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Abstract: Hygric properties of porous building materials are imporfanthygrothermal analysis
Ther experimentatietermination ilowevemot always reliable, shown by the discrepasults from
differentlaboratorieon the same material this studya recent round robin campaigntiated by
KU Leuven (Belgium) and paticipatedin by eight institutesfrom different countriess reported
Ceramic brickwas selected as the target materidie bulk density and open porosity fromacuum
saturation test the capillary absorption coefficient and capillary moistooatentfrom capillary
absorption tesf and the vapor permeabilifyom cup tes$ were measured. Resultgere analyzed
statistically and compared witlh previous round robin project, EC HAMSTADhe reproducibility
errors for determining the capillary avption coefficientwere noticeably reduced when compared
with the EC HAMSTAD projectandthe differentlaboratoriesn the present studgbtaired similar
results from vacuum saturation ®and capillary absorptiotess without a common protocol. For
cup tess, largeinterlaboratory discrepanciesill exist. However, witha stringent common protocol
differentlaboratoriesachievel consistent resultg-or all properties a common protocad ehotchange
the average redsl of alllaboratories

Keywords: porous building materiahygric propertyvacuum saturation, capillary absorption, vapor
diffusion, round robin

1. Introduction

1.1Background

Hygrothermal simulations are valuable forproperly desigmg new buildings and renovating
existingones[1-3]. The built envionment can also keptimally understoodcontrolledand improve
with the assistance bfygrothermabkimulationg4-6]. Toreachthese goaldyygrothermakimulations
of buildings or the built environment musbe performed reliably. Studies show that different
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hygrothermal modelare mathematicallgimilar or everequivalentandthat theycanprovidesimilar
results, as long d@&/0 centralfactorsi material properties and boungtaonditions are kepthe same
[7, 8]. It is thereforeamportantto determinematerial propertieas accurately as possible.
The material properties involved in hygrothermsiahulationscan be generally classifiegthermal
properties €.g.thermal conductivitypr hygric properties€.g.vapor permeability)One methodor

their determirationis via modeling. For instancpprestructurebased models can be used to predict
thermal conductivity9] or moisture storage and transppropertiege.g.moisture retention curve and

moisturepermeability 10]). These porestructurebasednethod arestill underdevelopmenhowever
andmeasurementsenceplay the dominant role at present
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Fig.1 Challenges of measuring hygric properties of porous buildinghaterials

In general, measurements on the hygrothermal properties of porous building materials are physically
straightforward contributng to theirworldwide applicationFor decadesexperimental protocols for
measuring thermal properties have beenetpedprogressivelyNumerous international, regional

and national standards are availaldeg(the 1ISO 8301 and ASTM C518tandrds[11, 12]) to
prescrile the detailed operational procedurdhe results are also relatively reliabldowever,
measurements on hygric properties still face capabilitydapendabilityssuesas illustrated ifrig. L

The capability issues refer to the fact tretsome hygrothermal properties in the full humidity range
thar testmethodsare not yet fully establishe&or examplethere are methods to measure adsorption

moisture retention curves in the osgrgroscopic ranggl3-15], but these haveot beenstandardized

yet. The dependability issues, on the other hand, indicate that the established methods can still fail to
produce trustworthy results. One possible cause is that the fundamental principles of some established
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65 methods might be questionable. For instance, merotrision porosimetry16] is the mostommon
66 approach to determine the pore volume distribution of porous materials. Its results casfbentiesd
67 into the moisture retention curve for desorption. Howedl@upts have been raisedifundamental
68  principles such as the contact angle between mercury and the solid fd&jrias well as the impact
69 of the ink bottle effecf18]. Consequently, the results from mercury intrusion porosimetiyldibe
70 treated carefully. Even if the basic principle of a test method is sound, it can still suffer from great
71 uncertainties beyond its applicable range. For example, the desiccatdrStestone ofthe most
72 widely adopted technigeegor measuring sorption isotherms in the hygroscopic range. However,
73 saturated salt solutions are mampletely reliabldor RH levelsabove 95%Therefore in this high
74 humidity range the results from desiccator tests show significant J&&ftdn addition,many factors
75 1 such as the data processing metl#id, the personnel operati¢d2], etc.i canleadto uncertainties.
76 A powerful method to investigate these uncertainties is to launch round robin campaigns, where
77  differentlaboratorieperform the same test on the same material. Unfortunately, almost all reported
78  round robin campaigns show large dewiafi between different participants, requiring further studies.
79  1.2Round robin campaignsin brief
80 In the past decadethere have been many round robin campaayseasued hygric properties of
81 porous building material§able 1 summarizes soroéthe mostepresentativerojects
82
83 Table 1Representative round robin campaigns for measuring the hygric propertiesf porous building materials
Year of Number of
Project ) o Target materials Measured properties
completion participants
CEC EUR 14394 EN23) 1993 13 XPS, particle board Vapor permeability
Nordtest 126796 [24] 1998 4 Sandstone Bulk density, gen porositymoisture retention
Hard woodfibre board
Nordtest 15291 [25] 2003 6 underlay for roofing, Vapor permeability
dampproofcourse
Calcium silicate, Bulk density, open porosity, capillary absorption
EC HAMSTAD [26] 2003 6 aerated concrete, coefficient, capillary moisture content, vapor
ceramic brick permeability, sorption isothermmoisture retentionetc.
Gypsum board (coated B o
IEA Annex 41[27] 2008 14 Vapor permeability, sorption isotherm
and uncoated)

84
85 Of all these round robin campaigns, the EC HAMSTAD pragoine ofthe mostrepresentative
86 examples. It involved threed i f f er ent porous building materi a
87 hygroscopicityo (caldyum siflpbaogt édutgciavedaeack i ¢ a p
88 concrete)andist r ong capillarity + we ailepreseyhg a widecangei c i t
89 of porous building materialsThe set of measured hygric propertiegas also extensivecovering
90 storageand transporproperties inboth the hygroscopic andhe overhygroscopic rangegollowing
91 general guidelineonsequently, in the followirgnalysisnve use the resulfsom the EC HAMSTAD
92  projectfor comparison.
93 Someresultsfrom the EC HAMSTAD projecfor ceramic brick are illustrated in Fig-4, with the
94 error bars showing standard deviations for duplicate samptese resultgiclude the bulk density
95  (rouk, kg-nt®) and open porosity /] from the vacuum saturation test, theapillary absorption
96 coefficient Pcap kg-m?s®9) and capillarymoisture contenticap kg-m3) fromthe capillary absorption
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test, as well as the vapor permeability (expressed aspw diffusionresistance facta) from the
cup testAll these test methods armeell establishedand usedvithin their application rangeJwo
tendencies can be clearly identified. Rysthe discrepancies between differ&atioratoriesareoften
much greater than the uncertainties within respetdiveratoriesConsequentlyhisrestrics usto the
repraducibility errors (Sreproducibility €Xplained in Section 2.also irdicated in Fig2-4), whichaccount
for the interlaboratory differencesSecondly the reproducibility errorsfor the moisture transport
propertiegsuch afAcap arein most casegreater than those féine moisture storage propertiésuch
asWeap).

In fact, these two tendencies observed in the EC HAMSTAD project are prevalent in all round robin
campaigns. Motivated by these phenomena, sordepth studies have been conductedaftetter
insight irnto and control of potential error sources. For example, repeatability and reproducibility
analysis proves that neither the material inhomogeneity nor the experimental errors rooted in the
methodologies themselves play a dominant roteerconspicuous intdaboratory discrepanci¢28].
Furthermore, time and personnel in the same lab do not lead to large errors, as long as protocols remair
unchanged[22]. As a result, the experimental procedure, environaterdntrol and the data
processing appear to be the most responsible.
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Fig. 2 Results of vacuum saturation test for ceramic brick (from the EC HAMSTAD project [26])
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Fig. 3 Results ofcapillary absorption tests for ceramic brick (from the EC HAMSTAD project [26])
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Fig. 4 Results of cup test for ceramic brick (from EC HAMSTAD project [26])

1.3Objectives

As many yeas have passesdincethe completion of thebovementionedround robin campaigns
a new smaikcale round robin campaigvasinitiated by KU Leuven (Belgium}p gainfreshinputto
guantify the consistency of experimental results from diffefebbratories to locate sources of
discrepanciesandto identify potential improvements in differelatboratories This campaign was
plannedat the end of 2017 and formallstartedin early 2018.Besides KU Leuven as th@oject
coordinator,eight otherinstitutes contribwgd to this campaignby measung hygric properties
University of Porto (Portugal), China Academy
of Technology (Poland)/niversity of Edinburgh (United Kingdom)echnical Universityf Dresden
(Germany) Lund University (Sweden)Technical University of Denmark (Denmark) and Czech
Technical University in Prague (Czech Republis)addition, the Xray diffraction (XRD)data vere
analyzed by University of Strathclyde (United Kingddor)extrainformation.It should be noted that
there was no direct funding for this campaignso all participantswere voluntaily involved and
financially seltsupported.

In thefollowing sections, we first introducea@material andhe methods used in thi®und robin
campaignNext, the experimental results fromme participatinglaboratoriesarepresented alongith
statistical analsisand comparison with the EC HAMSTAD projeéfter that, the conclusions from
this study are drawn.

2. Material and methods

In this section, we firspresenthe target material used ftitis round robin campaigfter that
the experimental arrangement and test methoeksxplained. Finallystatisticalanalysis methaglare
introduced.

2.1 Material

Given that this round robin campaign was unfundewly a singletarget materialvas used: the
RobustaVandersanderceramic brick[29]. It has a dark brown color and a raw dimensain
21cmx10cmx5cmThis brick doesnot go through carbonation, hydration or any otheticeable
chemical change during the test perittd mineral composition obtained by quantitativ®X s
illustratedin Fig. 5. The crystalline minerals present are quadtz o), Carich plagioclasdeldspar
(anorthite)(19.®6), K-feldspar(sanidine)2.7%%6), hematite 4.1%) anddiopside 7.8%). The estimated
silica glasscontentis 24.4% using the PONKCS methd®80]. The mineral assemblage is typical of a
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modern production brick with considerable calcium content, and with heraatitdiopside as high

density components. From the crystallographic mineral densities and the estimated density of the

glassy phas¢31], we estimate a solid density for this brick cerami2@#0277 kg-m. Fig. 6

illustrates the pore volume distribution thiis brick obtained bythe mecury intrusion porosimetry

Based on its pore size, we can expect the brick to be strong in capillarity and weak in hygroscopicity.
For ths round robin campaign, raw bricks frothe same batctwere randomly selected and

distributed by KU Leuven to all other participants, to minimize the implaciaterial inhomogeneity.
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Fig. 5 The mineral phases of the target brick  Fig. 6 The pore volume distribution of the target brick

2.2 Test methods

This round robin campaigiocuses orestablished methods fareasuring théygric properties of
porous building material3hevacuum saturation test was executefdk density and opgmorosity
the capillary absorption testas performedor capillary absorption coefficient and capillary moisture
contenf and the cup testvas carried oufor vapor permeabilityAs the target brick is weak in
hygroscopicity,the determination othygroscopicsorption isotherms was not includeloreover,
becausethe pressure plate setupas not available in all participatinaboratories the moisture
retentioncurvewas not measured

Two separaterounds of experimentswere performedin the campaign. In the %L round all
participantscaried outthe testsaccording tdheir respective experimental protocols used in their own
laboratoriesHere, no instructions regarding sample size, relative humidity levels to include in the cup
test etc. were givenFor the 29 round a strict and detailedommonprotocol wa prescribedor each
test Thelatterwasbased orstandard&STM C1585ASTM C1794 ASTM E96,ISO 12572andISO
15148[32-36], as well ason previousstudies[28, 37-39]. Below, some key information rothe
common protocol$or the 29round is givenwhile full descriptiors are provided ilppendixA.
2.2.1 Generalrequirements

The ambient temperature for all measuremesfisuld be maintained within 2Z6°C, wih a
fluctuation smaller than £C. The surface 08 cm of raw bricks should be removed, and at least 4
duplicatesare required for each tes§ample dimensions should be measured with calipers retading
0.01 mm Samples should be dried in a ventilated oven aE70r at least 7 days
2.2.2 Vacuum saturation test

The air pressure in theacuumcontainer should stay below 3000 Pa for at leastaldompletely
evacuate the air inside samples. While filling water, themlavelshould rise at a speed of around 5
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cm-ht (or slower) until all samples are completely underwatger returningthe air pressure in the
container to atmospheric pressure, samples should be kept underwater for at least 24 h before weighing
2.2.3 Capillary absorption test

The top and lateral sides of the sample should be wrappe@itiign plastic film oaluminum foil,
with 1-2 small holes at the top to allow air evacuation. The bottom 1 cm of the lateral sides should be
left unwrapped to avoid capillary uptake between the sample and the wrap. Théenwhaesbasin
should stay & mm above the sample bottofithe capillary absgtion coefficient should be derived
according to the onangent method21], andthe capillary moisture content should be calculated
according to the Appendix.
2.2.4 Cup test

The sample should be seatadthe opening of the diffusion cup with epoxy, paraffin or otapor
tight methods. While sealing, the penetration of the sealant into the sample should be minimized. The
air layer resistance sidethe cup should be corrected, and the surface traresetance above the
sample should be minimized by increasing the air veldoigt least Im-s®. While processing the
data, the sampl eds beaarkcedacerdiggdo thelSO 12572 gtandsidh o u | ¢
2.3 Statistical analysis methods

To quantitatively evaluate the experimental results, two statistical metedsmployed. First,
the ttestwas used tawompare th@verallresults from the Stand the 2! rounds of experiment®ue
to the availability otime, personnel and experimental facilities, notlalioratoriedinished all three
tests for the fivgproperties in both roundas a resultthe paired-testis not applicableand hencéhe
independent-testwas utilized instead40]. Specifically,for anygiven property,the averagealueof
each labwas calculated firstNext, all the labaveraged valuesere classified intatwo groupdor the
1t and the 2 rounds, respectivelyAfter that the independent-test on these two groupsas
performedyerifying whether théab-averagd resultsof the two rounds of experiments are statistically
different

The main aim of the independesiest is toccomparehe averages of thé'tound and the"™® results
of all laboratories However, itcannotclarify the major concern of this studythe discrepancies
between differentaboratories in a thorough wayfor this reasonwe also adoped the statistical
indicatorsproposedy the 1ISO5725 standarf41], which have also beappliedin other studie$22,
28):
a) The materialerror {smateria): representing the errors (relative standard deviations) dduyse

material 6s i nhomogeneity;
b) The repeatability errorgepeataniiit): representing the erroms repeating the measurementsthe

same samples whatl relevantfactors pperator, equipment, calibratiogtc) remain unchanged;
¢) The reproducibility error réreproduciviiy): representing the errorsf replicate measurements in

differentlaboratories

In generalrsmateriaican never beliminated sinceno material is perfectly homogeneous. Meanwhile,
I'repeatabiliyf€flectsthe smallestandom erromherentto a test metho{when rsmaterialis Not considered)
and hencendicatesthe lower limit of experimental accuradyany error is smaller than or similay
I'Smaterial 2Nd I'Srepeatability it cannot be clearly identified anthn be neglected accordingfyinally,
I'Sreproducibility Stands for thdargestrandom errors irdifferent laboratoriesand directlyshow thé
discrepanciegObviously, the smallesreproduciviityiS, themore similaresults differentaboratoriexan
achieve.

The calculatiorof rSmateriaj I'Srepeatability@Ndr'Sreproducibility IS intricate: @tailshave been elaborated in
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ref. [28, 41], and wedo notrepeat themn this paperlt should be noted that due to the calculation
complexity, rsreproduciviity IS NOt always available. This mainly happdosextreme casewhen the
betweerab errors arecomparableto the withinlab errors(such as the open porosity in the EC
HAMSTAD project, Fig. 2 b) so that thedifferences betweeulifferent laboratoriescannot be
distinguishedIt is also worth mentioning tha$materialandrsrepeataniityobtained in differentaboratories

can vary slightly. However, since they are normally much smaller thafoduciviity their small
variances should onlyave a limited impact on the general analysis. In this round robin campaign, we
adopt he rsmaterial @nd r'SrepeatanilityfOr the target ceramic briakbtainedby KU Leuven As is clearly
reflectedin Table 2 these twoerrors are typically smaller than 1% (cup tests), 5% (capillary
absorption tests) ari® (vacuum saturation tests).

Table 2 The material and repeatability erors of the target ceramic brick

Test Vacuum saturation  Capillary absorption Cup test
Property Ioulk f Acap Weap €1 € €3
I'Smaterial(%0) 0.13 0.45 2.76 3.39 8.36 8.79 6.84
I'Srepeatability(%0) 0.17 0.44 2.02 0.41 2.73 0.55 1.89

* The RH settings foe1, e2andesare 11.3%63.5%, 53.5%B4.7% and 84.7987.4%, respectively.

3. Results and discussion

In this section, wereport the results obtained frorthe vacuum saturatiotest the capillary
absorption test and the cup tddetailed values are reported in Appendix Bjalysis of and
comparisos betweenthe F' and the 2 rounds of experimentsare madeResults fromthe EC
HAMSTAD projectare also referretb. It must be emphasized that the lab numbers in this section are
denoted as Al, without any link to the affiliation numbers for the-aathors.It should also be
remarked thathe brick used in this campaigdiffers from the EC HAMSTAD brickin the
homogeneity andhvestigaed properties. However,dke differencesiainly affect the material errors
to a limited degreeand acomparison b reprodwibility errors is still valid.Lastly, it is worth
mentioning that the common protos@ere derived from the routines of Lab k other wordsLab
A was followingthe common protocols all the time. For this reason, the same set of data from Lab A
suits both rounds.

All tests were carried outt 2025°C. In this limited temperature range the capillary absorption
coefficient can vary by about 5p87, 39, 42], while all other investigated properties can be considered
as temperaturendependenit37]. Consequently, equation (d¢rived from ref[37] was used to correct
thecapillary absorption coefficresfrom different laboratoriet® values at 20°C for better comparison.
Note that Lab | did not report the temperature in fheotindfor the capillary absorption testo their
results remained uncorrected.

.,Y

O CT3 W prcx®mu mxvo (1)

whereT is the absolute temperature, K.
3.1Vacuum saturation tess

Fig. 7 illustrates théulk density and open porosity obtained from the vacuum saturatioA feest.
glanceshows thatfor both propertiesthe discrepancies betwedme different laboratoriesare not
significant However, theopen porosityreported by LalB is noticeably lowelin both rounds of
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experimentsAfter a thorough checkthe experimental procedure has been identified asntia
reason:contrary to othetaboratoriesvho first evacuated the air in the vacuum container and then
filled in water, LabB operated in the reverse order. As a resaitme air waprobablyretained in the
sampleJeading to thainderestimatd open porosityMoreover,Lab F surprisinglyprovided an even
smaller open porosityhan LabB, which is problematicThere is no clear explanation for this
underestimation, and the insufficient air evaiton before water filling magisobe the most possible
reason.

B round [ 2" round B ound [ ] 2" round
20001 40
+
1500F 30+
'
5 ~ =
2 1000} S 20t
X S~
K_(2
500F 10}
0—A "B C D F H 0—A "B C D F H
Lab number Lab number
a) The bulk density b) The open porosity

Fig. 7 Results of the vacuum saturation test

With bulk density and open porosity, the matrix density could be easily derivadddhercheck
[43, 44]. As summarized in Table 3, the matrix densities from most laboratories are similar.
Nevertheless, Lab F in thé%round gave an abnormally low value, confirming the existence of
mistakes during the tedlowever, the determination of bulk volenby Archimedesbuoyancy does
not require complete air evacuation. Thus the bulk densities obtained by Lab B in both rounds and Lab
F in the 29round were still reasonablhe matrix density provides a quality check on the Archimedes
porosity. For thisceramicbrick, the mean matrix density calculated from the measured bulk density
and measured porosity is 2¥a&nd 276 kg-m for the F'round andhe 2round respectivelyThese
valuesare in acceptable agreement with the esiondtom the mineralogical composition by XRD
(Section 2.1pndplace this brick at the high end of the known solid density rangeramicbricks,
broadly 26062750kg-nr3[43]. However several laboratories repedvalueseitherhigheror lower,
which cannot be reconciled with the known composition. This confirms the value of using the matrix
density as a quality che¢k4)].

Table 3 The matrix density kg-m) from different laboratories

Lab No. A B Cc D F H
1tround 2754 2677 2839 2746 - 2750
2" round 2754 2620 - - 2385 2744

To have a quantitative view on the discrepancies between different laboratories in this round robin
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campaign, we refer to the statistical parameters described in Section 2.3. It should be noted that the
open porosity from Lab B was not included for error calculations, as its problematic procedure
produces unrepresentative resufise deviating open porosity frotrab F in the 2 round was also
excludedTo start with, the independentdsts were perfored to comparéhe labaveraged results in
the F'and the ¥ rounds of experiments for all laboratori@he calculateg-values are 0.164 and
0.947 for the bulk density and the open porosity respectively, indicating that the average values of bulk
density and open porosityere notstatisticallydifferentin both rounds. In other words, the common
protocol for the vacuum s#ration imposed in the"®round of experiments did not change the average
results of all laboratoriesignificantly

Furthermorereproducibility errors were evaluated to check whether the common protocol reduced
the discrepancies between different latories. The calculated results are illustrated in Fig.8, in
comparison with the EC HAMSTAD projecElearly, in terms of the variations between different
laboratories, the determination of the bulk density and the open porosity is very satisfactohy in bot
rounds. Thenter-laboratory discrepanciestay within 2% albeit slightly greater than those in the EC
HAMSTAD project. It should be noted that for the bulk density the reproducibility errors if'the 2
round are slightly greater than those in tfierdund. This, however, does not demonstrate that a
common protocol exerted a negative impact in this case, because fewer laboratories were involved in
the 29round, leading to greater statistical uncertainties. Anyway, it can be concludéuktiratuum
saturation test is highly reliable and a common protocol is not indispensable, as long as the
experimental procedure is correct. This may be attributed to the fact that the vacuum saturation test is
very simple in both operational procedure and data primggssithout strong impact factors. It is also
possible that the respective protocols adopted by different laboratories were the same as or modified
from a standard, with similar and adequate detalils.
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Fig. 8 Experimental errors d the round robin vacuum saturation test

3.2Capillary absorption tests

Fig. 9 illustrates the capillary absorption coefficient and capillary moisture content obtained from
the capillary absorption testenerally speakinghe results of allaboratoriestayreasonablgimilar.
The calculategb-values fromthe independenttestscomparing the overall results of two rounds are
0.154and 0.906 fothe capillary absorption coefficient and the capillary moisture comesgectively.

10/ 26



322
323
324
325
326
327
328
329
330
331

332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351

Similar to the vacuum saturation test, the capillary absorption test hencghaised ncstatistical
changein terms of the average results of differtatioratoriesn the F'and the % rounds.It should
be mentioned thah the F'round both LabG and Labl usedautomatic capillary absorption setyps
while for dl other cases in both roundse manual method was adoptelb analyze the impact of
different setups, we condectDunc anés mul {40 pcbngaringahe gverage eapillary
absorption coefficients of LaB in the £ and the ¥ rounds, Lab | in the F' roundandall other
laboratoriesn the F' round.Results showthat all theeaverage values areot statisticallydifferent
(p=0.074). This meansboth automatic and manual measuremeotsld producesimilar results,
agreeing with an earlier stugs].

0.7. B " round [ 2™ round 250 B round  [] 2" round
0.6}
'S 0.5 H {_
{vg 0.4
2 03
< 02
0.1
0.0 L L L
A B C D E F G H 1 B CcC D E F G H
Lab number Lab number
a) The capillary absorption coefficient b) The capillary moisture content

Fig. 9 Results of the capillary absorption testAcap corrected to 20C)

The reproducibility errors are illustrated in Fig. t@s clear that compared with the EC HAMSTAD
project, the intefaboratory errors for measuring the capillary absorptaefficient in this round robin
has been reduced obviously, even without a common protocol. Resultantly, in this campaign the
reproducibility errors with and without a common protocol are not very different, always staying
within 7%10%, acceptable in mosiircumstances. It can thus be concluded that the capillary
absorption test has become dependable now, and that further details through a more specific commor
protocol are not necessary anymore.

To have further insight, Table 4 summarizes the key infoonatsample size and sealing method
i of the capillary absorption tests in thé found. In comparison, all laboratories turned to
8cmx4cmx12cm as the sample size and utsdip film or aluminum foil for sealing ithe 2'¢round
as required by the conmon protocol. From such information, several interesting phenomena can be
observed. Firstly, Labs C, E and F used the raw brick as the sample fhrthend, and their results
(both the capillary absorption coefficient and the capillary moisture cormengmong the smallest.
One possibility is that the brick surface has slightly different characteristics than the core due to the
manufacturing process. Another potential reason is that due to the coarseness and irregularity of the
raw brick, the samplez® was overestimated, leading to underestimated results. As is reflected in Fig.
9 a), once switched to the core material in tPfler@und, the capillary absorption coefficients from
Labs E and F increased immediately. Secondly, varied samplei sesge@lly the heighti were

11/26



352
353
354
355
356
357
358
359
360
361
362
363
364
365

366
367

368
369

370
371

chosen by respective laboratories in tRedund. The results are however not highly different, even
when compared with thé"@round experiments with the same sample size. This agrees with an earlier
study, stating that the sanepsize has a limited impact on the capillary absorption 245t Last but

not least, the sealing methods used by different laboratories irt'tloeirdd showed a great variety,

and no significant influence can be observed. However, the cases with penetrating sealants (e.g. Labs
E, F and 1) generally produced lower capillary absorption coefficients, indicating that the potential
sealant penetrationay reduce the crossectional area. It is therefore more advisable to choose films

for the sealing, as suggested in [éfl]. Interestingly, Lab H did not seal samples in tFedlind but

still obtained consistent results with other laboratories. This esusecthe aim of sealing is to prevent
evaporation during the capillary absorption process. If a sample absorbs much moisture within a short
period of time (such as the brick investigated in this study), then the evaporation from its surfaces only
exerts dimited impact and the sealing is hence no longer indispensable. Since it is difficult to define

Amucho and fishort periodo quantitatively, it r
15 14.6
9. 6 - rSmalerial
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—_ nd
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3.4
0.4
A w
cap cap

Fig. 10 Experimental errors d the round robin capillary absorption test

Table 4Key information of the 15t round capillary absorption testsfor respectivelaboratories

Sample sizeqm)

Lab No. ) Sealing method
Surface Height
A 8x4 12 Nonradhesive plastic film
B 8x4 12 Nornradhesive plastic film
C 10x5 21 Epoxy
D 8x4 12 Plastic film
E 10x5 21 Paint
F 10x5 21 Silicone paste
G 4%3 5 aluminiumfoil
H 8x4 12 No sealing
I 4x4 Unreported Epoxy

* Raw bricks wereused.
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As a matter of fact, the capillary absorptpmocess has been exten$yvetudied in the past decades
andmost inpact factors have be¢horoughly investigatedHowever,there is ondactor remaining
controversial time correction During the manual measurement the sample must be taken out of the
water basin for weighing periodicallyand no consensus has been reached concemfiatherto
correctthis time intervalNormally 510 points are determined for calculating the capillary absorption
coefficient, and with practice each weighing could be limited @@ S,producing a total time of-3
min without water contacat the bottomSincecapillary absorption testaormally takea couple of
hours time correction resultantly produces a larger capillary absorption coeffici@d6@6in most
cases This correction partly explairs that Lab G obtaineda slightly larger capillary absorption
coefficient in the 2 round (the manual method with time correction was used) when compared with
their 2 round result (the automatimethodwas used, involving no time correction), and thab |
reported thesmallestcapillary absorption coefficienih the F' round (alsolie automatic method was
used). Howevemverall there has beeno decisive evidence supporting against time correction,
calling for further study.
3.3Cup tests

Fig. 11 illustrates the vapodiffusionresistance factsiobtained from the cup tesstComparedvith
the vacuum saturation test and the capillary absorption test, the suftiersup tedbetweerdifferent
laboratoriesare conspicuously largeén the P round This trend can also be observed in the EC
HAMSTAD project and other round robin canmgas. For our caséhe smallest value bottoms at 6.0
(Lab F) while the largest valugoes upto 25.8 (LabG), producing a factor 4.3 differenc&his
difference is too large to be solely attributed to the limited RH depeadétiwe resistance factor for
the studiedbrick, and theinterlaboratorydiscrepancyshouldplay the key rolein the 2 round,
notable improvement can be observed, as the results generally display a closer distribution. However,
Lab F strangely gae an even worse result, as its repoxtaltie decreasefrom 6.0 in the 1 round to
4.2 in the 2Yround at the same RH condition. One explanation is that both the air layer inside the cup
andthe masked edge of the sampleaaveorrected in the"2roundbut uncorrected in the''tound by
LabF. These corrections resultantly lead to a smaller resistance factor. Moreover, the sample thickness
wasreduced from 5 cm in theTound to 3 cm in the™ round for LabF, making the influence of
corrections mar significant. Nevertheless, the large deviation offEaannot be completely attributed
to these reasons and a more profound factor must exist. One possibility is the sealing leakage, which
typically causes underestimated resistance fad@f especially for relatively nepermeable
materials (as the ceramic brick in this campaign). For statistical analysis, the result§ af ktado 2
roundarehence excluded.

It should be noted that different laboratories performed the cup test imthamgn at slightly
different RH settings. It is therefore impossible to conduct statistical analysis strictly at the same RH.
However,the ceramic brick used in this campaign is very weak in hygroscopicity (its equilibrium
moisture content at RH 85% inetlilesiccator test is less than 0.06§&kg?). Thus, the liquid island
effect should be limited, and it is reasonable to summarize the results into the dry cup group and the
wet cup group, depending on whether the average RH in the test is below or abevae
independent-tests comparing the®land the 2 rounds provide {values of 0.573 and 0.776 for dry
cup and wet cup respectively, showing that theaedraged vapor diffusion resistance factors had no
statistical difference in both rounds.

The calculated reproducibility errors are illustrated in Fig. ib2 comparison withthe EC
HAMSTAD project. As is clearly reflected, the1round results display almost the same
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reproducibility errors as in the EC HAMSTAD project, beliy cup or wet cp, indicating limited
progress. In our"round campaign with a common protocol, the reproducibility errors for the dry and
wet cup tests drop significantly, reaching 26.3and 14.06, respectively. This encouraging
improvement demonstrates that with a coom protocol and careful operation, it is possible for
different laboratories to achieve relatively consistent cup test results. However, as revealed by the
independent-tests on all properties, it must be reiterated that the common protocol only rdtices
scatters between different laboratories, while not affecting their average result.

One may doubt that it is the smaller number of participating labs iMfmeund that reduced the
reproducibility errors. However, from the statistical perspective, a larger sample number usually leads
to smaller scatters such as the standard deviation. Consequently, more participating labs fh the 1
round should lead to snet reproducibility errors. However, the opposite was true for theo2nd,
proving that there was an important changlee common protocadl that reduced the intéaboratory
errors. This is clearly evidenced by Lab A, B, E and G, which were invaivedth rounds. It can be
intuitively observed from Fig. 11 that the discrepancies between these four labs were much smaller in
the 29round, confirming the contribution of the common protocol with the same participant number.
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a) The PF'round b) The 29round

Fig. 11 Results of the cup test
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Fig. 12 Experimental errors of the round robin cup test

Table 5Key information of the 15 round cup tests for respectivdaboratories

Sample sizeqm) ] Correction for
Lab No. ) Sealing method ) ) )
Surface Thickness Surface resistance Air layer in the cup  Masked edge

A Diameter = 8 3 Epoxy No Yes No masked edge
B 10x10 1.7 Paraffin No No No masked edge
C Diameter = 7 35 Paraffin No No No masked edge
D Diameter = 6.4 2 Tape No Yes No masked edge
E 20x20 5 Paraffin and tape Yes Yes Yes

F Diameter = 8 5 Silicone paste No No No

G =7 24 Paint and paraffin No Yes No masked edge
I Diameter = 9 3 Plasticine No No Unreported

* Combination of two raw bricks

The cup test is a classic and widely adopted method to determine the vapor permeability. As revealed
by other round robin campaigns (such as those listed in Table 1), it is one of the most diffectalt test
obtain similar results in differetdaboratoriesVarious factorgan exert possible impacts. It is therefore
important to specify these details reduce the discrepancies between diffel@nbratoriesTable 5
summarizes the key informatiérsamplesize, sealing method and correctioaf the cup tests in the
15'round. In comparison, adihboratoriegurned to a fixed thickness of 3 cm and simdarfaceareas
in the 29round. The air layer and the masked edge (if any) were corjeatdthe airvelocity was
also increased to minimize the surface resistantiee 29 round

Cup tests ar@ormally performed around standard atmospheric pressure in diffetsoriatories
so the limited air pressure fluctuation is unlikely to cause a large discre@andy]. It has also been
showni both theoretically and experimentaily hat t emper at ur e 6[87],%s0nhE | uen
normal experimental temperatureisually around 2@5°C1 is unlikelyto be a main source of error
Moreover, the sampiesurfacearea does not have a significant impg&s, 47], as also refleted in
Table 5As a result, thae factors are notery strictly prescribed in the common protocol.

In addition totheseweak impacts,hreeotherfactors arewvorth special attentionThe first one is
sample thickness, which should be evaluated together with the correction for the air layer inside the
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cup and the surface resistance outside the saniless value for the air layer and surface resistance
normally amounts to-3 cm intotal. If thes a m p 44 valbess too small, then the correction of the air
layer and surface resistance becomes very impoifantthis reason, the 1ISO 12572 stand&®
requires h e s awvglukbteb@ at least 10 cnMoreover, the air velocity above the surface should
be high enough and the air layer in the cup should be as thin as pdSeiblaining Fig. 11 a) and
Table5, it can begeneralizedhat thosdaboratoriesvith a small sample thickness (LaBsD andG)
tencedto have larger resistance factorshe F'round in accordance with the aforementioned analysis.

Thesecond important impat sample sealin22, 27, 46], whichconsists othe lateral coating of
the sample and the fixing of the sample on the diffusion cup. If not handled properly, the lateral coating
can cause sealant pendtyatdeep into the sample, reducing the real ceestional aredor vapor
diffusion and finally leads toan overestimated resistance factor. On the contrary, imperfect sealing
between the sample and the diffusion cup bvdld tovapor leakage and resultantly an underestimation
of the resistance factor. Obviously, the more impermeable the matetti@ ggeater the impact of the
sample sealing can beooking atTable 5 one can easily notice that LBlxombined two raw bricks
for the testn the F'round and the resutweae almost the smallest. This may result fromithgerfect
sealing between the two raw bricks. Once switched to the saudl®m a single brickthe results
from LabE increased tdéhe average value.

The last crucialfactor is humidity contro[25, 46]. In the cup test, desiccant and saturated salt
solutions are most frequently usea create the desire@H inside and/or outside the cups. If the
desiccant becomes wet or if the salt solution fails to remain saturated, the real RHhighdrethan
the assumed value. As a result, the vapor pressure gradient across the sample can be underestimate
or overestimated, leading to deviating resuliss thereforeimportantto handle thedesiccant and
saturated salt solutions very carefully.

In the 2'Yroundof experimentswe imposd stringent requirements concerning the aforementioned
important impacts. As demonstrated by the results, the agreement between ddievesiories
achievel significant improvementvith the common protocolt is therefore necessary to pay special
attention to these factors while carrying out cup tests.

4. Conclusions

A round robin campaign aiming at the hygric propertiepaous building materials bdbeen
launched. Aceramic brickwas selected as the target materfdle vacuum saturation test fine bulk
density and open porositthe capillary absorption test ftine capillary absorption coefficient and
capillary moisture contenaind the cup test for the vapor permeabiitgre performed.Results from
nine participatinglaboratoriegrom different countrieshow that:

a. Different laboratories can obtain similar results from the vacuum saturation test and the capillary
absorptiortest,even without a common protocol;

b. Compared with the EC HAMSTAD projedhe interlaboratory discrepancies for the capillary
absorption coefficient in this round robin campaign are much smaller;

c. The stateof-the-art for the cup test remaingrustrating. However, wh a stringentcommon
protocol prescribingmportant impact factorst is possible to achieve relatively consistent cup test
resultsbetweerdifferentlaboratories

d. A common protocol can possibly reduce the discrepancies betaberatories but not the
average result of aldboratories

Finally, it shouldbe kept in mindthat although a common protoamlay reduceinter-laboratory
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discrepancies, it does not necessarily represent the preferred or recommended procedures of the
individual participating labratories
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Appendix A: The common protocols for the round robin campaign

This appendix gives the fulledcriptiors of the common protocols imposed in tHE und ofthe
round robin campaign. General requirements, as well as the detailed experimental psaceddiata
processing methagare explained fathe vacuum saturation test, the capillary absorption test and the
cuptest.

1. General requirements

a) The ambient temperature for atleasuremestshould be maintained within 2B°C, wih a
fluctuation smaller than £C,;

b) The surface 08 cm of the raw bricks should be removed preparing samplesndat least4
duplicates (without cracks observable te naked eyejre required for each test;

c) Measure sample dimensions with calipers reading 0.01 mm. For each dimensionL(levigth
W, thicknesg and diameteD, m), measure at least twice at different locations and take the average;

d) Sample should be dried in a ventilated oven afCGor at least 7 daysWhen 3 successive
weighings(reading0.01 g, but preferably 0.00]) gt intervas of at least 1 daghow a relative
fluctuationbelow 0.1%, stop the drying process and take the average as the drijaméssy.

2. Vacuum saturation test

Samples should have a size of 8cmx4cmxl1cm (can be cut from the capillary absorption samples
after finishing that test).
2.1Experimental procedure

a) Putdry samples in a vacuum container and evacuate the air inside. The air pressure in the container

should stay below 3000 Pa for at least 4 h;

b) Fill in distilled/deionized water into the container gradually. When the water level touches the
bottom of samplesnaintaina water level rig of around 5 cm/h (or slower) until all samples are
completelysubmergep

c) Keep filling in water until the water level is 2 cm abdkie top of thesample Thenreturnthe air
pressure in the container to atmospheric pressure;

d) After at least 24 h, weigh samples underwater and record the underwatenmaskg);

e) Take samples out of water and useeceiof moist paper/tissue/cldi remove the liquid water
on the surface Thendeterminehe wet masswet (kg) in the air immediately

2.2 Data processing

f) The open porosity should be calculated by:

T (A1)
Ux AB BT ARAO
g) The bulk density sk (kg-m3) should be calculated by:

” -2 (A-2)

where the water density ate, kg-m®) should be taken according to the water temperature.
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3. Capillary absorption test

Samples should have a sizel@Emx8cmx>4cm, and one 8cmx4cm surface is used as the bottom to
ensuréa¢ he capill ary absorption along the brick©os
3.1Experimental procedure
a) Wrap dry samples with either plastic film @uminum foil on all surfaces except for the bottom.

Leavel-2 small holes at the top adlow air evacuation. To avoid capillary uptake between the
sample and the wrap, the bottom 1 cm of the lateral sides should be left unwidpieethator
this test the dry mass includes the wrap;

b) Pour distilled/deionized water (po®nditioned to the ambient temperature) into a shallow basin,
where a metal/plastic sample holder vathmitedcontactsurface is placed. The water level in the
basin should be-83 mm above the top of the sample hojder

c) Put the wrapped sample (cooled down to ambient temperature) on the sample holder softly. The
moment the sample touches water, start the timer (reading 1 s);

d) Attime 2,4, 7,10, 15, 20, 25, 30, 40, 50, 60, 80, 100, 120, 150, 180 and 210 min, taketbe sam
out of water and use a piece of moist paper/tistat&/to remove the liquid watexdhered tdahe
bottom.Immediately veigh the samplior m(t) (kg) and putt back on the holder. The accumulated
duration that tasample is not absorbing water from the basin (during the weighing process) should
be correctedh the timet (s);

3.2Data processing

e) Plot [m(t)-mun)/(W-1) against®® and distinguish thesland 29 stages of the capillary absorption
process. There may be2lpoints in the transition zone between tReahd 29 stages. Discard
them;

f) Fit the data points in the''stage with the following linear equation:

S 6 8 O (A-3)
where the slope is defined as the capillary absorption coeffiéiept kg-nm?s?9);

g) Fit the data points in thé'®stage linearly, and calculate its cross point with the fitted straight line
for the P! stage. The capillary moisture contemt4, kg-nT3) should be calculateaccording to

the following equation:
0 —_— (A-4)

4. Cup test

Samples should have a thickness of 3 Emound samples are used, the diameter should-1& 8

cm. For square samplesl8 cmis requiredfor the side lengthThe test shoultie carried out along

the brickds thickness direction.

4.1 Experimental procedure

a) Seal the sample on the opening of the g€iffn cup. The sealant can be epoxy, paraffin or other
vaportight methods. While sealing, try to minimize the penetration of the sealant into the sample;

b) Put diffusion cups with sealed samples in a chamber where the relative humidity is controlled.
Ensureanair velocity of at least in-s* above the sample surface;

c) Inside the diffusion cup, humidity should be controlled by eitbeuratedsalt solutions or
desiccantwhile this can be achievda) saturated salt solution, HVAC system or other reliable
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674 methodsoutside the diffusion cupChoose between the following two options (th@ id

675 recommendexd
676
677 Table A1 RH conditions for the cup test
RH options  RH settings Lower RH (%) Higher RH (%)
Dry 0 or 11 (desiccant or LiCl) 54 (Mg(NGs)2)
1st Intermediate 54 (Mg(NQs)2) 84 (KCI)
Wet 84 (KCI) 94 (KNQs) or 97 (KkSQy)
ond Dry 0 or 11 (desiccant or LiCl) 54 (Mg(NGs)2)
Wet 54 (Mg(NQs)2) 94 (KNQGs) or 97 (KSQy)
678
679 d) After an initial period of 57 days for reachingteadystate start weighing the diffusion cupsr
680 m(t) (to 0.1 g, preferably to 0.01 g) everyd2ays, until 7 successive weighings give excellent
681 linear fitting results (R 0.99). The time should be recordedHhe singleminute
682 e) Measure/estimate the thickness of the air lajgr ) in the diffusion cup between the lower
683 surface of the sample and the upper surface of the saturated solution (or desiccant) to 1 mm;

684 4.2Data processing

685 f) Fitthe mass of the diffusion cum(t) against tk timet linearly. The slopshould bedenoted asO
686 for the vapor flow rate (kg?);

687 @) Calculate the vapor flux@ kg-m2s?) by:

688 Q - (A-5)
689 whereA is the sampl@ srosssectionalarea (M). In case a masked edge of the sanepists the
690 vapor flux should be corrected according tol®® 12572 standaif®5];

691 h) Calculae the total vapor diffusion resistan@ew (m?sPakg?) by:

692 Y — (A-6)
693 where pyv (Pa)is the vapor pressure difference in and outside the diffusionahtpinecbased
694 on theambienttemperature and the Rtbnditions

695 i) Calculate the resistance of the air layer inside the diffusiofRgufm?sPakg™) by:

696 N (A-7)
697 where] is the vapor permeability ofagnantair. At 20-25°C, its value can be taken as 2*40
698 kg-mistpal;

699 j) Calculate the vapor diffusion resistance of the samRglgne(m?sPakg?) by:

700 Y Y Y (A-8)

701 k) Calculate the vapor permeabiliyampie(kg-mis?Pat) and resistance facterof the sample by:
702 1 —_— (A-9)

703 — (A-10)

704 |) Calculatee at different RH settings, and express the results against the average RH in and outside
705 the diffusion cup.
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707 Appendix B: Experimental resultsfrom the round robin campaign

708
709 This appendiyprovidesdetailed experimental resuft®m the round robin campaign.
710

711 Table A-2 Results of thevacuum saturation tests
Property Lab Round Temp. (°C) Results Averagée
A 1st 19.9 1879 1880 1878 1880 1884 1880 (2)
2nd 19.9 1879 1880 1878 1880 1884 1880 (2)
B st Unreported 1909 1903 1912 1909 1903 1907 (4)
2nd 21.4 1880 1885 1856 1902 1902 1899 1887 (18)
c 1st 23 1874 1931 1935 1913 (34)
I bulk 2n
(kg-n13) b st Unreported 1907 1884 1898 1903 1879 1875 1891 (13)
ond
1St
F 2nd 23 1778 1818 1837 1794 1807 (26)
" st Unreported 1856 1854 1853 1848 1859 1850 1853 (4)
2nd 25 1862 1853 1859 1853 1857(5)
A 1st 19.9 31.7 31.8 317 319 316 31.7 (0.1)
2nd 19.9 31.7 31.8 317 319 316 31.7 (0.1)
B st Unreported 28.5 28.7 29.0 28.7 28.9 28.8 (0.2)
2nd 21.4 275 274 292 281 276 28.0 27.9(0.7)
st 23 320 32.8 33.0 32.6 (0.5)
f c 2nd
(%) D 1t Unreported 30.4 314 309 30.7 31.7 31.8 31.2(0.6)
2nd
lSI
F 2nd 23 25.0 24.0 23.0 25.0 24.3 (1.0)
H st Unreported 32.7 325 322 326 327 325 325(0.2)
2nd 25 322 323 322 327 32.4(0.2)
712 * Data inparenthesiare standard deviations
713
714
715
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716

717
718
719
720
721
722

Table A-3 Results of the capillary absorption tests

Property Lab Round Temp. (°C) Result$ Average”
A 1st 20.1 0.487 0.500 0.508 0.491 0.502 0.497 (0.009)
2nd 20.1 0.487 0.500 0.508 0.491 0.502 0.497 (0.009)
B 1st 23 0.587 0.604 0.588 0.527 0.557 0.563 0.571 (0.028)
2nd 20.5 0.463 0.471 0.524"" 0.455 0.451 0.473 0.462 (0.010)
c 1st 23 0.49 0.53 0.48 0.44 0.48 0.51 0.488 (0.031)
2nd
D 1st 19.8 0.505 0.477 0.478 0.486 (0.016)
2nd
Acap 1st 23 0.491 0.449 0.452 0.433 0.433 0.452 (0.024)
(kg-nr?s99) 2nd 23 0.600 0.601 0.610 0.594 0.633 0.608 (0.015)
F 1st 20 0.456 0.460 0.400 0.439 (0.033)
2nd 23 0.536 0.506 0.521 0.516 0.520 (0.013)
G 1st 23 0.438 0.461 0.401 0.418 0.443 0.513 0.446 (0.039)
2nd 23 0.459 0.495 0.478 0.500 0.483 (0.019)
H 1st 25 0.500 0.508 0.524 0.494 0.507 (0.013)
2nd 25 0.513 0.569 0.510 0.543 0.534 (0.028)
| 1t Unreported 0.373 0.443 0.490 0.468 0.298"" 0.374 0.430 (0.054)
2nd
A 1st 20.1 209.5 208.1 206.4 2121 212.1 209.6 (2.5)
2nd 20.1 209.5 208.1 206.4 2121 212.1 209.6 (2.5)
5 1st 23 192.1 172.6 1751 169.6 189.9 174.8 179.0(9.5)
2nd 20.5 170.7 168.4 1849 170.5 168.7 1755 173.1(6.3)
c 1st 23 182.4 178.6 1805 1v8.6 178.6 1824 180.2(1.8)
2nd
D 1st 19.8 204.4 197.0 199.8 200.4 (3.7)
Weap 2nd
(kg-nd) E ihe
2nd 23 189.1 183.7 182.1 181.9 190.2 185.4 (4.0)
1St
F 2nd 23 197 193 174 193 189.3 (10.3)
G 1st 23 164.7 172.8 157.3 160.7 164.2 161.4 163.5(5.3)
2nd 23 169.8 184.3 184.1 190.5 182.2 (8.8)
H 1st 25 209.4 204.9 210.7 208.6 208.4 (2.5)
2nd 25 209.8 206.3 208.4 210.2 208.7 (1.8)

* Original values, temperature dependence uncorrected;

** Data inparenthesiare standard deviations

*** Qutlier, discarded.
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Table A-4 Results of the cup tests

Round Lab Temp. (°C) RH (%) € Averagée
11.3535 11.3 11.3 123 11.6 11.6 (0.5)
A 23.1 53.584.7 106 105 10.6 12.6 11.1 (1.0)
84.7-97.4 9.6 101 10.7 104 10.2 (0.5)
B 23 0-50 17.1 171 22.1" 15.8 15.2 16.3 (1.0)
C 23 50-94 155 15.0 133 165 16.5 156 15.4(1.2)
B 198 54-75 20.3 259" 190 19.8 19.7 19.7 (0.5)
st 7595 144 94" 165 152 15.1 15.3 (0.8)
e 3 0-50 100 9.2 9.6 (0.6)
50-93 5.0 9.8 7.4 (3.4)
F 23 50-95.5 6.2 6.4 59 56 60 6.0 (0.3)
G 22.7 1-36 23.8 252 283 27.1 25.1 25.2 25.8(1.6)
| 3 0-50 132 132 125 123 12.8 (0.5)
50-94 6.3 7.6 83 52 6.8 (1.4)
11.3535 11.3 11.3 123 116 11.6 (0.5)
A 23.1 53.584.7 106 105 10.6 12.6 11.1 (1.0)
84.797.4 9.6 101 10.7 104 10.2 (0.5)
0-52 125 13.0 10.8 14.0 12.0 13.7 12.7(1.2)
ond B 20 52-85 121 11.0 10.0 8.7 83 9.1 99(1.5)
8597 101 8.7 102 95 7.8 7.7 90(1.1)
e 23 0-50 147 144 143 14.5 (0.2)
50-93 13.8 14.1 145 14.1(0.4)
F 23 54-94 35 51 47 35 43 4.2 (0.7)
G 23 80.396 10.1 11.2 118 111 11.0 (0.7)
724 * Data inparenthesiare standard deviations;
725 ** Outlier, discarded.

726
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