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Abstract: Epoxy adhesives have been extensively used ingttrening of reinforced concrete structures. liespi
of that, research on the viscoelastic behaviothede adhesives and its influence on the mechamtaviour of
strengthened concrete structures is scarce, particat the early ages of curing. The main gogbrafsent work
is to better understand the tensile creep behawabarspecific commercial epoxy adhesive both dyeayes and
at long term. For this purpose, an experimentafjm comprising tensile creep tests was perforimedhich
epoxy specimens were subjected to: (i) equal skeests but loaded at different ages, and; (ii) tifterent stress
levels for a specific loading age. The results iblsthhave confirmed the viability of the principlechomogeneity
and superposition, thus allowing the classificatainthis epoxy as linear viscoelastic. In additiamalytical
simulations with Burgers model were carried out] &s predictive performance was considered insigffit at
early ages, particularly upon unloading. In oraestirpass some disadvantages of this model, anagnefvork
is proposed to analytically evaluate the creepngubiehaviour of this type of viscoelastic epoxyegites. The
obtained results evidenced the capability of theppsed framework to predict the creep behaviownoépoxy

adhesive since its early ages.
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1 INTRODUCTION
In the last three decades, fibre reinforced polgm{&RP) have been increasingly used in Civil Engiimg
applications through several strengthening tectesquith the aim of improving the overall performanaf
existing structures, namely the load carrying cépaxd reinforced concrete (RC) structures [1].nhost of these
techniques, such as externally bonded reinforcerfieBR) [2] or near-surface mounted (NSM) [3], thRAF
materials are connected to the structural membeising epoxy adhesives, since these are load-lgeaaterials
that can transfer stresses effectively between fRPorcements and concrete substrate. The ustuaftigral
epoxy adhesives presents some advantageous featwlesas: (i) stress distribution in the concretlstrate
compatible with the strength capacity of the ineslvmaterials; and (i) it avoids the need to usehaaical
fasteners that are susceptible to corrosion angrecglatively expensive FRP systems capable mbsring the
local gradient of stresses introduced by the fastef, 5].

Composite structures, such as RC structures strengtl with FRP bonded to concrete with epoxy
adhesives, contain materials of different natueg Have distinct stiffness and viscoelastic behaviéccording
to the literature [5-11], structural epoxy adhesieghibit relevant creep deformation when subjetiiesiistained
loads, that is strongly influenced by the stresglleapplied, loading age and the environmental sup®
conditions, such as temperature and humidity. Aaluly, epoxy endures an important curing procsse the
instant of mixing, during which there is a veryrsfgcant development of stiffness and other meaterproperties
[12, 13]. Therefore, the response of the adheshawva strengthened element is submitted to th&sazonditions
or when it is applied in prestressing systems [B},s strongly dependent on its curing state ardg behaviour,
which are also particularly influenced by enviromta conditions [11, 16]. Considering that the agadlon of
structural epoxy adhesives in Civil Engineeringalluinduces loading on the epoxy at early stades@uring
process (e.g. earlier than 3 days of curing) anghtontrolled environmental conditions, the knowleaf early
stiffness development [12] and creep behaviourhie early stage context becomes crucial for an aateq
understanding of the overall structural behavidtiese issues acquire additional layers of compléfit is taken
into account that strengthening of structures veffoxy bonded reinforcement usually takes place munde
uncontrolled environmental conditions.

The majority of studies of the time-dependent bahavof epoxy adhesives applied in strengthening
structural applications present in literature aggmy focused in the response of the material miatured curing
state (~3 to 7 days) [10, 17]. However, the redeaeported by Meshgiat al [18] focused on the study of the

creep behaviour of epoxy adhesives at early agasely at 1 day of curing. Meshgat al carried out an



experimental study in order to evaluate the respafi®poxy at the concrete-FRP sheet interfaceaad17 days
of curing when subjected to sustained shear stidssresults have shown that specimens with 1 dayring
presented higher ultimate creep deformation thagispens with a long time-before-loading (7 days)adidition,
Meshginet al also stated a significant creep strain occuraingelatively early times when the stress-to-ultena
strength ratio was increased. The magnitude oafipdied shear stress and time-before-loading wgrefisant
factors in the shear creep behaviour of epoxyattncrete-FRP interface.

Costa and Barros [10] also performed experimeetadite creep tests with an epoxy adhesive, in which
they observed considerable deformations in thedesamples due the creep effect during a perid®@® hours
of loading. The specimens were loaded at 3 daymgefand submitted to a constant stress state Gp%oof
adhesive’s tensile strength, under controlled emvitent (20 °C and 60% RH). The obtained resultsircoed
that the adhesive could be assumed as a lineareléstic materialMadja and Skrodzewicz [17] also performed
an experimental program with a commercial epoxyeadfe, in which the ultimate strength was ~40MMRa, t
times higher than the epoxy adhesive tested imibr developed by Costa and Barf@8]. The stress levels
applied in the epoxy adhesive tested by Madja daddzewicz [17], were 33, 43, 54 and 65% of thémdte
strength. In the creep test results nonlinearitgreep strains was observed at the stress levéld ahd 65% of
the ultimate strength. In the work developed byt€a@nd Barros [10], in which the ultimate strengfrepoxy
adhesive was ~21MPa, the stress levels applied 2&rd0 and 60% of the ultimate strength. The cistegin
curves of all the tested specimens at differemisstievels exhibited similar time dependent evolytshowing a
linear viscoelastic tensile behaviour. Based onréiselts of [10] and [17] it seems that epoxy adesswith a
higher ultimate strength (~40MPa) start exhibitmanlinear viscoelastic tensile behavior at loweess state
levels.

Another relevant issue in the context of the crefegpoxy adhesives pertains to the capacity of riiade
their behaviour through analytical/numerical apptees that allow the integrated analysis of thedate stress
redistributions that are expected in RC structstesngthened with epoxy bonded reinforcement. Riwgcél
models have been promoted as efficient tools foukiting linear viscoelastic behaviour [18]. Thesedels are
usually materialized by means of associations afkéan springs and Newtonian dashpots that trartblatelastic
and viscous components of the material’s resparsegctively [19]. Furthermore, rheological modeith age-
dependent parameters can be used to represenghheibur of curing materials, such as polymersasrcoete

[20].



In the literature, the rheological models to sinilthe creep behaviour of epoxy adhesives are ynostl
focused on their response at advanced curing statel as the model proposed by Madja and Skrodzdd].
These authors proposed the Burger’s mechanical Intoddescribe the creep behaviour of hardened epoxy
adhesive samples cured at ambient temperature. Wowehis model proposes the values of its paramdte
updated according to the stress level, since theside presented nonlinear viscoelastic propeoies a wide
range of stress [17]. Costa and Barros [21] alsdetted the long-term behaviour of a structural gpashesive
up to a sustained stress level of 60% of the adé&stensile strength, using a modified Burgers ehodhe
modifications to the model took into account thggastion of Fengt al [5], in which the tensile creep strain can
be estimated by an exponential function, and alspegific coupling parameter related to moistursoggtion.
The modified Burgers model has also been succégstpplied by NASA to fit creep strain curves ofogy
adhesives [8].

Despite of the interesting work developed by CasithBarros [21] and Madja and Skrodzewicz [17]s¢he
models were not tested or prepared to simulatertésep behaviour when the epoxy adhesives are |ogtdeatly
ages of the curing process. Indeed, such modédistéaconsider the curing effects of the materiaingl time,
which are of paramount importance at the earlyestad curing.

In the work performed by Meshget al [18], another rheological model was proposeditautreep shear
deformation of epoxy adhesive at the concrete-FRe€rfaces loaded at 1 and 7 days of curing. Thiseho
suggested a modification of the Maxwell model beesitiis composed by this one and a spring in [grdlhe
authors developed some equations for modellingptirameters used in this model as function of agteear
stress and the time-before loading. However, tiamaters used in these equations were shown tefendent
of the loading age. In the model proposed by Measégal [18], the principle of linear superposition afséh was
also considered to simulate the behaviour in thiwading stage. The unloading stage was consideyed b
application of same stress level, but with negatagnitude. The total deformation in the unloaditege was
obtained by the summation of the long-term defoiomatiuring the loading phase and the unloading-emm
deformation at the unloading phase. The resultsiodd by the proposed model simulated approprighelyong-
term creep behaviour of epoxy adhesive at the etedfRP interfaces for loading and unloading staljas
noteworthy that simulation of this unloading stégyef fundamental importance to attain accurateutations of
stresses and strains when modelling FRP strengih&tnectures in service, due to the long-term respmf the

epoxy adhesives when submitted to reversible lapdimd unloading conditions.



Taking into account the research gaps identifieavapthe present work aims to assess the tensiépcr
behaviour of a commercially available structurabxp adhesive currently used in the context of féthog
concrete structures, with specific focus on thdyesges of the curing procedsven though the usual setups of
FRP-adhesive-concrete strengthening systems miosliize shear stresses in the adhesive, the cugesarch
was focused in tensile creep behaviour. This chais motivated by the simpler testing and analysisedures,
which can represent an important asset when irdggngr further testing of creep of the adhesiveheas stress
states A specifically driven experimental program was ided, comprising tensile creep tests. Two maingssu
were addressed: (i) initially the epoxy specimersensubmitted to the same level of stress but egalf distinct
loading ages to assess the effect of curing; diditeonally, two more specimens were submitted higher stress
level at 7 days of age, to confirm the linearitytloé viscoelastic behaviour.

Based on the experimental results obtained, thioymeaince of the Modified Burgers Model [21] was
assessed, highlighting the inherent limitationswfh approach in the context of the viscoelasti@ab®ur of the
epoxy adhesive at early ages. In view of the idiedti shortcomings, a new modelling approach to this
phenomenon is proposed, based on a generalizethRédigt model with aging chains. The performanéé¢his
alternative modelling framework is assessed, detratitsy an adequate predictive performance at eadg, both
on loading and unloading processes. The modellargmpeters obtained through this framework are aatetyu
suited for numerical simulation through readily iéafale structural analysis software (generalizedvitechain
with aging), and has the interesting feature ajwaithg quite feasible behavioural estimates at logdiges that

were not part of the initial set of data used ftiinig.

2 EXPERIMENTAL PROGRAM

2.1 Material — epoxy adhesive

The structural epoxy adhesive studied in the pteserk is produced by S&P® Clever Reinforcement @amy

and its trademark is “S&P Resin 220 epoxy adhesiVhis epoxy adhesive is a solvent free, thixottapid grey
two-component mix (Component A = resin, light goeyour; Component B = hardener, black colour). Adow

to the chemical composition described in the daesprovided by the manufacturer [22], componepbAtains
Bisphenol A (20% to 25%) and Neopentyl glycol dtlyl ether (5-10%), whereas the Component B ingtud
Poly (oxypropylene) diamine (20% to 25%), Piperaz{t% to 2.5%) and 3.6-diazaoctanethylenediamin and
Triethylenetetramine (20% to 25%). The same dattshdicates that the homogenized compound deaftity

mixing the two components is 1.70 to 1.80 gfamd presents the following mechanical propertittajnable after



3 days of curing at 20C [22]: (i) compressive strength >70 MPa; (ii) témd$€-modulus >7.1 GPa; (iii) shear

strength >26 MPa; (iv) adhesive tensile strengttotacrete or CFRP laminate >3 MPa.

2.2  Specimens, test setup and procedures

The tested specimens were manufactured accordisigualard ISO 527-2:2012. The geometry of the apets
is depicted in Figure 1a: 4 mm of thickness, 10 ofiwidth in the region of interest, and 115 mm lefe distance
between grips. The specimens were cast into Teflonlds, inside a climatic chamber at 2D of temperature
and 55% of relative humidity.

In order to assess the mechanical properties dfidhgened adhesive, monotonic direct tensile tests
carried out according to standard ISO 527-1:20135i specimens tested at several ages, coincidénthe ages
of loading for creep testing. The monotonic testsanperformed in a universal testing machine uddgdacement
control, at a rate of 1 mm/min, according to EN I527-1:2012. The applied load was registered thrautpad
cell with a maximum admissible load of 10 kN (HBMIN Force Sensor: linearity error less than + 0.05%.).
The thickness and width of the test specimens werasured with a digitalaliper (0.01 mm precision) in the
three distinct sections (A, B and C as identifird-igure 1a). Based on such measurements, thegeverass-
sectional area was determined to allow the accuatrilation of the longitudinal tensile stresslaggpto each
specimen. The axial strain at mid-height of eaotcspen was measured with a TML strain-gauge (S@¢ ty
BFLA-5-3-3L (5 mm of measuring gauge length). Theu¥g's modulus was calculated with basis on thesstr
strain curve obtained in the monotonic tensilestess the slope of the secant line between stedires of 0.05%
and 0.25%, according to the recommendations of3301:2012. Five samples were tested with this gutaoe
for each of the selected loading ages of the cresp.

In the monotonic direct tensile tests, the labgllof the specimens shown in Table 1 was performed
according to the following mask DT_DN, where DTrs&ta for ‘direct tensile test’ and DN stands for #wtual
age of testing (in days) that can take the valug,=3, 7, 57 and 85. The DT_D57 and DT_D85 spengwere
monotonically tested up to the failure in the uxliog ages of the specimens submitted at diffeteass levels in
creep tests. In order to distinguish the tensiéstperformed at the 7 days of the specimens seblj¢g a stress
level of 30% and 40%, the suffixes “(C30)” and “@@4was added to the initial denominatidhis noted that it
was necessary to perform three different mixtufespoxy adhesive in order to produce all the speasn The

three mixtures were prepared with components ABnfitained from the same container



The experimental program includes six specimensngtdd to constant tensile stress in order to study
creep behaviour. The creep tests were carried rotihe same climatic chamber mentioned above (T=20°C
RH=55%). The main differences between the seveespctests regard the loading ages and the apgiliesls
level. Four specimens were submitted to a constizass level of 30% of the maximum ultimate loadhair
corresponding ages of testing, namely, 1, 2, 37addys. The other two specimens were loaded ay§ afaage
at 40% of their ultimate load. These stress lewase chosen considering the expected stress lavéie service
stage of strengthened structures (based in the dewkloped by Correiat al. [23]), and the range of stresses
where the viscoelasticity response of the pregemteis expected to be linear.

Table 1 also includes the specimens used in trepaests. The specimens were named according to the
following mask CYY_DN_I, where the variables areY $tanding for the stress level to which the specins
subjected (in percentage of the ultimate load dapatthe age of testing), and may assume theava@uor 40; N
corresponding to the age of load application (igsjlahat can take the value N=1, 2, 3 or 7; | isratex to
distinguish only equal specimens tested in the saonditions, and it may take the char A or B. Faraple, the
designation C40_D7_A stands for a creep test wigheximen subjected to a stress level of 40% afliimate
strength (C40) applied at th& @ay of curing (D7) on specimen A of this type.

The creep tests were carried out using a mechasystém based on a lever structure [18, 24], wiere
specimens were subjected to constant stress thappjitation of gravity loads (Figure 1). The lemgf the lever
is on the side of the specimerLis125 mm, whereas the lever length at the sideefjithvity load i4.w=375 mm,
as can be seen in Figure 1d. The creep specimarsietrumented with two strain-gauges (type TLMLBF5-
3-3L), glued at the middle height of the speciniampposite faces as shown in Figure 1b, and cdadeo NI
Compact DAQ system, which comprised NI 9235 stgange modules for data acquisition. The data wasiced
at frequency of 1Hz during the first hour of loaglifollowed by one record per minute during 2 hoarsl finally
one record every 10 minutes until the end of tse te

After knowing the ultimate strength of the epoxgineat each loading age, dead weights were chosgn a
the specimens were carefully loaded (see FigureHa) each tested specimen, the measured averags- cr
sectional areaX) was considered and the corresponding appliedss{® was defined, based on a predefined
percentage of its ultimate strength. The mass {fyrénad) applied to each sampM) had been calculated based
in Eqg. (1), whergy stands to the gravitational acceleration.

g-A
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The duration of the creep tests was a maximum afays (1370 hours) in the case of the specimertetbat
30% of their ultimate tensile strengthi). Afterwards, such specimens were unloaded andréep deformation
recovery was monitored during the following 75 d&800 hours). In the case of C40_D7_A and B, fleesnens
were loaded during, approximately 85 days (204Qd4)oand the recovery period had a short duratio® déys
(192 hours). The creep tests duration is in compéawith the period of time recommended for cresgessment
of generic plastics materials defined by ISO 82303 [25] and ASTM D 2990-09 [26], which is abo@tdays

(1000 hours).

3 RESULTS AND DISCUSSION

3.1 Tensile mechanical properties

Figure 2 plots the stress-strain curves obtainedridus ages for the specimens tested in monothbrect tension
in the context of the instants of loading and uding of the specimens, whereas Table 2 includeartaim
properties obtained in these tests, namely, elastidulus Eadn g at different testing ages)(and ultimate strain
(eur). As the creep tests of C30 and C40 were perforatetifferent periods of time, the direct tensésts were
plotted in two distinct graphs.

In Figure 2 it is possible to observe the evolutidnhe curing process of the epoxy adhesive thnahg
increase of stiffness at different ages that isl@vted by the different slopes of the curves. Hbe of stiffness
increase was lower between 3 and 7 days of age edmapared with the increase denoted between 1 alays
of age. From this data is possible to verify tiat thajor part of curing reactions had already aeclby the age
of 3 days. As can be seen in Table 2, this effext moted in the values of Young’s modulus, siBggat the age
of 3 days was almost twice as much as the valustezgd at 1 day of age, while the tensile strengti increased
21%. These observations indicate that for this typepuxg adhesive, the evolution of its tensile strangas
faster than its stiffness at early ages. Thesa@srane coherent with those reported by Micle¢lal.[14], as well
as those obtained by Mousstaal.[13] for curing temperature of 22 °C and 25 °C, respelsti More experimental
work is necessary to clarify this difference inddias, together with specific insights into cherffimécrostructural
development of the material.

In order to have a descriptive equation of the emh of the Young’s modulus of this epoxy with &m

the empirical-based equation proposed by Sihal [27] was deployed. This mathematical equation alesady



applied in the field of epoxy adhesives [12] anlddsed on existing approaches for predicting themete Young's

modulus evolution:
1 /1\B
Eadh,num =a-exp [_E ' (_) ] (2)

wherea is the Young’s modulus value at the end of thermugrocess (in GPapis the reaction shape parameter,
7 is the reaction time parameter anid the age of specimeris hours) The values of these parameters were
obtained by regression analysis by best fittingetkgerimental results using the method of leashiszfa §, 5, 7)
= (8.532, 1.976, 30.977). The last column of Ta@bladicates the results obtained using these vatugsy. (2)

(Eadnnun), Where a good estimate of Young’s modulus caocdsdirmed (2= 0.9636).

3.2 Creep behaviour

Considering the results obtained from the monotadiiiect tensile tests, the mass to apply to theispens for
creep testing was determined through Eq. (1). Singas not possible to exactly apply the predefiagess level
with the available masses at the laboratory, stvaisges close to the expected ones were actuaiiieap In

Table 3Mappiiedis the mass experimentally applieghsial is the corresponding normal stress, &bfg: is the exact
percentage of the ultimate tensile strength appbeshch tested specimen.

Figure 3 shows the evolution of deformation dutimg creep tests of the specimens loaded at 3G aif
different ages, and the recovery stage after uinigad he values of elastic strains calculated basetthe Young's
modulus obtained from monotonic tensile testsatifferent loading ages (see Table 2) were mavk#dpoints
in the same figure (represented®ag/ Eagnd. These values were very close to the elastiinstraeasured in the
creep experimental testsastexp aS it may be confirmed through the coincidencthefmarked points and the size
of the vertical branches of loading/unloading igu¥e 3.

In Figure 3b, which depicts the initial instantatttiollowed the loading stage for specimens C30_D1,
C30_D2 and C30_D3 as a function of the logarithrtiroé, it is possible to highlight the significaareep strain
that occurs at relatively early ages (until 100rse4 days), particularly within few minutes after loggplication.
The evolution of creep strain of specimen C30_D3 waite considerable up to ages of about 3 dayfadh
curing reactions of the material were still undierac development during this period and the cresfprchation

of this specimen was significantly higher than Hpecimens loaded at older ages. The creep coeffizias

defined as the ratio between the increment of cretepin at timet, (Etotal(t) _gelast,exp(to)) and the
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instantaneous elastic strafpastexgto) at the instant of loadindof. The creep coefficient was determined for a
period of time of 49 days because it was the compssiod for all specimens loaded at the agds=df, 2, 3 and

7 days and had the values of 4.1, 2.1, 1.9 andrdspectively. As expected, the creep coefficias thecreased
with the increase of the age of loading.

Figure 3a also shows that, at the instant of unit@adhe elastic strain was totally recovered cdeisng
the Young’s modulus determined in the tensile tasthe same age at which the unloading processplaze
(see Table 2)Afterwards, the kinetic of recovery behaviour off telsts was quite similar, with recovery still
ongoing at ages of ~130 days (end of the experiment

Figure 3a still evidences that the post-unloadielydviour is directly dependent of the age of logdire.,
specimens loaded at earlier ages presented higgmelastic deformations than the specimens loaddater
ages. This fact is related with the formation oivr@oss-links of the polymer chains when the specisnwere
loaded at early ages. Notwithstanding, the achieegdibrium state did not prevent the evolutiortted Young's
modulus and the tensile strength of the epoxy adhesver the time since the post-unloading phaseallof
specimens were very similar. This corroboratestti@polymer chains when the specimens were loagee not
the same when they were unloaded.

Figure 4a plots the measured strains of the spes@d40 D7 A and C40_D7_B, loaded at 7 days of age
submitted to a constant stress (40%.@f and the recovery after unloading. In the samaeré, it is possible to
note the good coherence between specimens A arsdrBe(type of specimen at the same conditions),hwhic
confirms the repeatability of the materials proalaad testing procedures. The values of elasainsticalculated
based on the elasticity modulus obtained in moriotemsile tests were once more consistent. Asaggeafter
unloading (at the age of 85 days), the elastidrsttas practically recovered, as shown in Figure 4a

The same data of Figure 4a is represented in Figjurevith the strains normalized to the stressllaepplied
in the specimen, resulting in the so-called ‘cregmpliance’ versustime curves. Additionally, the creep
compliance of the specimen loaded at 30%,p&t the same age was also plotted. According tareery of
viscoelasticity, the behaviour of a material cancbesidered homogeneous when the creep deformadiens
linearly proportional to the applied stress [9].dich case, the creep compliance curves obtained fiven
loading age (i.e. creep deformations divided byapplied stress) should be equal regardless affiped stress.
The experiments at 30% and 40% of the ultimatesstrepresented in Figure 4b have confirmed the ety

of the viscoelastic behaviour of the tested epoxthis range of stress levels.
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3.3  Modelling creep behaviour — Modified Burgers model
The initial approach to the modelling of the crbéepaviour observed in the previous section cortsistapplying
the Modified Burgers Model according to the strateged by Costa & Barros [21]. In this model thadi
dependent strain can be expressed according tdi@o(a):

1-n

g<t>=%+%t+%(l_e-<5—’;t> ) ©)
where,E,, is Maxwell’'s elastic modulusy,, is Maxwell's coefficient of dynamic viscosity, is Kelvin's elastic
modulus, 7, is Kelvin's coefficient of dynamic viscosity and is a coupling parameter related to moisture
absorption. The procedure for calculating the paters of the Modified Burgers modé&l,,, ny, Ex, 1, andn
was the same adopted by Costa and Barros [10]t andmitted here for the sake of brevity.

The parameter fitting procedure was initially splfelcused in the initial stage of sustained loadihgeries
C30 (comprising specimens C30_D1, C30_D2, C30_DRBG30_D7 and their data until the age of ~57 days).
Inherently to the characteristics of the model, fitttng process had to be done independently farheof the
loading ages, for which a distinct set parametexs @btained as shown in Table 4. It is nonethetrsarked that
the obtained parameters were quite adequate fatetbeription of the actually observed creep behaa® shown
in Figure 5, with excellent fittings being obtaingg to the age of ~57 days (set of data that wambyg used for
the fitting). Even though the capacity of this Migeti Burgers model to adequately fit the availatreep data,
which confirms the feasibility claimed in [21], ilsere basic assumptions carry an important drawfmcke use
in structural analysis of the behaviour of RC gftbened systems, which is described next.

In fact, the adequate performance of the set afrpaters obtained through this model/method canloaly
assured for the loading ages of 1, 2, 3 and 7 delgish all have different fitting parameters. Iethumerical
simulation on the structural analysis demands fstirett ages of loading, or even a continuouslyngfiiag load
(e.g. the case of restrained deformations), th&eneoi way of getting creep fitting parameters fdeimediate
loading ages from those that had been testedréhdgring the approach Modified Burgers Model alrosisable
in such context.

In spite of the shortcoming identified above, trerfprmance of the approach based on the Modified
Burgers Model was further tested to evaluate iggciy to describe the unloading events that obguthe age of
~57 days in the experiments. As this matter hadbean addressed in the work of Costa & Barros [af],

extension to their approach was made with basih@superposition principle. According to Findketyal. [28],
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when the stress state is removed, ah viscoelastic materials, the recovery with Busgmodel can be obtained
from the superposition principle [28], depictedhie introduction. Therefore, an attempt was madeédict the
creep behaviour in the unloading and recovery pbadeformation using the same model parametdesifih the
loading phase. The corresponding results are gldtigure 5, in the period from ~57 days onwards] #re
performance is clearly inadequate, with strong eseémations of the recovery of elastic deformatigron
unloading. This was expectable, as the fitting peaters for the unloading were the same as thosdditbbeen
used for the loading stage, which had occurre &izalier stage of curing in which stiffness washlower and
tendency to creep was much higher. Therefore, éfieient capacity of the modelling approach to diescthe
actual measured strain upon unloading tends todreenfor cases in which the initial loading hadrbepplied
earlier. It becomes then evident that any attemjhprove the fitting of the strains upon unloadimguld demand
for an entirely new set of parameters for the creglel in the unloading branch. Once again, this éghly
undesirable situation in the context of derivingdais and parameters for the numerical simulatigstrehgthened

RC structures that might endure loading/unloadivents at arbitrary ages.

4 PROPOSED MODELLING APPROACH
General considerations and description of the miatghpproach
The shortcomings identified for the Modified Burgemodel led to the necessity of exploring altekmati
approaches for creep modelling of epoxy adhesivdsthe two following main requisites/improvemen(i$:the
modelling approach should allow a single set ofipaters to adequately simulate the behaviour dbadling
ages and even allow feasible estimates in agesdirig that were not used in the fitting procegsthe modelling
approach should be able to adequately cope withaditig events without the need for specific fittprgcesses
for such purpose.

After an initial exploratory stage in which sevegalsting models were tested (e.g. the Double Phwer
[29], the MC1990 [30] and among other models ),&hthors reached the conclusion that the intenegdisites
should be well satisfied through the use of a Galimad Kelvin Model with aging chains [3I[he Generalized
Kelvin Model, shown schematically in Figuseis composed by a number of Kelvin elements iiiresgwith a free
spring in series, which can be used to representritep of a cross-linked material [1More information about
the general concepts of Generalized Kelvin chaamshe found in [9].

Such generalized model has been applied byaBand Osman [29] in the context of concrete gredp

proposed a Dirichlet series approximation of theillle Power Law for simplifying the describing presef the
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aging Kelvin chains. The modelling strategy of Biaizand Osman contemplates the effect of curinthertreep
behaviour by considering the time dependence ofrtbeuli of the Kelvin chains and of the modulugiaf free
spring. The proposed framework is based on the husdeloped by Bant and Osman, and formulates the creep

compliance in view of the elements of the Kelvimichaccording to the following expressions:

N
1 1 _(t=to)
t,ty) = +Z l—e

I =5 leEu(t())( ) @)
Foru <N

1 T \™ @iy S — (5)

E(t) ¥ (0.002) T Byt 0

Foru=N

P1.n

T, NN
———=12xb 10w (N-D¢ —mn 6
En(to) N (0.002) A+ Ey(ty) 0 ©)

whereb,, n,, ¢, andm, are the defining coefficients of the modkljs the number of Kelvin chains, is the
retardation time of th@™ Kelvin chain;E(t,) is the modulus of the isolated spring of the Kelgeneralized
model, and, (t,) is the modulus of each Kelvin chain.

While in the original model proposed by Bait and Osman, the coefficiettg n,, ¢, , andm, are fixed
for all Kelvin chains, the framework proposed instpaper, henceforward referred as ACC framewoskesu
different values for these coefficients in eachwtelchain. Additionally, the ACC framework considethe
mathematical equation for Young’'s modulus forwarde&ection 3.1 (Eqg. (2)). In this way, the modubdghe

isolated spring of the Kelvin generalized modealésermined considering the following expression:

E(ty) = A+ Eo(to) (7)

whereA can take values from 1.2 to 2.0. In this casey#tlee adopted was 1.5 as recommended in [32].
To obtain the creep functions of the viscoelagbiexg adhesive, a nonlinear least square method MNLS

was applied to the experimental creep complianceesuo determine the defining coefficients of #&C model

grouped in the vectap = {bu; Ny Q1 mu}. This fitting procedure considers the followingin data: number of

Kelvin chainsN, the retardation times,, the Young’'s modulus functioB,(t,), and factord. The number of

Kelvin chains should be adequately selected, datieér corresponding retardation times cover thtére scale of
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simulation [33]. It is further noted that, accomglito BaZzant and L'Hermite [33], the retardationetinare usually
spread uniformly over the logarithmic time scale.

The objective function of the NLSM takes the follog form:

d = » (] (&0 tos) — (7 (tj,i'tO,i))>2 (8)

Il
oy

-

Il
_

wherelL is the total number of loading ages, correspontbrthe number of creep functions to be fittéf;is the
number of discrete points considered for fittingleareep function at the loading age (from expenitaledata),
f(tj,i,to‘i) are the experimental values of the creep functaamsesponding to the loading agg for each time
stept;;; ](tj,i' to‘i) are the creep functions estimated values deteth@ineording to equations (4-7). The meaning
of variablesl, andM, is exemplified in Figur& for an illustrative case. The number of discpits M, should

be enough to accurately capture the trend of espdunction. The coefficients of the model carob&ined
through the minimization of the following the exps®n:

do 0

ap - (©)
f = {b#; Nys P mﬂ} u=12..,N

The proposed framework was implemented in MATLAB][3esorting to the Trust-Region-Reflective algjom
available in this software (functidsgnonlin). Table 5 presents a brief outline of the develbplyorithm to
determine the defining coefficients of the moddieTlgorithm has three stopping conditions: (a)vdilae of ®
is less than a predefined tolerar@®LER,); (b) the variation of the model coefficients bedémweconsecutive
iterations is less than a predefined value toles@ROLER,); (¢) the maximum number of acceptable iteratiens i
reached(MAXITER). In the present analysis the valuesT@fLER, = 1 x 10712, TOLER, =1 x 1078 and
MAXITER = 100000 were assumed. It is noted that the fitting proteske experimental data of this research
reached the stopping condition (a), which is thesttesirable one from the point of view of ensurting best
accuracy of the fitting process.

After all the parameters of the ACC model are ot&dj it can be used to predict the strain developme
resulting from any arbitrarily applied stress higtgnot necessarily constant). For such purposetithe under

loading is divided into steps (e.g. 1k0 and the continuously varying stress may be apprated by a series of
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small stress incrementss(t,) applied at the end of each time step. Accordinthéoprinciple of superposition
[35], the stress-produced strain at titrie obtained by summing the stress induced sthajiresach stress increment
(Eq. 10), and a different creep functiy)("tk,, to,i) is computed for each small incremewt(t,) adopting the

proposed analytical model [35].

kr
£0) = Y Ao(to,) (b o) (0

i=1

Application of the ACC framework to the experimédtda

The application of the ACC framework to the expenital data of series C30 shown in section 3.2 i no
addressed. Four ages of loading were consideret] @Land 7 days), and solely the data pertairartge initial
loading was taken into account for the definitioihtlee modelling parameters (i.e. until ~57 days$)whs
nonetheless taken into account that there wastentito test the performance of the predictive natahe entire
period of testing, corresponding to more than 12¢sd

The analytical creep function model considered Wikechains. The retardation time of the first ahaias
0.001 days and the following were consecutivelytipliéd by a factor of 10. This allows the resuifimodel to
simulate creep from the short tern=@.001 days (1.44 minutes) up to the range of thhdst retardation time in
the 8" chain: 100 days. Factawas considered as 1.5, according to the reasonaulg before, whereas thg(t,)
function was directly extracted from the fittingostm right after Eq. (2).

Figure 8 presents a comparison between the crempliamce registered in the experimental tests and
obtained from the proposed model up to the ag&dfdays. The defining coefficients of the analytinadel and
the Kelvin chains moduli are, respectively, presdnin Table 6 and Table 7. It can be observedtti@atACC
framework yielded a quite adequate simulation ef ¢theep behaviour of the epoxy adhesive for loadiges
between 1 and 7 days of curing.

The relaxation spectra (variationsigf with 7,) related to the fitting at various ages is plotieéigure 9.
The observation of this figure and its underlyirgfadallows to observe that several features thgdtlight the
feasibility of the obtained set of parametersthi$ evolution is consistent with the representasbown by Baant
and Wu [33] from which it is possible to corrobaréihe following remarks: (i) the moduli of the firetardation
time are linked to the elastic response of the natat the instant of loading; (ii) from the sedartardation time

onwards, the moduli of Kelvin chains tend to deseeiiom the lowest to the highest retardation tini@} the
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moduli tends to stabilize in constant values foraamted retardation times (10 and 100 days) andrigajes (7
days) due to the lower deformations by the creégrgfand (iv) the moduli of the Kelvin chain fuiwais proved
to be adequately continuous at different retardatiimes and loading ages.

While keeping the same creep parameters that hiav&¢en shown, the simulation of the entire peoiod
creep experiments was done, by extending up to €a$®. Figure 10 illustrates the comparison betweewreep
deformation obtained from the creep tests and fremmumerical simulations. A very good agreemerst attained
between the experimental data and the numericallaton. The numerical model was indeed able t@adgely
simulate the elastic recovery when the samples umaded. Additionally, the subsequent deformatemovery
also presented similarities to the experimentalltes

The proposed model was also tested in view of étsopmance when tested at loading ages that do not
coincide with the loading ages used in the fittprgcess. As the available data only pertained tw &mges of
loading (1, 2, 3 and 7 days), it was decided tot@meé of such ages in the fitting procedure and titgempt to
use the resulting set of parameters to predictitéep strains at the age which had been omittdteiparameter
estimation process. Two distinct evaluation atteswpgre carried out: (i) evaluate the predictiontfa loading
age of 7 days for a set of chain parameters oltdaieng into account data from the loading age$,& and 3
days; (ii) evaluate the prediction for the loadage of 3 days for a set of chain parameters oltaaigng into
account data from the loading ages of 1, 2 andy$.dehe response obtained for these two specifituations is
shown inFigure 11a and11b, leading to the confirmation that the model caovjite adequate predictions for

ages that were not used in the fitting process.

5 CONCLUSIONS
The present paper intended to contribute for tlegadte understanding and description of the crebp\iour of
a structural epoxy adhesive used in FRP strengibepplications. An experimental program compodedrsile
creep tests was carried out at different loadingsagnd two different stress levels. Furthermorelyainal
simulations with the Modified Burgers model andeavly proposed framework (termed ACC) were performed
From this work the following main observations amhclusions can be pointed out:

()  The tensile tests of epoxy adhesive at differeesatgmonstrated a significant increase of theleensi

strength up to 3 days of age. The rate of increfséffness was slower than that of the tensilersjth

at early ages;
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(ii)

(iii)

(iv)

v)

(vi)

(Vi)

(viii)

(ix)

The elastic strains measured in the specimensdt@stéhe creep-rig were coherent with the ones
calculated from the data collected from the moniatdirect tensile tests up to rupture;

The instantaneous deformation endured by the cestpspecimens upon removal of the load was
consistent with the one expected with basis opénellel direct tensile tests conducted at the szgee
The creep strain in the epoxy had larger importatcearlier ages of loading, within the ages otlloa
application 1, 2, 3 and 7 days. Unloading has lpegformed at ages of ~60 days, with rather similar
unloading behavior being observed among all tespettimens, regardless of the initial loading age.
This trend in creep strain behavior was consistétiit the tendency of E-modulus to stabilize nesr it
final value (within 0.47%) by the age of 7 days;

Even though linear viscoelastic behaviour was ofeskin this work up to stress levels of 40%, the
experimental data does not allow to define an ugymemd for the validity of homogeneity (thus
linearity) of creep behaviour;

From the creep tests in which different ages adilogwere analysed, the creep coefficient of spensn
loaded with 30% of its ultimate strength at 1, 2n8 7 days of age were 4.1, 2.1, 1.9 and 1.3 nvihi
period of 49 days, respectively;

It was verified that the creep response of the g@mhesive comply to the principle of homogeneity,
for specimens loaded at 30% and 40% of its ultim&ength;

The analytical simulations with the Modified Burganodel revealed its adequate capability to predict
the creep response of epoxy adhesive within itgdiof application. However, the parameters of the
model are loading age dependent, and cannot betogeeddict the creep function of the material for
loading ages that are distinct from those thatadlb to obtain the parameters (particularly in tadye
ages, where significant curing reactions are oaugiyr In addition, the model could not successfully
simulate creep recovery;

A new framework based on the Generalized Kelvidehavas proposed. The derived analytical model
was described and tested, having shown adequatditigpto simulate the creep behaviour of the
studied epoxy adhesive since the early ages ofuheg process (1 day of curing). Additionally, a
numerical simulation of the creep tests was coratljctvhich presented a very good fit to the

experimental results in the loading and recovemsptof the creep tests.
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Table 1— Properties of tensile creep and direct tensist

Creep tests Direct tensile tests
i . Specimens ID
. % of ultimate load  /\9€ O SPECIMeENS| specimens ID P
Specimens ID . at the loading _ (at age of
applied [days] (at age of loading) ge
Yy unloading)

C30_D1 1 DT_D1
C30_D2 2 DT_D2

30% DT_D57
C30_D3 3 DT_D3
C30_Db7 7 DT_D7(C30)
C40_D7_A

40% 7 DT_D7(C40) DT_D85
C40_D7_B
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Table 2— Results of the tensile tests at different ages.

Age of test AWM fuie O Eadn,a® & @ Eadh,num

D [days] [mn?] [MPa] [GPa] [%0] [GPa]
DT_D1 1 45.10 (0.6%) 18.65(3.2%) 3.73 (3.8%) 0.955 (15.6%) 3.73
DT_D2 2 43.93 (1.5%) 24.17 (3.9%) 6.99 (6.0%) 0.496 (16.6%) 6.91
DT_D3 3 44.90 (0.9%) 22.51(3.2%) 6.93 (2.1%) 0.432 (9.6%) 7.76
DT_D7(C30) 7 4553 (2.6%) 24.64 (7.5%) 8.44 (2.2%) 0.342 (17.7%) 8.38
DT_D7(C40) 7 46.06 (2.6%) 23.06 (4.4%) 8.27 (1.2%) 0.313 (12.8%) 8.38
DT_D57 57 45.04 (2.4%) 24.81(3.8%) 8.48 (4.1%) 0.367 (14.0%) 8.53
DT_D85 85 44.70 (3.7%) 25.61 (1.4%) 8.54 (1.0%) 0.442 (8.4%) 8.53
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Notes: The values in parentheses correspond tootifficient of variation.

Notes:(M Average values; the values in parentheses comesjocthe coefficient of variation.



Table 3— Relevant data of the tensile creep tests.

ID specimen A Mapotes Ol o
[mn"] ka] [MPa] [%]
C30_D1 44.60 8.39 5.54 29.7
C30_D2 42.77 10.51 7.23 29.9
C30_D3 44.43 10.18 6.74 29.9
C30_D7 44.76 11.21 7.37 29.9
C40_D7_A 45.98 14.38 9.19 39.9
C40_D7_B 45.57 14.28 9.22 40.0
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Table 4— Properties of Modified Burgers model.

, Em M Ex tr 7k
Specimen ID n
[MPa] [h] [MPa] [h] [MPa-h]
C30_D1 3683.13 55358076 907.96 2 1815.92 0.396
C30_D2 5954.36 72289649 3162.36 5.67 17920.06 0.529
C30_D3 6680.41 33687978 3983.35 20.17 80330.87 60.53
C30_D7 8410.11 81886754 7199.21 46.33 333563.48 500.5
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Table 5— Outline of the developed algorithm to deterntime defining coefficients of the model.

Input :

o |guJ(tito)]G =1,..,0)( = 1,..,M,): array of discrete values of time and creep coangi;
» N: number of Kelvin chains to be considered;

* 1,(u=1,..,N): retardation time of each Kelvin chain;

* t,;(i=1,..,L): loading ages;

* E,;(i=1,..,L): elasticity modulus for each of the considerediing ages;

» A : coefficient to be multiplied b¥, ;

* 1, (initial values of the defining coefficients);

» TOLER;: Termination tolerance on the objective function

 TOLER,: Termination tolerance on the variation of theimiefy values

Output: v (defining coefficients of the model)
i) Initialization of iteration countep = 1; sety,, = ;.

iy Compute],,(t;;, to;) for (j = 1,...,M,), based onp, , following equations (4-7).

2
iii) Compute objective functiond = ¥i, ¥7% (](tj’i, to:) — (j(tj,i, to,i))) .
iv) Check termination criteria of the objective funatio

Is®, < TOLER,? Yes: End.
Noo® V).

V) lteration counter update:

Isp < MAXITER Yes: Go to ii).
NadE

vi) Define value ofp, for new iteration, based on NLSM method.
vii) Check termination criteria of the variationf:

Isy, —¢,_1 < TOLER,? Yes: End.
No: Go to ii).
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Table 6 — Defining coefficients of the analytical modeligded from the proposed framework.

Coefficients

Kelvin chains i

H=1 H=2 H=3 H=4 H=5 H=6

1.424E+00 8.000E-01 8.569E-01 8.249E-01 8.589E-01 .903E-01

6.433E-01 -1.249E+01 4.646E-01 -8.352E-03 -1.338E-0 -1.286E-01

2.925E-01 9.696E-03 9.883E-01 1.073E-01 -1.573E-012.415E-01

1.424E+00 3.660E-01 8.569E-01 8.248E-01 8.589E-01 .903E-01
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Table 7— Estimated moduli of the Kelvin chains of thelgitieal model.

to,i E(to,i) Eu(to,i) [MPa]
[days] MPa] u=1 U=2 U=73 u=4 U=5 U=6
1 5.598E+03 4.314E+03 1.025E+13 1.238E+03 8.666E+03.373E+04 2.367E+04
2 1.049E+04 9.994E+03 1.933E+13 4.754E+03 1.755E+04.965E+04 3.721E+04
3 1.040E+04 1.106E+04 1.924E+13 6.839E+03 1.812E+04.706E+04 3.370E+04
7 1.265E+04 1.724E+04 2.361E+13 1.920E+04 2.415E+04.948k+04 3.343E+04
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