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ABSTRACT
In this study, a parametric analysis of the deflection calculations of reinforced RAC members is
presented. Within the parametric analysis, member support conditions, ambient conditions (influencing
shrinkage and creep), reinforcement ratios, and quasi-permanent—to—design load ratios are varied.
Through the analysis, the change in deflections is observed against RCA percentage (from NAC to RAC
with 100% of coarse RCA) and span-to-effective depth ratio. The results of the analysis enable a clear
overview of the variability of the deflections of RAC members relative to NAC.
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caused by cracking and tension stiffening,
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1. Introduction redistribution in statically indeterminate systems
[1]. Furthermore, the relatively good precision

Serviceability limit ~states (SLS), and more of mathematical models for other aspects of

specifically, deflection control is becoming an . .
p Y g reinforced concrete behaviour has unreasonably

increasingly important aspect of structural led many engineers to trust SLS models too
design although traditionally, more attention has
been paid to ultimate limit states (ULS).

However, deflection control is still among the

much when in fact they are often associated
with a large uncertainty even when predicting

experimental results obtained under controlled

most complex aspects of reinforced concrete conditions [2]. Hence, deflection control should

(RC) design, mostly because of the large number be thought of more as providing a “measure of

of influencing factors such as the geometrical deformability” of an RC member then a precise

properties of the member, moduli of elasticity prediction of deflections

of concrete and reinforcement, concrete tensile Among  existing  deflection  control

strength, area and distribution of reinforcement, models, documents such as the /% Model Code

load intensity and history, stiffness reduction
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2010 [3] provide several methods ranging from
general methods of curvature integration to
indirect span-to-effective depth limits. However,
these methods have been developed several
decades ago and calibrated on traditional RC
members [4]. In recent years, a range of new
concrete types has been emerging, with a
significant number focused on incorporating
recycled and waste materials into concrete. Such
“green” concretes are motivated by the fact that
concrete production causes a significant impact
on the environment: global annual production
of cement is responsible for 7-10% of all
anthropogenic CO, emissions [5] and almost
50% of all waste generated is construction and
demolition waste (of which half is concrete
waste) [0].

One of the most studied types of green
concrete has been recycled aggregate concrete
(RAC), produced with crushed concrete waste
in the form of recycled concrete aggregate
(RCA). RAC has been comprehensively studied
on both material and structural levels [7-10].
The considerable knowledge obtained on RAC
has finally reached a stage at which structural
design of RAC can be incorporated into new
design codes. In this context, ULS design of
RAC was shown to be possible using existing
design provisions for natural aggregate concrete
(NAC). However, experimental results have
shown large differences in the modulus of
elasticity, shrinkage and creep between RAC and
“companion NAC” (produced with identical
effective water-cement ratios) — largely a
consequence of the residual mortar attached to
RCA [8,11,12]. In turn, this also leads to larger
deflections of RAC members and the need to
modify deflection control models [13]. Hence, a
thorough analysis of the implications of
different RAC deflection control needs to be
taken into account.

The aim of this study is to present a
parametric study of long-term deflections of
reinforced RAC members calculated using the
fib Model Code 2010 and already proposed
corrections for RAC. For the purpose of this
study, RAC will refer to concrete in which only

the coarse aggregate fraction (particle size > 4
mm) is replaced by RCA.

First, a brief overview of RAC deflection
control is given in Section 2. Then, the
parametric study and its results are presented in
Section 3. The deformability of RAC and
companion NAC is compared for different
values of influencing parameters such as span-
effective depth ratios, service load-to-design
load rations, shrinkage strains, and creep
coefficients. Finally, conclusions of the study are
presented in Section 4.

2. Deflections of RAC members

2 1 Deflection control in fib Model Code 2010

The most general method of deflection control
in the fib Model Code 2010 is the integration of
curvatures. For RC members loaded above the
cracking load, this general method consists of a
sectional analysis based on the interpolation of
curvatures between two distinct states [3]: state
1, the uncracked state in which the full area of
the concrete cross-section is effective, and state
2, the fully-cracked state in which cracked
concrete is ignored, i.e., the cross-section is
composed of reinforcement in tension and
concrete in compression. A simplified approach
is also possible, in which curvatures are not
interpolated, but directly deflections, calculated
separately for states 1 and 2.

The interpolation between states 1 and 2
is performed using a distribution coefficient ¢
(hence the method is sometimes called the -
method). For pure bending, {'is defined as

2

1—[3-(%) M 2B Mo

0 3 Miax < \/E M,
where f is a coefficient taking into account load

Z:

duration:

B = 1.0 single, short — term loading @)
B = 0.5 sustained, repeated loading
M., is the cracking moment and Mm. is the

maximum moment in the span of the member
(or end of a cantilever), usually taken as the
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maximum value that is expected in service (e.g.,
from the characteristic load combination).

Using the ¢ coefficient, deflections are
interpolated as follows:

a=¢a+(1-0) a ©)

where « is the final deflections, whereas @ and
a; are deflections in states 1 and 2, respectively.
The deflections in states 1 and 2 are composed
of a component due to load e and a
component due to shrinkage @ and are

calculated as

Mpay - 12
= g ._mex
Qioad,n Ec,ef K Ii,n (4)
Sin- 12
Aesn = (Scs ' scs(t' ts) ' Il"n .8 (5)
in

where # can take values 1 or 2; K depends on
the statical system (e.g., 0.104 for a simply
supported beam under uniformly distributed
load); I, is the moment of inertia of the
transformed section; Si, is the first moment of
area of the reinforcement about the transformed
section’s centroid; &o(f4) is the concrete
shrinkage strain at time # with drying initiation at
time #; ds depends on the statical system (e.g., 1
for a simply supported beam); and the effect of
creep is taken into account using the effective
modulus of elasticity Ec.:
E
el = TE (et ©
In Eq. (6), ¢(#,%) is the creep coefficient of
concrete loaded at time %, at time /4 and Eu is

the modulus of elasticity of concrete at 28 days.
2.2 Deflection control corrections for RAC

Typically, in SLS design, values of input
parameters are calculated based on concrete
class and exposure conditions. For deflection
control and the f7b Model Code 2010 that means
that the values of the modulus of elasticity,
tensile strength, shrinkage strain and creep
coefficient are calculated based on concrete
compressive strength and parameters such as
member dimensions, relative humidity and
temperature [3].

So far, researchers have done significant
work on determining whether existing code

provisions are valid for the case of RAC. For
tensile strength, Silva et al. [14] demonstrated
that the Eurocode 2 equation (equivalent to the
Model Code 2010 expression) based on mean
compressive strength is applicable to RAC.

For the modulus of elasticity, Silva et al.
[11] showed that a significant reduction exists
between RAC and companion NAC. The fib
Model Code 2010 expression for modulus of
elasticity is

1/3
E., = 21500 - ag - (%) ()

where ag is a coefficient dependent on the type
of natural aggregate (e.g., 1.0 for quartzite
aggregates) and fm is the mean compressive
strength of concrete. Based on the findings of
Silva et al. [14], Tosi¢ et al. [13] proposed the

following correction for the ar coefficient:

RCA%
ap =10-03—- (8)

The correction leads to a maximum
reduction of Eu of 30% in the case of RAC
produced with 100% of coarse RCA (RAC100)
relative to NAC. For shrinkage and creep Tosi¢

et al. [8,12] proposed global correction factors

to be applied to shrinkage strain and creep

coefficient calculated using Model Code 2010:
€cs,rac(t ts) = &esrac * Ecs(t, ts) )

®rac(t, to) = &ccrac * @t to) (10)
The shrinkage and creep correction

factors & and &, respectively, depend on RAC
compressive strength and RCA percentage:

RCA% 0.30
= 11
$csRAC ( i ) 0il.O (11)
RCA%\ ™
$cerac = 112 ( 7 A)) > 1.0 (12)

Finally, Tosi¢ et al. [13] proposed changes
to the interpolation coefficient ¢ ie., the
empirical coefficient B in Eq. (1):

Brac = 0.75 single, short — term loading (13)

Brac = 0.25 sustained, repeated loading
Hence, using all the corrections presented

in Egs. (8)—(13), deflection control of RAC,
equal in performance to deflection control of
NAC, is possible [13].
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3. Parametric study on RAC
deflections

Since a complete procedure for deflection
control of RAC is available, an investigation
should be carried out into the implications on
structural design. Therefore, a parametric study
is performed in this study to quantify the
differences in deflection behavior between RAC
and NAC  considering the  proposed
modifications of the f7b Model Code 2010.

3.1 Deformability of RAC relative to NAC

The first analysis in this study is on the
differences in RAC and NAC deformability, i.c.,
how much larger are RAC deflections compared
with NAC considering equal loading, geometry,
and boundary conditions.

For this purpose, a simply supported one-
way slab is considered (considering a 1-m wide
strip, Le., & = 1000 mm). The height / and
effective depth & of the slab are taken as 230
and 200 mm, respectively. The ULS design load
gia of the slab is taken as 15 kN/m?” Concrete
class is C30/37 (fom = 38 MPa). Three concretes
are considered: NAC, RAC50, and RAC100
with 0%, 50%, and 100% of coarse RCA.

The span of the slab L is varied by
adopting I./d ratios from 10 to 40 (ie., from
2000 to 8000 mm, in steps of 400 mm). For
each span, ULS-required tensile reinforcement
Asus 18 calculated, controlling for minimum
reinforcement (0.013%). Then, deflections are
calculated using the simplified {"fmethod of
interpolating deflections, using the following
parameters. The quasi-permanent load ¢g 1s
varied as 50%, 60%, and 70% of the design load
grd, but the maximum bending moment in Eq.
(1) is calculated using the characteristic load
taken as gu = 1.25°¢y (to take into account
possibly larger cracking during the service life of
a member). The loading age is taken as 28 days.

Tensile strength fim (necessary for
calculating M..) is calculated from f. according
to Model Code 2010, identically for NAC,

RAC50, and RAC100. The modulus of elasticity
Eem is calculated using Eqgs. (7) and (8). Initially,
for NAC, the shrinkage strain &, and creep
coefficient ¢ are taken as 0.4%o0 and 2.2,
respectively. Then, Eqs. (11) and (12) are
applied for RAC50 and RAC100. Deflections
are therefore calculated for three levels of quasi-
permanent load, for three concretes NAC,
RAC50, and RAC100 (with equal tensile
reinforcements and M., but different E.n, &,
and ¢). Deflections a calculated for each I./d
ratio are divided by the deflection limit aim for
the corresponding I./d ratio, with aim = 1./250
[3]. The obtained result is shown in Figure 1.
Several conclusions follow from Figure 1.
First, as expected, for low L/d ratios,
deflections  are  very small; minimum
reinforcement is ruling up until I./d = 18. Once
reinforcement becomes larger than _Amin,
deflection start increasing rapidly and the a/diim
ratio quickly becomes larger than 1. It can be
cleatly seen that the a/aim ratio is larger for RAC
than NAC, but the relative differences remain
independent of load level, e.g., at I./d = 40, the
ratio of a/aim between RAC50 and NAC is 1.10
and RAC100 and NAC 1.25 for all load levels.
As expected for a one-way slab with 4 =
200 mm and a load typical for residential
buildings, the deflection limit is reached
between I./d = 20 and 25, depending on the
load level. For gy = 0.5"¢rq, limit deflections are
reached for I./d = 26, 25, and 24 for NAC,
RAC50, and RACI100, respectively; for gq =
0.6"gra, limit deflections ate reached for I./d =
23, 22, and 21 for NAC, RAC50, and RAC100,
respectively; and for ¢y = 0.7-¢uq, limit
deflections are reached for I./d = 21, 20.5, and
20 for NAC, RAC50, and RAC100, respectively.
In other words, NAC members could have 200—
400 mm longer spans compared with RAC100
for precisely satisfied deflections; though
differences become larger as I./d increases.

Tosi¢ et al. /| VIII CONGRESO ACHE — SANTANDER 2020



47 ——NAC
3 .
E
S2 -
S
1
O T T T T T 1
10 15 20 25 30 35 40
L/d
417 ——NAC
e RAC50 - -
1  —=—=-RACI100 -
§ /'/,;"’
$2 - o
é b
1
9qp/qga = 0.6
O T qp T 1
10 15 20 25 30 35 40
L/d
417 ——NAC -
--------- RAC50 T
3 - P
— —-RAC100 P
£ -
S 2 A R
E _‘//';"
1
P qqp/qu=0'7
O T T T T T 1
10 15 20 25 30 35 40
L/d

Figure 1. Normalized deflections vs. L/ d ratio for
NAC, RAC50, and RAC100 and different load levels.

Of course, the obtained results are only
valid for the selected set of parameters. Among
the most important influencing factors on
deflections are shrinkage and creep. Therefore,
in order to test the sensitivity of the conclusions
to shrinkage and creep, their values were varied.
The analysis was performed for NAC and
RAC100 and for gg = 0.6"gra by calculating new
a/ aim vs. L/d wete calculated using two sets of
& and ¢: 0.3%o0 and 2.0 as a lower bound, and
0.5%0 and 2.4 as an upper bound. Both sets
were adopted for NAC and increased for
RAC100 using Eqgs. (11) and (12).

The results are shown in Figure 2. It is
clearly seen that the two shaded areas do not
overlap at all. Hence, RAC100 deflections are
significantly different and larger than NAC, or,
in other words, RAC100 members are

significantly more deformable compared with
NAC members.

3.2 Inctease of RAC member depth relative
to NAC

In the previous section, it was shown that for

identical geometric properties and
reinforcement, RAC deflections are larger than
NAC deflections. However, in design, engineers
will have to satisfy deflections. Therefore,
changes in design must be made to RAC
members in order to satisfy deflection limits.
One approach is to increase the depth/height of
RAC members. It is very important to
determine how much deeper/higher should
RAC members be relative to NAC to satisfy
= L./250), as this will have

significant economic impact and influence the

deflections (giim

willingness of engineers to use RAC.

For this purpose, the following analysis
was performed. Again, a simply supported one-
way slab is considered. For NAC, as before, / =
230 mm and 4 = 200 mm is adopted with I./d
varying between 10 and 40. In this section, only
gop = 0.6gra is considered with &, and ¢ equal
to 0.4%o0 and 2.0 for NAC, respectively; Egs.
(11) and (12) are used for RAC50 and RAC100.
However, in this case, for each I./d ratio, the
design load gra (and Asuis) was determined so
that ¢ = aim. In other words, grq is not constant
(as in the previous section), but @ = aim for each
1./d ratio.

Because of smaller E., and larger &, and
¢, RAC50 and RAC100 cannot satisfy @ = jm.
Hence, their depth must be increased. In this
analysis, the tensile reinforcement center of
gravity was always taken 30 mm from the
bottom surface. Then, the effective depth drac
of RAC50 and RAC100 was increased (rounded
up to 5 mm) for each I./d ratio (and height was
determined as / = drac + 30 mm). In this way,
for each L/d value, a ratio of RAC-to-NAC
effective  depths,  drac/dhac, could  be
determined.
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Figure 2. NAC and RAC100 normalized deflections
vs. L/d ratio for upper and lower bound values of

shrinkage strain and creep coefficient.

The results are shown in Figure 3. The
drac/ dhac ratio decreases with increasing 1./d.
For I./d = 10, the values are 1.08 and 1.18 for
RAC50 and RAC100, respectively, i.e., effective
depths are 215 and 235 mm, respectively,
compared with 200 mm for NAC. Heights are
245 and 265 mm, respectively, compared with
230 mm for NAC.

However, the drac/dvac quickly decreases
and ends at 1.03 and 1.05 for RAC50 and
RAC100, respectively, at I./d = 40 (effective
depth differences are 5 and 10 mm,
respectively). In the range of typical L/d ratios
for these members (20-30), drac/dhac is from
1.05 to 1.03 for RAC50 and 1.10 to 1.08 for
RAC100 (decreasing with increasing I./d).

These results are encouraging for the use
of RAC as the differences in effective depth do
not exceed 10%. Of course, the results are valid
only for the range of parameters selected in this
study. An additional encouragement toward
using RAC is that, for differences of this
magnitude, the problem of deflections can be
satisfied in other ways, besides increasing
member depth.

3.3 Inctease of RAC member reinforcement
relative to NAC

In the previous section it was shown that in the
typical I./d range for one-way slabs, the
effective depth of RAC members needn’t be

more than 10% higher than that of NAC
members in order to satisfy deflection criteria.

1.20 -

. T RAC50
01'15 N N —-—-RACI100
< N
z . /qrq = 0.6
'*QU 1.10 - \ -~ qqp 4Ed
< - N
ﬁz \\\ \.
1.05 Nemmmmoooeee- “ -
1.00 T T T T T 1
10 15 20 25 30 35 40
L/d
Figure 3. Ratio of RAC-to-NAC effective depth for
varying L/d ratios

In this section, an alternative to increasing
member  effective  depth/height will be
investigated — increasing tensile reinforcement.

Parameters identical to section 3.1 are
adopted, but only ¢q, = 0.6*¢r4 is considered and
the ’critical” range of L./d = 20-25 is analyzed.
Now, instead of maintaing tensile reinforcement
as required from ULS design (Aguis), it is
increased as much as necessary in order to
obtain @ £ aim. As stated in section 3.1, for gy, =
0.6"gr4, deflections are larger than the limit only
for I./d greater than 23, 22, and 21 for NAC,
RAC50, and RAC100, respectively. Therefore,
these cases do not require an increase in tensile
reinforcement above A.uis. Above these I./d
ratios, the necessary additional tensile
reinforcement incrases rapidly. The results are
shown in Table 1.

Table 1. Necessary tensile reinforcement increase
in order to achieve 2 £ ajim for L/d = 20-25

L/d As/ Asuis
NAC RACS50 RAC100
20 1.00 1.00 1.00
21 1.00 1.00 1.00
22 1.00 1.00 1.16
23 1.00 1.19 1.67
24 1.26 1.55 2.42
25 1.56 2.00 3.57

A meaningful increase in tensile
reinforcement for the purpose of satisfying
deflection control could be considered up to
100% (i.e., A/ Asus = 2.0), and this only over a
short length in the zone of maximum bending.

Then, Table 1 demonstrates that for NAC the
L/d ratio can be extended up to 25 (an increase
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in span of 400 mm). For RAC50), this increase is
also up to L/d = 25, whereas for RAC100 it is
only up to L./d = 23. In other words, by only
increasing tensile reinforcement, RAC50 slabs
can be comparable to NAC. Further considering
that optimal replacement ratios—in terms of
environmental and economic  impact—is
precisely RAC50 [15], this result is very positive
for the use of RAC. Finally, even though
RAC100 remains somewhat inferior to NAC in
terms of service behavior, the differences are
not significant to prevent its successful use in
structural applications.

4. Conclusions

This study presented the results of a parametric
investigation into the long-term deflections of
reinforced RAC one-way slabs, in relation to
NAC. Different analyses and approaches were
undertaken in order to determine the
differences in deformability between RAC and
NAC members. The simplified {method of the
fib Model Code 2010 was used with corrections
for RAC, concerning the modulus of elasticity,
shrinkage  strain, creep coefficient, and
interpolation coefficient ¢ [8,12,13]. For the
values of parameter ranges adopted in this
study, the following conclusions are drawn:

e RAC50 and RAC100 deflections are larger
than NAC deflections over the entire
considered I./d range, independent of load
level and without strong sensitivity to
shrinkage and creep;

e The ratio of normalized deflections @/ aiim
between RAC50 or RAC100 and NAC
remains almost constant over the considered
L/ d range;

e Depending on the load level, deflections are
satisfied up to L./d = 21-26 for NAC, 20.5—
25 for RAC50, and 20-24 for RAC100;

e In order to precisely satisty deflections with
a = aim, greater effective depths of RAC
members are necessary compared with
NAC. The increase in RAC member depth

decreases with increasing [./d ratio,
drac/dwac goes from 1.18 to 1.05 for
RAC100 and from 1.08 to 1.03 for RAC50,
from L./d = 10 to 40;

e If an increase in tensile reinforcement is
used to satisfy deflections and is limited to
100%, the range of satisfied deflections can
be extended from 23 to 25 for NAC, 22 to
25 for RAC50 and 21 to 23 for RAC100.
Although this study considers only a small

range of parameter values, its results are a

positive sign for the practical implementation of

RAC in reinforced structures. Further analyses

considering different boundary conditions,

geometries, ambient conditions, as well as
construction sequences should be performed to
further verify the results of this study.
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