight specimens were fabricated and tested in axial compression, in
two groups, G1 and G2. Each group includes four specimens. The target nominal
height-to-diameter ratio was 3, which was achieved for group G2 but because of the
maximum clearance within the testing machine, a nominal ratio of 2.7 was used for
group G1. The small differences in heights among specimens resulted from grinding
the ends to achieve smooth and flat surfaces. The contribution of unconfined concrete
was examined by specimens G1-P and G2-P as plain concrete specimens with the
same diameter and height as the core of the CFFTs. The axial capacity and behavior
of control CFFT specimens without damage were examined by G1-C and G2-C. The
damage effect was simulated by inducing a longitudinal cut throughout the full tube
thickness at mid-height, with two different lengths-to-height (x/H) ratios of 11% and
29% in the two remaining specimens of each group, as shown in Table 1. These cuts
also represent 10% and 27% of the perimeter (πD) of G1 and 9.5% and 19% for G2
perimeter.

2.3 Simulated Damage, Instrumentations, and Testing
Procedure

Aconcrete grinderwas used to prepare the ends of theCFFTs to ensure flat and square
ends. The damage was then simulated by cutting a longitudinal slit in the GFRP tube
using a hand-held rotary tool with a diamond burr nail bit of 1.1 mm diameter. All
cuts were made within the middle third of the height of specimens. The specimens
were instrumented by electric resistance biaxial strain gauges that were installed in
the vicinity of the induced cuts to capture strains in these regions. Other gauges were
also mounted around the perimeter to capture the axial and circumferential strains
of the undamaged parts. All CFFTs were tested under concentric axial compression
using a 2000 kN Forney machine, as shown in Fig. 1, at a rate of 0.25 MPa/s. Load
was applied on the full surface of either end including both the concrete and tube.

3 Experimental Results

3.1 General Behavior

The behavior of CFFTs under consideration is discussed in terms of the load-axial
strainprofiles.Bilinear responseswereobserved for theCFFTsas shown inFigs. 2 and
3wheredifferentpeak loadswereattained.The testedCFFTsexhibited thesame initial
stiffness until an axial strain level of approximately−0.0008 for G1 and−0.0004 for
G2, after which the slope of the curve is reduced to a strain hardening response, with
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Fig. 1 Testing of CFFTs under compression loading

Fig. 2 Load–axial strain relationship for G1
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Fig. 3 Load–axial strain relationship for G2

a nonlinear transition zone. The strain gauges malfunctioned at strain levels ranging
between−0.0045 and−0.01.

The strain profile on the circumferential revealed that the induced cut under-
mined the confinement provided by the tubes on both groups. The control specimens
developed the highest level of confinement and achieved the largest peak loads.
The tested CFFTs G1-C and G2-C achieved 95% and 99% higher load over plain
concrete G1-P and G2-P, respectively, showing the effect of the intact confinement.
Cut lengths-to-height of 11% reduced the gain of strength resulting from the tube to
48% and 46% for G1-D1 and G2-D1, compared to G1-P and G2-P, respectively. The
induced cut caused discontinuity in the fibers and weakened the confinement effect
at mid-height. Increasing the cut length-to-height to 29% and 22% for the G1-D2
and G2-D2, respectively, severely influenced the effectiveness of confinement. Only
10% and 19% gain in strength were achieved for these specimens over G1-P and
G2-P, respectively. A comparison of the maximum loads attained by all specimens
above the unconfined load is presented in Fig. 4. Figure 5 shows the axial strength
retention as function of cut length (as percentage of perimeter).

3.2 Failure Mode

The CFFTs generally failed in tension due to the rupture of the tube fibers. The
induced cuts accelerated the failure of the damaged CFFTs in this study. The tube
fracture initiated at the ends of the longitudinal cuts. Figure 6 shows a sample of a
failed specimen from group G1.
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Fig. 4 Effect of damaged tubes on the axial capacity of G1 (left) and G2 (right)

Fig. 5 Effect of cut length on axial strength retention

4 Conclusions

This study is the first to investigate the effect of tube damage on the axial capacity of
concrete-filled FRP tubes. The investigation considered two types of tubes including
group G1, with angle-ply laminates, and group G2 with near-cross-ply laminate with
fibers oriented close to the longitudinal and circumferential directions. The cuts were
induced vertically atmid-heightwith two cut length-to-height ratios of 11%and 27%,
which are equivalent to 9.5–10.2% and 19–27.4% of the perimeter. The following
conclusions are drawn:

• The confinement provided by the FRP tubes increased the ultimate capacity of the
plain concrete specimens by 95% and 99% for the angle-ply and near-cross-ply
control CFFTs without cuts, respectively.

• The induced vertical cuts reduced the axial strength of CFFTs. The tube’s contri-
bution to the increased axial strength of CFFT reduced from 95 to 48% for
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Fig. 6 Sample of failure of G1

angle-ply CFFT and from 99 to 46% for near-cross-ply CFFT, respectively, at
cut length-to-height ratio of 11%

• At cut length-to-height ratios of 29% (in angle-ply) and 22% (in near cross-ply);
tubes contribution to axial strength reduced further to 10% and 19%, respectively.

• All CFFTs failed by fracture of the tube in tension. Fracture initiated at the two
ends of the longitudinal cuts.
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Durability Performance of Various
Corrosion Resistant Reinforcing
Materials Under Severe Environmental
Exposure

Raafat El-Hacha, Mouhammad Amiri, Martin Hudecek, and Kip Skabar

1 Introduction

Durability of reinforced concrete structures affects mainly the long-term perfor-
mance and overall life span of a structure, and as such, it significantly influences
maintenance and retrofit-related costs. Bridges, parking garages, and port andmarine
facilities are great representatives of structures that require the application of durable
materials the most. These structures face harsh weather conditions, which are often-
times intensified by chloride-rich solutions resulting from de-icing salts and or the
presence of seawater. In response to a need for corrosion-resistant reinforcement
replacing conventional corrosion-prone uncoated steel, aka black steel, several types
of advanced materials have been developed and used in several industrial appli-
cations. Specific materials have been studied and tested independently or in small
groups. However, broader comparisons are rare. Therefore, this research focused on
durability testing of concrete beams reinforced with various bars exposed to iden-
tical conditions simultaneously and tested in the same environment. In this assign-
ment, Stantec Consulting Ltd. (Stantec) initiated the research idea and engaged the
University of Calgary (University) to collaborate on the testing that utilized the
state-of-the-art climate chamber at the facility of the University.
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2 Research Goal

Thegoal of the researchwas to evaluate the performanceof concrete beams reinforced
with various types of durable corrosion-resistant bars exposed to a harsh environment
accelerated in a climate chamber. The novel approach of this research is to capture
and comparewith others the behaviour of beams reinforcedwith newly emerging bars
with basalt fibres. The objectives of the research were to evaluate the performance
of the beams in the following categories: (1) cracking behaviour at service and
ultimate loads, (2) Flexural capacity at ultimate, (3) load–deflection behaviour and (4)
ductility. It should be noted that while the aim was to encounter as many parameters
as possible, the focus of the experiment was to test beams designed to achieve solely
similar ultimate bending resistance. The other parameters mainly required to satisfy
serviceability requirements—such as crack width and/or deflection—were not set to
govern the design of the beams.

3 Background

The durability performance of reinforced concrete members resulting from the
application of advanced corrosion-resistant materials has been studied by many
researchers. At a general level in the industry, there are two groups of thesematerials:
metal-based and non-metal-based bars. Fibre Reinforced Polymers (FRP) represent
the non-metal-based rebars. The loss of bond strength between the FRP rebar and
concrete, when exposed to severe environmental conditions, was studied by Chen
(2007). Micelli (2004) investigated the effect of severe environmental conditions
at an accelerated rate, including cycles of freezing and thawing, exposure to high
humidity and temperature, and exposure to ultraviolet (UV) rays, long-term dura-
bility of Glass FRP and Carbon FRP bars. The durability of GFRP rebar embedded
in the concrete was studied by Chen (2007). Bond strength of GFRP and CFRP rebar,
influenced by exposure to water and elevated temperatures, was tested by Dalavos
and Chen (2008). The durability of the newly emerging Basalt FRP was investigated
by Quagliarini (2016) and Lu (2015). While several research initiatives focusing
on specific materials have been carried out, performance comparisons of a broader
group of materials are rare.

4 Experimental Program

4.1 Methodology

The durability investigation, including preparation of the specimens, accelerated
exposure, flexural testing and results extraction, was carried out at the facility of
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Fig. 1 Arrangement of the testing apparatus and climate chamber

the University. The beams were designed in accordance with CAN/CSA-S6-14 to
have similar flexural capacity at ultimate. The reinforcement ratio was selected to
assure flexural failure; the beams were “under-reinforced”. Prior placement in the
climate chamber imposing simulated harsh environmental conditions, all beamswere
pre-cracked by load reaching 40% of beams’ ultimate capacity to generate service
life-like cracks allowing chloride-rich solution access to the bars. A set up of the
four-point testing apparatus used for pre-cracking and ultimate capacity testing and
beams loaded in the climate chamber is shown in Fig. 1.

To accommodate the types four of rebar, sixteen beams (W-150 mm×H-300 mm
× L-2,000 mm, supports spaced 1,800 mm apart) were cast. Three beams of each
kind were placed into the climate chamber, and one was kept outside as a control
beam. Each beam contained four bars placed in two layers. All bars in one beam
were of the same diameter.

4.2 Materials

The four types of internal reinforcing bars were (1) basalt-fibre-reinforced polymers
byShanghaiShenXiangCO,Ltd. (BF), (2)glass-fibre-reinforcedpolymersbyOwens
Corning (formerly Hughes Brothers Inc.) (GF-H), (3) glass-fibre-reinforced poly-
mers by Pultral (GF-P) and (4) carbon-fibre-reinforced polymers by Pultral (CF-P).
Properties and total area of the bars in one beam, Ab(TOT), are summarized in Table 1.

Table 1 Properties of the reinforcing bars

Rebar Grade E [GPa] Diam. [mm] Ab(TOT) [mm2] f u [MPa] Strain (%)

BF Grade 52 52 19.0 1136 1050 2.0

GF-H Aslan 100 46 22.0 1548 655 1.4

GF-P V-Rod Grade 60 60 19.1 1136 1100 2.1

CF-P V-Rod Carbon 144 13.0 507 1765 1.3
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The concrete mix was designed and prepared at the University to meet minimum
requirements for Precast reinforced concrete barriers as per section 941.02 of
the Standard Specifications for Highway Construction in British Columbia. The
minimum requirements were compressive strength 30 MPa, minimum cement
content 320 kg/m3, maximum water/cement ratio 0.45, coarse aggregate maximum
size 28 mm, slump 50 mm ± 20 mm and entrained air 5–8%. It should be noted
that while the minimum requirements were met, the variability in specific concrete
strength, f c’, was greater than expected since the concrete batches were prepared in
small volumes individually reflecting the size limitation of the laboratory. Variation
of the f c’ was also affected by the exposure regimes. Due to the high temperatures of
the thawing cycle, f c’ of the exposed beamswas greater than f c’ of the control beams;
the difference in f c’ ranged between 2 and 14 MPa. Such variation was considered,
and collected results were normalized to allow accurate evaluation.

4.3 Exposure Regimes

A schematic representation of one cycle of the exposure regime is shown in Fig. 2.
The environmental exposure was simulated in a climate chamber allowing for cycles
of freezing and thawing in a temperature range between −34 °C and +34 °C,
combinedwith spraying saltwater with 3.5%NaCl concentration.With the frequency
of 3 freeze/thaw cycles per day, 195 cycles were completed in 65 days (9.3 weeks
~ 2.3 months). Such accelerated exposure represented an equivalent of 5 years in real
conditions. The regimeswere selected based onCAN/CSA-S6-14FiguresA3.1.1 and
A3.1.2 and the work of Omran and El-Hacha (2014) and Rojob and El-Hacha (2017).

Fig. 2 Freeze/thaw cycle of the exposure regime in the climate chamber
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5 Results

5.1 Cracking Behaviour at Service and Ultimate Loads

A comparison of the number of cracks and crack width is shown in Fig. 3. Figure 3a
indicates that the average number of cracks at the pre-cracking stage (40% of flex-
ural capacity) in the beams with conventional FRPs, i.e. GF-H, GF-P and CF-P is
smaller than in beams with novel BF. As expected, the modulus of elasticity of the
reinforcement (Efrp) plays a significant role, the beams with CF-P (Efrp = 144 GPa)
experience 30% less cracks than beams with BF. However, the comparison shows
that it is not only Efrp but the strain at ultimate that governs the number of cracks.
Beams with GF-H of lowest Efrp (46 GPa) had smaller strain than BF bars (1.4% vs
2.0%, respectively), and therefore, 16% fewer cracks than beams with BF of higher
Efrp (52 GPa). At ultimate loads (100% of flexural capacity) after the exposure to
severe environmental conditions, the trend is similar as shown in Fig. 3b. Crackwidth
measured at midspan is the largest and smallest in beams with BF (large strain) and
CF-P (highest Efrp), respectively. Crack width in both types of conventional GF-H
and GF-P is 26% and 49% smaller, respectively, than in beams with BF.

5.2 Flexural Capacity at Ultimate

The effect of exposure on flexural capacity, interpreted via flexural stiffness of the
beams at ultimate, is shown in Fig. 4. From the figure is apparent that difference is the
smallest in beams with BF (3%) and greatest in beams with GH-P (23%). Response
of the beams to the exposure is function of several parameters, such as properties of
the concrete, number and size of cracks and properties of the bars. Analysis and data
postprocessing confirmed that compressive strength of the concrete of the exposed

Fig. 3 a Number of cracks in pre-loaded beams (40% capacity), b Crack width in the exposed
beams at ultimate load (100% capacity)
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Fig. 4 Flexural stiffness of the control and exposed beams

beams was enhanced due to elevated temperature of the thawing cycle. As expected,
properties of the bars played a significant role. Bars with low E or large strain at
ultimate developed frequent and deep cracks, and therefore, despite the concrete
properties were enhanced due to the exposure, the concrete deteriorated at greater
level and resulted in smaller increase in flexural stiffness. Therefore, when evaluating
data shown in Fig. 4, one can conclude that the greater the difference between control
and exposed beams is, the smaller impact the environmental exposure has on the
beam’s response. In other words, the beamswith overall low durability (experiencing
a lot of concrete spalling, cracks, etc.) will result in low improvement of flexural
stiffness. These observations indicate that, when considering solely ultimate flexural
capacity, the beams with GF-H and GF-P experience the smallest impact of the
exposure, and therefore, have the greatest durability from the considered materials.

5.3 Load–Deflection Behaviour

The load–deflection curves of the control and exposed beams with the emerging
BF bars and convectional FRP bars showing high performance, i.e. the GF-P, are
depicted in Fig. 5. It should be noted that the main intention was to compare the
trends in load–deflection response affected by the exposure and not the maxima of
deflections, as those were influenced by enhanced f c’. From the figure is apparent
that all test specimens acted similarly at the portion of initial stiffness. However, the
load–deflection distribution changes at the onset of crack formation, after which it
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a) b)

CONTROL 
BEAM

CONTROL 
BEAM

Fig. 5 Load deflection curves of control and exposed beams with a BF bars, b GF-P bars

Table 2 Deformability index of beams reinforced with corrosion-resistant bars

BF GF-H GF-P CF-P

17.2 18.5 19.8 18.4

is the modulus of elasticity that controls the magnitude of displacement. Overall,
the effect of exposure on load–deflection distribution is minimal up to the maximum
load.

5.4 Ductility

The ductility was evaluated via deformability index, which was calculated as a ratio
of energy dissipated at ultimate loads over energy dissipated at service. The dissipated
energy was calculated as the area under the load–deflection curve. The outcomes of
the analysis are summarized in Table 2.

From the table is apparent that beams reinforcedwithGF-P experience the greatest
ductility (19.8) as expected due to its high Efrp (60 GPa). The effect of strain at
ultimate and low Efrp was confirmed in beams with BF bars. The ductility is 13%
smaller in beams with BF than in beams with GF-P. Nevertheless, similarly to the
effect of exposure on flexural stiffness, the level of concrete deterioration played a
significant role. Beams with CF-P experienced ductility only 7% greater than beams
with BF. Therefore, properties and composition of concrete mix need to be selected
in accordance with properties of the bars.
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Table 3 Comparison of improved level of durability in beams reinforced with conventional FRP
bars

Objective 
(Parameter considered) 

Material 
GF-H GF-P CF-P 

Cracking up to 40% 
Cracking up to 100% 

Flexural capacity (exposed) 
Load-deflection response 

Ductility 
Improvement: High:   Medium-High:     Medium      Low-Medium:      Low:  

6 Conclusions

The research examined the durability of four types of bars internally reinforcing
concrete beams representing a bridge parapet located in a splash zone. Considering
the main objective was to have all the beams with similar flexural capacity, it can be
concluded that the effect of harsh environmental exposure simulated in accelerated
conditions of the climate chamber was influenced by the modulus of elasticity of the
bars and quality of concrete. The overall performance of beams correlated with the
formation of cracks at service and ultimate loads, affecting not only load-defection
distribution but also deterioration of the concrete. The level of improved durability
while using conventional FRP bars over novel bars with basalt fibres, summarizing
the research outcomes, is compared in Table 3. This table can serve as a guideline
in applications where flexural capacity at ultimate of the members exposed to harsh
environment plays a key role.
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Dynamic Response Calibration of Hybrid
Floating Bridge System Using Rayleigh
Damping

Ahmed S. Elareshy, M. M. Abdel Wahab, Sherif A. Mazek,
and Ashraf Osman

1 Introduction

The floating bridges provide an economic and efficient solution for crossing water
obstacles where the situation is unstable for traditional bridges (Viecili et al. 2014).
Recently, the use of floating bridges has gained more attention due to the fact of
conventional bridges are about four times costlier than floating bridges (Watanabe
et al. 2004). However, different structural systems of floating bridges can be used
based on the site condition (i.e., separated or continuous, moored or cable anchored,
etc.). There are no defined rules to analyze and design floating bridges. There is no
code to find out the dynamic behavior due to the large variation in many factors such
as water current, wave forces, depth of water, and the width of the water channel
(El-Desouky 2011). Every floating bridge response has to be designed and studied
case by case. Therefore, the aim of this study is to investigate the dynamic response
of three different connected ribbon floating bridge units, seekingmore rapid mobility
andmaneuverability. Due to the structural system variance inmasses, stiffnesses, and
damping behavior, an effort in the current study is exerted to calibrate the dynamic
response using Rayleigh proportional damping.

2 Floating Bridge Description

The full floating bridge system is an integration between the Heavy Communication
Bridge (HCB) and the assault bridge PMM71 by using the interconnecting pontoon
(NCP). The HCB and the PMM71 depths are 1.5 m (4.92 ft) and 0.75 m (2.46 ft),
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Fig. 1 An illustration of floating bridge system

respectively, with a double difference in height. Therefore, the genuine steel NCP,
hence the HNCP has a trapezoidal shape in the longitudinal traffic direction in order
to connect the traffic line and provides a suitable transition slope through its length for
the passing vehicles. The buoyancy stability of the individual floating steel NCP was
studied by Elareshy et al. (2020), such that a single NCP unit can be easily connected
to both HCB and PMM71 systems with a slight difference in connection height. The
floating bridge system clear span is 53.85 m (176.67 ft) without the shoring ramp
units divided as follows: the assault floating units PMM71 has a 27.2m span, a length
of 21.4 m (70.21 ft) is covered by the HCB, and the interconnecting NCP is of 5.25 m
(17.22 ft) length. The assembled full floating bridge module is of 9.55 m (31.33 ft)
average width that provides one traffic lane. The HCB, NCP width is 9.9 m (32.48 ft)
and the assault PMM71 is 9.2 m (30.18 ft). The HCB traffic width is assembled using
four separate pontoon units by connecting them together laterally in the transverse
direction of traffic, similarly, the steel and HNCP are placed, whereas the assault
PMM71 system is launched in the water from the carrying trucks already assembled
of four pontoons in a W shape. Four assault floating PMM71 units of length 6.7 m
(21.98 ft) each including four spaces of 0.1 m (0.33 ft) in between form the 27.2 m
(89.24 ft) covered by this system. A schematic drawing of the whole floating bridge
assembly is presented in Fig. 1.

3 Numerical Modeling

3.1 Geometry Description

A 3D finite element model of the whole floating bridge system is built using the
ANSYS workbench. The floating bridge model of the HCB, the PMM71, and the
steel NCP presented and validated with the experimental results by Elareshy et al.
(2020) is used in the current study to calibrate the dynamic response of the bridge
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system, such that, the same material property, connection types and element types
used for metallic steel sheets and sections are kept the same in the current model,
whereas the HNCP is redesigned and modeled to replace the genuine steel NCP. The
prediction of the dynamic response for this model is amore complexmodel due to the
different connection types used to integrate the system, such that, three connection
types are used in assembling the bridge floating system: rigid connections, hinged
connections along with steel wire connections. All HCB pontoons are connected
using rigid connections in which structural moments are transferred between the
units, such that deflections and vibrations are minimized, whereas the PMM71 are
assembled using hinged and steel wire connections that lead to higher deflections
and vibrations. As a result, the NCP has the three types of connections to be equipped
with the ability to connect both floating bridge systems (i.e., HCB, and PMM71). The
wire connections are modeled as nonlinear connections where a nonlinear behavior
in the internal force–displacement relationship is provided. Steel type (St.44) is used
in manufacturing the different steel floating pontoons. According to ECP 205/2012,
St.44 has a nominal yield strength of 2.8 t/cm2 (39.83 kips) and ultimate strength of
4.4 t/cm2 (62.6 kips). The element type used to simulate the steel internal structure
and diaphragms of pontoons is the 3D beam element (beam188), the steel and CFRP
laminated sheets are modeled using the 3D element (shell181) which has an isotropic
and orthotropic layered material model capability, the nonlinear connections are
modeled using the link element type (link180), such that tension only for wire cables
and compression only for contact of steel pads between pontoons can be precisely
simulated. Figure 2 shows the three different types of connections in NCP pontoons.

Hinged 
connection

Nonlinear 
connection 

(tension only)

Nonlinear 
connection 

(compression only)

Rigid connection

Fig. 2 A photo represents the three connection types used for the integration of floating bridge
system Elareshy (2020)
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3.2 Hybrid NCP

The steel NCP is designed of sheet plates of 4 mm thickness for side skins and
6 mm thickness for upper and lower skins, as well as different steel IPE, UPN, and
equal angle sections for the internal structure, given this, a weight of 16.8 tons is
obtained for four NCP units to assemble the traffic line. Figure 3a, b show the steel
NCP internal structure skeleton and used sections; and the geometry dimensions,
respectively. Seekingmore improvement in rapidmobility, theNCP is redesigned as a
hybrid combination between CFRP laminated sheets and internal steel skeleton, such
that CFRP composite laminated sheets are used for sides and lower skin cladding
and sandwich composite laminated structure is applied for decking the surface of
transverse vehicles, the deck is supported by internal transverse CFRP diaphragms
and bulkheads, whereas the internal steel sections are forming a marginal skeleton
to enable the welding of connection joints. Figure 4a. illustrates the HNCP steel
internal structure, and Fig. 4b. shows the sandwich composite deck and laminated
sheet surfaces. All composite CFRP sheets for the HNCP hull, internal longitudinal
and transverse diaphragms, and bulkheads aremodeled of 14 carbon/epoxyUD layers
of [0,± 45, 90,± 45, 0]s fiber architect. The resulting total composite sheet thickness
is 10.5 mm (0.41 in), considering a VARTM technique is used to manufacture the
composite sheets that would result in an average thickness of 0.75 mm (0.03 in)
mm/layer. The composite CFRP sandwich structure for the deck is composed of an
aluminum alloy honeycomb core of depth 60 mm (2.36 in), and of 23.76 kg/m2 (4.87
psf) areal weight, as well as upper and lower skins of 11 carbon/epoxy UD layers of

Fig. 3 a Steel NCP internal structure, b NCP geometric dimensions

Fig. 4 a HNCP internal steel structure, b HNCP deck and CFRP sheets
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[03,± 45, 90,± 45, 03] fiber arrangement. The carbon martial and resin formulation
used are the same applied for the Composite Assault Bridge (CAB) system. This
carbon/epoxy material is characterized by an excellent performance in the wet/hot
conditions based on Kosmatka et al. (2000) experimental testing.

3.3 Boundary Conditions and Failure Criteria

The applied load is a hypothetical vehicle tank load of Military Loading Class 70
tons (MLC70) as per stated in the Trilateral Design and Testing Code of Military
Bridging and Gap Crossing Operations (TDTC 2005). TDTC is a code that states
provisions for the analysis and design of composite, metallic, deployable, or floating
bridges to be internationally accepted for service under extreme conditions. The tank
footprint ofMLC70 vehicle is 4.57m (14.99 ft) in length and 0.6 m (1.97 ft) in width.
A transient dynamic analysis is performed using the applied load and considering
a geometrical nonlinearity. The load is applied as a centric load traveling over the
whole bridge span. In the current bridge case study, the wind loads are negligible
due to the low profile of the whole bridge system. On the other hand, despite the
great effect of water current forces affecting the flooded part of this type of ribbon
bridge, the lateral supports performed by using small boats along the bridge span
are balancing the water current actions. Due to the relatively medium span of the
studied bridge, wave tidal loads are not considered in the current study. In general,
the floating bridge is modeled as a simply supported beam rested on elastic supports,
the elastic support stiffness is equivalent to the buoyancy stiffness.

In the present case study, analysis of load combinations on a single composite
laminated sheet may be difficult to predict, therefore, the Tsai-Wu failure criterion
as well as the maximum strain and maximum stress are considered as the design
failure criteria. The minimum factor of safety of the three-failure criterion analysis
output is the one considered. On the other hand, the face sheet failure criterion, core
failure criterion, and shear crimping criterion are considered for the CFRP sandwich
composite design and analysis.

4 Equation of Motion and Rayleigh Damping

The ribbon floating bridge system can be considered as a multi-degree of freedom
system under externally applied time-dependent load, Fig. 5 shows a representation
of the floating bridge system free body diagram subjected to a traveling vehicle load,
and can be expressed as

m · χ̈ + c · χ̇ + κ · χ = P(t) (1)
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Fig. 5 Multi-degree of freedom representation of the ribbon floating bridge system

where m is the structural mass and added mass (i.e., the hydrodynamic forces and
moments caused by the displaced surrounding fluid), c is the damping factor, κ is
the pontoon stiffness, and the stiffness of the underlying water simulated as elastic
springs, considering a six degree of freedom at each node, the system is represented
in the matrix formulation as

6∑

k=1

[
MG

jk · χ̈k + CG
jk · ˙̇χ k + KG

jk · χk
] = Pj · e−iωet , j = 1, 2, 3, . . . , 6 (2)

where MG , CG , and KG are 6 × 6 global matrix of mass and added mass matrix,
global dampingmatrix, and global stiffnessmatrix of the floating bridge, respectively.
χ̈k , ˙̇χ k , and χk are 6 × 1 vectors of acceleration, velocity, and displacements of the
floating bridge in three translations and three rotations, respectively, and Pj is 6 ×
1 global load vector acting of the bridge (Faltinsen 1993), the above equation in
matrix form can be solved by integration in the time domain if all the coefficients are
constants. For the numerical analysis in this study, the global mass MG and global
stiffness KG matrices are found by the FE calculations, whereas the global damping
matrix CG has to be input by the engineer.

The damping of the floating bridge system is playing an instrumental role in
predicting a precise dynamic response of bridge structure. In the current study, system
damping is occurred by the bridge structure itself as well as the water structure
interaction, in other words, the floating structure damping is caused by the pontoons
material (i.e., hysteretic damping), the friction between the pontoon connections
(i.e., frictional damping), in addition to a larger effect by the water damping (i.e.,
hydrodynamic damping), thus the physical engineering problem can be considered
highly nonlinear. In the present case, different damping values have to be assigned
for the three connection types used in assembling the floating pontoons. Material
and water damping also have to be quantified, all these values must be obtained from
the extensive experimental evaluation. Another way to predict the global floating
bridge damping response is to derive the damping matrix CG from proportional or
Rayleigh damping. The Rayleigh method in the matrix form can be expressed as
follows (Chobra 1995):

CG
jk = α · MG

jk + β · KG
jk (3)
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where α and β are the mass and stiffness Rayleigh constants, respectively, such that,
by knowing the damping ratios ζi and ζ j of the i th and the j th modes by using Eq. (4),
α and β can be calculated from Eq. (5)

ζi = c

ccr
= c

2mωi
(4)

{
ζi

ζ j

}
=

{
α

β

}
· 1
2

[
1/ωi ωi

1/ω j ω j

]

and

α = ζi · 2ωi · ω j

ωi + ω j
, β = ζ j · 2

ωi + ω j
(5)

5 Damping Calibration of NCP and HNCP

A transit dynamic analysis is performed on the steel NCP without taking the global
damping of the ribbon floating bridge into consideration, the preliminary results
showed a significant oscillation in displacement time history response. Therefore,
the proportional Rayleigh damping is used to calibrate the dynamic response of the
bridge. Firstly, modal analysis is carried out to quantify natural frequency, natural
period, and cumulative mass participation in all transitional degrees of freedom,
with a remarkable consideration for the cumulative mass in the heaving, uncoupled
direction of bridge motion as well as the direction of torsional stiffness of the bridge.
It is reasonably noted that more than 75% of the cumulative mass has participated in
the first mode shape in the upward-downward direction of motion. Due to the large
number of model degrees of freedom, the modal analysis is performed up to reaching
90% of cumulativemass participation in the uncoupled direction of the bridge, which
resulted in the 16th modal shape. It is concluded that the first 16 modal shapes are the
governing modes of the floating bridge because 90% cumulative mass is reached in
both heave and water current directions, as well as 75% in the longitudinal direction
of motion. Table 1 illustrates the natural frequency values and the mass participation
percent in the first and the sixteenth modal shapes. Secondly, the natural frequencies
of the first and the sixteenth modal shapes are applied to compute the Rayleigh
constants α and β in Eq. (5) while assuming both modes having the same damping
ratio ζ of 0.2. As a result, α and β values are found to be 0.89878 and 0.00254,
respectively. Similarly, α and β factors are obtained to calibrate the bridge dynamic
response while using the HNCP instead of NCP for assembling the bridge. α and β

are computed as 0.78274 and 0.0034, respectively.
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Figure 6 shows the maximum draft time history response due to the oscillated and
calibrated heaving motion using Rayleigh damping of the floating bridge integrated
using the NCP.

Figure 7 the first and sixteenth modal shapes of the full floating bridge system of
the HNCP. Figure 8 shows the maximum calibrated draft time history response of
the floating bridge at the two tank vehicle speeds of 8 km/h and 16 km/h assembled
once using NCP and another using HNCP. The results showed an improvement of
the draft values by a difference of 3.8% and 3.69% for the 8 km/h and 16 km/h

Fig. 6 Maximum draft time history response of bridge oscillated and calibrated heaving motion

Fig. 7 Representation of the 1st and 16th modal shapes of the ribbon floating bridge system

Fig. 8 Comparison between maximum draft time history response of bridge calibrated heaving
motion
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vehicle speeds, respectively. Considering the small mass of HNCP compared to the
full metallic floating system, the floating bridge draft values are expected to enhance
to a considerable limit when manufacturing pontoons using FRP composite sheets.

Table 2 illustrates the obtained maximum equivalent steel stress values in the
ribbon floating bridge during a vehicular load motion at the two speeds of 8 and
16 km/h, in addition to the minimum safety factors obtained from all failure criteria
of CFRP composite sheets and CFRP sandwich deck.

6 Conclusions

This study aims to investigate the dynamic response of hybrid structure of ribbon
floating bridge using the proportional damping of the Rayleigh method. The study
was based on a validated numerical FE model with experimental results for a
maximum draft of a ribbon floating steel bridge. The dynamic response of the vali-
dated model is calibrated using Rayleigh damping. The ongoing research is aiming
to implement hybrid CFRP and steel floating pontoons seeking more rapid mobility.
An assembled unit of hybrid NCP is used to connect the HCB and assault floating
bridgePMM71 for rapidmaneuverability. Thedynamic response of the integrated full
floating bridge is investigated and calibrated similarly using proportional damping.
The obtained results showed an acceptable improvement in the difference between
maximumdraft time history values of experimental and numerical FEmodels. There-
fore, the process is applied to study the dynamic response of HNCP connecting HCB
and the assault bridge PMM71. The results showed a similar dynamic response with
better draft values. Despite the relative enhancement obtained inmaximumdraft time
history values, the calculated proportional stiffness damping factor is too small, that
would result in minimizing the effect of water damping. It is more realistic to numer-
ically simulate the ribbon floating bridge as the beam rested on an elastic foundation
with viscous damping capability, subsequently, perform a parametric study on the
viscous damper to enhance the draft difference between experimental and numerical
values. This is expected to have an effect on the natural frequency values tomaximize
the proportional stiffness damping term. On the other hand, the sandwich composite
deck of aluminum honeycomb core provides two-way bending capability which is
not mandatory for the case of ribbon floating military bridges. Moreover, it provides
a typical deck areal weight of 28.56 kg/m2 (5.85 psf). Other CFRP sandwich cores
for extreme loading applications have better areal weight such as the one developed
by Robinson and Kosmatka (2008) and Osman (2016) up to 48% and 62% lighter,
respectively. However, they need an accurate evaluation of the core orthotropic prop-
erties due to their one-way bending capability. Utilizing these cores has a significant
reduction in composite pontoons’ weight hence, enhance their rapid mobility.
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Numerical Modeling of Hybrid
Steel/GFRP Reinforced Concrete Bridges
Piers

Ahmed Arafa and Brahim Benmokrane

1 Introduction

The well-known corrosion of steel in reinforced concrete (RC) structures has been
an annoying problem for the structural engineering community for a long time.
Extensive research has been conducted looking for a suitable solution. The use of non-
corroded fiber-reinforced polymer (FRP) composites has been proposed as one of
the most viable alternatives. Many standards and guides have already been published
for the design and construction of concrete structures reinforced with FRP bars such
as the CSA S806 (2012) and the ACI 440.1R (2015). Recently, concern has been
triggered on the feasibility of using FRP-reinforced elements in seismic regions. This
was due to the limited ultimate strain and the elastic nature of FRP bars. To fill the
gap of knowledge and give an answer to these concerns, Fukuyama et al. (1995)
conducted a pioneer experimental study on the lateral response of a half-scale three-
story moment-resisting frame (MRF) reinforced completely with aramid FRP rebars
and stirrups. This was followed by a number of studies (Hasaballa and El-Salakawy
2016; Ghomi and El-Salakawy 2016; Elshamandy et al. 2018) that included testing
of different structural elements under reversed cyclic loading. The results showed
that FRP-reinforced elements exhibited stable linear behavior up to failure with a
low energy-dissipation capacity and minimal damage. Recent application extended
to the behavior of GFRP-reinforced bridge piers. Arafa et al. (2018) implemented
an experimental study that included testing nine large-scale bridge piers. The results
indicated that using GFRP bars could be viable in region exposed to low-to-moderate
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earthquakes. The study also suggested that using hybrid reinforcement (steel/FRP)
would bemore effective in buildings located in strong earthquake regions. Thepresent
paper verifies the validity of this expectation through a finite element modeling of
steel/FRP-reinforced bridge piers.

2 Finite Element Model and Validation

In this section, the behavior of full-scale GFRP and steel-reinforced bridge piers
subjected to a reversed cyclic lateral loading has been investigated. Specialized FE
software “Vector 2” was adopted in building the model (Wong and Vecchio 2002). A
2D finite element model was developed considering both the material and geometric
nonlinearity in addition to modeling the bond behavior between the longitudinal
reinforcement and the surrounded concrete. Figure 1 shows the modeled specimen’s
geometry, reinforcement details, and test setup. Table 1 provides the mechanical
properties of the reinforcement. For ease reference, the GFRP and steel-reinforced
specimens were designated as G4-80, and S4-80, respectively. More details can be
found elsewhere (Arafa et al. 2018).

In the analysis model, the vertical and horizontal bars are modeled as truss
elements, while four-node quadrilateral elements are used to model the concrete.
Figure 2 shows aTypical FEmeshing.AmodifiedBertero-Eligehausen-Popovmodel
for bond between sand-coated GFRP bars and concrete is used. GFRP is modeled as

b) Sec A-A

a) Reinforcement details

Boundary element
8 #3 steel or GFRP #3

#3 steel or GFRP  @ 120

vertical reinf.
#4 or #6 steel or GFRP

Horizontal reinf.

#3 steel or GFRP @ 100

Θ = 45°

20
00

1500

20
0

Vl. #3 steel or 
GFRP @ 120

Hz #4 or #6
steel or GFRP

8#3 steel or GFRP 
Vl. boundary 

200
1500

200

#3 steel or 
GFRP ties
@ 80 mm

Steel or GFRP #3 @ 100

AA

c) Test setup

Actuator

Lateral 
bracing Steel loading 

beam

Fig. 1 Concrete dimensions, reinforcement details, and test setup for the test specimens (S4-80,
and G4-80)
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Table 1 Tensile properties of the reinforcement

Bar Designated bar
diameter (mm)

Nominal areaa

(mm2)
Tensile modulus
of elasticity
(GPa)

Tensile
strengthb, c

(MPa)

Average strain
at ultimate (%)

Straight bars

#3 GFRP 9.5 71 65 1372 2.1

#3 steel 9.5 71 200 f y = 420 εy = 0.2

#4 steel 12.7 129 200 f y = 420 εy = 0.2

Bent #3 GFRP—rectilinear spiral

Straight 9.5 71 50 1065 2.1

Bent – 460 –

Bent #4 GFRP—horizontal bar

Straight 12.7 129 50 1020 2.0

Bent – 459 –

Bent #6 GFRP—horizontal bar

Straight 19.1 285 50 1028 2.0

Bent – 463 –

f y: steel yielding strength, εy: steel yielding strain
a According to CSA S807 (CSA 2010)
b Tensile properties were calculated using nominal cross-sectional areas
c Guaranteed tensile strength: Average value – 3 × standard deviation (ACI 440.1R-15)
Note 1 mm = 0.0394 in; 1 MPa = 145 ϕ

Fig. 2 Typical FE meshing
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a brittle perfectly elastic material. The pre-peak and post-peak response of concrete
are modeled with a Hognestad parabola and a modified Kent-Park formulation,
respectively. Concrete confinement provided by the closed stirrups at the bridge
pier boundaries is considered.

Figure 3 shows a comparison between the predicted and the experimental results.
Obviously, the model is capable of predicting crack pattern and failure mode. As

Fig. 3 FEA versus experimental results
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Fig. 4 The examined hybrid
reinforced specimen (GS3)

Configuration 3

vertical reinf.

horizontal reinf.

#3 steel @ 120

8#3 steel
Boundary element

#4 GFRP @ 80

#3 GFRP @ 90

#3
 G

FR
P 

tie
s @

80
evidenced experimentally, the FEA revealed that the failure of steel-reinforced
specimen was premature sliding while the GFRP-reinforced specimen was flex-
ural crushing of concrete. Figure 3 also compares the predicted load–displacement
hysteretic response to the companion experimentally obtained. Clearly, the model
could predict the specimen’s strength, stiffness, and deformation capacity with good
accuracy; the difference within 10%. Based on the validation results, it can be
concluded that the developed FEM can be extended to assess the effect of using
hybrid reinforcement.

3 Proposed Hybrid Reinforcement Configuration

Many hybrid reinforcement configurations were investigated. One configuration,
however, is introduced in the present study. Figure 4 shows reinforcement details.
The specimen is identical to the previously tested steel-reinforced specimen (S4-80),
but the diagonal sliding reinforcement was replaced with identical ratio of vertical
GFRP bars along the bridge pier’s height. The specimen was designated as GS3.

4 Analysis Results and Discussion

Figure 5 shows the crack patterns and failure modes of GS3. Failure occurred due to
sequential rupture of the GFRP bars and was associated with abrupt loss of lateral
strength. The ruptures of bars were recorded from the measured strain at tension
zone which exceeded rupture strain. Further, it is clear from Fig. 5 that meshes at
tension zone have noticeable vertical deformation that implies bars rupture. Appar-
ently, the behavior has completely changed compared to S4-80. In spite of excessive
yielding of the longitudinal reinforcement, the horizontal crack that was respon-
sible for sliding was prevented. Hence, the specimen continued to carry load without
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Fig. 5 Failure mode and load–displacement hysteretic response (GS3)

strength degradation. Furthermore, specimenGS3 safely achieved an acceptable level
of deformation according toNBCC (2015) andASCE/SEI 41 (2013) (maximum drift
ratio 2%), as well as a stable hysteretic response with no sign of premature failure.

To facilitate comparison between the proposed GS reinforcement configurations
in term of their efficiency in controlling damage, the residual displacement (displace-
ment at zero loading) was determined at each drift level and normalized to that of
the reference specimen (S4-80) at the same drift level. Figure 6a shows the obtained
normalized residual deformations (r) versus drift ratio. The results indicate that
including both steel and FRP resulted in substantial control of residual deformations;
40% reduction in residual deformation can be observed in specimen GS3 compared
to S4-80.

Given its importance, the capability of the GS-RC bridge piers to dissipate energy
should be investigated. In this context, the cumulative energy dissipation of the
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simulated specimens, which is a common index to describe the ability of a structure
to dissipate imposed seismic energy, was determined and plotted against drift ratio, as
shown in Fig. 6b. Clearly, the higher strength of GS3 compared to S4-80 contributed
to increasing their energy-dissipation capacity, leading to a comparable ability to
dissipate energy. For instance, at the onset of sliding deformation, the difference was
almost 6%; then this difference increased slightly to reach 8% at a lateral drift of
2.1% (failure of S4-80). Overall, it can be concluded that controlling damage in GS3
did not significantly impair its ability to dissipate energy.

5 Conclusions

This paper examines the behavior of hybrid (steel/GFRP) reinforced concrete bridge
piers. The study is based on modeling analysis using 2D analysis program (Vector
2). Based on the results and the presented discussion, the following conclusions can
be drawn:

1. The proposed model accurately predicted the behavior of both the steel and
GFRP-reinforced bridge piers available in the literature.

2. The lateral response of hybrid steel/GFRP-reinforced bridge pier supports the
feasibility of using the hybrid reinforcement concept as a simple/ direct damage-
controllable tool to achieve the required seismic performance.

3. More studies are needed to provide design guidelines that can be incorporated
into the next seismic design codes editions.
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Field Investigation of CFRP Bond on RC
Bridges

Kenneth C. Crawford

1 Introduction

Transportation infrastructure is an integral part of a nation’s economy consisting of
a complex network of roads, bridges, railroads, airports and seaports. Maintaining
large infrastructure systems requires dedicated maintenance programs, long-term
investment, and the use of new and evolving technologies. One of these technologies
is the use of carbon fiber-reinforced polymer (CFRP) structural systems to strengthen
RC (reinforced concrete) highway bridges. Over the past four decades these systems
have provided an efficient means of improving the performance and life cycle of
bridges. One of the challenges using CFRP systems is defining and quantifying
its long-term durability and bond performance on concrete structures. Specifically,
how does the CFRP-concrete bond perform over time, e.g., 15, 30, 50 years? Do
CFRP systems remain fully bonded over long periods of time under cyclic loading,
moisture, and freeze–thaw cycles? To answer this question a field investigation was
undertaken in the Republic of Macedonia to test CFRP systems applied to twelve
highway bridges, and to determine if the CFRP material remains bonded to the
concrete structural members 18 years after installation (Alkhrdaji et al. 2014).

While a large number of RC highway bridges were strengthened with CFRP
systemsover the past four decades in theUSA,Canada,Europe, and theFarEast, there
is currently no effective field-testing method to quantify, evaluate, and verify long-
term bonding performance of CFRP systems. This paper presents the test method
used on the M2 bridges, results of the impact testing, signal analysis of the data
obtained, and discussion on the condition of the CFRP systems on the bridges today.
Quantifying long-term durability of CFRP structural systems applied to concrete
highway bridges is a focus of interest.
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2 Background

A NATO operation in 2000 required the movement of heavy US military transports
from a railhead in Bulgaria through Macedonia to Kosovo. Following a highway
bridge survey by the USArmyCorps of Engineers in Bulgaria andMacedonia in Nov
1999, the Macedonian Ministry of Transport with the Faculty of Civil Engineering,
University of Sts Cyril and Methodius, performed structural analysis of highway
bridges from Deve Bair on the Bulgarian border on the M2 and M1 to Skopje.
The analysis required strengthening 17 highway bridges on the M2(EC-8) and two
bridges on the M1 to NATOMilitary Load Class (MLC) 100. Nineteen RC highway
bridges over 80 km in northeastern Macedonia on European Corridor 8 (EC-8) were
strengthened using CFRP structural systems (Crawford and Nikolovski 2007). The
19 bridges were constructed between 1962 and 1971 in accordance with 1949 YU
Regulations PTP-5 for an M-25 vehicle load. To meet Eurocode 2-Part 2 (EN 1992-
2:2005) 19 slab and girder bridges were designed and strengthened with 10,847 m
of CFRP plate, increasing the average bending moment from 400 to 600 kN·m to
achieve the NATO MLC 100.

3 Research Significance

The purpose of this research was to investigate changes in the condition of trans-
portation infrastructure. For the M2 retrofitted highway bridges the objective was to
apply an innovative non-destructive testing method to evaluate the performance and
bond of CFRP-strengthening systems applied in 2001. Field testing and evaluation
of CFRP structural systems applied to RC highway bridges is of interest to users of
these systems (Banthia et al. 2010) but remains a challenge to quantify and to collect
relevant system performance data. TheNDTmethod presented is ameans to scan and
evaluate CFRP laminate bond condition on concrete structures. This paper expands
the research and field-testing presented in CICE-2018, paper P193 (Crawford 2018)
with analysis of CFRP plate impact frequencies and waveforms.

4 Method of Investigation

This investigation uses the impulse-excitation principle with the impact-echo tech-
nique to produce resonant responses from the CFRP-concrete bond (CCB) structure
(Sansalone and Street 1998). For impact modal testing the ideal impact to a structure
is a perfect impulse, with an infinitely small duration, producing an output with a
sinusoidal waveform with constant amplitude in the frequency domain (Swarnakar
et al. 2007). In this investigation the impact hammer is applied with a constant force
and impact time (duration) across the CFRP plates producing a consistent frequency
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Fig. 1 Impact machine with data recorder

and waveform for bonded CFRP plates. When the CCB condition changes to a de-
bonded state the impact output frequency and waveform changes. Detecting changes
in frequency andwaveform indicates de-bondedCFRPplates. Impact tests conducted
on CFRP test plates in the laboratory show a direct correlation between impact
frequency and waveform and plate bond condition.

4.1 Machine Operation

The machine is designed to produce a series of uniform hammer impacts on bonded
CFRP plates to generate low-frequency acoustic emissions. Each impact is a data
point with a specific frequency and waveform. The impact machine, Fig. 1, is a low-
profile 6 cm × 20 cm rigid frame with four wheel bearing blocks with an impact
lever fulcrum. A 2-pin actuator wheel is mounted on the rear drive axle to drive the
impact lever hammer. A single-wire spring drives the impact lever with a force of
0.4 pounds. With 5 cm diameter wheels one impact on the CFRP plate occurs every
7.8 cm, or 13 impacts per meter.

4.2 Signal Analysis

Rolling across a CFRP plate the impact machine produces low (<2 kHz) frequency
emissions recorded on an audio recorder. The frequency and waveform produced
are a function of the CCB condition. The frequency is determined by the impact
force and duration and the condition of the material impacted (Crawford et al. 2017).
The waveform is an exponentially decaying sinusoid with specific damping ratios,
phase times, and amplitudes, dependent on the CCB condition. Signal analysis of
recorded impact data shows consistent frequencies and decaying sinusoidal wave-
forms and damping ratios for bonded CFRP plates. De-bonded CFRP material had
lower frequencies with faster decaying waveforms. To analyze impact sinusoidal
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Fig. 2 Frequency and damping ratio for bonded/de-bonded lab CFRP laminate

waveforms it is useful to consider the characteristics of a decaying harmonic oscil-
lation. The general solution of the function f (t) for a dampened harmonic waveform
is given by Eq. 1.

f (t) = Ae−ζωnt (cos(ωd − φ)) (1)

where A is initial amplitude, ωn is the natural frequency in rad/sec, φ is phase angle,
ζ is the damping ratio on ωn. The dampened frequency ωd is the natural frequency
ωn modified by the dampening ratio.

The rate of exponential decay in a harmonic oscillation is expressed by the
damping ratio, a systemparameter denoted by zeta (ζ) that characterizes the frequency
response of the harmonic oscillation.

Figure 2 displays the frequencies and damping ratios of the decaying sinusoidal
waveforms for laboratory bonded and de-bonded a CFRP laminate plate. These
frequencies and damping ratios are used as the reference for the impact data obtained
for the investigation of the twelve M2 highway bridges.

5 Field Investigation

The purpose of this NDT field investigation was to determine the condition and
performance of the CFRP structural systems applied to RC highway bridges on the
M2 in North Macedonia in 2001. The procedure involved testing the condition of
the CFRP laminate bond on 12 of the 17 bridges with the impact machine in Fig. 1.
Each slab and girder bridge had different CFRP plate configurations depending on
the degree of strengthening required to bring the bridge up to the MLC 100 loading.
Slab bridges have basically two configurations: straight CFRP plates, or a cross-hatch
of smaller laminates. Girder bridges normally had the main girders, cross girders,
and deck slab strengthened. Two girder bridges had only the cross girders and deck
slab strengthened. The impact machine on an extended pole provided the ability to
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reach and scan across individual CFRP plates on the twelve bridges. The goal was
to test as many CFRP plates as possible on each of the 12 bridges and to record the
impact data for signal analysis.

5.1 Investigation Procedure

The testing procedure required direct application of the impactmachine to the surface
of the bonded CFRP laminates. The testing process involved rolling the machine
across the CFRP plates with the data recorder logging each impact (Crawford 2016).
The impact machine was rolled at a constant speed on the plate producing 13 impacts
permeter. Themachine has the capability to scan approximately 30–40mperminute,
depending on the CFRP laminate configuration and extension pole reach. Pictures
and recording logs were made for each bridge tested. Areas of visible de-bonding
were tested.

Over two days 12 of the 17 M2 retrofitted bridges, over 55 km, were tested with
the impact machine. All twelve bridges were tested in five hours, seven bridges the
first day, five bridges the second day. The primary finding for the twelve bridges
confirmed the CFRP plates are still 100% bonded on all bridge structural members,
with the exception of several small areas of de-bonding on four bridges.

Table 1 lists the 12 bridges tested in this investigation with location, dimensions,
CFRP laminate configuration, test results, and test data time recorded. Bonded*
indicates small areas of de-bonding were found. The de-bonding was caused by
water damage in the bridge concrete, most often occurring near the bridge joints
where water and chlorides have come through over time. Overall the condition of the
CFRP laminates on the bridge concrete on all 12 bridges appeared to be in excellent
condition.

The impact tests confirmed the CFRP laminates remain fully bonded and are
performing as originally designed.Of the total 4,780mon the twelve bridges, approx-
imately 2,800 m (60%) were impact tested. With laminates in the same physical
condition every second or third laminate was tested.

5.1.1 Bridge B36 Test

Bridge B36, Fig. 3a, on theM2 is a two-tier slab bridge constructed in 1971 in accor-
dance with YU Regulation PTP-5, and strengthened in March 2001 with 1,031 m
of Sika S1512. A post-strengthening load test was performed May 2001, confirming
the CFRP application as designed increased the bridge load capacity to MLC 100.
No other tests have been performed on the bridge since 2001. The B36 impact test
conducted on 7 Oct 2019, confirmed 99.9% of the 1,031 m of the S1512 CFRP plates
remain fully bonded to the bridge concrete. Less than 10 m, <1%, have become de-
bonded in areas where the concrete has sustained water damage. These areas are at
the ends of the CFRP laminates near the bridge end joints, Fig. 3c (where water has
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Table 1 Twelve M2 highway bridges investigated

Bridge Location
(km)*

Type Length
(m)

Tier
lengths
(m)

No.
CFRP

CFRP plate Bond
status

Data

Plates Length (m)–Area
(m2)

Record
time

B7 14 + 027 Girder 120 6 × 20 72 1478–116 Bonded 4:41

B11 21 + 876 Slab 10 10 26 198–30 Bonded 4:06

B18 38 + 444 Slab 36 11 13
11

54 218–33 Bonded* 9:15

B19 38 + 675 Slab 36 11 13
11

54 218–33 Bonded* 7:04

B22 41 + 786 Slab 30 9 11 9 54 218–33 Bonded 5:51

B27 47 + 626 Girder 80 4 ×
20,4 ×
18

153 592–40 Bonded 5:45

B28 49 + 631 Girder 50 16 18
16

197 674–72 Bonded 7:37

B29 49 + 883 Slab 10.5 10.5 16 128–19 Bonded 2.27

B30 53 + 893 Girder 12.5 12 12 19 74–9 Bonded 4.53

B35 66 + 058 Girder 46 16 20
16

20 346–41 Bonded 10:53

B36 67 + 409 Slab 21 10.4
10.4

80 1031–83 Bonded* 15:12

B37 68 + 452 Girder 17 17.2 36 415–34 Bonded* 17:32

Totals 574
pcs

4780 m—470m2 1:35:16

Fig. 3 a Bridge B36. b Impact testing. c xxde-bonded areas

seeped through), are outside the maximum bending moments of the two tiers and
thus do not lower the MLC 100 load rating.

The B36 impact waveforms, Fig. 4, show a bonded frequency of 2 kHz and
a damping ratio ζ of 0.4, and a de-bonded frequency of 1.2 kHz and a damping
ration ζ= 0.2. These values remained consistent for bonded and de-bonded laminate
conditions across all twelve bridges.
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Fig. 4 B36 impact waveforms for bonded and de-bonded plates

5.1.2 Other Bridges Tested

5.1.3 Bridge Harfa on E57 Over Ljubljancia River in Slovenia

The bridgeHarfa (MostHarfa) on theE57 east of Ljubljana over theRiver Ljubljancia
is a 120 m cable-stay four-lane European corridor bridge constructed in the 1970s.
The bridge was strengthened in 1998 to facilitate the movement of a 750-ton nuclear
vessel, Fig. 5a., from the Port of Koper to the Krsko 696 MWe nuclear power plant
in eastern Slovenia. The Harfa bridge was strengthened with 3,800 m of CFRP
laminates, Fig. 5b. for the 750-ton load. Impact testing, Fig. 5c, was performed 12
Oct 19, on a number of laminates on the south end of the bridge, above a walkway.
All laminates tested are still fully bonded, 21 years after installation. The entire
configuration of CFRP material appeared to be in excellent condition with no signs
of water damage in the concrete or any de-bonding.
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Fig. 5 a 750-ton vessel on bridge. b CFRP configuration. c Impact testing

The Harfa bridge is one of three bridges on E61, E57, and A2 in Slovenia to be
strengthened with CFRP systems to facilitate the movement of the 740-ton vessel to
Krsko, in 1999, from Koper.

6 Conclusion

The purpose of this investigation was to determine the condition and status of the
CFRP structural systems applied to RC highway bridges on the M2 in the Republic
of Macedonia North Macedonia after 18 years of service. A light impact machine
was used to test and scan 12 of the 17 retrofitted bridges over a 55 km distance, with
testing completed in five hours over two days. The significant finding in this NDT
investigation is the fact all CFRP laminates on the 12 bridges remain fully bonded
after 18 years. Four bridges have small areas of de-bonding from concrete water
damage. The CFRP laminates on the Harfa bridge in Slovenia are still fully bonded,
21 years after application. The impact machine, scanning up to 40 m per minute,
was affective in identifying bonded and de-bonded laminates. The data recording
on the machine logged over 36,000 data points in the 1 h and 35 min of recording
time. Signal analysis of the data successfully differentiated between bonded and de-
bonded laminates. The NDT investigation in Macedonia and Slovenia has validated
the concept of using a light impact machine and data recorder to determine the
condition of CFRP-concrete bond and system performance on RC highway bridges.
Further testing will confirm CFRP systems applied to RC highway bridges (in the
absence of water in the concrete) will endure and provide full-service performance
for many years.

Acknowledgements The author thanks Wabash College for their support, in particular Prof. Lon
Porter and the 3D Printing and Fabrication Center, for the fabrication of the impact machine frame.

Special thanks is given to the Sintek Company, Skopje, Republic of Macedonia, contractor for
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Examining the Effect of Load Type
and History Using Reliability
on Optimizing the Design
of FRP-Strengthened RC Members
in Flexure

Connor Petrie and Fadi Oudah

1 Introduction

Aging existing infrastructure in North America is becoming an increasing issue for
civil engineers. Limited funds allocated towards repair budgets are allowing existing
infrastructure to reach, or exceed, its service life. It has become essential to find
economical ways to extend the service-life of these structures. The use of fiber-
reinforced polymer (FRP), externally bonded (EB) for strengthening RC flexural
members, can be an effective way to accomplish this task. This is achieved in beams
by increasing the capacity of members within the structure through rehabilitation.
Several reliability studies have been conducted on the application of FRP strength-
ening in flexure (Plevris et al. 1995; Wang et al. 2010; Wieghaus and Atadero 2011;
and Huang et al. 2019), but none considers load type or history into the analysis,
that can be incorporated through measuring certain parameters of an existing struc-
ture. Measuring the type and maximum loads experienced by the structure allow
the removal of some of the uncertainty that was present before construction. The
structure has been service proven; thus, the failure surface can be truncated, and the
structure will usually see an improvement in reliability (Hong 1998). With cost still
being a major factor in choosing FRP in Canada, further research into the optimiza-
tion of design for strengthening members using reliability is key to furthering the
competitiveness of EB-FRP with conventional repair techniques in today’s market.

In this paper, an innovative approach is proposed to develop reliability-based
framework to generate user-friendly design aids, in the form of charts, to be used
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by engineers to evaluate the safety of existing concrete beams and optimize the
repair scheme. The charts allow the user to find a strength multiplier,MS/MR, which
represents the minimum amount of FRP needed to meet a target reliability, should
the member be deficient. The reliability framework uses the principles of updated
reliability, by taking into account the load type and history of the structure, using the
principles of conditional probability.

A database of experimental tests based on current studies in literature is formu-
lated to obtain descriptive statistics for strengthened RC beams. The statistics of
unstrengthened beam and load are taken as the values used to calibrate the ACI 318
and NBCC codes, respectively.

2 Experimental Database

Review of experimental studies, from literature, that examines the use of EB-FRP
for strengthening RC beams in flexure, was conducted. A database was obtained
of rectangular RC beams, strengthened with EB-FRP, that fail in either crushing of
concrete or rupture of FRP (flexure). The strain limit imposed by the CSA S806-17
standard limits the allowable stress on the FRP, so that debonding is avoided. For
this reason, beams that fail due to debonding were excluded from the present study.

The database consists of 41 experimentally tested beams, taken from studies done
from 1998 to 2015. It consists of two sets of RC beam data: EB-FRP strengthened
beams and unstrengthened (control) beams. The following parameters are reported
for every point in the database: beamgeometry, concrete strength, steel yield strength,
steel modulus of elasticity, area and location of internal reinforcement, nominal
predicted strength basedon the designprovisions ofCSAS806-17 andCSAA23.3-19
(strengthened and unstrengthened, respectively), actual resistance based on experi-
mental tests (strengthened and unstrengthened), FRP ultimate strength, FRPmodulus
of elasticity, and area of FRP used for strengthening.

Descriptive statistics (bias, COV, distribution type) are found for every point of
the database. The mean bias and COV for the strengthened beams were found to be
1.22 and 0.19, respectively, while the unstrengthened beams reported values of 1.19
and 0.089, respectively. The latter values used for unstrengthened beams were taken
as the value used in calibration of ACI 318 code.

3 Reliability Analysis

First-order reliability method (FORM) is employed based on conditional reliability
to yield updated reliability index. The following subsection describes the framework
utilized to execute the reliability analysis.
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3.1 Updated Reliability

The factors for load and resistance included in Canadian codes (NBCC 2015; CSA
A23.3-14; CSA S806-17) were calibrated using reliability methods to meet prede-
fined target safety limits for new construction. As stated by the NBCC 2015 in the
Notes to Part 1 of Division A, practicing engineers should be careful in applying the
code provisions when evaluating existing structures since these provisions may not
necessarily reflect consistent safety levels when used in evaluating existing struc-
tures. Consequently, the use of reliability methods to optimize the evaluation and
repair of existing structures taking into account load history is recommended. The
principles of conditional probability will be used to accomplish this, using Eq. (1)
for finding the updated probability of failure based on the Bayes theorem:

P(B|A) = P(A)P(A|B)

P(B)
(1)

The current study utilizes the work by Hong (1998) to calculate reliability based
on service-proven dead loads and measured maximum loads experienced, based on
satisfactory field inspection over a given period of time. All random variables in the
limit state are lumped into two variables load, L, and resistance above the dead load,
R. Both are assumed to be independent and lognormally distributed. This method
allows FORM to be utilized to find the updated reliability by Eq. (2):

βup = −�−1(Pf up) (2)

Pf up = �(βo) +

ρ∫

0
�

(−βo,−βs, r
)
dr

�(−βs)
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)
dr = 1
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σlnR
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ρ = −ζ
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ζ 2 + 1
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where term ST denotes the maximum live load experienced by the member during
the service life to date.

The descriptive statistics for resistance (strengthened and unstrengthened) used
in the reliability analysis are those found in Sect. 2. The bias and COV for the loads
used are 1.05 and 0.1, respectively, for dead load, and 0.9 and 0.17, respectively, for
live load (Bartlett et al. 2003a, b).

3.2 Equivalent Phi Factor

Canadian codes use the concept of material resistance factors (φc, φs, φfrp) applied
to each component that makes up the member. Conversely, American codes use
member strength reduction factors, applied to the action rather than each material
to achieve the same reduction (φMu). Both approaches can be calibrated to meet a
pre-defined reliability index although the level of safety will be slightly different.
To be able to use FORM to find the updated reliability, an equivalent phi factor, φe,
must be introduced as an overall resistance reduction factor.

This factor will be equivalent to using the partial phi factors (φc, φs, φfrp) from
CSA S806-17 and is found by calculating the factored resistance, as per the code,
and dividing this value by the nominal (unfactored) resistance as shown in Eq. (9):

φe = Factored moment resistance

Nominal moment resistance
= Mr

Mu
(9)

A parametric analysis was completed in MATLAB using the database described
in Sect. 2 consisting of rectangular RC beam samples. The results of applying Eq. 9
for every point in the database yielded a mean equivalent phi factor of 0.8368 with
a coefficient of variation equal to 0.016. A value of φe = 0.84 is selected to be used
in this study.

3.3 Solution Scheme

The framework presented in the following section can be applied to flexural members
(slabs and beams). The charts are based on the well-known parameter of utilization
ratio. The steps in the following procedure were used to generate the user-friendly
charts presented in Sect. 4:

• Step 1: Select the following input parameters: target reliability index, β t , utiliza-
tion ratio,U.R. (ratio of factored loads over factored resistance), ratio ofmaximum
live load experienced over design live load, ψL, ratio of maximum dead load
experienced over design dead load, ψD, ratio of dead-to-live load, D/L, and the
governing load combination (1.25D + 1.5L).
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• Step 2:Calculate themembers predictedflexural resistance,Mu, above andbeyond
the dead load based onparameters selected in step 1.MultiplyMu by the equivalent
phi factor, φe, to obtain the factored resistance above dead load, MR.

• Step 3:Calculate the updated reliability,βup, for the unstrengthenedmember using
Eq. (2), based on the statistics for unstrengthened beams presented in Sect. 2.

• Step 4: Compare the updated reliability index found in step 3 with the selected
target reliability. If βup > β t , then the member is not deficient (terminate algo-
rithm). If βup < β t , the member is deficient and repair is required, proceed to the
next step.

• Step 5: A strength multiplier, MS/MR, is calculated to achieve the target relia-
bility index selected. A new updated reliability based on the strengthened section,
βup,new, is calculated and iterated until βup,new = β t . This multiplier is optimized,
based on the statistics presented earlier in this paper (Sect. 2) for strengthened
beams, to be the minimum value needed to achieve a suitable level of safety.

• Step 6: For a given set of D/L and β t values, user-friendly charts can be made to
show how MS/MR changes with increasing utilization ratio.

4 Reliability Analysis

The solution scheme of Sect. 3.3 was programmed into MATLAB, to conduct a
parametric study examining the sensitivity of the abovementioned variables, on the
needed amount of flexural strengthening. The parametric study included varying the
following parameters for the given ranges: D/L = [1, 2, 3, 4]; β t = [3.0, 3.5, 4.0];
Ψ D = [0.9, 1.0, 1.1]; and Ψ L = [0.5, 0.7, 0.9]. The lines for the deterministic code
and FORM are presented in the same plot. Strict application of NBCC (2015) and
CSA S806-17 (referred herein as the “code” or “codes”) in determining the strength
multiplier yields a linear relationship as shown, whereas reliability analysis from
this study yield a non-linear curve that varies with inputs; sample analysis results are
described herein.

The following figures show the effect of the load history and type on the amount
of strengthening (strength multiplier, MS/MR) needed as utilization ratio increases.
Results of FORM for a range of D/L = 1.0, 3.0, ψD = 0.9, 1.0, 1.1 and ψL =
0.5, 0.9 are plotted. The figures show a practical range of utilization ratio and the
corresponding strength multiplier, MS/MR. Figure 1 shows the values of MS/MR

needed for a reliability index of β t = 4.0 and Fig. 2 shows a lower target reliability,
β t = 3.5, for the various inputs.

The figures show that for higher D/L ratios, the FORM curves become more
non-linear. This causes the x-intercept to shift right, meaning the beam does not
require any strengthening for utilization above unity, with some curves starting as
high as U.R. = 1.38. These times when the curve given by the FORM is below the
deterministic code line for the same U.R. indicate times when the code’s approach
finds the member deficient, but the reliability analysis does not. The code is not
sensitive to taking into account the load type and history of an existing building
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Fig. 1 Generated sample plots of MS /MR versus U.R. for β t = 4.0 for D/L = [1.0 3.0]

Fig. 2 Generated sample plots of MS /MR versus U.R. for βt = 3.5 for D/L = [1.0 3.0]

during assessment, and may give costly, over-conservative designs due to this. It
was found that as the selected target reliability index, βt, increases, the value of the
x-intercept decreases (i.e., the value of U.R. at which repair is first needed decreases
with increasing βt).

It should be noted that as theU.R. increases there is a point at which the determin-
istic and reliability lines intersect, with the FORM line now above the deterministic
code line. This means for higher U.R., it is possible for the code to under-prescribe
the amount of FRP needed to strengthen the section and does not meet the selected
target reliability index. This intersection point, where the switch happens, varies for
each set of input parameters, as shown.

The effect of ratio of measured-to-design live load, ψL, experienced does not
affect the results significantly for any set of input parameters as shown, and thus, can
be neglected.

Case Study—Flexural Strengthening of an RC Beam

To show how this framework can be applied, a simply supported rectangular beam
will be examined. The beam is a typical interior beam, of a multistory RC building,
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in Canada. The beam is cast-in-place and supports pre-cast double tees that sit on top
to make up the floor system, having a span of 8.0 m and a tributary width of 3.5 m.
The beam itself has dimensions of 300 mm× 400 mm, with the area of internal steel,
As = 1095 mm2, and a depth to neutral axis, d = 365 mm. The material strength
of the concrete and steel is 35 MPa and 400 MPa, respectively. The building is part
of an ongoing structural health monitoring program, in which measurements have
been taken so that the load type and history of the structure can be known. It is
reported that the live load used in design is LL = 2.4 kPa, the ratio of dead-to-live
load is D/L = 1.0, the ratio of measured-to-design live load is Ψ L = 1.0, the ratio of
measured-to-design dead load is Ψ D = 0.9. A target reliability index of β t = 3.5 is
selected for repair.

Using the provisions of the CSA S806-17 standard and the governing load combi-
nations from theNBCC (2015) (1.25D+ 1.5L), it was found that the factoredmoment
resistance of the section is Mr = 122 kNm, and the factored demand on the beam
is Mf = 175 kNm. This means that the beam is deficient, with a utilization ratio of
U.R. = 1.43. Using the right-side graph of Fig. 2 (presented in Sect. 4 of this paper),
the optimized strength multiplier,MS/MR, is found for the given input parameters. It
was found using the reliability method, the strength multiplier needed is MS/MR =
1.24. Conversely, applying the deterministic CSAS806-17 approach yields a strength
multiplier of MS/MR = 1.43. The calibration of the resistance and load factors in
current codes is conducted to ensure that a design meets a pre-determined target
safety level (Allen 1975). Code calibration is conducted for new construction and
does not consider that the structure is service proven. The resulting design becomes
over-conservative for the amount of FRPneeded for repair, as shownby the difference
in strength multiplier found.

The use of carbon fiber-reinforced polymer (CFRP) is used for repair. A common,
industry found type of CFRP composite will be used, having properties of one-layer
thickness, tfrp, equal to 0.33mm, amodulus of elasticity,Efrp, equal to 227GPa and an
ultimate strength, ffrp, equal to 3800MPa. The number of FRP layers needed to meet
the selected reliability is calculated by multiplying the value of MS/MR found, by
the unstrengthened moment resistance,MR, to get the required strengthened moment
resistance,MS . Results show that the code approach requires 50%morematerial than
required by FORM to achieve the code target safety limit; with the code requiring
two layers of CFRP, while the reliability analysis conducted in this research requires
only one-layer of CFRP.

5 Conclusion

The present study introduces a framework to optimize the repair of existing RC
beams deficient in flexure, with EB-FRP, using load type and history to reduce the
uncertainty. Review of available literature was completed to establish a database of
experimental tests of beams failing in flexure. Bias and COV values are obtained for
the strengthened beams. These values are used in combination with the load statistics
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used to calibrate the NBCC (2015) to perform reliability analysis. As part of the
solution scheme, unstrengthened beams are evaluated based on input parameters of
load history and type, to determine if they meet a predetermined target reliability
index, using FORM. Should the beam be deficient, an optimized strength multiplier,
MS/MR, is calculated. This multiplier is the minimum amount of additional material
needed to meet the selected target reliability index. It was found thatMS/MR is most
sensitive to input parameters β t , Ψ D, D/L,while the effect of Ψ L can be neglected. It
should be noted for lowerU.R. closer to unity, the code tends to give over-conservative
amounts of FRP needed to strengthen, whereas, at higher U.R., the opposite effect
is found. Both trends show the poor sensitivity of the CSA S806-17 standard to
parameters of load type and history.

The inclusion of load type and history into a basic reliability framework for
assessing existing beams will further aid in reducing the over-conservative designs
given by the CSA S806-17 design standard, in some cases, when choosing FRP as
a means for external strengthening. The charts generated are derived to be compat-
ible with the Canadian building codes (NBCC 2015; CSA S806-17) and show the
framework can produce safe, economical designs. Further work is needed to include
the partial resistance factors in analysis by the use of more robust reliability tech-
niques, such asMonte Carlo simulation. Furthermore, a recommendation for a larger
database of experimentally tested beams, so more accurate updated reliability can
be found.
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Design and Performance of GFRP
Reinforced Bridge Decks in NOVA
SCOTIA—Preliminary Analysis

David Idemudia, John Newhook, and Fadi Oudah

1 Introduction

The durability of bridge decks largely influences the lifespan of bridge structures.
Environmental factors such as high pH, salt water, high temperature, freeze–thaw
cycles and wet/dry cycles cause long-term durability issues in concrete bridge decks
leading to a reduced lifespan (Kim et al. 2012). Advanced composite materials such
as fibre-reinforced polymers (FRP) have been used as reinforcing material for bridge
decks to tackle the effects of adverse environmental conditions (Benmokrane et al.
2020).Glass fibre-reinforced polymers (GFRP) bars are themost frequently used type
of FRP bars in bridge engineeringmostly because they are high strength, lightweight,
non-corrosive and economical, making it ideal for use in bridge environments (ISIS
2007).

The Canadian Highway Bridge Design Code, CSA S6-19, permits the use of FRP
bars, and practicing engineers have been designing with FRP as the primary concrete
deck reinforcing material for the last two decades. Despite the significant benefits
of FRP bars, there is some uncertainty concerning the long-term performance of the
material which resulted in having most codes include an ‘environmental factor’ in
the calculation of the capacity of FRP-reinforced members. The durability of FRP
bars used in concrete decks still needs to rely heavily on lab testing and statistical
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analysis for any quantitative data on performance, but this can be supplemented by
continual inspection and assessment of existing structures.

The Center for Innovation in Infrastructure (CII) at Dalhousie University is
currently conducting a research programme in collaboration with Nova Scotia
Department of Transportation and Infrastructure Renewal (NSTIR) to propose
guidelines for designing durable bridge decks in Nova Scotia (NS). The research
consists of two interrelated phases. Phase I consists of categorizing and evalu-
ating FRP-reinforced bridge deck design practice in NS over the past 20 years,
while Phase II consists of developing a framework to assess the structural reliability
of FRP-reinforced bridge deck design options subjected to the province’s specific
environmental exposure. In this paper, parts of Phase I and Phase II are presented.

2 Phase I: Analysis of GFRP-Reinforced Bridge Decks
in Nova Scotia (NS)

A database comprising of the design details of select bridges in NS was developed,
summarizing the bridges into categories such as date of construction, abutment type,
girder type, concrete compressive strength, deck thickness, span length and other
relevant categories. Information for these bridges was obtained, such as stamped
engineering design drawings, inspection reports and strength testing reports. This
database currently consists of 20 bridges with parameters summarized in Table 1.

Five (5) bridges with FRP-reinforced bridge decks were selected and analysed for
the purpose of this paper based on geographical location to capture different regions
in NS. The five bridges were selected from the Northern, Central, Cape Breton and
South Shore regions of the province. Table 1 also shows a summary of the parameters
of the five bridges selected for analysis.

2.1 Analysis Basis

The data collected from the five bridges selected were analysed to determine the
demand, capacity and utilization ratios (U.R.) for various parts of the bridge deck.
The analysis basis used for the bridges is described as follows:

• All analyses and design checks were performed in accordance with the Canadian
Highway Bridge Design Code (CSA S6-19).

• Project details and designswere extracted fromapproved and stamped engineering
design drawings.

• Design loads were taken frommethods specified in Sect. 3 (Loads) of CSA S6-19.
• The Flexural Method of evaluating bridge decks as described in Sect. 5 (Methods

of analysis) of CSA S6-19 was used to evaluate the flexural capacity of the bridge
decks.
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Table 1 Summary of bridges
in database

Parameter Value/range Number of bridges

Database (20) Analysed for
this paper (5)

Date of
construction

2011–2015 12 2

2016–2020 8 3

Abutment
type

Integral
abutment

18 5

Semi-integral
abutment

2 0

Girder type New England
Bulb Tee
(NEBT)

15 5

Box girder 3 0

Next beam
type B

1 0

28F Next
beam

1 0

Concrete
compressive
strength

45 MPa 19 5

50 MPa 1 0

Deck
thickness

175 mm 1 0

200 mm 1 0

225 mm 14 4

250 mm 4 1

Span length 15–24 m 3 0

25–34 m 5 2

35–44 m 9 3

45–54 m 0 0

55–65 m 3 0

• Methods pertaining to the design of FRP-reinforced bridge decks were used in
accordance with Sect. 16 (Fibre-reinforced structures) of CSA S6-19.

2.2 Analysis Results and Discussion

The summarized results of the analyses are presented in Table 2, showing the utiliza-
tion ratios (U.R.) for both positive and negative moments in the bridge deck’s interior
and exterior spans. The concept of a utilization ratio was also adopted in evaluating
crack width calculations. The utilization ratios were calculated by dividing the load
effect (factored bending moment load or crack width) by the applicable resistance
(factored bending moment resistance or acceptable crack width limit).
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Table 2 Utilization Ratios (U.R.) for the five bridges analysed

Span Loading direction Utilization ratio for bridges Mean Standard
deviation1 2 3 4 5

Interior
spans

Negative
transverse bending

0.80 0.51 0.42 0.78 0.63 0.63 0.17

Positive transverse
bending

0.51 0.31 0.38 0.56 0.51 0.45 0.10

Positive
longitudinal
bending

0.53 0.35 0.29 0.60 0.56 0.47 0.14

Exterior
spans

Negative
transverse bending

0.79 0.66 0.46 0.53 0.59 0.61 0.13

Negative
transverse
bending—barrier
load

0.77 0.70 0.55 0.67 0.63 0.66 0.08

Interior
spans

Crack width:
negative transverse

1.54 0.99 0.88 1.34 0.88 1.13 0.30

Crack width:
positive transverse

0.50 0.22 0.68 0.60 0.55 0.51 0.18

Crack width:
positive
longitudinal

1.01 0.71 0.63 1.20 1.09 0.93 0.25

Exterior
spans

Crack width:
negative transverse

0.81 0.70 0.51 0.45 0.46 0.59 0.16

As seen in Table 2, the critical zone for bending in the interior spans of the bridge
deck on average is the negative transverse direction, with a mean U.R. of 0.63. This
corresponds to the location of the largest bending moment in the interior spans in the
negative transverse direction. For exterior or cantilever spans, the negative transverse
moment caused by barrier loads has the highestmeanU.R. of 0.66. TheU.R. for crack
widths in parts of the deck undergoing negative bending in the interior spans have
a mean value of 1.13 which is above 1.0, signifying that on average, the theoretical
crack widths are greater than the specified limit, 0.7 mm, as specified in the CSA
S6-19 flexural design method. It should be noted that the actual crack widths in these
zones have not been verified in the existing structures due to the presence of asphalt
wearing surfaces.

These findings indicate that the portions of bridge deck over the interior girders
subjected to negative bending are the critical region for the designer to ensure that the
transverse crack width criteria in the code is satisfied in the flexural design approach.
The designer’s choice of the flexural design method versus the empirical design
method will result in significant differences in the amount of reinforcement selected
at the identified critical region. Also, in the empirical method, the need for a crack
width check is waived. The choice of the design method is not available on the
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drawings so it could not be verified for this study. However, Khanna et al. (2000) and
Mufti et al. (1999) have demonstrated, both experimentally and theoretically, that
the top layer of reinforcement is not critical to the strength and safety of the bridge
deck under wheel loads.

3 Phase II: Reliability-Based Model

A framework was established to develop a reliability-based model that will be used
to propose a set of durable bridge deck design criteria for NS. This framework
involves performing Monte-Carlo simulations based on identifying and categorizing
the factors that contribute to the factored moment demand, Mf , and the factored
moment of resistance of the concrete bridge deck,Mr , at ultimate limit state, and iden-
tifying the corresponding statistical parameters (mean, bias, standard deviation). The
reliability-based model is currently in the early stages of development. Preliminary
discussion about the live loads used in the model is provided in this paper.

Themaximumwheel load from the live load,P, shall be compared to themaximum
wheel load as specified in CSA S6-19 to establish a bias ratio (i.e. actual maximum
wheel load divided by the code specifiedmaximumwheel load), determine the distri-
bution type and quantify the variance of the live load. Real-life live load data was
needed to conduct a live load analysis of trucks in NS.

A year’s worth of weigh-in-motion (WIM) data was received from the NSTIR at
a truck scale site in Nova Scotia. This data consists of Class 13 (7 or more axles),
Class 12 (6-axle) and Class 11 (5-axle) vehicles, separated into the number of axles,
axle weights and distance between axles. With Class 13 vehicles being the highest
weight class, more emphasis was made on its categorization and analysis. With
approximately 33,300 Class 13 vehicles received, a histogramwas created to capture
the distribution of the data. This distribution will be used to predict the maximum
wheel load for 1-in-75 and 1-in-2 return period.

Figure 1 shows the histogramof the total weights, in kilonewtons (kN), of Class 13
vehicles. It can be seen in this figure that three peaks are present, with two beingmore
visibly prominent. It was recognized that the three peaks show theweight distribution
of unloaded trucks, partially loaded trucks and fully loaded trucks (Schmidt et al.
2016). The peaks for unloaded and fully loaded trucks are very distinct and can
easily be distinguished, whereas the peak for partially loaded trucks is short and
has a wider variance. This is because a significant number of trucks on the road are
neither completely empty nor completely full, and a lot of trucks fall somewhere
in-between as the data suggests.

After further investigation, the axle loads were categorized into histograms and
the same three-peak trend was found for most of the axles. Axle 1 showed a single
peak which meant that the load in the back of the Class 13 trucks does not affect the
loads in the first axle. A normal distribution probability density function (PDF) was
fitted to the data from Axle 1.
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Fig. 1 Histogram of total weights of Class 13 vehicles

The other axles (2–9) showed the three-peak behaviour as well and three normal
distributions were fitted to each peak to get a mean value and standard deviation for
each. Axle 3 was found to have the largest mean value for the fully loaded trucks
(third peak), with amean of 89 kN and a standard deviation of 5.69 kN. The third peak
of Axle 3 is of interest because it shows themaximum axle load of fully loaded trucks
and therefore will be used to establish the bias with the maximum value specified
in CSA S6-19 once the values have been extrapolated for larger return periods. The
probability density function (PDF) and histogram for Axle 3 are shown in Fig. 2.

4 Conclusion

Bridge structures are often under adverse environmental conditions that could reduce
their lifespan, and the use ofGFRP-reinforced bars helps tackle some of the durability
issues that exist. The long-term objectives of this research programme are to provide
a critical review of the design methods for GFRP-reinforced bridge decks in Nova
Scotia and recommend reliability-based regional specific durability-based design
criteria for GFRP-reinforced bridge decks. This paper presents parts of the two-phase
approach taken by the research group.

In Phase I, a database was created to summarize the properties and characteris-
tics bridges in NS, where five bridge decks were analysed to obtain the utilization
ratios (ratio of demand-to-capacity) at critical locations within the bridge deck. The
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Fig. 2 PDFs and histogram of Axle 3 loads of Class 13 vehicles

utilization ratios for bending moments were below 1.0, ranging from 0.29 to 0.80.
The max average U.R. for bending moments was found in the negative transverse
loading direction caused by barrier loads, having a value of 0.66. While for crack
widths, the max average U.R. was found in the negative transverse bending direction,
with a value of 1.13, which is greater than 1.0 signifying that this zone could be the
area of the deck most susceptible to cracking.

In Phase II, the live load data used in developing the reliability-based model was
briefly discussed. The live load data from a truck scale inNSwas obtained and normal
distributions were fitted to the axle loads. Most of the axles displayed a three-peak
trend which signified that some of the trucks were either unloaded, partially loaded,
or fully loaded. Axle 3 of Class 13 vehicles were found to have the highest average
weight of all the fully loaded trucks and will be extrapolated for larger return periods
when used in the reliability model.

5 Future Work

The statistical parameters for other variables identified in the reliability-based frame-
work will be obtained either from research literature, lab testing, or analytical anal-
yses to perform the Monte-Carlo simulations required for the model. More research
will be done on the live load data to extrapolate the maximum axle load for longer
return periods: 2-years for evaluating existing bridges and 75-years for designing new
bridges. The research team plans to perform lab testing on concrete beams reinforced
with GFRP bars that have been subjected to the local Nova Scotia environment and
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weather conditions for the last 12 years to account for any deterioration or degrada-
tion in the GFRP bars and concrete. This combined with previous research literature
will help tackle the durability issues faced by concrete bridge decks in Nova Scotia.
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Three-Dimensional CT Imaging Analysis
of Concrete: Effects of Water and Sand
Contents on Pore Characteristics

Mustafa Alhusain and Adil Al-Mayah

1 Introduction

The composition of concrete has a significant impact on its pore properties, and
consequently, on mechanical strength. The low strength of concrete makes it more
susceptible to surrounding environmental conditions that result in the deterioration of
the concrete structure and necessitate concrete repair and strengthening.As estimated
by the American Society of Civil Engineering (ASCE), the repair of concrete infras-
tructure is expected to cost the United States alone about $2 trillion by 2025 (ASCE
InfrastructureReportCard 2017). Thus, determining the appropriatewater-to-cement
(W/C) and sand-to-cement (S/C) ratios for different structural applications is critical
for improving the durability of concrete structures. This, however, requires a better
understanding of the effects of W/C and S/C ratios on the internal microstructure of
concrete including the pore properties and the overall quality of concrete.

Through destructive experimental testing, it was reported that increasing theW/C
ratio can degrade the compressive, tensile, and flexural strengths of concrete (Lotfi-
Omran et al. 2019; Nikbin et al. 2014; Wanasinghe et al. 2020). Albeit, applying a
higher W/C ratio can decrease the permeability of concrete resulting in improved
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resistance to reinforcement corrosion and freeze–thawdamage (Pereira daCosta et al.
2020). On the contrary, increasing the S/C ratio can enhance the compressive, tensile,
and flexural strengths of concrete (Bu et al. 2017), but it deteriorates the freeze–thaw
resistance of concrete (Grubesa et al. 2019). These opposite effects of W/C and S/C
ratios on themechanical strength and freeze–thaw resistance of concrete can be better
explained by investigating how changing the concrete composition alters its pore
structure.

A unique micro-computed tomography (µCT) imaging technique was applied
here to investigate the internal structure of concrete without cutting the specimen
to preserve the specimen’s original structure. Three-dimensional high-resolution
images of the concrete specimens were captured and analyzed to study the effects of
W/C and S/C ratios on the pore structure of concrete in a non-destructive manner.
The pore properties of concrete were represented and evaluated using the porosity
and the volume ratio of small and large voids.

2 Materials and Methodologies

2.1 Specimens

Small concrete specimens with a diameter of 15 mm were cast, cured for 28 days,
and dried at room temperature for several days before µCT imaging. A total of 9
specimens were examined to study the effects of the W/C and S/C ratios on the pore
structure of concrete. While the first 6 specimens were prepared using W/C ratios
of 0.4–0.9 with a fixed S/C of 1.0, the other 3 specimens were cast using S/C ratios
of 0.5, 2, and 3 with a fixed W/C of 0.5. The mixing proportions of the concrete
specimens were listed in Table 1.

Table 1 Composition of
concrete specimens

Specimen Mix ratio (C:W:S:A)

W/C = 0.4 || S/C = 1 1:0.4:1:1.5

W/C = 0.5 || S/C = 1 1:0.5:1:1.5

W/C = 0.6 || S/C = 1 1:0.6:1:1.5

W/C = 0.7 || S/C = 1 1:0.7:1:1.5

W/C = 0.8 || S/C = 1 1:0.8:1:1.5

W/C = 0.9 || S/C = 1 1:0.9:1:1.5

S/C = 0.5 || W/C = 0.5 1:0.5:0.5:1.5

S/C = 2 || W/C = 0.5 1:0.5:2:1.5

S/C = 3 || W/C = 0.5 1:0.5:3:1.5
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Fig. 1 a µCT imaging system and b Region of interest of specimens

2.2 CT Imaging

An advanced micro-focus CT imaging system was employed to detect and analyze
the concrete voids, as shown in Fig. 1a. The CT scans were performed using tube
voltage and current of 110 kV and 80 µA, respectively. An X-ray exposure time
of 0.33 s was utilized for capturing a total of 1,000 images with a voxel size of
49.1 µm. These imaging parameters were suitable for capturing high-resolution CT
images efficiently. Identical post-imaging processes were applied to the collected
images to minimize scanning artifacts and analyze the internal pores of the concrete
specimens. Pore analysis was conducted on the 34.4 mm long midsection of the
specimens, illustrated in Fig. 1b, to avoid the error caused by the rough top and
bottom surfaces.

3 Results and Discussion

3.1 General

Three-dimensional (3D) reconstructions of the detected pores were generated, post-
processed, and analyzed as shown in Fig. 2. As illustrated in the image, changing the
mixing proportion of concrete can substantially alter the nature of its pore structure,
and consequently, its mechanical performance. After conducting pore analysis, it
was revealed that increasing the W/C ratio beyond the appropriate level resulted in
higher porosity and volume of large voids, which explained the concrete weakening
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Fig. 2 3D representation of air voids of a S/C = 0.5 and b S/C = 3 concrete specimens

effect reported in the literature (Lotfi-Omran et al. 2019; Nikbin et al. 2014). Simi-
larly, applying a high S/C ratio was observed to degrade the workability of concrete
producing a higher void density. Nevertheless, increasing the S/C ratio seemed to
decrease the volume ratio of large pores, and therefore, improve the strength of
concrete, which matched the published findings (Bu et al. 2017). Notably, applying
the appropriate W/C and S/C ratios of 0.6 and 1, respectively, prevented extreme
cases of underhydration and overhydration of the concrete mix resulting in the least
porosity of 3.26%.

3.2 Effect of W/C Ratio

Six concrete specimens withW/C ratios of 0.4–0.9 were imaged. It was observed that
using a lowW/C ratio of 0.4 reduced the workability of the concrete mix producing a
porosity of 4.62%. Increasing the W/C ratio up to 0.6 improved the workability, and
subsequently, decreased the porosity to 3.26%. However, the addition of more water
increased the produced porosity to 4.44%. Notably, increasing the W/C ratio from
0.7 to 0.9 did not considerably change the resulted porosity. This can be attributed to
excessive bleeding of the high-water content concrete mix, which pushed the excess
water to the top surface of the specimens. The porosity of concrete under different
W/C ratios was plotted in Fig. 3a. As illustrated, using a W/C ratio of 0.6 can yield
the least porosity.

The effect of the W/C ratio on the quality of the pore structure was represented
by the volume ratio of small (<200 voxels) and large (>200 voxels) voids as shown
in Fig. 3b. It was clearly shown that increasing the W/C ratio generally reduced the
volume of small voids and increased the volume of the larger and more detrimental
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Fig. 3 a Porosity, and b Volume ratio of small (<200 voxels) and large (>200 voxels) pores of
specimens with different W/C ratios

voids. This shows that although increasing the W/C ratio from 0.4 to 0.9 did not
significantly affect the porosity of concrete, it most likely degraded the concrete
strength by considerably increasing the volume ratio of the large damaging voids. It
was also worth noting that even though the excessive concrete bleeding prevented
further growth of the porosity as the W/C ratio was increased from 0.7 to 0.9, it did
not control the volume ratio of large pores as demonstrated in Fig. 3b. Based on these
results, it can be deduced that applying a W/C ratio beyond 0.6 can deteriorate the
performance of concrete by increasing both the porosity as well as the volume ratio
of large voids. However, while decreasing the W/C ratio below 0.6 increased the
porosity, it also improved the quality of the pore structure by maximizing the volume
ratio of small voids. Thus, further research is needed to determine the optimal W/C
ratios for specific concrete applications.

3.3 Effect of S/C Ratio

Micro-computed tomography was utilized to investigate the effect of the sand-to-
cement (S/C) ratio on the pore properties of concrete specimens prepared using S/C
ratios of 0.5, 1, 2, and 3. It was found that using an insufficient amount of sand
(S/C = 0.5) produced more porous specimens. Increasing the S/C ratio from 0.5
to 1 improved the workability of concrete and decreased its porosity from 4.99% to
3.9%. Applying higher S/C ratios (e.g. S/C= 3) degraded the workability of concrete
resulting in higher void content. The concrete porosity produced under different S/C
ratios was shown in Fig. 4 a. Notably, the S/C and W/C ratios have a contrary effect
on the porosity of concrete.

The effect of the S/C ratio on the quality of the pore structure represented by
the volume ratio of small and large voids was not obvious possibly due to the small
number and size of the specimens, as illustrated in Fig. 4b. However, based on the
plotted trendlines, it seemed that applying an S/C ratio of 0.5 increased the volume
ratio of large voids. On the other hand, applying an S/C ratio of 3 reduced the
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Fig. 4 a Porosity and b Volume ratio of small (<200 voxels) and large (>200 voxels) pores of
specimens with different S/C ratios

workability of concrete as well as the volume ratio of large pores. In other words,
while the volume ratio of large pores was increased by overhydration of the concrete
mix, it was decreased by insufficient hydration. These results matched the previous
observations reported in the last section. The aforementioned results indicated that
applying an S/C ratio of 1 can considerably improve the performance of concrete by
minimizing both the concrete porosity as well as the volume ratio of large voids.

4 Summary and Conclusions

This paper presents a pilot study that utilized a high-resolution micro-computed
tomography (µCT) imaging system to examine the effect of water-to-cement (W/C)
and sand-to-cement (S/C) ratios on the pore properties of small concrete specimens.
After examining several concrete specimens prepared using a W/C ratio of 0.4–0.9
and an S/C ratio of 0.5–3, the following points were concluded:

• TheW/C and S/C ratios can considerably affect not only the porosity of concrete,
but also the quality of its pore structure, thus affecting its mechanical strength and
durability under different environmental conditions.

• TheW/C and S/C ratios seem to have opposite effects on the porosity and volume
fraction of small and large voids.

• Overhydration of the concrete mix reached by applying a high W/C ratio or a low
S/C ratio can increase both the porosity and the volume fraction of large pores;
hence, it can weaken the strength and freeze–thaw resistance of concrete.

• Insufficient hydration of the concrete mix attained by decreasing the W/C ratio or
increasing the S/C ratio can increase the porosity but reduce the volume fraction
of large voids, which can enhance the concrete strength.

• Applying the appropriate W/C and S/C ratios of 0.6 and 1, respectively, produced
a high-quality concrete specimen with the least porosity and an improved pore
structure.
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An Innovative Wedge Anchorage
for CFRP Plates: Finite Element
Modeling and Experimental Verification

Mustafa Alhusain and Adil Al-Mayah

1 Introduction

Based on the American Society of Civil Engineering (ASCE) report (2017), the reha-
bilitation of concrete structures is projected to cost the United States about $2 trillion
by2025 (ASCE InfrastructureReportCard 2017). Thus, extensive research has exam-
ined the potential of strengthening concrete structures using the corrosion-resistant
carbon fiber reinforced polymer (CFRP) accredited to its high tensile strength and
lightweight (Al-Mahaidi and Kalfat 2011; Van Den Einde et al. 2003). The effec-
tiveness of CFRP reinforcement can be increased through the application of post-
tensioning. However, prestressing CFRP is challenging due to its susceptibility to
lateral loading imposed by the required gripping system (Sun et al. 2019). Thus,
utilizing suitable anchorage systems is essential for efficient CFRP applications. One
of the proposed efficient gripping systems is the friction-based wedge anchorage,
which is compact in size, reusable, and easy to install. The mechanical wedge
anchorage consists of an external cylindrical barrel and multiple internal wedges
in addition to soft sleeves, which are used to minimize stress concentration within
the CFRP plate (Al-Mayah et al. 2013). The wedges are marginally larger than the
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passage of the housing hollow barrel; therefore, applying press-fitting causes an
interference between the wedges and the barrel resulting in lateral compression of
the CFRP plate (CFRP contact pressure).

The performance of the wedge anchorage and its ultimate load-carrying capacity
are crucially dependent on the intensity and distribution of the contact pressure on
the CFRP plate. While applying insufficient CFRP contact pressure produces inade-
quate gripping strength leading to considerable CFRP slippage, applying excessively
high CFRP contact pressure can lead to its premature failure. Therefore, a thorough
examination of the wedge anchorage performance using different sets of dimensions
is critical for identifying the appropriate dimensions. This task can be achieved in a
cost-effective and timely manner using finite element (FE) modeling. Little research
has been conducted on the development of a three-dimensional (3D) FE model of
a wedge anchorage for CFRP plates. Hence, the main objective of this paper was
the development of a realistic FE model of the wedge anchorage using the appro-
priate boundary and contact conditions. The post-loading stress distribution within
the anchorage was analyzed, and the accuracy of the FE model was investigated by
comparing its results to experimental data.

2 Finite Element (FE) Model

2.1 General

The wedge anchorage was made of four components, which were a CFRP plate,
two copper sleeves, two steel wedges, and a steel barrel. Only a quarter section
of the symmetric anchorage was simulated using ABAQUS software to reduce the
required processing power and time, as shown in Fig. 1. The compact size of the
anchorage was represented by the barrel length and outer diameter of 70 mm and
76.2 mm, respectively. The actual CFRP specimen was 1.2 mm thick, 50 mm wide,
and 1,000 mm long. Likewise, the copper sleeves were 0.81 mm thick, 50 mm wide,
and 75 mm long. However, the thickness and width of the CFRP plate and the width
of the copper sleeves were halved in the FE model since only a quarter section
was modeled. The contacting surfaces of the wedges and barrel were made of a
combination of circular and linear segments. The circular segment was introduced
to allow a gradual increase of interference between the wedges and barrel along

Fig. 1 Quarter model of
wedge anchorage (Alhusain
and Al-Mayah 2020b)
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the length of the anchorage to prevent stress concentration at the loading tip of the
CFRP plate while the linear segment was used to maintain the interference within a
suitable range near the freeloading end.Thedimensions of thewedges andbarrelwere
discussed in detail in a preceding publication (Alhusain and Al-Mayah 2020a). In
accordance with a prior parametric study (Alhusain 2018), neither CFRP premature
failure nor anchorage plastic deformation was observed after applying the full CFRP
tensile load. The soft copper sleeves were expected to experience plastic deformation
upon loading; hence, a new set of sleeves were employed per test. Therefore, the FE
elements were treated as elastic materials.

2.2 Boundary, Contact, and Loading Conditions

The appropriate boundary, contact, and loading conditions were employed to simu-
late the post-tensioning process applied in the field. The first two roller boundary
conditions were applied on the mirroring surfaces of the CFRP plate, the sleeve,
the wedge, and the barrel to accurately mimic the behavior of the wedge anchorage
using only a quarter section. Throughout the press-fitting (presetting) and CFRP
tensile loading processes, the loading end (Edge 1) of the barrel, shown in Fig. 2,
was supported by a fixed frame; thus a roller boundary condition was introduced at
the loading face of the barrel to constrain its displacement along the loading direc-
tion. Another boundary condition was applied on the pressing end (Edge 2) of the
wedge to simulate the displacement-controlled presetting process of the anchorage.
The total presetting displacement utilized in this study was 6 mm. After press-fitting
the wedge anchorage, a tensile loading of 2,800 MPa, which was equivalent to the
CFRP tensile strength, was applied on the loading end (Edge 1) of the CFRP plate
as demonstrated in Fig. 2. More details of the FE models can be found in (Alhusain
and Al-Mayah 2020b).

Three surface contact conditions were applied on the CFRP-sleeve, sleeve-wedge,
andwedge-barrel interfaces, as shown inFig. 3, to simulate themechanical interaction
between the elements. In order to improve the accuracy of the FE model, a hard-
surface contact condition was applied on the interacting surfaces to minimize node
penetration. Also, since no relative slippagewas detected between thewedges and the
sleeves (Al-Mayah et al. 2001), a rough (no-slip) contact condition was used in the
sleeve-wedge interface. On the other hand, friction-based sliding contact conditions

Fig. 2 Press-fitting
(presetting) and CFRP
tensile loading conditions
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Fig. 3 Surface contact
conditions

with friction coefficients of 0.39 and 0.05 were applied, respectively, on the CFRP-
sleeve and wedge-barrel interfaces (Mohee et al. 2016).

3 Results and Discussion

3.1 General

The finite element model was utilized to assess the performance of the wedge
anchorage and analyze the post-loading stress distribution within the CFRP plate, the
wedges, and the barrel. The stress distribution within the wedges and the barrel was
represented using von Mises stress. On the other hand, the stress distribution within
the CFRP platewas analyzed using the longitudinal and lateral (contact) stresses. The
maximum recorded von Mises stress within the wedges and the barrel was 707 MPa
and 1,153 MPa, respectively, which were less than the yield strength of 1,896 MPa.
Thus, the wedges and the barrel were not anticipated to experience plastic deforma-
tion. Likewise, the maximum longitudinal stress within the CFRP plate reached its
full tensile load of 2,800 MPa. In other words, based on the FE model, neither CFRP
premature failure nor anchorage plastic deformation was projected, which matched
the observations made in a prior publication (Alhusain and Al-Mayah 2020a).

3.2 Stress Distribution

The stress distribution within the wedge anchorage and the CFRP plate was analyzed
after applying the full tensile load of 2,800 MPa. In general, the von Mises stress
within the wedges and barrel as well as the lateral contact pressure within the CFRP
plate were minimum at the loading end (Edge 1) of the anchorage, as demonstrated
in Fig. 4a, b, and c. The stresses increase along the length up to the transition point
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Fig. 4 Von Mises stress distribution within the a Barrel and b Wedge, and the c Lateral and d
Longitudinal stresses within the CFRP plate

between the circular and linear segments of the wedge anchorage, after which the
stresses drop to lower levels. This stress distributionwas desired because itminimizes
the lateral stress within the loading end of the CFRP plate to prevent its premature
failure, and it also controls the stress nearby the pressing end (Edge 2) of the wedge
anchorage to minimize its plastic deformation. The longitudinal stress within the
CFRP plate was analyzed as shown in Fig. 4d. As illustrated, only a small part of the
CFRP plate (gray area) seems to fail when the full tensile load was applied. Based on
the aforementioned results, it was clear that the utilized dimensional configuration
of the wedge anchorage distributed the internal such that both anchorage plastic
deformation and CFRP premature failure were prevented.

3.3 Verification of FE Model

The accuracy of the finite element (FE)model was examined by comparing its results
to experimental data. The tensile load–displacement relationship was used in the
comparison to capture the full performance of the anchorage. Three experimentswere
conducted and simulated under identical press-fitting and tensile loading conditions.
To better assess the accuracy of the FE model, three distinct levels of presetting
were applied. Tests 1–3 were conducted under presetting levels of 3.4 mm, 4.2 mm,
and 4.9 mm, respectively. It was worth mentioning that presetting the anchorage by
pushingwedgeswithin thepassageof thebarrel canbeperformedbya simple hammer
or hydraulic jack without affecting the ultimate load-carrying capacity of the system.
The tensile loadwas applied using a servo-hydraulicMaterial Testing System (MTS),
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Fig. 5 Tensile load (kN) versus Wedge displacement (mm) for experimental tests and FE
simulations (Alhusain and Al-Mayah 2020b)

and a linear variable differential transformer (LVDT) was employed to measure
the displacement of the wedges throughout the loading process. Upon completion
of experimental testing, it was determined that the wedge anchorage successfully
gripped the CFRP plate until its full reported tensile strength of 2,800 MPa (168 kN)
was reached, which confirms the successful elimination of CFRP premature failure
as indicated by the FEmodel. Likewise, the load–displacement data attained through
the experimental tests and the FE model were compared as demonstrated in Fig. 5,
and a notable agreement was observed. Based on the aforementioned results, it was
possible to conclude that the FE model has a reasonable degree of accuracy.

4 Conclusions

A three-dimensional finite element (FE) model with a good degree of accuracy was
developed and experimentally verified. As revealed by the FEmodel, the dimensional
configuration of the wedge anchorage minimized the post-loading internal stress
nearby the loading end (Edge 1) and the pressing end (Edge 2), which allowed
effective gripping of the CFRP plate besides preventing plastic deformation within
the anchorage. These results were verified by experimental testing, through which
neither CFRP premature failure nor anchorage plastic deformation was observed.
The accuracy of the FE model was examined by comparing its load–displacement
data with experimental readings, from which a notable accuracy was illustrated.
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Effects of Load Level on the Structural
Fire Behaviour of GFRP-Reinforced
Concrete Beams with Straight-End bar
Lap Splices

Sobita Gurung and Osama Salem

1 Introduction

Glass fibre-reinforced polymer (GFRP) is a composite material that is made of glass
fibres embedded in a polymer matrix. For a few decades, GFRP bars have been
gaining acceptance as an economical alternative to steel rebar for concrete structures
to enhance their durability, especially those structures which are susceptible to corro-
sion. Properties such as high chemical and corrosion resistance and high strength-to-
weight ratio make GFRP a desirable engineering material. However, the application
of GFRP-reinforced concrete is still mostly limited to only certain components in
bridges and marine structures where the fire is not a primary consideration. This is
mainly because the structural behaviour of GFRP-reinforced concrete elements at
elevated temperatures is yet to be understood well since only limited research has
been done in this regard. GFRP bars have very good bond strength with concrete at
ambient temperature. However, they are known for their poor thermal resistance and
consequent loss of bondwith concrete at elevated temperatures above the glass transi-
tion temperature of the polymermatrix used in their composition. The glass transition
temperature of GFRPs is relatively low as it lies between 93 °C and 120 °C. Thus, the
bond strength of GFRP bars with concrete is the most vulnerable characteristic in fire
conditions and could be the main reason for the failure of GFRP-reinforced concrete
structural elements when subjected to elevated temperatures. For instance, in a study
conducted by Katz et al. (1999) to investigate the effects of high temperatures on the
behaviour of GFRP bars, it was observed that the loss of bond strength of GFRP bars
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with concrete decreased by 80% to 90% when the temperature was raised from 20
°C to 250 °C.

One of the important factors that affect the structural fire behaviour of a concrete
beam is the magnitude of applied load during fire tests. The higher the level of
the applied load is, the greater the deflections and more subsequent cracks that can
be developed in a concrete beam are. With more cracks developed on the exposed
surfaces of a concrete beam, more heat can penetrate the beam cross-section, which
leads to an increase in the temperatures of the reinforcingbars. In a study conductedby
Rafi and Nadjai (2014) to investigate the fire behaviour of CFRP-reinforced concrete
beams subjected to varying load ratios, i.e., 20, 30, 40, 50, and 60%, of the beam
moment capacity, the fire resistance time of the beams were 221, 197, 179, 161 and
144 min, respectively. In that study, all beams had cross-sectional dimensions of
120 mm wide× 200 mm deep and a length of 2000 mm. The applied load ratio also
has a significant effect on the post-fire residual flexure strength of concrete beams.
As per the results of a numerical study conducted by Yu and Kodur (2013), doubling
the load ratio from 30% to 60% resulted in a reduction of the post-fire residual flexure
strength of steel-reinforced concrete beams from 15% to 26%. Another parameter
that could affect the fire resistance of concrete beams is the provision of the lap
splices for tensile reinforcement, as the length of the bar lap splice directly affects
the bond strength and crack pattern in GFRP-reinforced concrete beams.

The applications of GFRP-reinforced concrete structures can be an econom-
ical alternative to steel-reinforced concrete structures in extreme conditions where
steel reinforcement is susceptible to corrosion. Although some studies have been
conducted to investigate the fire performance of GFRP-reinforced concrete beams,
most of them are of small size and/or utilize continuous reinforcement. Thus, the
lack of sufficient research on the fire behaviour of GFRP-reinforced concrete beams
with bar lap splices is noticeable. Also, the gap in the available literature with respect
to the effects of load ratio on the fire behaviour of GFRP-reinforced concrete beams
is evident. Accordingly, this study aimed to investigate the effects of applied load
ratio on the fire behaviour of GFRP-reinforced concrete beams having straight-end
bar lap splices at their midspan.

2 Experimental Programme

This paper presents the experimental study of two GFRP-reinforced concrete beams
at elevated temperatures (labelled BG85-I and BG85-II). The experimental findings
were compared to those of two other identical beams (labelled BG40-I and BG40-II)
subjected to lower load ratio, which were tested in a prior related study conducted
by Nour et al. (2021), to examine the effects of increasing the load ratio on the
structural fire performance of GFRP-reinforced concrete beams with straight-end
bar lap splices.
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Fig. 1 Dimensions and reinforcement details of a typical concrete beam

Table 1 Summary of beam design bending moment values according to CSA-S806-12

Beam ID Lap splice
length
(mm)

Load ratio
(%)

Applied
load
(kN.m)

Cracking
moment
(kN.m)

Service
moment
(kN.m)

Ultimate
design
moment
(kN.m)

Resisting
moment
(kN.m)

BG85-I 550 85 27.0 23.5 23.6 31.6 101.98

BG85-II

2.1 Details of Test Specimens

The experimental programme included two beams reinforced with GFRP bars.
The beams were 2750 mm long with cross-sectional dimensions of 300 mm ×
350 mm high. Three 20-mm diameter GFRP bars were provided as tensile longitu-
dinal reinforcement. Also, 10-mm diameter steel stirrups were provided at a spacing
of 150 mm along the beam length with two 10-mm diameter stirrup hanger bars. The
beams had bar lap splices of 550 mm overall length at the beam midspan where the
maximum bending moment existed. A concrete cover of 60 mm thick was provided
on all sides of the beam cross-section except on the top, where only a 30 mm thick
concrete cover was provided. The dimensions and details of the reinforcement of the
two test specimens are provided in Fig. 1. Also, Table 1 summarizes the values of
the calculated bending moments according to CSA-S806-12 design standard.

2.2 Fire Test Setup

All fire tests of this study as well as those in (Nour et al. 2021) were conducted at
Lakehead University Fire Testing and Research Laboratory (LUFTRL). The beams
were simply supported with a clear span of 2200 mm and tested under four-point
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flexure bending.Thebeamswere exposed tofire on three sides only,where the top side
along a 400 mm distance from each end of the beam were thermally insulated using
two layers of 25 mm thick ceramic fibre blankets. This is to simulate the existence
of a concrete slab on top of the beam as well as a concrete column at each end as
it would be in a real construction configuration. During fire tests, the two beams of
this study were exposed to elevated temperatures that followed the CAN/ULC S101
standard fire time–temperature curve while being subjected to 85% of the beam
ultimate design moment (27 kN.m). The beams were deliberately subjected to this
moment magnitude, which is above the beam cracking moment (23.5 kN.m), so
cracks could develop before commencing the fire tests to investigate how direct heat
penetration through those cracks can affect the fire performance of the beams. The
transverse load was applied using a hydraulic cylinder connected to a manual pump
through a vertical steel loading post, which was then transferred to the test specimen
at two points, 1000 mm apart through a spreader steel beam. The load was applied
in four increments, each of 25% of the total load magnitude, until the target load (27
kN.m) was reached at least 30 min before the commencing of the fire test and then
maintained throughout the test duration.

3 Results and Discussion

3.1 Furnace Temperature

The temperature inside the large-size furnace accommodated at LUFTRLwas consis-
tently monitored using four metal-shielded Type-K thermocouples extended out of
the furnace backwall to precisely follow the standard fire time–temperature curve via
the furnace’s advanced computer programmable control panel with an accuracy of±
2%. The fire tests of beams BG85-I and BG85-II lasted for 51 min and 62 min with
the furnace average temperature reaching 908 ˚C and 933 ˚C, respectively. Figure 2
illustrates the actual time–temperature curves for the two fire tests.

3.2 Beam Deflections

The load-carrying capacity of beams BG85-I and BG85-II dropped markedly at
51 min and 62 min, respectively, indicating the beam failure as shown in Fig. 3.
Thus, the fire resistance time of the two beams tested in this study is very close to
that of beams BG40-I and BG40-II (53 min and 60 min, respectively) reported by
Nour et al. (2021) and were subjected to slightly less than half the load applied on the
beams presented in this paper. As reported byNour et al. (2021), due to the lower load
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Fig. 2 Time–temperature curves for fire tests

Fig. 3 Relationships of load versus time and mid-span deflection versus time

ratio applied on their GFRP-reinforced beams no cracks were developed in the beams
during the pre-loading stage before the commencing of the fire tests. However, cracks
were observed in beams BG40-I and BG40-II after 35 min and 50 min, respectively,
from the start of the fire tests, which then propagated with time. Although the beams
subjected to a higher load ratio (BG85-I and BG85-II) had cracks formed during the
pre-loading stage before the commencement of the fire tests, which started to widen
only just a few minutes before the failure of the beams, the exposure time of the
GFRP bars to direct heat through the developed cracks was not long enough to affect
the beam fire resistance time. It can, therefore, be inferred that the fire resistance
of the GFRP-reinforced concrete beams with straight-end bar lap splices is mainly
affected by the length of the exposure to fire as the failure of the beams was mainly
due to the loss of the bond strength of the bars with concrete because of elevated
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temperatures rather than the inability of the beam to maintain the increased applied
load (i.e., 85% load ratio).

The relationship between the beam mid-span deflection and fire exposure time is
relatively linear until failure as shown in Fig. 3. The mid-span deflections exhibited
by the two beams subjected to a higher load ratio right before failure (12.5 mm and
12.7 mm for beams BG85-I and BG85-II, respectively) were almost the same as
those exhibited by the similar beams but subjected to a lower load ratio (11.0 mm
and 13.5 mm for beams BG40-I and BG40-II, respectively). However, as the beam
was subjected to a higher load ratio, its mid-span deflection started to run away as it
increased very rapidly from 12.5 mm to 20.5 mm within only 30 s in beam BG85-
I, and then reached 49.0 mm in the next minute. Whereas in beam BG85-II, the
deflection increased from 12.7 mm to 27.5 mm within only 60 s.

3.3 Beam Failure Modes

All beams including those tested by Nour et al. (2021) failed in flexure within the
maximum moment zone in the middle of the beam accompanied by vertical and
longitudinal cracks, as shown in Fig. 4. Beams BG85-I and BG85-II failed due to
the splitting of the concrete because of slippage of the spliced bars within the fire-
exposed zone in the middle of the beam. It was also noticed that slippage of the
bars in beam BG85-I was greater than that in BG85-II, which may have contributed

(a) (adapted from Nour et al., 2021) 

(b) 

Fig. 4 Fire damaged beams: a subjected to 40% load ratio (Nour et al. 2021), b subjected to 85%
load ratio
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to the early failure of the former beam at just 51 min, compared to 62 min for
the later beam (BG85-II). The thermal measurments (not included in this paper)
of the thermocouples installed inside the beam at different locations indicate that the
temperatures experienced by the bars within the lap splice zone were near or slightly
above the glass transition temperature of the utilized GFRP bars. At temperatures
above the glass transition temperature of the GFRP bars, the degradation of the
mechanical properties of the polymer matrix is significant and can result in loss of
the bond strength between the bars and the surrounding concrete. Hence, the mode
of failure of the fire-tested beams was concrete splitting followed by debonding of
the bars due to elevated temperatures.

The crack patterns in the examined beams were also observed closely as it was
noticed that the cracks developed in the beams subjected to higher load ratio (BG85-I
and BG85-II) were more than those developed in the beams subjected to lower load
ratio (BG40-I and BG40-II), as shown in Fig. 4. Moreover, it was observed that the
span of crack development in the beams subjected to lower load ratio (BG40-I and
BG40-II) as reported by Nour et al. (2021) was contained within the lap splice zone,
as shown in Fig. 4a. Whereas in the beams subjected to higher load ratio (BG85-I
and BG85-II) presented in this paper, some cracks were observed beyond the bar
splice zone, as shown in Fig. 4b.

4 Conclusions

This paper presents the findings of a unique experimental study that investigated
the effects of the applied load ratio on the structural fire performance of GFRP-
reinforced concrete beams having straight-end bar lap splices at their mid-span. The
main findings of this study are listed below:

• The effect of the applied load level (load ratio) on the fire resistance time
of the GFRP-reinforced concrete beams having straight-end bar lap splices is
insignificant.

• The increase rate of the mid-span deflections at failure was higher for the beams
subjected to higher load ratio compaired to that for the beams subjected to lower
load ratio.

• The failure of all beams occurred due to splitting of the concrete followed by
slippage of the bars in the lap splice zone when the bar temperature approached
or slightly exceeded the glass transition temperature of the utilized GFRP bars.
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Durability Assessment
of Fiber-Reinforced Polymer Composites
Externally Bonded to a Concrete Bridge
After 26-Year Exposure

Sandra Milev and Jovan Tatar

1 Introduction

Foulk Road bridge #26, located in Wilmington, Delaware, is a concrete bridge orig-
inally built in 1965. The bridge superstructure consists of 23 prestressed adjacent
box-beam girders. Each girder is 0.9 m wide, 0.7 m deep, and 16.4 m long. The
bridge was retrofitted in 1994 due to severe longitudinal cracking on the bottom face
of the girders. It is believed that cracking was caused by tensile stresses induced by
freezing of the water trapped in the hollow voids and reinforcement corrosion. An
investigation of this problem conducted at the University of Delaware (Chajes et al.
1993) showed a lack of transverse reinforcement in the bottom of the box section
(Fig. 1) in bridges constructed before 1973. To address this issue, unidirectional
CFRP sheets were externally bonded to the bottom face of the girders, with fibers
oriented in the transverse direction to the beam length to act as a replacement for the
transverse reinforcement (Fig. 1).

Adjacent box girders are widely used in the US for short and medium spans up
to 100 ft (Federal Highway Administration 2018). Despite the fact that adjacent box
girder bridges have many advantages (ease of construction, shallow superstructure
depth, and high torsional stiffness) issues with durability performance resulted in
premature deterioration in many bridges in the US. After 25–30 years in service,
several box-beam bridges in Delaware, built in mid-1960s, developed longitudinal
cracking on the beam soffit. Investigation of this problem showed that cracking in
the grout keys and overlay above the keys is the leading cause of major issues.
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Fig. 1 Foulk Road bridge: a plan of repaired girders (hatch pattern indicates fiber direction), b
typical cross-section

Cracks in the overlay allow water and Deicing chemicals to penetrate into the empty
voids and between the shear keys along the full length of the beams. Permeability
of concrete allows chlorides and other aggressive agents present in the water to
diffuse into concrete and initiate corrosion of reinforcement and prestressing strands,
which subsequently cause cracking, spalling, and breaking of prestressing tendons
(Attanayake and Aktan 2017).

Repairswere carried out usingTonenCorporation’s ForcaTowSheets, FTS-C1-20
and FTS-C5-30. Five of the six beams were strengthened with one ply of FTS-C1-20
(tensile strength: 3790 MPa, tensile modulus 250 GPa), which was designed as an
equivalent to #4 bar. Two of these beams—G3 and G4—had a longitudinal crack
at the time of repair. Girder G6 was retrofitted with 2 plies of FTS-C5-30 (tensile
strength: 3200 MPa, tensile modulus 400 GPa) to result in a similar stiffness as the
missing transverse reinforcement. The commercial name of the epoxy used is not
documented, but it was most probably Tonen’s corporation FP-E3P epoxy resin.
The intention of the installed repairs was to extend the service life of the bridge by
5–10 years. This system consists of unidirectional carbon fibers, a two-part epoxy
primer, and a two-part epoxy resin. Primer was applied to enhance adhesion, and
the epoxy resin is used as an adhesive and saturate. There is no information if UV
protective paint was applied to the surface of the CFRP. As a part of quality control
testing, only a tapping test with a small hammer was conducted. However, tensile
testing to determine the tensile strength of the Tow sheet and quality of the bond to the
concrete were not performed. The detailed procedure can be found in the published
literature (Finch 1997).

2 Field Evaluation

2.1 Visual Inspection

A visual inspection of the bridge was conducted in September 2020. The focus
was on the CFRP repairs. However, the overall condition of the bridge girders was
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Fig. 2 Foulk Road bridge in Wilmington, DE

visually evaluated. Each girder was photographed to record the presence of discol-
oration, debonding, composite degradation, concrete cracking, corrosion, spalling,
etc. Design plans for the FRP strengthening of girders G7-G23 were not found.
Based on the visual inspection, they were repaired with externally bonded bidirec-
tional CFRP. Unlike the girders repaired in 1994, girders G7-G23 were strengthened
only near the supports—approximately 4 m on each side of the girder length was
wrapped with CFRP (Fig. 1).

Signs of deteriorationwere observed onCFRP repairs installed in 1994, especially
onG1 andG2: insufficient saturation, discoloration, debonding and damage of CFRP,
and water staining (Fig. 3a, b). In general, the CFRP strengthening of the girders G7-
G23 seemed to be in a good condition, but the damage of the repairs of several
girders was noticed—G10, G11, G15 (Fig. 3c). Debonding and damage of CFRP
occurred at the locations of severe girder damage. Severe cracking in the middle of
the span (approximately 6 m from the south support) of G8 was observed (Fig. 3d).
According to available documentation, 4 m long crack in this girder already existed
in 1994 (Finch 1997). In most of the girders, the presence of spalling, corrosion, and
efflorescence of concrete was observed. Inspection of joints revealed the presence of
debris, motor oil, and efflorescence.

2.2 Bond Pull-Off Tests

Girders G1 and G23 were selected as locations for pull-off tests because they had
more exposure to moisture from the rain and water draining from the deck than other
girders. Pull-off tests were conducted on the locations where CFRP was bonded and
away from the edges of the girders. A 57 mm diamond-coated core saw was used to
drill approximately 4 mm into the concrete through the CFRP. The test surface was
sanded to remove the paint and cleanedwith alcohol before attaching the pucks. Tests
were conducted on the following week according to ASTM D7522 (2015) using a
Proceed adhesion tester. The load was applied at the rate of 13 kPa/s until failure.
Maximum failure load, failure mode, and photographs of all the pucks after the tests
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Fig.3 a Debonding, discoloration, and damage to the CFRP, b Debonding and damage to CFRP
and concrete, and d Cracking of concrete girder G8

were recorded. Failure modes were evaluated according to ASTM D7522 (2015),
where five types of failures are defined: (1) bonding adhesive failure—Mode A, (2)
cohesive failure in FRP laminate—Mode B, (3) adhesive failure at FRP/adhesive
interface—mode C, (4) cohesive failure in adhesive—mode D, and (5) adhesive
failure at FRP concrete interface—mode E.

Failure loads on G1 varied from 2.2 to 2.86 MPa. All the tests conducted on this
girder resulted in Mode B failure—failure of the composite (Fig. 4a). Significant
variation in pull-off bond strength values of G23 was observed. Failure load varied
from 0.95 to 4.4 MPa. All failure modes on this girder were Mode E—failure at
FRP/concrete interface (Fig. 4b). Since initial pull-off test results at the time of
installation of the original FRO were not available, quantitative analaysis of bond

Fig. 4 Two failure modes were observed: a Mode B on girder 1, bMode E on girder 23



Durability Assessment of Fiber-Reinforced Polymer Composites … 97

Table 1 Pull-off test results-Foulk Road bridge

Label Bond strength (MPa) Failure mode Failure mode Interpretation of
failure mode

G23-T1 0.95 E Epoxy failure at
FRP/concrete interface

Indicates poor
adhesion between
epoxy and concrete
which could be due to
inadequate surface
preparation, improper
installation, and
environmental
degradation

G23-T2 1.33

G23-T3 4.39

G1-T1 2.44 B Cohesive failure in
FRP laminate

Indicates that the
out-of-plane strength
of the composite is
lower than the
strength of concrete,
epoxy adhesive, and
epoxy/concrete
interface. This failure
mode is rarely
observed and points
out to possible
degradation of the
composite

G1-T2 2.82

G1-T3 2.15

strength was not possible. Therefore, pull-off test results are analyzed only from the
standpoint of bond quality requirements recommended in the ACI 440.2R (2017).

The pull-off bond strength of CFRP repairs on G1 (Table 1) was considerably
above the minimum value of 1.37 MPa specified by ACI 440.2R (2017) Cohesive
failure of the composite (mode B) that occurred on G1 is rarely observed and it
indicates incomplete saturation or environmental degradation. Pull-off bond strength
at two of three tested locations on girder G23 was lower than recommended in the
design guide—1.37MPa. Additionally, failureMode E indicates that bond strength is
lower than the strength of the composite or concrete. This type of failure is identified
as an undesirable failure. Possible causes of epoxy failure at FRP/concrete interface
are inadequate surface preparation, use of an unsuitable type of epoxy, incomplete
epoxy curing, or environmental degradation.
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3 Laboratory Testing

3.1 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was conducted to detect a potential effect
of the environment on the glass transition temperature (Tg) of the CFRP after 26-year
service life and to examine if any difference exists between new and old repairs. The
glass transition is the temperature range over which polymers change from a hard and
rigid state to a more flexible, rubbery state, which results in decreased strength and
stiffness. This is the reason why design specifications define the maximum service
temperature for CFRP strengthened structures. According to ACI 440.2R, the Tg of
the composite system should be at least 15 ◦C higher than the service temperature to
ensure that the load capacity of the strengthened structural member is not reduced
during their service life. American Association of State Highway and Transporta-
tion Officials guide specifications (AASHTO-FRPS-1 2010) are more conservative
recommending that Tg is at least 22 °C higher than the maximum design tempera-
ture. The presence of moisture and chemical degradation can reduce the Tgand their
effects on Tg should be evaluated and taken into account for the safe application of
CFRP.

Three replicate samples, weighing between 5 and 20 mg from girders 1, 2, and
23 were tested on TA instruments Netzsch DSC (Selb, Germany). The tests were
performed under nitrogen atmosphere, using a 10 °C/min ramp rate from –20 to 250
°C. The Tg was evaluated byNETZSCHProteusTA software and according toASTM
E1356 (2008). Reported Tg is the midpoint temperature as defined in ASTME1356.

Measured Tg for three girders is presented in Fig. 5. The highest Tg measured on
the older repairs was only 51.4 °C, and it was significantly lower compared to G23
where Tg of 65 °C was observed. To evaluate if 26-year environmental exposure had
any effect on the Tg , its initial values are required. There is little information about

Fig. 5 Glass transition
temperature measured on
samples from girders G1,
G2, and G23
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Fig. 6 SEM images of CFRP collected from a Girder G1, b Girder G2

the used resin, most likely it was Tonen-manufactured FR-E3P (Naaman et al. 1997).
Some reports indicate that the Tg of this resin cured at room temperature is 51 °C
(Naaman et al. 1997; Saito 1998). If it is assumed that this was the initial Tg value of
the CFRP, environmental exposure hadminimal effect. However, a low value like this
is considered to be unsatisfactory, considering that the maximum design temperature
for concrete bridges in Delaware is 37 ◦C (AASHTO 2017).

3.2 Scanning Electron Microscopy (SEM)

CFRPmaterial microstructure was analyzed using aHitachi TM-3000 scanning elec-
tron tabletop microscope. The cross-sectional area of the CFRP samples was sanded
using silicon carbide grinding paper and afterward polishedwith alumina suspension.
The observation has been done in secondary electron mode, backscattering mode,
and mixed-mode, at an accelerating voltage of 5 kV. Samples were examined at low
and high magnification. Typical SEM images showing a cross-section of the samples
extracted from G1 and G23 are shown in Fig. 6.

Significant matrix cracking can be seen at the fiber/matrix interface in the CFRP
sample from girder G1 (Fig. 6). Previous research has shown that the interface
between the fiber and matrix is the most probable location for crack initiation due to
its relative weakness. This type of failure is considered to be one of the most signif-
icant damage mechanisms in composites exposed to static and/or cyclic loading. It
results in stiffness reduction and eventually failure of the composite throughmerging
of multiple cracks. No evidence of damage was observed in the sample from girder
G23 (Fig. 6b).
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4 Summary and Conclusions

Evaluation of CFRP repairs installed on Foulk Road Bridge (Wilmington, DE) was
conducted to provide information on the durability performance of CFRP after
being in service for approximately 26 years. The condition of the repairs was
assessed through visual inspection, pull-off bond tests, and laboratory testing of
material samples collected from the bridge. Laboratory testing included thermal
analysis, spectroscopy, and microscopic observations to determine potential phys-
ical and chemical degradation due to long-term environmental exposure. Based on
the field and laboratory evaluation of Foulk Road bridge CFRP composite repairs,
the following conclusions may be made:

• The presence of FRP damage, debonding, discoloration, insufficient matrix satu-
ration, and water stains were observed on repairs installed in 1994 on girders 1 to
6. CFRP repairs of girders G7 through G23 appear to be in visually good condi-
tion. Based on the condition of some girders (Fig. 3 b, c), it can be inferred that
installing CFRP as a replacement for transverse reinforcement did not prevent the
cracking of the girders.

• Pull-off tests on girder 1, repaired in 1994, indicate good bond strength
according to ACI 440.2R recommendations—bond strength significantly higher
than 1.37 MPa. However, the inadequate failure mode of the composite indicates
that the adhesive, adhesive/concrete bond, and concrete have greater strength than
the composite itself. Undesirable failure mode at the CFRP/concrete interface and
low bond strength was observed on girder G23, repaired with newer bidirectional
CFRP.

• Tg of 50 °C, measured on CFRP installed in 1994 was lower than the minimum
value recommended by ACI 440.2R (2017) Higher Tg values of 65 °C measured
on newer bidirectional CFRP satisfy the minimum recommended temperature.

• SEM images display matrix cracking at the fiber/matrix interface in CFRP
installed in 1994. No signs of degradation were noticed in the bidirectional CFRP
sample.

5 Future Work

Demonstration projects that included CFRP installation on two steel bridges
conducted by the University of Delaware in the early 2000s (Chajes et al. 2003;
Miller et al. 2001) will be the focus of future research. This will include visual
inspection, materials, and bond characterization. Planned tensile tests of the CFRP
composite collected from Foulk Road Bridge, after being in service for 26 years, will
help to refine existing environmental reduction factors. In design practice, environ-
mental effects on the composite are considered through environmental knock-down
factors on FRP design tensile strength. Collected data will be compared to a database
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consisting of laboratory durability data and data from other field studies to develop
design recommendations.
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Experimental Testing
of GFRP-Reinforced Concrete Beams
with Mid-Span Lap Splices Utilizing
Straight- and Hooked-End Bars

Omar Nour, Osama Salem, and Ahmed Mostafa

1 Introduction

The bond strength of glass fiber-reinforced polymers (GFRP) bars with concrete is
a crucial topic that many researchers extensively investigated. Forces in reinforced
concrete structural elements are transferred mainly by the bond developed between
the reinforcing bars and concrete. In a study conducted by Tighiouart et al. (1999), it
was found that the dominant failure mode of the tension lap splice of GFRP bars is
splitting. Aly et al. (2006) found that the bond strength along the bar splice lengthwas
inversely proportional to the splice length and bar diameter. A study conducted by
Choi et al. (2012) concluded that bond stresses were not uniformly distributed along
the splice length. In the latter study, it was also concluded that increasing the splice
length from thirty-times the bar diameter (db) to sixty-times the bar diameter would
increase the beam failure moment by 37%, yet the increase of the splice length to
sixty-times the bar diameter did not satisfy the minimum required moment-resisting
capacity of a concrete beam reinforced with continuous bars. Additionally, Choi
et al. (2014) found that concrete beams with splice lengths of forty-five times the bar
diameter and seventy-five times the bar diameter (db) achieved 65% and 83% of the
flexural strength of a similar beam but with no splice, respectively. Esfahani et al.
(2013) concluded that ACI440.1R-15 (ACI 2015) overestimates the bond strength.
In the studies conducted by Esfahani et al. (2013) and Rakhshanimehr et al. (2014), it
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was found that using stirrups along the bar splice length increased the bond strength
and ductility of GFRP-reinforced beams. Harajli and Abouniaj (2010) reported that
the bond strength with concrete was dependent on the bar surface treatment. They
also concluded that the confinement due to the use of stirrups along with the overall
length of the splice had more considerable effects on the bond strength of the bars
with relatively high ribs or more surface deformations.

Nevertheless, it was found that increasing the lap splice length of GFRP rein-
forcing bars would not be beneficial after a certain length. Thus, it is more efficient
to adopt an alternative approach to enhance the bar bond strength with concrete,
such as bar end anchorage. Different bar end anchorage techniques have been inves-
tigated using headed end, 90° bent bars, and 180° hooked bars. Ehsani et al. (1996)
concluded that bent bars were considerably effective in pull-out tests. In another
study carried out by Vint and Sheikh (2014), it was reported that all bent bar spec-
imens that had bond strengths that meet CAN/CSA-S806-12 (CSA 2012) design
standard requirements experienced 45% greater average bond strength compared to
that of the straight-end bar specimens. In conclusion, it was found that bent bars
would provide a greater pull-out failure load compared to that of straight-end bars
and headed-end bars if bent bars have enough embedded length into the concrete.

2 Experimental Programme

As part of the experimental programme presented in this paper, four large-scale
beams were tested to investigate the effects of bar end configuration on the ulti-
mate flexural bending strength of concrete beams. All tested beams had mid-
span GFRP reinforcement tension lap splices using straight- and hooked-end bars.
The theoretical lap splice lengths using different standards were calculated and
experimentally investigated in this study.

2.1 Test Specimens Design

Four large-scale beam specimens were designed, fabricated, and then tested under
four-point flexure bending. Beams were 2750 mm long with cross-sectional dimen-
sions of 300 mm wide× 350 mm high. The beams had a clear span of 2200 mm and
was subjected to two-point loads that were 1000 mm apart. Beams were reinforced
with 20-mm diameter GFRP reinforcing bars along with 10-mm diameter steel stir-
rups that were distributed at 150 mm spacing along the entire length of the beam.
A 60-mm thick concrete cover was used at the bottom, front, and back sides of the
beam. Two of the four tested specimens had straight-end bar lap splices of 550 mm
overall length, as shown in Fig. 1; while the other two specimens had 180-degree
hooked-end bar lap splices of the same length, as shown in Fig. 2. Beam specimens
with straight-end bar lap splices were designed as per CSA-S806-12 (CSA 2012).
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Fig. 1 Reinforcement details of beam specimens with straight-end bar lap splices (SL-01 and
SL-02)

Fig. 2 Reinforcement details of beam specimens with 180˚ hooked-end bar lap splices (HL-01 and
HL-02)

2.2 Test Setup

Figure 3 shows a general test setup used for all beam specimens. The load was
applied at two points, 1000 mm apart, on top of the beam specimen at a loading rate
of 2 kN/min. The applied concentrated loads were then transferred to the concrete

Fig. 3 A general beam test setup with external instrumentation layout
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beam’s top surface over two steel plates resting on thick mortar layers to ensure
smooth and leveled bearing surfaces. All beam specimens were simply supported.
The beam vertical deflections were measured at three points as shown in Fig. 3.

3 Experimental Results

3.1 Cracking and Ultimate Moments of the Beams

Table 1 summarizes the experimental results of the four tested beams compared
to their theoretical capacities calculated as per CSA-S806-12 (CSA 2012) and
ACI440.1R-15 (ACI 2015). The calculated theoretical cracking moment for the
tested beams were 20.65 and 21.39 kN.m as per CSA-S806-12 and ACI440-12,
respectively, considering an average concrete compressive strength of 36.4 MPa.
The cracking moment test results for all four concrete beams were greater than the
theoretical crackingmoment determinedusingCSA-S806-12 (CSA2012) by approx-
imately 20% on average. Also, the calculated lap splice length for the straight- and
hooked-end bars as per the CSA-S806-12 requirement was 550 mm and 783 mm,
respectively.

The theoretical beam resistance moment (Mr) was calculated at 82.5 and 121.3
kN.m as per CSA-S806-12 and ACI440.1R-15, respectively. The two beams with
straight-end bar lap splices (SL-01 and SL-02) failed due to splitting at a beam mid-
spanmoment of 89.1 and 86.7 kN.m, respectively. The experimental failuremoments
of the beam specimens with straight-end bar lap splices were 5% to 8% larger than
the theoretical values calculated using CSA-S806-12 equations, and 26% to 28%
lower than the theoretical capacity of the beam calculated as per ACI440.1R-15. The
two beams with hooked-end bar lap splices failed due to concrete crushing inside
the 180-degree bent hooks. Beams (HL-01 and HL-02) failed at ultimate bending
moments (Mu) of 120.8 and 130.3 kN.m, respectively. The experimental moment
values were 46% to 58% more than the theoretical capacity determined by CSA-
S806-12 equations. The experimental results of the two beams with hooked-end bar
lap splices were in good agreement with the theoretical moment estimated using
ACI4401R-15 equations. It is important to notice that the ultimate moment based on
the experimental test was achieved using a hooked-end bar lap splice with an overall
length of 783 mm when the required lap splice length according to ACI 440.1R-15
(ACI 2015) is 1350 mm to achieve the same ultimate moment.

3.2 Cracking and Failure Modes

The concrete cover was removed to further investigate the failure modes of the beams
and examine the reinforcing bars after failure. Figure 4a and b show the failuremodes
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Fig. 4 Concrete beams failure modes: a Beams with straight-end bar lap splices, b Beams with
hooked-end bar lap splices

of one of the beams with each bar end configuration. For the beams with straight-
end bar lap splices, there was no rapture or peeling of the surface of the spliced
bars, however, the slippage of all six spliced bars was visible after the removal of
the concrete cover as shown in Fig. 4a. Cracks were mainly located at the location
of the stirrup that coincided with the end of the spliced bars. Whereas for the beams
with hooked-end bar lap splices, large splitting cracks occurred at the external bent
side of the hooks. In addition, a few other cracks developed along the beam length
at the locations of the stirrups. It is noteworthy that the main failure mode of the
concrete beams having hooked-end bar lap splices was found to be similar to that
of the beams with hooked-end steel bar lap splices, as reported by Minor and Jirsa
(1975).

3.3 Moment-Deflection Relationships

The moment versus mid-span deflection relationship of beam SL-02 is shown in
Fig. 5. Figure 6 represents the same relationship but for beams HL-01 and HL-02
using the mid-span deflections measured by the displacement transducer labelled
WSG-1 (refer to Fig. 3). From both Figs. 5 and 6, all beams experienced relatively
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Fig. 5 Moment-deflection curve for beam (SL-02)

Fig. 6 Moment-deflection curves for beams (HL-01 and HL-02)

linear behavior until concrete cracking with very small mid-span deflections. As
more cracks developed in the beams, slight but sudden drops in the applied loads
were experienced. It should be noted that themaximummid-span deflection for beam
SL-02was approximately 13.8mm,while the averagemaximummid-span deflection
for the beams with hooked-end bars was 32.5 mm, which is more than double the
deflection of the beams with straight-end bar lap splices. It is also noticed that the
hooked-end bar spliced beams showed more ductile behavior compared to that of the
straight-end bar spliced beams.
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4 Conclusions

Four large-scale GFRP-reinforced concrete beams were experimentally examined
until failure. Straight- and 180˚ hooked-end bars were utilized for the beam mid-
span bar lap splices. The theoretical beam moment-resiting capacities and corre-
sponding theoretical lap splice lengths were calculated using CSA S806-12 (CSA
2012) and ACI440.1R-15 (ACI 2015) design standards. Test results show that the
use of GFRP bars with 180˚ hooked ends for the lap splices increases the beam’s ulti-
mate moment capacity and ductility compared to those for similar beams but with
straight-end bar lap splices. It is also noticed that the bar lap splice equation included
in the ACI440.1R- 15 (ACI 2015) design standard overestimates the lap splice length
required if hooked-end bars were to be used for bar lap splices.
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Bond Behaviour of FRP Shear
Reinforcement on I-Sections

Muhammad Arslan Yaqub, Stijn Matthys, and Christoph Czaderski

1 Introduction

Over the past three decades, fibre reinforced polymers (FRP) have been used for
the strengthening of concrete structures in different configurations. With their main
advantages of high-strength-to-weight ratio, corrosion resistance, stiffness which
may be tailored to the design requirements and easy application, they have emerged
as an effective and efficient repair material (fib 2019). As externally applied rein-
forcement (EAR), FRP strips can be used for flexural and shear strengthening of
beams and slabs, confinement of columns and beam-column joints for both static
as well as seismic capacity enhancement in buildings, bridges and other reinforced
concrete structures.

FRP shear reinforcement is usually applied in U-shape onto the webs of the
beams in the form of continuous or discrete strips. This FRP shear reinforcement
when applied to the I-sections (along their shape) is comparatively less efficient
when compared to their rectangular counterparts. This is due to the specific shape
of the I-sections where FRP strips are susceptible to debonding around the web–
flange interface. This phenomenon has been observed in various researches and
different techniques such as patch anchors (Hutchinson 2000), mechanical anchors
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(Murphy et al. 2012) and spike anchors (Garcia et al. 2018) were used to increase the
efficiency of the FRP shear reinforcement on I-sections. These developed techniques
have different limitations (as mentioned in the relevant studies) when applied to the
thin webbed I-sections and the optimum solution is still needed.

This paper discusses a new test setup designed to study the early debonding
of the FRP around the concave corners of the reinforced concrete I-sections. The
investigation also includes the performance of continuous FRP spike anchors to delay
the debonding of the FRP shear reinforcement. Finally, available standard FRP shear
design or predictions models (for rectangular sections) were used to check if they
can predict the strains in the FRP and ultimate shear load in case of the I-sections.
Only a small part of the comprehensive test scheme is presented in this paper.

2 Experimental Plan

The bond testswere performedon two I-sections strengthenedwith externally bonded
carbon fibre reinforced polymers (CFRP) shear reinforcement. The reference I-
section designated as I-NA-2-R represents the strengthening configuration where
two CFRP layers were applied along the I-section geometry with no anchor (Fig. 1a).
The second I-section designated as I-SA-2-R represents the strengthening configu-
ration where two CFRP layers were applied along the I-section geometry with spike
anchors installed at the web–flange interface to resist the debonding (Fig. 1b). This
way, a comparison can be made in order to quantify the relative increase provided
by the CFRP spike anchorage system.

a) I-NA-2-R b) I-SA-2-R

Fig. 1 Shear strengthening configurations a without anchor and b with CFRP spike anchors
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2.1 Specimen Preparation and Material Properties

Full-scale I-sections having a height of 700 mm were cast with a concrete strength
of 62 MPa (average of the three reference cubes of 150 mm) as generally used in the
construction of the prestressed concrete elements. The top and the bottom flange of
the I-section were made symmetrical in order to simplify the geometry and to have
an equal possibility of CFRP debonding at both the interfaces. The failure plane was
made at an angle of 25° using the inclined steel plates welded to the threaded bars
used to apply the load during the test. A stirrup of 6 mm rebar was also provided
in the middle of the specimen. A detailed description of the specimen dimensions
and test setup is given in Fig. 2. In the preceding tests, the specimens were pre-
damaged across the crack plane in two pieces, that were aligned together again with
the temporary steel plates on each side of the web and then EB CFRP was applied.
In this way, the concrete and the stirrup contribution were already consumed and the
applied load was only taken by the EB CFRP strips.

Two layers of 150 mm wide unidirectional CFRP sheets were applied consec-
utively. Over the first CFRP layer, thixotropic epoxy was applied in roof shaped

Fig. 2 Specimen
dimensions and test setup



114 M. A. Yaqub et al.

Table 1 Properties of CFRP sheets (defined by the manufacturer)

Thickness (mm) Areal weight
(g/m2)

Elastic modulus
(GPa)

Tensile strength
(MPa)

Ultimate strain
(%)

0.113 (1 layer) 200 240 4400 1.8

profile along the length that was bonded onto the ground concrete substrate. After-
wards, high performance (two component) epoxy resin was used to saturate the top
surface of the first layer over which the second layer was applied. Finally, the second
layer was again saturated using the same epoxy resin over the top. Afterwards, resin
impregnated continuous CFRP anchors as shown in Fig. 1b were installed into the
predrilled holes, distributed into two equal halves and shaped into 30° fans in oppo-
site directions were bonded to the web–flange interface. The properties (as defined
by the manufacturer) of the CFRP sheets used are given in Table 1.

2.2 Test Setup and Instrumentation

The two threaded bars extending on top and bottom of the specimen were fixed to
the 50 mm thick steel plates that were further fixed to another threaded bar through a
hinge for loading as shown in Fig. 2. The specimen was fixed in the universal tensile
test machine and the temporary steel plates holding the two halves of the I-section
were cut. The load was applied using displacement controlled method at the rate
of 0.01 mm/s. Linear variable displacement transducers (LVDTs) were mounted on
both left and the right sides of the specimen to monitor the relative displacement
of the two parts during the test. On the front side, 7 strain gauges were bonded on
the CFRP laminate at the distance of 50, 130, 180, 350, 520, 570 and 650 mm from
the top along the depth. On the rear side, a speckle pattern was applied to observe
the strain variation in the CFRP laminate using Digital Image Correlation (DIC)
technique. The instrumentation scheme is shown in Fig. 3.

3 Results and Discussion

3.1 Failure Mode

The specimen without the anchors (I-NA-2-R) failed by debonding of CFRP at the
lower web–flange interface with a maximum load of 86 kN. The anchored specimen
(I-SA-2-R) failed at a much higher load of 116 kN, with a mixed debonding and FRP
fracture mode. One of the CFRP spike anchors ruptured at the corner of the drilled
hole followed by the rupture and debonding of the CFRP sheet along the interface.
The failure modes of both the specimens are shown in Fig. 4. Substrate cracks were
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Fig. 3 Instrumentation scheme

a) I-NA-2-R b) I-SA-2-R

Fig. 4 Failure mode of samples

also observed on the edges of the CFRP sheet near the failure plane which can also
be seen in Fig. 6, depicting a good bond between the CFRP sheets and the concrete.

3.2 Load Displacement and Strain Behaviour

The displacement and the strain behaviour with respect to the load are shown in
Fig. 5. Initially, in both the specimens, one side of the crack opens more compared
to the other side, however, the magnitude of displacement is very small. Around 50
kN, the hinges balance the crack opening, and subsequently, the displacement trend
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a) I-NA-2-R

b) I-SA-2-R

Fig. 5 Load displacement and strain behaviour

is in the same positive direction. The strains at the middle of the top (50 mm) and
bottom (650 mm) flanges remained nearly zero (parallel to the vertical axis) in both
the specimens. Similarly, there were no noticeable strains at the inclined halves of the
top (130 mm) and the bottom (570 mm) flanges throughout the test. The strains at the
web–flange interfaces (180 and 520mm) started to develop near the failure, however,
the magnitude was extremely small. The noticeable increase in strain was observed
only in the vicinity of the main failure plane at the middle (350 mm). The specimen
without the anchors reached 4540 με (Fig. 5a) which is 25% of the failure strain
of CFRP used. Similarly, the specimen with the FRP spike anchors reached a total
strain of 7477 με (Fig. 5b) which is 42% of the failure strain. This strain difference
demonstrates the efficiency of CFRP spike anchors in improving the performance of
CFRP shear reinforcement on I-sections.
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a) I-NA-2-R (86 kN) 

b) I-SA-2-R (116 kN) 

Fig. 6 Strain contours from DIC
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Figure 6 shows the strain contours recorded using the DIC technique with crack
plane approximately in the middle near the failure load. It can be seen in case of the
specimenwithout the anchors (Fig. 6a), that the strains aremaximumover the inclined
crack plane. At the higher load levels due to the bond degradation and cracks in the
substrate, the strain gradually transfers from the middle to the web–flange interface,
where the debonding occurred (lower side). The same phenomenon of strain transfer
can be observed in the anchored specimen (Fig. 6b). However, CFRP spike anchors
tightly bound the CFRP sheets over the interface with further increase in the laminate
strains. The anchorage system held the CFRP strips together up to 35% additional
shear load after which one of the spike anchors at the bottom interface failed due to
the stress concentration at the drilled hole (not captured by the DIC).

3.3 Analytical Verification

There are numerous analytical and empirical models available for the design and
prediction of shear strength provided by externally bonded FRP reinforcement.
However, the comparison among themselves has shown that they gave a lot of vari-
ations in prediction for the same data set. Murphy et al. (2010) concluded that these
models may not be reliable for estimating the FRP shear contribution of members
outside the range of the experimental tests from which they were calibrated. Most
of these models have been developed for the rectangular cross sections and their
application in case of complex shapes like I-sections is an open question, as they do
not incorporate the efficiency reduction factors subject to the early debonding of the
FRP at web–flange interfaces.

The standard models given in fib Bulletin 90 (fib 2019), fib Bulletin 14 (fib 2001)
and ACI440 (ACI-440.2R 2017) have been used to check how close they predict
the shear strength provided by the CFRP on I-sections. The strength reduction safety
factors for CFRPwere taken equal to 1 for prediction, so that the experimental values
can be compared to the values from the models.

The failure of the unanchored shear strengthening configurations is mostly due
to the debonding of the FRP strips. Therefore, fib B90 considers effective stress as
a function of the bond stress, geometry of the strengthening configurations and the
inclination of the shear crack. The empirical equations of B14 for effective strain
calculation are based on the concrete strength and the stiffness of the FRP layers.
Similarly, the ACI440 methodology involves a bond reduction coefficient for effec-
tive strain, that accounts for the concrete strength, FRP configuration and the stiffness
of the laminate. The prediction values of strain and ultimate shear load in comparison
to the experimental values are given in Table 2. It can be seen for the unanchored
specimen that fib B90 and fib B14 predict the strains in the CFRP up to 90% and
95%, respectively, compared to the experimental observations. However, ACI440
overestimates the strains up to 128%. A similar trend can be seen in ultimate shear
loads.
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Table 2 Prediction of strains and ultimate load in the CFRP

Specimen Strain (με) Ultimate load (kN)

I-NA-2-R I-SA-2-R I-NA-2-R I-SA-2-R

Exp 4540 εp / εe 7477 εp / εe 85.6 Vf,p / Vf,e 116.6 Vf,p / Vf,e

fib B90 4100 0.90 6600 0.88 66.5 0.78 107.4 0.92

fib B14 4300 0.95 8400 1.12 62.6 0.73 122.9 1.05

ACI440 5800 1.28 13,500 1.80 93.6 1.10 229.7 1.97

The failure of the anchored configurations is mostly due to the rupture of the FRP
or the failure of the anchorage systems. fibB90 considers the effective stress in case of
anchored configurations equal to the effective stress in closed loop multiplied by the
effectiveness coefficient based on the anchorage system used (maximum of 0.9). fib
B14 assumes FRP rupture for the calculation in properly anchored configurations and
an associated effective strain. ACI440 has no specific guidelines for the calculation
of effective strains for anchored FRP shear configurations, therefore, for this study,
closed loop was assumed to calculate the effective strain in the FRP. The effective
strain design limits of 0.006 and 0.004 given in fib B14 and ACI440, respectively,
to maintain the aggregate interlock was not considered for calculations in this study.
For the anchored configurations, it can be seen in Table 2 that fib B90 estimates
the effective strain equal to 88% of the experimental value. fib B14 and ACI440
overestimate the effective strains up to 112% and 180%, respectively. These values
are indicative of the I-sections given the shear crack is in the middle of the web
(bonded length on both sides was greater than the effective length) as in this study.
However, the efficiency of the system will sufficiently decrease if the crack grows
closer to the web–flange interface.

4 Conclusions

Shear strengthening of I-sections with FRP demands careful attention and detailing,
as the FRP strips are susceptible to debonding near the web–flange interface. The
choice of the anchorage system to control the FRP debonding is critical. For the
present study, FRP spike anchors installed at the web–flange interface increased the
ultimate shear load up to 35%. The standard models for shear strength provided by
the FRP as developed and used for rectangular sections cannot be applied directly
to complex shapes such as I-sections. These models do not incorporate capacity
reduction factors to account for the early debonding of the FRP strips at the web–
flange interface. The standardmodels for FRP shear design and prediction as used for
I-sections, in this study, are indicative of this special situation and the performance
of the FRP shear reinforcement will sufficiently decrease if the shear crack grows
near the web–flange interface.
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A Review on Properties of Carbon
Nanofibre Infused
Ultra-High-Performance Fibre
Reinforced Concrete

Marwa Ibrahim and Raafat El-Hacha

1 Introduction

Any strengthening or new construction material shall conform to some standards and
minimum requirements. These standards are concerned with durability, mechanical
strength, bond properties, efficiency, execution time and cost, and lifecycle mainte-
nance cost. Unfortunately, meeting these requirements using ordinary construction
materials become more challenging when the structure features a complex design,
that is irregular or subjected to harsh environmental conditions. For this reason,
the industry of construction materials is continuously advancing and upgrading the
available construction products to become the perfect fit for these challenging situa-
tions. This paper is concerned with a new generation of exceptional materials named
Ultra-High-Performance FibreReinforcedConcrete (UHPFRC) infusedwithCarbon
Nanofibres (CNF). Therefore, a literature review of the relevant previous studies on
CNF-UHPFRC is herein presented with emphasis on both mechanical and durability
properties.
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2 Definitions

2.1 Ultra-High-Performance Fibre Reinforced Concrete

Ultra-High-PerformanceFibreReinforcedConcrete is a special purpose cementitious
material with enhanced compressive strength (>150 MPa) and a sustained post-
cracking tensile strength (>5 MPa).

2.1.1 Compressive Strength

Thematerial’s notable high compressive strength is attributed to the removal of coarse
aggregates from the mix, usage of low water-to-cement content, and incorporation
of admixtures.

The interfacial link between aggregates and cement paste, termed as Transition
Zone (TZ), is the weakest region in concrete. It is there where the stress is concen-
trated and cracking is initiated. As a result, the removal of aggregates elevates the
material’s strength by reducing the TZ region. Thus, UHPFRC has a more linear
stress–strain relationship. Similarly, the removal of coarse aggregates improves the
mix grading, which decreases the microcracks’ size (Aïtcin and Flat 2015). It also
densifies the particle packing in UHPFRC and lowers the matrix’s permeability
(Sbia et al. 2014). On the other side, using a low water-to-cement ratio increases the
compressive strength by reducing the pore size and eventually increasing the binding
between the hydration products and aggregates (Al-Osta 2018). Likewise, the usage
of pozzolans such as fly ash increases the strength by reacting with the main hydra-
tion product in concrete, Calcium Silicate Hydrate (C-S–H) gel, to produce more
of the latter. Having more binder quantities densifies the mix further and makes it
stronger.

2.1.2 Tensile Strength:

The remarkable tensile strength increase is due to the inclusion of fibres in most
mixtures, often high-strength steel fibres. They significantly increase the material’s
fracture toughness throughout its multiple energy-consuming mechanisms: crack
bridging, fibre bending, and fibre pullout. Steel fibres absorb tensile stresses and
improve the internal stress distribution in the member too. As a result, the material
has an improved post-cracking ductility and possesses a steel-like high strain hard-
ening behaviour under the uniaxial tension test. Also, reductions in pore size and
microcracks size increase the material’s tensile strength. This is because they are
deemed as stress raisers where they concentrate stresses around their surfaces. Thus,
their reduction leads to a more uniform stress distribution along the concrete matrix.
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2.2 Carbon Nano fibre

Carbon Nano fibres are graphite materials that enhance the crack resistance of the
cementitious paste at low volume fractions while maintaining good fresh mix work-
ability (Sbia et al. 2014). Its inclusion into the UHPFRC mix is still under study but
is promising. This material has superior mechanical and electrical properties as its
high tensile strength, high Young’s modulus, and high conductivity. It is gaining a
lot of research attention because of its good modification effect on concrete. This
is attributed to its good flexibility, high specific surface area, high aspect ratio, and
corrosion resistance (Wang et al. 2020). CNF’s exposed edges also enhance themate-
rial’s modification effect. They are carriers of high concentration active sites for the
interactionwithwatermolecules andbond formationwith cement hydrates (Sbia et al.
2014). Although nanomaterials are usually of dimensions ranging from 1 to 100 nm,
CNF is typically of 50–150 nm diameter and 50–100 µm length (Sharon 2021).

3 Mechanical and Durability Properties

Sbia et al. (2014) investigated the effect of CNF inclusion in UHPFRC. The authors
utilized Polyacrylic Acid (PAA) to improve the nanomaterial’s dispersion in the
aqueous solution at a 0.1:1.0 polymer-to-nanomaterial weight ratio. However, they
varied both CNF (60–150 nm diameter and 40–100 µm length) and steel fibre
(175µmdiameter and 13mm length) content. After performing a conical desirability
analysis, they concluded that the most efficient system resulting in balanced gains
comprises a moderate volume of copper-coated steel fibre and a low volume of CNF,
3.55% and 0.145% by volume of anhydrous cementitious materials, respectively.

The mixing procedure consisted of introducing the CNF, water, and PAA at the
abovementioned weight ratio and continuously stirring for 12–15 h. The resultant
mix is then sonicated at 40, 50, 65, and 75% of the maximum used power with a
1-min break between each cycle. The authors afterwards pulsed the mix (1 min on,
30 s off) for 10 min by subjecting it to 80% of the maximum used power. After
two minutes of rest, the sonication process is repeated. Subsequently, the standard-
ized procedure of casting UHPFRC is followed. Type 1 Portland cement used herein
was of ~200 nm mean particle size, and a 0.2 water-to-binder ratio was utilized.
The test specimens in this study were 150 × 50 × 12.5 mm3 prismatic specimens
for three-point flexure tests (ASTM C78), 150 mm × 150 mm plate with 12 mm
thickness for the impact test (ASTM D7136), cylindrical specimens (12 mm long
and 150 mm diameter) for the abrasion test (ASTM C944), and 50 mm cubic speci-
mens for the compressive strength test (ASTM C109). These specimens were moist
cured as per ASTMC192 at room temperature for 20 h, followed by demoulding and
steam curing at 70ºC for 48 h. Seven days before testing, specimens were subjected
to ambient temperature at 50% relative humidity. For the previously selected system,
the authors reported improvements in the material’s properties when the latter is in
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its fresh and hardened states. An increase in the fresh mix workability was observed,
which was not expected. It is attributed to the highly hydrophilic surfaces of CNF,
which benefitted the mix workability and increased the concrete’s packing density.
This, in turn, allowedmore efficient use of themixingwater and lubricated the partic-
ulate matter more. The same system yielded 50%, 240%, 2700%, 236%, 1200%, and
5% improvements in the flexural strength, maximum deflection, energy absorption
capacity, impact resistance, abrasion resistance, and compressive strength, respec-
tively, compared to the plain (no steel fibres and CNF) concrete mix’s properties.
These improved characteristics correspond to the following values: 20.1 MPa for
flexural strength, 29.2 mm for the maximum deflection, 3925 N.mm for the energy
absorption capacity, 5.9 mm/mm for the impact resistance, 0.1 g for abrasion loss,
and 159 MPa for the compressive strength. It is worth mentioning that the system
that comprises high dosages of steel fibres only resulted in 34%, 54%, −4%, 18%,
400%, 18%, 400%, and 34% improvements in the same abovementioned properties.

Another investigation on incorporating CNF into UHPFRC was carried out
by Meng and Khayat (2016). The authors herein used two types of surfactants:
polycarboxylate-based High Range Water Reducer (HRWR) and a PAA while
utilizing sonication. The surfactants are first mixed with the CNF (100 nm diam-
eter by 50–200 µm length and 30 GPa tensile strength) and a portion of the mixing
water (600 mL) with a mass ratio of 1:4:0.1 for CNF:HRWR:PAA. Sonication after-
wardswas performed for 7 h, taking rest every 1min for 30 s. The suspension solution
was allowed to sit for 4 h before mixing with the dry ingredients. After mixing the
dry components, including sand, for 3 min at 60 rpm, the suspension solution was
introduced and mixed for the same speed and duration. The remaining water and
HRWR contents are added after this step, and the mixture is further mixed for 5 min
at 120 rpm. Next, 0.5% by volume straight steel fibres (0.2 mm diameter, 13 mm
diameter, and 1900 MPa tensile strength) are introduced into the mix within one
minute while mixing at 60 rpm, and the resultant mixture is further mixed for two
more minutes at 120 rpm. Meng and Khayat (2016) incorporated 0, 0.05%, 0.1%,
0.15%, 0.2%, and 0.3% CNF by binder weight. They investigated this inclusion’s
effect on the compressive strength, tensile strength, and flexural strength of the spec-
imens. Curing conditions consisted of casting at 23 ºC and demoulding after 24 h,
heat curing at 90 ºC for another 24 h, immersing in a lime-saturated water bath at
23 ºC for 7 days, and finally air-curing at 23 ºC until testing. A water-to-binder
weight ratio of 0.2 was maintained for all specimens. However, the HRWR quan-
tity was adjusted for each mix to give the same mini-slump reading (285 ± 5 mm)
according to ASTMC230/C 230M. The compression test (50 mm cubic specimens)
was performed according to ASTMC109, flexural strength test (76× 76× 305mm3

specimens with 203mm span length) according to ASTMC1609, andDirect Tension
Test (DTT) on a dog-bone shaped specimen of the dimensions 25 mm thickness.

Fresh mix workability increase was only visualized upon the inclusion of up to
0.05% nanomaterials. Beyond this percentage, nanomaterials significantly adsorbed
water and HRWR, decreasing the flowability. Compressive strength increased with
the increase in nanomaterial content, reaching an 8 MPa increase upon the inclusion
of 0.3% CNF. This is attributed to the bridging and filler effects of the nanomaterial.
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Due to the same effects, nanomaterial’s inclusion increased the first cracking load
under DTT. This test also proved that the tensile strength increased with the increase
in the CNFs’ content. Thus, the energy absorption capacity in tension increased too.
A 56% increase and 108% increase in tensile strength and energy absorption, herein
taken as the area under the tensile load–displacement curve, were observed at 0.3%
CNF inclusion compared to the reference samples. The same applies to the flexural
strength test. It increased with the increase in CNF content, increasing the energy
dissipation, herein taken as the area under the tensile load–deflection curve up to the
span/150 deflection limit. A 46% and 174% increase in flexural strength and energy
dissipation were observed in the mix containing 0.3% CNF, respectively. However,
both reference samples (steel fibres without nanomaterials) and CNF-infused ones
had softening behaviour.

Lim et al. (2018) investigated the inclusion of CNF into Ultra-High-Performance
Concrete (UHPC) cementitious paste without steel fibres. They used two CNF prod-
ucts: CNF-A (40 nm diameter and 10 µm length) and CNF-B (30–300 nm diameter
and 10–20 µm length). CNF-B required ultrasonication merely to become stable,
homogenous, and achieve uniform nanoparticle dispersion. In contrast, CNF-A
required the addition of a surfactant (Polycarboxylate ether (PCE) based Superplas-
ticizer (SP)) prior to ultrasonication to reach the same result as CNF-B. CNF-B had
a higher surface area and, most importantly, a wider range of nano-diametric tubular
fibres, which significantly improves the mix’s particle grading. After determining the
appropriatemean of using eachCNF product, the authors resumed specimen prepara-
tion. They mixed the dry constituents for three minutes, then added the CNF product
and the SP. They continued mixing until satisfactory flowability is attained, which
is measured according to ASTM C230. In this study, the amount of SP included by
cement mass for CNF-A was 0.009 for the control plain UHPFRC mix and 0.01,
0.01, 0.011, and 0.012 by cement mass ratio for the mixes, including 0.0002, 0.0004,
0.0006, and 0.0008 CNF by cement mass, respectively. For CNF-B, the SP amount
incorporated was 0.01, 0.01, 0.01, and 0.011 by cement mass for mixtures incor-
porating 0.002, 0.004, 0.006, and 0.008 CNF content by cement mass, respectively.
The SP content is altered according to the CNF inclusion to maintain the workability
of the fresh mix. However, they fixed the water-to-cement ratio to 0.2. The authors
utilized the optimized particle packing approach to yield a satisfactory blend grading.
Specimens were demoulded after 24 h and cured in water at room temperature.

The authors reported efficient CNF contribution to the 3rd day compressive
strength gain of the 50 mm cubic specimens tested according to ASTM C109.
Although CNF-A was classified as stable before its inclusion, it did not reach the
compressive strength of CNF-B as the former agglomerated in the mix due to its
poor dispersion. This resulted in inadequate and ineffective bridging. The mix incor-
porating 0.06% CNF content by cement mass resulted in the highest compressive
strength gain among the CNF-A mixture (115 MPa on the 7th day and 140 MPa on
the 28th day). On the contrary, 0.06% CNF-B infused UHPC specimens resulted in
the highest compressive strength (140 MPa on the 7th day and 160 MPa on the 28th
day) among all mixtures. Beyond this inclusion, negligible compressive strength gain
resulted.
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They also looked into the durability properties of the specimens of the highest
compressive strength incorporating CNF-A and CNF-B products. They performed
Rapid Chloride Permeability Test (RCPT) according to ASTM C1202. In this test,
the current passing the cylindrical specimen (100 mm diameter and 50 mm thick)
is measured in 30 min intervals for six hours. By imposing a 60 ± 0.1 V direct
current voltage across the two faces of the specimen under test, the authors reported
that CNF-infused specimens showed lower chloride permeability compared to the
control specimen. Although, control specimens showed a very low permeability
according to the test classification (less than 1000 coulombs) due to their dense
pore structure. Moreover, the CNF-A infused 150 mm cubic specimen exhibited
33% less water absorption than the control specimen according to BS EN 12,390:8.
Similarly, the CNF-B infused specimen exhibited 60% less water permeability. This
difference is preliminary referred to the above mentioned agglomeration exhibited
by CNF-A product. As a result, CNF-B had a denser microstructure with fewer
macropores, which induced less water penetration. This was validated by Mercury
Intrusion Porosimetry (MIP) technique. It revealed that CNF-B UHPC had less than
50 nmmesopores that are well connected by the CNF nanoparticles. On the contrary,
CNF-A UHPC had pores greater than 50 nm, and the control plain specimen had
pores greater than 100 nm.

4 Discussion

The above studies demonstrate the fact that CNF inclusion enhances UHPFRC prop-
erties. It densifies concrete’s matrix further, making it less susceptible to the ingress
of harmful chemicals. It also extends the size of UHPFRC’s reinforcement system
into the nanoscale order. As a result, it increases the pullout strength of the fibre
matrix. C-S–H, the main hydration product, is of the nano order. Therefore, CNF
inclusion helps in producing a better and more uniform C-S–H gel. Strength-wise,
CNF increases the first tensile crack load and the material’s tensile hardening ratio.
Correspondingly, it increases the material’s ductility, toughness, energy dissipation,
and energy absorption capacity.

The type of CNF (single/multiwall) and its strength are two essential character-
istics to be mentioned when reporting an experimental investigation. Similarly, the
tensile strength of the steel fibres is equally important. Some of the abovementioned
authors failed to report these material characteristics.

Additionally, the efficiency of the CNF is conditioned to the efficient grading of
themix and the size of the cement grains. This is because theminimum spacing of the
CNF particle will be equal to the cement grain size, which might be relatively large
compared to the optimal CNF spacing. Some of the abovementioned authors failed to
report the cement grain size and account for the mix’s grading in their investigations.

It is worth noting that CNF is highly conductive. Its inclusion into UHPFRC
creates a homogenous electrically conductive network within the matrix. This allows
the electrical resistivity of CNF-UHPFRC to change in response to strain, damage,
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or temperature change. Accordingly, testing the chloride ion penetration of CNF-
UHPFRCbased on electrical resistivitymeans, as theRCPT, yields erroneous results.
Lim et al. (2018) noted that the chloride ion permeability classification ranges in the
RCPT standard are very wide for a six-hour testing duration. Therefore, they were
not able to adequately classify the chloride ion permeability of their material.

Differences in the observations in the above-listed studies go back to several
reasons. One of which is the inclusion of steel fibres and their respective amount.
Sbia et al. (2014) included a reasonable amount of steel fibres in UHPFRC. Meng
and Khayat (2016), on the other hand, included only 0.5% steel fibres in their investi-
gation. As a result, reference samples and nanomaterial-reinforced ones had tension
softening behaviour under tension test. Coversely, Lim et al. had no steel fibres in
their samples. Likewise, contents of the reference sample, in which the reported
improvements are compared, are different. Sbia et al.,’s reference sample had no
nanofibres and microfibres, while Meng et al.,’s had steel fibres with no CNF.

Another difference is the inclusion basis. Sbia et al. (2014) included CNF based
on the volume of anhydrousmaterials while fixing the SP amounts.Meng andKhayat
(2016) and Lim et al. (2018), on the other side, incorporated CNF based on cement
mass and varied the SP amount accordingly.

5 Conclusion

The beneficial effects of reinforcing UHPFRC with a hybrid system are demon-
strated in the above studies. CNF delays the inception of microcracks and steel fibres
arrest larger cracks and hinder their growth. As a result, the fibres’ synergic effects
elevate the mechanical and durability properties of UHPFRC. CNF-UHPFRC is
marketed as a green and affordable promising material with better mechanical and
durability properties than traditionalUHPFRC. In otherwords, CNF-UHPFRCmeets
the requirements of the most demanding applications at a competitive cost. However,
as demonstrated above, these improvements are conditioned to incorporating an
adequate amount of CNF into the mix and ensuring its uniform dispersion.
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A Review on Seismic Performance
of Reinforced Concrete Columns
Strengthened with Smart and Composite
Materials

Adel Al Ekkawi and Raafat El-Hacha

1 Introduction

Maintaining the sustainability of existing infrastructures has been the main purpose
of researchers for many decades. In particular, seismic strengthening of RC columns
has been a popular research study for more than three decades. This is because RC
columns in bridges or building frame systems play a major role in resisting earth-
quakes; thus, their failure will trigger the collapse of the entire structure. Therefore,
it is important to ensure that the supporting RC columns do not suffer from any type
of deficiency. Another reason for the popularity of such a research field is that RC
columns designed following the requirements of old codes (before 1971) suffer from
poor ductility due to the inadequate design and detailing of the internal reinforce-
ments imposed by those codes. The poor ductility arises from two main sources:
(1) insufficient transverse reinforcements and (2) inadequate lap splice length in
the plastic hinge zone. The insufficient transverse reinforcements will provide poor
confinement to the concrete core; thus, the latter will experience crushing when
subjected to seismic loading. Upon crushing the concrete core, the longitudinal rein-
forcements will lose their lateral support and will eventually buckle. Moreover, the
insufficient transverse reinforcements will result in an inadequate shear capacity.
On the other hand, the inadequate lap splice length in the plastic hinge zone will
cause the splitting of the lapped flexural reinforcements; thus, absorbing the seismic
energy and developing a stable inelastic deformation by yielding will be significantly
reduced. As a result, the insufficient transverse reinforcements and the inadequate
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lap splice lengths were the major reasons that affected the ductility of RC columns
and made them vulnerable when resisting earthquakes. Therefore, strengthening
systems are required to enhance the RC columns’ ductility and strength and conform
to the latest code requirements. In addition, the exposure of RC columns to localized
damages, corrosion, higher load demands, and construction errors are other reasons
for strengthening RC columns.

Developing a strengthening system for RC columns has been facing numerous
challenges related to aesthetics, facility disruption time, structural requirements, and
ease of strengthening application. Therefore, an adequate strengthening system is
the one that balances between those four components where the shape of the column
is not drastically changed, the disruption time of the facility is little, the system can
be easily applied, and the structural requirements are satisfied.

The two most popular strengthening systems for RC columns are steel encasing
and concrete jacketing. However, both face some disadvantages in which steel
encasing is time and labour-extensive, whereas concrete jacketing changes the shape
of the column and affects its aesthetics because of the jacket thickness that must
be large enough to include jacket reinforcements. Moreover, concrete jacketing
increases the overall weight of the structure, which leads to the increase of seismic
demand on the structure as a whole and changes its global seismic performance; two
undesirable effects of strengthening. As a result, engineers and researchers started
decades ago to go beyond their habitual way of thinking. They have been incorpo-
rating new materials that possess very high strength and low weight. For instance,
Fibre-Reinforced Polymers (FRPs) have been an attractive material for strength-
ening due to their very high strength-to-weight ratio. Moreover, another genera-
tion of concrete was produced, Ultra-High-Performance Fibre-Reinforced Concrete
(UHPFRC) which possesses a strength that is five times stronger than conventional
concrete. And finally, Shape Memory Alloys (SMAs) have been incorporated for the
last 20 years in strengthening applications due to their unique and smart behaviour.
SMAs can recover large deformations once unloaded or subjected to a heat source.

Correspondingly, this paper will provide a review of various strengthening and
repairing systems applied to deficientRCcolumnsbymany researchers. The strength-
ening applications will be limited to columns that were strengthened with UHPFRC,
SMAs, and FRPs. Summaries of the experimental program and results for each type
of strengthening will be presented in Sects. 2, 3 and 4. After that, Sect. 5 will present
the authors’ general comment on the presented research studies. This is followed by
Sect. 6, which will demonstrate the potential research gaps that direct the future of
research in strengthening and repairing deficient RC columns.



A Review on Seismic Performance of Reinforced Concrete Columns Strengthened … 131

2 Ultra-High-Performance Fibre-Reinforced Concrete
(UHPFRC)

2.1 Material Overview

The appropriate combination of cementitious materials, proper sand gradation,
low water/cement ratio, fibre reinforcements, and adequate superplasticizers will
result in a cementitious class called Ultra-High-Performance Concrete (UHPC) with
advanced engineering properties. Such material is realized for its high mechan-
ical strength, durability, and impermeability characteristics, achieved by refining the
material’s microstructure, reducing its capillary pores, and adding steel fibre rein-
forcements (Sbia et al. 2014). UHPC has a high compressive strength that exceeds
150MPa, a high tensile strength that can reach 18MPa, and reliable impact resistance.
The high strength of UHPC can drastically reduce the size of structural members,
thus lowering the amount of used concrete. As a result, the environmental impact of
concrete industries will be mitigated.

The UHPC material suffers from brittleness due to the adopted high strength.
This brings the cause of introducing short fibre reinforcements within the concrete
matrix to overcome brittleness, control crack propagation, and enhance the mate-
rial’s ductility. Typically, UHPC included steel fibres to increase tensile strength,
enhance ductility and exhibit a strain hardening behaviour when subjected to tension
or flexure.

The steel fibres within the UHPC matrix exist at relatively large spacing, thus
becoming ineffective in delaying the generation of microcracks in the concrete. As
a result, the concrete will be exposed to the ingress of moisture and chemicals that
will expedite deterioration. This brings attention to the importance of increasing the
cracking resistance at the microscale level to improve durability. Nanoscale fibres
were then proposed as fibre reinforcements, in addition to steel fibres, because of the
dense and fine microstructure of UHPC that favours the interaction with nanomate-
rials (Sbia et al. 2014). The presence of nanomaterials within the concrete matrix will
be at close spacing; thus, the propagation of fine microcracks can be prevented. As a
result, CarbonNanoFibres (CNF)were added to thematrix ofUHPC.With that being
said, the term Ultra-High-Performance-Fibre-Reinforced Concrete (UHPFRC) will
be used instead of UHPC for a better indication of the existence of fibres within the
concrete matrix.

2.2 Seismic Strengthening of RC Columns with UHPFRC

The most frequent strengthening method is the increase of the cross-section of
a concrete member, referred to as concrete jacketing. It was the first method to
strengthen concrete members, where a layer of reinforced concrete is cast around.
Previously, concrete jacketing was done using normal strength concrete. However,
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due to the relatively low strength of such concrete material, jacket reinforcements
were necessary to provide additional strength. This resulted in a relatively high jacket
thickness between 70 and 100 mm (Beschi et al. 2009), thus affecting the overall
aesthetics of the structure and increasing its weight, which leads to a negative draw-
back on the seismic behaviour of the entire structure. However, since the UHPFRC
possesses high tensile strength and good ductility attributed to the existence of steel
fibres, jacket reinforcements became unnecessary, thus lowering the jacket thickness
significantly to reach 30 mm–50 mm (Beschi et al. 2009). Moreover, the embedded
steel fibres result in a strain hardening behaviour which makes it appropriate for
strengthening of concrete members subjected to inelastic deformations.

Beschi et al. (2009) strengthened a square RC column with 40 mm thick High-
Performance Fibre-Reinforced Concrete (HPFRC) reinforced with 1.5% by volume
steel fibres. The column was subjected to a constant axial load and a lateral cyclic
loading with increasing intensities. The authors reported a strength degradation at
3.5% drift due to jacket detachment and column failure at 6% drift due to rupture of
the longitudinal reinforcements. Moreover, the column possessed a lateral capacity
and ductility that conforms with the new Italian Code requirements.

In 2011, Massicotte and Boucher strengthened rectangular RC columns having
deficient lap splice detailing, a common practice for RC columns designed before
the 1970s. The purpose of strengthening was to mitigate the deficient lap splice
details that contributed to the brittle failure of the structure due to their inability to
develop stable inelastic behaviour when exposed to earthquakes. The strengthening
process took place along the lap splice length inwhich aUHPFRC jacket replaced the
existing concrete cover. The column was subjected to a horizontal cyclic loading to
simulate seismic effects with no axial loads. TheUHPFRC jacketed column recorded
365 mm displacement without any sign of strength degradation. This was attributed
to the ability of the UHPFRC jacket in preventing splitting cracks and transferring
loads between the bars, thus enhancing the ductility and strength of the column.
A similar study was done by Dagenais et al. (2017). The UHPFRC was successful
in eliminating splitting cracks and transferring the force between the column and
foundation due to the ductility and high tensile strength of the UHPFRC.

In 2015, Meda et al. assessed the seismic performance of corroded square RC
columns strengthened with a 40 mm thick HPFRC jacket that includes 1.2% by
volume steel fibres. The longitudinal reinforcements were corroded to a level of
20% in terms of mass loss after subjecting the column to a 3% saline solution.
After that, the deteriorated concrete surface was removed, the reinforcements were
brushed/cleaned, the concrete surface was sandblasted for a proper bond between
HPFRC and column, and finally, the HPFRC jacket was applied. The column was
subjected to a constant axial load and a lateral cyclic loading after strengthening
took place. The corroded strengthened column recorded a 65% increase in lateral
strength and a 50% increase in energy dissipation capacity than the uncorroded
unstrengthened column.

The shear behaviour of square RC columns jacketed with UHPFRC was studied
by Koo and Hong (2016). The test program included several specimens with varying
UHPFRC jacket thickness (30–50 mm) where the UHPFRC included 1.5% by
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volume steel fibres. The authors reported that a 10% and 16.7% increase in UHPFRC
jacket thickness increased the shear strength by 70% and 125%, respectively. More-
over, the shear strength can be further increased by adding steel stirrups in the
UHPFRC jacket.

3 Shape Memory Alloys (SMAs)

3.1 Material Overview

Shape memory alloys (SMAs) are a unique group of alloys that can recover their
undeformed shape after large deformations by either unloading or heating. Thus,
they provide a perfect tool to dissipate energy with no permanent residual strains.
If the shape recovery was achieved by unloading, this means that SMA adopts a
pseudoelastic behaviour. On the other hand, if the shape recovery was achieved by
heating, SMA adopts a shape memory effect. These outstanding properties result
from temperature and stress-dependent phase transformation that controls the crys-
tallography of the SMA’s inner structure. Moreover, the properties of SMAs gave
the chance to categorize such types of alloys as smart materials. The alloys can be a
combination of Nickel (Ni), Titanium (Ti), Iron (Fe), Copper (Cu), Aluminium (Al),
Zinc (Zn), Manganese (Mn), Gold (Au), Silver (Ag), and many others. Some types
of SMAs are NiTi, NiTiFe, NiTiCu, NiTiHf, CuAlBe, FeMn, CuZn, MnCu, FePd,
CuZnAlMnZr, and others. As clearly demonstrated, a wide variety of SMAs exists;
however, not all can be implemented in structures due to the mechanical properties
required, temperatures, and cost.

3.2 Seismic Strengthening of RC Columns with SMAs

Researchers started decades ago to go beyond their habitual way of thinking where
they have been incorporating new materials; one of the materials is SMAs. Prior to
the evolution of SMAs, researchers demonstrated that applying external confining
pressure to the concrete element, a technique referred to as active confinement, is
better than the passive confinement approach. However, passive confinement refers
to the engagement of the confining material after the element suffers from further
damage. Active confinement faced a real challenge that was related to the technique
used to apply the prestress effect. On the other hand, incorporating SMAs to actively
confine RC columns resulted in reduced labour, time, and cost, thus eliminating
the challenges encountered by the active confinement approach. In addition, limited
researchers incorporated SMAs as flexural strengthening for RC columns.

In 2011, Shin and Adrawes assessed experimentally the seismic performance
of RC columns confined with NiTi SMA wires or GFRP wraps along the plastic
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hinge length. The columns were designed based on the old seismic requirements
of AASHTO 1969. The columns were either wrapped with pre-strained NiTi SMA
wires, Glass Fibre-Reinforced Polymers (GFRP) wraps, or both SMA wires and
GFRP wraps (Hybrid System); however, all three systems provided the same
confining pressure. To induce active confinement by the SMA wires, the latter were
heated through an electric current to activate their shape memory effect. Since SMA
wires were restrained and the column concrete is incompressible, recovery stress
of 460 MPa at room temperatures was induced, thus applying an active confining
pressure to the column. The SMA-wrapped column recorded a significant increase
in strength and ductility compared to the as-built column and the GFRP-wrapped
column. Moreover, it was inferred that introducing hybrid confinement in the shape
of SMA and GFRP wraps can result in improved performance even with lower costs
since part of the expensive SMA is replaced by GFRP.

While Shin andAndrawes (2011) studied the effect of SMA spirals on circular RC
columns with inadequate transverse reinforcements, Choi et al. (2012) implemented
the same approach but on deficient lap spliced columns. The columns were wrapped
with NiTiNb SMA wires of spacings 1 and 2 mm. The SMA wrapping took place
along the plastic hinge length and was heated up to activate its shape memory effect.
It was reported that the SMA wrapping increased the lateral strength and failure
displacements of the deficient lap spliced columns.

Miralami et al. (2019) studied the lateral performance of RC columns strength-
ened in flexurewithGFRPandSMAbars and confinedwithCarbonFibre-Reinforced
Polymers (CFRP) wraps. The bars were anchored in the foundation and embedded
within a 50mmsecondary concrete jacket cast around the column. TheGFRPflexural
strengthening took place along the entire column height, whereas the SMA flexural
strengthening took place along 700 mm height. It was demonstrated that GFRP
strengthening bars were more effective than SMA bars in increasing the lateral load
and energy dissipation capacity. However, the SMA strengthened column showed
superior results in displacement recovery where this was attributed to the pseudoe-
lastic behaviour of SMA and its ability to recover deformations upon unloading. The
CFRP wrap had a significant contribution to enhancing the seismic behaviour since
it confined the concrete and prevented it from early crushing.

Xing et al. (2020) conducted a similar study on the behaviour of square RC
columns strengthened with Near Surface Mounted (NSM) SMA bars or CFRP bars
and confined with CFRP wraps. The NSM SMA or CFRP bars were placed in a pre-
cut groove along the plastic hinge length and then anchored inside the foundation.
The grooveswere filled thenwith epoxy. It was reported that increasing the amount of
SMAbars did not affect the column’s behaviour.Moreover, the strain in SMAbars did
not increase anymore after reaching peak load because of the slip behaviour between
the epoxy and SMA bars and pull out of the latter from the foundation. Therefore,
this explains why the SMA strengthened column did not record a significant increase
in lateral capacity. As a result, this carried the authors to report that NSM CFRP bars
yielded better enhancements in flexural capacity than NSM SMA bars due to their
ribbed texture.
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4 Fibre-Reinforced Polymers (FRPs)

4.1 Material Overview

FRP is a composite material obtained by merging two or more raw materials on a
macroscopic scale, creating new material with better properties than its raw compo-
nents. FRP ismade of high-strength fibres and amatrix inwhich the fibres provide the
composite’s strength and stiffness. In contrast, thematrix binds the fibres together and
transfers the load between them. FRP became a competitive material in construction
after it is widespread in large civil projects and was accompanied by a drastic reduc-
tion in manufacturing costs. Furthermore, they have had a longstanding reputation
for strengthening and retrofitting deteriorated and deficit structures. FRPs exhibit a
perfectly elastic behaviour up to failure and possess a high tensile capacity five times
stronger than steel. FRPs are also known for their lightweight and durability against
harsh environmental exposures. Fibre types used in civil engineering are Carbon,
Glass, and Aramid Fibre-Reinforced Polymers, noted as CFRP, GFRP, and AFRP,
respectively.

4.2 Seismic Strengthening of RC Columns with FRPs

Over time, FRP material has proven its efficiency and reliability day after day to be
used as a construction material for new buildings and bridges. After the extensive
research and experimental work implemented on this material, it transitioned from
laboratory and small-scale works to applications in real structures and as a construc-
tion material found in markets. Moreover, FRP has been used to strengthen structural
elements to better resist earthquakes by enhancing the member’s ductility, lateral
strength, energy dissipation capacity, and ultimate drift capacity. The efficiency of
strengthening with FRP against earthquakes was studied extensively and became
one of the available and most selected materials for such purposes. Therefore, the
following section will present a certain number of conducted research studies about
the seismic strengthening of RC columns with FRP material.

In 2000, Ma et al. tested the impact of CFRP jacketing on a large-scale square RC
column with improper lap splice details that were typically adopted in the pre-1971
codes. The columnwaswrappedwith six layers of CFRP that provided a confinement
pressure of 8 MPa. The CFRP wrapped column exhibited a good energy dissipation
capacity that was attributed to the ability of steel reinforcements to yield in the
critical lap spliced regions due to CFRP confinement. Moreover, the column did not
experience severe damages at the end of testing, and CFRP debonding or rapture did
not occur.

Similarly, Sause et al. (2004) investigated the effect of CFRP jacketing on non-
ductile columns built per the old code seismic provisions. Different numbers of
CFRP jacketswere applied to the plastic hinge region. The displacement ductility and
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deformation capacity were significantly enhanced by the CFRP confinement but with
no improvement in the lateral strength and initial stiffness of the columns. Moreover,
itwas found that as the jacket thickness increases, the displacement ductility increases
too.

Harajli and Dagher (2008) studied the effect of CFRP confinement at the lap
splice region of rectangular RC columns. The FRP confinement reduced the bond
degradation of the spliced bars and allowed them to yield upon increasing drifts.
Thus, the lateral strength, energy dissipation capacity, and ductilitywere significantly
increased.

Vrettos et al. (2013) increased the flexural strength of non-seismically detailed
square RC columns with externally bonded CFRP sheets placed longitudinally on
the two opposite sides of the column and anchored to the foundation with carbon
fibre spike anchors on each side. The CFRP confinement prevented concrete spalling,
whichmade the specimens resist 8% drifts with no failure. The flexural strengthening
significantly increased the column lateral strength and dissipation capacity. Finally,
the authors concluded that fewer and bigger anchors are more effective than the high
amount and light ones.

A study by Paultre et al. (2015) was conducted to explore the seismic performance
ofRCcircular large-scale columns confinedwithCFRP sheets along the entire height.
The parameters included the spacing of the transverse reinforcements, the intensity
of the constant axial load, and the presence or absence of one layer of the CFRP sheet.
In summary, it was found that the CFRP strengthening effect is more pronounced for
columns with a high amount of transverse reinforcement and low axial load intensity.

5 Authors’ Discussion

A general comment can be made on all presented works in which all researchers did
not study the effect of uncertainties on the reliability of their results. Reporting the
increase or decrease in any studied parameter is not enough to make general conclu-
sions and report them publicly. The effect of different uncertainties should be taken
into consideration because every measurement has uncertainty about it. For instance,
reporting an increase in lateral strength and ductility is not reliable enough because
there might be a difference in the concrete strength, FRP strength, SMA strength,
reinforcing steel strength, and many more between the specimens. To consider such
uncertainties, an analysis called “Error Propagation Analysis” should be conducted
to determine the sensitivity of the reported results against several random variables.
Such analysis will increase the reliability of the results and help make better and
more accurate conclusions regarding the effectiveness of the strengthening systems.
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6 Research Gaps and Conclusions

The reporting on the research works presented in this paper made it clear regarding
such material’s ability and its promising future in infrastructure strengthening.
However, some research gaps still need to be filled when using those materials in
seismic column strengthening. Those gaps are illustrated as follows:

• The CNF-UHPFRC has still not been included in the area of RC column seismic
strengthening. This material’s high mechanical strengths and strain hardening
behaviour make it suitable for strengthening elements subjected to inelastic
deformations.

• The limited research works that included SMA as flexural strengthening for RC
columns faced shortcomings, mainly the debonding of the vertical SMA bars
from the secondary confining concrete and the splitting of the latter from the
concrete foundation. Therefore, there should be better methods for utilizing the
SMA material on the surface of the RC column.

Most of the structural collapses that occurred during somemajor earthquake events
such as Kobe Earthquake in Japan and Northridge Earthquake in United States,
where both occurred in 1995, resulted from poor column performances. Closing
structures such as bridges after an earthquake can severely affect the economy, traffic
flows, and emergency routes. Also, the costs of repairing the bridge to reclaim its
function may be substantial. Nevertheless, thousands lose their lives not because of
earthquakes but due to structural collapses. Earthquakes are natural disasters that
will not end. However, as engineers, we shall mitigate such a hazard by developing a
proper seismic resisting system for structures and strengthening/repairing deficient
structures to resist earthquakes more efficiently.
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Flexural Strengthening of Reinforced
Concrete Structures Using Iron-Based
Shape Memory Alloys: Case Studies

Benjamin Forrest, Raafat El-Hacha, and Julien Michels

1 Introduction

Human civilization depends heavily on our infrastructure. Reinforced concrete (RC)
structures represent most infrastructure in the world today. When those structures
become deficient either due to damage or change in use, strengthening them to restore
their load carrying capacity is generally preferred over replacing them. Prestressed
strengthening not only restores the load-carrying capacity but also reduces deflec-
tions and closes cracks of the deficient structure. There tends to be a trade-off between
ultimate load-carrying capacity and ductility. As the level of prestress increases,
the load-carrying capacity and stiffness increase as well, but ductility is sacrificed
(El-Hacha and Soudki 2013). Since ductile failure is desirable for all structures, this
can be considered a significant limitation of prestress strengthening. The requirement
for heavy jacking equipment and sufficient anchorage to prestress the strengthening
material can also be cumbersome, especially on sites with limited access. Further-
more, the efficiency of the strengthening is lowered when prestress losses occur due
to friction and anchorage setting. Finally, for near-surface-mounted or externally
bonded strengthening reinforcement, additional material must be removed for
installing mechanical anchorage and jacking equipment to perform the prestressing.
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The emergence of a novel alloy, iron-based shape memory alloy (Fe-SMA),
exhibiting a unique shape recovery behavior, known as shape memory effect (SME),
addresses these challenges. SME is the ability to recover relatively large deforma-
tions when heated.When the recovery is restrained, recovery stress develops instead,
which can be used to transfer a prestressing force to a deficient structure. The structure
can be prestressed by attaching a prestrained element to it and heating the Fe-SMA.
This method of prestressing no longer requires heavy jacking equipment and suffi-
cient anchorage; much-less original material needs to be removed for strengthening,
and there are no losses to friction and anchorage setting. This kicked off an experi-
mental campaign to investigate the feasibility of the novel technique for prestressing
RC structures and validate the concept with small and medium-scale experiments
(El-Hacha and Rojob 2018; Ghafoori et al. 2019; Hong et al. 2018; Michels et al.
2018a; Rojob and El-Hacha 2017a, b, 2018; Shahverdi et al. 2016; Soroushian et al.
2001). As for real applications of this novel technology, there are multiple instances
of it being used in the field. However, to the best of the authors’ knowledge, almost
all of the projects occurred in Switzerland as it is home to a production facility, re-fer
AG, which currently holds several patents for production and strengthening systems
with SMA (Leinenbach et al. 2017; Motavalli et al. 2019). The motivation of this
paper is to increase the awareness of using this novel material for strengthening RC
by demonstrating its potential in field implementations. The article will provide a
brief history of the development of Fe-SMA followed by a summary of the shape
recoverymechanism and how it is being used to prestress structures. The latest exam-
ples of strengthening RC structures with Fe-SMA will be summarized, followed by
a discussion of several characteristics of the technology.

2 Brief History of Fe-SMA

The commercial applications of the shape memory effect were first realized in the
60s in a Nickle–Titanium alloy (NiTi-SMA) (Buehler and Wang 1968). The unique
phenomenon carried advantages in several fields such as medicine (Bansiddhi et al.
2008; Biesiekierski et al. 2012; Dotter et al. 1983; Kuribayashi 1989), dentistry
(Pfeifer et al. 2013; Thompson 2000), robotics (Kuribayashi 1989), aerospace (Bil
et al. 2013; Turner et al. 2006) and automotive (Mohd Jani et al. 2014; Stoeckel
1990; Strittmatter andGumpel 2011).However, the temperature and stress conditions
required to employ the memory effect were not suitable for civil structures. That,
coupledwith the high production costs of NiTi SMA, limited its use in civil structures
(Janke et al. 2005). Later, thememory effectwas discovered in lower cost alloys, iron-
based alloys and Fe–Mn–Si alloys (Sato et al. 1982). This immediately captured the
attention of civil engineer researchers, who continued to modify the processing and
composition of the alloy to achieve desirable performance in civil structures. Soon,
small and medium-scale experiments were conducted to investigate the prestressing
and strengthening feasibility of Fe-SMA for reinforced concrete (RC) structures and
the advantages and limitations of the strengthening system became apparent. The
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development of an innovative rolling technology in Switzerland allowed Fe-SMA
strip and deformed bars to be produced at an industrial scale (Leinenbach et al. 2017).
With Fe-SMA readily available, local consultants in Switzerland were able to design
strengthening solutions for RC structures using Fe-SMA strips and bars.

3 Thermo-Mechanical Characteristics

SME is made possible by undergoing reversible phase transformations between the
dominant phases of the alloy, austenite (parent or higher temperature phase) and
martensite (soft or lower temperature phase).

Without mechanical loading, the phases are characterized by four distinct param-
eters: martensite start, Ms, martensite finish, Mf , austenite start, As, and austenite
finish, Af , where the start and finish temperatures correspond to the beginning and
end of the phase transformation. These characteristic temperatures increase with
stress to a limit known as critical stress, σ cri, above which, plastic, irreversible
deformations occur, which inhibits SME. When austenitic SMA cools, it experi-
ences a forward transformation to self-accommodated or twinned martensite and the
macroscopic shape change is negligible. When the SMA is heated, it undergoes a
reverse transformation back to austenite, again with negligible macroscopic shape
deformations.

With mechanical loading, the twinned martensite becomes detwinned between
the detwinning start and finish stresses (σ s and σ f ) and undergoes relatively large
or pseudoplastic deformations. Upon removal of the load, the shape deformations
remain.When the detwinned martensite is heated above As, it starts the reverse trans-
formation to austenite and begins recovering the deformations. The transformation to
austenite is complete at Af . When the austenite cools, it transforms back to twinned
martensite and the cycle repeats. If the deformations are restrained from recovering
when the Fe-SMA is heated, then recovery stress develops. For structural engineering
purposes, this recovery stress is used to prestress the structure.

4 Case Studies

The latest projects involving Fe-SMA for prestress flexural strengthening RC struc-
tures are summarized in Table 2, which all occurred in Switzerland. This is likely
attributed to the commercial availability of Fe-SMA products for strengthening by
re-fer AG. The facility produces Fe-SMA in thin plates (strips of 120 mm × 1.5 mm
cross-section) and ribbed bars, available in diameters of 10 and 16 mm (Michels
et al. 2018b). The data reported by the manufacturer for each shape used in the latest
projects is reproduced in Table 1. The manufacturer reports these products to have
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Table 1 Manufacture data for Fe-SMA strip and bar products by re-fer AG

Product Diameter or width
x thickness (mm)

Cross-sectional
area (mm2)

Prestress
(MPa) at
300 °C

Prestress
force
(kN) at t
= 0

Breaking
stress
(MPa)

Breaking
force
(kN)

Elongation
at break
(%)

re-bar
10

10 89.9 400 36a 800 71.9 10 > 30

re-bar
16

16 211 350 67.6 750 158.4 >30

re-plate 120 × 1.5 180 380 68 1000a 180 >30

aStress level limited to a design value of about 580 MPa due to anchorage failure and a significant
stiffness reduction of Fe-SMA

very good corrosion resistance (CRC1) and experience a 15% relaxation at t∞ (re-fer
AG 2019; 2020b). This section will provide an overview of how the Fe-SMA arrives
on-site and is installed.

4.1 Processing and Shipping

The production facility processes and prestrains the bars and strips to provide the
desired recovery stress required for strengthening. The bars and strips are then cut as
per a provided material list, and the strips have holes for the anchors pre-punched.
The bar is then shipped to the site in bundles and the strip according to the requested
lengths (re-fer AG 2019, 2020b). Additional corrosion protection can be applied to
the facility prior to shipping if required (re-fer AG 2020a).

4.2 Heating Methods

Three methods of heating Fe-SMA on-site are electrical resistivity (ER), gas torch
(GT) and infrared (IR). ER passes a current from a power source through the Fe-SMA
bar or strip using clamps on each end. The strip is extended beyond the anchors for the
clamp attachment. The resistance of thematerial generates heat. The temperature can
be monitored by many methods such as an infrared measuring device, thermocouple
wires and liquid temperature indicators. GT requires a fuel tank and torch, and an
operator passes the lit torch up and down each bar or strip until the desired temper-
ature is reached. IR uses a custom IR heater developed by the facility. It includes a
temperature sensor and is placed against the Fe-SMA and turned on until the desired
temperature is reached. There are applications where a lower or more controlled
temperature increase is desired such as requiring a reduced prestress or limiting the
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Table 2 Selected list of completed projects strengthening RC structures in flexure using Fe-SMA
(re-fer AG 2021b)

RC element strengthened Year Reason for strengthening,
Fe-SMA Type

Heating method, remarks

1. Bridge extension
(Courrendlin, Switzerland)

2021 Carbonation of concrete,
corrosion of internal
reinforcement, CRM Bar
and EUB strip

GT for the bar and IR for the
strip

2. Office girder (Rotterdam,
Netherlands)

2021 Holes drilled through
original girders during a
renovation, EUB strip

IR, welded to U-shaped steel
shoe anchorage and corrosion
treatment of strips in factory

3. Parking lot slab
(Nussbaumen, Switzerland)

2020 Slab in parking lot, EUB
strip

GT, additional protection
from fire with spray mortar

4. Bridge girder (Riehen,
Switzerland)

2020 Removal of intermediate
support, CRM Bar

GT, bonded using
spray-mortar post-activation

5. Bridge girder
(Mörschwil, Switzerland)

2020 Girder and prestressed
stands damaged from
local traffic, EUB strip

IR, bridge strengthened
within 2 h. Corrosion
treatment of strips in factory
and on site

6. Precast hollow core slab
(Lucerne, Switzerland)

2020 Relieve high-stress areas
at intersection of webs,
NSM Bar

GT, embedded in rebar.
Controlled heating required
regulated prestress

7. Building slab (Zürich,
Switzerland)

2020 Insufficient flexural and
punching reinforcement in
slab, CR Bar

GT, embedded in mortar

8. Building slab
(Freienbach, Switzerland)

2020 Required for a renovation,
EUB strip

IR, prestress controlled with
crossbow device. Fire
protection with spray mortar

8. Building wall
(Mellingen, Switzerland)

2019 Consequence of large wall
demolition, CR Bar

GT, welded to steel angles,
embedded in mortar

9. Underground vault
(Jungfraujoch, Switzerland)

2019 Extension of station hall,
CR Bar

GT, bars embedded in spray
mortar

10. Slab (Winterthur,
Switzerland)

2019 Strengthen slabs in
negative bending zones,
NSM Bar

GT, Grooves filled with
self-leveling mortar

11. Balcony slab
(Münchenstein,
Switzerland)

2018 Due to a conversion in an
apartment building, NSM
Bar

IR, Grooves filled with
mortar

12. Building slab (Lake
Constance, Switzerland)

2018 Compensate for addition
of new recesses, EUB
strip

IR

NotesGT—gas torch; IR—infrared; ER—electrical resistivity; EUB—external-unbonded; NSM—
near-surface-mounted; CRM—cover replacement method
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heat to not damage adjacent material. For instance, Fe-SMA installed with an addi-
tional protective layer for corrosion protection should not be heated beyond 165 °C
(re-fer AG 2020b).

4.3 Installation and Strengthening Methods

The strips or bars can be fastened to a deficient RC structure in either an externally-
unbonded (EUB), near-surface-mounted (NSM) or cover replacement (CR) method
depending on design and site requirements. Once installed, the prestrained strips are
heated by a gas torch (GT), however, if there are combustibles present or for more
controlled heating, the strips can be heated by IR.

EUB is a fast and relatively simple means of prestressing existing RC structures.
The ends of the Fe-SMA strip are mechanically anchored to the parent structure.
In instances where additional fire protection is required, a special cement-based
coating can be applied to the installed strips following activation. The ends are
anchored with power-actuated fasteners. Still, alternate anchoring methods can be
used in cases where those fasteners are not suitable. In the case for strengthening an
office girder, rendered deficient after having two large holes drilled through it during
a renovation access was extremely limited. The consultant designed a custom steel
U-shaped shoe for anchoring the strip to the girder (re-fer AG 2021a). EUB is also
advantageous relative to other strengthening techniques in instances where a rapid
intervention is desired as was the case for a girder shown in Fig. 1a of a bridge on
a national road in Mörschwil, Switzerland. Traffic under the bridge needed to be
diverted during repairs, and the strengthening was reported complete in only 2 hours

a) b)
c)

Fig. 1 Externally unbondedFe-SMAstrips are installed for flexural strengthening of a bridge girder
in Mörschwil, Switzerland (a), and a slab in Boncourt, Switzerland (c). The surface of a girder has
been hydromechanically removed for strengthening in Courrendlin, Switzerland, using the cover
replacement method (b). The reason for strengthening was corroded reinforcement and insufficient
load-carrying capacity (a), destroyed prestressing strands and replacement of reinforcement (b),
and insufficient internal reinforcement (c)
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(re-fer AG 2020a). In another case, installation of EUB strips is shown in Fig. 1 for a
negative moment region strengthening of a slab in Boncourt, Switzerland. The slab
required strengthening due to having insufficient internal reinforcement.

The NSM method requires more surface preparation. Shallow grooves (approx.
3 cm × 3 cm) are cut on the surface to accept the strengthening material, usually
deformed bars. The ends of the bars are fixed with mortar. Once the mortar is cured,
the bars are heated by GT or IR and allowed to cool. Once cool, the remaining
free length of the grooves is filled with mortar to allow composite action of the
reinforcement. The deformed bars offer a similar bond to that of conventional rebar
and therefore, the bars and mortar in the grooves act compositely with the parent
structure.

The CR method requires the surface to be hydromechanically roughened to allow
an effective bond between the repair mortar and the parent structure as shown in
Fig. 1b for a bridge girder in Courrendlin, Switzerland. Once roughened, the ends of
the bars are cast in spray mortar and then are heated and allowed to cool, prestressing
the parent structure.Once cooled, the free length of the bars is covered in spraymortar.

Steel or concrete composite girders can be strengthened with externally unbonded
smooth Fe-SMA rods, which in this case, are mechanically coupled and end-
anchored.

4.4 Finishes

Once the prestressing is complete, cement-based grout is inserted into the
grooves or free surface, additional fire protection spray plaster can be applied
to the strips material. This is a requirement for EUB installations (re-fer AG 2020b).

5 Discussion

Looking at the latest projects reported in Table 2, it is clear, there are many applica-
tions of using Fe-SMA to prestress RC structures. It is worth noting the technology
has also been used for strengthening RC concrete in shear and seismic loading (re-
fer AG 2021b), however, this is outside the scope of this article. In total, re-fer AG
advertises completing over 50 projects. To the best of the author’s knowledge, the
only other case study using Fe-SMA to prestress RC structures was in 2001 when
Fe-SMA bars were used for shear strengthening a bridge girder in Michigan, USA
(Soroushian et al. 2001). The variety of projects and installations shown in Table 2
demonstrate the versatility and flexibility of Fe-SMA strengthening systems.

Regarding practical heating methods in the field, ER is a widely used method for
heating SMA in experiments in the literature, however, it is seldom used in practice.
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The small resistivity of Fe-SMA requires a substantial amount of energy for sufficient
heating. This amount is likely not practical for field application. This is evident from
the case studies as the last project which used ER was in 2017. It is reported in
the literature that heating two, Fe-SMA-8 mm diameter ribbed bars, (2.5 m long)
required 324 kJ of energy over 22 s (Shahverdi et al. 2016). Themost popular heating
method seems to be GT which is not surprising as it is easily attainable and requires
limited equipment. IR is the secondmost popular heatingmethod but requires custom
IR units provided by re-fer AG.

6 New Ideas

Heating by IR and GT is clearly the most popular heating methods according to the
latest case studies. However, the surrounding material is also heated, resulting in
wasted energy. Induction heating is an alternate heating method whichheats metal
directly and the surrounding material is less affected by residual heat. Commercially
available induction stove tops leave the stove top cool-to-the-touch almost immedi-
ately, after boiling a pot of water. Industrial induction heaters for cutting metal can
be held by hand while it is being cut. These are examples of the potential of using this
heating method for heating Fe-SMA. The energy would be focused on heating only
the Fe-SMA, it would not heat the surrounding material and it would undoubtedly
heat the Fe-SMA more efficiently.

It has been reported in the literature the total recovery stress generated can be
reached in multiple increments (Shahverdi et al. 2018) depending on the activation
temperature. Theoretically, designers could not only restore load-carrying capacity
to the structure but equip them with additional reserves of prestress. These reserves
could be commissioned at any point in the future simply by heating to the temperature
required for the next increment. The reserves could also be used to recover prestress
losses due to elastic shortening of the concrete and relaxation of the Fe-SMA. It
would be interesting to see this implemented in practice.

7 Conclusion and Outlook

Prestressed strengtheningwith Fe-SMA is proving to be an outstanding strengthening
technique as it addresses several challenges with active strengthening. The ability to
prestress a deficient structure by installing the prestrained product and heating it on-
site eliminates the need for heavy jacking equipment and proper anchorage. There is
also no prestress loss due to friction, and the anchoring techniques discussed in this
article have been shown towithstand the full recovery stress, withminimal anchorage
setting and removal of original material to place the strengthening system. Further-
more, there is an improved economic and environmental benefit as the strengthening
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material is easily recycled and re-introduced into the steel casting cycle upon decon-
struction Themotivation of this article is to increase awareness of this novel strength-
ening technique and encourage additional contributions to advance the knowledge
and continue to improve the technology. A brief history as and overview of the SME
mechanismwas discussed. The latest relevant examples of this technology being used
in the field, demonstrates the real-world problems this technology resolves, and hope-
fully encourages a conversation of its feasibility and practicality. This way, the rest
of the world could benefit from this strengthening technology just like Switzerland.
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GFRP Reinforced Precast Concrete
Tunnel Lining Segments Under Flexural
Cyclic Loading
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and Brahim Benmokrane

1 Introduction

At the back of the tunnel-boring machine (TBM), in soft ground and weak rock
tunnel constructions, precast concrete segments are used to support the tunnel bone.
Combined tunnel segments, as part of a one-pass liner system, provide ground support
against the tunnel-boring machine. These tunnel segments are designed to resist
both the ground/groundwater permanent loads, and the production and construction
temporary loads. To reduce the formwork/unit cost of the tunnel lining construction,
precast concrete tunnel lining segments can be produced in reusable molds, cured,
and then assembled inside the shield of the TBM to form full tunnel segmental rings.

Fiber-reinforced-polymer (FRP) composites are being seriously considered as
the replacement for steel rebars in some structural concrete members to improve
durability, facilitate the manufacturing process, reduce the self-weight, and provide
magnetic permeability. The use of FRP reinforcement has been extensively inves-
tigated and used as reinforcement in concrete structures (Mousa et al. 2018, 2019,
2020; Humar andRazaqpur 2000; Yoo et al. 2015; Coccia et al. 2017). Current design

B. Ibrahim · S. Mousa · H. M. Mohamed (B) · B. Benmokrane
Department of Civil and Building Engineering, University of Sherbrooke, Sherbrooke, QC,
Canada
e-mail: Hamdy.Mohamed@Usherbrooke.ca

B. Ibrahim
e-mail: Basil.Ibrahim@usherbrooke.ca

S. Mousa
e-mail: Salaheldin.Mousa@Usherbrooke.ca

B. Benmokrane
e-mail: Brahim.Benmokrane@Usherbrooke.ca

S. Mousa
Department of Civil & Building Engineering, University of Sherbrooke, Sherbrooke, Canada

© Canadian Society for Civil Engineering 2023
B. Benmokrane et al. (eds.), 8th International Conference on Advanced Composite
Materials in Bridges and Structures, Lecture Notes in Civil Engineering 267,
https://doi.org/10.1007/978-3-031-09409-5_17

149

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-09409-5_17&domain=pdf
mailto:Hamdy.Mohamed@Usherbrooke.ca
mailto:Basil.Ibrahim@usherbrooke.ca
mailto:Salaheldin.Mousa@Usherbrooke.ca
mailto:Brahim.Benmokrane@Usherbrooke.ca
https://doi.org/10.1007/978-3-031-09409-5_17


150 B. Ibrahim et al.

codes and guidelines such as ACI 440.1R (2015), CSA S806 (2012), and CSA S6
(2019) allow the use ofGFRP,CFRP, andAFRPas themain reinforcement in concrete
structures and provide design recommendations for using these bars. However, these
design provisions are not applicable to precast segmental tunnel linings reinforced
with FRP bars.

To examine the possibility of replacing the traditional steel reinforced concrete
precast tunnel segments with fiber bar reinforced concrete elements, Caratelli et al.
(2016) experimentally investigated the behavior of GFRP reinforced precast concrete
tunnel segments in terms of quality and cost reduction. The results of the study
showed that the GFRP tunnel segments exhibited a better cracking control behavior
compared to the traditional reinforced concrete segments, where the load related to
the first crack formation was higher and the crack openings were reduced. Therefore,
for this kind of structure, where the cracking limitations are the primary concern,
the fiber-reinforced concrete tunnel segments can be successfully adopted. More-
over, Spagnuolo et al. (2017) performed full-scale bending tests on concrete tunnel
segments reinforced with GFRP and compared their structural performance with
control segments reinforced with steel bars. The experimental results showed that
there is no significant difference in the flexural behavior of the GFRP reinforced
segments compared to the steel reinforced ones. Substantively, the increase in the
strength of the GFRP bars compensates the lack of ductility compared to the steel
reinforced segments. In addition, the warning of failure in the GFRP reinforced
segments is guaranteed by the extensive cracking, as the GFRP bars experience
significant elongation before failure. Moreover, they have stated in their study that
using the GFRP reinforcement in precast concrete tunnel segments appears to be a
promising solution.

To further examine the feasibility and efficiency of using GFRP instead of steel as
flexural, shear, and compression reinforcements for precast segmental tunnel linings,
this study investigates the behavior of precast concrete tunnel segments reinforced
with GFRP bars under cyclic flexural loading.

1.1 Materials

The GFRP reinforcements employed in this study for the GFRP specimen were
manufactured by the pultrusion process. GFRP bars #5 and GFRP ties #4 were
used as longitudinal and transverse reinforcement, respectively. The GFRP bars and
ties have a sand-coated surface, to enhance bond and force transfer between bars
and concrete. Two steel bar diameters were used to reinforce the control specimen.
Deformed 15 M steel bars were used as longitudinal reinforcement and deformed
10 M steel bars were used as ties. The mechanical properties of the GFRP and the
steel bars used in this study are shown in Table 1, as reported by the manufacturers.

The two specimens were cast using normal-weight, ready-mixed concrete with a
target compressive strength of 35 MPa. The concrete mix design is shown in Table
2.
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Table 1 Mechanical properties of the GFRP and steel reinforcement

Reinforcement type db (mm) Af (mm2) Ef (GPa) f fu (MPa) εfu (%)

GFRP ties #4 13 129 46 1000 2.17

GFRP bars #5 15 198 46 1000 2.17

Steel ties 10 M 11 100 Es = 200.0 f y = 480 εy = 0.24

Steel bars 15 M 16 200 Es = 200.0 f y = 460 εy = 0.23

Table 2 Concrete mix design

Type of
concrete

Cement
(Kg/m3)

Sand
(Kg/m3)

Limestone
(ml/m3)

Superplasticizer
(ml/m3)

Air
entrainment
(ml/m3)

Water
(L/m3)

NSC 450 615 1015 4500 140 170

Table 3 Test matrix and details of the test specimens

Specimen ID Concrete
strength
(MPa)

Bar and
Stirrup type

Flexural reinforcement Shear reinforcement

Bottom Top Bar size Spacing mm

GFRP 35 GFRP 7 No. 5 7 No. 5 #4 200

Steel 35 Steel 7 bars 15 M 7 bars 15 M 10 M 200

1.2 Test Specimens

A total of two full-scale precast concrete tunnel segments (one reinforced with GFRP
bars and ties, and one with steel reinforcement) were constructed and tested under
flexural cyclic loading. Table 3 provides the test matrix and reinforcement details of
the test specimens. The length and width of the segments are 3100mm and 1500mm,
respectively, while the thickness is 250 mm as shown in Fig. 1.

1.3 Test Setup

The test setup was designed and fabricated at the University of Sherbrooke’s Canada
Foundation for Innovation (CFI) structural laboratory. The specimens were loaded
with a three-point bending load, as shown in Fig. 2, using an MTS 11,000 kN
universal testing machine. The load was applied at a displacement-controlled rate
of 0.8 mm/min. Quasi-static compressive loading has been applied in terms of
the percentage of calculated maximum displacement. Two cycles of loading and
unloading were conducted for 1.25, 2.5, 5, 10, 25, 50, and 75% of the maximum esti-
mated displacement. Subsequently, one cycle of loading up to failure was conducted.
Specimen deflection was measured using a linear potentiometer (LPOT) placed at
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Fig. 1 a GFRP specimen; b Steel specimen

Fig. 2 Test setup
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the mid-span. An automatic data-acquisition system monitored by a computer was
used to record the readings of the LPOT and load cells.

2 Test Results and Discussion

2.1 General Behavior of the Test Specimens

The hysteresis behavior of both the GFRP and the steel reinforced PCTL specimens
is shown in the form of load versus mid-span deflection, as shown in Fig. 3. Before
cracking occurred, both GFRP and steel reinforced PCLT specimens exhibited the
same linear load–deflection behavior, corresponding to the condition of the uncracked
section. Similar pre-cracked behavior of the GFRP and the steel reinforced PCTL
specimens is in good agreement with the experimental observations of Elgabbas et al.
(2016). Beyond cracking, at 5% of the maximum displacement cycles, the stiffness
of the GFRP reinforced PCTL specimen decreased with almost linear load–deflec-
tion behavior. The GFRP reinforced PCLT specimen failed due to concrete crushing
at an ultimate load-carrying capacity of 271 kN. As illustrated in Fig. 3, the GFRP
reinforced PCTL specimen exhibited a post-peak behavior and continued to sustain
loads corresponding to the contribution of the compression reinforcement bars in
enhancing the specimen’s ductility and strength. On the other hand, the stiffness of
the steel reinforced PCTL segment has reduced, by the yielding of the longitudinal
reinforcement in the tension zone of the specimen at a load level of 140 kN, followed
by a gradual decrease in the specimens’ overall stiffness. Thereafter, the steel rein-
forced PCTL specimen continued to sustain additional loads with reduced stiffness
up until the top concrete fibers crushed at a load level of 271 kN.TheGFRP reinforced
PCTL specimen recovered most of its deflection during the unloading of the 50%

Fig. 3 Load–deflection
behavior of the tested
specimens



154 B. Ibrahim et al.

and 75% of the maximum displacement cycles, while a permanent deflection was
recorded in the unloading of the steel reinforced PCTL specimen by reaching 50%
of the maximum displacement cycle, due to the yielding of the steel reinforcement
bars in the tension zone.

2.2 Flexural Capacity and Failure Mode

TheGFRP reinforced PCTL specimen failed due to concrete crushing in the compres-
sion zone at the loading point, while the steel reinforced PCTL specimen failed due to
yielding of the longitudinal steel reinforcement bars, followed by concrete crushing.
The cracking pattern of both specimens (GFRP and steel) is shown in Fig. 4. The
first vertical flexural crack in the GFRP reinforced PCTL specimen was initiated in
the tension zone under the point of loading at a load level of 60 kN in the first 5% of
the maximum displacement cycle. At 10% and 25% of the maximum displacement
cycles, the flexural cracks in the GFRP reinforced PCTL specimen grew within the
shear span of the specimen. Thereafter, at the first 75%of themaximumdisplacement
cycle, the main flexural crack in the GFRP reinforced PCTL specimen widened and
propagated toward the loading point. Beyond 75% of the maximum displacement
cycles, the cracks along the shear spanof theGFRP reinforcedPCTLspecimen started
to incline toward the point of loading up until the failure occurred. The peak load
recorded at the concrete crushing was 271 kN for the GFRP specimen. In contrast,
the yielding of the tension bars in the steel specimen resulted in wider concentrated
cracks at the tension zone. Yielding of the longitudinal reinforcement at the tension
zone occurred at a load level of 140 kN in the first 50% of the maximum displace-
ment cycle, followed by a reduction in the specimen’s stiffness. By reaching a load
level of about 252 kN, the concrete crushed in the compression zone. Overall, the
flexural strength at the concrete crushing of the GFRP specimenwas almost 1.8 times
greater than that of the steel specimen at steel yielding with similar reinforcement.

Fig. 4 Failure modes of the test specimens
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This flexural capacity ratio of the GFRP reinforced PCTL specimen to the steel rein-
forced PCTL specimen fits within the flexural capacity ratios of the BFRP-RC to the
steel-RC members (1.74–2.19) obtained by Elgabbas et al. (2017).

3 Conclusions

1. The GFRP reinforced PCTL specimen failed due to concrete crushing in the
compression zone at the loading point, while the steel reinforced PCTL spec-
imen failed due to yielding of the longitudinal steel reinforcement bars, followed
by concrete crushing.

2. The flexural strength at the concrete crushing of the GFRP reinforced PCTL
specimen was almost 1.8 times greater than that of the steel reinforced PCTL
specimen at steel yielding with similar reinforcement.

3. The GFRP reinforced specimen behaved linearly until cracking and almost
linearly between cracking and concrete crushing, with reduced stiffness. More-
over, the GFRP reinforced PCTL specimen exhibited a post-peak behavior and
continued to sustain loads corresponding to the contribution of the compression
reinforcement bars in enhancing the specimen’s ductility and strength.

4. The results of the current study show the efficiency of using GFRP bars as
internal reinforcement for precast concrete segmental tunnel linings under cyclic
flexural loading as an alternative to conventional steel reinforcement.
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Durability of GFRP-RC Square Columns
in Severe Marine Environment

Ahmed Elhamaymy, Hamdy M. Mohamed, and Brahim Benmokrane

1 Introduction

Marine structures such as bridge piers/columns, coastal buildings, and harbor wharfs
are vigorously prone to corrosion side effects on concrete due to chloride and sulfate
attack. For repairing the damages that occur due to steel corrosion in RC-structures,
the United States (USA) spends annually around $276 billion. Many methods have
been used for eliminating steel corrosion such as epoxy coating or cathodic protec-
tion. In fact, it was found that these methods do not prevent corrosion, however, they
delay it. Since the GFRP bars have proved their efficiency in the corrosive environ-
ment, GFRP reinforcing bars are widely used instead of steel in constructing many
bridges in Canada and the United States. For example, in 1999, Canada constructed
the first marine structure (Hall’s Harbor Wharf) using GFRP bars and hybrid rein-
forcement (steel and GFRP bars). All codes and guidelines stipulate that columns
should be contained longitudinal and transverse reinforcement, even if the concrete
cross-section can withstand the applied load. Therefore, the integrity of the internal
reinforcement in corrosive environments is a significant issue for studying (Mousa
et al. 2019, 2020; Mohamed and Benmokrane 2014).

Although there are many valuable experimental attempts to investigate the
behavior of concrete columns internally reinforced with FRP bars and spirals (Tobbi
et al. 2012; Pantalides et al. 2013; Afifi et al. 2014, 2015; Mohamed et al. 2014; Hadi
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et al. 2016; Hadhood et al. 2017a, b, c; Guérin et al. 2018; Abdelazim et al. 2020a,
b, c, d), few studies were conducted to assess the durability of GFRP-RC columns
in severe marine environments. Wei et al. (2018) evaluated the effect of using GFRP
bars as longitudinal reinforcement on the ability of the concrete column to resist
seawater attack. This was performed by immersing square concrete columns rein-
forced longitudinally withGFRP bars and transverselywith steel ties in the simulated
marine environment (17.5% salt concentration) at room temperature for 120 days.
The results showed that after 120 days, the steel ties corroded, causing some deterio-
ration in the concrete cover. Simultaneously, the GFRP bars were intact and can resist
the applied load. Due to corrosion cracks developed in the concrete cover, the condi-
tioned columns lost about 18% of the axial capacity of their reference counterparts.
Moreover, it was found that, as the exposure period increased, the bond between
bars and concrete gradually decreased. Another study was conducted by Zhou et al.
(2018). This study aimed at investigating the effect of using seawater in mixing and
curing on the behavior of concrete cylindrical columns fully reinforced with GFRP
bars and spirals after exposure to seawater for 84 days. Three types of water with
different salt concentrations (26.5, 3.5, 0%NaCl) were used formixing, and two (3.5,
0% NaCl) for curing. The results indicated that the GFRP spirals were still intact
and bonded to the concrete, providing adequate confinement for the concrete core.
Moreover, the columns cast with water containing high salt concentration (26.5%)
suffered a deterioration that reached 27.9% in load-carrying capacity and enhance-
ment of 104% in the ductility. Based on this literature, the experimental research
on the concentric performance of GFRP-RC columns in the marine environment is
limited, which accentuates the significance of conducting more experimental work
to study other parameters.

2 Experimental Program

2.1 Materials

The GFRP bars and spirals were manufactured by a pultrusion process using contin-
uous E-glass fibers impregnated in a thermosetting vinyl-ester resin. The GFRP bars
and spirals have a sand-coated surface, as shown in Fig. 1, to enhance bond and

Fig. 1 a GFRP spirals; b
GFRP bars

No.3 Spirals 

No.6 Bar

a b
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Table 1 Mechanical properties of the GFRP bars and spirals

Bar size Diameter
(mm)

Areaa (mm2) Elastic tensile
modulusb (GPa)

Nominal
tensile
strength
(MPa)

Tensile
strain (%)

#3 (spirals) 9.5 71 52.5 1328 2.3

#6 19 285 52.5 1194 2.3

a Nominal area
b Using Nominal area

force transfer between bars and concrete. GFRP bars #6 and GFRP square spirals #3
were used as longitudinal and transverse reinforcement, respectively. Table 1 gives
the mechanical proprieties of GFRP bars and spirals used in this study, as reported
by the manufacturer. A single batch of ready-mixed normal-strength, normal-weight
concrete with amaximum aggregate size of 20mmwas used to cast all the columns in
an upright position. Thew/c ratio was 0.35. Themeasured average concrete compres-
sive strength after 12 months from casting were 42 MPa and 53 MPa for reference
and conditioned specimens, respectively.

2.2 Specimens Details and Conditioning Method

A total of 4 laboratory-scale square concrete columns with GFRP reinforcement
were constructed, conditioned, and tested undermonotonic static concentrically axial
loading. All of the columns had 300 mm width and 1000 mm height. All specimens
had 35 mm clear concrete cover above the square spirals, which was set using a
plastic wheel spacer. All columns were transversely reinforced with square spirals
spaced each 125 mm at the middle and became tighter at the ends (60 mm). The four
columns were listed in two groups according to longitudinal reinforcement ratio
and distribution. Each group contains two specimens with the same reinforcement
configuration, to assess the effect of the exposure to the simulated severe marine
environment on the behavior and axial capacity of columns. The specimens in the
first group (G1) were reinforced with eight (8) bars size No.6 (comprising 2.5% of
cross-section area (Ag)), while those in the second group (G2) were constructed with
four (4) bars size No. 6 (comprising 1.25% of cross-section area (Ag)) (G2). The
size of longitudinal GFRP bars was set to comply with the least permitted size to use
in columns (not less than No. 5), as specified in CSA-S6-19. Figure 2a, b illustrates
the reinforcement configuration and concrete dimensions for specimens in G1 and
G2. The test matrix and conditioning routine are presented in Table 2.

A wide wooden tank was fabricated and lined with a thick polyethylene sheet
to accommodate two GFRP-RC square column specimens, as seen in Fig. 2c. After
installing the conditioned two specimens inside the tank, the tanks were filled with
a saline solution, which was prepared by mixing 35 g of dry salt (NaCl) for each
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(a) Cages Overview
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Fig. 2 Specimen preparation and conditioning methods

Table 2 Test matrix, specimen’s details, conditioning routine, and test results

Specimen
ID

Conditioning
regime

Longitudinal
reinforcement

Transverse
reinforcement

Ppeak (kN) Ppeak /
(
f ′
c Ag

)

Saline
solution
(3.5% NaCl)

ρL (%) Number
of bars

ρT (%) Bar
size

Pitch
(mm)

G1-8N6 Reference 2.5 8 No. 6 1.1 No. 3 125 3550 0.93

G1-8N6-60 60 °C 4350 0.91

G2-4N6 Reference 1.25 4 No. 6 3450 0.93

G2-4N6-60 60 °C 4300 0.89

G1 or G2 refers to reinforcement layout; Bars number (8 or 4) and size (#6); conditioning
temperature (60 °C)

kilogram of water to simulate the marine environment. The tank was stored inside
a large temperature chamber to provide heat waves at 60 °C. This temperature was
assigned to accelerate the degradation process as usual for GFRP bar accelerated
aging tests. Eventually, the specimens were removed from the tanks and prepared
for testing after 12 months.
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Fig. 3 Instrumentation and test setup

2.3 Instrumentation and Test Setup

All specimens were instrumented to measure the axial deformations as well as the
local strains in the longitudinal bars, spirals, and concrete surface. All of the strain
gauges were located at the mid-height of the columns, where the maximum strain
values are expected. Two strain gauges (60 mm) were pasted on GFRP bars, and
two were glued on spirals nearby the bent portion. Externally, two 100 mm strain
gauges were put on the concrete surface to capture the axial compressive strain of two
opposite sides. Moreover, two LPOTs were mounted between the machine wedges
to capture the axial deformation during the test (see Fig. 3). The column specimens
were tested with a 6000 kNMTS testing machine with a constant loading rate of 1.5
kN/s up to the failure, then the loading was manually controlled.

3 Test Results and Discussion

3.1 Failure Mode

Figure 4 illustrates the failure modes of the reference and conditioned GFRP-RC
columns after removing the load. The failure modes of all the columns could be
split into two main stages. Stage one is represented by concrete rupture initiated by
gradual cover spalling accompanied by a significant reduction in the load-carrying
capacity of the tested column. The cracks appeared on the concrete cover when the
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Fig. 4 Failure mode of reference and conditioned GFRP-RC columns

load had reached approximately 90% of the peak load. These cracks rapidly widened
and propagated, causing the concrete cover to spall off. The submerged GFRP-RC
columns lost more load-carrying capacity after the initial spalling of the concrete
cover. The second failure stage of the column corresponds to the rupture of the
core components. After the peak, the core components (vertical bars and concrete)
are intensively loaded to compensate the reduction in load due to cover spalling.
This phenomenon led to activating the spirals to provide sufficient confinement for
the concrete core and prevent the vertical bars from buckling. The failure of the
core component started with the spiral’s rupture at the bent portion, followed by a
buckling of the longitudinal bars, and ended with concrete core crushing, as seen
in Fig. 4. For specimens reinforced with four (4) vertical bars, the failure was more
violent than those constructed with eight (8) bars, especially after the conditioning
(see Fig. 4).

3.2 Effect of Conditioning on the Load-Carrying Capacity
and Axial Deformations

Figure 5a–bdepicts the comparisonbetween the axial load–deformation relationships
of the tested, unconditioned, and the submerged GFRP-RC columns for G1 and G2,
respectively. The load-carrying capacity of the reference and conditioned GFRP-
RC columns are summarized in Table 2. As expected, the elastic load–deformation
diagram was linear during the initial loading state and up to around 85% of the
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Fig. 5 Axial load–deformation curves for conditioned and unconditioned columns

maximum peak load. The improvement ratios in the load-carrying capacity of the
columns after the exposure to the simulated severe marine environment (60 °C)
are illustrated in Fig. 5a–b. These improvements were 22% and 25% of the load-
carrying capacity of their unconditioned counterparts inG1 andG2, respectively. The
enhancement in the load-carrying capacity was due to the increase in the concrete
compressive strength, as observed by testing some concrete cylinders exposed to the
same conditions as the tested conditioned specimens. The enhancements in strength
reflect the positive impact of moisture and temperature on the hydration process of
unhydrated cement (Pantelides et al. 2013; Mukherjee and Arwikar 2005; Hamza
et al. 2017).Moreover, chloride ions contributed to this improvement by reactingwith
the hydration products to produce salt-containing chlorine, which fills the concrete
pores, leading to an increase in concrete strength (Wei et al. 2018). On the other hand,
the average recorded compressive bar strain at the maximum load-carrying capacity
was 3300 με and 2400 με (14% and 9.5% of the ultimate tensile GFRP-bar strain)
for unconditioned and conditioned specimens, respectively. Despite the reduction in
the measured strain in bars in conditioned specimens, the level of compressive strain
in the GFRP bars in the conditioned is slightly higher than the allowable strain of
2000 με specified in CSA/S6-19 for determining the contribution of GFRP bars to
the axial capacity of concrete compression members. Due to increasing the concrete
strength, the contribution of the GFRP bars to load-carrying capacity decreased. Up
to the peak load, theGFRP reinforcing bars did not exhibit any signs of buckling. This
is indicating that GFRP spirals are intact and can provide the stability for longitudinal
bars.Moreover, increasing the longitudinal reinforcement ratio does not significantly
affect the axial capacity of the conditioned specimens, however, it can enhance the
post-peak response.
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Fig. 6 Image taken by OM
for the interface between
concrete and GFRP bars for
the extracted concrete covers
from columns conditioned at
60 °C Bars

Concrete

Fig. 7 Image taken by SEM
for the interface between
single fibers and resin matrix
of bars extracted from
columns conditioned at
60 °C

Glass fiber

Resin

4 Microstructural Analysis

The bond between concrete and GFRP bars is significant for providing the composite
action. In addition, the integrity of the surface between concrete and GFRP bars
could also be used as an index for the integrity of the glass fibers and matrix resin
at the bar’s edge. The interface between concrete and GFRP bars was examined by
the optical microscopic (OM) technique, while the interface between single fibers
and resin matrix was checked by the scanning electronic microscopy (SEM) tech-
nique. Figures 6 and 7 show the images obtained by OM and SEM, respectively.
OM image indicated that there are no signs of debonding between concrete and
bars after immersion in the simulated marine environment at 60 °C for 12 months
as well as the SEM results showed that the fibers and resin were not affected by
conditioning. This indicates that the concrete cover acted as a protective barrier for
internal reinforcement.

5 Conclusions

1. Considering the test results, the axial capacity of the submerged columns
increased as a result of an increase in concrete compressive strength. The
column specimens submerged in the marine environments at 60 °C achieved, on
average, 123%, respectively, of the axial load capacity of their unconditioned
counterparts.
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2. Increasing the GFRP reinforcement ratio and using GFRP spirals improved the
post-peak response.

3. Despite the reduction in the measured strain in bars in conditioned speci-
mens, the level of compressive strain in the GFRP bars in the conditioned is
slightly higher than the allowable strain of 2000 με specified in CSA/S6-19
for determining the contribution of GFRP bars to the axial capacity of concrete
compression members.

4. The optical microscopy (OM) observations indicate that the 365 days of immer-
sion in a marine environment produced no evidence of debonding between the
GFRP bars and the surrounding concrete.

5. The SEMmicrographs revealed no signs of degradation of the GFRP reinforce-
ment bars and no debonding at the fiber/resin interface.

Acknowledgements The authors would like to express their special thanks and gratitude to the
Natural Science and Engineering Research Council of Canada (NSERC), Canada Research Chair
Program, the Fonds de la recherche du Quebec–Nature et Technologie—(FRQ-NT), the University
of Sherbrooke Research Centre on FRP Composite Materials for Structures (CRUSMaC) for their
financial support, and Pultrall Inc. (Thetford Mines, QC, Canada) for the donation of the GFRP
reinforcement. The authors thank the technical staff of the Canada Foundation for Innovation (CFI)
structural laboratory in the Department of Civil Engineering at the University of Sherbrooke.

References

Abdelazim W, Mohamed HM, Afifi MZ, Benmokrane B (2020a) Proposed slenderness limit for
GFRP-RC columns based on experiments and buckling analysis. ACI Struct J 117(1), January
2020a

Abdelazim W, Mohamed HM, Benmokrane B (2020b) Inelastic second-order analysis for slender
GFRP-reinforced concrete columns: experimental investigations and theoretical study. J Compos
Construct, ASCE 24(3):04020016

AbdelazimW,MohamedHM, Benmokrane B, AfifiMZ (2020c) Effect of critical test parameters on
behavior of glass fiber-reinforced polymer-reinforced concrete slender columns under eccentric
load. ACI Struct J 117(4), July 2020d

Abdelazim W, Mohamed HM, Benmokrane B (2020d) Strength of bridge high-strength concrete
slender compression members reinforced with GFRP bars and spirals: experiments and second-
order analysis. J Bridge Eng, ASCE 25(9):04020066

Afifi MZ, Mohamed HM, Benmokrane B (2014) Axial capacity of circular concrete columns
reinforced with GFRP bars and spirals. J Compos Construct, ASCE 18(1):04013017

Afifi MZ, Mohamed HM, Chaallal O, Benmokrane B (2015) Confinement model for concrete
columns internally confined with carbon FRP spirals and hoops. J Struct Eng 141(9):04014219.
https://doi.org/10.1061/(ASCE)ST.1943-541X.0001197

Canadian Standards Association (CSA) (2012) Design and construction of building components
with fiber reinforced polymers. CAN/CSAS806-12, Mississauga, Ontario, Canada, 198 pp

Guérin M, Mohamed HM, Benmokrane B, Shield CK, Nanni A (2018) Effect of glass fiber-
reinforced polymer reinforcement ratio on axial-flexural strength of reinforced concrete columns.
ACI Struct J 115(4):1049–1061

https://doi.org/10.1061/(ASCE)ST.1943-541X.0001197


166 A. Elhamaymy et al.

Hadhood A, Mohamed HM, Ghrib F, Benmokrane B (2017c) Efficiency of glass-fiber reinforced-
polymer (GFRP) discrete hoops and bars in concrete columns under combined axial and flexural
loads. Compos B Eng 114(6):223–236

Hadhood A, Mohamed HM, Benmokrane B (2017b) Experimental study of circular high-strength
concrete columns reinforced with GFRP bars and spirals under concentric and eccentric loading.
J Compos Construct, ASCE 21(2):04016078

Hadhood A, Mohamed HM, Benmokrane B (2017a) Axial load-moment interaction diagram of
circular concrete columns reinforced with CFRP bars and spirals: experimental and theoretical
investigations. J Compos Construct, ASCE 21(2):04016092

Hadi MN, Karim H, Sheikh MN (2016) Experimental investigations on circular concrete columns
reinforced with GFRP bars and spirals under different loading conditions. J Compos Construct,
ASCE 20(4):04016009. https://doi.org/10.1061/(ASCE)CC.1943-5614.0000670

Hamza A, Derogar S, Ince C (2017) The effects of silica fume and hydrated lime on the strength
development and durability characteristics of concrete under hot water curing condition. In:
MATEC web of conferences, vol 120. EDP Sciences, p 2004

Mohamed HM, Benmokrane B (2014) Design and performance of reinforced concrete water chlori-
nation tank totally reinforced with GFRP bars: case study. J Compos Construct 18(1):05013001.
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000429

Mohamed HM, Afifi MZ, Benmokrane B (2014) Performance evaluation of concrete columns
reinforced longitudinally with FRP bars and confined with FRP hoops and spirals under axial
load. J Bridge Eng 19(7):04014020

Mousa S, Mohamed HM, Benmokrane B (2019) Strength and deformability aspects of circular
concrete members reinforced with hybrid carbon-FRP and glass-FRP under flexure. J Compos
Construct 23(2):04019005

Mousa S, Mohamed HM, Benmokrane B, Nanni A (2020) Flexural behavior of long-span square
reinforced concretememberswith uniformly distributedfiber-reinforced polymer bars.ACIStruct
J 117(4):209–222

Mukherjee A, Arwikar SJ (2005) Performance of glass fiber-reinforced polymer reinforcing bars
in tropical environments—Part I: Structural scale tests. ACI Struct J 102(5):745

Pantelides CP, GibbonsME, Reaveley LD (2013) Axial load behavior of concrete columns confined
with GFRP spirals. J Compos Construct, ASCE 17(3):305–313

Tobbi H, Farghaly AS, Benmokrane B (2012) Concrete columns reinforced longitudinally and
transversally with GFRP bars. ACI Struct J 109(4):551–558

Wei M, Sun L, Zhang C, Wang Q (2018) Effect of seawater exposure on compressive behavior of
concrete columns reinforced longitudinally with glass fiber reinforced polymer bars. J Compos
Mater 52(17):2289–2299

Zhou A, Chow CL, Lau D (2018) Structural Behavior of GFRP reinforced concrete columns under
the influence of chloride at casting and service stages. Compos B Eng 136:1–9

https://doi.org/10.1061/(ASCE)CC.1943-5614.0000670
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000429


Behavior of Concentrically Loaded
GFRP-RC Circular Hollow Columns
with Varying Transverse Reinforcement
Ratios

Mohammed Gamal Gouda, Hamdy M. Mohamed, Allan C. Manalo,
and Brahim Benmokrane

1 Introduction

Hollow reinforced concrete columns have been used in the past in place of their solid
counterparts in the construction of bridges (columns, piles, and bridge piers). These
hollow columns have several benefits over solid columns including higher structural
performance than solid concrete columns in terms of stiffness-to-weight and strength-
to-weight ratios (Liang et al. 2015). In addition, hollow concrete columns (HCCs) can
be the solution to maximize strength–mass and stiffness–mass ratios and to reduce
the mass contribution of the column to the seismic response and demand on founda-
tions. Such members are usually reinforced with conventional steel bars and spirals
or ties. Steel reinforcement has a limited-service life and entails high maintenance
costs due to corrosion when used in aggressive and/or harsh marine environments.
This high cost has spurred interest in alternative noncorrosive reinforcing materials
such as fiber-reinforced polymer (FRP) bars. FRP bars offer many advantages over
conventional steel bars, including a density of one-quarter to one-fifth that of steel,

M. G. Gouda · H. M. Mohamed (B) · B. Benmokrane
Department of Civil and Building Engineering, University of Sherbrooke, Sherbrooke, QC,
Canada
e-mail: Hamdy.Mohamed@Usherbrooke.ca

M. G. Gouda
e-mail: Mohammed.Gamal.Gouda.Hassaan@Usherbrooke.ca

B. Benmokrane
e-mail: Brahim.Bemokrane@Usherbrooke.ca

A. C. Manalo
School of Civil Engineering and Surveying, University of Southern Queensland, Toowoomba,
Australia
e-mail: Allan.Manalo@usq.edu.au

© Canadian Society for Civil Engineering 2023
B. Benmokrane et al. (eds.), 8th International Conference on Advanced Composite
Materials in Bridges and Structures, Lecture Notes in Civil Engineering 267,
https://doi.org/10.1007/978-3-031-09409-5_19

167

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-09409-5_19&domain=pdf
mailto:Hamdy.Mohamed@Usherbrooke.ca
mailto:Mohammed.Gamal.Gouda.Hassaan@Usherbrooke.ca
mailto:Brahim.Bemokrane@Usherbrooke.ca
mailto:Allan.Manalo@usq.edu.au
https://doi.org/10.1007/978-3-031-09409-5_19


168 M. G. Gouda et al.

greater tensile strength than steel, and no corrosion even in harsh chemical environ-
ments (Chaallal and Benmokrane 1993; Maranan et al. 2016). Several studies were
presented to investigate thebehavior ofFRP-RCcolumnsunder concentric and eccen-
tric loading (Affi et al. 2015; Hadhood et al. 2017a, b; Salah-Eldin et al. 2019a, b).
Recent studies also extended to evaluate the behavior of concrete columns reinforced
with fiber-reinforced polymer (FRP) bars but were cast with the lightweight concrete
(known as LWSCC: lightweight-aggregate self-consolidating concrete columns), as
conducted by Bakouregui et al. (2021).

Several experimental studies were focused on investigating the behavior of FRP-
RC solid columns loaded under concentric axial load (De Luca et al. 2010; Afifi
2013; Tobbi et al. 2014; Affi et al. 2014; Afifi et al. (2013) Abdelazim et al. 2020a, b,
c, d). They concluded that the FRP-RC columns behaved in a similar manner to the
steel RC columns counterparts, and there was no noticeable difference concerning
the peak capacity. Afifi et al. (2014) revealed that the failure of the solid GFRP-
RC columns reinforced with a spiral spacing of 120 mm (i.e., a volumetric ratio of
0.7%) was triggered by the buckling of the longitudinal bar. In contrast, the failure of
the well-confined corresponding columns reinforced with a narrower spiral spacing
of 80 or 40 mm was controlled by the crushing of the concrete core, followed by
rupture of the GFRP spirals. Testing of GFRP-RC columns of the rectangular section
is done to evaluate the configuration and spacing of transverse reinforcement (Tobbi
et al. 2014). The test results indicated that the confinement efficiency was increased
with smaller tie spacing, where the reduction in tie spacing from 120 to 80 mm
(4.72–3.15 in.) yielded a strength gain of more than 20%. De Luca et al. (2010)
concluded that the failure of the GFRP-RC column reinforced with tie pitched at
305 mm (12 in.) was sudden and accompanied by an explosive noise. The 76 mm
(3 in.) spacing of the GFRP ties did not increase the ultimate capacity load but
enhanced the confinement efficacy in the post-peak phase, where ssing GFRP ties
and spirals was found to be efficient in limiting the initiation and propagation of
cracks, the buckling of the longitudinal bars, and the crushing of the concrete core
(Pantelides et al. 2013; Mohamed et al. 2014). Based on these studies, it has been
concluded that the spacing of transverse reinforcement is the main design parameter
that controlsHCCperformance. Tabatabaei et al. (2018) investigated the performance
of lap spliced GFRP bars in RC solid circular columns. The test results indicated that
the suitable splice length for GFRP bars #5 (15.90 mm, in diameter) was 8db.

Limited researchwork has been conducted on hollow concrete columns reinforced
with GFRP reinforcements. The influence of volumetric ratio on the performance
of GFRP-RC hollow columns was studied by AlAjarmeh (2020a, b) and Hadi et al.
(2021). The test findings revealed that increasing the volumetric ratio by decreasing
the spiral spacing led to an increase in the ultimate load-carrying capacity, improving
the column’s ductility due to the high lateral confining efficiency. Hadi et al. (2021)
concluded that the columns reinforced with a GFRP spiral with a spacing of 30 mm
attained 46 and 66% higher confinement efficiency and ductility, respectively, than
the column with a spiral’s pitch of 90 mm. The objective of this study was to obtain
experimental data and to better understand the behavior and failure mechanics of
full-scale hollow concrete columns reinforced with GFRP bars and spirals tested
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under axial load. The effect of the transverse reinforcement ratio was investigated.
The experimental data provide the evidence required to include design provisions
in the forthcoming ACI 440 code for the use of GFRP bars and spirals as internal
reinforcement in concentrically loaded hollow concrete compression members.

2 Experimental Program

2.1 Design of Test Specimens

Four full-scale circular reinforced hollow concrete columns were prepared and tested
to investigate the influence of the transverse reinforcement ratio ρt (represented by
the spacing of spirals) under pure axial loading. Three columnswere reinforced in the
transverse direction with GFRP spirals No. 3 (9.5 mm diameter) at different spiral’s
pitch s mm (ρt %) of 120 mm (0.75%), 80 mm (1.10%), and 40 mm (2.20%). One
column was fabricated with no spirals to serve as a control specimen. All columns
were reinforced with eight GFRP bars No. 5 (15.9 mm diameter) as a longitudinal
reinforcement. These columns were designed with a hollow circular cross-section
where the outside diameter of the columns was 305 mm, the inner diameter was
113 mm (Din./Dout. = 0.37), and the height was 1500 mm. Concrete cover for all
tested columns was maintained at 27.50 mm. The GFRP-RC columns were designed
based on the requirements of CSA/CAN S806-12 code. Figure 1 displays the spec-
imen’s details, GFRP-reinforcement cage, and final installation of the column spec-
imen on the FORNEY machine. Table 1 lists the test matrix and the reinforcement
details for all columns.

2.2 Materials

Sand-coated GFRP bars and spirals were employed in this study No. 5 (15.90 mm,
nominal diameter) as longitudinal reinforcement and No. 3 (9.50mm, nominal diam-
eter) as transverse reinforcement, respectively, as presented in Fig. 1. The GFRP
reinforcements were manufactured by (Pultral Inc. 2012). All columns were cast
with a single batch of nominal 35 MPa ready-mix normal-weight concrete with a
maximum aggregate size of 10 mm. During casting, the concrete was compacted to
ensure adequate consistency of the concrete paste. The average compressive strength
of concrete was computed in terms of the characteristic compressive strength of ten
100mm× 200mm cylinders samples cured under the same conditions as the column
specimens and examined after 28 daysmandated byASTMC39/C39M (2012). Table
2 reports the material properties of the GFRP, as provided by the manufacturer.
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Fig. 1 Test setup and GFRP cages

Table 1 Test matrix and specimen details

Column ID Longitudinal reinforcement Transverse reinforcement

Type Bar # s mm ρt (%)

HC-N 8 GFRP #5 – – – –

HC-120 8 GFRP #5 GFRP spiral 3 120 0.75

HC-80 8 GFRP #5 GFRP spiral 3 80 1.10

HC-40 8 GFRP #5 GFRP spiral 3 40 2.20

Table 2 Mechanical properties of the GFRP reinforcement

Type Bar size Diameter
(mm)

Nominal area
(mm2)

Elastic tensile
modulus (GPa)

Tensile
strength
(MPa)

Tensile strain
(%)

GFRP #3 9.5 71 52.5 ± 2.5 f fu =
1328

2.30

#5 15.9 199 54.9 ± 2.5 f fu =
1289

2.40
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2.3 Instrumentation and Testing

During the cage’s preparation stage, four strain gauges with a length of 6 mm were
mounted on the bars and spirals at mid-height of the cage to monitor the column
responses, (see Fig. 1). Before testing, two concrete strain gauges 60 mm in length
were fixed on the exterior surface at the column and almost parallel to the bars
and spirals strains, as shown in Fig. 1. Finally, the applied axial load and the axial
displacement were measured, respectively, with the machine’s internal load cells and
linear variable differential transformers (LVDTs). All instruments were connected
to a data-acquisition system for continuous recording of results.

All the columns were tested under concentric loading with a 6000 kN capacity
FORNEY machine in the Construction Facilities Laboratory of the Department of
Civil Engineering at the University of Sherbrooke, as displayed in Fig. 1. Prior to
testing, a 20 mm self-leveling cementitious grout was utilized to level the top and
bottom ends of each column. Two rigid steel collars were fastened and clamped at the
ends of the column to prevent any undesired local failure at these stress-concentration
zones. Lastly, the columnwas placed in themiddle of the Forneymachine and the test
was conducted with a load-controlled technique at a rate of 1.50 kN/s up to failure.

3 Test Results and Discussion

3.1 Failure Modes

The GFRP-RC hollow columns exhibited a compression failure in terms of concrete
cover spalling, accompanied by a drop in the column capacity. Figure 2 shows the
typical failure behavior of all tested columns. The failure started by hairline cracks
that propagated along the column height as the applied load increased. Spalling of the
concrete coverwas then observed, followedbybuckling or fracture of the longitudinal
bars, and/or rupturing of the GFRP spirals. Lastly, damaging of the concrete core was
observed. The stages of failure are explained in detail. Column HC-N, the concrete
cover, and core spalled and failed at the same time in an explosive manner. Buckling
in the longitudinal GFRP bars was observed without fracturing. This was attributed
to the absence of transverse reinforcement that confined the GFRP bars. Limited
spalling of the concrete cover appeared at the mid-height of column HC-120. It is
also observed that the perimeter of HC-120 after the concrete cover spalled off at
mid-height expanded in the lateral direction, accompanied by the fracturing of the
longitudinalGFRPbars. Then, rupturing of one coil of theGFRPspiralwas remarked,
causing extensive damage to the concrete core. This behavior was also observed by
AlAjarmeh et al. (2020a). In Column, HC-80, a gradual spalling of the concrete cover
was noticed. The longitudinal bars and the concrete core were perfectly confined by
the transverse reinforcement. So, the inner core did not deteriorate. Failure, lastly,
was due to fractures in the GFRP bars. There was no observed damage to the lateral



172 M. G. Gouda et al.

Fig. 2 Failure mechanism of GFRP-RC hollow column

spiral. After the peak load of column HC-40, the concrete cover was completely
spalled. The 40 mm GFRP spiral spacing kept the inner core well-confined, and no
deterioration was noticed. Sequential fracturing of the longitudinal GFRP bars and
rupturing of the lateral spiral at the top are due to the stress concentration. Figure 3
depicts close-up views of the tested columns at failure.

Fig. 3 Close-up views of failure
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Fig. 4 Load–displacement
responses

3.2 Load Deformation Behavior

Figure 4 illustrates the relationship between the axial load versus the axial deforma-
tion. Before the cover spalling phase, the column specimens HC-N, HC-120, HC-80,
and HC-40 behaved linearly until roughly 85% of their peak loads. A gradual loss
of initial stiffness after these cracks propagated, providing a nonlinear ascending
branch up to the peak loads 2150 kN, 2330 kN, 2380 kN, and 2450 kN, respec-
tively. Afterward, a sudden load drop occurred due to the concrete cover spalling for
columns HC-120, HC-80, and HC-40 by 30% of their peak loads. The applied load
was transferred to the inner core, because of the GFRP spirals lateral confinement
and contribution of the longitudinal bars in carrying the load, the load curve raised
again until the second peak of 1670, 1700, and 2000 kN for the columns HC-120,
HC-80, and HC-40. Table 3 summarizes the experimental test results.

3.3 Load–Strain Behavior

Figure 5 depicts the applied load to the induced strains response of the tested columns.
At the peak load, the average axial compression strain monitored in the longitudinal
bars was around 2900 με, which is about 12% of the ultimate tensile strain of the
GFRP bars ε f rp,u , see Fig. 5a. Whereas the average bar strain at failure was about
7600 microstrains which is about 32% of ε f rp,u . These findings are consistent with
the results mentioned by AlAjarmeh et al. (2020a). The average axial strains in
the reinforcing bars were recorded and utilized to estimate the contributions of the
compressive strength of the bars to the overall strength capacities, Pbars . Pbars was
computed based on the measured strain at the peak load, εbar , the cross-sectional
area of the bar, A f , and the bar’s modulus, E f . The ratios Pbars/Pexp. are reported in
Table 3. The average contribution of the GFRP bars in compression was around 11%
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Fig. 5 Load–strain behavior: a Bar axial strain, b spiral lateral strain, and c concrete compressive
strain

of the experimental peak load, which contradicts with CAN/CSA S806-12, which
neglects the compressive strength of the GFRP bars.

In terms of spiral strain, Table 3 and Fig. 5b. show that the lateral strain measured
at the peak load ranged from 250 to 700. The lowest lateral strain at failure of 4000
με was recorded for column HC-120 because the wider spacing of the spiral caused
limited concrete-core confinement. In other words, the (120 mm spacing) exhibited
brittle behavior, with a faster degradation of the column’s strength after the ultimate
capacity accompanied by buckling of the longitudinal bars. As expected, the spiral
strain of GFRP spirals was directly increased following the concrete cover spalling
due to the activation of reinforcement confining pressure on the concrete core. So,
the later strain for columns HC-80 and HC-40 at failure was 14,000 and 10,000 με.

Figure 5c shows that the concrete compressive strain for columns HC-N, HC-120,
HC-80, and HC-40 at the peak load was 2400 με, 2600 με, 2900 με, and 2700 με,
respectively. The concrete strain readings were affected and became unreliable upon
the cracks widened and propagated. The failure modes of GFRP-RC columns were
controlled by concrete crushing according to these measured strains, which are more
than the concrete crushing strain of 2000 microstrains mandated by ACI 318 (2019).

4 Influence of the Transverse Reinforcement Ratio

The variation in the spacing of spirals influences the behavior of the tested GFRP-
RC hollow columns. The closer spiral spacing (i.e., higher volumetric ratio) strongly
affects the failure mode by delaying the longitudinal bars buckling, propagation
of cracks, and concrete-core crushing. Furthermore, it increases the peak load and
improves the confinement effectiveness and ductility. Three different spacings of
spiral (120, 80, and 40 mm) were designed to investigate the effect of the transverse
reinforcement ratio on the axial behavior of HCC. Columns HC-120, HC-80, and
HC-40 have 8%, 11%, and 14%, respectively, higher peak load than HC-N.

After the peak load, the concrete core remained and uncracked until the second
peak load due to the effectiveness of the spiral confinement. Equation (1) was
presented to determine the confinement efficiency (C.E.).
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C.E . = f
′
cc

f ′
co

(1)

where f
′
cc is the confined concrete compressive strength obtained from the second

peak load. While f
′
co represents the unconfined concrete strength (0.85 f

′
c). The

test results indicated that the 40 mm spacing achieved its second peak load after
overall concrete cover spalling, where column HC-40 attains 1.60 and 1.90 higher
confinement efficacy than column HC-120 and HC-80, respectively.

5 Conclusions

The following conclusions can be drawn:

1. All tested GFRP-RC hollow concrete columns revealed a compression-
controlled failure in terms of gradual concrete cover spalling.

2. The average contribution of the GFRP bars in compression was around 11%
of the experimental peak load, which contradicts with the CSA S806-12, that
neglects the compressive strength of the GFRP bars.

3. The average axial strain recorded in the GFRP longitudinal bars at the peak was
about –2900 microstrains (12% of the bare-bar rupture strain).

4. The closer spiral spacing or higher volumetric ratio strongly influences the
failure mode by delaying the buckling of the longitudinal bars, propagation of
cracks, and crushing of the concrete core.

5. Increasing the transverse reinforcement ratio from 0.75 to 2.20% increases 8–
14% in the peak and 1.60–1.90 in the confinement efficiency.

6. The ultimate capacity can be safely calculated for theGFRP-RChollow columns
by considering the contribution of the longitudinal GFRP bars of 0.002mm/mm,
as also provided by the CAN/CSA-S6-19 code.
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Torsional Behavior of Concrete Box
Girders Reinforced with Longitudinal
GFRP Bars and Without Stirrups

Ibrahim Mostafa, Salaheldin Mousa, Hamdy Mohamed,
and Brahim Benmokrane

1 Introduction

Numerous RC structural members in many structural applications are subjected to
torsionalmoments that influence the design.However, spandrel beams in frame struc-
tures, curved bridge girders, eccentrically loaded box girders, a canopy or bus-stand
roof beam, and helical stairway slabs are typical examples of torsional members.
Generally, the torsional stresses are induced in amemberwhen themoment acts about
the longitudinal axis of thismember. Thismoment called the torsionalmoment causes
a rotation in the structural member and surface cracking, usually in a spiral shape.
On the other hand, a concrete box girder is a significant structural element in many
structural applications due to its higher torsional stiffness and low self-weight. The
concrete box girders are considerably used in almost all types of bridges. Such struc-
tures are usually exposed to aggressive and/or harsh marine environments, leading
to corrosion of the steel reinforcement. This type of corrosion in concrete structures
is a prime cause of structural deterioration, particularly in North America, resulting
in costly repairs, rehabilitation, and a considerable reduction in service life span.
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Fiber-reinforced polymer (FRP) reinforcing bars, on the other hand, can be used as
a replacement for steel reinforcement to combat corrosion, thereby lowering main-
tenance costs and extending service life. There are numerous advantages to using
FRP bars instead of steel bars, such as higher tensile strength, weight one-quarter
to one-fifth lighter than steel, noncorroding nature, and longer service life than steel
(ACI 440.1R-15). The last two decades have seen a rapid increase in the use of
FRP reinforcing bars in many applications, such as bridges, piles, parking garages,
marine structures, water tanks, and tunnels (Nanni and Faza 2002; Mohamed and
Benmokrane 2014). Considerable research works have been conducted to inves-
tigate RC members’ flexural, shear, and axial load behavior reinforced with FRP
bars and stirrups (Hadhood et al. 2016; Mousa et al. 2018). However, restricted
research programs have been conducted to investigate the torsional behavior of RC
members reinforced with FRP reinforcement (Mohamed et al. 2014, Mohamed and
Benmokrane 2015, Hadhood et al. 2020).

Mohamed et al. (2014) investigated the structural performance of large-scale RC
beams reinforced with CFRP bars and stirrups subjected to pure torsional loading.
Their results showed that the CFRP and steel RC beams experienced nearly the same
torsional behavior in both phases pre- and post-cracking.Mohamed and Benmokrane
(2015) demonstrated the torsional behavior of RC beams reinforcedwith andwithout
FRP web reinforcement. Their investigation revealed that the change in the type of
the longitudinal reinforcement did not affect the torsional strength and behavior.
Moreover, the torsional failure of all beams without torsional reinforcement was
dominated by concrete splitting irrespective of the type of reinforcement.

This study presents an experimental investigation to study the torsional behavior
of RC box girders reinforced with GFRP and steel reinforcement. Two full-scale RC
box girders were tested under a pure torsional moment. The girders included one box
girder reinforced with longitudinal GFRP bars and one box girder reinforced with
conventional longitudinal steel bars and without transverse reinforcement.

2 Experimental Program

2.1 Specimen Details

Two large-scale RC box girders without transverse torsional reinforcement were
examined under a pure torsional moment. The test variable was the type of longi-
tudinal reinforcement only, one girder constructed with GFRP reinforcement and
the other one with steel reinforcement. All girders had the same dimensions, which
were 4000 mm long, 380 mm wide, 380 mm deep, and 100 mm thick. These dimen-
sions were selected so that there would be some similarity with the beams tested by
Mitchell and Collins (1974) (PT5 and PT6). To avoid local failure before torsional
failure, the test region was maintained constant at 2000 mm, and all girders had
a 1000 mm extension outside the supports on each side as anchorage length. The
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Fig. 1 Details of the tested specimens

Table 1 Test matrix and specimen details

Girder ID f ′
c (MPa) Bar type Longitudinal torsional reinforcement (uniform

distribution)
ρL (%)

BGW-12 44.5 GFRP 12 bars #5 1.66

BGW-12 44.5 Steel 12 bars M15 1.66

concrete dimensions and reinforcement details are shown in Fig. 1. All girders had
the same longitudinal reinforcement ratio of 1.66%. The concrete cover was main-
tained constant at 40 mm around all box girders. Table 1 gives the reinforcement
details of the box girders. The specimens were designated with this pattern: the
letter B refers to the girder specimen, the letters G and S stand for GFRP or steel as
longitudinal reinforcement, and the letter W indicates specimens without transverse
reinforcement. The number stands for the total number of longitudinal bars in each
specimen.

2.2 Materials Properties

The GFRP bars employed in this study were manufactured and developed by Pultrall
Inc. (Thetford Mines, QC, Canada). The GFRP bars had a sand-coated surface, as
shown in Fig. 2, to improve the bond performance and force transfer between the bars

Fig. 2 a GFRP bars; b Concrete cylinders
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Table 2 Mechanical properties of the GFRP and steel reinforcement

Bar size Diameter (mm) Nominal
cross-sectional
area (mm2)

Elastic tensile
modulus (GPa)

Tensile strength
(MPa)

Tensile strain
(%)

Steel bars

M15 16 200 200 f y = 480 0.24

GFRP bars

#5 15.9 198 62.50 f fu = 1500 2.4

and the surrounding concrete. Number 5 Grade III (nominal diameter of 15.90 mm)
GFRP bars were used as longitudinal reinforcement in this study. The ultimate tensile
strength ffu andmodulus of elasticity Ef of theGFRPbarswere determined according
to ASTM D7205/D7205M-21, as reported by the manufacturer. The steel specimen
was reinforced in the longitudinal direction with deformed M15 (nominal diameter
of 16 mm) steel bars. Table 2 gives the mechanical properties of the GFRP and
steel reinforcement. All RC box girders were cast using normal weight-ready mixed
concrete with targeted compressive strength after 28 days of 44.5 Mpa.

2.3 Instrumentation and Testing Procedure

Before the testing, a torsion test setup was designed and fabricated especially to
provide pure torsion for the RC box girders, as shown in Fig. 3. The torsional moment
was applied to the girders through a vertical load exerted onto the rigid steel arm
fastened to the girder. The box girders were supported on a hinge fixed 2000 mm
apart. One 1000 kN MTS hydraulic actuator was used to apply the vertical load
on the rigid steel arm near the hinge support. The fixed support is represented by
a rigid steel beam resting on the girder and attached to the laboratory strong floor
through two steel bars. Five electrical resistance strain gauges with a gauge length
of 6 mm were mounted on the longitudinal bars at critical locations within the test
regions as shown in Fig. 1. However, to measure the relative rotation of the cross-
section, four potentiometers were placed at two different locations within the test
region. In addition, one potentiometer was placed under the applied vertical load. An
automatic data-acquisition system was observed by a computer to record the reading
of the LVDTs, load cells, potentiometers, and strain gauges.
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Fig. 3 Test setup

3 Test Results

3.1 Crack Propagation and Failure Mode

The formation and propagation of a crack in all girders and the corresponding torque
were signed and recorded until the end of the testing. When the applied principal
tensile stresses were equivalent to the tensile strength of concrete, the first crack
was initiated in all specimens in the middle of the front face of the test region. The
cracking torsional strength of girders BGW-12 and BSW-12 was 37.20 and 35.70
kN·m, respectively. As applied torsional loading increased, more cracks appeared on
each side and then linkedwith the crack on the front face, forming a spiral shape along
the periphery of the specimen. The crack patterns of specimens BGW-12 and BSW-
12 were almost similar in terms of failure plane angle and the number of cracks. In
general, all specimens failed by concrete splitting due to a lack of transverse torsional
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a-BGW12

b-BSW12

Fig. 4 Cracking propagation of the box girders

reinforcement. A major diagonal spiral crack developed within the formed crushed
surface at the middle of the front face. Figure 4 shows the cracking pattern of all
tested girders.

3.2 Cracking Strength

This section describes the behavior of the tested specimens up to the cracking stage.
In addition, an assessment of the ACI 318-19 cracking torsional strength equa-
tion with the experimental results was accomplished. All girders experienced nearly
identical linear responses from zero loading until the initiation of the first diagonal
concrete crack irrespective of the type of longitudinal reinforcement, representing the
uncracked condition governed by the properties of the concrete section. Therefore,
it can be summed that the torsional strength is not affected by the type of longitu-
dinal reinforcement until the cracking stage. The cracking torsional strength of the
specimen BGW-12 slightly outperformed the counterpart BSW-12 by nearly 4%. It
is worth mentioning that the cracking torsional strength for all specimens coincided
with the ultimate torsional strength owing to the absence of the web torsional rein-
forcement. On the other hand, Table 3 provides the experimental cracking strength,

Table 3 Comparison of experimental cracking torque with ACI prediction

Girder identifier Tcr(exp) (kN.m) Tcr(Pre) (kN.m) Tcr(exp)/Tcr(Pre)

BGW-12 37.20 30.20 1.23

BSW-12 35.70 30.20 1.18

Average – – 1.21
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the prophesied cracking strength by ACI 318-19 as per Eq. (1), and the ratio of exper-
imental cracking to prophesied cracking strength (Tcr(exp)/Tcr(Pre)). Table 3 indicates
that the ACI 318-19 underestimated the cracking torsional strength by an average
ratio (Tcr(exp)/Tcr(Pre)) of 21%.

Tcr = 0.33
√

f ′
c

A2
cp

Pcp
(1)

3.3 Torque–Strain Behavior

Figure 5 plots the measured applied torsional moment on the specimens versus the
strain behavior relationships for the internal GFRP and steel longitudinal bars. All
the RC box girders had negligible strain readings and similar behavior from the zero
loading until the initiation of the first diagonal crack, regardless of the reinforcement
type. After cracking occurred, a redistribution of the internal forces from the concrete
section to the longitudinal reinforcement resulted in a significant increase in the longi-
tudinal reinforcement strains. The specimens reinforcedwith longitudinalGFRPbars
exhibited higher bar strain after concrete cracking than the steel-reinforced specimen.
This could be owing to the variation in the modulus of elasticity of the two materials.
The max recorded strains in GFRP and steel bars were 2100 and 1330 microstrains,
respectively. These values represent almost 9% and 55% of the ultimate tensile strain
of the bars for GFRP and yielding strain of steel, respectively.

Fig. 5 Torque versus longitudinal reinforcement strain
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4 Conclusions

1. The test observations pointed out that the crack patterns in the steel and GFRP
box girders without transverse reinforcement were nearly analogous in terms of
failure plane angle and the number of cracks.

2. The test results indicated that the failure of all specimens was dominated by
concrete splitting due to a lack of web reinforcement.

3. The torsional behavior of all specimens was nearly identical until the cracking
stage. Moreover, the cracking torsional strength of all box girders coincided
with the ultimate torsional strength.

4. ACI 318-19 design equation underestimated the cracking torque under pure
torsion for the test specimens by about 21%.
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Application of GFRP Bars in Precast
Concrete Tunnel Lining Segments

Seyed Mohammad Hosseini, Salaheldin Mousa, Hamdy Mohamed,
and Brahim Benmokrane

1 Introduction

Several thousand kilometers of underground tunnels are constructed annually using
tunnel boring machine (TBM) worldwide and in Canada, requiring a high demand
for service life. Due to the harsh environment of tunnels, the corrosion of steel rein-
forcement is a major concern in precast concrete tunnel lining (PCTL) segments,
especially those imposed to wastewater and aggressive soils (Caratelli et al. 2016;
ACI Committee 533 2020). While rehabilitation and repair of underground struc-
tures are accompanied by such problems as high cost and serviceability interruption,
using non-corroding glass fiber-reinforced polymer (GFRP) bars as a substitution for
conventional steel reinforcement is a viable solution for corrosion problem in PCTL
segments. GFRP bars offer such distinct advantages over conventional steel rebars
as corrosion and chemical resistance, electromagnetic neutrality, high strength-to-
weight ratio, high tensile strength, competitive life cycle cost, and fatigue resistance
(Benmokrane et al. 2002; Robert et al. 2013). Further, reduction in concrete cover,
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suitability for parts of the tunnel that eventually should be demolished, and the possi-
bility to create dielectric joints are among the merits of using GFRP reinforcement
in tunnel segments (Spagnuolo et al. 2017).

In the previous studies conducted to evaluate the efficiency of GFRP-reinforced
PCTL segments, the following parameters were investigated: (1) the type of rein-
forcement (steel and GFRP); (2) GFRP reinforcement configuration (“Closed Ring
Reinforcement”, “Lattice Reinforcement”, and “Wirenet Reinforcement”); and (3)
coating treatment of GFRP bars (sand-coated and smooth bars). According to the
literature, the overall structural behavior of GFRP-reinforced and steel-reinforced
PCTL segments did not have a significant difference. In addition, the “Closed Ring
Reinforcement” configuration showed a superior behavior compared to other config-
urations. Besides, using sand-coated GFRP bars reduced the crack width in GFRP-
reinforced PCTL segments by 70% (Caratelli et al. 2016, 2017; Spagnuolo et al.
2017). The reported failure mode for GFRP-reinforced PCTL segments in the litera-
ture was tension-controlled failure which is unfavorable according to ACI 440.1R-15
and CAN/CSA S806-12. Furthermore, the cracking behavior of GFRP-reinforced
PCTL segments in the literature was unsatisfactory, especially in those reinforced
with smooth GFRP bars. Therefore, it is necessary to do further studies to eval-
uate the structural performance of GFRP-reinforced PCTL segments before their
widespread application in tunneling projects. This study is part of a great research
project ongoing at the University of Sherbrooke aimed to investigate the structural
performance of precast concrete tunnel lining segments reinforced with GFRP bars.
Different parameters of reinforcement type, reinforcement ratio, bar size, bar spacing,
concrete compressive strength, tie configuration, and concrete type were investigated
in the mentioned research project. This paper presents the results obtained by testing
two full-scale specimens reinforcedwithGFRP and steel bars to investigate the effect
of bar type on the behavior of PCTL segments. In addition, the feasibility of using
GFRP bars as a substitution for steel bars in PCTL segments was evaluated herein
by investigating the failure mechanism, serviceability, and deflection behavior of a
GFRP-reinforced PCTL segment.

2 Experimental Investigation

2.1 Material Properties

Normal-strength concrete with a 28-day target compressive strength of 40 MPa was
used to cast the specimens in this study. The tunnel segment specimens comprised
of curvilinear longitudinal reinforcement in top and bottom meshes, end-anchorage
U-shaped bars, and transverse ties. As GFRP bars cannot be bent after production,
they should be manufactured in a curvilinear shape. An innovative manufacturing
process developed by Pultrall Inc. was utilized to produce curvilinear bars in this



Application of GFRP Bars in Precast Concrete Tunnel Lining … 189

Table 1 Mechanical properties of GFRP and steel reinforcement

Reinforcement
type

Bar size db (mm) Af
a (mm2) Ef (GPa) f fu (MPa) εfu (%)

GFRP curvilinear
bars

#5 15 199 53.4 ± 0.9 976 ± 45 1.8 ± 0.1

GFRP U-shaped
barsb

#5 15 199 53.5 ± 1.1 1,283 ± 42 2.4 ± 0.1

GFRP closed
tiesb

#4 13 127 55.6 ± 1.6 1,248 ± 74 2.2 ± 0.1

Steel 10 M 11.3 100 200.0 f yd = 480 ± 10 εy
d = 0.24

15 M 16 200 200.0 f y = 480 ± 15 εy = 0.24

a Nominal cross-sectional area
b The reported mechanical properties of GFRP closed ties and U-shaped bars were obtained by
testing of straight bars manufactured with the same manufacturing process as the bent bars
d The reported tensile strength and ultimate tensile strain of steel bars are related to yield point
Note Properties calculated based on the nominal cross-sectional area

studywith the predetermined radius for the top and bottommeshes. Curvilinear sand-
coated bars No. 5 (15 mm) with a radius of 3305 mm and 3445 mm for the bottom
and top meshes were used as longitudinal reinforcement in the GFRP-reinforced
specimen, respectively. End-anchorage for longitudinal bars was provided through
sand-coated #5 U-shape bars. Sand-coated GFRP closed ties No. 4 (13 mm) were
used as transverse reinforcement in the GFRP-reinforced specimen. Tensile test was
performed according to ASTM D7205 (2016) on the curvilinear bars with a radius
of 3305 mm to determine tensile strength, modulus of elasticity, and ultimate strain
of the GFRP curvilinear bars. Deformed 15 M and 10 M steel bars were used as
longitudinal and transverse reinforcements in the steel-reinforced specimen. The
mechanical properties of GFRP and steel reinforcement are reported in Table 1.
Figure 1 shows the GFRP tunnel segment cage.

2.2 Specimens Description, Instrumentation, and Testing

To investigate the feasibility of using GFRP reinforcement in tunnel segments, two
full-scale PCTL segments including one GFRP-reinforced and one steel-reinforced
were constructed and tested under bending load. The original tunnel considered in
this study was a metro tunnel lining with an internal diameter of 6500 mm and an
external diameter of 7000 mm. A full ring of the original tunnel constitutes seven
segments. A segment, parallelogram in shape, with the arc length of 3100 mm,
width of 1500 mm, and thickness of 250 mm, was selected in this study (Fig. 2).
A wooden formwork was designed for the casting of the specimens. The specimens
were demolded and cured for seven days after casting (Table 2).



190 S. M. Hosseini et al.

Fig. 1 GFRP tunnel segment cage

Fig. 2 Tunnel segment dimensions

Table 2 Test matrix and details of test specimens

Beam ID Bar type Reinforcement

Longitudinal ρl (%) Transverse

7G#5 Sand-coated GFRP bars 7 #5 bars 0.5 #4 @ 200 mm

7S15M Deformed steel bars 7 15 M bars 0.5 10 M @ 200 mm

Figure 3 shows the test setup used for testing of the tunnel segment specimens.
The specimens were monotonically loaded under a three-point bending load. The
supports were cylindrical in shape and covered with Teflon sheets which allowed
free rotation and movement of the segment during the test with a minimized friction.
The loadwas applied to the specimen through a 11,400 kNMTS testingmachinewith
a displacement-control rate of 0.8 mm/min. The tests were performed at the Canada
Foundationof Innovation (CFI) laboratory located at theUniversity ofSherbrooke.To
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Fig. 3 Details of the test setup

assure uniformdeflection of the specimens during the test, three linear potentiometers
(LPOTs) distributed along the width of the specimen recorded the deflection at mid-
span.

3 Experimental Results

3.1 Crack Propagation and Failure Mode

Crack propagation in the specimens followed a typical pattern of flexural cracks
in a simply supported member subjected to a three-point bending load. With the
load increased, the flexural cracks increased in number and width. The specimen
7G#5 failed due to concrete crushing as expected by its higher reinforcement ratio
compared to the balanced ratio. The steel-reinforced specimen failed by concrete
crushing after yielding steel reinforcement which denotes tension-controlled
flexural failure. By using an identical reinforcement configuration, the ultimate
load-carrying capacity of 7G#5 was 33% greater than that of 7S15M. In addition,
7G#5 experienced a 50% higher deflection at peak load which shows its greater
deformability. Table 3 lists cracking load, peak load, peak deflection, and mode of
failure. Furthermore, Fig. 4 shows the failure modes of all the specimens.

In this study, the service load of the GFRP-reinforced specimen is calculated
using the load corresponding to 2000 με in the tensile reinforcement (ISIS Canada
ResearchNetwork 2001). The service load for steel-reinforced specimenwas consid-
ered at the longitudinal bar strain of 1200 με. Table 3 lists the service load crack
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Table 3 Summary of the test results

Beam
ID

Pcr (kN) Ppeak (kN) Deflection
at peak
load (mm)

Failure mode Crack
width at
service
load
(mm)

Deflection
at service
load (mm)

7G#5 57 315 66 Compression-controlled
flexural failure

0.35 2.47

7S15M 68 236 44 Tension-controlled
flexural failure

0.2 3.67

Fig. 4 Typical failure modes of beam specimens: a 7G#5 and b 7S15M

width and deflection in the specimens. The crack width measured by the crack width
ruler at service load was 0.35 mm in the GFRP-reinforced specimen. According to
CAN/CSAS6-19, themaximumallowable crackwidth inGFRP-reinforced elements
is 0.5 and 0.7 mm for the members subjected to an aggressive environment and for
other members, respectively. It can be concluded that the crack width in the GFRP-
reinforced specimen successfully satisfied the requirements of CAN/CSA S6-19 for
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the maximum crack width even in a harsh environment. The service load deflection
was 33% lower than that of the steel-reinforced one. It shows that GFRP-reinforced
PCTL segments can have a satisfactory service load deflection compared to their
steel counterparts.

3.2 Load–Deflection Behavior

The load versus mid-span deflection of the tested specimens is presented in Fig. 5. In
the pre-cracking stage, all the specimens showed a linear behavior with almost the
same stiffness. After the first crack occurs, the specimens experienced a temporary
reduction in load. In the post-cracking stage, the flexural stiffness of the specimens
decreased compared to the uncracked section due to the transition from the gross
section to the effective section. The post-cracking stiffness of 7S15M specimen
was 2.7 times greater than the 7G#5. While the axial stiffness of GFRP bars was
3.9 times greater than steel rebars. GFRP-reinforced specimen exhibited an almost
linear behavior up to the failure which can be attributed to the linear elastic behavior
of GFRP reinforcement. The steel-reinforced specimen experienced nearly linear
load–deflection until the yielding point. After yielding, it followed a typical steel
stress–strain plateau up to failure with a reduced stiffness. However, the ultimate
load increased around 58% relative to yield load which can be attributed to strain
hardening of steel rebars and increasing the bending moment arm in the section. As
concrete crushing in 7S15M and 7G#5 specimens was gradual, they could carry the
load to some extent after the first drop. However, as the confinement did not provide
for the compression block, the concrete crushing led to a full spalling which led to
a reduction in the load.
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4 Conclusions

This study evaluated the structural performance ofGFRP-reinforced precast concrete
tunnel lining segments reinforced with GFRP bars. Two full-scale specimens, one
reinforcedwithGFRPand the other reinforcedwith steel barswith the samegeometry
anddetail,were constructed and tested under a three-point bending load. The cracking
behavior, serviceability, failure mode, and deflection behavior of the specimens were
investigated. The following conclusions can be drawn:

1. GFRP-reinforced tunnel segment experienced concrete crushing failure while
tension-controlled flexural failure was experienced by the steel-reinforced spec-
imen. The recorded peak load of the GFRP-reinforced specimen was 33%
greater than that of the steel-reinforced one. In addition, the replacement of
steel reinforcement with GFRP one increased the peak load deflection by 50%.

2. The service load crack width in the tested GFRP-reinforced PCTL segment was
30% and 50% narrower than the allowable crack width specified by CAN/CSA
S6-19 for the members subjected to the harsh environment and the members not
subjected to the harsh environment, respectively. In addition, the service load
deflection of the GFRP-reinforced specimen was 33% lower than that of the
steel-reinforced specimen.

3. GFRP-reinforced PCTL segment showed a linear elastic behavior up to the
failure including pre-cracking and post-cracking stages. Steel-reinforced spec-
imen followed a typical load–deflection plateau of steel-reinforced flexural
elements. With having an axial stiffness 3.9 times greater than the GFRP-
reinforced specimen, the steel-reinforced specimen experienced 2.7 times
greater axial stiffness.

4. GFRP-reinforced PCTL segment showed satisfactory structural performance in
terms of failuremechanism, ultimate load and deflection, and serviceability. The
application of GFRP reinforcement in PCTL segments seems to be an effective
approach to mitigate the corrosion problem in such structural elements and take
advantage of the unique features of GFRP bars in tunnels.
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