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Summary

In the past two decades, a large number of resgan@jrammes focussed on short-term
flexural behaviour of fibre reinforced polymer (FRRinforced concrete (RC) members has
been carried out. However the number of studiestran long-term behaviour of FRP

reinforced concrete members is still scarce.

In this work, long-term behaviour of FRP RC bearas heen investigated both analytically
and experimentally to further extend the knowlenigthis particular research domain. In this
respect, a new methodology to determine the long-tieflections due to creep and shrinkage
is presented. Based on multiplicative coefficierite methodology is straightforward and
simple, and therefore suitable to be used in desigaddition, an experimental campaign on
two series of GFRP RC beams subject to long-telauitg has been performed. Different
reinforcement ratios, concrete strengths and swedaioad levels have been considered. For
comparison purposes steel reinforcement has alsn bheed. The experimental long-term
results have been reported and discussed. Furtherth®y have been compared to
predictions using the most representative procegduwre well as, the proposed methodology

presented in this work.
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Resum

En les ultimes dues décades, han aparegut nombessadis centrats en el comportament
instantani a flexid de bigues de formigé armadeb amaterials compostos. No obstant aixo,
els estudis referents al comportament a llarg t@rericara s6n escassos.

En aquest treball, s’investiga el comportamentgyltermini de bigues armades amb barres
de material compost, tant des del punt de vistditemaom experimental, amb l'objecte

d’ampliar aixi aquest camp d’estudi.

En aquest sentit es presenta una nova metodglegia la determinacio de fletxes diferides
degudes als efectes de la fluéncia i la retraceidéfarmigo. La metodologia presentada es
basa en coeficients multiplicadors, essent aixnetode directe i simple, apte per ser utilitzar

en el disseny.

Addicionalment, I'estudi presenta els resultatsnd'.campanya experimental realitzada en
dues etapes, on bigues armades amb barres deahatenpost amb fibra de vidre (GFRP)
han estat sotmeses a carregues a llarg termmanSionsiderat diferents quanties de reforg,
resisténcies de formigé i nivells de carrega. tRleie comparar-ne els resultats, també s’han
assajat bigues armades amb barres d’acer. Eldatssakperimentals han estat analitzats i
comparats amb els models de prediccio més sighifg;aaixi com amb la metodologia

desenvolupada i presentada en aquest estudi.
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Chapter 1

Introduction and objectives

1.1 Introduction

Fibre reinforced polymer (FRP) bars have emergeshaalternative to steel reinforcement in
concrete structures such as seawalls and othenenatructures as well as bridge decks,
superstructures and pavements exposed to de-iaitgy ¥RP materials exhibit properties
such as corrosion resistance and high tensilegitréhat make them suitable for this type of
structures. In addition, due to their nonconducpveperties, FRP materials are also used in
concrete structures supporting magnetic resonanagiing units, railway magnetic levitation

systems or other equipment sensitive to electroetaghelds.

FRP bars are made of continuous fibres impregnaitdpolymeric matrix (also referred as
resin). The most common fibre types used in thesttantion industry are glass, carbon, and
aramid. Recently, basalt fibres have also been cancially available. On the other side, the
matrix in a polymeric composite can be regardedbeth a structural and a protection
component. There are two basic types of polymeratrioces used in FRP composites:
thermosetting and thermoplastic resins. Gener#tigrmosetting resins, such as epoxy and

vinyl ester are the most used in the constructiciustry.

FRP bars are anisotropic with higher modulus indimection of the reinforcing fibres, and
are characterized by linear behaviour up to fajluvghout yielding. Compared to ductile
steel, FRP bars generally have higher tensile dgpémited strain range and lower modulus
of elasticity. Steel reinforced concrete sections eommonly under-reinforced to ensure
yielding of steel before the crushing of concréteis providing ductility and a warning of
failure. The non-ductile behaviour of FRP reinfonemt makes the concrete crushing the
design driving failure mode for flexural membersnferced with FRP bars. Proposed
formulations for the design of FRP reinforced ceter(RC) structures are based on the same
principles already established for steel RC stmestuNevertheless, the equations derived for
steel RC structures have been adapted to the gartioehaviour of FRP RC members. In

general, due to the lower elastic modulus of FRB, e design of FRP RC members is
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likely to be governed by the serviceability limiates, where deflection control is usually
expected to be a limiting factor. In the past tvezates, a large amount of studies focussed
on bending, shear and FRP-concrete bond have la@dadcout. A better understanding of
short-term behaviour of FRP RC members is now abkal and collected in the recent
literature. However very little published infornmatiis focussed on long-term deflections and
further experimental works is necessary, as reeegnby some existing guidelines (ACI
440.1R-086).

To address long-term deflections due to creep aAridlage, available guidelines for FRP RC
structures, such as ACI 440.1R-06 and CSA-S-80fihose simplified procedures based
on empirical multiplicative coefficients. These apgches are simple and straightforward but
do not account for variations in mechanical prapsrtof materials and environmental
conditions. This fact could be of major importanite FRP RC structures where the

mechanical properties of the reinforcement can gbavhen using different types of fibres.

On the other hand, using more general methodolpgieh as th&ffective Modulus Metlib
(EMM) and theAge-Adjusted Effective Modulus Meth@sEMM), allows the mechanical
behaviour of materials to be taken into accourd more rational way. These methods take
into account some of the main parameters involuettié time-dependent behaviour, such as,
member geometry, load characteristics (magnitudedamation of load, age of concrete at the
time of loading), and material properties (elastizdulus of concrete and FRP reinforcement,

creep and shrinkage of concrete). However, compiéxintroduced into the calculation.

Therefore, a deep understanding of the main pammetvolved in long-term deflections is
needed. In addition, a straightforward methodoldagycomputed long-term deflections

accounting for the main influencing parameters &hbe addressed.
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1.2 Obijectives

The overall objective of this work is to investigdhe long-term behaviour of FRP RC beams,

both analytically and experimentally.

The first objective of this work is to develop athuology to predict long-term deflections
due to creep and shrinkage. This methodology meidifaple, however it must account for
mechanical properties of materials and environmeotaditions.

In addition, since the number of tests regardirgy ldng-term behaviour of FRP reinforced
concrete members is still scarce, the second ageof this work is to further extend the

experimental data in this particular research domai
For this purpose, the specific objectives addresséus study are:

- To obtain a methodology that could be used in aegigdetermine the long-term
curvatures and deflections due to creep and shgenphenomena.

- To compare the proposed methodology to availabégliption models, varying
different parameters that can influence the resalpplied loads, reinforcement
ratios, concrete strength, elastic modulus of cggdment, creep coefficient and
shrinkage strain.

- To carry out an experimental campaign on FRP R@bkeaith different concrete
strengths, different reinforcement ratios, and wurdiferent levels of sustained
load to study the long-term behaviour under theiseability requirements.

- To compare the experimental results to the avalabbddels, and to examine the
ability for prediction of the different existing ppaches.

- To compare the experimental results of long-terrfledéons to the proposed
methodology and check its suitability.

- To provide a convenient design methodology for #ssessment of long-term

deflections of FRP RC members. .
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Introduction and objectives

1.3 Outline of the thesis

The body of this dissertation consists on the faiarementioned manuscripts, which are

included in the following chapters.

In Chapter 2, a straightforward and simple methoglplto compute the long-term curvatures
and deflections, due to creep, from initial curvatuand deflections is presented. The
procedure is based on the multiplicative coeffitidneep. The coefficient is deduced

considering the principles of thefective Modulus Methofibr a fully-cracked section, and it

is reduced by mathematical manipulation to be senqpit also able to account for variations
in the environmental conditions and mechanical ertigs of materials. Comparison of
predictions using the proposed methodology withstexy procedures, as well as with

experimental results is done and discussed in tefresrviceability conditions.

In Chapter 3, the proposed multiplicative coeéitito obtain long-term deflections due to
creep is generalized to take into account the dersiiffening effect, expanding its
applicability. In addition, a multiplicative coegfent to compute long-term deflections due to
shrinkage is deduced from general principles afcstiral mechanics and using tBfective
Modulus Method Predictions obtained using both proposed coefitsi are compared to
experimental results to show their suitability, adavailable procedures to highlight the

influence of different parameters in predictions.

Chapter 4 presents the experimental programmetandsults concerning GFRP RC beams
tested at service load and subsequently subjectddférent levels of sustained load for 250
days. The effects of the loading-unloading procgsaad the reinforcement ratios on
immediate and long-term deflections are discusgewalytical comparisons between the
experimental data and some of the most represeatptediction models are presented and

analysed.
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Introduction and objectives

Chapter 5 presents an experimental test programmehwomplements the results presented
in Chapter 4. The influence of concrete strengghweall as that of reinforcement ratio on
long-term deflections of GFRP RC beams is analy$bdoretical predictions using available
procedures specific for FRP RC members are cabullaind compared to obtained
experimental long-term deflections. In additione texperimental data are compared to the

methodology proposed in Chapters 2 and 3.
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Chapter 2

A simplified method to obtain time-dependent cumest and deflections of concrete members reinfovadd FRP bars

C. Mias, LI. Torres, A. Turon, M. Baena, C. Barris.simplified method to obtain time-
dependent curvatures and deflections of concretenbees reinforced with FRP bars,
Composite Structures 2010; 92: 1833-38.

doi: 10.1016/j.compstruct.2010.01.016

Summary:

The design of concrete beams reinforced with fileieforced polymer (FRP) bars is often
governed by the serviceability limit state, in whaeflections play an important role. One of
the most straightforward and easiest methods fdcutating time-dependent deflections is
based on applying multiplicative coefficients tstantaneous deflections. These methods
have been adopted by ACI.440.1R-06 and CSA-S80®0ZFRP reinforced concrete
structures (RCS), introducing slight modificationgh respect to steel reinforced concrete
members. However, the influence of different malftemechanical properties and
environmental conditions are not accounted for @rbyp In this paper, a new method based
on a simplified coefficient for the prediction ahe-dependent deflections is presented. The
influence of variations in environmental conditioasd the mechanical properties of the
materials are taken into account. The numericaldmons obtained are compared to other
models available in the literature and experimentasults to validate the accuracy and

suitability of the methodology presented.

-11-
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2.1 Introduction

Fibre reinforced polymers (FRP) are increasinglgduas an alternative to steel reinforcement
in corrosive environments or where there is a fbssnterference from magnetic fields,
which can cause problems if conventional reinforcedcrete structures are used. Due to the
lower stiffness of FRP bars compared to steeldésgn of concrete beams reinforced with
FRP materials is often governed by the servicdgbiinit state, in which deflections play an

important role.

Several methods have been developed for time-depérahalysis of reinforced concrete
structures which have been proved to be able tdigir¢he long-term deflections of steel
reinforced concrete members due to creep and stymkheEffective Modulus Methodhe
Mean Stress Method artle Age-Adjusted Effective Modulus Methadhong others (Gilbert
[1], Bazant [2], Chiorino [3]). These methods tak® account some of the main parameters
involved in the time-dependent behaviour of reioéar concrete structures, such as the
properties of the materials (reinforcement and oete¢ and the influence of environmental
conditions by introducing the creep and shrinkagkies of concrete. Using these methods,
accurate predictions can be obtained and consdyukatEffective Modulus Methodnd the
Age-Adjusted Effective Modulus Methuale been adopted in some national and interration
codes and recommendations, such as Eurocode Rptlel Code 90 [5], and ACI 435 [6].
Nevertheless, the use of even more simplified mhoees for practical design based on
multiplicative coefficients has been widespread] duoe to their straightforwardness they are
probably the most popular (ACI 318 [7]). In thesm@ified procedures, time-dependent
deflections of steel reinforced concrete struct(®RCS) are obtained by multiplying the
short-term deflection due to sustained loads byappropriate factor. Although these
procedures are practical and easy to use, theyotidake into account the influence of

13-
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different material properties, mainly the creep ahdnkage of concrete, or the influence of

using different reinforcing materials such as FRP.

FRP reinforced concrete structures (FRPRCS) devédoger deformations than steel
reinforced members under the same conditions (etacclass, dimensions and area of
reinforcement). The sectional curvatures and thesiemed area are larger, while the
compressed area is smaller. In terms of time-deg@nbdehaviour, the relative curvature
increment associated with creep and shrinkagenisrithan for conventional SRCS due to the
smaller compressed area of concrete, and therédorer time-dependent deflections are
expected in FRPRCS. Hence, ACI 440.1R-06 [8], thasetests carried out by Brown and
Bartholomew [9] and Brown [10], proposes multiplyithe factor used for SRCS by 0.6,
although the code recognizes that further work esessary to validate the coefficient.
However, the Canadian standard CSA S806-02 [1ljgees a more conservative approach,

adopting the same coefficients as for steel.

Some other studies reported experimental work amaly@ical proposals on this topic.
Arockiasamyet al.[12] proposed a multiplicative factor for long+tedeflections based on a
modification of the ACI 318 procedure [7]. The weduof the coefficient were adjusted to
their experiments on CFRP reinforced concrete be&tal and Ghali [13] compared their
experimental long-term deflections of GFRP reindofacconcrete beams with the predicted
deflections using the procedures of ACI Committé® p14] and the CEB-FIB Model Code
1990 [5] with the equations found in Ghali and Faj&5]. They concluded that while ACI
Committee 209 overestimated the experimental defles, CEB-FIB Model Code 1990
gave reasonable predictions. Also the effect ofeteht environmental conditions on the
creep behaviour of concrete beams reinforced wilRIS bars under sustained loads was
investigated by Al-Salloum and Almusallam [16]. Téxperimental results showed a strong

significant influence of the environmental condiiso

This article proposes a new multiplicative coe#itti to predict time-dependent curvatures in
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FRPRCS based on the principles of Eféective Modulus Methodnd Eurocode 2 [4]. The
proposed coefficient is intended to be simple Bsb @able to account for variations in the
environmental conditions and mechanical properiesnaterials. Simplified equations for
deflection calculation are deduced and verifiedtfigr most common case of simply supported
FRPRC beams.

2.2 Prediction of time-dependent curvatures based on

Eurocode 2

Based on Eurocode [], the curvature,y/, in members subjected to flexure, which are
expected to crack but may not be fully cracked, lmacalculated by:

Y=A- + Sy, 1)
M 2
=1-48 ¢ 2
3 /J’( M j (2)
where the subscripts 1 an 2 refer to the uncraekedfully cracked conditions respectively;

¢ is an interpolation coefficient to account forgem stiffening;Mc; is the cracking moment;

M is the applied moment; aifds a coefficient taking account of the influencelod duration

of loading (1 for a single short-term load, and f@i5sustained or repeated loads).

The long-term curvature will increase due to the&# of creep and shrinkage of concrete.

For sustained load#he total curvature including creeg, (t,t,), can be calculated by using

an effective modulus of elasticity for concrete@ding to the following expression:

E — Ec (to)
E.(tt,) —m 3

where E_(t, ) is the elastic modulus of concrete at the timeand ¢(t,t, )is the creep

coefficient that depends on time and duration afllng.
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The curvature due to shrinkagky ., (t,t,) , can be obtained by:
_ S
Awsh(tito) - ‘gsh(t’to)n(t’to)T (4)

where £,,(t,t, )s the free shrinkage strain at the timeSis the first moment of area of the
reinforcement about the centroid of the sectlas,the second moment of area of the section,

and n(t,t, ) is the effective modular ratio:

ES

ntt) = E.(t,t,)

(5)

with Es being the elastic modulus of ste8lndl should be calculated for an uncracked and a
fully cracked condition, and the final curvatur@sld be assessed by using Eq. (1).

The basis of this procedure is general for reirddrconcrete structures (SRCS, FRPRCS)

because it incorporates the main influencing patarse

2.3 Prediction of time-dependent curvature due to creep

2.3.1 Time-dependent curvature due to creep in cracketicses

A fully cracked FRP reinforced concrete sectionjscted to a bending moment is analysed.
Concrete in tension is not considered. It is nabremended to rely on FRP bars to resist
compressive stresses and they should be ignoretesign calculations [8], therefore the

compressive reinforcement is not taken into accoutitis study.

According to Eq. (3) the effective concrete elasticdulus, E,(t,t,), decreases due to creep

at a rate of(1+¢(t,t,)). Therefore, the depth of the compression zone ahaked section
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subjected to a constant bending moment increasistiwie to achieve equilibrium, and so

does curvature, as shown in Figure 2.1.

b g(t,to)
- £(t) —
| we et
5 -~/ =
A /
= /
< /
P © /
/
4
A
© O O O /
Cracked section Strains

Figure 2.1. Instantaneous and long-term strainscandatures in a cracked section

Assuming that the total curvature in a fully cragksection, including the creep effect, is

equal to:

Yo (1) = Dl eyt 1) + (o) (6)

the relative increment of curvature due to cregplmmdetermined as:

Al/lz,creep(t’to) - lﬂ; (t,ty) -1 (7)
W,(t,) &, (t,)

where Ay, ....(t,t,) is the curvature due to creep, apigt, the instantaneous curvature.
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Assuming that the section is subjected to a coh&t@nding moment, the ratio of curvatures

is equal to the ratio between sectional stiffnlegs,t, andka(to):

M
Yy (tt) _ Ko (tty) _ ky(ty) )
¢’2 (tO) M k2 (t’to)
K, (to)
The sectional stiffness of a fully cracked sectieads:
k, = EA, (d - x)(d - x/3) 9)

where A is the area of tensile reinforcemedtjs the effective depthx is the neutral axis
depth of the section; artg} is the elastic modulus of FRP reinforcement. Beeaof the low
level of stress imposed on FRP reinforcement byiceability conditions [8], the effect of the
possible creep deformation of the bar is ignoreftant of the greater influence of concrete

creep.

Using Egs. (7), (8), and (9), the relative incretr@&rcurvature can be written as:

_ X)) _ X(t)
A, greepltsto) _ (1 d j(l 3dj

W, (to) (1_ x(t,to)j(l_ x(t,to)j )
d 3d

(10)

In the absence of compressive reinforcement, theaeaxis depth for a fully cracked section

at the initial time,x(t, ) can be written as:

X(t,) _ B 2
q —n(to)p[ 1+ (1+ n(to)pn (11

where n(t, ) is the ratio between the elastic modulus of resément and concrete, and is

the reinforcement ratio.
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A similar equation can be written to obtain the tna@laxis depth at timg x(t,t,), taking into

account the influence of concrete creep with treeafshe corresponding coefficiert(t,t,) :

X(t,t) _ - 2
TN ¢(t’to))p( 1*«1* n(to)(l+¢(tlto))pn .

Using Egs. (11) and (12) in Eq. (10), the relath@ement of curvature reads:

A ltls) _ (1"(1RB( 5(1RD

(13)

-1

For the sake of simplicity in Eqg.(13),refers the coefficient between the elastic modolus

the reinforcement and the elastic modulus of cdeaethe initial time oin(t, )and ¢ is the

creep coefficienip(t,t,) betweert andto.

2.3.2 Derivation of a simplified method to obtain longrecurvature due to creep

In this section a multiplicative factok Is deduced to obtain long-term curvature due to

creep?

creep, Ay, .. (t,t,) , from the initial curvaturey, (t, ,)so that:

sz,creep(tlto) = kcreeyz (to) (14)

The coefficientk has been deduced using mathematical methods glioation. In

creep

A 4l/2,creep(t ’ tO) iS
l/IZ (tO)

order to mathematically manipulate the expressiorergin Eq. (13),
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renamed a$(r,t), np asr’and ¢ ast. Therefore, Eq. (13) can be rewritten as:

e
i e )

The adimensional parametey depends on the elastic moduli of FRP and conceete,the

j

f(r,t)= -1 (15)

amount of tensile reinforcement. The elastic mogwiiFRP usually ranges between 40 and
120GPa (the lowest values for GFRP, medium valoefAFRP and the largest for CFRP).
The usual values for concrete strength are betv@eand 80MPa, and for a reinforcement
ratio p between 0 and 0.04. For concrete beams reinfaxithd=RP bars, it can therefore be

assumed thatp usually ranges between 0 and 0.2.

The creep coefficienty, depends on the loading age, the ambient humidikyment

dimensions and the composition of the concreteudssg an interval of variation from 1 to

3, a wide range of environmental conditions aremakto account.

Assuming, therefore, that the usual valuesnfoendg can range from 0 to 0.2 and from 1 to
3 respectively, the Taylor series development af (B§) has been developed about the point
0,2).

f(r, t)‘—4\/_ 22[ —64J§2+32 2+—«/_rt+ (16)
4 32, . _
Like \/_r + \/_I’ —r +—x/_r Or O (O,\/ 0.3), Eqg. (16) can be approximated as:

f(r,g)= ;tﬁr (17)
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Therefore, the simplified coefficier,.., can be defined as:

Keeep = 0730 /np (18)

It is noteworthy that the proposed coefficiekt,.,, depends omp andg, and so implicitly

includes the effects of concrete strength, therenmental conditions and the age of loading.
The highemp and ¢ are, the higher the multiplicative coefficientdasie to the increase in the

height of the compressive concrete block, whichliespan increment of curvature due to
concrete creep. This can be observed in FiguraR.2(

b)
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Figure 2.2. (a) Multiplicative coefficient kcreepda(b) relative error between analytical procedure,

Eq.(13), and proposed method, Eq.(18).

The proposed simplified coefficienk,,..,, has been compared with the analytical procedure
from Eq. (13) to calculate the prediction of theataurvature, including creep. The difference

between the two is reflected in Figure 2.2(b), witle maximum difference being around
1.5%.
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2.3.3 Comparisonwith other methods

The procedure presented in the CEB Manual on Qngcand Deformations [16], described
and illustrated in Ghali and Favre [15], to obtime-dependent curvatures due to creep is
general for SRCS, as is the Eurocode 2 procedyreVfdreover it has been proved to be
suitable for other reinforcing materials such a$HR4]. Due to the generality of the method,

it seems appropriate to compare it with the mettroposed in this work.

Based on [15,17]png-term curvature due to creep can be calculased

AW, creeptity) = (1)K, (L) (19)
where the subscrigttakes a value of 1 for uncracked transformed sestand 2 for fully
cracked transformed sectiong, is the curvature coefficient related to creep aad be
obtained by the following expression:

.+ A
K¢,i :CAIDyCy (20)

Ic is the moment of inertia of the concrete afgabout an axis through the centroid of the
age-adjusted transformed sectignjs the centroid of thé, Ay is the y-coordinate of the
centroid of the age-adjusted transformed secticggasured downward from the centroid of
the transformed section &t and | is the moment of inertia of the age-adjusted fansed
section. The age-adjusted transformed section lsuleded from the age-adjusted elastic

modulus of concrete:, (t,t,):

= _ Ec(to)
S = et (@)

where x(t,t, )is an ageing coefficient angi(t,t, the creep coefficient at age

As an alternative to using Eq. (20), the coeffitiep, can be obtained using the charts given

by the CEB Design Manual on Cracking and Defornmesifd. 7]
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Comparing Eq. (14) and (19), the proposed coefficle.., equals the terng(t,t,)«, , for a

fully cracked member. Both coefficients are comgareFigure 2.3 for three representative

values of the creep coefficieng(t,t, 51, 2, and 3. A typical value of 0.8 has beermator
the aging coefficieny(t,t, )Both coefficients show the same trend with srddferences, as

can be observed in Figure 2.3.
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Figure 2.3. Comparison of the proposed coefficletr;gep and the coefficient obtained using

the CEB [17],8(t,t,)K; ,.-

It is worth noting that, for the same level of a@ay, the proposed simplified coefficient,

k contains implicitly time-dependent parametersl #@at its calculus depends only gn

creep’
at the initial time of loading and the creep caaéinty. The use of the proposed coefficient is

therefore an easy method to obtain total curvatumetiding creep, from the initial curvature.
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2.4 Prediction of total deflections

2.4.1 Simplified method to obtain total deflections

In this section a method to obtain total long-tedteflection in simply supported beams is

presented.

The total long-term deflectiori(t,t,) , is given as the sum of instantaneous deflectégh,)

and time-dependent deflectiof(t,t,) :

o(t,t,) = A(t,) + Ad(t,t,) (22)
where the time-dependent deflection is the sum rekm deflection, Ad,..(t,t,), and
shrinkage deflectionAdg, (t,t,) :

AS(t,ty) = Aleep(tity) + Ay, (1, 1,) (23)

For calculation purposes, shrinkage deflecttah, (t,t, , cgused by uniform curvature along

the span, is considered separately from instantenaond creep deflections, whose curvature

varies along the member as a result of load digioh.

Using Mohr’s second theorem, the deflection for @ymsupported beams due to uniform

shrinkage Ad,(t,t, ) can be obtained by the following expression:

|2

Aa-sh(t!to) ZAl//sh(tltO)E (24)

where Ay, (t,t, ) is the shrinkage curvature calculated using Eq. (4)

Instantaneous and creep deflection can be obtdmoed double integration of the sectional
curvatures. The deflection at the centre of the bemstrongly depends on the curvature at mid-

length. In the usual case of parabolic variatiorthef curvature over the member’s length, the
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mid-span deflection can be obtained from (Ghalieade [17]):

| 2
5(1:0) = % (l//el + J-Q//centre + ‘/lez) (25)
where ¢k and i are the curvatures at the member’s egdsye is the curvature at mid-length
andl is the member’s length. When the member is sirappported the end curvatures are zero

and consequently

51
oft)=—— 26
( O) 48 ‘/lcentre ( )

For calculation purposes a linear relationship betwdeflections and mid-span curvature can

therefore be assumed.

Based on the previous considerations, time-depéndeflection due to creep can be

approximated by multiplying the instantaneous dgf@ by the ratio of curvatures,

A(//creep(t’ tO)

,asin:
W(t,)
A t,t
A5creep(t’to) = 5(to)m (27)
W(to)
Therefore, the total long-term deflection can beegias:
A eep(t 1) 12
O(t,t,) = A(ty)| 1+ =2 [+ Ay, (tt,) — 28
(tt;) (@[ o) Yalt o) g (28)

Long-term curvature due to the effect of cre&g/,,...(t,t,), can be determined using Eq.

creep
(1), by interpolating between state 1 (correspogdim the uncracked section) and state 2

(corresponding to the fully cracked section):

AW onn(tty) = 0.5( “;'A j A,en(til) + [1— 05(““ Jsz,creep(t,to)

(29)
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Under serviceability conditions the uncracked parthe beam is expected to make little
contribution to the appearance and growth of craakd therefore the time-dependent mean

curvature due to cree@y...,(t,t,) , is assumed to be equal to the time-dependenatus/

for a fully cracked sectiomyy, ...(t;t;) (comparisons are made in the next section):

A‘//creep(t! to) = A‘//2,creep(tl to) (30)

Using Egs. (30) and (14) in Eq. (27), the time-chej@nt deflection due to creep can be

rewritten as:
A5creep(t’to) = 5(t0)kcreep (31)

Finally, using Eq. (19) in Eqg. (32), the calculatiof the total deflection given by Eq. (28) can be

approximated by:

5.t = 8L+ 0739 np)+ Ay 1) (32)

2.4.2 Application range of the simplified method to obteital deflections

In this section, a parametric study is carried wwutletermine the application range of the
simplified method for simply supported beams unskwiceability conditions. The applied
moment considered corresponds to the service moigntwhich can be estimated by
assuming a recommended maximum bar strain of 20Q08] to limit crack widths to
acceptable values for FRPRCS members [19,20].
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Figure 2.4. Relationship betwebtyM., andnp for FRP reinforced concrete beams.

On this assumption, the ratid/M,, can be represented as a functiompf and the ratial/h

between the effective depfih,and the height of the sectidn,as shown in Figure 2.4.

To examine the error in the long-term deflectionediction when introducing the
simplification in Eq. (30), a comparison is madewsen the direct application of the
analytical procedure given by Eq. (28) and the psa approximate coefficient incorporated
in EQ. (32) in terms of the part of the deflectolure to creep (first part of the second members
in both equations). Usual valuesdifi=0.9,¢0=2 andE; ranging between 40 and 120GPa and
fc ranging between 20 and 80MPa are considered @p#rametric study. Three different

values of shrinkage have been taken into accoyu20® and 40(k.
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Figure 2.5. Error made using the proposed methedltulate the total deflection for different

levels of concrete shrinkage.

The influence of the ratiMd/M on the differences obtained is illustrated in Feg@r5. The

relative error decreases with the increase indkie MJ/Mc,, due to the fact that the proposed
coefficient, k,..,,, is developed for a fully cracked section, andefwre the highest errors are
found when the value of the service moment is closethe cracking moment. Assuming an
error of less than 10% as an acceptable level ofiracy in deflection calculations, the

proposed method is seen to be valid for calculatime total deflection for service loads
MJMc, greater than 1.5, which in practice includes tlagonity of cases.
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2.5 Comparison with experimental data

The procedure proposed here is compared with theeremental results of long-term
deflections of concrete beams reinforced with GHRPs presented by Hall and Ghali [13].
Two levels of sustained loading were consideredh watios ofM/M, equal to 1.5 and 3.0.
The beams were 280mm wide, 180mm high and 3500nmgp (8200mm span), and were
reinforced with 3@15mm GFRP bafs=0.29%). The GFRP bars used in these experiments
were type 1 C-Bar® with an ultimate tensile stréngit 680MPa and a tensile elastic modulus
of 42GPa. The values of concrete strenfifrand the modulus of elasticity of concreig, as
determined from cylinder tests, were 31MPa and Zl@&Bpectively With these values the

modular ratio is1=2.

The beams were subjected to short-term cyclicallif@pto represent service conditions
before the application of the pair of concentrdtetls. The respective load levels were equal
to 11.5 and 5.9kN. The temperature in the laboyatemained constant at 23+2°C and the

average relative humidity over the period of tretgevas 24%.

The creep coefficient has been calculated with ggus given by the CEB-FIB Model Code
1990 [5], while the free shrinkage has been obthiftem the average shrinkage of test

cylinders [13].

The experimental total mid-span deflections dueht® two loading levels, the theoretical
deflections calculated using the ACI 440.1R-06 §8]d CSA-S806-02 [11] direct method, the
CEB Manual on Cracking and Deformations [15, 17¢l dhe proposed method with the

simplified coefficient k are plotted and compared in Figure 2.6. The to&dledtion

creep

includes the instantaneous and the time-depenadieictions due to creep and shrinkage. For
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the ACI 440.1R-06 and CSA-S806-02 [11] direct mdthbe total deflection is calculated as:

O(t,to) acr = I(to)(1+ 0.6¢) (34)

O(t,ty)csa=O(tp)(1+S) (35)

where ¢ andSare the time-dependent coefficients, with valegorted in ACI 318-05 [7]
and CSA-S806-02 [11].

100 -

90

80 -

70 A

60

50

Total deflection (mm)

— Proposed method (Eq.(32))

—— CEB Manual on Cracking and Deformations[15,17]
x  Experimental data

-o--ACI440.1R-06 e

5 CSA-SB06 e

X X XX XX

g xx\xxx\xxxxxxxxxxxx

50 100 150 200 250
Time since loading (days)

Figure 2.6. Comparison of the predicted total ndrsdeflection using different methods.

An overestimation of the mid-span deflections foe two beams tested when using ACI
440.1R-06 and CSA-S806-02 is clearly illustrated=igure 2.6, mainly for the higher load
level. However, the proposed method, Eq. (32), d#red CEB Manual on Cracking and
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Deformations [15, 17] give similar predictions tooth beams, although the latter requires a
higher degree of computation. The quantificatiothef errors for the respective predictions is

shown in Table 2.1.

2.6 Conclusions

A new simplified method for the evaluation of tidependent deflections of concrete
members reinforced with fibre reinforced polymersbhas been proposed. The method has
been deduced from general principles based orttteetive Modulus Methodnd Eurocode

2. From an analytical development of the equatifarstime-dependent curvature, a new
multiplying coefficient to predict time-dependentfigctions due to creep of concrete
members reinforced with fibre reinforced polymerrsodnas been proposed. The new
coefficient is simple, accurate, and implicitly lmdes the effects of different materials,
mechanical properties, environmental conditions #mel age of loading. Based on the
aforementioned developments, a simplified methodalgulate long-term deflections under
serviceability conditions accounting for creep aslrinkage has been presented. A
comparison using analytical procedures and theqs®g simplification has been made. Good
accuracy, with differences of less than 10% fordsgcases, has been obtained. Finally, a
comparison with experimental results for GFRP wicéd concrete beams reported in the
literature has been made, and a good capacityeigiriong-term behaviour using the new
method has been observed. It has also been shaivading coefficients that do not take into
account specific properties can lead to considerdiflerences in long-term predictions.
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Pred./Exp. deflections for sustained lo&tiM,=1.5

Pred./Exp. deflections for sustained lo&tiM=3

Loading time (days) CEB Manual  ACI 440.1R-06 CSA68| Proposed method CEB Manual ACI 440.1R-06 CSA8S80Proposed method
30 0.94 0.93 1.08 0.88 1.00 1.04 1.20 0.98
90 0.97 1.09 1.36 0.90 1.03 1.24 1.55 1.01
180 0.97 1.09 1.40 0.90 1.03 1.28 1.64 1.02
250 0.97 1.09 141 0.90 1.04 1.29 1.67 1.03

Table 2.1. Predicted/Experimental deflections
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Summary

Due to the low modulus of elasticity of FRP baef]ettion control is often a limiting factor
in the design of FRP reinforced concrete (FRP R@yctures. To address long-term
deflections due to creep and shrinkage, availabbeles and guidelines for FRP RC
structures, such as ACI 440.1R-06 and CSA-S806+0ppse simplified procedures based on
empirical multiplicative coefficients. Although ga® use, these procedures do not account
for the influence of changes in material properiedactors affecting creep and shrinkage of
concrete. A straightforward method to predict Idegn deflections due to creep and
shrinkage based on rational multiplicative coe#iitis deduced from the principles of the
Effective Modulus Method (Eurocode 2) is presenid proposed method, although simple,
accounts for main mechanical properties of matsriahriations in environmental conditions
or other parameters that can affect creep and #awe. The method is compared to CEB-
FIP, ACI 440.1R-06 and CSA-S806-02 proposals. Adgapeement between the CEB-FIP
and the proposed method is obtained. However, ddficients proposed by ACI and CSA
can lead to considerable differences in long-tenadctions with respect to the proposed
method depending on the characteristics of thectiire.
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3.1 Introduction

Fibre reinforced polymer (FRP) bars offer an akliitre to steel reinforcement in concrete
structures where the corrosion in steel or interfees with magnetic fields can be present.
However, FRP have lower stiffness than steel recafment and, therefore, deflection control
can usually be expected to be a limiting factothie design of FRP reinforced concrete (FRP

RC) structures.

Proposed formulations for calculating deflectioh&BP RC structures are based on the same
principles already established for steel reinforcedcrete (SRC) structures. Nevertheless, the
equations have been modified to be adapted toaheplar behaviour of FRP RC members.
A number of studies on flexural behaviour and inttaeous deflections of FRP RC members
have been carried out [1-7] and the several prdpdbat have been made gave acceptable

predictions.

Likewise, existing equations for SRC structuresehbgen taken as a reference for long-term
deflections of FRP RC structures, the use of mlidapive coefficients on the initial
deflection being one of the most widespread metlggsto its simplicity [8,9]. Nevertheless
it is worth mentioning that these coefficients werapirically calibrated for SRC members
under specific conditions (reinforcement and cotecr@roperties, and environmental
conditions) [10]. On the other hand, using moreegaihmethods based on the calculation of
long-term sectional curvatures [11-14] allows theciranical behaviour of materials to be
taken into account in a more rational way, althowgimplexity is introduced into the
calculation. As an alternative, to facilitate theise in design practice, multiplicative
coefficients which take into account the main meatel and environmental parameters

involved have been derived for creep and shrinkdgfermations [12,13]. However, their
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calculation is not immediate and design charts hbeen developed for their practical

application [12,13].

Due to the lower stiffness of FRP bars, the retatieformation increment associated with
creep and shrinkage in FRP RC structures is lokaan for conventional SRC elements since
there is a smaller concrete area in compressiosedan the results of long-term test of
concrete beams reinforced with FRP bars carriedbguBrown and Bartholomew [15] and
Brown [16], ACI 440.1R-06 [17] proposes to reduge multiplying factor for SRC structures
of ACI 318 [8,10] applying an empirical reductionefficient of 0.6 to take account of the
aforementioned lower effect of creep and shrinka@s the other hand CSA-S806-02 [18]
proposes a more conservative approach and adoptsamme coefficient used for SRC
elements. However, available experimental resul8-43] show that ACI and CSA

procedures do not always adequately predict long-teeflections of FRP RC members.

Analysis of experimental results on FRP RC bean®2l] indicate that the CEB-FIP
procedure [11,12] together with creep and shrinkageature coefficients, as those proposed
by Ghali et al. [13], can accurately predict loega deflections of FRP RC structures. The
procedure is based on the Age-Adjusted Effectivaliies Method [24] and it accounts for
the effects of member geometry, load charactesigage of concrete at the time of loading,
magnitude and duration of sustained load) and naaj@operties (elastic moduli of concrete
and FRP reinforcement, creep and shrinkage of eta@crHowever, this approach requires a

greater degree of computational effort.

A procedure similar to CEB-FIP deduced from thed€ode 2 [14] approach for long-term
deformations, but simple and straightforward, mike ACI 440.1R-06 [17] or CSA-S806-02
[18], was presented in [25] to obtain the long-tedeilections due to creep from the initial
deflections. A multiplicative coefficient to obtathe long-term deflections due to creep was
deduced considering the principles of the Effect@dulus Method [26,27] from Eurocode
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2. The coefficient was deduced considering a fatgeked condition, and comparison with
CEB-FIP procedures and experimental results demadadt its suitability for serviceability

conditions.

This paper presents a rational and straightforwaethod, based on rational multiplicative
coefficients, to calculate long-term deflections HRP RC members due to creep and
shrinkage. The previously introduced method foepréeflections of FRP RC structures is
generalized to take into account the tension siifig effect, expanding its applicability. A
coefficient for long-term shrinkage deflections deduced based on general principles of
structural mechanics and using thkéective Modulus Method 4]. The coefficient is reduced
by mathematical manipulation to be simple but abte to account for variations in the
environmental conditions and the mechanical progedf materials. The proposed method
based on multiplicative coefficients to predict determ deflections is compared to
experimental results to show its suitability, anodEB-FIP [11-13], ACI440.1R-06 [17], and
CSA-S806-02 [18] methodologies to highlight theluehce of different parameters in the

predictions.

3.2 Time-dependent coefficients for FRP RC beams

In this section, time-dependent coefficients todprelong-term curvatures due to creep and
shrinkage are presented. Both are deduced fronptimeiples of the Effective Modulus
Method [26,27] and Eurocode 2 [14].

A coefficient to compute time-dependent curvatumed deflections due to creep was deduced
for a fully-cracked section in [25], showing itsitaility for the usual range of loads under

serviceability conditions. In this paper, it hasbeextended and generalized to take into
account the unfavourable contribution of the unkeacsection, and so the tension stiffening
effect, for loads relatively close to the crackmgment. The procedure is completed with the
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proposal of a coefficient for deformations due hoirskage effects. As for the coefficient for
creep deflections, the deduction is based on geperiples of structural mechanics, and it
is reduced by mathematical manipulation to be senqpit also able to account for variations
in the environmental conditions and the mechanpcaperties of materials. In this case a
fully-cracked section is considered to obtain apén coefficient, although on the side of

safety.

Due to the relationship between curvatures andedifins, the two coefficients can be

incorporated into a procedure to predict long-teiefiections due to creep and shrinkage.

3.2.1Long-term curvature due to creep

Sustained stresses applied to concrete will produpeogressive increase in strain due to
creep. The environmental conditions, the concreibgume, the shape of the member, the
material properties, as well as the age at loadimdythe duration of the load influence creep

strain.

According to Eurocode 2 [14], the curvature inchglcreep,¢(t,t,), in members subjected

to flexure, which are expected to crack but mayheotully-cracked, can be calculated by:

w(t.to)=w1(t,to)ﬂ[“ﬂ;j +w2(t,to)(1—ﬂ[“’h';j J 1)

wheret is the time at whicly (t,t,) is to be determinedg is the time at the application of the
sustained loadj is a coefficient taking into account the influerafethe duration of the load
(1 for a single short-term load, and 0.5 for sumdior repeated loadd)l is the cracking

moment, andM is the applied momenty,(t,t,) and ¢,(t,t,) are the curvatures including
creep at the timeé for the uncracked and fully-cracked conditionspextively, and can be
calculated using an effective modulus of elasti@tyconcrete according to the following
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expression:

Ec(t!to) :L (2)

1+(t.t,)

where E_ is the modulus of elasticity of concrete at tinand ¢(t,t,) is the creep coefficient.

Based on theEffective Modulus MethodEq. 2), the authors presented [25] a simplified
method to predict time-dependent curvatures dueetep in flexural members reinforced with

FRP bars. According to this method, the incremenbmng-term curvatures due to creep for a

fully-cracked transformed sectiolyy,..(t.t,), can be obtained from the corresponding

initial curvature,y,(t,) , using the multiplicative factdg,., :

Al//Z,Cl‘eep(t'tO) = kcreer‘”z (to) (3)
Kereep = 07340 (4)

where ¢ = ¢(t,t, ) is the creep coefficient at tinte n is the ratio between the modulus of
elasticity of reinforcement, and the modulus of elasticity of concretg,; and p is the

tensile reinforcement ratio. Detailed derivationExf. (4) can be found in pp. 1834-1835 of
[25].

Although the coefficienk.eepwas deduced for a fully-cracked section, a pardametudy
showed its accuracy for calculating the total dgiftans (initial plus long-term deflections due
to creep) under serviceability conditions, whenttmesion stiffening effect is relatively small
[25].

To increase the accuracy of the predictions udshegnhultiplicative coefficient for service

moments and moments close to the cracking momeargywaapproach is developed to obtain

a more general procedure. This approach accountdhdotension-stiffening effect together
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with the time-dependent loss of flexural stiffng&d], which occurs from cracking under

repeated loading or due to sustained loads.

Following this methodology (its full developmentpresented in the Appendix), the predicted

curvature including creepy(t,t, ,)can be obtained using thgeep coefficient, given in

Eqg.(4), and the initial curvature for a sustaineal, ¢ (t;) s-os :

Wt t) = (L4 Koeaph/ (to) p-o0s (5)

wherey(t,) 5-05 IS Obtained using3 =05 and Eq. (4-A2) in Eq. (4-Al) from the Appendix:

—_ M MCF ’ M MCF ’ (6)
o o ot

where |,and |,are the moments of inertia of uncracked and futeked transformed

sections about its centroidal axis, respectivelglc@ation of the initial curvature using a
factor £ = 0.5 in the tension-stiffening term according Eq. (6), is equivalent to the
calculation for short-term loading3(= 1 in Eq. Al) but using a reduced cracking moment

equal to M, =/BM,,, which corresponds to a 30% reduction in the dracknoment as

indicated in Scanlon and Bischoff [29].

3.2.2Long-term curvature due to shrinkage

Concrete shrinkage is a reduction in volume capsetipally by the loss of water during the
drying process [26]. The environmental, mixture acaring conditions, the material
properties and the geometry of the element afteetnbagnitude of free shrinkage strain of
concrete. As the concrete shrinks, the reinforceénsecompressed and an equal and opposite
tensile force is imposed on the concrete at thel lek/the reinforcement. If the reinforcement

is not symmetrically placed on a section, a shigekmduced curvature develops with time.
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Shrinkage in an unsymmetrically reinforced concrbeam can produce deflections of
significant magnitude, even if the beam is unloaf2®]. This applies also for FRP RC
flexural elements, although it is not recommendedety on FRP bars to resist compressive

stresses [17].

Based on general principles of structural mechariosocode 2 proposes to obtain the long-
term curvature due to shrinkagky., (t,t, , by:
n(t, t,) S(t,t,)

It to) @)

where &(t,t,)is the free shrinkage straing(t,t,)is the first moment of area of the

Al)l/sh(tito) = gsh(t!to)

reinforcement about the centroid of the effectrams$formed section,(t,t,) is the moment of
inertia of the effective transformed section, and

E;

E:(t, %) (8)

n(t,t,) =

is the effective modular ratio, wit as the modulus of elasticity of the FRP reinforean

The first moment of effective transformed areahef teinforcementn(t,t,)S(t,t, ,)equals the

first moment of area of concrete about the centodithe effective transformed section. The
effective transformed section properties are catedl using the effective modulus of
elasticity of concrete (Eq. 2). Using of fully-cked section condition in Eqg. (7) greatly
simplifies the procedure and gives similar or dlighigher values than interpolating between
uncracked and fully-cracked states. Thereforeaftully-cracked rectangular section, Eq. (7)

can be written as:

b-x(t,t,)?

AP, (L) = &4, (1, 10) 20, (tt,)

9)

whereb is the section width and(t,t,) is the neutral axis depth of the effective transied
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section. Eq. (9) is also valid for T sections ietheutral axis lies within the flange. The

moment of inertia of the effective fully-crackedrisformed section, (t,t, ,)an be obtained

by the following expression:

1, (tt,) =n(t,t,) A, (d —x(t,to))(d —%} (10)

whereA is the area of tensile reinforcemené (= pbd) andd is the effective depth.

Using Egs. (9) and (10), the long-term curvature ttushrinkage reads:

£, (t,t,) X(t,t,)?

A()[/sh =
2np(L+ 4, t,))(d - x(t,to>)(d —X“S”j (11)

The neutral axis depth of an effective fully-cragkeansformed section with no compressive

reinforcement can be calculated as:

12
x(t,to)=dnp(1+¢(t,to))(—1+ J1+ 2 J (12)

no(L+¢(t.t))

If the last term in Eq. (11) is renamedkas

k = X(t,to)2 (13)
2np(L+ (t,t)(d - x(t,to))(d —X“;)j

the long-term curvature due to shrinkage reads:

Eqn

A =
‘/jsh d

Ksh (14)

whereeg,, =&, (t,t, )is the free shrinkage strain
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Substituting Eq. (12) into Eq. (13), wigh= ¢(t,t, , k,,can be rewritten as:

1

2 2 1
2np@+ ¢)[£n,0(1+ ¢)(—1+ [1+ np(1+¢)B —1}[{”,0(1"' ¢)(‘1+ N n,0(1+¢)n - 3}

(15)

ksh(np1 ¢) =

The non-dimensional parametgr depends on the elastic moduli of FRP and conceete,
the reinforcement ratio. Assuming an elastic mosiudfi FRP between 40 and 120GPa, a
concrete strength between 25 and 80MPa, and aoreerhent ratio between 0 and 0.03,
ranges from O to 0.12. Due to variation in enviremtal conditionsyp can be assumed to
range from 1 to 3. Accordingl¥kss can be simplified using the Taylor series develepirof
Eq. (15) about point (0,2), obtaining:

K =L+ B0 (4+¢) =1+ 014/np (4+9) >

For practical purposeg can be replaced by a conservative value of 3 caedficientks, can

be reduced to:

ksh :1+ W (17)

3.2.3Comparison of the proposed coefficients and theresice analytical procedure

Using the deduced multiplicative coefficients tadab long-term curvatures due to creep
and shrinkage (Eqgs. 5 and 14), the total curvaeads:

‘. (18)
w(t’to)T,proposed = (1+ kcreep)ﬂ(to)ﬁ:% ¥ Th kSh

wherekgreepandksy are defined in Egs. (4) and (17), respectively.
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To assess the accuracy of the methodology, a paiarstudy is carried out comparing the
total curvature, including creep and shrinkagegcuwated using the proposed simplified
coefficients kereep andksy, and the analytical procedure of Eurocode 2 froicty they were
derived. To this end, the following typical valukrave been selected/h=0.9, f. ranging
between 25 and 80MP@ ranging between 0.002 and 0.03, &d-anging between 40 and

120GPa. Creep coefficient and free shrinkage straue been taken as=2 and &,,=350ue.

Additionally, different levels of applied momentvgabeen used: 1IMk;, 2M¢, 3Mc, and
5Mcr.

1.05
x M=1.5M
1.04 o M=2.0M .
o M=3.0M cr X
8 1.03 - » M=5.0M cr « X
] X o
2 1.02 « e
E X )Kx * ° o <
s 1.01+ X XX ° o° o A
/-% xX x* o0 © (D¢ 2 Al
< x X e ez g & 2°
S 1.00- A38; & 55 o o8 66988
0.99 Constant parameters:
f.=30MPa,d/h=0.9, =2, £,=350u¢
0.98 T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12

np

Figure 3.1. Ratio between total curvatures predictsing (Eg. 18) and Eurocode‘fZ,ermd,
[//T (tito) EC-2

for different levels of applied moment.

The ratio between the curvatures obtained usingsitmglified coefficients and the general
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l//T (t’tO)

analytical method Proposed s jllustrated in Table 3.1, for concrete with30MPa. For

‘/IT (t ' tO) EC-2

a concrete strength ranging between 25 and 80Mieasatio varies between 0.99 and 1.04,

thus showing good accuracy of the simplified praced

Additionally, the study has been conducted foredéht values of creep coefficiegt, and
free shrinkage strairg, (keepingf. = 30MPa). Results for bending moments equal tMg.5

and M, are presented in Table 3.1. Again good accuaopserved.

M=1.5Vl, M=3.0M,

@ e, (pe) | w=002 =008 np=012 | np=002 np=008 mp=0.12
1 100 0.98 0.99 0.99 0.99 0.99 0.99
1 200 1.00 1.02 1.04 0.99 1.00 1.01
2 200 0.98 0.99 1.00 1.00 1.00 1.00
2 350 1.00 1.02 1.04 1.00 1.01 1.02
3 350 0.99 1.00 1.01 1.01 1.01 1.02
3 500 1.01 1.02 1.03 1.01 1.01 1.02

Table 3.1. Ratio between total curvatures prediotidg Eq. (18) and Eurocodeﬁ[meposed, for
[//T (titO)EC—Z

different environmental condition§€30MPa).

It can therefore be concluded that the deduced Idietpcoefficients can be applied for a

wide range of values afip including different materials and reinforcemenias, as well as

creep and shrinkage values.
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3.2.4Long-term deflection due to creep and shrinkage

Initial and total deflections including creep cae bbtained from the double integration of
sectional curvatures. In the usual case of pa@baliation of curvatures over the member’'s

length, the mid-span deflection can be obtaindd s

|2 (19)
5m = % (wend,l + 1q[/m + wend,r )

where ¢, is the curvature at mid-spadeng; and (eng, are the curvatures at the member’s left
and right end, respectively, ahds the member length. From Eq. (19) it can be skanthe
deflection at the centre of the member stronglyedéep on the curvature at mid-span.

Using Eqg. (5) in Eq.(19), the deflection includiogeep at time, for members with different
support conditions (continuous or fixed end memeads:

| 2

J(t, tO) = % ((1+ kcreepl )ﬂ(to)(ﬁ=0.5)end,l + 1d1+ kcreepm )ﬂ(to)(ﬁ=0.5),m + (1+ kcreepr )ﬂ(to)(/hO.S)end,r )
(20)
wherekereepm Kereept @NdKereep,s are the creep coefficients calculated using &)y.at the mid-

span  section, at members left end, and right endgspectively.

Similarly, i (ty) s=0s).m & to) (=0s)enas @A Y (to) s=05enar are the initial curvatures, at mid-

span, and at the two member’s end, calculated Usingo6).

For a typical case of a simply supported bedgmg and ¢nq, equal 0 and the deflection
including creep at timefrom Eq. (20) leads to the following expression:
(21)

102
96

5(t7t0) = (1+ kcreepm%y(to)(ﬁ:O.S),m
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Taking into account that the initial deflection is:
(22)

10°°
5“0)(/;:0.5) = Ew(to)(/zzo.s),m

and substituting EQ.(22) in EQ.(21), the deflectimluding creep can be approximated
multiplying the initial deflection by the proposedefficientkereep

(23)
6(t,t) = (L+ Kegeepm )3t 509

On the other side, long-term deflection due to amif shrinkage)d,, (t,t,) , can be obtained

using Mohr’s second theorem leading to the follaywxpression:

Aé-sh(tvto) = Awsh(t-to)ksl ? (24)

whereks depends on the support conditions of the beam [29]
ks = 0.50 for cantilevers
ks = 0.13 for simply supported beams
ks=0.09 for spans with one end continuous (Mmudnsp
ks=0.08 for spans with one end continuous (two span
ks = 0.07 for spans with both ends continuous

Using Eq. (14) in Eq. (24), the long-term deflentaue to shrinkage can be obtained as:

Aa—sh (t:to) = £Sh((;'t0) ks,hksI ? (25)

In the particular case of a simply supported bettua long-term deflection due to shrinkage

can be calculated by:

2 26
st =55, &
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3.3 Evaluation of total deflections of FRP RC members

Simplified procedures used for SRC structures dopted in FRP RC codes and guidelines,
with or without modification, as is the case of A@0.1R-06 [17] and CSA-S806-02 [18].
As indicated previously, these methods are verypkmnd straightforward although they do

not explicitly account for the variation of mateénmoperties or environmental conditions.

On the other hand, more general procedures, sutttabffom CEB-FIP [11-13], specifically
include different materials and values of creep ahdnkage. Although this method was
deduced for SRC structures, it has been provea teuliable for other reinforcing materials
such as FRP [19,22].

In this section the aforementioned methods areodinited, and a study is performed to
compare their predictions with those from the psgmb method for a wide range of

parameters.

3.3.1 Prediction models

ACIl 440.1R-06
According to ACI 440.1R-06 [17], the total deflieet, including the effect of creep and

shrinkage, dr xciu0 » Of FRP RC members can be obtained from the irdgflection due to

sustained loadd,:

Or(aciadg = (1+ 0'6/])5(sus) (27)
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where 0.6 is a reduction factor based on testgechout by Brown and Bartholomew [15] and
Brown [16], and A is the coefficient in ACI 318-08 that has been elydused for SRC
structures [8,10,29]:

§ (28)
1+500

wherep' is the compression reinforcement ratio afdis the time-dependent factor for

sustained loads, which includes the effects ofcesal shrinkage.

If compression reinforcement is not considdped0), as stated for FRP RC structures, the

parameteri reduces tg, and Eq. (27) can be written as:

Sr(aciaag = (L+ 066)Fqy (29)

CSA-S806-02

According to CSA-S806-02 [18], the equation foratateflection of FRP RC structures is the

same as for SRC members with no reduction:

S csy = 1+ €)eus (30)

CEB-FIP
Based on the procedure presented in the CEB Mamu&racking and Deformations [12],

described and illustrated in Ghaliat [13], total deflectionsgcg r5), Can be obtained by

interpolating between state 1 (uncracked transfdreection) and state 2 (fully-cracked

transformed section):

2 2 (31)
Grcemrn) = a{“"“j 5 (1) +[1— 0.5(“"“) J@,z(t.to)

M M
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where, the predicted total deflections for eactesth and 2) can be obtained as the sum of the

initial deflection, d(t,);, the long-term deflection due to cree®d(t,t,) e, » @and the long-

term deflection due to shrinkad®(t,t,).,;

shi

8y = 3(to); + DS to)geeps + ATt (32)

creepi

where subscripttakes the value of 1 for the uncracked state afiod the fully-cracked state.

The long-term deflections due to creep and shriekage obtained separately from the

following expressions:
A6(t7t0)creepi = 5(t0)| ¢(t’tO)K¢,i (33)

_Ealtity) 17 (34)

Aa—(t’to)sh,i - d 8d Ksh,i

being x,; and k,; the curvature coefficients related to creep amohkage, respectively

_ ) + Ay (61)Ay, (1) (35)
o 1, t,)

_ AYei(tt,)d (36)
o Ti(t,t,)

where A ; is the area of concrete considered effective i@etncrete area in state 1, but only
area of compression zone in state 2)(t,t,) is the moment of inertia oA,; about an axis
through the centroid of the age-adjusted transfdreeztion,y,; (t,t, )is the centroid ofA,
measured downwards from the centroid of the agestetj transformed sectiofy, (t,t, i9
the y-coordinate of the centroid of the age-adpisteansformed section, measured
downwards from the centroid of the transformedieacatto, and I, (t,t,)is the moment of

inertia of the age-adjusted transformed sectiorubbo axis through its centroid. A detailed
explanation of the procedure and graphs for obtgini,; and «,;can be found in Appendix

F of [13].
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The age-adjusted transformed section propertiesaoellated using the age-adjusted elastic
modulus of concrete:
E (37)

B REFS RN FTEN

where x(t,t,) is the ageing coefficient.

Calculation ofk,; and kg, is not immediate and design charts have been cleselfor

practical applications [12,13].

3.3.2Proposed method

Deflections at timé can be obtained by adding that part of the defleahcluding creep and
long-term deflection due to shrinkage, through doeresponding coefficients. Using the

approach presented in Section 2.3, the total deflecan be computed as:

4 Enltto)!” . (38)

JT, proposed = J(to ) p=05 (1 + kcreep) 8d sh

It is worth mentioning that, the proposed method. (88) explicitly account for the influence
of environmental conditions and mechanical propsrtmoreover the contribution to long-

term deflection of creep and shrinkage effectssammunted for separately.

3.3.3Comparison with experimental data

To properly model the long-term behaviour of RC rbers using the CEB-FIP and the
proposed method, the mechanical properties of tateemals as well as the environmental
conditions are needed. In this section all the oekfogies exposed in the previous section

are compared with experimental long-term deflediohGFRP RC beams presented by Hall

-57-



Chapter 3

A rational method to predict long-term deflectiaid=RP reinforced concrete members

and Ghali [19], which reported the data neededstlier analytical model (geometry, loads
applied, materials properties, relative humiditytive laboratory, free shrinkage strain). The
beams, with a cross section of 280x180mm and 350@mftangth (3200mm span), were
reinforced with 3@15mm GFRP bars and subjectesistained loading for approximately 8
months. Two levels of sustained flexural momamtwere consideredM/Mq=1.5, M/M=3).
The modulus of elasticity of concretg,, was 21GPa, and the compressive concrete strength,
fe, was 31MPa. The modulus of elasticity of GFRPsp&g was 42 GPa. The beams were
subjected to short-term cyclical loading to représervice conditions before the application
of a pair of concentrated loads. The temperatur¢hén laboratory remained constant at
23+£2°C and the average relative humidity over tagog of the tests was 24%. The creep
coefficient was calculated with equations giventbhg CEB-FIB Model Code 1990 [11],
while the free shrinkage was determined from th@eerental cylindrical shrinkage

specimens [19].

The obtained results are presented in Figure B8&an be observed that ACI 440.1R-06 and
CSA-S806-02 predictions overestimate the mid-speffections for the two beams, mainly
for the higher load level. However, a good agrednbetween experimental data and mid-
span deflection prediction using the proposed nethq. (38), and the CEB-FIP procedure
[12,13] has been obtained for both beams.
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Total mid-span deflection (mm)

90
80

70 -
| e~ CSAS806-02...~""

--*-- Experimental data

— Proposed method

—— CEB-FIP procedure P
-5 ACI 440.1R-06

o M=3M

x*%~—x%%*%~x***_~¥%‘¥****7,**%

50 100 150 200 250
Time since loading (days)

Figure 3.2. Comparison of experimental data withgredicted total mid-span

deflection predictions using different methods.

3.3.4 Comparison of methodologies for deflection preditti

Predictions of total deflection using the proposeethod and those from ACI 440.1R-06,
CSA-S806-02 and CEB-FIP procedures are analysedcanmgpared by varying different

parameters that can influence the results to Hgghlitheir influence on the different

approaches. A comparison is made for a simply supgdeam with rectangular section and

uniformly distributed load. Four levels of appliledd leading to maximum flexural moments
of 1.9M¢, 2M¢, 3Mc and 9M. have been used. Typical values @h=0.9, f.=30MPa,

reinforcement rati@ ranging between 0 and 0.03, d&danging between 40 and 120 GPa are

considered (which cover typical values for GFRPRAE and CFRP). Three different values

for free shrinkage straig,,, equal to 200, 350 and 5@0and for creep coefficienp , equal

-59-



Chapter 3

A rational method to predict long-term deflectiaid=RP reinforced concrete members

to 2 and 3 have been considered. A typical value®.8f has been taken for the aging

coefficienty(t,t, Jused in the formulation of CEB-FIP.

Although different approaches are available to cot@mpnstantaneous deflections [1-4] in this

work the initial first-load deflectior(t,) (which is taken as a reference) is calculated using

Bischoff's approach for the equivalent moment ddriia, I [4,30], since previous studies

have shown its general applicability to FRP RC merslas well as to SRC members:

l 2

I 2

M

o

Results obtained using the different methods eesgmted in Figures 3.3 and 3.4.

4.0
- Constant parameterf&:=30MPa,d/h=0.9,
% 35| $=2, x=0.8,£4,=350u¢, £=2.
S
c 3.0 — x1.5M cr:
g X X z oo© °
[&] X leXe]
[} 4 XX o
o 2 X 1 B8 ° o x 33 5 M s
U 4
— & ©F % B0
T 20 , 5 s 5 88 e v 3% 3;\'\;:03
= R T MM T L
= 1.5 - x u ¥ sy w WY
é 1.0 1 x Proposed Method
S o CEB-FIB
g 0.5+ ACI 440.1R-06
[ 0.0 — CSA-S806-02
0 0.02 0.04 0.06 0.08 0.1
np

Figure 3.3 Effect of applied moment on the totairtitial deflection prediction rati
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The influence of the applied momeM, relative to the cracking momemd,,, versusng on

the total-to-initial deflection prediction rati 5(?) , Is shown in Figure 3.3. It is observed
0

that the CEB-FIP procedure and the proposed meBqd38) present the same trend, with
little differences between them, showing a clegreshelence on the level of load. Moreover, it
Is shown that increasingp leads to higher total-to initial deflection pretibo ratio due to
the increase in the height of the compressive @adrlock, which implies an increment of
curvature caused by creep and shrinkage of con@et¢he other hand, it can be seen that the
total-to-initial deflection prediction ratio is cstant when using ACI 440.1R-06 and CSA-
S806-02 methods, since their time-dependent faaiorsnot depend either on sectional
properties or values of creep and shrinkage of edacDepending on the reinforcement ratio,
o, the moduli of elasticity of FRP reinforcement arwhcreten, the applied loadA/M,, and
the values of creep and shrinkage (time of loadioggcrete grade, environmental conditions,
sectional dimensions), results of deflection preaiics can be very different depending on the

influencing parameters.

(@)

40+ . A
S R Al o o
% 3.54 an 00
c A 28 . ° °°
§ 30- — oo
§ 288 0®@°
q%_.’ 2.5 63 6 ° 9 © v ¢ :
S 20X ° . s®® =2, £4,=20
£ 2 58 N o Proposed method =2, £sn=200Q.1¢)
< [ ]
T 15/ fem® ~ Proposed methot? =3, £ =500u¢)
g o CEB-FIB (¢=2, £,,=200u¢)
5 10 o CEB-FIB(¢=3, £4,=500u¢)
S 0.5 — ACI 440.1R-06
o —
= oo M=1.M — CSA-5806-02
0 0.02 0.04 0.06 0.08 0.1 0.12

np
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(b)

~_ 3 b
i N
»§ 2.5+ N éé o
.% oA éé o
L2 0
% 24 8@88 8 v
° 660 ¢ 9% v
IS 86 & gons o °°
E 15 5 6 on ¥ swss o Proposed method® =2, £5=200u¢)
S ﬁg' ‘ » Proposed methodi@ =3, £5=50Qu€)
8 1- o CEB-FIB(# =2, &4=200u¢)
S o CEB-FIB (§=3, £,=500.¢)
© _
IS 0-5 — ACI 440.1R-06
M=3M
0 or — CSA-S806-02
0 0.02 0.04 0.06 0.08 0.1 0.12

np

Figure 3.4. Effect of the free shrinkage strain eregp coefficient on the total-to-initial deflect

3,

prediction ratiom. Applied moments: (a) M=1.5Mcr , (b) M=3Mcr.
A similar comparison is presented in Figure 3.4.emhthe influence of environmental
conditions (affecting creep and shrinkage) is €tddor applied moments equal to Vg,
(Figure 3.4a) andNa (Figure 3.4b). Using the CEB-FIP procedure andatfoposed method,
the total-to-initial deflection prediction ratiodreases as the values of creep and shrinkage
increase, as expected. Nevertheless, the ratioristant when using ACI 440.1R-06 and
CSA-S806-02 methods, showing substantial differengbich depend on the values of the

influencing parameters.

Ratios dtr obtained with these methods are compared in Tabkand 3.3 fonp equal to
0

0.04 and 0.1. Values of creep coefficient equaltand 3 have been taken, and the free

shrinkage strain is 200 and 506. The applied moment is Mg, in Table 3.2, andN; in
Table 3.3.
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Total-to-initial deflection ratios are quantifiedrfthe analysed cases. Variatiomgfbetween
the indicated values leads to changes of around 3984.,, Table 3.2 and 30% K&, Table
3.3) in deflection predictions for the highest \eduof creep and shrinkage considered.
Similarly, variation of creep and shrinkage, kegpoonstant the value ofp, causes changes
in deflection predictions of 50% (Table 3.2) and/@(QTable 3.3). For a typical case of a
GFRP reinforced beam witlo=0.04, and applied moment oM3 (Table 3.3), the total-to-
initial deflection ratio calculated with the progosmethod and CEB-FIP vary from 1.46 to
1.74, and 1.46 to 1.80, respectively, whigand &, increase from 2 to 3, and 200 to 5@0
On the contrary, the influence of these paramatensot reflected when using simplified
coefficients of ACI and CSA.

Additionally, predictions from the different metloodire compared through their relative
values. The proposed method and CEB-FIP predicfibgsite well, with relative differences
ranging from 0.92 to 1.00 for an applied moment.&MV (Table 3.2) and from 0.96 to 1.00
for 3M, (Table 3.3). ACI and CSA procedures present cemalale differences, mainly for
the case of M., (generally on the side of safety, although theyetel on the values of creep
and shrinkage) showing higher values for CSA, whilohnot incorporate a reduction factor.

In general, these differences increase whedecreases.

-63-



Chapter 3

A rational method to predict long-term deflectiaid=RP reinforced concrete members

Proposed method CEB-FIP ACI | CSA Relative differences
np=0.04| np=0.1| np=0.04| np=0.1 - -
¢ | eqlue) Q1) | @) | G| GNP ©)) (6)(2
1) 2 ©) (4) (5) | (6)
2 200 2.00 2.45 2.00 2.39 2.20 3.00 1.00 0.98 1.100.90 1.50 1.22
2 500 2.51 3.47 2.39 3.18 2.20 3.00 0.95 0.92 0.880.63 1.20 0.86
3 200 2.20 2.73 2.17 2.66 2.20 3.00 0.99 0.97 1.000.81 1.36 1.10
3 500 2.70 3.74 2.57 3.48 2.20 3.00 0.95 0.93 0.810.59 1.11 0.80

Table 3.2. Comparison of the total-to-initial @efion prediction ratio,—— , for M=1.5M,.. Constant parameteffig=30MPa,

d/h=0.9¢ =2.
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Proposed method CEB-FIP ACI | CSA Relative differences
np=0.04| np=0.1| np=0.04| np=0.1 - -
¢ | eq(ue) @/ | @R G| G2 ©)Q2) ()2
(1) ) ®3) @ | & | 6
2 200 1.46 1.77 1.46 1.75 220 3.00 1.00 0.99 1.511.24 2.05 1.69
2 500 1.62 2.16 1.62 209 220 3.00 1.00 0.97 1.861.02 1.85 1.39
3 200 1.62 2.01 1.58 195 220 3.p0 0.98 0.97 1.861.09 1.85 1.49
3 500 1.80 2.39 1.74 230 220 300 0497 0.96 1.220.92 1.67 1.26

Table 3.3. Comparison of the total-to-initial defien prediction ratio;

d/h=0.9¢ =2.
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3.4 Conclusions

Simplified procedures to calculate long-tem deftaws due to creep and shrinkage found in
codes and guidelines for internally reinforced HR® structures such as ACI 440.1R-06 and
CSA-S806-02 are simple and straightforward but dibaccount for variations in mechanical
properties of materials and environmental cond#idrhis fact could be of major importance
for FRP RC structures where mechanical reinforcenmoperties change when using
different types of fibres. A rational alternatiieat maintains simplicity is proposed by using
the multiplicative coefficients for creep and skage deflectionskcreep andksn, presented in
this paper. Both coefficients have been derivethfroathematical manipulation of equations

based on general principles of structural mechanics

The method has been compared to experimental sesmudt to the well-known CEB-FIP, ACI
440.1R-06 and CSA-S806-02 procedures. It has bemnrsthat the total-to-initial deflection
prediction ratio using the proposed method andG@E®-FIP procedure, which incorporate
the material properties and environmental condgti@irongly depends on the product of the
modular ratio by the reinforcement ratio, and atsothe values of creep and shrinkage of
concrete. Higher values ap lead to higher values of the total-to-initial de&flion prediction
ratio. Similarly the ratio increases with increa@sialues of creep and shrinkage. This fact is
not specifically reflected in the other two sim@d procedures that use a multiplicative

coefficient that depends only on time but is comistar all other parameters.

The presented method is simple and straightforwde those based on multiplicative
coefficients, but it is able to account for theluehce of environmental conditions and

mechanical properties involved in the long-termatgions of FRP RC members.
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3.6 Appendix. Generalized coefficient for long-term cuvatures

due to creep

According to Eurocode 2 [14], the initial curvatut,), at a cracked section can be

calculated by:

M, )’ M, )
Y (to):‘/ll(to)ﬂ( Mcrj 'H//z(to){l_ﬁ(vcrj ] (A.3.1)
t,) = M t,) = M
W,(t,) = El, W,(t,) = El, (A.3.2)

where ¢, (t, and ¢, (t, )are the curvatures for uncracked and fully-crackechsformed

sections, respectivel¥ is the applied moment at the section &hdis the cracking moment.

Fis the coefficient representing the influence @& thuration of the loading and is equal to 1

for first loading and equal to 0.5 for sustainedcgcling loading.E; is the modulus of
elasticity of concrete at timg andl; andl, are the moment of inertia for uncracked and

fully-cracked transformed sections at titperespectively.

For sustained loads, the curvature including cregfi,t,), at a cracked section can be

calculated by:

2 2
v =t e sutiofi-of e | a3
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The curvatures including creep for uncrackec(t,t, and fully-cracked transformed
sectionsy, (t,t, )read:

M M

W, (t,t,) =m o (tt) =m

(A.3.4)

[,(t,t,) andl,(t,t, ) are the moments of inertia of the effective unkeacand a fully-cracked

transformed sections, respectively, calculated gushe effective modulus of elasticity of

concrete,E.(t,t, ) which is obtained as:

—_ EC
E. (t.t) EEYTEN) (A.3.5)

where E, is the elastic modulus of concrete at the tignandg(t,t,) is the creep coefficient.

For an uncracked section, an approximation of threature including creep at tintecan be
obtained from the direct product of the creep doiefiit and the initial curvature:

Wit t) = (L+ Pt to) s (to) (A.3.6)

For an uncracked rectangular section, the initiavature can be approximated by:

12M
t)=——-r
() E.bh° (A.3.7)
whereb is the section width antis the height.
The sectional stiffness of a fully-cracked transfed section reads:
E.(tt)l,(tt,) = E, A (d- x(t,to))[d —%) (A.3.8)
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whereAs is the area of tensile reinforcemethis the effective depthx(t, ) is the neutral axis
depth of the effective transformed section, d@jdis the modulus of elasticity of FRP
reinforcement. Therefore, curvature including crefp a fully-cracked transformed

sectiony, (t,t,), is:

M
Es As (d - X(t,to))(d —X(t:’;())) (A.3.9)

WY,(t,to) =

In the absence of compressive reinforcementnéral axis depth for an effective fully-

cracked transformed section at titmhean be written as:

_ : (A.3.10)
x(t,t,) = dno(1+ ¢(t-to))(_1+\/l+m]

Assumingd/h=0.9, from Eq. (A.3.1) to Eqg. (A.3.10), the ratietlween curvature including
(t,t)

creep and initial curvature%, can be obtained from the following expression:
0

|_\

M, )’ Mcr
0.5(Mj (1+ ¢) 05( Y
011" dn (d dnp! 1+¢)( L+ Lo 2 D(d—dn 1+¢ T J]
Yitt) i i oL+ g no(L+¢)
W(t,) ( ) 1 (M
M
o1’ " d (d dnpl -1+ 14+ 2 D(d Lang -1+ 1+ 2 D
n n - n =
| d —dnpl ~1+ | o p o (A.3.11)
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where ¢ = ¢(t,t, )is the creep coefficient.

Assuming that the typical values fap can range from 0 to 0.12 and thosegdrom 1 to 3,

Y(t.t,)

the curvature ratio———2*can be simplified using the Taylor series developim& Eq.
0

(A.3.11) about pointrp, ¢) = (0, 2) as:
Ytty) _ (A.3.12)
o X {1+ 073p,/np)

where, 073p./np is equal tdcreep as it was defined in [25]. The parameXedepends on the

ratio M/Mc,, and its values for different applied momentssanemarized in Table A.3.1.

M/M¢; 15 2 3 5

X 1.37 1.15 1.04 1.01

Table A.3.1. Values of for differentM/M;.

(t,to)

It is noteworthy that the curvature ratlwe'—O can be obtained from the proposed coefficient
0

presented in [25] for a fully-cracked transformegtsn, keeep multiplied by theX term that
accounts for the tension-stiffening effect andtthee-dependent loss of flexural stiffness.
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Since ¢ equals 0 whet=to, the curvature ratio in Eq. (A.3.12) equlstty. According to
this assumption, and substitutigg=0 in Eq. (A.3.11) the paramet¥reads:

o L (A.3.13)
1(t)0. 5| () 1- 08
_l//( ) S(Mj ¥ )[ E(M ]]:l//(to)pms

B M, 2 _ M 2 l//(to)/}:l
wl(to)( ! j +w2(to)(1 [M j]

Therefore, using Eqg. (A.3.12) in Eq. (A.3.13), thervature including creep can be

obtained from the following expression:

Ytt) = (1"' 0-73¢Wp(t0),3=05 (A.3.14)
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Summary

Due to the mechanical properties of fibre reinfarqaolymer (FRP) bars, deflections often
drive the design of FRP reinforced concrete (R@xutal members. This has led to an
increasing number of studies focused on the armlgbkishort-term deflections of FRP RC
beams. However, investigations and experimenta fatused on long-term deflections are
scarce. The time-dependent deflection in RC beama function of member geometry,
material properties and loading characteristics. Xfaum service loads, as well as repeated
loading, affect the deflections under sustainedd$oalhis paper presents the results and
discussion of an experimental programme concermigit glass FRP RC beams tested at
service load, and subsequently subjected to suwestailpading for 250 days. Two

reinforcement ratios and two levels of sustaineadlavere considered. The experimental
results revealed an effect of the loading-unloadingcesses and the reinforcement ratio on
short and time-dependent deflections. No signifitaifuence of the sustained load level was
observed. Moreover, the theoretical predictionsaot®d with different models have been
compared with the experimental results. The matiifiree-dependent factor presented in ACI
440.1R-06, together with the modified Bischoff'suampn to compute the immediate

deflections due to sustained load, gives the bgstemnent with experimental deflections.
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4.1 Introduction

Fibre reinforced polymer (FRP) bars have been mrdeebe an alternative to conventional
internal reinforcement for reinforced concrete (R@uctures in corrosive environments or
when effects of electromagnetic fields may be preséAlthough FRP bars have higher
strength than conventional steel reinforcement rthebdulus of elasticity is lower.
Consequently, for the same conditions of geometggcrete and area of reinforcement, FRP
RC flexural members are expected to undergo ladgéwrmations than steel RC members.
This has led to an increasing numbers of studiesisied on the analysis of short-term
deflections of FRP RC beams [1-10]. The lower ttifiness of the reinforcement, the lower
is the neutral axis depth in cracked sections, ltieguin a smaller concrete area in
compression. As a result, the relative deformatimecrement associated with creep and
shrinkage, and therefore the time-dependent deflects expected to be lower than for
conventional steel RC members. The long-term irseré@a deflection is a function of member
geometry, load characteristics (magnitude and ouraif sustained load, and age of concrete
at the time of loading), and material propertielagic modulus of concrete and FRP
reinforcement, creep and shrinkage of concrete)) [IHerefore, properties of the FRP rebars
have a significant influence on the long-term deftns of FRP RC beams [12]. Up to now,
few published studies have examined the time-degr@ndeflection of FRP RC beams [12-
20]. The reported results have generally conclutiatitotal mid-span deflection versus time
since loading of FRP and steel RC beams follownalai trend. Likewise, the deflection
increase, as a multiplier of the initial deflectias significantly lower for FRP RC members

than that observed for steel.

To compute long-term deflections, ACI 440.1R-06][&dlopts the same methodology as for
steel RC structures of ACI 318R-08 [21], but redgcithe multiplying factor with the
application of an empirical reduction coefficierft @6, based on experimental results for
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glass FRP (GFRP) RC beams carried out by Brown §b8] Brown and Bartholomew [14].

On the other hand, CSA-S806-02 [22] proposes a mamnservative approach, adopting the
same coefficients as for steel RC. Recent studi82p] show that current ACI 440.1R-06
and CSA-S806-02 predictions are conservative inestemation of the deflection increase
over time in GFRP and CFRP RC beams.

The aim of this paper is to present results ofi>@eemental study of GFRP RC beams tested
at service load, and subsequently subjected taisest loading for 250 days. Two different

amounts of GFRP reinforcement and two levels ofasned load were used to analyse the
influence of these parameters on the increase ftdatien due to creep and shrinkage. Both
short-term and long-term deflections are presemtsd discussed. Experimental results are
compared to predictions from guidelines for FRP $@ctures, as ACI 440.1R-06 and CSA
S806-02.

4.2 Test specimens and materials

4.2.1 Beams specifications

A total of 8 RC beams were tested in flexure. Aaims were 140mm in width and 190mm in
depth. The length of the beams was 2450mm, witpaa ©of 2200mm (Figure 4.1). The
tensile reinforcement consisted of two GFRP bard2shm or 16mm diameter, giving two
different reinforcement ratios. The shear-span waiforced with steel stirrups
(@8mm/80mm), and no stirrups were provided in theegpending zone. The clear cover was

20mm.

The beams were designed as XN-Gyyz where Ix denotes the level of sustained load (L1
and L2);yy the diameter of the GFRP bar (12mm or 16mm) atlie differences between
twin beams. The identification and the geometriopprties of the tested beams are
summarized in Table 4.1.
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Figure 4.1. Geometric details of the tested beams.

Identification beam| @ bar (mm) | p (%)

N_L1 G12a 12 1.0

Beams N_L1 G12b 12 1.0
N_G12

N_L2 Gl2a 12 1.0

N_L2 G12b 12 1.0

N_L1 G16a 16 18

Beams N_L1 G16b 16 1.8
N_G16

N_L2 G16a 16 18

N_L2_G16b 16 1.8

Table 4.1. Geometric properties of beams.

140
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4.2.2 Material properties

The concrete mix was designed for a target compeessirength of 30MPa with the
following composition: 185 kg/fhof water, 880 kg/rhof fine aggregate, 875 kgfrof coarse
aggregate (maximum size: 12mm), 320 ky/ai ordinary Portland cement and a 0.58
water/cement ratio. The experimental compressiength,f;, was 27.7MPa and the modulus
of elasticity, E., was 25.7GPa. Both were determined from cylindstst according to UNE
83.304-84 and ASTM C 469-10 standards respectively.

The GFRP bars used in these experiments were B EFRP ComBAR with a nominal

modulus of elasticity of 60GPa. Nominal diametdrézmm and 16mm were used.

The mean values of mechanical properties obtainaah funiaxial tension tests, according
ACI 440 3R-04 [23] are shown in Table 4.2.

Diameter Modulus of elasticity Tensile strength
@ (mm) E: (GPa) fr, (MPQ)

12 64.5 1424

16 63.4 1327

Table 4.2. Mechanical properties of GFRP rebars.

4.2.3 Test set-up

The simply supported beams, spanning 2200mm, wdgjected to two concentrated loads at

700mm from the beam supports, as shown in (Figure 4

The experimental program consisted of two phasestl\§ the beams were tested in the
instantaneous loading set-up shown in Figure A2servo-controlled hydraulic jack with a

capacity of 300kN was used together with a stemdagfer beam to transmit the load to two
rollers 800mm apart. The load was applied in dsgt@ent control mode at a displacement

rate of 0.7mm/min until a maximum value, representative of service conditions, and then
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cycled twice between the maximum load and a mininofi?kN. The maximum load, was
calculated assuming a maximum bar strain equalO@i, which is in accordance with
[24,25]. P was equal to 14kN for the beams reinforced with 2@FRP bars, and to 16kN
for the beams reinforced with 2@16. Secondly, imigtetly after the short-term test, the
beams were moved to load frames designed for thtaised loading, and loaded for a period
of 250 days (Figure 4.2b). The sustained lo@gs was selected to obtain instantaneous
concrete compressive stresses of.(GaBd 0.4% at the top fibre of the mid-span section. The
magnitudes of the applied sustained loads are givdiable 4.3. For beam identificatioln]
corresponds to beams tested with a load appliedt@min a compressive stress equal td.0.3
while L2 is used for a compressive stress equal tofQ.#5is worth mentioning that the
maximum loadP is higher than the sustain®g,s which would be the common situation in a

real structure.

Three transducers were used to measure the defientithe tested beams, one at mid-span,
and the other two at 400mm from mid-span. These ttansducers were replaced by dial

gauges in long-term measurements.

Figure 4.2. Experimental set-up (a) instantaneoadihg tests (b) sustained loading test
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N L1 G12 N L2 G12 N L1 G16 N_ L2 G16

9 kN 11 kN 10 kN 14 kN

Table 4.3. Applied sustained lod®},s

The temperature and humidity of the lab were regest during the long-term tests, with the

mean relative values equal to 22°C and 55% resadyti
4.3 Test results and discussion

4.3.1 Short-term deflections

The load-deflection curves obtained in the shartitéest for the concrete beams reinforced
with 2012 GFRP and 2016 GFRP bars are presenteBigare 4.3 and Figure 4.4,

respectively. In all cases, an initial linear bians observed, which corresponds to the
stiffness of the uncracked beam. With further logdiprogressive cracking occurred when
the applied moment exceeded the cracking momeusirtg a stiffness reduction. Therefore,
the slope reduces progressively up to the maximpplied load,P. Then the beam was

subjected to two cycles of unloading-reloading. iBuyirthe two cycles the slope reduces
significantly with respect to that of the initialastic branch. Moreover, a permanent
deformation is observed after the unloading takieep This leads to higher mid-span
deflections than those obtained in the monotonandin, provided that the applied load is

equal or lower than the applied maximum load,
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Figure 4.3. Load mid-span deflection curves farbe N_G12.
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Figure 4.4. Load mid-span deflection curves farbe N_G16
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The different situations of loads and deflectionsresponding to the applied maximum and
sustained loads are indicated in Figures 4.3 afdFbllowing the initial monotonic loading
curve,d; corresponds to the experimental instantaneousafhs aPs,s andd, corresponds
to the experimental deflection at maximum loRd,The immediate deflection after cycling

whenPgsis subsequently applied is designateddas For the sake of clarity in Figures 4.3

and 4.4, both deflections Bt,sare only illustrated for an applied load correspngdo the

level of loadL1.

Deflection at maximum loadP

On average, the experimental deflectiof}s,at loadP are equal to 6.0 and 4.6, for beams
N_G12 and N_G16 respectively. As observed in Fgdr8 and 4.4, and as expected, beams
with a lower reinforcement ratio present highereldfons due to lower stiffness. Therefore,
although the applied maximum load is higher for rogareinforced with 2@16, the
corresponding deflection is lower than the deftatton concrete beams reinforced with
2012,

Deflection at sustained loass

Experimental deflections corresponding to Ié&g; for every pair of twin beams are given in
Table 4.4.

As can be observed, the experimental deflectioter afycling, g, ,,, are higher than the

initial instantaneous deflection for the same lo&d,, This difference is more significant
when the load is closer to the cracking dhg, So, for level L1 of beams N_G1Py(JP. =
1.3) and N_G16HRs.dPc=1.4) the relationship between both deflectidps,,/3J .,,, is equal

to 2.0 and 1.8 respectively. For level L2 of be&in&12 Ps P =1.6) and N_G16Rs,dPe;
=1.8), the ratiod,_.,,/J

1,exp

is equal to 1.4 and 1.2 respectively.

exp
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N L1 G12 | N L2 G12 | N L1 G16 | N L2 G16
Load,Psys (kN) 9 11 10 14
Instantaneous deflectiod, ex,(mm) 2.3 3.9 1.9 3.7
Immediate deflection after cyclingb;oyexp (mm) 4.8 55 3.4 4.4
5 / 5i, exp 20 14 18 12

to.exp

Table 4.4. Experimental deflections at |dag,

4.3.2 Short-term deflection prediction

The short-term deflection of a simply supported hhesubjected to four-point bending

moment with two applied loadBy/2 , at a distanca from the supports, can be obtained as:

Pa
5=—Aa (312 - 422
241,

1)

wherel, is the effective moment of inertia. To compWeACl 440.1R-06 [11] recommends

applying a reduction factor3, , to the moment of inertia obtained using Brans@ugjsation

for steel RC members:

Mcr ’ Mcr ’
Ie,AC|44o =(VJ ﬂdlg +|:1+(Vj :llcr < Ig

(2)

whereMc, is the cracking momeni is the applied moment is the gross moment of inertia,

lris the moment of inertia of the transformed crackection angl, can be obtained as:
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_1{ py (3)
ay2]

where p, is the reinforcement ratio and,, is the balanced reinforcement ratio.

On the other hand, CSA S806-02 [22] proposes tattoment-curvature relation of FRP
reinforced concrete members shall be assumed twoillmear with the slope of the three
segments beinBcly , zero andecl (i.e. no tension-stiffening is considered). For plagticular

case of four-point bending, the instantaneous didlle can be calculated using the following

equation:

SRR G

wherel, is the length of that part of the beam still uc&ed.

An alternative formulation for the effective momeotft inertia can be obtained from the

expression proposed by Bischoff [5]:

l cr (5)

e,Bischoff = | M 2
)
LY

This equation accounts for the tension-stiffeniffga and has been shown to be applicable
to FRP RC members [26].

In Table 4.5, the average values of experimentfied®ns, Jp xp COrresponding to the
maximum load,P, for N_G12 and N_G16 beams, are compared with A4tl.1R-06 and
CSA S806-02 recommendations together with Bischatjuation.
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Experimental data ACI 440.1R-06 CSA S806-02 Bischoff (Eg. 5)
P 5P,exp 5p 5p 5p
Beams exp/calc exp/calc exp/calc
(kN) (mm) | (mm) (mm) (mm)
N_G12 14 6.0 4.7 1.28 8.5 0.71 6. 0.9¢
N _G16 16 4.6 4.8 0.96 6.2 0.74 5. 0.87

Table 4.5. Comparison of deflections correspontiingadP.

As can be observed, for beams reinforced with 2@ERP bars, the ratio between the
experimental deflection at maximum loadh, and the ACI 440.1R-06 prediction is 1.28.
Approximately the same value is found in [6], whexestatistical analysis of predicted
deflections at service conditions (considering mdbiain equal to 20Q@), with a sample size

of 67 GFRP RC beams was presented. However, tanbeeinforced with 2316 GFRP bars,
the ratio between the experimental values and A€dliptions is 0.96. The ratio between the
experimental deflections at maximum loag, and the predictions using CSA and Bischoff
approaches is equal to 0.7 and 0.9 respectivelthdrabove mentioned study [6], the mean
ratio between the experimental deflection and C3&diptions for beams reinforced with

GFRP was found to be 0.6, which indicates that @SWs to overestimate the deflections at

service loads.

From the previous results it can be observed tlI%A Gverestimates deflections since their
formulation does not take into account tensiorfestihg, tending to be conservative; Bischoff
approach gives reasonable predictions for all ¢asas ACI 440 does not predict deflections
with the same precision for the range of reinforeatiratios and loads used, with a tendency
of better predictions for higher reinforcementagatiDiscussion about the empirical derivation

of Branson’s equation for steel RC members, andexeent empirically derived coefficients
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to improve precision of ACI 440 equation for lowinfercement stiffness can be found

elsewhere [5].

The aforementioned methods have also been usedocpthe instantaneous deflectiam,
corresponding to the lodek,sin the initial monotonic curve (Table 4.6). As dam observed,
the ACI 440.1R-06 equation (Eg. 2) underestimdiedristantaneous deflections of the tested
beams, mainly in the case of N_G12 beams, whergatlebetween the experimental and the
predicted instantaneous deflection is equal to fordevel L1, and 1.58 for level L2. For
N_G16 beams this ratio is 1.12 and 1.07, for levdlsand L2 respectively. On the other
hand, the CSA equation (Eg. 4) overpredicts theamaneous deflections in all beams. The
overestimation is more significant in beams withagplied load corresponding to level L1,
where the applied load is closer to the crackingnerat, independently of the reinforcement
ratio. On average, the ratio between the experiahetd the CSA predicted instantaneous
deflection ranges between 0.48 and 0.71. Bischefjlsation (Eq. 5) gives the best prediction
for all beams, with an average ratio between tlpeemental and the predicted instantaneous
deflection ranging between 0.84 and 0.96.

Experimental data ACI 440.1R-06 CSA S806-02 Bischoff (Eq. 5)
Beams 0 i,exp 0 i,ACI exy 0 i,CSA exy 0 i,B.. exy
(mm) (mm) calc (mm) calc (mm) calc
N_L1 G12 2.3 1.3 1.74 4.8 0.48 2.4 0.96
N_L2 G112 3.9 2.5 1.58 6.3 0.61 4.2 0.93
N_L1 G16 19 1.7 1.12 3.6 0.52 2.3 0.84
N_L2 G116 3.7 3.5 1.07 5.2 0.71 4.2 0.88

Table 4.6. Instantaneous deflections correspontditgadPs,s
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In Table 4.7, the experimental immediate defletiafter cycling,g, .,,, are compared with

the corresponding predictions. The beams presemtexhcking state (and a corresponding
stiffness) according to the maximum attained Id&dbefore the application of the sustained
load Psu9. This fact has been taken into account in theutation of the equivalent moment
of inertia using the maximum applied moment in Egfor ACI predictions. Likewise, in Eq.

4 for CSA predictions, the parametey is considered to be constant and equal to the

corresponding value at the maximum applied load.

Moreover, based on [27], predictions of immediatdlettions after cycling,g, , can be

computed modifying the effective moment of inedya including ag coefficient with the

value of 0.5 in EQ. 5:

j— cr

Ie - 2 (6)
At
I, I M

This g factor accounts for the loss of stiffness thatuoscfrom cracking under repeated

loading or due to sustained loads.

Experimental data ACI 440.1R-06 CSA S806-02 Bischoff (Eq. 6)
a—to,exp a—tO,ACI d[O,CSA d(O,B.
Beams exp/calc exp/calc exp/calc
(mm) (mm) (mm) (mm)
N_L1 G12 4.8 3.0 1.60 5.43 0.88 5.1 0.95
N_L2 G12 55 3.7 1.49 6.64 0.83 6.2 0.89
N_L1 G16 3.4 3.0 1.13 3.90 0.87 3.6 0.94
N_L2_G16 4.4 4.0 1.09 5.26 0.84 4.9 0.90

Table 4.7. Immediate deflection corresponding @B safter cycling.
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As it can be observed in Table 4.7, ACI 440.1R-0@arestimates the immediate deflections
after cycling of the tested beams. On the othedh&@SA overpredicts the instantaneous
deflections in all beams, being an average rattvdxen the experimental and the predicted
immediate deflection equal to 0.85. Bischoff's dtuawith g factor (Eq. 6) gives the best

prediction for all beams, with an average ratioada 0.9.

4.3.3 Time-dependent deflections

The total mid-span deflections versus time siraading,dr , of the two pairs of beams
reinforced with 28012GFRP and 2@16GFRP bars areepted in Figures 4.5a and 4.5b
respectively. The total deflection includes the ietate deflection after cycles and the long-
term deflection due to creep and shrinkage. Gogubagbility between twin beams is
observed. The curves for the 2012 GFRP and 2@016PGRR beams have similar shapes,
regardless of the applied sustained load level.cAs be seen in the steep slope at the
beginning of the curves, the deflection increaseasicerably with time in the initial period.
At 10 days since loading the total deflections @éased around 65% of the total increase in all
beams, while 90% of total increase was attainediratd®0 days after loading. The ratios
between total deflections and immediate deflectemespresented in Table 4.8. No significant
influence of the applied level of sustained loadosserved. From 10 to 250 days since
loading, the ratios vary from 1.20 to 1.85, for tosareinforced with 2@812GFRP bars, and
from 1.32 to 2.03 for beams reinforced with 2@06. average, the ratios of N_G16 beams
are around 11% higher than in N_G12 beams, whidicates an influence of the
reinforcement ratio on the total deflections. Tisiglue to the fact that higher reinforcement
ratios lead to higher neutral axis depth (largenpressed area of concrete), causing higher
creep deformations, and therefore higher time-deépethdeflections.
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Figure 4.5. Total deflections for (a) beams reioéal with 212 GFRP bars

(b) beams reinforced with 216 GFRP.
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Time since loading (days) | N_L1 G12| N_L2 G12| N_L1 G16| N_L2 G16
10 1.20 1.23 1.32 1.34
30 1.36 1.42 1.52 1.56
90 1.57 1.61 1.78 1.80
180 1.70 1.74 1.94 1.93
250 1.83 1.85 2.03 2.01

Table 4.8. Ratio between total deflection and itz deflection.

4.3.4 Prediction of time-dependent deflections

According to ACI 440.1R-06 [11], the total deflemtiof FRP RC members including the

effect of creep and shrinkag@; ,.,..,, can be obtained from the initial deflection doe t

sustained loadg 4 , from:

dr(Ac|440) = (1+ 0'65)5(%5) (7)

where 0.6 is a reduction factor based on testsecaout by Brown and Bartholomew [14] and
Brown [13], and¢ is the time-dependent factor for sustained loadisch is equal to 1.0, 1.2,

1.4 and 2.0 for 3, 6, 12 and 60 months, respegti(eah approximate value of 0.7 has been
assumed for 1 month, following the curve given2a]).
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CSA-S806-02 [22] proposes a more conservative @gpr@and recommends the following

equation with no reduction factor:

S csy = 1+ €)eus (8)

Experimental data and total deflection predictiarescompared in Figures 4.6 and 4.7. Due to
the small difference between twin beams only expental results of beams typ@& have

been plotted to improve the readability of the tysap

The theoretical total deflections calculated usidGl 440.1R-06 (Eq. 7) and CSA-S806-002
(Eq. 8) recommendations have been determined flendeflection due to sustained load,

Oy » @S: (1) experimental immediate deflectiah,,,,; (2) theoretical immediate deflection

due to sustained load after cycling, ., (Eq. 1)or g, s (EQ. 3); and (3) theoretical

immediate deflection using Bischoff's equatiaf,; (Eq. 6).

As can be observed in Figures 4.6 and 4.7, CSA 930(q. 8) overestimates the total
deflections, whatever immediate deflection is usAd. observed in Table 4.9, the ratio
between experimental results and CSA S806-02 pgredscat 180 days since loading ranges

between 0.75 and 0.88 when the experimental imrteedieflectiong, .., is used in Eq. 8.

exp

Using the theoretical immediate deflections fromACS, ., (Ed. 4), and Bischoffs, 5

(Eqg. 6), the ratio varies from 0.66 to 0.75 and3Gaidd 0.81, respectively. This overestimation
Is probably due to the direct use in CSA S806-02hef time-dependent factor originally
calibrated for steel RC members. With the same typeoncrete, dimensions, area of
reinforcement and environmental conditions, thetnadaxis depth for a beam reinforced with
GFRP is lower than that of a beam reinforced withventional steel, due to the difference in
the elastic modulus. In terms of time-dependentabielir, due to the lower compression area
of concrete, the increase of the curvature assmtiatith creep and shrinkage is lower.
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Therefore, the long-term deflections in FRP reioéal concrete beams are expected to be

lower than steel RC beams.

On the other hand, as can be observed in Figu@sadd 4.7, the total deflections are
underestimated for all beams when using the thieateimmediate deflections from ACI,

O, aci» IN EQ. 7, mainly for those reinforced with 2J1ERP bars. This is shown in Table

4.10, where the ratio between experimental andigqextl total deflections (Eq. 2, Eq. 7)
ranges between 1.53 and 1.56 for beams reinforad26012 GFRP bars, and between 1.23
and 1.27 for beams reinforced with 2316.

Multiplying the ACI time-dependent factor (Eqg. A) the experimental immediate deflection,

d, e the ratio between the experimental and predittéal deflection varies from 0.96 to

1.03 for beams N_G12 and from 1.11 to 1.13 for niedN_G16. Similarly, using the

predicted immediate deflections calculated with tiredified Bischoff's equationg, , (EQ.

6), the ratio varies from 0.91 to 0.94 for beam$N2 and from 1.02 to 1.04 for N_G16. The
difference in ratios between beams reinforced @12 GFRP bars and 2016 can be
attributed to the aforementioned influence of teeforcement ratio on the depth of the
compressed area of concrete. This effect has besmmioned in section 4.3.3, where an
experimental total-to-immediate deflection ratics eeen found to be 11% higher for beams
N_G16 than for beams N_G12.
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Figure 4.6.Total deflections for beams: (a) N_L121(b) N L2 G12a.
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