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Abstract:

Until recently, it was assumed that autogenouskage in ordinary types of concrete is quite snimit,

in recent years there have been indications tleainitbe larger than previously thought.

In this study data from practice of a large numiifeautogenous shrinkage measurements was collected
and analysed to determine the magnitude of autagestrinkage and to gain insight in influencingdes.

The database contains mainly concrete with growaduated blast-furnace slag (GGBFS) cement and a
water-to-binder (w/b) ratio of 0.45 — 0.50. The sw@ments were carried out for construction preject

In the data analysis it was found that autogenbrtielsage of more than -0.1 mm/m can occur for cadin
GGBFS concrete with a w/b rati0.45. It was found that the variation in autogensiorinkage in practice

is considerable. The strongest correlations thaé fiend in the database relate to the aggregatkaat

to the w/b ratio or concrete strength as was ergefrtbm literature. That not more or stronger fefest
were found is probably caused by the number ofimgsglues (incomplete variables) in the databides,
arose because not all data was collected in the say.

In this paper we present the insights that theyaigabf the autogenous shrinkage database gaveldve
support the development of a standardised and yviagébpted concrete data model that is suited for
scientific research as well as for data from pecagtand will facilitate and promote the use ofestaftthe-

art data techniques in concrete research.

Keywords: Autogenous shrinkage, data analysis, data mingmgund granulated blast-furnace slag,
database, concrete data model

1 Introduction

Autogenous shrinkage occurs in concrete when cehyeinates and is linked to self-desiccation inghee
structure as it develops. It is the phenomenorhofikage at a constant temperature, without any dos
ingress of substances or application of an extéoned [1][2]. In ordinary types of concrete theé@yenous
shrinkage is thought to be small, always less tBahmm/m when the water-to-binder (w/b) ratiocaisgler
than 0.45 [3]. In concrete with ground-granulatddsbfurnace slag (GGBFS) cement autogenous
shrinkage is found to be higher and takes place @l@nger period of time than in concrete withinady
Portland cement [1]. In most studies where autogesbarinkage of concrete with GGBFS was investijate
the w/b ratios were smaller than 0.45 [4][5][6].eTbomprehensive database on creep and shrinkage of
concrete by the Northwestern University [7], givesrecords for autogenous shrinkage of concrete wit
slag and w/b ratios higher than 0.40. Lu [8] repaitogenous shrinkage values at day 28 of -0.14mm
and -0.12 mm/m for blast furnace slag concrete widh'b ratio of 0.44 and 0.5 respectively.

In recent years there have been indications intoart®n practice that autogenous shrinkage innangi
concrete can be larger than previously thought.Oiteh institute CROW for infrastructure, publiase,



traffic & transport, and work & safety has listeshamber of projects where the measured crack vifdth
concrete structures with restrained deformatiorteested the calculated crack width considerablyl{9].
was suspected that autogenous shrinkage playédelia tbe excessive cracking, despite ordinarynatins

(> 0.45) were applied.

In this study a large number of autogenous shriekagasurements was collected, that were carriefiout
construction projects in the Netherlands. The @absought together in an autogenous shrinkagebdata
and analysed. The variations in parameters withindatabase are not preconceived and controlled by
researchers, but a sample of variations that doguractice. This method can be seen as data mining
The aim of this study was primarily to investigéte variation in autogenous shrinkage in concnete i
practice. Secondly, it was investigated which datiens could be found between variables in thalzde
and autogenous shrinkage and how this relatestimtluencing factors that are known from literatur

2 Description of the database

A research group of Stutech, a Dutch study associ&br professionals in concrete technology, aiéd
data from two commercial research institutes inNlbéherlands from autogenous shrinkage tests thgt w
carried out in the period 2016 - 2018 on concrete was applied in construction projects. The eaa
made available retrospectively with the consenthef clients of the tests. All tests were carried ou
according to the same testing protocol [10]. Acowgdto this protocol the autogenous shrinkage is
measured on sealed samples of 100 mm x 100 mm x#@OMeasurements were done from day 1 on a
number of time steps, typically at day 2, 3, 7,28l,56 and 91.

The autogenous shrinkage database was set up egctrdhe tidy data format [11]. According to tiy
data semantics a dataset is a collection of vahgiag numbers (quantitative) or strings (quak&ti A
variable contains all values that measure the senrderlying attribute across units. An observationtains

all values measured on the same unit across a#sbln the autogenous shrinkage database thésamit
autogenous shrinkage test for one concrete conigrosiontaining multiple, generally three, samphes.
observation consists of data of the concrete coitiposconcrete characteristics, testing conditiang
autogenous shrinkage data of the samples. The adstatbntains 114 observations in total. A typical
example of autogenous shrinkage data from one wditgem can be seen fig. 1. For the data analysis the
autogenous shrinkage data from one observatiaygiegated to one value by taking the mean autogenou
shrinkage at a certain time step, mostly 91 dake. viariations between the samples in one obsernvatio
generally small. The mean standard deviation ferttinee samples is 0.01 mm/m.

In the database autogenous shrinkage is exprassad/m. Besides autogenous shrinkage also autogenou
expansion occurs. Although autogenous deformatiag be used as a more general term, autogenous
shrinkage is more common and therefore used ind#tabase as well. To define the direction of the
deformation a negative value is used for autogershusikage and a positive value for autogenous
expansion.
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Fig. 1 An example of autogenous shrinkage data ditee samples from one observation.



The database is thoroughly checked and verifiedrbehe data analysis is started. Outliers in tita dre
investigated. Samples with more than +/- 0.04% rdéésrence during testing are ruled out, becatge i
seen as a measurement error or the sealing ofathpls did not function. Also observations where the
behaviour of the samples is not equal, due tofardifice in direction (shrinkage or expansion) duthe
test, are ruled out. After the verification 1101d# observations were approved for data analysis.

In total 153 variables, numerical, Boolean (TruédEpand categorical, were part of the database. An
impression of the variables can be seehahle.l To give an impression of the values for categband
Boolean variables the (most) common values anchtimbers of occurrence are given. For numerical
variables the five-number summary is given witd thinimum value (min), the first quartile (q1), the
median (m), the third quartile (q3) and maximunuealmax).

The database contains mainly concrete with GGBR®&oeand a w/b ratio of 0.45 — 0.50, what is seen a
ordinary concrete in the Netherlands. Most of theccete is made with river dredged round aggregates
smaller part contains light weight aggregates oyaled concrete aggregate.

During testing not all variables were registeradiegistered in the same way. In addition somentdief

the tests, the owners of the data, did not agresvimal all data of the concrete composition. Aligiio many
efforts have been taken to retrieve as much dgp@ssible and fill the database as completely asipie,

the number of missing values (incomplete variakitef)e database is considerableTable.1the number

of missing values can be seen for the listed viagab

Table.1 Impression of variables in the autogenoussnkage database.

Variable Type Missing Impression of values
values

Concrete composition kno\ Categorice 0 Yes (68), Partly (16), No (2

Cement type Categorical39 CEM III/B 42,5 N (39),

CEM /B 42,5 L (17),
CEM III/A 42,5 N (4),
Other CEM Il (2),
CEM152,5N (3),

Other CEM | (3)

Mix CEM Ill and CEM | (3|

Cement content (kg/ms3) Numerical 26 min=290, 15385340, q3=340,
max=45(

Portland clinker content (kg/n Numerica 42 min=41, q1=85, m=99, q3=102, max=:

Ground granulated slag content Numerical 42 min=0, q1=224, m=238, q3=256, max=360

(kg/m3

Water-binder-ratio Numerical 26 min=0,31, q1=0,4%0,46, q3=0,5,
max=0,5!

Fine aggregate content (kg/m3) Numerical 26 mins847#706, m=791, q3=903,
max=107!

Coarse aggregate average densityumerical 61 min=2150, q1=2650, m=2650, q3=2650,

(kg/m3; max=271I

Coarse aggregate content (kg/m3) Numerical 26 n88-§1=952, m=1050, q3=1168,
max=130l

Water absorption (kg/ir Numerica 67 min=6, q1=7, m7, q3=19, max=:15

28-days cubic strength (N/mn ~ Numerica 80 min=28, q1=46m=50, q3=53, max=\

Contains air entraining age Booleatr 19 True (4), False (8

Contains fly as Booleat 42 True (6), False (6.

Contains light weight aggrega  Boolear 19 True (5), False (8

Contains limestor Booleat 19 True (9), False (8

Contains limestone powc Booleat 42 True (2), False (6!

Contains plasticiz: Booleat 18 True (28), False (6



Contains recycled concrete Boolean 19 True (16), False (75)
aggregat

Contains retard Booleatr 19 True (3), False (8
Contains river dredged round  Boolean 19 True (82), False (9)
aggregat

Contains shrinkage reducing Boolean 19 True (4), False (87)
agen

Contains superplasticiz Booleat 19 True (24), False (6

Although the database contains mainly ordinary oetecwith GGBFS cement and a w/b ratio of 0.45 —
0.50, many observations have some kind of spebalacteristic, like containing light weight aggrega
containing recycled concrete aggregate, the usshikage reducing agent or a w/b ratio < 0.45. To
investigate the variation in similar GGBFS concratsubset of similar GGBFS concrete of observation
without any special characteristic is identifiedhin the database. The subset is defined as oltisgrya
containing only cement of type CEMIII/B 42.5 N oERIII/B 42.5 L, a w/b ratio of 0.45-0.50, only rive
dredged round aggregate and no special admixtufiéiers. The subset contains 23 of the 110 obestions.

3 Results

3.1 Variation of autogenous shrinkage in the datatse

The median of autogenous shrinkage is -0.007 mrhffaya2 and increases to -0.093 mm/m at day 91. The
variation increases also over time. The distant¢ed®n the first quartile and third quartile (theghe of

the box in a boxplot) increases from 0.05 at dap P.15 at day 91. If the outliers are neglectéd, t
autogenous shrinkage at day 91 varies from -0.3mmfsltrinkage) to 0.1 mm/m (expansion).

For the subset with similar GGBFS concrete the aredf the autogenous shrinkage increases from 0.000
mm/m at day 2 to -0.076 mm/m at day 91. The digtdmetween the first quartile and third quartileéases
from 0.06 at day 2 to 0.11 at day 91. For the dutteeautogenous shrinkage at day 91 varies frah -0
mm/m to 0.0 mm/m. Boxplots of autogenous shrinkafgall observations and of the subset with similar
GGBFS concrete can be seerfrig.2.
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Fig.2 Boxplots of autogenous shrinkage over timet day 2 until day 91 for all 110 observations
(left) and for a subset of 23 observations with siitar GGBFS concrete (right).
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3.2 Correlations in the database

Correlations are investigated with the autogenbtisisage at day 7, 28 and 91. Data points are densil

as an outlier if they are more than 1.5 times tierguartile range from the median. In a boxplosthare
the data points outside the whiskers. Outliersatgaken into account in the correlations.

Single correlations between autogenous shrinkadeotirer numerical variables were investigated using
Pearson’s correlation coefficient for a sample (Baas r) according t&q. (1).



I Y = Wi —y)
Y - 2SO — 9 (1)

in whichn is sample sizeg; andy; are individual sample points,is the sample meajp}]?:lxi andy is
1
the sample mearlqu?:lyi.

A Pearson’s r from 0.5 to 0.7 (or -0.5 to -0.7y@msidered to be weak, from 0.7 to 0.9 (or -0.70t0) is
considered to be moderate and from 0.9 to 1.00(8rte -1.0) is considered to be strong.

Single correlations between autogenous shrinkageBawlean variables were investigated with a two-
sided permutation test for the mean difference W00 permutations (random shuffles). This gietik
method is used to assess whether there is a sigmifilifference between two groups. It involvesianly
shuffling the observations between the groups/cataing the mean difference for each permutatiom
comparing it to the observed mean difference. Thalpe is then calculated as the proportion of
permutations where the absolute mean differenas é&xtreme as or more extreme than the observee.val
This approach provides a robust assessment ofisgmie without assuming any specific distribution
the data.

For all investigated correlations the p-value ikwated as measure for the statistical signifiear@nly
results under a significance level of 5% are regsdgnificant. If the p-value is higher than tlgn#icance
level it cannot be ruled out that the correlatierbased on coincidence. A significance level of 5%
commonly used and is found fitting to this study.

No strong correlations were found between autogesbtinkage and other numerical variables, onlyesom
moderate or weak correlations. The two strongeselaiions can be seen kig.3. The blue line is the
fitted correlation, the grey band is the 0.95 cderfice interval for the correlation. The strongestaiations
are with the ‘Coarse aggregate average densityn@givith Pearson’'s r = 0.70, p = 0.00 and ‘Water
absorption (kg/m3)’ with Pearson’s r = 0.58, p 6.

‘Coarse aggregate average density (kg/m3)’ is #masitdy of the coarse aggregates. If different aars

aggregates are used, the density is averaged loyatbe ‘Water absorption (kg/m3)’ is the amounvafer
that is absorbed by the aggregates.

Pearson's r: -0.70, p-value: 0.0000 Pearson's r: 0.58, p-value: 0.0000
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Fig.3 Correlations between autogenous shrinkage day 91 and ‘Coarse aggregate average density
(kg/m3)’ (left) and between autogenous shrinkage atay 28 and ‘Water absorption (kg/m3)’ (right).

40

Correlations between autogenous shrinkage and Miteer-ratio’ or ‘28-days cubic strength (N/mm?2)’
were found to be weak (low Pearson’s r) and unite(tagh p-value), as can be seerfig.4 andFig.5,
for all observations as well as for the subsetbbBservations with similar GGBFS concrete.



Pearson's r: 0.09, p-value: 0.44 Pearson's r: 0.27, p-value: 0.22
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Fig.4 Correlations between autogenous shrinkage day 91 and ‘Water-binder-ratio’ for all
observations (left) and for the subset with similalGGBFS concrete (right).
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Fig.5 Correlations between autogenous shrinkage day 91 and ‘28-days cubic strength (N/mm2)’
for all observations (left) and for the subset withsimilar GGBFS concrete (right).

In the permutation tests there were two Booleaiakbes with a consistent p-value lower than 5% with
autogenous shrinkage at day 7, 28 and 91. ThegleeaB®olean variables ‘Contains light weight aggite’
and‘ Contains recycled concrete aggregate’. Thigillision of values of autogenous shrinkage at @thy
in the two groups (True/False) for these two vdeialzan be seen Fig.6. The red diamond is the mean
autogenous shrinkage at day 91 for each group.
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Fig.6 Correlation between autogenous shrinkage atay 91 and ‘Contains light weight aggregate’
(left) and ‘Contains recycled concrete aggregate ight).



Lasso linear regression was used to investigatedirelation between autogenous shrinkage and plaulti
variables. In the lasso linear regression theflasstion according t&q. (2)is minimised.

Loss function = Z(Yactual - Ypredicted)z + aZLBl (2)

with Yacwal is the actual value of autogenous shrinkagegiged is the value of autogenous shrinkage
predicted by the linear regression modeis a tuning parameter to influence the number ofabées in

the model ang are the coefficient(s) in the model. Numericalpolan and categorical variables were
used in the lasso linear regressions. Boolean atedjarical variables are converted into dummy/iatdic
variables with values 0 or 1. All variables arengf@dised by removing the mean and scaling to unit
variance, in order to transform the variables sin@lar scale to ensure that all variables contelaqually

to the model.

In the lasso linear regressions R2 was used asuneefis the regression fit accordingEq. (3).

Y(Vactual— ¥ redicted)z
R?>=1-— 2 3
Y Vactual— Ymean)? ( )

in which ymeanis the mean autogenous shrinkage.

The value of R2 is always between 0 and 1, whareéins that the model does not explain any variabili
in the variable (autogenous shrinkage in this casd)l meaning it explains full variability in theriable.
The results of the lasso linear regressions arerguiged irFig.7. Models with less than 10 variables have
a low R2, models with 10 variables or more havénéigR?, but are likely overfitted because of rekli
high number of variables in relation to the numbkpbservations. The higher values of R2 for simila
GGBFS concrete than all observations is also pigletused by overfitting due to the limited numbér
observations (23 versus 110).

The variables that appeared in the different model® not consistent.
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0.50 —— all(110)
—&— similar GGBFS concrete (23)
0.25

0.00

R? of lasso regression model

3 5 10 20
number of variabels in the model

Fig.7 Summary of the results of lasso linear regrefon analysis.

4 Discussion

4.1 Variation of autogenous shrinkage in the datalse

In our database with mainly ordinary GGBFS conceitogenous shrinkage at day 91 varies from -0.3
mm/m (shrinkage) to 0.1 mm/m (expansion). For asetilwith similar GGBFS concrete autogenous
shrinkage at day 91 varies from -0.2 mm/m to 0.0'rmn®n the basis of Eurocode 2 [12], equationsl{3.1
(3.12) and (3.13), autogenous shrinkage at day & aalculated ranging from -0.04 to -0.07 mm/m for
concrete strength classes C30/37 till C45/55 rttath the concrete strengths in the database.ariaion

in autogenous shrinkage in the database and ctdmdaccording to Eurocode 2 can be sedtigrB. The
measured autogenous shrinkage for concretes witfbaratio> 0.45 can be larger than -0.1 mm/m,
exceeding the calculated values and therefore ¢dnenoeglected by definition.
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Fig.8 Variation in autogenous shrinkage in the dathase and calculations according to Eurocode 2
(left) and comparison of variations in all observabns and the subset (right).

The observations with autogenous expansion (0+0.tbmm/m) contain light weight aggregate or reegicl
concrete aggregate, or a shrinkage reducing agentised. The autogenous shrinkage decreasing efffect
porous aggregates is consistent with previous relsehat reported that light weight aggregate azraa

a water storage agent that mitigates the self-dasan that is linked to autogenous shrinkage T4iis
effect will only manifest if the porous aggregases absorbed with water before mixing.

The observations in the database with the higthestkage (-0.2 to -0.3 mm/m) are from clients a thsts
that did not agree to reveal all data of the cdearemposition and can therefore not be explained.

The variation in autogenous shrinkage in the sulvtét similar GGBFS (-0.2 to 0.0 mm/m) cannot be
explained by variables in the database. This varias larger than in most experimental studied1B8]
large composition variability is mentioned as utaiety factor for random deviations. Most of the
experimental research focusses on (ultra) higropadnce concrete (U)HPC [14][15][16]. In those #&ad
the materials for the different samples often cérom the same source. In addition the materialsaha
used for (U)HPC are generally from high, constamt eontrolled quality to be able to deliver thehhig
performance. In our database, with ordinary coediretm construction projects, the source of mateita
more divers. Another possible cause of variatiagifferences in working procedures that are folldve
mix the concrete and make the samples.

4.2 Correlations in the database

A limited number and only weak to moderate corietet were found between autogenous shrinkage and
other variables in the database. The variableswbat found to have a statistical significant clatien
with autogenous shrinkage are ‘Coarse aggregatagealensity (kg/m3)’, ‘Water absorption (kg/m3)’,
‘Contains recycled concrete aggregate’ and ‘Costhg/iht weight aggregate’. All these variables tel@
same underlying mechanism of porous aggregatesithais a water storage agent that mitigates the se
desiccation [4]. In a similar data-driven approfmtautogenous shrinkage in UHPC, stronger coiicelat
were found [16]. That not more or stronger corietet were found in our database can be explaingdeby
high proportion of missing values. For the concratength, for example, 80 of 110 values are migsin
which makes it less likely that a correlation carnfdund.

The correlations that are found only explain pathe variability in autogenous shrinkage in théathase,

as can be seen from the considerable variabilityeitical direction inFig.3. Therefore it's expected that
the interaction of multiple variables play a rote dutogenous shrinkage. Lasso linear regressidm wit
multiple variables was carried out to investigdies further, but did not provide more insight. Tlhgs
probably due to the high proportion of missing esland the relatively small number of observatians
relation to the high number of variables.

It was also considered whether variables may bsingigrom the database that have an importanténtia

on autogenous shrinkage. Therefore, the databasenipared with influencing factors mentioned in
literature, but no obviously missing variables idemtified.



4.3 Recommendations for future databases

Databases are set up to bring together scienéfiearch on (autogenous) shrinkage of concreted]7][1
The collection and analysis of data from practie e a valuable addition to the scientific rededtaan

be used to validate experimental findings in pe&ctit is also an addition because scientific netess
more focussed on new, innovative concrete typesiewdata from practice represents the concretestype
that are most commonly used in the present. Alrasting is that unexpected relations or patterag

be found, because in data from practice the pammend their variations are not preconceived and
controlled and therefore less biased. Data fromtmeis useful but cannot be treated in the sae ag
peer reviewed scientific data. Therefore the soaftke data shall always be clear if databasefamed.
The collection of data from multiple sources, wieethcientific research or from practice, comes with
challenge. Not the same testing procedures magiloaved, the testing procedures may not be docuedent
well, not the same data may be collected, the dadas be registered differently and/or different
interpretations of data occur. These challenge® o encountered in this study, leading to tigh hi
proportion of missing values. To face these chgksrand make more rich and complete databases in th
future, a standardised and widely adopted condlate model is necessary. The concrete data moalél sh
prescribe what data is collected and how it iscstmed. A data model for concrete composition sball
general applicable for all concrete research, doheype of testing a specific data model can lveldped.

It may be considered that some data in the datehmdhade obligatory or highly recommended toeuxill
and register, even if this data is not necessaryhio research itself. This will facilitate and prote the
reuse of concrete research data. It is advisedhbatoncrete strength will be made highly reconuheen

in all concrete research, because it's so wideddwss a characteristic for concrete and a commesdyl
parameter in models and standards.

The International Federation for Structural Corerdib) has launched a wide and open initiativeest
data management [17] including a standardised matel. The authors hope that this initiative widl b
widely adopted, that it will be used by concretgegchers worldwide and that it will be open fat ata
from practice too.

A standardised and widely adopted concrete dateehmwitl stimulate researchers to combine their own
data with data from other researchers to gain rim@ights. It also creates a solid basis for thdiegjon

of state-of-the-art data techniques, such as Al.

5 Conclusion

The results are given and discussed of the datgsimaf an autogenous shrinkage database withfata
practice of concrete with mainly GGBFS cement afid natios of 0.45-0.50. The major findings are:

1) A standardised and widely adopted concrete dataehtbdt is suited for scientific research as well
as for data from practice, will facilitate and prate the use of data and state-of-the-art data
techniques, such as Al, in the field of concreseaech.

2) The collection and analysis of data from practie@ be a valuable addition to experimental,
scientific research, because it represents theetantypes that are most commonly used in practice
in the present and not only the newest and mostvative concrete types.

3) If relevant for the structure, autogenous shrinkegg@not be neglected by definition for concrete
with a w/b ratio> 0.45. Autogenous shrinkage of more than -0.1 micem occur for ordinary
GGBFS concrete with w/b ratios of 0.45-0.50.

4) In practice the variation in autogenous shrinkageoinsiderable. A variation of -0.2 mmm to 0.0
mm/m was found for similar GGBFS concrete with wétios of 0.45-0.50. The variation is
attributed to the diversity in source of materitgl working procedures in practice.
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