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Abstract Among different methods of measuring

early age autogenous deformation of cementitious

materials, the corrugated tube method described in the

ASTMC1698-09 standard is one of the most com-

monly used. Despite the standardization and the

common application of this method in the research

community, only limited information has been pub-

lished about the method’s precision. This paper is

dedicated to a review of this method, together with a

statistical assessment of the results of an experimental

study on three cement pastes. The autogenous defor-

mation of cement pastes of water-to-cement ratio

0.30–0.36, with and without internal curing, was

measured by different operators in a single laboratory

following the standard ASTM procedure. In addition

to determining the method’s precision, key factors

influencing the results (i.e., rotation, temperature,

time-zero) were identified and their effects were

quantified. It was found that the method is sensitive

enough to resolve different levels of shrinkage and its

evolution in time, and that the effect of the operator is

not significant. However, considerably high scatter

was found between replicate samples within a single

operator. The major source of the scatter was due to

the inaccuracies in the initial measurement after

setting (time-zero), being the reference point for strain

determination.

Keywords Autogenous shrinkage � Cement �
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1 Introduction

Autogenous shrinkage of cement paste is one of the

major causes of early-age cracking of high perfor-

mance concrete (HPC) [1, 2]. Due to its practical

importance, a number of experimental studies have

been devoted to quantify it in the recent years, e.g.

[3–7]. However, due to the fact that autogenous

deformation needs to be distinguished from drying

shrinkage or thermal deformations that may occur in

cement-based materials at early ages, the choice of an

appropriate measuring technique is all but non-trivial.

The different methods applied for measuring auto-

genous shrinkage of cement-based materials can be

divided into volumetric and linear methods [3, 8–10].

It has been shown [3] that, assuming isotropy of
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autogenous shrinkage deformations after setting, the

two types of methods can deliver equivalent results

when sources of error and measurements artefacts are

eliminated.

Since autogenous shrinkage is especially pro-

nounced at early ages, when both hydration and self-

desiccation proceed at the highest rates [7], it is of

crucial importance to follow the deformations starting

already early on. This is why traditional shrinkage

measurements on samples that require demolding

prior to the measurements are not appropriate for

assessing autogenous shrinkage. A number of different

linear methods enabling measurements of autogenous

shrinkage from casting were compared in a round

robin study [10]. One of the most common approaches

to determine linear autogenous shrinkage of cement

paste from the time of casting was proposed originally

by Jensen and Hansen [11]. They introduced a method

where a cement paste is poured into a corrugated

plastic tube. The tube is next sealed and placed

horizontally on a rigid metal frame. The tube is

considerably stiffer in the radial than in the longitu-

dinal direction, therefore it enables measuring the

linear shrinkage by following the displacement of the

tube’s ends. This can be conveniently done with

digital displacement transducers attached to either

both ends or only one end of the sample (with the other

end fixed in the frame), or by using non-contact

sensors, e.g. [12]. The tubes can be further placed in an

oil bath which allows to control their temperature and

further limits the evaporation through the necessarily

imperfectly hermetic tube.

Later, the standard method for measuring autoge-

nous shrinkage of cement pastes and mortar ASTM

C1698-09 [13] was developed based on the original

design by Jensen and Hansen [11]. According to that

standard, measurements are performed manually on

the corrugated tubes and only at a certain time steps

(usually from every couple of hours in the beginning to

every day or more up to a few weeks from casting).

Even though the corrugated tube protocol allows

measuring deformations already in the plastic state,

the nature of standard measurement requires that the

samples are moved and placed on a rigid frame

equipped with a displacement transducer to perform

each measurement. This is advantageous compared to

the automatic measurements, since it allows measur-

ing a number of samples by placing them sequentially

on one frame equipped with only one displacement

transducer. On the other hand, this economical

advantage goes together with sacrificing the accuracy,

since additional errors are induced by repositioning

the sample before each sequential measurement takes

place and by random changes in the position at which

the sample is contacted by the transducer. Even more

importantly, handling the samples according to the

standard requires that the samples must be stiff enough

to be moved and placed on the measuring frame

without breaking them. Damaging of the fragile

sample during handling may lead to invalid measure-

ments [14]. Based on this limitation, the standard

defines final set (measured with Vicat needle) as the

starting point of the measurement. However, this

brings in another source of inaccuracy, the determi-

nation of the setting time. If the autogenous measure-

ment is started too early, handling of the sample, even

if does not lead to any visible sample damage, may

affect its length (since the material is very soft at that

time). Last but not least, the time instant at which the

initial measurement is taken, and consequently the

determination of the initial sample length to which the

strains are referenced, will have a paramount influence

on the magnitude of determined strains. The last issue

is related to the so-called time-zero, a key factor in the

determination of autogenous shrinkage that has been

extensively discussed in the literature (e.g. [15–19]).

The corrugated tube method has been applied for

analysis of autogenous deformations of cement-based

material, and the major factors influencing the mea-

surements have been studied in e.g. [5, 10, 14, 20]. The

most significant factors that may influence the mea-

surements have been identified: temperature effects,

bleeding and reference time; these factors are also

analysed here. However, to the knowledge of the

authors, there exists no systematic study quantifying

the method’s precision. This paper is aimed at filling

this gap.

This paper provides a statistical assessment of

ASTM C1698-09 method [13] and reviews its critical

points. The method was analysed by performing

manual measurements of autogenous deformations

of cement pastes according to the standard and

comparing them to the results of automatic measure-

ments with a setup similar to that originally proposed

in [11]. The standard measurements were performed

by 4 different operators (in one single laboratory) in

order to assess the sensitivity of the method upon

different factors. The statistical analysis was
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performed using a univariate repeated measurements

analysis of variance (RM ANOVA) [21]. The preci-

sion of the method was estimated with the between-

operator reproducibility standard deviation based on

the ISO 5725-2 standard [22]. Finally, the influence of

the sample temperature, sample rotation and setting

time was discussed. The tests were performed on

cement pastes of w/c of 0.30, 0.33 and 0.36, with and

without internal curing by means of superabsorbent

polymers (SAP) [23]. Internal curing was applied to

obtain a wide range of deformation behaviour (from

large shrinkage in the reference paste to moderate

shrinkage or even expansion with internal curing),

while at the same time minimizing the effect of

bleeding, that would unavoidably occur in higher w/c

cement pastes without internal curing [24].

2 Materials and methods

2.1 Materials

Three different cement pastes were used in the study,

with the aim to follow three different levels of

autogenous deformation. The w/c of the cement pastes

were: 0.30, 0.33, 0.36, respectively, and the w/c 0.33

and 0.36 pastes had additionally SAP added as internal

curing agent (with the entrained w/c equal to 0.03 and

0.06, respectively [23]). Solution-polymerized SAP

with particles of irregular shapes and sizes 63-125 lm

and absorption 17 g/g (determined by polished section

analysis in [25]) were used.

The cement used was CEM I 42.5N with the

following oxide composition (by mass percent): CaO

64.1, SiO2 19.7, Al2O3 4.9, Fe2O3 2.9, SO3 2.9, MgO

1.9. Deionized water was used as mixing water. A

polycarboxylate-based superplasticizer was used in

amount 0.3 % (by mass of cement) for the w/c 0.30

cement paste and 0.5 % for the w/c 0.33 and w/c 0.36

cement pastes to obtain enough flowability for filling

the corrugated tubes. The amount of superplasticizer

was accounted for in the total mixing water.

2.2 Sample preparation

Each paste was mixed using a 5-l Hobart mixer and the

volume of a mixing batch was about 1 l. First, dry

cement and SAP (where applied) were mixed in the

dry state for 2 min. Next, water was slowly added and

wet mixing lasted for 5 min (with an intermediate 30 s

pause for scraping of the mixing bowl).

Before filling each tube, it was closed at one end

with an end plug and placed vertically in a steel pipe to

provide support during filling. The steel pipe was fixed

to a vibrating table. Directly after mixing, approxi-

mately 500 g of a paste was poured into a corrugated

tube within about 2 min while applying vibrations.

The tube was next closed with a second end plug while

still in the vertical position. After filling all three tubes

from a given mix, the tubes were cleaned from any

spills of cement paste. In order to provide better

sealing and minimize possible drying of the specimens

or absorption of the oil in the case of storage in oil

bath, a paraffin film was wrapped around the ends of

the tube where it was closed by the end plugs. Next,

adjustable hose clamps of diameter 20–25 mm were

fastened at each end of the tube. This step, although

not prescribed by the standard, was found necessary

since it was found that some corrugated tubes crack at

the ends. This is most likely due to the combined effect

of stretching a tube by a sometimes slightly too large

end plug and due to imperfect welding of a tube in a

production process. If this happens, the end plug

loosens and the specimen needs to be discarded. Using

the hoses at the ends allowed completely eliminating

such risk.

Four operators were involved in the study: opera-

tors 1 and 2 were experienced operators (with a couple

to several years of experience and several tests

performed previously), while operators 3 and 4 were

trained immediately before the study and supervised

by an experienced operator (operator 1). Each operator

mixed individually one batch of each of the three

pastes just before preparing the samples. The three

pastes were prepared by an operator within a time

window of about 3 h. All samples were prepared by all

operators within a time window of approximately

3 months, with a few weeks between the actions of

each operator. All operators used the same batch of

raw materials and corrugated tubes.

2.3 Autogenous shrinkage measurements methods

Two types of measurements were performed: (1)

measurements according to the standard [13] and

referred to as standard measurements; (2) measure-

ments in which the samples were left untouched by an

operator during the measuring period and the length
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was automatically measured at 1 min intervals by

LVDTs, referred to as automatic measurements.

Standard measurements were taken initially at final

set determined with Vicat needle and later at different

time intervals. Before final set, the specimens were

stored horizontally on corrugated aluminium sheets

close to the measuring rigid frame. Before each

measurement, a specimen was carefully placed on a

rigid stainless steel frame, Fig. 1, and adjusted to reach

approximately the same position (indicated by a mark

painted on a sample plug, see [13]) while the reading

was taken. A plastic support (a halved pipe) was

delicately placed underneath a specimen to carefully

move it to the measuring frame and minimize the risk

of damage. At later ages, the sufficiently hard spec-

imens were transported by lifting with two hands.

Specimens undergoing automatic measurements were

placed on a rigid frame approximately 1 h after the

start of mixing. The exception concerns the specimens

that were rotated before the automatic measurements

until final setting time, and only at that point placed on

a rigid frame for standard measurements or automatic

measurements.

The reference length bar made of INVAR alloy

used for calibrating the measuring bench had length of

425 mm, Fig. 1.

Each standard measurement was performed on the

same rigid frame equipped with a digital displacement

transducer of 0.001 mm resolution (which would

result in about 3 lm/m strain resolution), Fig. 1. The

transducer was zeroed by each operator before mea-

suring each mixture (i.e. before each 3-specimens’

set).

All automatic measurements were performed on a

rigid stainless-steel frame capable of accommodating

three specimens at a time, Fig. 1. The frame was

equipped with two LVDTs of resolution 0.0001 mm,

one at each end of the sample. The data was logged at

60 s intervals and the measurements lasted up to

7 days from water addition. The LVDTs were zeroed

at the beginning of each 7-days’ measuring period.

The frame for automatic measurements was immersed

in a bath filled with silicone oil (Rhodorsil 47V20). A

circulating pump and a thermostat system allowed

controlling the oil temperature at 19.8 ± 0.1 �C. In

addition, silicone oil allows limiting the drying of the

samples through the corrugated tubes that may not be

perfectly impermeable for long-time measurements.

At the same time, no penetration of the oil into the

tubes could be observed, and no considerable mass

increase due to oil absorption occurred through the

measurement time.

All measurements were run and the samples were

stored in the same climate-controlled room at

19.3 ± 0.1 �C and 70 ± 3 %RH. In order to investi-

gate the effect of sample rotation (which is recom-

mended in the standard when measuring on higher w/c

systems [13]), part of the samples were rotated around

their longitudinal axis at 2 rpm from casting to final

setting time.

2.4 Setting time

Final set determined with the Vicat needle method was

assumed as time-zero for the autogenous shrinkage

measurements [13, 19]. A needle of 1 mm diameter

and a mass of 300 g was used and final set was

considered as the moment where the needle did not

penetrate the sample any longer. The needle was

automatically released at 5 min intervals. The mea-

surement method followed in general the standard

[26], with a modification concerning covering of the

samples during the tests. This was necessary in order

to provide conditions close to autogenous in terms of

avoiding moisture exchange with the environment.

For this reason a stretched food-wrap was placed over

the cement paste surface (without touching it). Setting

times were determined on 3 samples, each from

independent mixings. The samples had the form of

Fig. 1 Setups used for the measurements of autogenous

deformations. A reference bar, B frame used for standard

measurements equipped with digital deformation transducer,

C frame used for automatic measurements equipped with two

LVDTs per sample, D specimen: cement paste enclosed in

corrugated tube, E hose clamp used to tighten the closing of a

tube (description in the text)
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truncated cones with 75 and 85 mm diameters and

40 mm height enclosed in PVC moulds (changing

from 16 to 6 mm in thickness along the height).

Additionally, the temperature was measured in three

samples by means of two thermocouples per sample.

The thermocouples were placed at the bottom of each

sample and about 2 mm below the top surface.

2.5 Temperature measurements

The evolution of the sample temperature inside

corrugated tubes was measured on companion spec-

imens filled with w/c 0.30 cement paste by means of

thermocouples embedded in the central part of the

corrugated tubes. Three samples were stored in the

same climate-controlled room where all standard

measurements were performed (at 19.3 ± 0.1 �C)

and three samples were stored in the silicone oil bath

where the automatic measurements were performed

(at 19.8 ± 0.1 �C). In both cases the requirements of

the standard regarding ambient temperature control

with a tolerance of ± 1.0 �C were fulfilled. The

temperature in the samples and outside them (either

in the air or in the oil bath) was measured by three

thermocouples for each condition for 4 days at 1 min

intervals at ±0.1 �C resolution (the presented results

are the average and the standard deviation).

2.6 Statistical data assessment

All obtained datasets were analysed using the

analysis of variance (ANOVA) [27]. The aim of

the analysis was to determine whether the method

allows for finding differences between different mix

compositions (w/c 0.30, w/c 0.33 and w/c 0.36) and

following the differences in time. As a consequence,

the fixed effect factors analysed were mix compo-

sition and age.

An important feature of the experiment design is

that the set of measurements over time were performed

on a set of the same subjects (specimens-corrugated

tubes), which can reveal a certain similarity, especially

the measurements performed close in time. Such

design is referred to as a longitudinal study, and was

statistically assessed by means of the repeated mea-

surements ANOVA (RM ANOVA) [21, 27] with the

Greenhouse-Geisser correction (for details see [21]).

The following univariate RM ANOVA models

were analysed with mixed fixed and random effects:

(1) the measurements on three specimens of a given

mix composition by each operator were aggre-

gated (averaged) into one value and the random

effects were assigned to the operator only;

(2) the random effects were assigned to individual

specimens;

(3) a combined model, where the random effects

were assigned to the individual specimens, with

an additional blocking factor (assumed as fixed)

due to the operator.

The three models can be presented symbolically as,

respectively:

yijk ¼ lþ ai þ bj þ abð Þijþck
þ acð Þijkþ bcð Þijkþ abcð Þijk þ eijk ð1Þ

yijl ¼ lþ ai þ bj þ abð Þijþdl þ bdð Þjl þ eijl ð2Þ

yijkl ¼ lþ ai þ bj þ ck þ abð Þijþdl þ bdð Þjl þ eijkl

ð3Þ

where yijk strain measured by operator k at age j for

mix composition i (average from three specimens), yijl
strain measured on the lth specimen at age j for mix

composition i, yijkl strain measured by operator k at age

j for mix composition i on the lth specimen, l common

level (here assumed as zero strain), ai effect of mix

composition i (fixed effect, between-subject factor), bj
effect of age j (fixed effect, within-subject factor), ck
effect of operator k (fixed or random), dl effect of

specimen l (random, normally distributed with zero

mean), e error (random, normally distributed with zero

mean)

The multiplication terms represent the interactions

between different effects (random if any of the terms is

random). For further reference on the ANOVA models

and the used notation convention please refer to the

statistical literature, e.g. [27].

The null-hypothesis of the performed test was that

there are no differences between the sample mean at

the level of a factor (different mix compositions or

ages, and operators for model 3) and the overall mean.

The null-hypothesis is rejected at a chosen signifi-

cance level (assumed as 0.05) based on an F-test,

where the variability between groups is compared to

the variability within groups [27].

In addition to the RM ANOVA analysis described

above, the accuracy characteristics were calculated in

accordance with the ISO 5725-2 standard [22]. The
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standard considers two characteristics as a measure of

accuracy: trueness and precision. Trueness requires

knowledge of an accepted reference value, which is

not applicable in the case considered here. Precision

refers to the scatter of the test results and depends only

on random errors. Precision can be further considered

for two extreme types of conditions, namely repeata-

bility conditions and reproducibility conditions.

Repeatability conditions refer to the experiment run

at the same conditions by the same operator on the

same equipment in a short time window. Another

extreme case is referred to as reproducibility condi-

tions, when the aforementioned factors change and

therefore contribute to the variability of the results. In

the particular case applied here, in which only the

operator and the tested material (different mixing and

different samples) change and the measurements are

run at different times, but the device and other

conditions remain unvaried, intermediate conditions

apply. Repeatability precision was assessed based on

the measurements on different samples from one

mixing treated as replicates and was calculated as a

pooled within-operator standard deviation sr [22].

Between-operator standard variation sO was next

calculated in a way similar to the between-laboratory

standard deviation in accordance with [22]. Finally, an

estimate of reproducibility precision between different

operators was calculated from the sum of variances

s2
OR ¼ s2

O þ s2
r .

3 Results

3.1 Standard measurements

Both the standard and the automatic measurements

were zeroed at final set determined with the Vicat

needle. The setting time results are presented in

Table 1. Notice that the temperature in the w/c 0.30

cement paste samples used for measuring setting time

increased to 22.5 ± 0.2 and 23.3 ± 0.2 �C at initial

and final set, respectively.

At the time of Vicat-determined final set, the

temperature of the w/c 0.30 cement paste inside the

corrugated tubes stored in air was equal to

20.8 ± 0.1 �C. The maximum temperature was

22.8 ± 0.1 �C and was recorded at approximately

15 h from start of mixing. After the peak, the

temperature gradually decreased to equilibrate with

the ambient temperature at the age of approximately

2.5 days. The maximum difference between the

ambient air and sample temperature was equal to

3.5 �C.

The mass loss from the samples was also controlled

in parallel to the length measurements. It is assumed in

the standard [13] that all mass change is due to

exchange of moisture between cement paste and the

environment through a possibly permeable tube or end

plugs. Measuring mass loss is therefore required in

order to estimate the contribution of drying shrinkage

caused by drying of the cement paste. The standard

roughly estimates based on [28] that 1 g of water loss

from the cement paste filling the tube (around 500 g in

the tests performed here) should correspond to

200 lm/m of shrinkage. If the estimated shrinkage

due to water loss at the conclusion of the test reaches

more than 5 % of the total measured strain, the test is

considered invalid according to the standard. In the

tests performed here, the maximum mass loss was

equal to 0.09 g (and on average 0.04 g for all operators

and all specimens), therefore around 0.02 % of the

mass of cement paste in the tube and around 0.07 % of

the total water content in the paste.

Following the estimate prescribed by the standard,

0.09 g should correspond to 18 lm/m. Even though

such strain due to drying seems to be negligible (it is

considerably lower than the repeatability precision

discussed later), it may be relatively high for some

low-shrinkage mixtures. In the case of w/c 0.30

cement paste, 18 lm/m corresponds to at most 2 % of

total strain. However, for the w/c 0.36 paste with very

low absolute strain, the contribution becomes much

higher, around 25 % of total shrinkage. It needs to be

noted that the criterion of allowed 5 % strain contri-

bution due to drying is not relevant in case when the

strain at conclusion of the test happens to be close to

zero. A better criterion in such case could be defined at

an absolute level of allowable error, e.g. related to the

Table 1 Setting time determined with Vicat needle (aver-

age ± standard deviation, rounded to the closest 5 min)

Mix Initial set Final set

w/c 0.30 3 h 45 ± 10 min 5 h 20 ± 10 min

w/c 0.33 4 h 50 ± 25 min 6 h 30 ± 5 min

w/c 0.36 5 h 15 ± 20 min 6 h 25 ± 5 min
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precision of the method or based on a relative error,

but related to a maximum difference between the

triplicate samples rather than to an absolute measured

strain.

In Fig. 2 the results of standard measurements are

presented as obtained by different operators. It can be

seen that the general trends as well as the magnitudes

were captured with a good agreement between the

different operators. The ranking from highest to lowest

shrinkage corresponds to the w/c used, with shrinkage

increasing for decreasing w/c. The w/c 0.30 paste

experienced the highest shrinkage rate during the first

week of hardening and had the highest shrinkage at the

age of 28 days. For the two pastes with internal curing

by means of SAP, autogenous shrinkage was either

strongly limited (w/c 0.33) or completely eliminated

(w/c 0.36). These results are in line with the commonly

observed trends in cement pastes with internal curing,

e.g. [29–31].

A high scatter of the results within one operator

resulting from testing different specimens is evident

for the unexperienced operators 3 and 4, see standard

deviation bars in Fig. 2c, d, respectively. The variance

does not change considerably in time but is approx-

imately constant for each set of samples (each mix

composition). It is therefore clear that the scatter

between the different samples from one mix compo-

sition by one operator is mostly due to the initial

measurement of specimens’ lengths (time-zero mea-

surements). This issue is further discussed in Sect. 3.

In Fig. 3 the deformations are presented for each

mix obtained as the average from all operators. The

error bars correspond to the standard deviation

between the average values of each of the four

operators. It can be seen in Fig. 3 that the scatter of

the average strains between different operators was

lower than the scatter of the individual samples for

operators 3 and 4, (see Fig. 2c and d).
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Fig. 2 Autogenous deformations of cement pastes according to

standard measurements determined by operators 1–4 (a–d,

respectively). The markers represent average results from three

specimens from one mix/operator and the error bars represent

standard deviation within a mix composition/operator
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In Fig. 4, the results of the samples rotated from

casting until final set (measurements run only by one

operator) are compared to the standard measurements

without rotation (results from all operators from

Fig. 3). The highest difference was found for the w/c

0.33 cement paste. It needs to be also noted that

bleeding was visually evident only for this cement

paste. The fact that bleeding occurred in the pastes at

w/c 0.33, while it was not evident for the pastes of

higher w/c 0.36 was likely due to a lower workability

of the w/c 0.36 paste brought about by the higher SAP

amount. This allowed avoiding segregation of the

mixture and therefore bleeding. For the w/c 0.33 paste,

unrotated (bleeding) samples show high initial expan-

sion and shrinkage starts only at approximately

7 days. For the other two mixes, the curves show a
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Fig. 3 Autogenous deformations of cement pastes according to

standard measurements obtained as the average from the four

operators (averaging individual curves from Fig. 1). The error

bars represent the standard deviation obtained from the sets of

averaged results from each operator
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Fig. 4 Autogenous deformations of cement pastes (a w/c 0.33,

b w/c 0.36, c w/c 0.30) according to standard measurements on

unrotated samples (average of 4 operators, the same set of

results as in Fig. 3) and on samples rotated from casting until

setting (results by one operator, error bars refer to standard

deviation between individual samples)
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very similar trend except for the initial higher

shrinkage observed on rotated samples, with the

increase in shrinkage magnitude at the initial stages

of deformation equal to about 200 lm/m.

3.2 Automatic measurements

At the time of Vicat-determined final set, the temper-

ature of the w/c 0.30 cement paste inside the corru-

gated tubes placed in the oil bath next to the samples

used in the automatic measurements was

20.0 ± 0.1 �C. The maximum temperature was

20.8 ± 0.1 �C and was recorded at approximately

12 h from mixing. The maximum temperature differ-

ence between the surrounding oil and the samples was

equal to 0.6 �C.

In Fig. 5, automatic measurements (data from one

mixing by one operator for each mix composition) are

presented and compared to standard measurements

(the same results as in Fig. 3) for a period of 7 days.

Automatic measurements are presented as average

from the three measuring stations (on which three

samples from the same mixing were measured), with

standard deviation indicated only at chosen time

points (to enable comparison with the standard

measurements). The low scatter of the automatic

measurements is also evident in Fig. 5.

It can be seen that the results agree very well

between the automatic measurements and standard

measurements for w/c 0.30 and w/c 0.36 cement

pastes, both regarding the trends and the determined

values. For the w/c 0.33 paste, the disagreement in the

values could be due to the shift resulting from initial

measurement, similarly as in the case of the scatter

visible in Fig. 2c, d. However, a different trend was

visible also in the period between 3 and 7 days, with

automatic measurements showing moderate shrink-

age, while hardly any shrinkage was observed on

average with the standard measurements. At the same

time, the w/c 0.33 cement paste showed the highest

scatter between different operators in the standard

measurements, and between different samples even in

the automatic measurements. The reason for the

disagreement between the two groups of measure-

ments is most probably due to the effect of bleeding

(see below in the discussion section) influenced by the

different temperature histories of the samples from

automatic measurements stored in the bath and

standard measurements stored in the air.

3.3 Statistical data assessment

The findings of the repeated measurements ANOVA

were as follows:

– According to all analysed models (see Eqs. 1–3

above), there is a statistically significant difference

considering the factor mix composition. This

means that the method is sensitive enough to

follow differences between the different tested

mix compositions. However, this is only the case

when all compositions are considered. When only

w/c 0.33 and w/c 0.36 compositions are consid-

ered, no statistically significant difference exists.

– According to all tested models, the factor age is

statistically highly significant (i.e. the evolution of

shrinkage in time can be followed by the method).

– The interaction between age and mix composition

is statistically highly significant (i.e. the different

courses in time of the shrinkage of different mix

compositions can be followed by the method).

– The effect of operator is not statistically signifi-

cant (p value = 0.12) (model 3).

It should be noted that the significance is set at 0.05

level. For the significant factors, the p values were

always considerably lower, below 0.01.

Further steps of the statistical assessment consid-

ered estimation of precision of the standard method
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Fig. 5 Autogenous deformations of cement pastes according to

automatic measurements (continuous lines) and standard

measurements (dashed lines with markers). The results are the

average from three samples prepared by one operator (auto-

matic) and from four operators (standard). The error bars

represent the standard deviation (shown only at chosen time

points for the automatic measurements)
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according to the ISO 5725-2 standard [22]. The pooled

within-operator standard deviation obtained based on

independent specimens treated as replicates was equal

to sr = 129 lm/m. The between-operator standard

deviation was equal to sO = 81 lm/m. Finally, the

between-operator reproducibility standard deviation

was equal to sOR = 152 lm/m.

As a comparison, the pooled within-operator stan-

dard deviation from automatic measurements (calcu-

lated from the three mixes tested by one operator,

presented in Fig. 5) was sr = 56 lm/m.

4 Discussion

4.1 Effect of time-zero measurement

As already mentioned in Sect. 2.1, the main reason for

the within-operator discrepancies between the indi-

vidual samples measured by each operator was due to

the differences in the initial measurement at final

setting time (time-zero measurement). This problem

has been discussed in detail in e.g. [15, 18, 19].

Interestingly, after averaging the single samples’

result within each operator, the differences between

different specimens within an operator seem to

compensate each other and the scatter between

different operators becomes much lower (compare

scatter in Fig. 2c, d with that in Fig. 3). Two reasons

may be responsible here for the high scatter: (1) the

determination of setting time, including both system-

atic effect and random error, and (2) random error on

the initial length measurement at time zero.

If one considers that the temperature evolution in

the relatively bulky samples used for determining the

setting time with the Vicat needle leads to slightly

accelerated hydration compared to the paste in the

corrugated tubes, the consequence should be that the

paste in corrugated tubes sets in fact only after time-

zero determined with the Vicat method. This leads to a

situation in which the deformation measurements

necessarily contain strains occurring before final set of

the samples in the corrugated tubes. This is therefore

supposed to be a systematic effect, leading conse-

quently to an increase in the measured strain. In order

to avoid the temperature increase in the Vicat samples,

steel moulds could be used, possibly conditioned at

constant temperature by means of water circulation in

the casing around the moulds.

The systematic error due to a difference in setting

time occurring between the Vicat samples and the

corrugated tubes can be estimated as follows. Consid-

ering that the strain rate in the ±15 min time window

around the setting time determined with Vicat needle

changes between 1.5 and 2.5 lm/m/min (for w/c 0.30

cement paste), a difference of 30 min should result in

approximately 60 lm/m difference in the determined

strains.

Different methods can be used to determine time-

zero alternative to the Vicat needle penetration test,

e.g. acoustic emission [32], elastic modulus evolution

with ambient response method [33], rheology tests or

measurements of restrained deformations [34] (see

also [17]). The methods based directly on measure-

ments of deformation seem most appropriate for

excluding the initial steep part of the shrinkage that

is not corresponding to a build-up of internal stresses.

Time-zero has been identified in [15, 16] as the time

instant at which the shrinkage rate changes drastically.

It needs to be noted that such methods are disputable if

there are periods of expansion preceded and followed

by shrinkage around setting time, where it is hard to

define a single change in shrinkage rate.

In addition to the systematic error leading to a

higher measured shrinkage, starting the measurements

too early will also increase the scatter, since high

scatter is a characteristic of deformation measure-

ments performed before final set, as also discussed in

[11].

Based on this observation, time-zero can be deter-

mined as a time instant when the scatter of the

deformation rates of replicate samples reaches con-

stant low level. This procedure leads to determining

time-zero approximately 6 h later than that deter-

mined as setting time for the pastes studied here. When

it is applied for the automatic tests performed by one

operator on three mix composition (Fig. 5), the polled

within-operator standard deviation reduces from

sr = 56 lm/m to sr = 21 lm/m.

Another important source of random error mani-

festing in the scatter between the individual specimens

is due to the fact that the sample is very compliant

before or shortly after final set and therefore the length

can change easily when placing the sample on the

measuring bench or positioning the tip of the dis-

placement transducer at the end plug. Finally, mea-

surements started too early may lead to damaging of

the samples and may even necessitate discarding the
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specimen. Even more detrimental is the case when a

specimen is cracked but this is not noticed by the

operator, leading to false results. The errors due to

initial length measurement could be possibly mini-

mized if the sample is not moved at least until the first

measurement, which takes place in automatic mea-

surements. All automatic measurements were per-

formed by the same operator, with the polled within-

operator standard deviation equal to sr = 56 lm/m.

This is considerably less than the value calculated for

all operators from standard measurements, sr = 129 -

lm/m. However, the experienced operator running the

automatic measurements obtained also considerably

lower scatter in standard measurements, sr = 50 lm/

m (obtained from 3 mixes without rotation and 3 mixes

with rotation run by that operator). Since the repeata-

bility standard deviation was very similar for both

automatic and standard measurements, it can be

concluded that sufficiently delicate handling of the

samples as provided by an experienced operator

should allow avoiding the scatter due to initial

measured length.

Another possible way of minimizing the scatter,

fully available if only standard measurements are at

hand, is to use the Vicat-determined setting time,

followed by normalizing the curves from individual

specimens to the average length at the end of the

measurement. This approach seems justified consid-

ering that the overall magnitude of determined average

shrinkage experiences relatively little scatter, even

between the different operators, (see Fig. 3).

Such procedure allows reducing the polled within-

operator standard deviation (repeatability precision)

from sr = 129 lm/m to sr = 61 lm/m, and reducing

the between-operator reproducibility standard devia-

tion from sOR = 152 lm/m to sOR = 102 lm/m.

4.2 Effect of rotation

The effect of samples rotation before final set is shown

in Fig. 4 for the standard measurements. It needs to be

noted that bleeding was evident only in the samples of

the w/c 0.33 paste. In this case, avoiding bleeding with

rotation of the samples led to considerable changes in

the shrinkage behaviour during the first 7 days of

hydration. If no rotation is provided and bleeding is

allowed to take place, reabsorption of bleeding water

causes hygral swelling of the cement paste [24, 35].

This was mentioned as a possible interference also in

the standard [13], however it was suggested that the

effect should be negligible for cement pastes or

mortars of w/c lower than 0.40. If one considers that

the measured autogenous deformation is the net effect

of the competition between swelling and autogenous

shrinkage (as discussed e.g. in [35, 36]), rotation may

alter the results even if no visible bleeding exists. This

can be also concluded from [24], where it was

observed that rotation altered not only the initial

swelling behaviour, but also the further course of the

shrinkage curves. Unlike hypothesized in the standard

[13], the effect of rotation on increasing initial

shrinkage or reducing initial expansion may affect

the results also in low w/c cement pastes without

internal curing, see the results shifted for the w/c 0.30

cement paste, Fig. 4c.

On the other hand, considering that the real set in

the corrugated tubes takes place later than that

determined with the Vicat method, the dependence

of the shrinkage upon rotation occurs in great part in

the phase where the paste is not set yet. Therefore, the

effect of rotation in non-bleeding pastes could be in

great part avoided if the time-zero was appropriately

determined later than indicated by the Vicat test, as

discussed in Sect. 4.1.

One issue that has not been sufficiently studied in

the literature is the possible influence of rotation on the

microstructure, even excluding the effect of bleeding.

It may be possible that rotation of the sample before

setting disturbs formation of solid bonds and therefore

offsets setting. It is also worth mentioning that the

difference between rotated and unrotated samples

increased when rotation speed was increased to 9 rpm,

considerably higher than 1–3 rpm prescribed by the

standard and 2 rpm used in all other tests here. This

was studied with automatic measurements for the w/c

0.30 cement paste. With the increased rotation speed,

the higher shrinkage in rotated samples continued for

about 2.5 h after the nominal time-zero and the

increase in shrinkage magnitude due to rotation

reached as high as about 500 lm/m.

4.3 Effect of temperature

The temperature evolution in corrugated tubes filled

with w/c 0.30 cement paste and stored in air shows that

the temperature effects on deformation need to be

considered with care, even if a sample is stored in

controlled climate conditions. Considering the
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measured temperature increase of 3.5 �C and the

coefficient of thermal expansion reported in [37] for a

cement paste of the same w/c equal to 16 lm/m/ �C at

the age of 15 h (when the temperature peak was

observed in the air-conditioned samples), the contri-

bution of thermal expansion/contraction to the mea-

sured deformation may be 50 lm/m or higher. When

the samples are conditioned in the oil bath with forced

oil circulation, heat dissipation from the samples is

much more efficient and the effect of temperature in

the samples becomes negligible.

Another temperature effect regards the difference

in temperature between the samples used for Vicat

tests and the corrugated tubes. As already discussed in

Sect. 4.1, temperature increase in Vicat samples will

likely lead to faster setting than in the corrugated

tubes.

Knowing the evolution of temperature in both types

of samples, the difference in setting time can be

estimated based on equivalent age concept, e.g. [38].

For this purpose, isothermal calorimetry run at 20 �C
(results not presented here) was used as a reference

hydration heat evolution. The activation energy was

assumed after [39] as equal to 45.4 kJ/mol. Based on

the assumption that final set occurs at the same degree

of hydration or maturity at different temperatures, it

was estimated that final set occurs approximately 28

and 34 min later than in the Vicat test for the samples

inside the corrugated tubes stored in the air and in the

oil bath, respectively. As estimated in Sect. 4.1, such

delay will lead to a considerable increase in the

measured shrinkage by about 50–60 lm/m and will

further provoke random errors on the measurements

around the time-zero.

4.4 Statistical method assessment

An important observation regards the apparent inde-

pendence of the results variability from the level of

measured strain. Considering the precision of the

measurements at a level sometimes similar to the

measured strain, this may lead to problems in evalu-

ating the results for less shrinking samples.

The determined precision at a level of about 130

and 150 lm/m for repeatability and between-operator

reproducibility, respectively, fairly agrees with the

preliminary estimate given in the standard, where

pooled one-operator standard deviation was indicated

as equal to 130 lm/m. The precision can be further

enhanced by applying normalization of the curves

which allows reducing the error due to initial length

measurement, or adjusting the time-zero as discussed

in the previous sections.

5 Conclusions

In this paper, an experimental investigation on auto-

genous shrinkage measurements was performed with

three different cement pastes measured in accordance

with the standard ASTMC1698-09 by four operators.

Additionally, automatic measurements were per-

formed and the results were compared with standard

measurements. The scatter between average shrinkage

values measured by different operators was reasonably

low, while very high scatter was found between the

individual replicate specimens of the same mix

composition if the operator was not experienced in

using the method. The main source of scatter was due

to the inaccuracies in initial length measurements, so

called time-zero measurements. The random compo-

nent of the error at time-zero measurement was mainly

due to the affected initial sample length at handling the

soft samples and the high scatter of the deformation in

the plastic stage. The random component of the error

can be reduced down to the level obtained in automatic

measurements (where the samples are not touched and

remain intact during the measurement) if sufficient

care is taken during handling the samples as evidenced

by the tests run by an experienced operator. The polled

within-operator standard deviation (deviation between

replicate samples from the same mix) was equal to

about 130 lm/m, while the between-operator repro-

ducibility standard deviation was equal to about

150 lm/m. The highest precision obtained by a single

operator in both automatic and standard measurements

corresponded to standard deviation of about 50 lm/m.

Further care should be given at maintaining the

samples at constant temperature. It was found that air-

storage may not always allow for maintaining constant

temperature in a hydrating cement paste. Further,

considerably higher temperature was developing in

the bulky Vicat samples used for determining time-

zero compared to the thinner samples inside the

corrugated tubes. This led to slower hydration of the

cement pastes in the corrugated tubes and conse-

quently delayed setting (by about 30 min) compared

to that occurring in Vicat samples. Another factor that
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was studied was rotation of the samples, which is often

employed to reduce bleeding. Rotation leads to higher

observed shrinkage not only in the cement pastes were

visible bleeding occurred, but can also affect the initial

shrinkage in the cement pastes with w/c as low as 0.30.

The latter effect may however in large part take place

before the actual final set of the cement pastes in the

corrugated tubes.
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autogenous strain of early-age cement paste: metrological

development and critical analysis. Adv Cem Res 20:75–84

10. Bjøntegaard Ø, Budelmann H, Krauss M, Martius-Hammer

TA (2015) RILEM Technical Committee 195-DTD Rec-

ommendation for test methods for AD and TD of Early Age

Concrete, Springer

11. Jensen OM, Freiesleben Hansen P (1995) Hansen, A

dilatometer for measuring autogenous deformation in

hardening portland cement paste. Mater Struct 28:406–409

12. Gao P, Zhang T, Luo R, Wei J, Yu Q (2014) Improvement of

autogenous shrinkage measurement for cement paste at very

early age: corrugated tube method using non-contact sen-

sors. Constr Build Mater 55:57–62

13. ASTM (2009) ASTM C1698-09 Standard test method for

autogenous strain of cement paste and mortar, ASTM

International, West Conshohocken, PA

14. Bao Y, Meng W, Chen Y, Chen G, Khayat KH (2015)

Measuring mortar shrinkage and cracking by pulse pre-

pump Brillouin optical time domain analysis with a single

optical fiber. Mater Lett 145:344–346

15. Sant G, Lura P, Weiss J (2006) A discussion of analysis

approaches for determining ‘time-zero’from chemical

shrinkage and autogenous strain measurements in cement

paste. In: Jensen O, Lura P, Kovler K (eds) International

RILEM conference on volume changes of hardening con-

crete: testing and mitigation., hardening concrete: testing

and mitigationRILEM Publications SARL, Bagneux,

pp 375–383

16. Seddik M, Meddah A (2011) Tagnit-Hamou, evaluation of

rate of deformation for early-age concrete shrinkage anal-

ysis and time zero determination. J Mater Civ Eng

23:1076–1086

17. Liu J-P, Tian Q, Sun W, Miao CW, Tang MS (2006) Study

on the self-desiccation effect in early-age concrete and the

determination of ‘‘time-zero’’ of self-desiccation shrinkage.

In: Jensen O, Lura P, Kovler K (eds) International RILEM

conference on volume changes of hardening concrete:

testing and mitigation. RILEM Publications SARL, Bag-

neux, pp 401–410

18. Kovler K (2007) Effects of internal curing on autogenous

deformation. In: Kovler K, Jensen O (eds) Report rep041:

internal curing of concrete, state-of-the-art report of RILEM

technical committee 196-ICC, pp 71–104

19. Weiss J (2003) Experimental determination of the’Time

Zero’, t0 (‘Maturity-Zero’, M0). In: Bentur A. (ed) Early

age cracking in cementitious systems-report of RILEM

technical committee 181-EAS-Early age shrinkage induced

stresses and cracking in cementitious systems, pp 195–206

20. Tian Q, Jensen OM (2009) Measurement with corrugated

tubes of early-age autogenous shrinkage of cement-based

material. Guisuanyan Xuebao 37:39–45

21. Crowder MJ, Hand DJ (1990) Analysis of repeated mea-

sures. CRC Press, London

22. ISO 5725-2 (2002) Accuracy (trueness and precision) of

measurement methods and results–Part 2: basic method for

the determination of repeatability and reproducibility of a

standard measurement method (12.02)

23. Jensen OM, Hansen PF (2001) Water-entrained cement-

based materials: I. principles and theoretical background.

Cem Concr Res 31:647–654

24. Mohr BJ, Hood KL (2010) Influence of bleed water reab-

sorption on cement paste autogenous deformation. Cem

Concr Res 40:220–225

25. Justs J, Wyrzykowski M, Bajare D, Lura P (2015) Internal

curing by superabsorbent polymers in ultra-high perfor-

mance concrete. Cem Concr Res 76:82–90

26. ASTM (2013) ASTM C191-13 standard test methods for

time of setting of hydraulic cement by Vicat Needle, ASTM

International, West Conshohocken

27. Oehlert GW (2000) A first course in design and analysis of

experiments. WH Freeman New York, New York

28. Verbeck GJ, Helmuth RH (1968) Structures and physical

properties of cement paste, proceedings of the 5th interna-

tional symposium on the chemistry of cement, pp 1–32

29. Jensen OM, Hansen PF (2002) Water-entrained cement-

based materials II. Experimental observations. Cem Concr

Res 32:973–978

Materials and Structures (2017) 50:57 Page 13 of 14 57



30. Mechtcherine V et al (2014) Effect of internal curing by

using superabsorbent polymers (SAP) on autogenous

shrinkage and other properties of a high-performance fine-

grained concrete: results of a RILEM round-robin test.

Mater Struct 47:541–562

31. Lura P, Durand F, Jensen OM (2006) Autogenous strain

of cement pastes with superabsorbent polymers. In: Jen-

sen O, Lura P, Kovler K (eds) International RILEM

conference on volume changes of hardening concrete:

testing and mitigation. RILEM Publications SARL, Bag-

neux, pp 57–65

32. Couch J, Lura P, Jensen OM, Weiss J (2006) Use of acoustic

emission to detect cavitation and solidification (time zero)

in cement pastes. In: Jensen O, Lura P, Kovler K (eds)

International RILEM conference on volume changes of

hardening concrete: testing and mitigation. RILEM Publi-

cations SARL, Bagneux, pp 393–400

33. Maia L, Azenha M, Faria R, Figueiras J (2012) Identifica-

tion of the percolation threshold in cementitious pastes by

monitoring the E-modulus evolution. Cem Concr Compos

34:739–745

34. Sant G et al (2009) Detecting the fluid-to-solid transition in

cement pastes. Concr Int 31:53–58

35. Bjøntegaard Ø, Hammer TA, Sellevold EJ (2004) On the

measurement of free deformation of early age cement paste

and concrete. Cem Concr Compos 26:427–435

36. Barcelo L, Moranville M, Clavaud B (2005) Autogenous

shrinkage of concrete: a balance between autogenous

swelling and self-desiccation. Cem Concr Res 35:177–183

37. Wyrzykowski M, Lura P (2013) Moisture dependence of

thermal expansion in cement-based materials at early ages.

Cem Concr Res 53:25–35

38. Pang X, Bentz DP, Meyer C (2012) Modeling cement

hydration kinetics using the equivalent age concept, ultra-

high performance concrete and nanotechnology in con-

struction. Proceedings of Hipermat 2012. 3rd international

symposium on UHPC and nanotechnology for high per-

formance construction materials, Kassel University Press

GmbH

39. Chen H (2013) Autogenous and thermal deformations and

their interaction in early age cementitous materials. EPFL,

PhD Thesis, Lausanne

57 Page 14 of 14 Materials and Structures (2017) 50:57


	Corrugated tube protocol for autogenous shrinkage measurements: review and statistical assessment
	Abstract
	Introduction
	Materials and methods
	Materials
	Sample preparation
	Autogenous shrinkage measurements methods
	Setting time
	Temperature measurements
	Statistical data assessment

	Results
	Standard measurements
	Automatic measurements
	Statistical data assessment

	Discussion
	Effect of time-zero measurement
	Effect of rotation
	Effect of temperature
	Statistical method assessment

	Conclusions
	Acknowledgments
	References




