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ABSTRACT

One of the most significant problems found in remgineered reinforced concretieuctures is poor
quality concreteDue tothis problem thesestructure arefragile andcan lead to brittle failure
modeseven for smalmagnitudesarthquakeslhe statistics of differentgst-earthquake surveys
indicate that theeinforced concretbuilding stock in developing countries can have a broad range
of low strength concreteyhich can vary between 4 t®Pa. The lack ofinformation regarding
low strengthconcretg(4 to 20MPa) mechanical characteristics necessitatsidyon low strength
concreteandthedevelopment of appropriaggressstrainmodelsto realisticallysimulae the
inelasticbehaviour of norengineeredtructuresThis paper presents the methods adopted to
produceow strength concretie the laboratoryThe stressstrain esultsobtainedfrom compression
tests o cylindrical concrete specimerasepresentecnd new expressions ftire modulus of
elasticity,peak strairandfailure strainare developedlrheseexpressionsre usedn the
development o& stressstrainmodel br low strength concretghich can be used for analytical
vulnerability assessment of nemgineered reinforced concrete structures.

Keywords: Non-engineered reinforced concrete structudesw Strength Concrete, Mechanical

properties, Compressive strength, Elastic Modulus
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Nomenclature

E. modulus of elasticity of concrete

Echorg chord modulus of elasticity

Esecsecant modulus

Ep secant modulus of concrete correspondindc'to

o mean stress factor

f g5 stressat 85% of thef .,
fc,un ultimate concrete strength

femax » fs cONCrete compressive strength

fc concrete stress

femeanmean compressive strength

fresq residual concrete strength

ecmaxStrain corresponding to concrete compressive strength

ecuit Ultimate (failure) concrete strain

gcgsstrain corresponding tdgs

1 mean

o standard deviation
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1 Introduction

Reinforced ConcretdR(C) structuresn developing countries suffer from poor quality control and
poor construction practices. Different post earthquake reconnaissance repods\eboping
countriese.g. Pakistafl-4], revealed the imprudent use of poor materials, bad design and
inappropriate construction practiceserée structures constructed with such materials and such

practicescan be considered to be essentialiy-engineered [2]. Most of the collapsed RC

structures as eesult of the Kashmir earthquake hagh@anconcrete compressivgrength( fc') of

around 15MPa [2]. Moreoverresults of Schmidt hammer tesinRC buildings with different

damage levels the Khyber Pakhtunkhwa province of Pakistan stubtvatthe fclfor the collapsed

RC buildingsvariedbetween 7 and 22 MPa [3]indllar evidencewas also reporteith Turkey where

testing of concrete corgmken from 35 RC buildings tef the1995Dinar earthquakendicatedthat

themean fc' wasaroundl0 MPa[5]. More recently, an assessment of tﬁe)f 1178 RC buildings,

locatedaround Istanbul, showed that the mé‘émvasaround 17 MPa, whilst 16% of the buildings

had strength below 8 MPa [6].

Thein-elasticbehaviour oNon-EngineeredReinforcedConcrete(NERC) buildings has not been
studied much in the past and most researchers{grigkides[7]) assume that the behaviour of

Low Strength Concretd §C) is similar to that oNormal Strength Concret&l§C). Given the fact

that LSC is noain engineered materj&lut rather the result of necessity, it is natural to expect it to
have ahigher variability than armal concrete. Furthermore, due to the brittle failures encountered
in NERCbuildings it is also natural to suspect brittle mateciaaracteristicérom such concrete

Many stressstrain(c-¢) relationships can be found in the published literature for unconfined normal
and highstrength concretsubjected to unaxial compressive loadin@-16], however,he

performance of existingtressstrain models using LSC experimental datéhe range ob to 15

MPa hasotbeenconfirmed
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Concretes-¢ relationships aren generadevelopedcempiricallyand aim to satisfgertainboundary
conditions,such as thaitial stiffness'E.’ and zero stiffness at peak loddiostresearchers define
theentirec-¢ curveby usinga single expressicand adopsuitable parameters that control the
shape of the ascending and descending branch [12-14,thé]s @doptwo separate relationships
for each branchl5, 17]. h most existing studidte behaviour of the ascendibranch is very well
defined as compadeo the descending (degrading) branch and conflicting degrading beheatour
beobtainedrom differentmodels.This necessitates the carefelappraisal othe degrading
behaviour olLSC andin particularof the c-¢ descending branch.

This paper aims to study the above issuegmtidlly startsby describing the experimental setup
and proceduréor thetests carried out oa varietyof LSC mixes This is followed by the analysis of
the resultavhich areused to develop expressidos maximum compressive strendthna.y), elastic
modulus (E), the peakstrain(s.may and ultimate straiec). Since, various-¢ formulations in the
literature fulfil satisfactorily thenathematicatequirements of the basioundary conditionghe
foucs of the current study to investigate thesuitability for LSC.The besmodelis selectecand
by usingthe newly developed expressioasimples-c¢ model isdeveloped foL.SC.

2 Materialsand Methods

2.1 Preparation of LSGnixes

LSC with various compressive strengdmgesvassuccessfily formulated in the laboratoriesf the
University of Sheffield JoS), U.K. andthe University of Engineering and Technolody&T),
Taxila, Pakistafl18]. Different mxes were adopted to achievdmadrangeof LSC by considering
the deficiencies observaa non-engineered construction sitesPakistanThesedeficiencies are
generally aesultof theuse of high water toement ratiqw/c in the range of 0.7&® 0.8), no or
limited curing,low qualityaggregates, low cemeodntent and high sand ratics\aell aspoor

compaction. Five differeritSC ranges were prepared using different mixes. The main variables
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were mix proportion fement (C), sand (S) and aggredatg, w/c ratig curing,recycled
aggregateand @ entraining (AE) agent

2.1.1 Concrete mixetails

The ACI mix desigrmethod has provisions for producing concreita strengthdown to 13.8MPa
by usingaW/C ratio of 0.82 [19], thus these provisions were adofdethe initial concrete mix
design. The details of thhirteen different LSC mixe@1-M13) madeat the UoS arprovided in
Tablel. At UET, specimens were prepared from Mix only.

Table 1 Details of the various mixes used for making LSC

MIX C S A w/C C:SA Curing AE
kg/m® kg/m® kg/m® days % of cement
M, 293 634 1188 0.82 1.2.2.4 - -
M, 267 792 1056 0.90 1:34 - -
M3 313 619 1188 0.75 1.2:3.8 5 -
Mgy 293 766 1056 0.82 1:2.6:3.6 5 -
Ms 269 864 1023 0.74 1:3.2:.3.8 - -
Mg 269 864 1023 0.74 1:3.2:3.8 5 -
M~ 340 860 1035 0.5 1:2.5:3.0 - 3.5
Mg 310 860 1035 0.55 1:2.8:3.3 - 2.5
Mg 313 619 1188 0.75 1.2:3.8
Mio 313 619 1188 0.75 1:2:3.8 14
Mi1 340 860 *1035 0.5 1:2.5:3.0 - 3.5
M1 310 860 *1035 0.55 1:2.8:3.3 - 2.5
M13 340 860 1035 0.5 1:2.5:3.0 5 3.5

*Recycled aggregate

Mixes My and M have a very highlw/c ratio and the specimens were not curegaktd M, have a
relatively lower w/c ratio and the specinsemere cured for 5 days.gdnd M; have ahigh sand
proportion and slightly reduced cement content as compared and/MVi, to allow the mix to be
more workable. Specimersast using Mwere not curedt all, while for Mg curing was undertaken
for 5 days. M and M; have the lowest w/c ratio amoaly mixes anda higher proportionf cement
and sand; low strengtihias achieved fathese two mixethrough the us of AEagent ad no curing.
Since, the C:S:Aatio of1:2:4 is the most commonly useatioin NERC sitesmix M3is usedagain

in Mg and My with better curing in My. In addition to the use of normal aggregates in mixetoM
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Mo, recycled aggregates were used in mix &d M, along withan AE agent. M3 had the same
C:S:A proportionsaas M, butwascured for 5 days.

Early termination of curings expected to reduce the target compressive stran@® dayslf

curing is terminated after 3 days, the strength is estimated to be reduced totiB%&tlaysarget
strength (which can be achieved by undertaking continuous curing§E9% generally usetb
improve theconcrete’s freezing and thawingsistancehowever, using a large percentage of AE
agent introduces too much air and reduces strength. Excessive volume of voids through entrapped
air or bleeding is a common problem in LSC. There is approximately 5% reduction iateonc
strength for every 1% increase in entrainedEj. In most mixes, the aggregates used comprised
50%of 20mm and 50%f 10mm river aggregates. Recycldeimolitionaggregateof the same size
andproportion vereused in two mixes to introduce inferior quality aggregates. In all mixes,
Ordinary Portland Cement (OPC) type CENAHL (32.5N) was used which includes 80% of the
clinker conten{A meanshigher clinker content up to 94%nd 20% ofimestone(L). Its namal

early strengtlfN) at 7 days is > 16MPa and the standard strength at 28 days is 32.5MPa.

2.1.2 Specimen preparation

All mixes were batched and prepared in the laboratory. The mixes were pl&£addx 200mm
steel cylinders and dmoulded the next gaThe curing details are given in Table 1.

2.2 Test setup and instrumentation

For each concretix, a minimum of six specimens were teste@ompression. The top cylinder
surface wagiround, andd further reduce the possible effect of confinementrtietoccur due to
the friction between the steel platens andethes of the sp&mens, a piece ofeflon sheet wa
placed between the platens and specimen ends as shBgnlinThe specimens generallyiléd

by vertical splitting(Fig. 1).
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Fig. 1 Compression test of @100x 200mm concrete cylindexhibiting vertical splitting

failure

A servacontrolleduniversal testing machine was used to undertake the converéssing of the
concrete cylinderdt is noted that, in order to recondore accuratelyhe postpeak response of the
LSC, the tests werendertakerin displacement contrdlt a rate of 0.5mm/m)nThe compressive
strain was measured according B& 1881-121[20] by using a device, whiclscomprisestwo
metallic ringsand threeLinear Variable Differential Tansgluces (LVDT), as shown inFig. 2.
Spring loadecclamp screwsvere used to mount in parallel (100 mm apart) rihgs around the

concrete specimetthe LVDTs are placedithin thering (Fig. 2b), at equal distares at an angle of

120 degrees.
I'. ’tVDT—Z
o . A LVD'L—ZI’.: = , : A\g,}
- = {specimen

i '-‘

@\ 1\0\‘LVDT -3
e

a) b) c)

Fig. 2 a and bSchematic diagram of ring assembly with LVDT’s c) ring assembly with

LVDT's by maintaining a 100mm gauge length
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3 Testresults

3.1 Compression

Table 2 showste mear(p), the standard deviation)(and coefficient of variation (C.O.\9f the
cylindercompressivetrength ofall the LSC mixesdeveloped in this study. The full details and
results of the experiments are given in Ahrfizdd. Results fromfour differentLSC mixes are
given inFig. 3. Theses-¢ curves are the mean curviesm the 3 LVDTs and the legend in each

figure shows the numbeaf each specimeftom a mix
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Table 2 Statistical details of the compression testing

MIX femax 4 fecmaxo C.0.v
(MPa) (MPa)
M1 7.8 1.83 0.240
\YP 5.9 0.95 0.160
M3 145 1.18 0.082
Mgy 14.4 2.47 0.170
Ms 195 1.02 0.052
Msg 26.5 1.89 0.071
M~ 11.2 0.86 0.077
Mg 11.4 0.81 0.071
Mg 17.8 1.10 0.100
Mio 23.9 1.59 0.070
M1 10.1 1.90 0.200
Mi2 15.3 1.60 0.100
Mis 16.2 2.60 1.600

3.2 Modulus of Elasticityf LSC

The modulus of elasticity gewas evaluated from the experimental results by using the secant
modulus (Ee9 in accordance withuitocode-2 [10]TheEgsecvalue is largelydependent on the
selection of the stress value and can include nonlinearity. Heeés Evaluated by taking the slope
between the origin and a strefs equal to 40% of the maximum concrete strength,f

EpeaxiS also calculated by usirighaxand the corresponding straihax The ratio of Eecto Eyeaxis
used in some-¢ models as a material parameter which controls the degradation rateof@gin
particular for the descending brandiableA.1 of Appendix A shows$he Echorg Esea Epeakdata for
each specimen from the mixes tested at UoS. The statistical distribution ofdateesechlidingthe
M, o and COV for each mix is also given iafleA.1.

Additional data were also gathered from the literature regakgifay concrete strengiranging
from 14 to 30 MPa, mostly from Turkey [22-23] but also from Iraq and Korea [24-25].

The majority of the UoS data fall in the range of concrete strength bebasah20 MPa. Most of
the additional data were ihdé range of 20 to 30 MPa. These two sets of data can be examined

separately or as one set, to assess the statistical variation betweel &« The linear prediction
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curves obtained by linear regression are shown in Eq. (1) to Hqr (Bg UoS datatheadditional

datg and the ambined data set, respectively

E. =13715 + 442 (fnay) MPa RP=0.42 (1)
E. =13332 + 528 (fnay) MPa R?=0.48 (2)
E. =12645 + 539 (fma) MPa R=0.60 ©)

The linear best fit for the combined set is showRig 4. Combining the data improves the
correlation coefficient. The line&q. (3) could be used for thange of concrete strength of 530

MPa. However, most advanced codes of practice rElaieo fmaxWith a nonlinear power

equation. The Eurocode-2 [10]asthe power of 0.3 (c'o'3 )whilst ACI 318 [26]usesthe power of

.05
0.5 (f, ).
40000 -
y=538.4x + 1845
35000 - °
R? } %603 n u
30000 - +
|
= 25000 - » *® 3 —Eq.(3)
= : ** + Uos data[19]
= 20000 - . ™* 57 e
s A ‘“ + B B Ozturan[20]
i 15000 - & ¢
Q’ ¢=, o Turan[21]
10000 + ® Ali[22]
5000 - ¥ Yietal[23]
0 .
0 5 10 15 20 25 30 35
femax (MPa)

Fig. 4 E; versus §max (linear fit)

For nonlinear regression analysis, the power function ifgquas usegwherethe values of
parameters o and 3 need to be determined.

Ec=a (femal10)’ GPa (4)

The nonlinear curve derived using nonlinear regression analysis involves an ij@rati®ss using
the least square methothe nonlinear fit is shown iRig. 5 alongside the 95% upper and lower

prediction intervals (U.PI and L.PI). These 95% prediction intervals define thevb@ne 95% of

10
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all data points are expected to falhe R = 0.59for the nonlinear fit is slightly lower than the
linear fit. The nonliear calibratedt.; expression for LSC is given in Eq. (5).

E.=17.81(Ema/10)** GPa R=0.59 (5)

40000 -
35000
30000 -

25000 -
Eq.(5)
95% U.PI.

20000 -

E, (MPa)

150040 95% L.PL

Combined data [192-23]
10000 -

5000 -

o] 5 10 i5 20 25 30 35
femax (MPa)
Fig. 5 E; versus §max (linear fit)

Eq. (5) is compared in Fig 6 with the predictions of other popular equations shown in Thlgle 3

ACI318 [26], Eurocode-2 [10], TS:500 [27], IS:456:20@8], and Mandeet al[13].

40000 -
35000 -
30000 -
=5 25000 - 4 Combined data [12-23]
[
o Eg.i5)
g 20000
- — - —I5:456 [26]
Ly
15000 4 02 e J® . memmas ACIZ18[24]
- — —EC2[9]
10000
-« — TR 500[25]
5000 ]
D | T -
o] 5 10 15 20 25 30 35

fomax (MPa)
Fig. 6 Comparison of proposed nonlineardgjuation with predictions of code equations

The comparison shows that the predictions from Eurocode-2 [10] and TS:5@0d42i4

conservativavhilst the predictions from ACI 318[2&Ind 1S:456:200[28] are conservative. is

11
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interesing to notethat the power factor in the LSG Bonlinear equation has a value of 0.42 which
lies approximately in the middle of the power factor of the ACI 318 (0.5) and Eurocode-2 (0.3).
Eq. (5)is adoptecherefor evaluating thealueof E; for LSC. Theuncertainty factoof £3110 MPa
corresponding te-1c has been determinedrfEq. (5) considering a normal probability density
function for model prediction errors. This factor is an additional model uncertaimtdy faesides

the commonly usedfaxuncertainty and can be used in probabilistic analytical assessment

Table 3 Different code equations for predicting E

Sr. no. Code/Resaaher Expression for E comments
1 ACI 318 E.=4700/f, MPa -
o
2 EC2 (2004) E., = 22(%) GPa -
3 Turkish code (TS:500) E. - 325\/fi+14 GPa i
IS:456:2000
Indian code . +20%.0f the
4 (1S:456:2000)/Mander(1988) ¢ — 200 fo MPa calculated
values

3.3 Peak strain {¢may

The peak strain:max values corresponding tgfxfor each specimen from different mixes green
in TableA.2 along with the statisticatharacteristicgor each mix. The dataere fitted with linear
and nonlinear curves to find the most suitable relationship betwegm@andf.max Besides the UoS
datg data from experimental work undertaken in Pakistan at UET[&8lacincluded in the
analysis. The linear fit on the UoS data scatter is showigiry and the linear equatipnsed to
evaluatescmay IS given inEq. (6).

gemax= 0.00003fmax+0.001 R? =0.49 (6)

It can be seen frorRig. 7 thatecmaxlies between 0.001 to 0.0017 for the majority of specimens
having tmaxbetween 5 and 15 MPBoOr fomax 33.3MPa thevalue ofecmax predicted byEq. (6)
reaches 0.002 and beyond that it is normally considered constant,,Lhaluesadoptedy
different codes are 0.002 for Eurocode-2[10], 0.0022HeiIRCEB modelcode 90 [9] andor

ACI1318[26] valuedbetweer0.0015 and 0.002. Though the common approach of assuming constant

12
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strain at all gength levels is quite convenient, it is not confirmed experimentally for In8Qoaver
values should be used.
Thelinear fit of Eq.(6)is alsocomparedwvith existing linear peak strain relatiobg Carreira and

Chul[8] and Ro0g29], as shownn Fig. 7.

0.0025 -

0.002 -

0.0015 - % UoS data [19]
g UET data [27]
W 0.001 - i peak strain limit (EC2[9])

’ ol L = =
¥ 35 o s — « = Carreiraand Chu [7]
B R*=0.4916
00005 - - = = Ros[28]
Eq.[6]
a
o 5 10 15 20 25 30 35
femax (MPa)

Fig. 7 femax VS €cmax Scatter for combined UoS and UET data with linear fit.

The relation by Carreira and C[R] predicts higher strains in the LSC region and achieves the code
based:maxvalue at highef.max Whereas the relation by Ros [29] ungeedicts the strains at all the
concrete strength ranges and also attains the code dyageat relatively highef:maxvalues.

To find the best nonlinear fit for the data, the Popovics [30] function given in)Eepéadopted

and the nonlinear fit along with the 95% upper and lower prediction intervals are pidtigdd

by usng Eq(8).

_ b
Ecmax = aO%maQ @)

13
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0.0025 -+

0.002 -

0.0015 - + UoSdata
3 ® UETdata
o
w - = =95%U.PL

0.001 -

— - — 95%L.PL
. peak strain limit (EC2[9])
-
0.0005 - Eq.(8)
0] T T T T

0 5 10 15 20 25 30 35
femax (MPa)

Fig. 8 femax VS €cmax Scatter for combined UoS and UET data with hoear fit

The nonlinear expression obtained is given by Eq. (8).
eemax= 0.00061 (fnay®->3 RP=0.38 (8)

A comparison between nonlinegfaxrelationsby Popovis [30], SaenZ31] and Eq.(8is made in

Fig. 9.
0.0025 -
0.002
0.0015 + UoSdata
’gf ® UETdata
W — - — Popovic[29]
0.001
= = = Saenz [30]
— -« peakstrain limit (EC2[9])
0.0005 - Eq. (8)
0 T T T T
0 5 10 15 20 25 30 35

femax (MPa)

Fig. 9 Comparison between existingnax relations and the nonlinear fit

The comparison shows that the Popovics feddtion slightly over estimategnax in the tmaxrange

of 5 to 8 MPa but underestimategaxasfcmaxincreases. Themax predictions bysaenZ31] are

14
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high for fcmaxup to 22MPa. In generak:q. (8) is in good agreement with these two equations.
Howeverthe R value for the lineafit is better than the nonlinear fitencethe proposed linear
ecmax Felationship will be used for defining tlees behaviour of LSC. An uncertainty factoir
+0.00021corresponding to +1c was evaluated for the linear model in Eq. (6)which can be usetd
evaluatemaximum and minimum valse

3.4 Ultimate strain £ ui)

Thevalue ofeg is generally taken asgs which is the strain corresponding tesf(stress at 85% of

thefcmay. The fmaxVersis s results along with the linedit of Eq. (9)areshown inFig. 10.

0,005
0.0045 < * *
0.004
0.0035
0.003
l.? 0.0025 # UoS data [19]

0.002 - J= BE05x 0,004 { s EC2 [9],15 456[26]
0.0015 - R*=0.3224 ACI[24],TS 500[25]
0.001 - Eq.lg)
0.0005 -

a

a 5 10 15 20 25 30 35
Fomex (MPa)

Fig. 10 fcmax VS ecgs Scatterfor LSC specimens with linear fit

ecgs = -0.00006§ma,+0.004 R*=0.32 (9)
Eurocode-2 and ACI suggest constant values of 0.0035 and €e6p8ctively fok.,, values which
differ slightly from the observed trend afs which shows that LSC specimens between 5 and 15
MPa can achieve higher failure strains. However, for concrete strengths 15 t@25:;M&alls

below the code values. Nonetheless, it should be noted that there is a lackKaf thatgparticular
strength rage in the current study arrive at any firntonclusionsand change the current practice
To evaluate the value ef: and value of stress at failure, it is important to know when the mean

stresscurve, intersects the experimentad curve as shown iRig. 11. Beyond this strain an RC
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flexural elementesigned to code provision will not be able to carry further load and fail. The mean
stress factos was calculated at each increment with respestrasdf.; andstraine. usingEqg. (10)

which is then used for calculatitige mean streq$.mea) & each stepsingEq. (11).
ai = _[ fcdgc fcigci (10)
0

fcmeanl: = oifgi (11)
When tearCurve intersects the experimentat curve, that value otfeanjand the corresponding

strain are noted. These corresptmthe ultimate stessf.,; andultimate straire. . For LSC the
intersection of these two curves generally occurred beygad\h example oevaluatingf.,: and

gcur USING this process is shownkig. 11.
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Fig. 11 Comparison between the experimental and the mean-stragscurve

The statistics of;,; and corresponding strasg,, are given infableA.2. Theg, versts fmaxand
ecur VErsis . scatter points for all the specimens alonthwine linear fitof Eq. (12) and Eqg. (13)

are shown irFig. 12 and 13respectively
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Fig. 12 fcmax Versis ec i Scatter for LSC specimens with linear fit
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Eq.(13)
0.001
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Afcmax (MPa)
Fig. 13 fc ui versis ec i Scatter for LSC specimens with linear fit
geutt = -0.00005§m2x+0.004 R=0.28 (12)
ec,uit = -0.00007§ ,: +0.004 R=0.20 (13)

Thee point on the degrading branch is often callediafi€ction” point. This point is used in
many concrete-¢ models for controlling the degrading branch gradient. Not many relationships can
be found in the literature to evaluate the inflection point because of the complediniggra

behaviou of the descending branch.
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Wee et a[32] proposed Eq. (14pr finding the inflection point.

gout= (510-fmay)10° (14)
Another relationship giveim Eq. (15)for & was developed b®ah[[33];

ecuttlee=2.5-0.3In(fy) (15)

The predictions of thEq. (14) and (15) are compared with thg, scatter and are shownhig. 14.

0.004 -
# UoS data [19]

E 1 et e o T e == ECZ[9], IS 456[26]
o 0.003 -
ACI[24], TS 500[25]
* e —
y=-5E-05x + 0.0043 Wee etal. [31]
g R*=0.2838 ’
0.002 - Dahl [32]
Eq.(12)
0.001
a -
] 5 10 15 20 25 30 35

femax (MPa)
Fig. 14 Comparison o ; scattemwith the inflection point strain prediction

The predictions by these two models are un-conservative, hence, the linearessexpof Eq. (12)
will be used in the current studin uncertainty factor of +£0.000692 corresponding to +1c will be
used.

The values ob= f; u/fcmax Obtained from the analysis (Fig. 11) of individual specimerdata are
plotted inFig. 15 The mean value of a is calculated to be 0.80 (thisis usually takems0.85 by
various codes). The lower valuewfs due to the lower f;value as compare to thgd(Fig. 11)

for most of theestedspecimensThis indicatesa lower compressivetressat failure forLSC

structural elements
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Fig. 15 Plot showng o for various strengtBpecimes

4 Modéeling the compressive stress-strain (o-g) behaviour of L SC
Different o-¢ relationships can be found in the literature for unconfined NSG&&isubjected to
uni-axial compressiviading[8-11, 13-14]. Rsearchersften try to use various hypotheses and
approaches to accommodate the effect of multiple faiggregate types, cement types, aggregate
gradation, testing conditions and strength rahd¢owever, 8 analyticalc-¢ relationships are
developed primarily on a curve fitting basis, and aim to satisfy different bouoadladjtions such
as

1- o-gcurve slope at origin, gfle; = E; and £.=0

2- maximum strength pointg$fomax; dfo/dec = 0, t=fcmax; &c= €cmax

3- Inflection point, {=fi; ec = & (Where & IS €cur)
Additional boundary conditions may be used for the ascending branch at the locatif.gfand
for the descending branch to capture the residual strgagtit a certain strain level. These
boundary condition are;

4- At the elastic limit pointd&0.4fmax; €c = €c,0.40

5- Residual pointfsq= 0 when gc = o
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Since various mathematical formulations in the literature fulfil satisfactorily the regeimés of the
boundary conditions, the general trend is to use these existifigrmulations to achieve the best
fit with the experimental data. Hence, it is importanthoose a formulation which is compact
(single equation), satisfies all the essential boundary conditions and esrreék with the LSG-¢
experimental data especially the degrading branch. For this purpose, yaofasietformulations
for unconfin@l concrete are examined.

4.1 Assessment of existiag: relations

Usingthenewly developed LSC expressions fQr(Eq.(5)), ecmax (EQ(6)) andec . (Eq(12)), he
predictions otheexistingwell known and relevant concretec modelsare compared with the
experimental date&ome of theepresentativelots showing the performance oéfe models
comparison with the LS@eanexperimentab-¢ results argjivenin Fig. 16.A typical LSC range
from 10 to 15 MPas selectedor NERC structureswhilst a normal strength concrete ranigem25

to 30MPais selectedor comparisorpurposes.

30

30

Mander{12]
——— CEB-FIP[g]
——EC2[9]
Kumar[11]

Mander{12]
——— CEB-FIP[g]
——EC2[9]
Kumar[11]

N
3]
N
3]

Careira[7]
SIMA[14]
Popovic[13]
— Experiment(mean)[19]

Careira[7]

SIMA[14]

Popovic[13]

— Experiment(mean)[19]

n
=]
n
=]

Stress (MPa)
&
Stress (MPa)
&

=
1S

10

Strain x10° Strain < 10°

Fig. 16 a and b Comparison of the predictions of different relations with mean

experimental data

The dfferento-¢ relationsexaminedare described in the following sub-sections.
4.1.1 Popovic (1973) and Mander (1988)
Popovic[14] proposed a model for unconfined concretgiven by Eq.(6)

f=f ¢ (el ) NI(N1+ () (16)
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Where;

n=0.0004f.+1 (f'¢ in psi) for the concrete a7

This model predicts the LSC degrading behaviour betterEbaode2(2004)and CEBFIP

model code 90 model&ig. 16 a and band the material parameter ‘n’ evaluated filem

(17) is capable of controlling the desderg branch to a certain level.

Since, the performance of the Popovics model is better for LSC as compared hethexaiined
models, models based on Popovics formulations require further investigation.

The following Eq.(18) describes the Mander mdd8] for concreteand adopts the expression

similar to[14] but instead of the ‘n’ factor, it uses ‘r’ which increases with stiffness datjoa.

fe=Foxr/r-1+x (18)
Where;

X= ede’c , rFEJEc-Esec (19)
Ec=5000Vf ¢ Esec=f'c/e’c (20)

Esec= secant modulus of concrete correspondin;to

¢’c = peakstrain of unconfined concrete

The model byCarreira and CH8] (shown inFig. 16 aand b)also resuk in exactly the same
behaviour as the model bander et 4lL3].

4.1.2 Eurocode-2(2004) an@EB-FIP MC90

SinceEurocode-2 [10] considers a constant strain value.fothe degrading branch starts aftieis
strain is achieved. In the case of L®G8pecially in the range of 5 to 15 MPa the maximuninstra

vary from 0.001 to 0.001F(g. 7) which means the degrading branch starts earlier and descents to
zero atalower strain (se€ig. 16a and b). Hence, the earlier desaanthe Eurocode-thodel in the
degrading branch makes it unsuitable for use in this study. It should be noted that thishooeel

better agreement with the experimental results for the concrete strengttbedwger?5 and 30
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MPa. Similar toEurocode-2, in the CEBIP model cod®0 [9] relationship, the peak strain is
constant and the degradation branch is steamge it is also unsuitable for LSC.

4.1.3 Kumar (2004) and Sima et al (2007)

Thesophisticated mathematical formulatiopKumai12] can be used fa widerange of concrete
strengths and does n@iquireany modification fact@. According to this model, there is no fixed
location for failure on the degrading branch and failure may be defined by the genera point
close to the inflection point, the residual point or any point in betvw&ben calibratedthis model
gives a good fit especially of the degrading curve of LSC in the strenggh beetween 5 to 15 MPa
(seeFig. 16).

Theo-¢ formulationby Sima et aJ15] which involves different equatiorfer three different
branchess also examinedin this model an exponential functimused after the elastic lini
model danage As compared to thkumarmodel, an extra boundary condition is included for the
elastic limit of the concrete and an inflection point is aéspiired This model gies very close
results to Kumamodel predictions.

4.1.4 Conclusion on formulations

From the comparison of all the models, showRig 16a and bit can be concluded that the
formulatiors byKumarandSimapredictthe o-¢ behaviour of LSC better than other models. These
formulatiors are particularly good in the strength rang&®fo 15 MPa. Withincreasingn

strength, these models also give reasonable results, howm@ydemodels like Eurocode-2,
becomeamore suitable for concrete strength ab2s®&Pa and NSC.

Although KumarandSimaformulationsgive goodresults, the equatiorsse complex and are
unlikely to be adopted for general uSénce the main concein deriving a good modés the
degrading behaviour, a comparative analysis is carried out betwesmgiieand well known
model ofManderet a[13] and the more sogdticated model oKumarby considerind.,; as the

key parameter. The analysis details are given in the following section.
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5 Degrading branch of the 6-¢ curvefor LSC

In this analysis. uis determined using the Mander and Kumar models corresponding to the
experimental values @t .. Thepredicted strengthialues for each specimen in different groups are
evaluated and normalized with respect to the experimintdb evaluate the difference between
the model predictions and experiments. Tésultsof fc ut mander/fc,ut VSTemax@nd € uit kumar/ et
versusfcmaxareshown inFig. 17 and 18respectively

From these plots contrashg trend s seerbetween théwo predictions at different strength

ranges. The predictions froltanderet alwerein generafound to be less than 1 (underpredicted)
between concrete strengths of 5 and 15 MiRd,themajority of results are more than 1
(overpredicted) between 15 and 30 MPa. Whereas normalized predictiorisinoanwerein

general found to be more than or close to 1 between 5 and 15 MPa, Ibujahéy of the results

are less than 1 between 15 and 30 MPa. Taeds of normalized predictions using Mander model
are 0.96 and 0.18, respectively. For Kumar model these values are equal to 0.95 and 0.15. The

difference between theando of the predictions from two models is rsat significant.
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The Kumar model is much more complex compared to the Mander model due to its lengthy
eqguations and because of the iterative process involved fomaé@nglthe parameter ‘n’. On the
other handthe Mander model is simple and has been used by many rese§f3dh&s$ in the
assessment of NSC RC strucsur&€his model is applicable to all section shapes and all levels of
confinement. To avoid theomplexity related witlthe Kumarmodel and to improvihe Mander
model for defining the-& behaviour of LSC, a modification factor is introduced to the paramete
‘rin Eq. (20)to controlthe slope of the descending branch. The resulting equation is given by Eq.
(21). The main purpose of introducing the modification factor is to reduce the underpnealict

the descending branemd bring it closer to the experiments by maintaining an acceptablefonean
fe.utmander/ Tcut.. This modification factorp’ is introduced and calibrated through an iterative
process in which the main condition is to normalize the scatter trdfid.ih7 and to maintain a
mean off¢ i mander/ fcut Up t0 1.0. The selected modification factor to be used in the modified
Mander model for LSC is given in E(2).

fo=foxr/r-1+x? (MPa) (21)

B= ((f"c+23)138Y* f'cin MPa (22)

Fig. 19 shows the normalized predictions from the modified Mander model.
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Fig. 19 Scatter of thé. u; modifiedmandernOrmalizedwith respect to the experimental,
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A comparison is made between the modified Mander model predictiomseardexperimental-¢

results for different LSC ranges as showifiig. 20 andFig. 21. Other relevant model predictions

are 4so included in the comparison.
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Fig. 20 a, b, c and d. Comparison wfean experimentat-¢ results with different existing
and LSCmodel predictions

It is found from the comparisons that for extremely low strength concretes,sshetwaeen 5 and

10 MPa,the Mandemodel without modification does not predict very well the decrease in the
steepness of the degrading braff€ly. 20a). The Kumar and Sima models predict the descending
branch very well in this strength range, however, the Kumar model could not pregiateliethe

o-¢ up toecmaxfor concrete strength between 5 and 6 MPa, as shokig.i21. The modified

Mander model predictions are in close agreement with the experimentsaimetyttow concrete

strength between 5 ardid MPa, as shown ifig. 20a and21.
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Fig. 21 Comparison of extremely LSC experimental curve with the models prediction
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For the strength range 10 and 15 MPig(20b), the modified Mander, Kumar and Sima models
are in close agreement with the experimentalaatein predicting the descending branch
behaviour. The Mander model without modification under predicts the behaviour of the degrading
o-¢ branch. For NSC around 25 to 30 MPa, the trend is found to be reversed as the Mander model
without modification stag over predicting the behaviour of the degradirsgbranch in this

concrete strength range. The modified Mander model prediction is found to be s$ligh#dy than
other models (Kumar and Sima) which under predicted the degrading behaviour for NSC.
Theoriginal Mander model predictior@se closdo the experiments and other model predictions in
the concete strength range 10 20MPa as shown iRig. 20b and20c.

The LSCo-¢ model established through the modification to the Mander model predicts better the
degradings-¢ branch of LSC as compared to the more sophisticated models and can be used in
analytical vulnerability assessment of NERC structures.

6 Conclusions

LSC having diferent ranges of concrete strength (5 to 25MPa) was testeinpression at UoS to
study thes-¢ characteristics. NewdEecmax &c.ui €Xpressions are developed which are used to model
theo-¢ behaviour of LSC. fie power factor in thedhonlinear equation has a value of 0.42 which
lies approximately in the middle of the power factor of the ACI 318 (0.5) and Eurocode-Z(@3).
value of ecmax lies between 0.001 to 0.00iat the majority of specimens féymaxbetween 5 and 15
MPa. For {maxgreater tharl5MPa gcmaxStarts to increase and fiagax of around 3MPa, the

resuls from both linear and nonlinear equatioaach the values given by the codes for NSC
Theultimate straire. i is determired wherthe mean stresstrain curveantersects the experimental
stressstrain curveFor the LSC specimens havifgaxbetween 5 and 15 MPa,:is above 0.004.
However, thes i value for the specimens with concrete strength 15 to 25 MPa falls below 0.003.
The mean value of a (mean stress factor) which is usually taken as 0.85 by different codes

calculated to be 0.8@r LSC. gy is found to be 13.1% higher thegs.
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Theo-e models by Kumar[12dnd Sima et a[15] predictthec-¢ behaviour of LSC better than
other models particularly for concrete strength between 5 and 15 MPa by using the@ew
modulus ofelasticity and strain modelslowever thesemodelsresult inlengthy equations and are
too complex for general use. Due to this reademMander modelascalibrated through a
modification factorandis adopted due to its simplicifiModified Mander Model for LSC)he
derivedLSC o-¢ model is particularlefficient at predicting concrete degrading behaviour between
5 and 10MPa however, letween 15 and 20 MPa, thesult of this model gets closter the original
Mander modelThe LSCo-¢ model can be used in design or tioe analytical vulnerability
assessent of low strengtiRC structures
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Appendix A

Table A.1.Statistics of the different modulus of elasticitydz Eseo Epeay

: fcmax Echord Esec Epeak n
Mixes (MPa) (MPa) (MPa) (MPa)
124 0.82-no curing

5.5 11727 12677 3890 3.3

7.4 14787 16286 7052 2.3

M 8.6 11074 16584 6668 2.5

10.4 15932 16359 8623 1.9

7.0 16914 17976 5646 3.2
mean 7.8 14087 15976 6376 2.63
St.dn. 1.8 2576 1968 1754 0.58
cov 0.24 0.18 0.12 0.28 0.22

134 0.92-no curing

6.3 13898 12806 5876 2.2

6.8 12006 13671 4926 2.8

M, 6.2 11849 14282 4388 3.3

5.4 20990 20079 3995 5.0

6.5 20600 16323 7585 2.2
mean 6.2 15869 15432 5354 3.08
St.dn.. 0.5 4571 2903 1433 1.18
Ccov 0.09 0.29 0.19 0.27 0.38

124 0.75-5 dayscuring (A)

15.0 25503 26922 11397 2.4

13.8 20402 20176 13080 15

14.8 13022 19510 11941 1.6

M, 15.9 21981 22332 9596 2.3

12.4 19308 20668 8271 2.5

15.2 21617 22885 9450 2.4

15.1 19690 20497 13230 15

13.3 24010 24086 11757 2.0
mean 16.5 23648 25297 12675 2.34
St.dn.. 1.2 3751 2475 1800 0.41
Ccov 0.07 0.16 0.10 0.14 0.18

134 0.75-5dayscuring

14.1 15990 16425 8696 1.9

13.6 23001 24224 8197 3.0

My 12.9 16971 23764 7706 3.1

11.6 20644 19738 8821 2.2

15.0 23304 23699 16506 14

mean 13.5 19982 21570 9985 2.3

St.dn. 1.3 3376 3399 3672 0.7
Ccov 0.10 0.17 0.16 0.37 0.30

133 nocuring

20.9 25429 25218 12221 2.04
19.9 22315 23215 11489 2.02
M 18.6 22313 22884 12024 1.90
20.4 25393 25611 10971 1.94
18.3 24515 24501 12180 2.01
19.2 19982 20141 13448 1.70
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mean 19.5 23324 23595 12056 1.94

St.dn. 1.0 2161 2005 834 0.13

Cov 0.05 0.09 0.08 0.07 0.06

133 5dayscuring

24.8 25050 25217 12732 2.0

23.5 21443 21868 15261 14

M, 27.4 29262 30052 13346 2.3

27.7 25838 26657 14225 1.9

28.1 27706 28034 13625 2.1

27.5 26745 27398 14109 1.9

mean 26.5 26007 26538 13883 1.92

St.dn. 1.9 2676 2789 866 0.27

Cov 0.07 0.10 0.11 0.06 0.14
133 2.5% AE-no curing

12.1 21210 21243 8188 2.6

9.9 18429 18571 7841 2.4

M, 11.9 22449 22999 7494 3.1

12.1 18794 19273 7739 2.5

11.7 18335 19075 7412 2.6

10.8 19342 20353 5898 35

mean 11.4 19760 20252 7429 2.8

St.dn.. 0.9 1688 1656 799 0.4

Ccov 0.08 0.09 0.08 0.11 0.15
133 3.5%AE-no curing

12.3 21060 21556 10030 2.1

10.5 21315 22784 9318 2.4

M, 12.1 13492 12547 8025 1.6

10.2 18553 20406 7255 2.8

10.8 16070 16812 8601 2.0

11.2 20673 20434 7433 2.7

mean 11.2 18527 19090 8444 2.28

St.dn. 0.9 3168 3775 1087 0.48

Ccov 0.08 0.17 0.20 0.13 0.21

124 0.755 dayscuring (B)

17.3 22027 22125 9463 2.3

20.1 19923 20901 9235 2.3

M, 17.2 21614 22570 11282 2.0

17.9 20097 19826 8735 2.3

17.2 20841 21205 7020 3.0

17.2 14780 13594 6848 2.0

mean 17.8 19880 20037 8764 2.31

St.dn. 1.1 2631 3300 1659 0.38

cov 0.06 0.13 0.16 0.19 0.16
124 0.75-14 dayscuring

24.7 22182 22561 14314 1.6

22.8 16136 16430 13990 1.2

Moo 23.4 23467 23488 14897 1.6

22.4 24027 24102 12191 2.0

26.7 24252 21684 13956 1.6

23.2 20822 21068 14206 1.5

mean 23.9 21814 21556 13926 1.56

St.dn. 1.6 3064 2748 915 0.26
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cov 0.07 0.14 | 013 | 0.07 0.16
133 3.5% AE-no curing Recy. Agg.

12.0 16640 17622 7997 2.2

13.0 13453 14281 9889 14

M 11 15.7 17230 17685 10993 1.6

16.6 21042 20282 8231 2.5

13.4 12068 12393 10327 1.2

mean 14.1 16086 16453 9487 1.78

St.dn. 1.9 3509 3112 1316 0.53

Ccov 0.14 0.22 0.19 0.14 0.30
133 2.5% AE-no curing-Recy. Agg.

My 16.5 20115 20631 10287 2.0

14.2 17930 18565 8846 2.1

mean 15.3 19022 19598 9566 2.05

St.dn. 1.6 1546 1461 1019 0.07

Ccov 0.10 0.08 0.07 0.11 0.03
133 3.5% AE no curing normal Agg.

18.5 20426 20591 12419 1.7

My 14.9 21679 22170 12425 1.8

16.8 19889 19814 11926 1.7

13.5 17889 18177 9827 1.8

mean 15.91 19971 20188 11649 1.72

St.dn. 2.2 1577 1661 1237 0.07

Ccov 0.14 0.08 0.08 0.11 0.04

Table A.2. Statistical analysis of the concrete strengths and strains data at tlitiesgtions

in o-¢ curve for specimens in each mix

Mix femax fess Ecmax €c85 feu Ec,ult a strain error
(MPa) (MPa) (MPa) %
124 0.82-no curing
5.5 4.7 0.00142 | 0.01199 4.9 0.01166 0.89 -2.7
7.4 6.3 0.00104 | 0.00312 6.4 0.00360 0.87 15.3
M1 8.6 7.4 0.00129 | 0.00299 7.2 0.00350 0.84 17.2
104 9.0 0.00120 | 0.00291 8.6 0.00380 0.83 30.6
7.0 6.0 0.00123 | 0.00318 6.0 0.00297 0.87 -6.5
mean 7.8 6.7 0.00126 | 0.00484 6.5 0.003440 0.84 2.3
St.dn. 1.8 1.6 0.00017 | 0.00434 1.2 0.001809 0.05 28.3
CoVv 0.2 0.2 0.13280 | 1.01763 0.2 0.525914 0.06 12.5
134 0.92-no curing
6.30 5.5 0.00107 | 0.00455 5.3 0.00457 0.85 0.5
6.8 5.8 0.00139 | 0.00405 6.0 0.00380 0.87 -6.2
M2 6.2 6.2 0.00141 | 0.00141 4.9 0.00249 0.79 76.8
5.4 4.6 0.00134 | 0.00314 4.8 0.00380 0.90 21.0
6.5 5.6 0.00086 | 0.00340 5.9 0.0022 0.90 -35.3
mean 6.2 5.5 0.00122 | 0.00331 5.4 0.0034 0.86 11.4
St.dn. 0.5 0.6 0.00024 | 0.00120 0.5 0.0010 0.05 41.8
CoVv 0.1 0.1 0.19785 | 0.36131 0.1 0.2945 0.05 3.7
124 0.75-5dayscuring (A)
M3 15.0 12.8 0.00132 | 0.00301 12.1 0.00366 0.80 21.7
13.8 11.7 0.00106 | 0.00226 11.0 0.00270 0.80 19.1
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14.8 12.6 0.00124 | 0.00406 12.4 0.00445 0.83 9.8
15.9 13.6 0.00166 | 0.00375 13.2 0.00418 0.83 11.7
12.4 10.6 0.00150 | 0.00391 11.0 0.00347 0.89 -11.2
15.2 13.1 0.00161 | 0.00395 13.1 0.00372 0.86 -5.8
15.1 12.9 0.00115 | 0.00272 12.3 0.00307 0.81 12.7
13.3 11.4 0.00113 | 0.00292 11.1 0.00310 0.83 6.2
mean 14.5 12.3 0.00133 | 0.00332 12.0 0.0035 0.83 8.0
St.dn. 1.18 0.99 0.00023 | 0.00068 0.91 0.0006 0.03 11.42
cov 0.1 0.1 0.17266 | 0.20370 0.08 0.1663 0.04 14
134 0.75-5dayscuring
14.1 12.0 0.00162 | 0.00457 11.8 0.00508 0.84 11.0
13.6 11.7 0.00166 | 0.00343 11.5 0.00346 0.85 0.9
M4 12.9 10.9 0.00167 | 0.00409 10.8 0.00431 0.84 5.4
11.6 10.0 0.00132 | 0.00351 9.4 0.00470 0.81 33.8
15.0 12.8 0.00091 | 0.00351 12.6 0.00377 0.84 7.4
14.1 12.1 0.00141 | 0.00332 12.5 0.00309 0.89 -6.9
mean 13.6 11.6 0.00143 | 0.00374 11.4 0.0041 0.84 8.6
st.dn.. 1.2 1.0 0.00029 | 0.00049 1.19 0.0008 0.02 13.8
cov 0.09 0.08 0.20481 | 0.13089 0.10 0.1864 0.03 1.6
133 no curing
20.9 17.8 0.00171 | 0.00262 16.2 0.00295 0.78 12.9
19.9 17.1 0.00173 | 0.00253 15.4 0.00279 0.78 10.1
M5 18.6 15.9 0.00155 | 0.00309 15.2 0.00351 0.81 13.8
20.4 17.5 0.00186 | 0.00299 16.0 0.00341 0.78 14.0
18.3 15.5 0.00150 | 0.00276 14.6 0.00308 0.80 11.6
19.2 16.4 0.00142 | 0.00314 15.3 0.00393 0.80 25.3
mean 19.5 16.7 0.00163 | 0.00285 15.4 0.0033 0.79 14.6
St.dn. 1.0 0.9 0.00016 | 0.00025 0.56 0.0004 0.02 5.4
cov 0.1 0.1 0.10070 | 0.08878 0.04 0.1279 0.02 0.4
133 5dayscuring
24.8 21.2 0.00194 | 0.00341 19.9 0.00391 0.80 14.6
23.5 20.2 0.00154 | 0.00177 15.5 0.00228 0.66 28.9
M6 27.4 25.6 0.00205 | 0.00195 15.7 0.00276 0.57 41.6
27.7 23.8 0.00195 | 0.00282 22.3 0.00310 0.80 9.8
28.1 24.2 0.00206 | 0.00254 19.9 0.00269 0.71 6.1
27.5 23.7 0.00195 | 0.00233 19.7 0.00269 0.72 15.6
mean 26.5 23.1 0.00192 | 0.00247 18.8 0.0029 0.71 19.4
St.dn. 1.9 2.0 0.00019 | 0.00060 2.7 0.0006 0.09 13.3
cov 0.1 0.1 0.10015 | 0.24273 0.1 0.1914 0.12 0.7
133 2.5% A.E-nocuring
12.1 10.3 0.00147 | 0.00282 10.4 0.00381 0.86 35.0
9.9 8.4 0.00126 | 0.00401 8.8 0.00356 0.89 -11.1
M7 11.9 10.3 0.00159 | 0.00284 9.7 0.00342 0.82 20.3
12.1 10.4 0.00156 | 0.00295 9.7 0.00403 0.81 36.6
11.7 10.0 0.00158 | 0.00305 9.8 0.00322 0.84 5.4
10.8 9.5 0.00184 | 0.00298 8.8 0.00328 0.81 10.1
mean 11.4 9.8 0.00155 | 0.00311 9.5 0.0036 0.84 16.0
St.dn. 0.9 0.8 0.00019 | 0.00045 0.63 0.0003 0.03 18.4
cov 0.08 0.08 0.12102 | 0.14440 0.07 0.09 0.04 1.1
133 3.5% AE-nocuring
M8 12.3 10.5 0.00123 | 0.00312 10.5 0.0043 0.86 37.7
10.5 9.2 0.00113 | 0.00285 8.9 0.0039 0.85 36.9
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12.1 104 0.00151 | 0.00283 9.0 0.0035 0.74 23.5
10.2 8.7 0.00141 | 0.00349 8.9 0.0039 0.87 11.6
10.8 9.2 0.00125 | 0.00324 9.2 0.0042 0.85 29.7
11.2 9.5 0.00151 | 0.00326 9.4 0.00340 0.84 4.4
mean 11.2 9.6 0.00134 | 0.00313 9.3 0.0039 0.83 23.97
St.dn. 0.9 0.7 0.00016 | 0.00026 0.64 0.0004 0.05 13.6
CoVv 0.1 0.1 0.12021 | 0.08163 0.07 0.0935 0.05 0.6
124 0.75-5 dayscuring (B)
17.3 14.8 0.00183 | 0.00447 14.8 0.00380 0.85 -14.9
17.9 15.2 0.00194 | 0.00456 15.1 0.00390 0.85 -14.4
MO 20.1 17.2 0.00178 | 0.00313 16.3 0.00339 0.81 8.6
17.3 14.8 0.00198 | 0.00392 14.8 0.00389 0.86 -0.7
17.2 14.6 0.00244 | 0.00606 14.3 0.00627 0.83 3.5
17.2 14.6 0.00251 | 0.00628 14.8 0.00589 0.86 -6.2
mean 17.8 15.2 0.00208 | 0.00473 15.0 0.0045 0.84 -4.0
St.dn. 1.1 1.0 0.00031 | 0.00122 0.67 0.0012 0.02 9.6
CoVv 0.1 0.1 0.15139 | 0.25865 0.04 0.2710 0.02 -2.4
124 0.75-14 dayscuring
24.7 21.3 0.00173 | 0.00254 18.1 0.00304 0.73 194
22.8 19.5 0.00163 | 0.00198 16.1 0.00310 0.71 56.7
M10 23.4 20.2 0.00157 | 0.00214 17.0 0.00253 0.73 18.1
22.4 19.3 0.00184 | 0.00235 15.3 0.00253 0.68 7.7
26.7 22.7 0.00191 | 0.00252 18.8 0.00304 0.71 20.6
23.2 20.5 0.00164 | 0.00223 16.6 0.00231 0.71 3.9
mean 23.9 20.6 0.00172 | 0.00229 17.0 0.0028 0.71 21.1
St.dn. 1.59 1.27 0.00013 | 0.00022 1.28 0.0003 0.02 18.74
CoVv 0.07 0.06 0.07797 | 0.09660 0.08 0.1230 0.02 0.89
133-3.5% AE-no curing Recy. Agg.
12.0 10.3 0.00150 | 0.00310 9.8 0.00339 0.81 9.3
12.9 11.1 0.00131 | 0.00316 10.9 0.00326 0.84 3.2
M11 15.7 13.7 0.00142 | 0.00309 12.6 0.00317 0.81 2.8
16.6 15.2 0.00202 | 0.00250 12.0 0.00279 0.72 11.3
13.5 11.7 0.00130 | 0.00311 11.0 0.00378 0.81 215
mean 10.1 8.9 0.00108 | 0.00214 8.0 0.0023 0.6 6.9
St.dn. 1.9 2.0 0.00030 | 0.00027 1.1 0.0004 0.0 7.6
CoVv 0.2 0.2 0.27476 | 0.12830 0.1 0.1539 0.1 1.1
133-2.5% AE-no curing-Recy.Agg.
M12 16.5 14.0 0.00160 | 0.00290 10.6 0.0036 0.65 24.1
14.2 12.2 0.00160 | 0.00270 10.6 0.0037 0.75 37.0
mean 15.3 13.1 0.00160 | 0.00280 10.61 0.0037 0.70 30.6
St.dn. 1.6 1.3 0.00000 | 0.00014 0.03 0.0001 0.07 9.1
cov 0.1 0.1 0.00000 | 0.05051 0.00 0.0194 0.10 0.3
133 3.5% AE-5day curing normal Agg.
18.5 15.7 0.00149 | 0.00261 144 0.00278 0.78 6.3
M13 16.8 14.3 0.00140 | 0.00200 12.5 0.00320 0.75 60.0
13.4 11.4 0.00136 | 0.00336 10.9 0.00386 0.81 14.9
mean 16.2 20.7 0.00212 | 0.00399 18.90 0.0049 1.17 40.59
St.dn. 2.60 2.21 0.00006 | 0.00068 1.79 0.0005 0.03 28.85
Ccov 0.16 0.11 0.03056 | 0.17080 0.09 0.1110 0.03 0.71
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