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Abstract

Ambient cured epoxy adhesive is widely used for bonding fibre reinforced polymer (FRP) plates to
metallic structures. The present paper examines a typical strengthening adhesive to investigate the effect
of adhesive thermo-viscoelasticity. The response of the adhesive was determined using a series of tests
using the multi-frequency scanning mode of a dynamic mechanical analyser (DMA). The thermo-
mechanical properties of the adhesive were then characterised using time-temperature superposition
parameters and a Prony series representation for generalised Maxwell creep. The adhesive response was
in turn used within two finite element (FE) models to examine the effect of creep in the adhesive at
warm temperatures (< 100°C) on the performance of a lab-scale carbon fibre-reinforced polymer (CFRP)
plate strengthened steel beam and a real-scale CFRP plate strengthened cast-iron beam respectively.
The study found that thermo-viscoelastic creep of the adhesive bonding layer causes an increase in the
slip between the FRP and the structure, which could induce damage in the bonded joint and make the
CFRP becomes less effective, potentially resulting in failure of the strengthening system during the
long-term service. Differential thermal expansion effects can enhance the joint bonding stress and allow
the plate to maintain its contribution to the moment capacity of the beam; however, this benefit could
be lost when temperature decrease, and the additional irreversible damage caused by the increased joint
stress could reduce the effectiveness of strengthening further.

Keywords: Bonded strengthening; Structural adhesive; Creep; Thermo-viscoelasticity; Bond-slip
criteria; Differential thermal expansion.

1 Introduction

There is increasing demand for repairing and strengthening ageing infrastructure, and bonded fibre-
reinforced polymer (FRP) strengthening is becoming more widely applied to rehabilitate metallic
structures. The technique can be advantageous compared to traditional bolted or welded steel plate
methods, due to its ease of installation, a high strength-to-weight ratio and resistance to corrosion [1—
5].

Bonded FRP strengthening relies upon load transfer from the FRP plate to the metallic substrate through
the adhesive joint, which is typically an ambient cured epoxy. There has been a large amount of research
into various aspects of the bonded joint between FRP to metallic joints, including surface treatment,
dynamic loading (e.g., fatigue, impact, and earthquake), and environmental conditions (e.g., sub-zero
temperature, elevated temperature, seawater, and ultraviolet light) [6,7].

This paper examines how the viscoelasticity of the bonding adhesive affects the performance of FRP



strengthening applied to metallic structures, at warm service temperatures. ‘Warm’ in this paper means
temperatures that are expected to be encountered during the normal service of a structure, rather than
the ‘high’ or ‘elevated’ temperatures that might be experienced during an accidental event such as a
fire.

1.1 Background

Load is transferred from the FRP strengthening to the metallic substrate through the adhesive, and is
characterised by large concentrated shear and normal (“peel”) stresses toward the end of the FRP plate
[8]. A number of studies have analysed this bond stress distribution behaviour, mostly by assuming the
adhesive layer exhibits linear-elastic properties at ambient temperature [9—11]. Similar linear-elastic
bond analyses methods are used in design [2,4].

The economics and practical considerations for large civil engineering structures mean that the adhesive
joint is typically cured at ambient temperature. Commonly used ambient-cure structural adhesives have
glass transition temperatures (75) between 40°C to 70°C, where Ty is characterised by tan d-peak (the
ratio of the storage to loss modulus from a DMA test) [1,3,8]. The glass transition, however, does not
occur suddenly at this single characteristic temperature. The transition from a hard, glassy state into a
soft, rubbery state takes place over a range of temperatures, and the adhesive starts to lose stiffness and
strength at temperatures below the characteristic value of 7, [8,12,13]. This reduction in stiffness and
strength is accompanied by viscoelasticity and increased creep as the temperature increases.

Solar heating can result in service temperatures that are close to the glass transition temperature of the
adhesive [14,15]. Consequently, the behaviour of the adhesive will be viscoelastic at warm service
temperatures, and the linear-elastic bond analysis assumption used in design will not be true.

It is not clear, however, whether the impact of viscoelasticity is detrimental or beneficial to the
performance of the adhesive joint at warm temperatures. Creep could have a considerable impact of the
FRP strengthened structure’s performance in the long-term [16,17]. Creep will result in an increase in
the slip between the strengthening plate and the substrate with time, and the viscoelasticity will result
in a reduction in the local stress carried within the adhesive layer, and an increase in damage proportion,
potentially leading to a joint debonding failure [18]. It is also possible, however, that creep will enable
stress redistribution along the length of the plate, and this will be beneficial to the performance of the
strengthening [8].

Viscoelasticity has been examined for FRP to concrete adhesive joints by several studies [19-22],
although these did not examine the effect of creep upon the long-term performance of the strengthened
structure. Zhang and Wang [23] developed a finite element (FE) model for a strengthened concrete
beam and found that the axial force transferred from the reinforced concrete (RC) beam to the
strengthened FRP plate reduces with time due to viscoelasticity in the adhesive layer, but they did not
consider the elevated temperature effects, which could bring more significant reduction in FRP axial
force and the corresponding reduction on the effectiveness of the strengthening system.

FRP to metallic adhesive joints are likely to be more susceptible to creep at warm temperatures, because
of their higher thermal conductivity and lower specific heat capacity, accompanied by higher stresses
in the adhesive joint. The higher stresses in the adhesive joint are due to the larger thickness or stiffness
of FRP plate typically required to effectively strengthen a metallic structure in flexure, and because the
strength of the adhesive joint is usually not limited by the strength of the substrate (unlike in concrete
to FRP joints). Nevertheless, the creep behaviour of FRP to metal adhesive joints has received less
attention. De Zeeuw et al.[24] examined the creep behaviour of the steel-to-steel lap-shear joint under
hygrothermal conditions (40°C air and 40°C distilled water), and Ke et a/.[25] examined the glass
transition behaviour and the bond strength of the CFRP-to-steel joint at elevated temperatures; however,
this work did not examine how the behaviour affected the consequence of the local bond performance
upon a strengthened structure. Sahin and Dawood [12] conducted experiments that analysed the effect



of warm temperatures upon CFRP strengthened steel beams. Their experiments showed that stress
redistribution behaviour could help to prevent debonding failure, but this was based upon an elastic
model and did not consider the impact of long-term creep of the adhesive layer. Stratford and Bisby [8]
developed a simple elasto-plastic strengthened beam model and demonstrated that under warm
temperatures, the reduction in the adhesive stiffness and the differential thermal expansion between the
metallic beam and the FRP could result in an increase in slip that eventually causes a runaway
debonding failure of the FRP-steel adhesive connection. However, they did not consider creep, either,
and recommended that a better viscoelastic model should be built to examine the long-term service
performance in depth [26].

The original contribution of this paper is to investigate how FRP strengthened structures are affected
by warm temperatures, whether creep is significant for the performance these structures at warm
temperatures, and whether it is necessary to examine this in design. This is achieved by (a) experimental
characterisation of a typical epoxy adhesive used for bonded and FRP strengthening using a linear
viscoelastic constitutive model, and (b) applying this viscoelastic adhesive response to examine how it
affects the behaviour of two FRP strengthened metallic beams using finite element analysis.

2 Creep Behaviour of the Structural Adhesive

This study uses a linear viscoelastic model for the adhesive, in which the creep response of the adhesive
is independent of the applied stress. Linear viscoelasticity occurs where the applied stress is
proportional to the creep strain at a given time, and the linear superposition principle, also known as the
Boltzmann superposition principle, holds [27]. Whilst structural adhesives can exhibit nonlinear
viscoelastic behaviour [19,28,29], the simpler linear viscoelastic treatment is used here to establish
whether creep is significant for FRP-strengthened metallic structures at warm temperature and to
identify the need for further study. Nonlinear viscoelasticity is being examined in a subsequent stage of
the project, and will be reported in a future paper.

The adhesive in this paper was characterised through a series of dynamic thermal analysis (DMA) tests
that are described in section 3. The adhesive response was characterised using a generalised Maxwell
constitutive model, after making use of time-temperature superposition to build a master curve from the
test results; the background theory is described below.

2.1 Linear viscoelasticity for polymer materials

Figure 1 shows typical creep strain curves &(¢) of viscoelastic materials at constant stress and
temperature. Each is for a value of constant stress, and they are characterised by an instantaneous elastic
deformation, followed by viscous creep.
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Figure 1. Creep curves for viscoelastic materials

For linear viscoelasticity, the creep behaviour is independent of the stress level, and (as in Figure 1):

e[Ca(t)] = Ce[o ()] €y



The creep compliance D(#) can be defined for a linear viscoelastic material as [27]:
Ce(t) &(t
o= EO O
Co o

(2)

2.2 Generalized Maxwell model

The generalised Maxwell model is used in this study to characterise the linear viscoelastic response of
the adhesive. This consists of an elastic spring (G = ) and several parallel Maxwell spring-dashpot
elements (G, #:), as shown in Figure 2 [27,30,31].
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Figure 2. Generalized Maxwell model for linear viscoelasticity

This linear viscoelastic model is expressed as a Prony series, which in section 4 is used as an input to
the Abaqus finite element software [30,32,33]:

6'() = Go [1 -Y - e-f/ff>] 3
i=1

where G'(t) is the time-dependent shear modulus, Gy is the initial shear modulus, » is the number of
terms in the Prony series, g; and 7; are the material parameters. The bulk modulus of the polymer is
almost independent of time, so in this study, the corresponding bulk modulus parameters were taken as
ki =0 [33,34], and the time-dependent elastic modulus E’(t) calculated from the time-dependent shear
modulus G'(t) and the constant bulk modulus Kj.

Viscoelasticity can alternatively be expressed as a function of frequency, rather than time. This form is
used for the dynamic mechanical analysis (DMA) tests that will be used in section 3 to characterise the

viscoelastic properties of the adhesive. The frequency domain Prony series is obtained by Fourier
transform [30,32-34] (in which G’ (w) is the frequency-dependent relaxation shear modulus, and w is

the angular frequency):
n
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The storage modulus of a polymer increases with loading rate but reduces with temperature. For a linear
viscoelastic material, different temperatures are observed to result in a sideways shift of the storage
modulus vs. frequency curve. The shape of the curve, however, does not change, resulting in the time-
temperature superposition principle (TTSP). TTSP allows the viscoelastic response at a low frequency
and low temperature to be predicted from the response at a higher frequency and higher temperature
[19,27,33].

The DMA tests conducted in this project (section 3) were limited by the frequency range of the analyser,
and so TTSP was used to construct a master curve for the adhesive from a series of frequency scans
conducted at different temperatures, as shown in Figure 3.
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Figure 3. Master curve at the reference temperature 7,.r = 7> and the unshifted
isothermal (7;-Ty) frequency tests data

The elastic storage modulus curves obtained from tests at different temperatures (7; to 74) are
horizontally shifted along the log-frequency scale axis to form the complete master curve at the
reference temperature of 7, = 7. The corresponding temperature-dependent shift factors (ar) are
defined by [33]:

log(ar) = log <%> 5)

where w is the real applied frequency in the multi-frequency scan tests, and w’ is the shifted frequency
used in building the master curve. In this study, those temperature-dependent shift factors (ar) are
described by the Williams-Landel-Ferry (WLF) equation [19,27,33]:

—Cy (T = Trey)
Cy + (T = Tyey)

log(ar) = (6)

where C; and C; are empirical constants, T, is the reference temperature, and 7 is the isothermal
temperature in each test step.

3 Experimental Characterisation of the Structural Adhesive

A two-part, ambient-cured epoxy was characterised that is used to apply FRP-bonded strengthening in
infrastructure projects (Sikadur 330) [35]. A dynamic mechanical analyser (DMA 8000, PerkinElmer)
was used to characterise the glass transition response and the viscoelasticity of the adhesive samples at
elevated temperatures.

3.1 Test method

The glass transition behaviour of the adhesive was first determined using dynamic mechanical analysis
(DMA), using a single cantilever configuration, sinusoidal displacement at 1 Hz, and 2°C/min
temperature ramp. The storage modulus, loss modulus and tan é responses were obtained.

The adhesive was mixed according to the manufacturer’s recommendations [35], cast into rectangular
adhesive samples (nominally 33 x 7.5 x 1.3mm) , and cured for 7 days at room temperature (nominally
21°C). The DMA specimens and tests were performed in accordance with BS ISO 6721[36].

DMA was used to characterise the glass transition behaviour because it measures the stiffness change
of the adhesive, and consequently is of direct relevance to the mechanical performance of the
strengthened structure, unlike differential scanning calorimetry (DSC), which measures the
temperature-dependent heat flow, or thermomechanical analysis (TMA), which measures dimensional
change.

To examine the adhesive’s thermo-viscoelasticity, a second set of tests subjected the adhesive samples
to multi-frequency strain scans (16 frequencies from 0.01 to 100Hz) in a single cantilever configuration



under isothermal conditions. The applied temperature levels ranged from 25°C to 135°C with a variation
of 5°C between two scan steps. The isotherm period of each scan step was set as 1 hour. During that 1
hour, the DMA automatically scanned multiple times at 16 different frequency levels and outputted the
average test results. The frequency (time) related storage modulus was obtained at each temperature
step and time-temperature superposition principle was used to construct the master curve which could
be used to develop the generalised Maxwell model.

3.2 Experimental results

Figure 4 plots the glass transition response of the adhesive in terms of the storage modulus. The 7 test
was repeated three times with the independent specimen. The results of each test and its coefficient of
variation (C,;.3) are shown in the figure. Meanwhile, two values are shown for the glass transition
temperature, 7, [13,36]:
e Onset T, = 38.0°C, determined from the intersection of two lines tangent to the glassy and
leathery portions of the response.
e Peak tan 8 T, = 49.0°C, from the ratio of loss modulus to storage modulus.
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Figure 4. Glass transition response of the adhesive, together with the hand

shift factors compared with WLF law prediction

The adhesive’s thermal-viscoelastic response is shown in Figure 5. The separate frequency scans
conducted at a different temperature are shown, and TTSP was used to construct the master curve at a
reference temperature 7,.,= 40 °C (which was the nearest temperature step to Onset 7, = 38°C).
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Figure 5. Master curve for 7,.,= 40°C versus Prony series fitting and the
unshifted storage modulus data



33 Thermo-viscoelastic material modelling

The shift factors (log(ar)) required to construct the master curve are shown by the blue crosses in Figure
4, which were fitted using the WLF equation [Eq. (6)] to obtain C; =21.022 and C> = 152.64 (°C). Note
that the WLF approach is mainly considered applicable for temperature above 7, [19,27]. As a result,
the fitting could be slightly rough in the low temperature range (< 40 °C), which corresponds to the
relatively high frequency (short time) range (> 10°Hz) of the master curve (in Figure 5).

The master curve was fitted using a 13-term Prony series [Eq. (4)], as shown in Figure 5, and resulting
in the parameters given in Table 1.

Table 1. Parameters in the adhesive Prony series

i gi 7i (8) i gi 7i (S)

1 0.0007  4.1x10° 8 0.1511 92

2 0.0001  5.0x108 9 0.2078 12

3 0.0006  82x107 | 10  0.3075 0.41

4 0.0006  1.9x10° | 11 0.1125  3.9x102
5 0.0029  6.7x10* | 12 0.0571 9.3x1073
6 0.0159  6.6x10° | 13 0.0695 1.4x10*
7 0.0628  710x10? > gi=0.9891

34 Application and limitations of the adhesive constitutive model

Figure 6 plots the adhesive creep compliance curves in the time-domain for three different temperatures,
including the 7= 40°C curve. The parameters of the WLF equation fitted as shown in Figure 4 were
used to implement the temperature dependence of creep compliance in Abaqus FE software.
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Figure 6. Creep compliance obtained for different temperatures

Dynamic mechanical analysis (DMA) tests and TTSP are convenient for characterising the viscoelastic
behaviour of the adhesive in a short time period [26,32,33]. Far longer timescales are of interest for
structures to which FRP-bonded strengthening has been applied, which are designed to last for tens of
years.

The limitations of using TTSP to extend the DMA test results to such long timescales must be noted. It
can be seen from the figure that these timescales are at the edge of the available data; however, it must
also be remembered that TTSP assumes linear viscoelasticity, and it has already been noted that the
WLF formulation is less accurate below the glass transition temperature. There is currently a scarcity
of long-term test data available that can be reliably used to describe the adhesive.
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Whilst a more robust viscoelastic model for the adhesive is desirable, the model used here is sufficient
for the aim of this project. This was to explore the implications of viscoelasticity on the performance of
an FRP-strengthened metallic structure at warm temperatures, and further characterisation of the
adhesive was not possible as part of the project.

4 Finite Element Analysis

4.1 Description of the two CFRP-strengthened beams studied

Two metallic beams flexurally-strengthened using bonded FRP were examined using finite element
modelling to explore how creep of the adhesive affects their behaviour at warm service temperatures:

e A steel beam with a 2.0m span, as shown in Figure 7.
e A 6.0m span cast-iron beam, shown in Figure 8.

F=110kN Load F=110kN F————338 Steel beam (b)
5 600 1 800 | Steel, UKB (178><102><19)
| v ¥ E»=205GPa oy =355MPa
ap=11x10/°C
Adhesive (a)
P Yy Thermo-viscoelasticity
475 —F 0a=45%x10%°C t,=2mm
-.I' 1750 ‘ Strengthening (s)
; CFRP plate
() #—1012 —F  E - 170GPa
(mm) a:=0.6¥10°°C t=1.4mm

Figure 7. CFRP-strengthened steel beam: geometry and material properties
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S S S S A 39 E,=138GPa  o.=14.4MPa
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Thermo-viscoelasticity
‘ 0a=45%10%°C  ta=2 mm

$
P

-

4000 38 Strengthening (s)
; 6000 ¢ ;l‘ CFRP plate
(mm) E, = 360GPa
#——356 ——F a;=1x10°°C  t=11mm
(mm)

Figure 8. CFRP-strengthened cast-iron beam: geometry and material
properties

The CFRP-strengthened steel beam (Figure 7) is similar to the lab-scale configuration tested by
Stratford and Bisby [8], but with a top steel plate added avoid premature compression failure. A 2D FE
model was constructed using shell (CPS4) elements. The steel was modelled as elasto-plastic (with a
yield strength of 355MPa) and the CFRP was purely elastic, using the material properties shown in the
figure. The modelling of the adhesive joint is described in the next section.

The cast-iron beam (Figure 8) had been previously been examined by Stratford and Cadei [11] using a
linear-elastic bond analysis, and is based upon historic metallic rail bridges described in Cadei et al.[2].
The cast-iron beam was modelled in a similar manner to the steel beam, but as cast-iron is brittle, the
maximum permissible tensile stress was limited to o; = 14.4MPa [2,11]. The CFRP plate was again
modelled as purely elastic, but note that a stiffer plate is required to effectively strengthen a cast-iron
beam (see the figure), which can result in higher adhesive bond stresses.

The behaviour of the adhesive joint and the performance of the strengthening was examined with time,

whilst subject to a constant applied (shown in the figures). A unform temperature was applied to all
parts of strengthened beams (steel, adhesive, and CFRP). This temperature was either:
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e 25°C being slightly above the cure temperature of the adhesive;

e 40°C, at which the adhesive storage modulus has reduced by around 40% (Figure 4); and

e 55°C, which is above the adhesive’s glass transition (Figure 4), but is nevertheless a realistic
extreme design service temperature [15].

Note the different coefficients of thermal expansion (a) between the CFRP plate and the metallic beam
in both models. Differential thermal expansion can result in substantial bond stresses within the
adhesive [2].

4.2 Model for the adhesive joint

The same adhesive joint model was applied to both of the beams. This had two parts:
e The bulk adhesive was modelled using the generalised Maxwell thermo-viscoelastic
constitutive model described above.
e The interface between the adhesive and the substrate was modelled using a cohesive model
(indicated in Figure 9 and described below).

e

Steel
beam

Bottom flange ¢
Cohesive Iayer\.\
Adhesive {
CFRP<

Figure 9. The adhesive joint model

The generalised Maxwell model (Figure 2) was applied to the thickness of the adhesive using the 13-
term Prony series characterisation (Table 1), allowing creep of the adhesive to be modelled with
temperature. Creep can result in a run-away slip failure in which the adhesive joint is unable to transfer
the required load between the strengthening and the beam [2]; however, it does not on its own described
the potential debonding of the strengthening from the beam. The cohesive model was required to
describe debonding.

The cohesive layer was added between the bottom flange of the metallic beam and the viscoelastic
adhesive layer (see Figure 9), as a thin cohesive layer (z.,, = 0.0lmm). Damage within the cohesive
layer was modelled in terms of bond stress vs. slip using cohesive elements [30,34]. The temperature-
dependent bilinear bond-slip criteria developed by Zhou et al.[18] was used, which they obtained from
experimental work upon CFRP-to-steel epoxy adhesive joints. This is shown in Figure 10.

Gﬂ

area under
entire curve

12
area under
entire curve

Bond-slip at 7,
= >
6mm’,1 ama\:] 5

Figure 10. Temperature-dependent bilinear bond-slip relationship

7(0) is the constitutive law between the shear stress (z) and interfacial slip (J), defined in terms of the
damage parameter (Ds) and bond stiffness (K.) as [5,18,37]:
7(6) = (1 — Ds)K,6 (7)



The damage (Ds) is the permanent reduction in the bond stiffness and strength of the bonded joint. This
is given by the initial slope from Figure 10, and is defined in three parts:

0 §< 68
Smax((s - 60)
Dy ={ —pex” 02 8
o 8(5max - 60) 80 <o< 6max ( )
1 Smax < 6

The amount of damage increases between dy = ¢/ K. and dmax = 2Gy/ 77, in which K. is the bond stiffness,
7r1s the interfacial shear strength, and Gris the interfacial fracture energy of the joint [5,18,37].

The three temperature-dependent parameters are:

K = { 1785 x e~0047Tc 20°C < T, < 80°C ©)
&t 7 198.04 x =001 go°C < T,

7 = —0.2428 T + 21.141 (N/mm?) (10)

Gy = —0.00206 T* + 0.1978 T — 2.6185 (N/mm) (11)

The peak shear stress and fracture toughness parameters were determined by Zhou et al.[18]. The elastic
stiffness is also based on that determined by Zhou et al., however for the present work it has been
modified to allow its use above 80°C, and the time-dependency of the adhesive stiffness has been
incorporated by using the shifted temperature, 7}, defined using the WLF equation:

_Cl(Tt - Tref)
Cy + (Tt — Trey)

—log(t) + log(ar) = (12)

t is the time in seconds, and the parameters are the same as those used in equation (6), for the thermo-
viscoelastic material model.

5 The Effect of Creep on the CFRP-strengthened Steel Beam

This section examines how creep affects the behaviour of the lab-scale CFRP-strengthened steel beam
(Figure 7).

The results are presented in three stages that allow the viscoelasticity, cohesive layer, and differential
thermal expansion effects to be isolated:

e viscoelastic adhesive (but no cohesive layer or differential thermal expansion);

e viscoelastic adhesive and cohesive layer (but no differential thermal expansion); and

e viscoelastic adhesive, cohesive layer, and differential thermal expansion.

5.1 The effect of adhesive thermo-viscoelasticity

Figure 11 plots the distribution of relative slip between the CFRP plate and the soffit of the steel beam,
which is the same as the shear deformation across the adhesive. The lower (green) curve in the figure
is the elastic bond solution with no creep, with the highest slip at the plate end as expected. The blue,
yellow, and red sets of curves report the slips at different sustained temperatures, after 1 day, 1 month,
1 year, and 50 years. The 50-year response was not possible to predict at 55 °C as this was beyond the
available adhesive data (see Figure 6).
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Figure 11. The slip distribution along the strengthened steel beam
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Figure 12 plots the CFRP axial stress. As expected, the CFRP axial stress is broadly constant between
the loading points (agreeing with a plan sections calculation at mid-span) and increases linearly in the
shear span. Close to the plate end the local increase in slip leads to a reduction in the axial stress in the
CFRP. Figure 13 plots the axial stress at the bottom of the steel beam, with a particular focus on the
central portion of the beam, and shows where yield occurs in the steel.
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Figure 12. CFRP axial stress distribution of the strengthened steel beam

Figure 13. Axial stress at the bottom of the steel beam (central portion).

Introducing viscoelasticity into the adhesive model results in significant increases in the slip
deformation, accompanied by redistribution of the CFRP axial stress along the beam.

The model predicts that the effects of creep are significant after only 1 day at 25°C. The plate
end slip increases from approximately 0.010mm to 0.042mm; however, this does not affect the
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load-carrying capacity of the beam because the axial stresses are redistributed along the beam,
and the plate stress is unaffected in the central portion of the beam.

e After 1 month at 25°C, the plate end slip has increased substantially to 0.113mm, and the slip
distribution affects the centre of the beam. This results in the CFRP stress at the centre of the
beam dropping, and consequently the steel beam is required to carry a higher proportion of the
moment.

e After 1 year or after 50 years at 25°C, the slip increases further, and the CFRP axial stress
reduces. The steel beam must carry more moment, and this means that it starts to yield under
the loading points, as shown in Figure 13. Consequently, the strengthening is not able to
contribute to carrying the additional continuous loads and is unable to fulfil its function.

Similar behaviour is seen at 40°C and 55°C, but at higher creep rates. For example, a plate end slip of
around 0.168mm is seen after 50 years at 25°C, or 1 month at 40°C, or 1 day at 55°C. This results in a
reduction in the CFRP plate stress from 290MPa to 257MPa at the loading point (x = 475mm).

5.2 Adding the cohesive joint model to simulate damage

The previous section assumed that the adhesive was perfectly bonded to both the CFRP plate and the
steel beam. In this section, the cohesive joint model described above is added to the steel beam model
to simulate damage at the interface between the adhesive and the bottom flange of the steel beam.
Figure 14 plots the joint slip and Figure 15 shows the CFRP tensile stress distribution. These can be
compared to Figure 11 and Figure 12 in the previous section, and show that the cohesive model results
in an increase in slip, a reduction in the load carried by the CFRP strengthening, and consequently a
reduction in its effectiveness.
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Figure 14. The slip distribution along the strengthened steel beam (with the
cohesive layer)
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Figure 16 plots the damage parameter along the adhesive joint (as defined in Eq. (8) and shown in
Figure 10). Figure 16 shows that joint damage occurs above 1 month for all three temperatures. The
amount of damage is not, however, directly dependent upon temperature, because the fracture energy
(Gy [Eq. (11)] increases with temperature, which enhances the joint deformation capacity [18]. The
results show that both the effects of adhesive viscoelasticity and the cohesive layer are important and
need to be combined to predict the behaviour of the joint. For the case studied (and for the material
properties described above), substantial unrecoverable damage occurs that could affect the effectiveness
of the FRP strengthening and bring the risk of debonding failure during long-term service. After 1 year
at 25°C, for example, the plate end slip is 0.184mm, and the CFRP stress at the centre of the beam is
298MPa (compared to 0.158mm and 301MPa without the cohesive model). The combined impact of
viscoelasticity and the joint damage is likely to be even greater at 50 years, as shown by the substantial
region of plate damage in Figure 16.
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Figure 16. Damage evolution in the CFRP-to-steel bonded joint

5.3 Adding differential thermal expansion

The adhesive viscoelasticity and joint damage described above are material properties. The different
coefficients of thermal expansion of the metal beam and the CFRP plate, however, result in thermal
mismatch stresses regardless of the material [2]. The coefficients of thermal expansion of the metal
beam and the strengthening carbon FRP plate are very different (Figure 7) but were not included in the
previous sections. Differential thermal expansion (DTE) effects are now added to the steel beam model.
This study assumes that the strengthening was applied to the steel at 25°C.

Figure 17 shows the slip, Figure 18 plots the CFRP axial stress, Figure 19 plots the axial stress in the
bottom of the steel beam, and Figure 20 shows the damage parameter. These include “no creep” curves

with the elastic solution at each temperature due DTE.
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Figure 17. The slip distribution along the strengthened steel beam (including
the cohesive layer and DTE)

360 1

340 A

320 A

T
-9
-
o
§ 300
a
2
2 280
E 25°C
g 260 No Creep s —
lday — — _—
240 1month — — = -
1YEAr  wveveeesr i s
50 years
220

475 525 575 625 675 725 775 825 875
Distance from end of plate, x {(mm)

Figure 18. CFRP axial stress distribution in the central portion of the
strengthened steel beam (including the cohesive layer and DTE)
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Figure 20. Damage evolution in the CFRP-to-steel bonded joint (including
DTE)

The results at 25°C (for which no DTE occurs) are the same as those presented in the last section (Figure
14, Figure 15, Figure 16). The results at 40°C and 55°C, however, are different, due to DTE. This results
in higher axial load being carried by the CFRP plate (comparing Figure 18 to Figure 15). The stress in
the bottom of the steel beam, however, is lower, so that the steel does not yield. Whilst the effect of
DTE appears to be beneficial in these plots, the increased joint damage shown in Figure 20 is
irrecoverable when the temperature reduces, so that the DTE will be detrimental when the temperature
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returns to the reference temperature, and any benefit is likely to be lost under load or temperature cycles.
An analysis of cyclic effects is beyond the scope of the current paper; however, this is currently being
undertaken as part of a follow-up study.

Figure 21 shows how the plate-end slip develops with time for different models and temperatures,
demonstrating the importance of including viscoelasticity, cohesive damage, and differential thermal
expansion within the analysis.
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Figure 21. The increase in plate-end slip distribution with time for the three
different models

6 The Effect of Creep on the CFRP-strengthened Cast-iron Beam

This section examines how creep affects the behaviour of the CFRP-strengthened cast-iron beam
(Figure 8). Whereas the steel beam examined in section 5 was a lab-scale beam subjected to relatively
high loads to allow the effects of creep to be examined, the cast-iron beam examined in this section is
a real-scale example based upon historic metallic rail bridges and a realistic design scenario [2].

All of the results presented in this section include viscoelastic adhesive and a cohesive layer. Two cases
are presented alongside each other, to aid comparison:

e no differential thermal expansion; and

e with differential thermal expansion (with a reference temperature of 25°C).

Figure 22 shows the substantial additional instantaneous shear stresses developed along the adhesive
joint as a result of DTE. The maximum plate-end shear stress in the adhesive layer due to load alone is
2.3MPa; however, adding the additional stress caused by the DTE gives a maximum instantaneous shear
stress as high as 5.2MPa at 40°C or 7.0MPa at 55°C. This agrees with the elastic distributions previously
shown in [2].

Figure 23 shows the plate-end slip distribution, after being subjected to different temperatures and time
periods, with no differential thermal expansion on the left compared to with differential thermal
expansion on the right. (Note the different vertical scales). The no creep curves correspond to the
instantaneous shear stress plots in Figure 22. Figure 24 and Figure 25 similarly plot the distributions of
the CFRP axial stress and the bottom flange of the cast-iron beam axial stress along half of the beam.

Without DTE, the slip is relatively low in the strengthened cast-iron beam. It increases under time and
temperature from approximate 0.0lmm to 0.09mm after 1 year at 55°C. This causes the maximum
CFRP stress to reduce from 38.1MPa to 31.6MPa in the middle of the beam, and consequently reduces
the effectiveness of the strengthening. The maximum cast-iron axial stress rises from 12.3MPa to
13.7MPa which is only 0.7MPa lower than the permissible maximum tensile stress of o; = 14.4MPa.
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This a particular concern for brittle cast iron, and demonstrates the potential importance of examining
viscoelastic effects when considering warm temperature performance over time.

Including DTE has a substantial impact on the slip, CFRP stress, and cast-iron stress distributions. The
25°C results shown on the right side of the plots agree with those on the left, because this is the
referenced temperature and is not impacted by DTE. The 40°C and 55°C distributions, however, are
very different, with substantially higher slip, higher axial stresses in the CFRP, and reduced tensile
stress in the cast-iron beam. The tensile stress in the middle of the beam decreases to lower than 8MPa
at 40°C and 2MPa at 55°C, far lower than the permissible tensile stress.

Differential thermal expansion might be seen as enhancing the strengthening; however, as for the beam
the effectiveness of the strengthening will be reduced to creep that is irreversible when the temperature
reduces back down to the reference temperature, and under temperature and load cycles (which are

being examined in a follow-up study).
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Figure 22. The instantaneous shear stress distribution along the adhesive joint
due to applied load and DTE
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7 Conclusions

This study demonstrates how creep can have a significant impact upon externally bonded CFRP-
strengthened metallic beams subjected to warm service temperatures. The finite element analyses
conducted on a laboratory-scale steel beam and a real-scale cast iron bridge beam demonstrate the
importance of including thermo viscoelasticity, cohesive debonding, and differential thermal expansion
in the model.

The aim of this work is to investigate the impact of linear creep upon CFRP-strengthened beams at
elevated temperature, rather than determining a comprehensive characterisation of the adhesive material
model. However, a large part of the challenge in this work is to determine the time-dependent material
properties required for the adhesive. There is a lack of relevant data available, and the tests are not
straightforward to conduct, partly due to the operational lifetime of civil engineering infrastructure.
Consequently, a pragmatic approach was taken that combined DMA tests with the time-temperature
superposition principle to characterise a typical epoxy strengthening adhesive. Previous tests by Zhou
et al. [18] were used to describe the cohesive debonding: however, it should be recognised that more
testing is needed for a consistent adhesive model that can be applied over long timescales.

Only one type of adhesive has been characterised as part of this work. This adhesive is an ambient-cure
epoxy adhesive that is typically used in FRP strengthening. The results of this study are expected to be
relevant to other similar adhesives, as long as they are adjusted for the adhesive’s glass transition
temperature. However, it will be necessary to conduct similar DMA tests to characterise a specific
adhesive before applying the method in design.

For the two cases examined, the analytical work shows that adhesive viscoelasticity results in additional
slip between the plate and the soffit of the beam. Under increasing time and temperature, the slip will
become large, the CFRP stress will reduce, and the strengthening will no longer fulfil its purpose of
increasing the moment capacity. This results in greater stress in the beam, and can result in yield in a
steel beam, or the brittle rupture of a cast iron beam. This would not be predicted using current elastic
design methods.

Differential thermal expansion has a substantial impact upon the strengthened beam. Differential
thermal expansion can be beneficial from the perspective of reducing the stress in the metallic beam;
however, it places a greater load demand on the strengthening and the adhesive joint, and it can result
in creep that is irreversible when the temperature drops back down to the reference temperature.

Comparing the analytical results of the two models, in the lab-scale strengthened steel beam, the applied

large loads can cause the greater joint slip and damage, which significantly affect the effectiveness of
the strengthening system. In the real-scale strengthened cast-iron beam, the load demand is relatively
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low for safety reason; however the increased section dimensions result in significantly greater
differential thermal expansion at warm temperatures, which also affects the long-term performance of
the beam.

Current design guidance recommends that the 7, (peak tand) of the adhesive must be at least 15°C above
the operating temperature [1,8]. The adhesive considered here had 7, = 49°C, giving a maximum
operating temperature of 34°C; however, it should be noted that viscoelasticity reduces the effectiveness
of the strengthening at 25°C.

This paper does not examine the effects of cyclic applied load or cyclic temperatures, which are the
subject of a follow-up study. Nevertheless, the analyses presented demonstrate the important of
adhesive creep at warm temperatures for bonded FRP strengthening for metallic structures.
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