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ABSTRACT

Recycled aggregate concrete (RAC) has emerged as a viable solution for solving some of the environmental
problems of concrete production. However, design guidelines for deflection control of reinforced RAC
members have not yet been proposed. This study presents a comprehensive analysis of the applicability of the
fib Model Code 2010 (MC2010) deflection control model to reinforced RAC beams. Three databases of long-
term studies on natural aggregate concrete (NAC) and RAC beams were compiled and meta-analyses of
deflection predictions by MC2010 were performed. First, the MC2010 deflection control model was tested
against a large database of long-term tests on NAC beams. Second, a database of RAC and companion NAC
beams was compiled and initial and long-term deflections were calculated using the MC2010 model. It was
shown that deflections of RAC beams are significantly underestimated relative to NAC beams. Previously
proposed modifications for MC2010 equations for shrinkage strain and creep coefficient were used, and new
modifications for the modulus of elasticity and empirical coefficient § were proposed. The improved MC2010
deflection control model on RAC beams was shown to have equal performance to that on companion NAC
beams. The proposals presented in this paper can help engineers to more reliably perform deflection control of

reinforced RAC members.
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1. Introduction

The focus of this paper is on deflection control of cracked reinforced concrete (RC) beams, used to
check one of the most important Serviceability Limit States (SLS) in all modern design codes and guidelines
173 Although deflection control has gained importance over the past decades 4, it is still among the most

complex limit states of RC structures to model.

This is largely because of the large number of influencing factors such as the geometrical properties of
the member, moduli of elasticity of concrete and reinforcement, concrete tensile strength, area and distribution
of reinforcement, load intensity and history, stiffness reduction caused by cracking and tension stiffening,
member structural system, and moment redistribution in statically indeterminate systems caused by stiffness
reduction, shrinkage, and creep.’ However, the research of factors influencing deflection has overtaken the
advance in producing calculation and prediction models capable of using this attained knowledge. Hence,

more attention must be given to the calculation models themselves.

In the area of deflection control, as in RC design in general, the fib Model Code 2010' (MC2010) is a
globally leading document. Its current version is built upon decades of experience and tradition from the CEB-
FIP Model Code 19786 and 1990.7 Today, the fib (International Federation for Structural Concrete) is in the
process of producing a new version, the fib Model Code 2020.% In order to maintain its status of an innovative
and visionary document, the new Model Code 2020 should include design provisions for new materials, such

as ‘green concretes.’

Green concrete is a wide group of sustainable alternatives to traditional cement concrete, typically
produced using waste and/or recycled materials. Since concrete is globally produced in amounts greater than
20 billion tons annually,’ it causes significant impact on the environment. The first significant environmental
impact of concrete is through the global annual production of cement which is responsible for 7-10% of all
anthropogenic CO, emissions.!? The second significant impact of concrete is through its end-of-life. What
remains after a concrete structure is demolished is construction and demolition waste (CDW): in the EU,
approximately 850 million tons of CDW are generated annually, accounting for 46% of total waste

generated,!! while concrete can constitute more than 40% of CDW.

One of the most investigated solutions for producing green concrete is recycling concrete waste in order

to produce recycled concrete aggregate (RCA) for use in the production of recycled aggregate concrete
3
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(RACQ). Since concrete is composed of natural aggregates bound by hardened cement mortar, after crushing
concrete waste, the produced RCA is composed of natural aggregate particles with a certain amount of
’residual cement mortar’ attached. This mortar influences most of RCA properties: RCA usually has higher
porosity, lower density, and greater water absorption compared with natural aggregates (NA).!>"'* When RAC
is produced, typically only coarse RCA is used (particles size >4 mm). So far, RAC has mostly been applied
in non-structural applications!®; however, it is recognized that the potential of RCA can be maximally

exploited only if it is used for producing structural RAC.

Overall, RAC has been extensively and comprehensively studied. Most of the research has focused on
short-term mechanical and durability-related properties. Comprehensive literature reviews analysing these
properties of RAC compared with companion natural aggregate concrete (NAC)—usually designed with the
same effective water-cement (w/c).g ratio (w/c ratio not taking into account additional water added for RCA
absorption)—were published in recent years.!®!” Researchers have also studied ways of predicting RAC
properties that can be incorporated into design codes. For the modulus of elasticity, Silva et al.!® provided a
comprehensive literature review and suggested a predictive expression as an extension of Eurocode 2.2 Tosi¢
et al.!>20 provided empirical equations for predicting the shrinkage strain and creep coefficient of RAC as an

extension of MC2010.

Ultimate Limit State (ULS) behaviour of RAC structural members has also been extensively studied,
from studies on beams and columns, >'-23 to push-over and shaking-table tests on almost full-scale RAC frame
structures.?*? Studying the flexural and shear behaviour of reinforced RAC beams, Tosi¢ et al.?® presented a
meta-analysis of performed experiments and demonstrated that RAC beams could be reliably designed
according to existing Eurocode 2 provisions. Having all these recommendations and guidelines is necessary
for engineers to confidently and reliably design RAC structures. However, one aspect of RAC design is still
lacking — SLS and deflection control, precisely the area in which RAC structural behaviour is expected to

differ mostly from companion NAC behaviour.?’

There are only a small number of long-term tests on reinforced RAC beams.?® 35 Unfortunately, most of
the studies are published as conference proceedings and do not offer sufficient information for detailed
analysis. The studies vary in RCA properties (with water absorption, w.a., 1.9-6.0%), geometric properties of
the beams (with 2000—3700-mm spans, 200-300-mm cross-section depths, 0.5—1.6% reinforcement ratios)

4
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and duration of sustained load (118—1000 days). The authors generally find larger deflections and greater
crack widths in RAC beams compared with companion NAC beams with an identical (w/c). ratio.3>5 Even
though some authors?3-3% have tested the applicability of existing deflection control models (ACI 318 and
Eurocode 2)%3, so far, this was only done on own experimental results — with a too small number of results for

any definitive conclusion.

Therefore, the aim of this study is to perform a comprehensive meta-analysis of existing experimental
results on the deflections of reinforced RAC beams and investigate the applicability of the MC2010 deflection
control model to reinforced RAC beams. First, the performance of the MC2010 deflection control model was
assessed on a large database of NAC beams, in order to verify its accuracy and precision. Second, a database
of RAC and companion NAC beams was compiled and the relative performance of the MC2010 deflection
control model was assessed on them. Finally, corrections of the MC2010 deflection control model for RAC
beams were proposed in order to improve the model’s performance to be equivalent to that for companion
NAC beams. The results of the study offer engineers a safe deflection control procedure for RAC members,

thus completing all structural design aspects for RAC members.

2. Deflection control according to the fib Model Code 2010

2.1. Methodology of calculating deflections according to MC2010

The MC2010 approach to modelling deflections of RC members is based on the fact that there are two
distinct states of an RC cross-section: state 1, i.e. the uncracked state, in which the full area of the concrete
cross-section is effective; and state 2, i.e. the fully cracked state, in which concrete in tension is ignored — the
cross-section is composed of reinforcement in tension and concrete in compression and is said to be fully
cracked.’¢ Basic assumptions of deflection calculation are that (1) concrete in tension is ignored, (2) plane
cross-sections are assumed to remain plane, (3) strains in concrete and reinforcement are assumed to be

compatible, and (4) both materials are assumed to be ideally linear elastic.

The MC2010 deflection control model—just as the one in previous Model Codes—is founded on the
hypothesis that ‘members that are expected to crack, but may not be fully cracked, will behave in an
intermediate manner between the uncracked and fully cracked conditions.’! In its most rigorous form, the
model is based on the interpolation of curvatures calculated in states 1 and 2 at a number of sections along the

member and on the subsequent calculation of deflections by numerical integration. The interpolation is

5



Page 7 of 43 Structural Concrete

1  performed using a distribution coefficient ¢, taking into account the tension stiffening effect. For the case of

2 bending without an axial force, { is defined as

2

My
1—[)’-(7) forMZ\/B-Mcr

9 0 forM<\/E-MCT

oNOYTULT D WN =

(1

where £ is a coefficient accounting for the influence of the duration of loading or repeated loading

15 B =1.0 for single, short — term loading
16 2)
17 B =0.5 for sustained or repeated loading

20 4 Further in Equation (1), M., is the cracking moment; and M is the moment acting on the cross-section.

22 5  The cracking moment should be calculated as
24 M. = Wi,l . fctm (3)

27 6  where V}; is the section modulus of the uncracked transformed section, taking into account the reinforcement
29 7 contribution through the ratio of the steel and concrete moduli of elasticity a.; and f, is the concrete mean

31 8 tensile strength. It should be noted from Equation (1) that the cracked zone of a member is not given by M,,,
but by VA-M.,. The idea behind the coefficient £ is to roughly reduce the cracking moment, or more precisely
10 tensile strength, in order to take into account several phenomena such as the effects of restrained shrinkage,
38 11  cracking caused by previous loading and creep. In this sense, = 1 is only appropriate for first loading of a
40 12 completely uncracked member. For long-term effects, 5 = 0.5 reduces the importance and effect of properly

42 13 selecting the tensile strength by basically reducing f., by approximately 30%.37

14 Curvatures are interpolated using the following equation:

47 1 1 " 1

48 r = r +(1-9) r (4)
49 e f f 2 1

51 15  where (I/r)¢ is the effective/interpolated curvature, while (//r); and (1/r), are curvatures in states 1 and 2,
53 16  respectively. The curvatures in states 1 and 2 are composed of a component due to load (1/7);,q and a

17  component due to shrinkage (1/r). and are calculated as

58 1 M- 2 ce) Sin 12
59 ( ) - Eclef . Ii,n + SCS tltS ae Ii’nl n= 1] (5)
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where [;, is the moment of inertia of the transformed section in state 1 or 2; §;, is the first moment of area of
the reinforcement about the transformed section’s centroid (in state 1 or 2); and e.(¢,%) is the concrete
shrinkage strain at time ¢ with drying initiation at time #. The effect of creep is taken into account using the

effective modulus of elasticity £, .

Ecm

Eeer = T3 ot0) ©)

where ¢(t,t,) is the creep coefficient of concrete loaded at time £, at time ¢, and E,, is the modulus of elasticity
of concrete at 28 days. The effective modulus of elasticity also defines the modular ratio o, = E/E, . where E

is the modulus of elasticity of reinforcement (that may be taken as 200 GPa).

The shrinkage strain and creep coefficient in Equations (5) and (6) should be calculated using the
MC2010 shrinkage and creep prediction models which will not be presented here in detail.! Beside this
rigorous approach, MC2010 also offers a simplified procedure for calculating deflections, stating that ‘in most
cases, it will be acceptable to compute the deflections twice, assuming the whole member to be in the
uncracked condition and in the fully cracked condition, and then interpolate.’ In other words, the distribution

coefficient {"is calculated only once, usually for the cross-section subjected to the maximum bending moment

Mmax:
M \?
_ 1_ﬁ'( ) forMmaxZ\/B'Mcr
(simp. = Minax (7)
0 for Mmax<\/E'Mcr
This distribution coefficient is then applied directly to interpolating deflections:
Asimp. = (ra+(1—-9)a ®)
In Equation (8), a; and a, are the deflections of the member in states 1 and 2, respectively:
Mnayx 2 in’ lz
A=K —————+ 6. e(tty) —— n=1,2 )
n Ec’ef . Il'n CcS CcS S) Il"n . 8

where K is a coefficient depending on the static system (0.104 for a simply supported beam under uniformly
distributed loading and 0.107 for a simply supported beam in four point bending in thirds of the span), and

is a coefficient dependent on the member’s support conditions (=1 for a simply supported beam). This
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1 . . . .
) 1  simplified approach always provides conservative results, but rarely more than 10% greater than the ones
3
4 2 obtained by the rigorous procedure.®
5
S 3 2.2. Performance assessment of MC2010 deflection control on a large database of NAC beams
8
9 4 Before studying the applicability of the MC2010 deflection control model to reinforced RAC members,
10
11 5 it was necessary to assess the model’s performance on ordinary RC (i.e. NAC) members. For this purpose, a
12
13 6  large number of experimental results of long-term tests on NAC members were needed. The largest database
14
15 7  of such tests was compiled by Espion in 1988.3° It contains 397 long-term results from 45 different research
16
1; 8  campaigns. Beside this database, only a few studies performed afterwards have been well-conceptualized and
;g 9  well-documented, e.g. the experimental programme of Gilbert and Nejadi from 2004.4° Since the database by
;; 10  Espion contains a large number of different research campaigns—ranging from simply supported to
23
24 11 continuous beams, rectangular and T-shaped cross-sections, different load conditions, etc.—some criteria had
25
26 12 to be applied in order to reduce the number of results to a smaller but more reliable database. Hence, the
27
28 13 following criteria were applied:
29
2(1) 14 o Studies carried out after 1945 (mostly because of construction technology and cement production);
32
33 15 e Simply supported RC beams with rectangular cross-sections;
34
35 16 e Deformed bars used as reinforcement;
36
37 17 e Four-point bending or uniformly distributed load tests (because of the similar shape of the bending
38
39 18 moment diagram, most common in real members);
40
j; 19 e The total imposed load caused cracking immediately after loading, i.e. beams were cracked
ji 20 throughout the entire experiment (this was considered most representative of realistic in-service
4 . .
42 21 behaviour of reinforced concrete members);
47
48 22 e The concrete compressive stress-to-strength at loading age ratio, o.(¢)/fom(%), was smaller than 0.6
49
50 23 immediately after loading (in order to enable the application of the MC2010 creep prediction
51
52 24 model);
53
54 25 e Compressive strength between 20 and 50 MPa;
55
36 26 e Cross-section height greater than 100 mm;
57
gg 27 e [/d ratio smaller than 40; and
60 . .
28 e [Loading (¢) earlier than 90 days.
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After applying these criteria, 11 studies from Espion’s database were selected: Washa and Fluck
(1952)*, P.C.A. (1950)*, Sattler (1956)*, Hajnal-Konyi (1963)*, Branson and Metz (1963)*, Pauw and
Meyers (1964)%*, Lutz et al. (1967)*, Jaccoud and Favre (1982)*, Bakoss et al. (1983)*, Van Nieuwenberg
(1984)%°, Clarke et al. (1988)°!, together with the study by Gilbert and Nejadi (2004).4° In total, 12 research
campaigns were selected, yielding 52 beams in total, each with an initial deflection, a,, and a long-term ‘final’
deflection, a, corresponding to the end of experimental measurements, i.e. 104 data points. The database with

all the gathered data is provided as Supporting Information to this paper.

It should be noted that, throughout this study, the term ‘final” deflection refers to the deflection at the
end of experimental measurements. The term is introduced for the sake of simplicity, because of different ages
of final experimental measurements in different experiments. It does not refer to any type of final or ‘ultimate’
deflection, since no such concept exists; the absence of bound of basic creep (as reflected in the MC2010

model') means that, theoretically, deflections can increase indefinitely.

The ranges of the most important parameters in the database (labelled NAC-1) are given in Table 1
where b and d are the beam cross-section width and effective depth, respectively, L is the beam span, p; and p,
are the tensile (bottom) and compressive (top) reinforcement ratios, respectively, ¢, is the age at loading and ¢
is the age at final measurement (measured from loading age), and M,,,,/M,, is the maximum applied moment-
to-cracking moment ratio with M., calculated using Equation (3). A relatively wide range of all parameter

values can be seen, indicating good representativeness of the NAC-1 database.

The next step of the analysis was to calculate the deflections of all 52 beams (both initial and final). All
mechanical and time-dependent properties necessary for this calculation (modulus of elasticity, tensile
strength, shrinkage strain, and creep coefficient) were calculated using MC2010 expressions based on
compressive strength. If aggregate type was not provided in the studies, for the purposes of calculating the
modulus of elasticity, quartzite aggregates were assumed. In other words, the aggregate-dependent coefficient

o was taken as 1.0:

1
o /3
Eon=21500" ag - (ﬁ) (10)

Both the modulus of elasticity and tensile strength were calculated for each beam’s loading age, as

E.(ty) and fn(to), respectively. Unfortunately, for most studies, relative humidity (RH) and temperature—
9
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necessary for calculating shrinkage strain and creep coefficient—were not provided, but were taken as values

cited by Espion for each study.?

Deflections were calculated using numerical integration of curvatures in 50 cross-sections across the
length of each beam, using an Excel spreadsheet. For the beams with a o.(¢)/f.m(%) ratio greater than 0.4 (there
were 29 such cases)—the limit of linear creep in MC2010—Ilong-term deflections were calculated by first
dividing the cross-section into the part with o.(¢,)/fom(%0) < 0.4 and o (to)/ferm(ty) >0.4 at time #y, and
subsequently applying the MC2010 linear creep coefficient ¢(z,7)) and nonlinear creep coefficient p4(2,%y) to
each part, respectively, in calculating the effective modulus, Equation (6). This approach has been applied

successfully before and is demonstrated in more detail in the studies by Reybrouck et al. and Tosi¢ et al.3>32

After calculating all 104 deflections, a calculated-to-experimental deflection ratio, dcaic/dexp, Was
determined for each value. The statistical descriptors (mean value y, standard deviation o, and coefficient of
variation CoV) are given in Table 2, for the entire database and separately for initial and final deflections.
Very good agreement of calculated and measured values of deflections can be seen overall. The mean value of
the acqaic/dexp ratio of 1.11 for the entire database is somewhat conservative, however, considering all of the
assumptions made in the calculations (both for mechanical and time-dependent properties) and the scatter of

results (CoV of 26.8%), the result is very good.

However, it is more interesting to analyse initial and final deflections separately since they are actually
calculated using different models — the model for calculating final deflections includes shrinkage and creep,
whereas the model for calculating initial deflections does not; furthermore, the value of the § coefficient in
Equation (2) is different. When looked at separately, an excellent performance of the MC2010 model can be
seen for final deflections — a mean value of the a,c/aex, ratio of 1.05 and a CoV of 15.1%. The performance of
the model is worse for initial deflections (mean of 1.17 and CoV of 32.4%). However, precisely measuring
’initial” deflections can also be problematic and lead to errors. Because of this, and the fact that initial

deflections are less important than long-term ones for RC structures, this result is also considered very good.

The performance of the model was also explored graphically, as shown in Figure 1 where the d@cqic/dexp
ratio was plotted against compressive strength, tensile reinforcement ratio, L/d ratio and load level (M./M.,
ratio), separately for initial and final deflections. From the figure, practically no significant correlation of the

cal/Aexp Tatio with any of the analysed parameters can be seen, meaning that the model behaves equally well

10
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over the entire range of parameter values in the NAC-1 database. There is a slight negative correlation of the
Qcal/Aexp Tatio to the tensile reinforcement ratio, and the model is less precise for lower reinforcement ratios.
Such reinforcement ratios are indicative of members loaded in service close to their cracking moment, and this
is a case for which the model’s lower reliability is already known;3” nonetheless, the correlation is not

significant.

For comparison purposes, deflections were also calculated using the simplified MC2010 method. As
expected, the obtained results were more conservative compared with the rigorous method — the mean aqic/dey
ratio for the simplified approach was 1.29 and 1.09 for initial and final deflections, respectively (compared
with 1.17 and 1.05 for the rigirous method). Nonetheless, this is a good result for a simplified method, and is

on the safe side, as should be the case with any simplification.

From the analysis in this section, it was concluded that the MC2010 deflection control model has a very
good performance on NAC beams and does not require any modifications. Therefore, the unaltered version of

the model was used in the subsequent analysis of RAC beams carried out in the following section.

3. Applicability of the fib Model Code 2010 deflection control to RAC members

3.1. Databases of RAC and companion NAC beams

Detailed databases of long-term tests on reinforced RAC and companion NAC beams were compiled.
As stated in the Introduction, there are only a small number of long-term tests on RAC beams?*3 and,
furthermore, most of the studies are published as conference proceedings and do not offer sufficient

information for a detailed analysis.

The only studies that provide sufficiently detailed results of their research campaigns are those of
Knaack and Kurama33, ToSi¢ et al.,?® and Seara-Paz et al.3* In these three studies, 30 beams were studied in

total: 10 NAC and 20 RAC beams. Knaack and Kurama?? tested:

e six NAC beams (UT-0-7, UT-0-28, UC-0-7, UC-0-28, CC-0-7, CC-0-28),

e six beams with 50% of RCA (i.e. RAC50: UT-50-7, UT-50-28, UC-50-7, UC-50-28, CC-50-7,
CC-50-28), and

e six beams with 100% of RCA (i.e. RAC100: UT-100-7, UT-100-28, UC-100-7, UC-100-28,

CC-100-7, CC-100-28) were studied.

11
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The beams were divided according to whether they were loaded so as to crack immediately after
loading, or to crack some time after loading (first letter in the label — U/C); whether they had only tensile, or
both tensile and compressive reinforcement (second letter in the specimen label — T/C); RCA percentage (first
number in the label — 0/50/100); and whether they were loaded after 7 or 28 days (last number in the label —

7/28).

In the study by Tosi¢ et al.,* two NAC (NAC7, NAC28) and two RAC100 beams (RAC7, RAC28)

were tested by loading them after 7 and 28 days (as indicated by the number in the specimen name).
Seara-Paz et al.>* tested:

e two NAC beams (H50-0, H65-0),
e two beams with 20% of RCA (i.e. RAC20: H50-20, H65-20),
e two RAC50 beams (H50-50, H65-50), and

e two RAC100 beams (H50-100, H65-100).

The beams were divided according to the (w/c).g ratio (0.50 and 0.65 for beams H50 and H65,

respectively), and RCA percentage (indicated by the number in the specimen’s name).

All of the beams were simply supported and loaded in four-point bending. The RCA used in these
studies was crushed concrete waste in the studies of Knaack and Kurama33 and ToSi¢ et al.33, whereas the
RCA in the study of Seara-Paz et al.* was mostly concrete waste (85%) with approximately 10% of asphalt

particles. The water absorption of RCA was in the range of 3.9-6.1%, indicating good to moderate quality.

However, for the purposes of this study, not all of these beams were considered in the analysis. First,
one RAC beam from the study of Tosi¢ et al.»> (RAC100 beam loaded after 7 days, RAC7) had a a.(¢)/fem(t0)
ratio greater than 0.6 and was excluded since the MC2010 nonlinear creep coefficient could no longer be
applied. Second, two RAC beams from the study of Knaack and Kurama*} did not report long-term deflection
values, only initial deflections (beams CC-50-28 and UT-100-7); therefore, they were also excluded. Finally,
the two RAC20 beams from the study of Seara-Paz et al.>* were excluded (beams H50-20 and H65-20) since
this was the only study that investigated a RCA replacement percentage of 20% — the number of results was

too small for analysis and these two beams were also excluded. In the end, this led to two new databases: a
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’Companion-NAC’ database and a 'RAC’ database. These databases with all the gathered data are also

provided as Supporting Information to this paper.

The Companion-NAC database contains 10 beams and 20 data points (10 initial and 10 final
deflections). The ranges of the most important parameters in this database are given in Table 3. It can be seen
that most of the parameters of the Companion-NAC beams also fall within the corresponding parameter
ranges in the NAC-1 database (with somewhat smaller cross-sections and higher compressive strengths).
However, one significant difference is the load level (M,.x/M;) which has values lower than 1.0 in the
Companion-NAC database, signifying uncracked beams. This is due to four beams tested by Knaack and
Kurama?? which were designed not to crack immediately after loading, but to crack over time, i.e. these initial
deflections are in the uncracked state, whereas their final deflections are in the cracked state. They were kept
in the database since this is a situation that can occur in practice (e.g. RC slabs loaded close to their cracking

load) and the MC2010 model’s performance should also be assessed in such cases.

The RAC database contains 15 beams and 30 data points (15 initial and 15 final deflections). The
ranges of the most important parameters in this database are also given in Table 3. The geometric properties
and reinforcement ratios of RAC beams are the same as in companion NAC beams. RAC compressive
strength is slightly lower, as expected of RAC and NAC produced with the same (w/c).s ratios. There were
also seven RAC beams from the study of Knaack and Kurama®} which were designed not to crack

immediately after loading, but to crack over time (four RAC50 and three RAC100 beams).

A direct comparison of deflections between RAC and companion NAC beams is not straightforward
since different studies used different variables (load level, o.(¢)/fem(0) ratio, etc.), and RAC and companion
NAC did not have identical mechanical properties. Nonetheless, generally, RAC beams had slightly larger
deflections than companion NAC beams and this difference tended to increase over time. For the 30 RAC
beams in the database, a ratio of RAC-to-companion NAC beam deflections, az,c/ay4c, was calculated and the
results are shown in Table 4. It can be seen that, overall, deflections of RAC beams are 14% larger than those
of companion NAC beams with significant scatter. When divided into initial and final deflections, an

increasing trend of deflection ’divergence’ can be seen — the ratio increases from an average of 1.09 to 1.19.

13
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Although the number of experimental results in the databases is not so large, at this time, these are the
most reliable and usable results. The databases still allow a meaningful analysis of the MC2010 deflection

control model and this was carried out as the next step in the study.
3.2. Performance of the MC2010 deflection control on companion NAC and RAC beams

Following the same procedure described in Section 2.2, deflections were calculated for RAC and
companion NAC beams. In this step, all RAC properties were calculated from compressive strength using
default MC2010 expressions, i.e., assuming that expressions for NAC are valid (even for shrinkage and
creep). Since the NA type was known in these three studies, appropriate o coefficients were used in Equation
(10). Again, as in Section 2.2, the calculated-to-experimental deflection ratio, dcqic/dexp, Was determined using

the rigorous MC2010 method.

For the companion NAC beams, statistical descriptors of the ac,/aex, ratio are given in Table 5. The
results are very similar to those of the NAC-1 database, with slightly lower CoVs (as expected from a smaller
number of studies) and a larger mean @, c/aey, ratio for initial deflections (1.33 compared with 1.17 for the
NAC-1 database). This can be explained by the presence of the initially uncracked beams tested by Knaack
and Kurama,* two out of four of which were wrongly predicted by the MC2010 model to be cracked —
leading to much higher calculated initial deflections compared with measured ones. At the same time, the
NAC-1 database does not contain such beams. Once this is taken into account, the performance of the
MC2010 deflection control model can be considered the same on both NAC databases, as expected. Again, the
simplified method was also tested and again led to more conservative results — the mean ag, /.y, ratio for the
simplified approach was 1.46 and 1.12 for initial and final deflections (compared with 1.33 and 1.01 for the

rigirous method).

For the RAC beams, statistical descriptors of the aca/acx, ratio are also provided in Table 5. Here, it can
clearly be seen that the MC2010 deflection control model significantly underestimates RAC deflections. For
initial deflections, even though the ac,c/acx, ratio is greater than 1.0, this is not a conservative result since the
corresponding value for the companion NAC beams was 1.33 (three of the seven initially uncracked beams
tested by Knaack and Kurama33} were also wrongly predicted as cracked). However, the greatest
underestimation is in the final deflections — the mean ac,i¢/dex, ratio is only 0.77. In both the initial and final

deflections, there are no significant differences relative to RCA content: for initial deflections the mean
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Acale/Aexp Tatio values for RAC50 and RAC100 beams are 1.14 and 1.08, respectively, whereas for final
deflections they are 0.78 and 0.76, respectively. Therefore, treating all RAC beams as one database is
justified. The simplified method also provides similar results — a mean dcac/@ex, ratio of 1.22 and 0.86 for

initial and final deflections.

A graphical comparison of the dc,ic/aey, ratio for RAC and companion NAC beams, relative to
compressive strength, L/d ratio, tensile reinforcement ratio, and load level, is shown in Figure 2. First, the
underestimation of RAC deflections, in absolute terms and relative to companion NAC, can clearly be seen for
both the initial and final deflections, especially taking into consideration that experimental RAC beam
deflections are generally larger than those of companion NAC beams (Table 4). Second, as in the case of the
NAC-1 database, no significant correlation of the acq/aey, ratio with any of the analysed parameters can be

seen, i.e. the model behaves similarly over the entire range of parameter values.

Considering the above analysis, it is clear that RAC cannot be treated the same as NAC in all aspects of
the MC2010 deflection control model (predicting mechanical, and time-dependent properties, as well as
calculating deflections) and corrections must be applied. In the following section, specific extensions of the

MC2010 model are proposed in order to enable its applicability to RAC deflection control.

4. Improvement of the fib Model Code 2010 deflection control for RAC members

4.1. Corrections for predicting RAC mechanical and long-term properties

The underestimation of RAC deflections, in absolute terms and relative to companion NAC beams, can
have two causes. The first one is inadequate MC2010 equations for predicting the mechanical and time-
dependent properties of RAC (modulus of elasticity, tensile strength, shrinkage strain, and creep coefficient).
The second one is an inadequate deflection control method itself, i.e. some inadequacy of Equation (1) for

RAC beams. Finally, a combination of both causes is also possible.

It is already known that there are significant differences in mechanical and time-dependent properties
between RAC and NAC and that default MC2010 equations for predicting these properties cannot be directly
used for RAC. Therefore, the first step was to investigate whether changing only these expressions will lead to

equal performance of MC2010 deflection control on RAC and companion NAC beams.

15
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Since it was previously shown that the tensile strength of RAC can be successfully predicted using
Eurocode 2 equations (identical to MC2010),3 the equation for f,, was left unchanged. For deflections,
especially initial deflections, the modulus of elasticity is of the greatest importance. The MC2010 equation for
E., in Equation (10) already allows an adjustment for aggregate type through the ag coefficient (1.2 for basalt,
1.0 for quartzite, 0.9 for limestone, and 0.7 for sandstone aggregates). Silva et al.'® previously showed,
through a large meta-analysis, that £, for RAC is conservatively predicted if ag is taken as 0.7 (i.e. as for
sandstone aggregates). Since this is a conservative proposal, in this study, the following equation was used to

calculate the ag coefficient in Equation (10):

RCA%
100 (1

ap=10-—0.3"

where RCA% is the percentage of coarse RCA in RAC. Equation (11) yields ag = 0.85 for RAC50 and 0.70

for RAC100, in line with the conclusions of Silva et al.!8

For the shrinkage strain and creep coefficient, Tosi¢ et al.'®2° proposed an extension of the MC2010
models for RAC by performing meta-analyses of previously published experimental results. The authors
proposed correction coefficients to be applied as global scaling factors of shrinkage strain and creep

coefficient calculated according to MC2010.
SCS,RAC(t;tS) = ECS,RAC ' gcs(t;ts) (] 2)
@rac(t,to) = &ccrac* @(tto) (13)
The correction coefficients are dependent on RAC compressive strength and RCA percentage:

0.30

RCA%
fcs,RAc=( £ ) >1.0 (14)
cm
0.15
RCA%
Ecc,RAc=1.12-(—f ) >1.0 (15)
cm

After recalculating RAC properties, deflections were again calculated for RAC beams using the
rigorous method. The statistical descriptors of the new acqic/aex, ratios are given in rows 2—4 of Table 6.
Applying these corrections improved the model’s performance, with practically no cost in terms of CoV.
However, the mean values of the ac,c/acy, ratio remain lower than those of the companion NAC beams (Table

5), both for the initial and final deflections.
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The adopted corrections for the modulus of elasticity, shrinkage strain, and creep coefficient were
derived from large databases of experimental results at the material level'®2°. Although it might be possible to
improve these expressions in the future, according to current results, they are an adequate solution, and since
they are determined at the material level, no results at the structural level can be used to improve their
adequacy. In this paper, any remaining difference between the deflection control model’s performance on
RAC and companion NAC beams is hypothesized to be due to differences in structural behaviour. This
hypothesis can only be tested in tensions stiffening experiments, which are very scarce for RAC34, i.e., at the

moment, no definite conclusion can be made.

Hence, in this study, tension stiffening was presumed to be different in RAC and in companion NAC
beams. The general approach of interpolating curvatures (or deflections), using the distribution coefficient {"in
Equation (1), remains valid since it has a strong physical meaning. However, the empirical coefficient 3,
defined by Equation (2), is not adequate for RAC beams. In the following section, besides the previously

presented corrections for £, &, and ¢, a correction of the coefficient £ will be presented.
4.2. Corrections for RAC deflection control

As shown earlier, for adequate RAC deflection control, it is not enough to correct only the mechanical
and time-dependent properties. The deflection model itself must be improved. For this purpose, the empirical

coefficient £ is replaced by the new coefficient frac for RAC:

Brac = 0.75 for single, short — term loading

(16)

Brac = 0.25 for sustained or repeated loading

In other words, the f coefficient is reduced from 1.0 to 0.75 for calculating initial deflections and from
0.5 to 0.25 for calculating long-term deflections. As explained in Section 2.1, V4 actually represents a
reduction of the cracking moment in Equation (1). Hence, this proposal for Srac actually reduces the cracking
moment by approximately 15% for single, short-term loading, and by 50% for sustained or repeated loading.
Both reductions are aligned with experimental results: (1) for initial deflections, studies on flexural strength of
RAC beams have reported lower cracking moments compared with companion NAC beams* (due to the
presence of two interfacial transition zones between aggregate and mortar in RAC); and (2) for final

deflections, a larger reduction of the cracking moment is in line with larger shrinkage of RAC.
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Using Equation (16) (and all previously presented corrections), RAC deflections were recalculated
using the MC2010 rigorous method and the new aq/acy, ratios are given in rows 5—7 of Table 6. The choice
of values for the frac coefficient was such that the mean ac,c/aey, ratios for RAC beams are made identical to
the ones for companion NAC beams, for both initial and final deflections. Even the CoVs are almost identical

with the only difference being a slightly larger CoV for RAC final deflections.

Graphically, the results are shown in Figure 3, through a comparison of the ac/a.y, ratio for ’corrected’
RAC (labelled 'RAC+’ in the figure) and companion NAC beams, relative to compressive strength, L/d ratio,
tensile reinforcement ratio, and load level. Now, it is clear that the *clouds’ of points for NAC and RAC
coincide completely. This demonstrates the equality of performance of the ’corrected’ MC2010 deflection
control model on RAC beams and the *original’ MC2010 deflection control model on NAC beams. The
simplified model was also tested, and as expected, it yielded conservative results, similar to the ones for
companion NAC beams — the mean ac,c/a@.y, ratio for the simplified approach was 1.46 and 1.26 for initial and

final deflections, respectively (compared with 1.46 and 1.12 for the companion NAC beams).

With the corrections presented in this paper, RAC members can reliably be designed for SLS. Together
with the already demonstrated design of RAC members in terms of ULS, this completes all necessary

structural design aspects for reinforced RAC members.
5. Conclusions

This study presented a comprehensive analysis of the applicability of the fib Model Code 2010
deflection control model to reinforced RAC beams. For this purpose, three databases of long-term studies on
NAC and RAC beams were compiled and meta-analyses of deflection predictions by MC2010 were

performed. The following conclusions were drawn from this study:

e Very good performance of the MC2010 deflection control model (rigorous method of numerical
integration of curvatures) was demonstrated in terms of predicting initial and long-term deflections
from a database of 52 NAC beams. This included both equations for predicting mechanical and
time-dependent properties, as well as the deflection control model itself. The mean value of the
calculated-to-experimental deflection ratio, d@caic/dexp, Was calculated as 1.17 and 1.05 for initial and

final deflections, respectively.
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e  Only three long-term experimental campaigns of RAC beams were found with reliable and
sufficient data for a meta-analysis. A database of RAC and companion NAC beams was compiled.
The companion NAC database comprised 10 beams, whereas the RAC database comprised 15
beams (7 RAC50 and 8 RAC 100 beams).

e The performance of the MC2010 deflection control model on companion NAC beams was found to
be similar to that of the larger NAC database — the mean value of the aq/aey, ratio was 1.33 and
1.01 for initial and final deflections, respectively. However, when using the default expressions of
the MC2010 model for RAC beams, deflections are significantly underestimated compared with
companion NAC beams — the mean value of the a,c/acy, ratio was 1.11 and 0.77 for initial and final
deflections, respectively.

e If modifications of MC2010 equations for the modulus of elasticity, shrinkage strain, and creep
coefficient for RAC are applied, deflection predictions improve but still remain lower than those of
the companion NAC beams. Therefore, the deflection control model itself must be modified.

o When the empirical coefficient § (used for calculating the tension stiffening distribution coefficient
¢) is modified to 0.75 for single, short-term loading and 0.25 for sustained or repeated loading, the
‘corrected” MC2010 deflection control model has equal performance on RAC beams to that of the
original model on companion NAC beams. This is true for both the rigorous method of integrating
curvatures and the simplified method of directly interpolating deflections (which provides

sufficiently conservative results).

With the corrections presented in this paper, more reliable deflection control of RAC members is
possible. Nonetheless, the study has some limitations: although they contain the best available results, the
companion NAC and RAC databases are still small; only simply supported beams were analysed; only
rectangular beam cross-sections were analysed; a narrow range of load levels was analysed; and the duration
of the available experiments is relatively short. In order to verify the modifications proposed in this study,
more long-term tests on RAC and companion NAC beams will be needed, broadening the scope of the
databases. The ones used in this study are provided as Supporting Information, enabling other researchers to

expand them in the future.
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1(1) 5 Notations

12

13 6 o modular ratio of steel and concrete

14

15 7  og coefficient that takes into account the effect of the aggregate type on the modulus of elasticity of
16

17 8 concrete

18

;g 9 p coefficient accounting for the influence of the duration of loading or repeated loading
21 .

2 10  Srac B coefficient for RAC

23 . . . .

24 11 O shrinkage deflection coefficient dependent on the static system

25 ) )

26 12 g concrete shrinkage strain

27

28 13 &iRrac shrinkage strain of RAC

29

30 14 ¢ distribution coefficient for interpolating deformation variables (curvature, deflections, etc.)
31

32 15 u mean value

33

34 16 Ceerac correction coefficient for RAC creep coefficient

35

;? 17 Surac correction coefficient for RAC shrinkage strain

gg 18 o standard deviation

40 .

o 19 o, concrete compressive stress

42 .

43 20 ¢ concrete creep coefficient

44 .

45 21 ¢rac creep coefficient of RAC

46

47 22 O non-linear concrete creep coefficient

48

49 23 (I curvature in state 1 or 2

50

51 24 (1/7)ett effective curvature

52

53 25  a initial deflections

54

gg 26 deae calculated deflections

g ; 27 ey experimentally measured deflections

59 . .

60 28 g deflections in state 1 or 2
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simp. deflections calculated using the simplified MC2010 method

a long-term deflections

CoV coefficient of variation

E. . concrete effective modulus

E., concrete modulus of elasticity

Sfetm concrete mean tensile strength

I, moment of inertia of the transformed section in state 1 or 2

K bending deflection coefficient dependent on the static system

M moment acting on an RC cross-section

M., cracking moment

M ax maximum bending moment acting on RC member

RCA% percentage of coarse RCA in RAC

Sin first moment of area of the reinforcement about the transformed section’s centroid in state 1 or 2

t time

to loading age

t end of curing

(W/C)ete effective water-cement ratio

Wii section modulus of an uncracked transformed RC section
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Table 1. Range of parameters in the NAC-1 database

Structural Concrete

Datab No.of  No. of b d Sfem L L/ D1 D2 to t MuyaodMe 0(t0)/fem(to)
DA peams  deflections (mm) (mm) (MPa) (mm) (o) (%) (%)  (days) (days) ) )
NAC-1 52 104 100— 95— 21.5- 1829- 10.7= 0.44- " 0.00- 14-53  60-1734  1.12-4.08 0.20-0.58

750 300  39.6 6400

39.9 2.64 1.67
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1 Table 2. Statistical descriptors of the acac/aey, ratio for the NAC-1 database

CoV
(%)
All 104 1.11 030 26.8
NAC-1 Initial 52 1.17 038 324
Final 52 1.05 0.16 15.1

Database Deflections n u o
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Table 3. Range of parameters in the Companion-NAC and RAC databases

Page 30 of 43

No. of No. of RCA b d L L/ P1 P2 t MmaX/Mcr O'C(l‘())/jgm(l())
Database (16 deflections (%) (mm)  (mm) o MPO G (%) (%) (days) ave) O )
Companion-
NAC 1020 0 150-200 169-249 007 30137189 0.58-1.32 0.00-047 742 1191000 **1 733 0107058
RAC 5 30 50, 100 281518 0.68-2.52 0.10-0.45
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1 Table 4. Statistical descriptors of the agac/anac ratio for RAC and companion NAC measured beam
2 deflections

arac/anac : CoV
ratio Deflections n o (%)

RAC- All 30 1.14 032 27.6
Companion Initial 15 1.09 034 314
NAC Final 15 1.19 029 243
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Table 5. Statistical descriptors of the ac,ic/aex, ratio for the Companion-NAC and RAC databases

Structural Concrete

Database Deflections n u o (C(:,/OO;,
Companion- Al-l . 20 1.17 026 22.4
NAC Imtlal 10 133 025 189
Final 10 1.01 0.15 152
All 30 094 0.28 294
RAC Initial 15 1.11 024 21.8
Final 15 0.77 020 259
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1  Table 6. Statistical descriptors of the corrected aguc/acx, ratios for the RAC database

CoV
(%)
All 30 1.06 0.29 26.9

Eems &csy @ Initial 15 1.27 024 194

RAC Final 15 0.90 0.24 26.1
All 30 1.17 0.29 250

11 Eon, s, 0, f  Initial 15 1.32 023 172
12 Final 15 1.02 0.21 20.6

Database  Corrections  Deflections n U o
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Figure 1. Relationship between the acaic/aexp ratio and a) compressive strength, b) span-effective depth
ratio, c) tensile reinforcement ratio, and d) load level, for the NAC-1 database
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Figure 2. Relationship between the acaic/aexp ratio and a) compressive strength, b) span-effective depth
ratio, c) tensile reinforcement ratio, and d) load level, for the Companion-NAC and RAC databases
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Figure 3. Relationship between the acaic/aexp ratio and a) compressive strength, b) span-effective depth
ratio, c) tensile reinforcement ratio, and d) load level, for companion NAC and 'RAC+’ beams

160x101mm (300 x 300 DPI)



Page 37 of 43 Structural Concrete

Article Title:  Deflection control for reinforced recycled aggregate concrete members: Experimental datab
Journal: Structural Concrete
Authors: Nikola Tosi¢!
Snezana Marinkovi¢'
Jorge de Brito?
Affiliations: ' University of Belgrade, Faculty of Civil Engineering, Bulevar kralja Aleksandra 73, 11000 E
2 CERIS, Department of Civil Engineering, Architecture and Georesources, Instituto Superic
10 E-mail: ntosic@imk.grf.bg.ac.rs

oNOYTULT D WN =



mailto:ntosic@imk.grf.bg.ac.rs

oNOYTULT D WN =

Structural Concrete

\ase and extension of the fib Model Code 2010 model

3elgrade, Serbia
r Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1049-001, Lisbon, Portugal

Page 38 of 43



Page 39 of 43 Structural Concrete

Study information Cross-section Reinforcement Mechanical properties Loading Deflection
2 3 4 5 6 7 8 9 10 11 12 1 15 16 17 18 19 20 21 22 23 24
fom(tiost) a (t-to)

1 Author(s Beam b(mm) _h (mm) Aq(mm?) d(mm)  pi(%)  As(mm?) da(mm) p2 (%) RH(%) T(°C)  teu(days) (MPa)  fon (MPa) L(mm) Lid Msw (Nm) _ Ksw Mo (Nm) Kou mm; to(days) _t-to (days)
T 0 Washa and Fluck (1952) ATIAG 2032 3048 852 2572 163 852 776 163 50 21 14 2500 27.73 6096 23.7 7192 0104 18442 0.104 13.46 1 0

2 2t Washaand Fluck (1952) A1IA4 2032 304.8 852 257.2 1.63 852 476 1.63 50 21 14 2500  27.73 6096 237 7192 0104 18442 0.104 2362 14 913
3 0 Washaand Fluck (1952) A2IA5 2032 304.8 852 257.2 1.63 400 46.1 077 50 21 14 2500  27.73 6096 237 7192 0104 18442  0.104 15.75 14 0

4t Washa and Fluck (1952) A2IA5 2032 3048 852 2572 163 400 46.1 077 50 21 14 2500  27.73 6096 237 7192 0104 18442  0.104 32.26 14 913

3 5 0 Washaand Fluck (1952) A3IP6 2032 304.8 852 2572 163 0 [ 0.00 50 21 14 2500  27.73 6096 237 7192 0104 18442 0.104 17.02 14 0
6 t Washaand Fluck (1952) A3/A6 2032 304.8 852 257.2 1.63 0 0 0.00 50 21 14 2500  27.73 6096 237 7192 0104 18442  0.104 44.70 14 913

4 7 0 Washa and Fluck (1952) B1/B4 1524 203.2 400 157.2 1.67 400 46 1.67 50 21 14 2080 2307 6096 3838 3596 0.104 3663 0.104 2337 14 0
8 t Washaand Fluck (1952) B1/B4 1524 203.2 400 157.2 1.67 400 46 1.67 50 21 14 2080 2307 6096 38.8 3596 0.104 3663 0.104 51.05 14 913

5 9 0 Washaand Fluck (1952) B2/B5 1524 2032 400 157.2 1.67 200 46 084 50 21 14 2080 2307 6096 38.8 3596 0.104 3663 0.104 24.89 14 0
10t Washaand Fluck (1952) B2/B5 152.4 203.2 400 157.2 1.67 200 46 0.84 50 21 14 2080 2307 6096 3838 3596 0.104 3663 0.104 65.02 14 913

11 0 Washa and Fluck (1952) B3/B6 1524 203.2 400 157.2 1.67 0 0 0.00 50 21 14 2080 2307 6096 388 3596 0.104 3663 0.104 26.42 14 0

6 12t Washaand Fluck (1952) B3/B6 1524 2032 400 157.2 1.67 0 0 0.00 50 21 14 2080 2307 6096 38.8 3596 0.104 3663 0.104 86.36 14 913
13 0 Washa and Fluck (1952) D1/D4 304.8 127 516 101.6 1.67 516 254 1.67 50 21 14 2240 2451 3810 375 1756 0.104 4267 0.104 11.94 14 0

7 14t Washa and Fluck (1952) D1/D4 304.8 127 516 1016 1.67 516 254 1.67 50 21 14 2210 2451 3810 375 1756 0.104 4267 0.104 27.69 14 913
15 0 Washa and Fluck (1952) D2/D5 304.8 127 516 101.6 1.67 258 254 083 50 21 14 2210 2451 3810 375 1756 0.104 4267 0.104 14.22 14 0

8 16t Washa and Fluck (1952) D2/D5 304.8 127 516 1016 1.67 258 254 083 50 21 14 2210 2451 3810 375 1756 0.104 4267 0.104 3378 14 913
17 0 Washa and Fluck (1952) D3/D6 304.8 127 516 1016 1.67 0 0 0.00 50 21 14 2210 2451 3810 375 1756 0.104 4267 0.104 17.78 14 0

18t Washa and Fluck (1952) D3/D6 304.8 127 516 101.6 1.67 0 0 0.00 50 21 14 2210 2451 3810 375 1756 0.104 4267 0.104 48.51 14 913

9 19 0 P.CA. [18]in Espion (1988) Z0NA 152 305 849 254 2.20 0 0 0.00 50 21 28 2690  26.90 3048 12.0 1346 0104 22267 0.107 4.25 28 0
20t P.C.A.[18]in Espion (1988) 40NA 152 305 849 254 220 0 0 0.00 50 21 28 2690  26.90 3048 12,0 1346 0104 22267  0.107 10.00 28 242

10 21 0 P.C.A.[18]in Espion (1988) 60NA 152 305 1019 254 264 0 0 0.00 50 21 28 3740 3740 3048 12,0 1346 0104 29641 0.107 4.90 28 0
22t _P.C.A.[18]in Espion (1988) 60NA 152 305 1019 254 264 [ [} 0.00 50 21 28 3740 3740 3048 12.0 1346 0104 29641 0.107 9.90 28 242

11 23 0 Sattler [11]in Espion (1988) atja2 100 160 100 134 0.75 0 0 0.00 55 21 32 2670 26.27 2000 299 800 0.104 1962 0.104 15.83 32 0
24t Sattler [11]in Espion (1988) at/a2 100 160 100 134 075 0 0 0.00 55 21 32 2670 26.27 4000 29.9 800 0.104 1962 0.104 32.21 32 84

12 25 0 Hajna-Konyi [22] in Espion (1988) 8 127 190.5 142 160.3 0.70 0 0 0.00 82 21 35 3700 3604 6400 39.9 3097 0.104 1612 0.104 20.60 53 0
26t Hajnal-Konyi [22] in Espion (1988) 8 127 190.5 142 160.3 0.70 0 0 0.00 82 21 35 3700 3604 6400 39.9 3097 0.104 1612 0.104 65.40 53 1734

27 0 Hajnal-Konyi [22] in Espion (1988) 10 127 190.5 142 160.3 0.70 0 [ 0.00 82 21 35 3700 3604 4800 29.9 1742 0.104 2967 0.104 8.80 53 0

13 28t Hajnal-Konyi [22] in Espion (1988) 10 127 190.5 142 160.3 0.70 0 0 0.00 82 21 35 37.00 3604 4800 29.9 1742 0.104 2067 0.104 29.70 53 1734
29 0 Hajnal-Konyi [22] in Espion (1988) 12 127 190.5 142 160.3 0.70 0 0 0.00 82 21 35 3700 3604 3200 20.0 774 0.104 3935 0.104 4.30 53 0

14 30t Hajnal-Konyi [22] in Espion (1988) 12 127 1905 142 1603 070 [ [} 0.00 82 21 35 37.00 3604 3200 20.0 774 0104 3935 0.104 14.00 53 1734
31 0 Branson and Metz 23] in Espion (1988)  SBa/B 1016 127 214 1016 2.07 0 0 0.00 50 21 28 3540 3540 2743 270 303 0.104 935 0.104 3.89 28 0

15 32t Branson and Metz [23] in Espion (1988)  SB3/B 101.6 127 214 101.6 207 0 0 0.00 50 21 28 3540 3540 2743 27.0 303 0.104 935 0.104 7.70 28 60
33 0 Branson and Metz [23] in Espion (1988)  SB3/M 1016 127 214 101.6 207 0 0 0.00 50 21 28 3130 3130 2743 27.0 303 0.104 935 0104 399 28 0

16 34t Branson and Metz [23] in Espion (1988) _ SB3/M 1016 127 214 101.6 207 0 0 0.00 50 21 28 3130 3130 2743 27.0 303 0104 935 0.104 7.50 28 60
35 0 Pauw and Meyers [26] in Espion (1988) _ R1 1778 216 200 165.1 136 0 0 0.00 50 21 28 3380  33.80 2286 138 627 0.104 7176 0.107 2.44 28 0

36t Pauwand Meyers [26] in Espion (1988)  R1 177.8 216 400 165.1 1.36 0 0 0.00 50 21 28 3380  33.80 2286 13.8 627 0.104 7176 0.107 4.89 28 150

17 37 0 Pauwand Meyers [26] in Espion (1988)  R2 177.8 216 568 165.1 1.94 0 0 0.00 50 21 28 3360 3360 2286 138 627 0104 11228 0.107 322 28 0
38t Pauwand Meyers [26] in Espion (1988)  R2 177.8 216 568 165.1 194 0 [ 0.00 50 21 28 3360 3360 2286 13.8 627 0104 11228 0.107 6.16 28 150

18 39 0 Pauwand Meyers [26] in Espion (1988)  R3 177.8 216 568 165.1 1.94 0 0 0.00 50 21 28 3890 3890 2286 13.8 627 0.104 9643 0.107 371 28 0
40t Pauwand Meyers [26] in Espion (1988)  R3 177.8 216 568 165.1 1.94 0 0 0.00 50 21 28 3890 3890 2286 138 627 0.104 9643 0.107 6.64 28 120

19 41 0 Pauw and Meyers [26] in Espion (1988) R4 177.8 216 774 165.1 264 0 0 0.00 50 21 28 3870 3870 2286 13.8 627 0104 14607  0.107 4.66 28 0
42t _Pauw and Meyers [26] in Espion (1988) R4 177.8 216 774 165.1 264 [ 0 0.00 50 21 28 3870 3870 2286 13.8 627 0104 14607 0.107 7.89 28 120

43 0 Lutzetal [29]in Espion (1988) SR 1016 2032 258 715 148 0 0 0.00 20 21 28 3410  34.10 1829 10.7 216 0.104 7963 0.107 2.10 28 0

20 44t Lutzetal. [29]in Espion (1988) SR 1016 2032 258 1715 1.48 0 0 0.00 40 21 28 3410 3410 1829 10.7 216 0.104 7963 0.107 8.80 28 142
45 0 Lutzetal. [29]in Espion (1988) DR 101.6 203.2 258 1715 148 258 254 1.48 40 21 28 3410 3410 1829 107 216 0.104 7963 0.107 4.20 28 0

21 46t Lutzetal. [29] in Espion (1988) DR 101.6 2032 258 1715 148 258 254 1.48 40 21 28 3410 3410 1829 107 216 0.104 7963 0.107 6.80 28 142
47 0 Jaccoud and Favre (1982) AT 600 120 314 95 055 57 20 0.10 60 21 15 2049 2245 3100 326 2162 0.104 2787 0.104 8.42 15 0

22 48t Jaccoud and Favre (1982) At 600 120 314 95 055 57 20 0.10 60 21 15 2049 2245 3100 326 2162 0.104 2787 0.104 18.40 15 365
49 0 Jaccoud and Favre (1982) A2 600 120 314 95 055 57 20 0.10 60 21 15 2414 2645 3100 326 2162 0.104 2787 0.104 6.16 15 0

50 t Jaccoud and Favre (1982) A2 600 120 314 95 055 57 20 0.10 60 21 15 2414 2645 3100 326 2162 0.104 2787 0.104 17.50 15 365

23 51 0 Jaccoud and Favre (1982) A3 600 120 314 95 055 57 20 0.10 60 21 15 1964 2152 3100 326 2162 0.104 2787 0.104 8.12 15 0
52t Jaccoud and Favre (1982) A3 600 120 314 95 055 57 20 0.10 60 21 15 19.64 2152 3100 326 2162 0.104 2787 0.104 17.50 15 365

24 53 0 Jaccoud and Favre (1982) A4 600 120 314 95 055 57 20 0.10 60 21 15 3613 39.59 3100 326 2162 0.104 2787 0.104 224 15 0
54t Jaccoud and Favre (1982) A4 600 120 314 95 055 57 20 0.10 60 21 15 3643 39.59 3100 326 2162 0.104 2787 0.104 8.05 15 365

25 55 0 Jaccoud and Favre (1982) AS 600 120 314 95 055 57 20 0.10 60 21 15 3247 3558 3100 326 2162 0.104 2787 0.104 3.12 15 0
56t Jaccoud and Favre (1982) A5 600 120 314 95 055 57 20 0.10 60 21 15 3247 3558 3100 326 2162 0.104 2787 0.104 955 15 365

57 0 Jaccoud and Favre (1982) ci2 750 160 565 131 058 57 26 0.06 60 21 28 2040 2040 3100 237 3604 0.104 6095  0.107 217 28 0

26 58t Jaccoud and Favre (1982) ci2 750 160 565 131 058 57 2 0.06 60 21 28 2040 2940 3100 237 3604 0.104 6095 0.107 829 28 510
59 0 Jaccoud and Favre (1982) c22 750 160 565 131 058 57 26 0.06 60 21 28 3280 3289 3100 237 3604 0.104 6095  0.107 2.00 28 0

27 60 t Jaccoud and Favre (1982) c22 750 160 565 131 058 57 26 0.06 60 21 28 3280 3289 3100 237 3604 0.104 6095  0.107 7.00 28 365
61 0 Jaccoud and Favre (1982) c13 750 160 565 131 058 57 26 0.06 60 21 28 3093 3093 3100 237 3604 0.104 9305 0.107 529 28 0

28 62t Jaccoud and Favre (1982) c13 750 160 565 131 058 57 26 0.06 60 21 28 3093 3093 3100 237 3604 0.104 9305 0.107 13.28 28 510
63 0 Jaccoud and Favre (1982) cl4 750 160 565 131 058 57 26 0.06 60 21 28 2040 2040 3100 237 3604 0104 12520 0.107 8.48 28 0

64t Jaccoud and Favre (1982) c14 750 160 565 131 058 57 2 0.06 60 21 28 2040 29.40 3100 237 3604 0104 12520  0.107 18.15 28 510

29 65 0 Jaccoud and Favre (1982) c24 750 160 565 131 058 57 26 0.06 60 21 28 3197 3197 3100 237 3604 0104 12520 0.107 8.00 28 0
66t Jaccoud and Favre (1982) c24 750 160 565 131 058 57 26 0.06 60 21 28 3197 3197 3100 237 3604 0104 12520 0.107 17.52 28 510

30 67 0 Jaccoud and Favre (1982) ci15 750 160 565 131 058 57 26 0.06 60 21 28 2029 2029 3100 237 3604 0104 15725  0.107 11.02 28 0
68t Jaccoud and Favre (1982) c1s 750 160 565 131 058 57 26 0.06 60 21 28 2029 2929 3100 23.7 3604 0104 15725 __ 0.107 20.83 28 510

31 69 0 F.RF.C.[45]in Espion (1988) 1-72 150 280 308 250 0.82 0 0 0.00 60 21 28 3350 3350 2800 12 1029 0104 21500  0.107 6.02 28 0
70t F.RF.C.[45] in Espion (1988) 1-72 150 280 308 250 0.82 0 0 0.00 60 21 28 3350 3350 2800 12 1029 0104 21500 __ 0.107 10.29 28 1610

32 71 0 Bakoss etal. (1983) B2 100 150 226 130 174 0 0 0.00 60 21 28 3900  39.00 3750 288 659 0.104 3250  0.107 894 28 0
72t Bakoss etal. (1983) 182 100 150 226 130 1.74 0 0 0.00 60 21 28 3900 39.00 3750 28.8 659 0.104 3250 0.107 25.02 28 500

73 0 Clarke et al. [46] in Espion (1988) AT 100 154 57.1 132 119 0 0 0.00 40 21 28 25690  25.90 2100 15.9 212 0.104 3500 0.107 489 28 0

33 74t Clarke etal. [46] in Espion (1988) At 100 154 157.1 132 119 0 0 0.00 40 21 28 2590 2590 2100 159 212 0.104 3500 0.107 11.83 28 180
75 0 Clarke et al. [46] in Espion (1988) A2 100 152 157.1 130 1.21 0 [ 0.00 40 21 28 2590 2590 2100 162 209 0.104 3500 0.107 5.09 28 0

34 76t Clarke etal. [46] in Espion (1988) A2 100 152 157.1 130 1.21 0 0 0.00 40 21 28 2590  25.90 2100 16.2 209 0.104 3500  0.107 11.92 28 180
77 0 Clarke etal. [46] in Espion (1988) B1 100 152 157.1 130 1.21 157.1 20 1.21 40 21 28 2590 2590 2100 162 209 0.104 3500  0.107 478 28 0

35 78t Clarke et al. [46] in Espion (1988) B1 100 152 157.1 130 1.21 157.1 20 1.21 40 21 28 2590 2590 2100 162 209 0.104 3500 0.107 877 28 180
79 0 Clarke et al. [46] in Espion (1988) B2 100 154 157.1 132 119 157.1 20 1.19 40 21 28 2590 2590 2100 15.9 212 0.104 3500  0.107 4.30 28 0

80t Clarke etal. [46] in Espion (1988) B2 100 154 157.1 132 1.19 157.1 20 1.19 40 21 28 2590 25.90 2100 15.9 212 0.104 3500 0.107 8.55 28 180

36 81 0 Gibert and Nejadi (2004) Bla 250 340 202 300 054 0 0 0.00 40 21 28 2480  24.80 3500 .7 3254 0104 21646 0.107 4.95 14 0
82t Gilbert and Nejadi (2004) Bl-a 250 340 402 300 054 0 [ 0.00 40 22 28 2480 2480 3500 17 3254 0104 21646  0.107 12.06 14 380

37 83 0 Gilbert and Nejadi (2004) B1-b 250 340 402 300 054 0 0 0.00 40 21 28 2480  24.80 3500 17 3254 0104 13746 0.107 1.98 14 0
84t Gibert and Nejadi (2004) B1-b 250 340 402 300 0.54 0 0 0.00 40 22 28 2480  24.80 3500 1.7 3254 0104 13746 0.107 744 14 380

38 85 0 Gilbert and Nejadi (2004) B2-a 250 325 402 300 054 0 0 0.00 40 21 28 2480 2480 3500 17 3110 0104 21690  0.107 5.03 14 0
86t Gilbert and Nejadi (2004) B2-a 250 325 402 300 054 0 0 0.00 40 22 28 2480  24.80 3500 17 3110 0104 21690  0.107 12.42 14 380

87 0 Gibbert and Nejadi (2004) B2-b 250 325 402 300 054 0 0 0.00 40 21 28 2480 2480 3500 1.7 3110 0104 13690  0.107 2.06 14 0

39 88t Gilbert and Nejadi (2004) B2-b 250 325 402 300 054 0 [ 0.00 40 22 28 2480 2480 3500 17 3110 0104 13690  0.107 7.87 14 380
89 0 Gilbert and Nejadi (2004) B3-a 250 325 603 300 0.80 0 0 0.00 40 21 28 2480 2480 3500 17 3110 0104 31490  0.107 5.81 14 0

40 90 t Gilbert and Nejadi (2004) B3-a 250 325 603 300 0.80 0 0 0.00 40 22 28 2480  24.80 3500 1.7 3110 0104 31490  0.107 13.30 14 380
91 0 Gilbert and Nejadi (2004) B3-b 250 325 603 300 0.80 [ 0 0.00 40 21 28 2480 2480 3500 M7 3110 0104 17690  0.107 1.97 14 0

41 92t Gilbert and Nejadi (2004) B3-b 250 325 603 300 0.80 0 0 0.00 40 22 28 2480 2480 3500 17 3110 0104 17690  0.107 7.90 14 380
93 0 Gilbert and Nejadi (2004) st-a 400 155 226 130 044 0 0 0.00 40 21 28 2480 2480 3500 26.9 2373 0.104 4437 0.104 714 14 0

94t Gilbert and Nejadi (2004) st-a 400 155 226 130 0.44 0 0 0.00 40 22 28 2480 2480 3500 26.9 2373 0.104 4437 0.104 25.10 14 380

42 95 0 Gilbert and Nejadi (2004) stb 400 155 226 130 0.44 0 0 0.00 40 21 28 2480  24.80 3500 26.9 2373 0.104 2907 0.104 272 14 0
9 t Gilbert and Nejadi (2004) stb 400 155 226 130 0.44 0 0 0.00 40 22 28 2480  24.80 3500 26.9 2373 0.104 2907 0.104 19.90 14 380

43 97 0 Gilbert and Nejadi (2004) s2-a 400 155 339 130 065 0 0 0.00 40 21 28 2480 2480 3500 26.9 2373 0.104 7497 0.104 11.80 14 0
98t Gilbert and Nejadi (2004) s2-a 400 155 339 130 065 [ 0 0.00 40 22 28 2480 2480 3500 26.9 2373 0.104 7497 0.104 32.50 14 380

44 99 0 Gilbert and Nejadi (2004) s2:b 400 155 339 130 065 0 0 0.00 40 21 28 2480 2480 3500 26.9 2373 0.104 4437 0.104 4.43 14 0
100t Gilbert and Nejadi (2004) s2:b 400 155 339 130 065 0 0 0.00 40 22 28 2480 2480 3500 26.9 2373 0.104 4437 0.104 21.90 14 380

101 0 Gilbert and Nejadi (2004) S3-a 400 155 452 130 0.87 0 0 0.00 40 21 28 2480 2480 3500 26.9 2373 0.104 8977 0.104 10.70 14 0

45 102t Gilbbert and Nejadi (2004) S3-a 400 155 452 130 0.87 0 0 0.00 40 22 28 2480  24.80 3500 26.9 2373 0.104 8977 0.104 29.80 14 380
103 0 Gilbert and Nejadi (2004) S3-b 400 155 452 130 0.87 0 0 0.00 40 21 28 2480 2480 3500 26.9 2373 0.104 5967  0.104 5.04 14 0

46 104__t_Gilbert and Nejadi (2004) S3-b 400 155 452 130 087 0 [} 0.00 40 22 28 2480 24.80 3500 26.9 2373 0.104 5067 0.104 22.90 14 380
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1
4
7
10
1
12
13
14
15
'I 6 Study information Cross-section Reinforcement Mechanical properties Loading Deflection
1 3 4 8 9 10 " 12 13 14 15 16 17 18 19 20 21 22 23 24
17 fem(ttest) a (t-to)
18  Author(s) Beam b (mm)  h(mm) Ast (mm?) d (mm)  p1(%) Asz (mm?) dz2 (mm) _ p2 (%) RH (%) teest (days) (MPa) fon (MPa) L (mm)  L/d Msw (Nm)  Ksw Mo (Nm) KoL (mm) to (days) t-to (days)
1 0 Tosi¢ etal. (2018) NAC7 160 200 157 169 0.58 57 29 0.21 48.7 213 28 30.50 30.50 3200 18.9 1024 0.104 6645 0.107 9.17 7 0
39 t Tosicetal (2018) NAC7 160 200 157 169 0.58 57 29 0.21 48.7 213 28 30.50 30.50 3200 18.9 1024 0.104 6645 0.107 18.94 7 450
j 0 Tosi¢ et al. (2018) NAC28 160 200 157 169 0.58 57 29 0.21 48.7 213 28 30.50 30.50 3200 18.9 1024 0.104 5853 0.107 8.11 28 0
O t Tosi¢ et al. (2018) NAC28 160 200 157 169 0.58 57 29 0.21 48.7 213 28 30.50 30.50 3200 18.9 1024 0.104 5853 0.107 16.51 28 450
21 0 Knaack and Kurama (2015) UT-0-28 150 230 397 200 1.32 0 0 0.00 443 23 28 32.60 32.60 3700 18.5 1476 0.104 3013 0.091 0.86 28 0
6 t Knaack and Kurama (2015) UT-0-28 150 230 397 200 1.32 0 0 0.00 443 23 28 32.60 32.60 3700 18.5 1476 0.104 3013 0.091 5.00 28 119
22 0 Knaack and Kurama (2015) uUT-0-7 150 230 397 200 1.32 0 0 0.00 443 23 28 50.30 50.30 3700 18.5 1476 0.104 3021 0.091 0.74 7 0
§ t Knaack and Kurama (2015) uT-0-7 150 230 397 200 1.32 0 0 0.00 443 23 28 50.30 50.30 3700 18.5 1476 0.104 3021 0.091 4.62 7 119
3 0 Knaack and Kurama (2015) uUC-0-28 150 230 397 200 1.32 142 30 0.47 443 23 28 49.30 49.30 3700 18.5 1476 0.104 3013 0.091 0.66 28 0
24 t Knaack and Kurama (2015) UC-0-28 150 230 397 200 1.32 142 30 0.47 443 23 28 49.30 49.30 3700 18.5 1476 0.104 3013 0.091 3.51 28 119
0 Knaack and Kurama (2015) uc-0-7 150 230 397 200 1.32 142 30 0.47 443 23 28 42.00 42.00 3700 18.5 1476 0.104 3021 0.091 0.94 7 0
25 t Knaack and Kurama (2015) uc-0-7 150 230 397 200 1.32 142 30 0.47 443 23 28 42.00 42.00 3700 18.5 1476 0.104 3021 0.091 5.11 7 119
13~ 0 Knaack and Kurama (2015) CC-0-28 150 230 397 200 1.32 142 30 0.47 443 23 28 40.20 40.20 3700 185 1476 0.104 7918 0.091 3.15 28 0
% t Knaack and Kurama (2015) CC-0-28 150 230 397 200 1.32 142 30 0.47 443 23 28 40.20 40.20 3700 18.5 1476 0.104 7918 0.091 10.19 28 119
2 0 Knaack and Kurama (2015) CC-0-7 150 230 397 200 1.32 142 30 0.47 443 23 28 46.50 46.50 3700 18.5 1476 0.104 7893 0.091 3.40 7 0
7 t Knaack and Kurama (2015) CC-0-7 150 230 397 200 1.32 142 30 0.47 44.3 23 28 46.50 46.50 3700 18.5 1476 0.104 7893 0.091 10.69 7 119
gs 0 Seara-Paz et al. (2018) H50-0 200 300 402 249 0.81 100.6 47 0.20 75 15 28 60.7 60.70 3400 13.7 2168 0.104 31550 0.101 11.73 42 0
t Seara-Paz et al. (2018) H50-0 200 300 402 249 0.81 100.6 47 0.20 75 15 28 60.7 60.70 3400 13.7 2168 0.104 31550 0.101 18.39 42 1000
29 0 Seara-Paz et al. (2018) H65-0 200 300 402 234 0.86 100.6 32 0.22 75 15 28 46.9 46.90 3400 14.5 2168 0.104 22710 0.101 6.71 42 0
20 t Seara-Paz et al. (2018) H65-0 200 300 402 234 0.86 100.6 32 0.22 75 15 28 46.9 46.90 3400 14.5 2168 0.104 22710 0.101 11.58 42 1000
oU
31
32
34
37
40
41
42
43
44
45

46
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1
2
3
4
5
6
7
8
9
10
1
12
13
Study information Cross-section Reinforcement Mechanical properties Loading Deflection
14 1 2 3 4 5 6 7 8 9 10 1" 12 13 14 15 16 17 18 19 20 21 22 23 24 25
15 fom(trest) a (t-to)
Author(s) Beam RCA (%) b (mm) h (mm) As1 !mmzl d (mm) p1 (%) As2 !mmzl dz (mm) _ p2 (%) RH (%) T (°C) test (days) (MPa) fem (MPa) L (mm) L/d Msw (Nm)  Ksw Mo. (Nm) Koo (mm) to (days) _ t-to (days)
[®© 0 Tosicetal (2018) RAC28 100 160 200 157 169 0.58 57 29 0.21 48.7 213 28 28.10 28.10 3200 18.9 1024 0.104 5414 0.107 6.23 28 0
2 t Tosi¢ et al. (2018) RAC28 100 160 200 157 169 0.58 57 29 0.21 48.7 21.3 28 28.10 28.10 3200 18.9 1024 0.104 5414 0.107 14.69 28 450
7 0 Knaack and Kurama (2015) UT-50-28 50 150 230 397 200 132 0 0 0.00 443 23 28 43.60 43.60 3700 185 1476 0.104 3013 0.091 0.91 28 0
-I 3 t Knaack and Kurama (2015) UT-50-28 50 150 230 397 200 1.32 0 0 0.00 443 23 28 43.60 43.60 3700 18.5 1476 0.104 3013 0.091 5.38 28 119
0 Knaack and Kurama (2015) UT-50-7 50 150 230 397 200 1.32 0 0 0.00 44.3 23 28 40.20 40.20 3700 18.5 1476 0.104 3013 0.091 0.94 7 0
'I 9 t Knaack and Kurama (2015) UT-50-7 50 150 230 397 200 1.32 0 0 0.00 443 23 28 40.20 40.20 3700 18.5 1476 0.104 3013 0.091 6.96 7 119
0 Knaack and Kurama (2015) UC-50-28 50 150 230 397 200 1.32 142 30 0.47 443 23 28 49.60 49.60 3700 18.5 1476 0.104 3021 0.091 0.86 28 0
29 t Knaack and Kurama (2015) UC-50-28 50 150 230 397 200 1.32 142 30 0.47 443 23 28 49.60 49.60 3700 18.5 1476 0.104 3021 0.091 4.70 28 119
0 Knaack and Kurama (2015) uUC-50-7 50 150 230 397 200 1.32 142 30 0.47 443 23 28 43.60 43.60 3700 18.5 1476 0.104 3013 0.091 0.84 7 0
211) t Knaack and Kurama (2015) UC-50-7 50 150 230 397 200 1.32 142 30 0.47 443 23 28 43.60 43.60 3700 18.5 1476 0.104 3013 0.091 5.99 7 119
11 0 Knaack and Kurama (2015) CC-50-7 50 150 230 397 200 1.32 142 30 0.47 443 23 28 40.00 40.00 3700 18.5 1476 0.104 7893 0.091 4.14 7 0
212 t Knaack and Kurama (2015) CC-50-7 50 150 230 397 200 1.32 142 30 0.47 443 23 28 40.00 40.00 3700 18.5 1476 0.104 7893 0.091 12.90 7 119
3 0 Knaack and Kurama (2015) UT-100-28 100 150 230 397 200 1.32 0 0 0.00 443 23 28 41.40 41.40 3700 18.5 1476 0.104 3013 0.091 1.24 28 0
2 t Knaack and Kurama (2015) UT-100-28 100 150 230 397 200 1.32 0 0 0.00 443 23 28 41.40 41.40 3700 18.5 1476 0.104 3013 0.091 7.39 28 119
2]@ 0 Knaack and Kurama (2015) UC-100-28 100 150 230 397 200 1.32 142 30 0.47 443 23 28 48.20 48.20 3700 18.5 1476 0.104 3021 0.091 0.97 28 0
t Knaack and Kurama (2015) UC-100-28 100 150 230 397 200 1.32 142 30 0.47 443 23 28 48.20 48.20 3700 18.5 1476 0.104 3021 0.091 5.94 28 119
25 0 Knaack and Kurama (2015) UC-100-7 100 150 230 397 200 1.32 142 30 0.47 443 23 28 40.60 40.60 3700 18.5 1476 0.104 3021 0.091 1.27 7 0
t Knaack and Kurama (2015) UC-100-7 100 150 230 397 200 1.32 142 30 0.47 443 23 28 40.60 40.60 3700 18.5 1476 0.104 3021 0.091 7.62 7 119
2’@ 0 Knaack and Kurama (2015) CC-100-28 100 150 230 397 200 1.32 142 30 0.47 443 23 28 43.80 43.80 3700 18.5 1476 0.104 7918 0.091 5.11 28 0
2 t Knaack and Kurama (2015) CC-100-28 100 150 230 397 200 1.32 142 30 047 443 23 28 43.80 43.80 3700 18.5 1476 0.104 7918 0.091 12.27 28 119
227 0 Knaack and Kurama (2015) CC-100-7 100 150 230 397 200 1.32 142 30 047 443 23 28 38.50 38.50 3700 18.5 1476 0.104 7918 0.091 4.60 7 0
22 t Knaack and Kurama (2015) CC-100-7 100 150 230 397 200 1.32 142 30 0.47 44.3 23 28 38.50 38.50 3700 18.5 1476 0.104 7918 0.091 14.68 7 119
% 0 Seara-Paz et al. (2018) H50-50 50 200 300 402 249 0.81 100.6 47 0.20 75 15 28 51.8 51.80 3400 13.7 2168 0.104 21940 0.101 7.87 42 0
2@ t Seara-Paz et al. (2018) H50-50 50 200 300 402 249 0.81 100.6 47 0.20 75 15 28 51.8 51.80 3400 13.7 2168 0.104 21940 0.101 14.08 42 1000
0 Seara-Paz et al. (2018) H50-100 100 200 300 402 249 0.81 100.6 47 0.20 75 15 28 42.9 42.90 3400 13.7 2168 0.104 23530 0.101 6.80 42 0
3@ t Seara-Paz et al. (2018) H50-100 100 200 300 402 249 0.81 100.6 47 0.20 75 15 28 42.9 42.90 3400 13.7 2168 0.104 23530 0.101 15.20 42 1000
0 Seara-Paz et al. (2018) H65-50 50 200 300 402 234 0.86 100.6 32 0.22 75 15 28 42.2 42.20 3400 14.5 2168 0.104 17130 0.101 4.96 42 0
32§ t Seara-Paz et al. (2018) H65-50 50 200 300 402 234 0.86 100.6 32 0.22 75 15 28 42.2 42.20 3400 14.5 2168 0.104 17130 0.101 9.63 42 1000
2 0 Seara-Paz et al. (2018) H-65-100 100 200 300 402 234 0.86 100.6 32 0.22 75 15 28 324 32.40 3400 14.5 2168 0.104 18100 0.101 4.59 42 0
Dt Seara-Paz et al. (2018) H-65-100 100 200 300 402 234 0.86 100.6 32 0.22 75 15 28 32.4 32.40 3400 14.5 2168 0.104 18100 0.101 11.34 42 1000
33
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