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Abstract In modern concretes, the autogenous

shrinkage, i.e., the shrinkage of sealed specimens, is

muchmore important than it is in traditional concretes.

It dominates the shrinkage of thick enough structural

members even if exposed to drying. A database of 417

autogenous shrinkage tests, recently assembled at

Northwestern University, is exploited to develop

empirical predictive equations, which improve signif-

icantly those embedded in RILEM Model B4. The

data scatter is high and the power law (time)0.2 is found

to be optimal for times ranging from hours to several

decades of years, as the test data give no hint of upper

bound. Statistics of data fitting yields the approximate

dependence of the power law parameters on the water-

cement and aggregate-cement ratios, cement type,

additives such as the blast furnace slag and silica fume,

and curing type and duration. Alternatively, the power

law parameters can be reasonably well predicted from

the compression strength alone. Since some database

entries do not report all these composition parameters

and others do not report the compressive strength, and

since the concrete strength is often the only material

property specified in design, two types of models are

formulated—composition based, and strength based.

Both are verified by statistical comparisons with

individual tests, and optimized by nonlinear statistical

regression of the entire database, so as to minimize the

coefficient of variation of deviations from the data

points normalized by the overall data mean. The

regression is weighted so as to compensate for the bias

due to crowding of data in the short-time range.

Statistical comparisons with the prediction models in

the JSCE code, Eurocode and CEB MC90-99 code

(identical to fib Model Code 2010) show the present

model to give significantly better data fits. Finally it is

emphasized that, in presence of external drying and

creep, accurate predictions will require treating the

autogenous shrinkage as a consequence of pore

humidity drop caused jointly by self-desiccation due

to hydration and bymoisture diffusion, and solving the

time evolution of humidity profiles. The present model

is proposed as an update for the autogenous shrinkage

formula in model B4, although recalibration of the

whole B4 would be needed.
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1 Introduction

Although the design lifetimes of large concrete

structures are typically required to exceed 100 years,

recent studies of 69 large-span prestressed box-girder

bridges document lifetimes of two to five decades

[1–4]. The slabs in such bridges, as well as other

structures, can be up to about 1 m thick, and in that

case the cross section core will not suffer any drying

for many decades [5–7]. The same is true for massive

columns, geotechnical concrete structures, etc. This

makes it possible for hydration and the associated

autogenous shrinkage to proceed for the entire

lifetime.

Recent studies also reveal that modern concretes

with low water-cement ratios have a much higher

autogenous shrinkage than the old ones; and that the

hydration reaction, and thus also the autogenous

shrinkage, can advance at pore humidities as low as

65% [6–8]. Therefore, for modern concretes, the

autogenous shrinkage is much more important than for

traditional ones, and is so for any thickness.

Because of the unfortunate ingrained habit of

engineers to plot the test results in the linear time

scale [9], it has been widely believed that the

autogenous shrinkage reaches an upper bound within

a few months. But data plots in the logarithmic time

scale reveal that the hydration, and thus also the

autogenous shrinkage, continues for decades, with no

bound in sight. A bound must, of course, exist because

the amount of reactants in hydration is finite, but it

obviously lies beyond the times of interest for

structural design.

The autogenous shrinkage, discovered in 1934 by

Lynam [10], is defined as the volumetric strain of

concrete due to hydration reaction, excluding the

drying shrinkage, thermal dilatation and creep under

applied stress [11–13]. Although the autogenous

shrinkage has often been regarded as a direct result

of hydration [14, 15], it has been shown [6, 16–20] to

be caused by a decrease of relative humidity,Dh, in the

pores, due to self-desiccation (which, in turn, is caused

by hydration). The effect of Dh on autogenous

shrinkage increment follows the same point-wise law

as the shrinkage due to external drying [21, 22].

However, models reflecting this fact [6, 23–30] require

sophisticated computer analysis.

Some researchers claim that the self-desiccation is

hard to explain because cavitation that would nucleate

new vapor bubbles in liquid water is next to impos-

sible. True, but new bubbles are not needed. Self-

desiccation merely enlarges the existing vapor space,

pushing the capillary menisci into narrower pores.

For the normal concrete, the water-cement ratio is

much higher than what is needed for the hydration

reaction, and so the decrease of relative humidity, Dh,

is small (about 3%). For this reason, the autogenous

shrinkage has usually been neglected by designers [3].

But with increasing use of high strength concretes

(HSC) and high performance concretes (HPC), which

have a low water-cement ratio, the drop in relative

humidity is significant (even by [ 30%), and thus

correct estimation of autogenous shrinkage becomes

important [12, 31].

The chemical reactions of hydration that cause self-

desiccation begin as soon as the cement is mixed with

water, and so the autogenous shrinkage begins before

other deterioration processes come to play. The

structural constraints often resist shrinkage and induce

tensile stresses and cracks. The cause of early age

cracking is usually the autogenous shrinkage

[20, 32–36]. The aggregates enforce a constraint on

the shrinkage [37] of hardened cement paste and thus

generates micro-cracks. Although these microcracks

cannot cause failure, they can greatly decrease

strength and durability [38].

Here we aim at a simple model to predict the

autogenous shrinkage at no moisture exchange, as in

sealed specimens, which is what suffices for a general

practical prediction model such as B4 [3]. The present

goal is to improve the model now embedded in B4 [3],

and to validate it by comparisons with the relevant

individual tests, and with a large experimental

database of 417 tests assembled at Northwestern.

Statistical comparisons will be made. They will

demonstrate superiority to the existing models in the

JSCE code [39], the Eurocode [40] and the CEB

MC90-99 code [41] (identical to fibModel Code 2010

[42]). Replacement of the self-desiccation formulae of

model B4 with the present formulae helps, but better

the entire B4 should be recalibrated.

2 Review of previous studies

Neville [43] concluded that the type of cement and its

fineness affect the autogenous shrinkage. The studies

of Swayze [44] and of Bennett and Loat [45] showed
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that finer cement grains lead to a higher shrinkage in

cement paste but not necessarily in concrete. Miya-

zawa and Tazawa [46] performed test to assess the

effect of cement type, considering ordinary Portland

cement (N), moderate-heat Portland cement (M),

high-early-strength Portland cement (H), and low-

heat Portland cement (L). Based on their tests, they

proposed cement type factors as listed in Table 1. A

statistical study of the NU database confirms the effect

of cement type and indicates similar cement type

factors as Miyazawa and Tazawa study on cements of

similar types as defined in the CEB Model Code (SL,

N, R, RS). The Model Code defined the cement types

as R-normal, RS-rapid hardening, and SL-slow hard-

ening which is also used in model B4 (see [3] under

Eq. 43).

Many tests have been done in order to clarify the

effect of supplementary cementitious materials on

autogenous shrinkage. Tazawa and Miyazawa’s tests

[47] showed that adding silica fume to the concrete

mix increases the autogenous shrinkage. While most

of studies [48–52] confirm this conclusion, there are

nevertheless some that indicate no effect of silica

fume. Some studies suggest that adding silica fume

can change pore distribution [53–55] which can affect

autogenous shrinkage.

Adding slag to the concrete generally increase the

autogenous shrinkage [47, 56–58], although some

tests [59, 60] show the opposite. The change in

autogenous shrinkage might be related to the filling of

nanopores by slag [61], as well as silica fume. In the

case of concrete with fly ash, there are again discrep-

ancies in experimental results. Some studies indicate

that adding fly-ash reduces the autogenous shrinkage

[60, 62] while others show the opposite [63]. These

discrepancies may be caused by differences in defin-

ing w/c or the mass ratio of water-cementitious

binders. In the NU database, these two parameters

are not distinguished, because of insufficient

information. Also, the time reference in most of

shrinkage tests is arbitrary, which may produce such

inconsistencies.

Neville [43] observed that the modulus of elasticity

of the aggregates, Eag, greatly affects the shrinkage.

Hobbs [64] proposed an equation for the effect of

aggregate type and content. A higher Eag restrains the

overall deformation, but this is significant only for

very high aggregate to cement ratio, close to compact

aggregate packing. For a lower a/c, relative deforma-

tion between aggregate pieces and cement paste creep

can increase the autogenous shrinkage. It has been

shown that the aggregate with rough surface can

reduce the shrinkage [65]. So, the aggregate shape and

its grading can also have effect. The type of aggregate

was reported for only about half of the tests in the NU

database, and no correlation to autogenous shrinkage

transpired. More test data are needed for more

comprehensive conclusion.

Temperature affects greatly the hydration reaction

[66–68]. Elevated temperature increases the hydration

rate and thus the autogenous shrinkage, especially at

early age [69]. Some experimentalists [70, 71] used

the maturity concept to predict the temperature effect

on autogenous shrinkage, while many others

[67, 72–77] refuted its applicability. The concept of

equivalent age �t has been adopted in models B3 and B4

[3, 78] and can be used for the present model as well.

Unfortunately, most testing was done either at room

temperature or with no temperature control.

The effect of the curing type is significant but,

unfortunately, ignored by most models. One obvious

property is that the stiffness increases during curing,

and this increase tends to inhibit shrinkage at a later

time. Collins tests show the moist-cured specimens to

shrink less [79], in proportion to the curing time. The

early studies either ignored the autogenous shrinkage

during curing or subtracted it from the observed total

autogenous shrinkage.

3 Northwestern creep and shrinkage database

After the discovery of concrete shrinkage, by H.L. Le

Chatelier in Paris in 1887 and concrete creep by W.K.

Hatt at Purdue University in 1907, a vast number of

creep and shrinkage tests has been performed around

the world. The first comprehensive creep and

Table 1 Cement type factor

Cement type N H M L
(CEB equivalent) (R) (RS) (N) (SL)

Cement type factor (kc) 1.0 1.2 0.85 0.4
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shrinkage database was gathered at Northwestern

University in 1978. It comprised about 400 creep tests

and about 300 shrinkage tests [80, 81]. This database

was expanded in 1993 to a RILEM database with 518

creep and 426 shrinkage tests [81], and was used to

develop RILEM Model B3 [78]. While working on

Model B4, the database expanded to 1433 creep and

1827 shrinkage tests with 61,045 data points [82]. The

database can be freely downloaded from http://www.

civil.northwestern.edu/people/bazant/ or http://www.

baunat.boku.ac.at/creep.html.

Many tests in the database, unfortunately, did not

follow the optimum tests procedure, and some of

them were performed on old concretes. Nevertheless,

with judicious evaluation, these tests can still give

useful information, especially for long-term (multi-

decade) creep and shrinkage, the tests of which are

scant [83]. Until they can be replaced with better tests,

their use is inevitable.

While both short-term and long-term behaviors of

concrete are important for safe structural design, most

of the data points are crowded at short ages, short

drying times and short-load durations [83]. Only 5% of

data points pertain to durations of more than 6 years

and only 3% for 12 years or more. Multi-decade

autogenous shrinkage tests include only the 23-years

tests of Troxell et al. [84] and 30-years tests of Brooks

[85] (although the environmental controls of the latter

were compromised, to an unknown extent, at 6 years).

The database in the original format is not suit-

able for statistical regression. The conditional coeffi-

cient of variation shows the data to be strongly

heteroscedastic [81]. So the statistics of prediction

model deviations for the data should be based on a

proper unbiased statistical method which makes the

data homoscedastic. This is achieved by giving equal

weights to equal intervals on log-time, and eliminates

bias due to data crowding at short time. This is attained

by assigning weights inversely proportional to the

number of data points in equal intervals of log-time.

These corrections of statistical bias have been approx-

imated by the data evaluations at Northwestern

University since 1978. They have been systematically

introduced by [86], presented in detail in [87], and

strictly followed in the present study.

4 Autogenous shrinkage model

Imperfections in recording the exact setting time, in

specimen sealing, in temperature control and in

avoidance of mechanical constraints, as well as

unrecorded curing procedure, etc., contaminated the

existing test data. So, it is inevitable to study many

tests to uncover the basic trends. All of the tests from

the Northwestern University (NU) database satisfying

the following necessary criteria have been considered

in statistical evaluation:

1. The test includes at least 3 data points.

2. The test lasts for at least 1 week.

3. The specimen seal is not suspected to have leaked.

4. No reactive aggregate has been used [88, 89].

These criteria reduced the number of usable autoge-

nous shrinkage tests from 417 to 340.

4.1 Functional form

Up to now, most of the autogenous shrinkage models

assumed the hydration reaction to stop early, in less

than 3 months. That is why the autogenous shrinkage

in most existing formulae terminates soon with a

horizontal asymptote. However, recent theoretical

studies confirm that, at high pore humidity, the

hydration reaction continues for decades, and all the

long-term test data (plotted in log-time) confirm it [85,

e.g.] (Fig. 1). Even during the development of model

B4, it was noticed that test data does not show

asymptotic bound. In fact, it was stated that ‘‘no test

data with long enough duration exist to confirm it’’

[90]. The misconception arose from the misleading

ingrained habit of plotting the creep and shrinkage

data in a linear time scale. To reveal the long-term

trend, as well as short-term, a logarithmic scale is

required.

Unfortunately, not enough long-term tests are

available. But the limited long-term test data that

exist indicate the autogenous shrinkage strain to grow

as a power law with exponent about 0.2; 32 tests in NU

database lasted at least 10 years, and they all showed

the power law trend, with no evidence of terminal

bound. Most of the other tests, with mid-term and

short-term durations, conform to the power law well.

Besides, any law with a bound would require more

parameters. From the physical viewpoint, the fact that
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no characteristic time at which the trend would change

is known implies that the law of long-time autogenous

shrinkage must be self-similar, and this can be true

only for a power law. There exists, of course, no

evidence for a 100 years lifetime, but assuming a final

bound would be an unconservative hypothesis. Also,

introducing a final asymptote would make the func-

tional form more complicated, for no reason.

There are two physical reasons for multi-decade

growth without any bound. One is that the hydration

reaction proceeds much longer than assumed until

recently. The remnants of reacting anhydrous grains

are surrounded by growing shells of C-S-H which

delay more and more the access of water molecules to

these grains [6, 91]. This causes the hydrations

reaction to proceed, at a declining rate, for decades,

provided the pore humidity does not drop too low (in

drying specimens, the autogenous shrinkage is, of

course, appears to be bounded, but this is beyond the

scope of this study).

The second reason is the likelihood of local

domains of cement paste undergoing creep driven by

stresses in pore water. The reduction of relative vapor

pressure due to hydration causes an increase in

capillary tension and a decrease in disjoining pressure

in hindered adsorbed water in nanopores

[20, 56, 92, 93]. These stress changes in the pore

water must be locally balanced by compressive

stresses in the solid phase. They must cause creep,

although doubtless less creep than an externally

applied pressure because they are not uniform, com-

pressing only dispersed localized nano-volumes

[91, 94]. This may be captured by Biot coefficient

of poromechanics. Because there is no external load,

this localized creep is manifested as shrinkage, and its

nonuniformity may cause microcracks. This localized

creep would remain even if pore humidity drop would

stop hydration.

4.2 Model calibration

A look at the curves of observed data suggests

describing the evolution of autogenous shrinkage by

a power function:

�au ¼ kcksC
t

1 day

� �n

ð1Þ

where t is the time (or age, measured from the moment

of set); prefactor C and exponent n are empirical

dimensionless parameters depending on the type of

concrete; kc is cement type factor as listed in Table 1

and ks takes into account the effect of additives.

Figure 2a reveals that n and C are mutually correlated

and depend on the aggregate-cement ratio (a/c). If

a/c is increased while n is kept constant, C needs to be

decreased, which further implies that an increase in

a/c causes overall the autogenous shrinkage to decrease.

A plot of n versus log C yields a set of data points

that can be reasonably well fitted with straight lines of

nearly the same slopes in semi-log scale (Fig. 2a),

mutually shifted as a function of a/c; hence

n ¼ pþ q ln C ð2Þ

where p and q are empirical parameters depending on

aggregate to cement ratio (a/c). The following func-

tions give good data fits:

p ¼ 1:2� 0:1ða=cÞ q ¼ �0:14þ 0:005ða=cÞ ð3Þ

Examination of test data suggests that prefactor

C decreases as water-cement ratio (w/c) and aggregate

to cement ratio (a/c) increase (see the 3D plots in

Fig. 2b). This result conforms to the fact that

Fig. 1 Shrinkage curves of
Brooks test data in a log–log
and b semi-log scale
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autogenous shrinkage decreases as these two increase

[20, 37, 47, 52], while the effects of the cement and

admixtures types are weak. Several functional forms

for C have been considered, and the following

equation is proposed based on minimizing the sum

of squared errors compared to the database (from

which several outliers were omitted):

C ¼
100

ðw=cÞ2:5 þ ða=c
10
Þ1:5

ð4Þ

This equation is applicable to thew/c ratio in the range

of 0.2–0.8 and a/c ratio from 0 to 7. The aggregate to

cement ratio in this formula includes both coarse and

fine aggregates.

Statistical analysis of the NU database shows the

silica fume tends to increase the autogenous shrinkage,

especially at early age. The data ofMazloom et al. [95]

clearly shows such an effect. The results indicate that

the autogenous shrinkage increases on the average by

3% for every percent of increases in silica to cement

ratio, as long as the cement replacement remains less

than 20%. For higher percentages, the database

information is insufficient.

Prefactor C shows an increase by almost 2% for

every 1% increase in the slag-to-cement ratio (by

weight). The limited data on concrete containing fly

ash does not show any effect on the autogenous

shrinkage. Adding superplasticizer can cause either

increase or decrease, depending on the dosage and

chemical composition.

4.3 Delayed start of measurement

The shrinkage measurements usually started not right

after casting, but after the curing (wet or sealed). But

the hydration reaction begins as soon as the cement is

mixed with water. If the measurements begin later

than at the moment of set, the initial part of shrinkage

curve should be subtracted to come up with correct

prediction (Fig. 3a). So the shrinkage after sealed

curing should be calculated as

�auðt � tsÞ ¼ �auðtÞ � �auðtsÞ ð5Þ

where t = time (in days) after set and ts = time at which

measurement started.

4.4 Swelling simultaneous with autogenous

shrinkage

Based on the arguments advanced in [91] and in more

detail in [7], the hydration always causes expansion,

and what causes autogenous shrinkage is the self-

desiccation, which counteracts the expansion but often

does not prevail at the beginning. The expansion is

caused by growing diameters of C-S-H shells sur-

rounding the remnants of anhydrous cement grains.

The growth of adjacent shells in contact pushes each

other apart, developing contact pressure akin to

crystallization pressure or disjoining pressure.

Formation of the ettringite (calcium sulfoalumi-

nate), which is also expansive, was previously sug-

gested as a possible cause of the initial swelling [91],

and may indeed contribute. But it cannot replace the

Fig. 2 Power law calibration based on concrete composition (a) prefactor and power correlation (b) prefactor calibration
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growth effect of C-S-H shells which is needed to

explain and model a broad range of other phenomena

[7].

What actually drives autogenous shrinkage is a

reduction of relative humidity h in the pores caused by

self-desiccation [7, 91], which itself is caused by a loss

of pore water due to hydration. In the case of curing

underwater immersion, water diffuses into the spec-

imen, offsetting the humidity reduction near the

specimen surface due to self-desiccation. This

explains why for wet curing the swelling is stronger

for sealed curing.

Consequently, the total deformation in autogenous

shrinkage tests is actually the sum of the ‘pure’

autogenous shrinkage and the swelling, which has the

opposite sign. Depending on their magnitudes, the

initially observed deformation may still be shrinkage,

but more often swelling, later transiting into shrink-

age. The swelling happens for both sealed curing and

wet curing.

Both the autogenous shrinkage and swelling con-

tribute to the observed deformation, making it difficult

to identify the effect of each contribution individually.

Separation of both contributions would require sup-

plementing the fundamental theory in [96] by new

special tests and optimizations. For the early age

concrete, we simply assume the autogenous shrinkage

to hold its functional form and to be superposed with a

swelling function in the form of a power-law;

�sw ¼ �k t0:2 (for t\tcÞ ð6Þ

The swelling function reaches long term horizontal

asymptote after the specimen gets sealed and the

external supply of water stops;

�sw ¼ �k t0:2c �
k ðt0:2 � t0:2c Þ

1þ ðt � tcÞ
0:2

(for t[ tcÞ ð7Þ

Here t is the time after the set and tc is the time of wet

curing (in days). If the concrete is sealed right after it

is cast, tc = 0. Due to lack of data, k is assumed; k =

250. If measurements start at a later time ts (Fig. 3),

only the increment is used:

�swðt � tsÞ ¼ �swðtÞ � �swðtsÞ ð8Þ

For structural analysis, consider that �sw begins at the

time of set, i.e., ts ¼ 0. For the lab specimen for which

the measurements started only after curing, use ts ¼ tc.

While Eq. (7) could successfully capture swelling

in some cases, it increases the overall CoV of errors

from 0.36 to 0.39. Adding the swelling reduces the

predicted early-age shrinkage such that the model

cannot capture the mean of data anymore (Fig. 4).

Factor k could be a function of the water-cement and

aggregate-cement ratios as well as the chemical

composition of the cement and its fineness. The curing

method might also have an effect as the surface

emissivity for water and fog might be different. The

water diffusion in wet cured specimen makes the

swelling depend on the specimen size as well. Figure 5

shows that the data spread is broader at early age. One

( )

Age ( )
Start of 

Measurements

−

( − )
( )

Age ( )

Start of Measurements
−

( − )

(a) (b)

Fig. 3 Effect of the lag in measurements
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reason, discussed in [96], is that the measurements of

drying shrinkage often began with some unknown

arbitrary delay rather than at the instant of exposure. A

small delay can cause the swelling to appear as

additional shrinkage (Fig. 3b).

Unfortunately, it is not feasible to calibrate k with

the existing test data. Instead, the hydration model can

be used to capture the swelling such as that considered

in [96].

4.5 Prediction of autogenous shrinkage

The autogenous shrinkage can be calculated on the

basis of concrete composition as

�au ¼ kcksC
t

1 day

� �n

ð9Þ

Exponent n is calculated from Eq. (2), and parameters

p and q from Eq. (3). Equation (4) for the prefactor is

defined as

C ¼
100

ðw=cÞ2:5 þ ða=c
10
Þ1:5

ð10Þ

where parameter ks takes into account the effects of the

ratios of mass of silica fume (SiO2) and of slag to the

mass cement, per unit volume of concrete, and reads:

ks ¼ 1þ 3
SiO2

Cement

� �� �

1þ 2
Slag

Cement

� �� �

ð11Þ

The cement type factor kc is defined by Table 1. If the

measurement record did not begin at the time of set,

the unrecorded part must be subtracted as

�ðt � tsÞ ¼ �ðtÞ � �ðtsÞ ð12Þ

5 Alternative prefactor prediction from concrete

strength

Formulas based on concrete composition alone have

been inevitable for analyzing the entire NU database

because the mean concrete strength fc was not reported

for about one-quarter of the lab tests. However, the

required concrete strength f 0c prescribed by design

codes, which is by about 8 MPa greater than the mean,

fc, is often the only concrete parameter specified in the

design. So it is necessary to develop also alternative

formula based on f 0c. For this purpose, exponent n is

fixed at its average value, which is n = 0.2 (Fig. 2a).

The prefactor has been recalibrated, accordingly, for

this n value.

Both the autogenous shrinkage and the strength are

controlled by the hydration reaction [70, 75, 97]. Since

w/c is strongly correlated to strength, its effect need

not be considered now. The same is true for the silica

fume and for the equivalent age at different temper-

atures, for which similar strong correlations to strength

exist. The effect of aggregate can be based on the

formula of Pickett [98], which was justified by Hobbs

[64] simplified analysis of an aggregate inclusion

within a viscoelastic block of cement paste. This leads

to the approximate formula [99]:

�au ¼ �au;p ð1� gÞa ð13Þ

where �au and �au;p are the autogenous shrinkage of

concrete and of cement paste; and g = (volume of

aggregates)/(volume of concrete). Pickett’s formula is

approximate but gave good results for the effect of

aggregate content on shrinkage [20, 99]. Based on this

formula,

C ¼ k fc ð1� gÞa ð14Þ

Parameter a ¼ 1:7 gives the best overall fit for the NU

Fig. 4 The actual and predicted values for autogenous
shrinkage model with swelling
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Fig. 5 The actual and
predicted values of
autogenous shrinkage in
linear and logarithmic scale
a, b composition based
model, c, d JSCE model, e,
f strength based model, g,
h Eurocode model and k,
l CEB MC90-99 model
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database. Calibration of parameter kwith this database

yields k ¼ 12; so,

�au ¼ 12 fc ð1� gÞ1:7t0:2 ð15Þ

where as before, �au = autogenous shrinkage strain in

lm/m; fc = mean compressive strength of concrete in

MPa at 28 days of age, and t = time after concrete set,

in days. The formula also applies to cement paste, in

which case g ¼ 0. If g of concrete is not known, use

g ¼ 0:7 as default. There is no big need for parameters

accounting for the temperature and age effects, since

these effects are here approximately accounted for by

means of fc. In the case of water curing, as long as the

specimen is under water, the autogenous shrinkage is

not realized and should be subtracted. Also if the

measurements start some time after the set, one must

use the following equation to subtract the initial part of

autogenous shrinkage curve;

�auðt � tsÞ ¼ �auðtÞ � �auðtsÞ ð16Þ

6 Verification of the model

It has long been advocated [78, 86, 87, 100, 101], and

also endorsed in [102], that the verification of creep

and shrinkage models must include both:

1. The optimum fitting of the entire database

obtained by nonlinear regression, properly

weighted to suppress data and sampling bias, with

comparisons of the overall coefficients of varia-

tion of the prediction errors normalized by the

mean of all data (and not the mean of errors), and

2. Similar comparisons of the prediction curves of

the individual tests, in which case the random

differences among various concretes are excluded

and thus cannot obfuscate the trends.

Both methods are used here. To compare models, the

unbiased coefficient of variation is calculated for each

model as described in [86]. The specimens showing

expansion had to be excluded since models did not

consider initial swelling. Thus 230 tests remained to

be used for comparisons.

The model of Tazawa and Miyazawa [46], recom-

mended by the Standard Specification for Design and

Construction of Concrete Structures by Japan Society

of Civil Engineers (JSCE 2002 model), is considered

first. This version gave slightly better predictions than

the 2007 one [39], so it considered here for the

comparison. Its input parameters are the w/c and the

cement type, and the final shrinkage is a function of

w/c. The second model is that recommended by the

European Committee for Standardization (Eurocode

prEN [40]), which predicts the autogenous shrinkage

from the 28-days compressive strength. The third is

the CEB MC90 developed by Müller and Hilsdorf

[41, 102, 103]. This model, revised in 1999 as CEB

MC90-99, separates the total shrinkage into drying

and autogenous parts. While the drying shrinkage has

a similar form as in CEBMC90, this model introduced

a separate formula predicting the autogenous shrink-

age from the 28-days compressive strength and the

cement type.

6.1 Model comparisons based on complete

database

Most data points in the database are crowded in the

short-time range (Fig. 5) while longtime data points

are sparse. Ignoring it in calculating the coefficient of

variation would introduce a severe bias against long

times. To remedy it, we use an unbiased coefficient of

variation, in which the time range is subdivided into 8

intervals of constant size in log-time and the data

points are assigned weights inversely proportional to

the number of points in each interval (Table 2), as

proposed and used in [78, 86, 87, 100]. This is

essential since the log-time intervals at short times

have far more data points than those at long times. The

data point weights, wi, are

Table 2 Time intervals and interval weights

Interval (days) Number of data points Interval weight

0–1 416 0.052

1–4 460 0.047

4–16 829 0.026

16–64 989 0.022

64–256 688 0.031

256–1024 311 0.069

1024–4096 102 0.212

4096–16,384 40 0.540
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wi ¼
1

mi �w
�w ¼

X

n

i¼1

1

mi
ð17Þ

where n = number of all intervals and mi = number

of data points in the ith interval. The weighted standard

deviation is for each model calculated as:

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N

N � p

�w

n

X

n

i¼1

wi

X

m

j¼1

ðln Yij � ln yijÞ
2

v

u

u

t ð18Þ

where N = number of all data points, yij = measured

shrinkage data, Yij = corresponding model predic-

tions, and p = number of free input parameters of the

Table 3 Unbiased CoV of
predictive models

Model Unbiased CoV Number of tests fitted

Composition based formula 0.36 230

Strength based formula 0.37 172

JSCE 0.43 230

Eurocode 0.49 172

CEB MC90-99 0.49 172

Fig. 6 Predictions compared to test data of Brooks
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model (which must be subtracted from N to suppress

bias). The standard deviation was calculated from the

differences in the logarithms of the measurements and

of data values. The reason is that what matters are not

the absolute but the relative deviations (e.g., an error

of 5 is small compared to 100 but large compared to

10). More fundamentally, the transformation from

linear to logarithmic scale changes the data set from

heteroscedastic to nearly homoscedastic. To get the

coefficient of variation, x, the standard deviation is

divided by the weighted mean of all data points in the

database;

x ¼
s

�y
�y ¼

�w

n

X

n

i¼1

wi

X

mi

j¼1

ln yij ð19Þ

The calculated coefficients of variation seen in

Table 3 document that the present model significantly

improves predictions. The present composition-based

model and the JSCE model, which require w/c and

a/c as input, could be used to fit all of the 230 tests. For

the tests which did not report the cement type, ordinary

Portland cement was assumed. Among the 230 tests,

58 did not report the compressive strength, and so the

present strength-based model could be used to fit only

the remaining 172 tests. The JSCE model tends to

better predict the autogenous shrinkage in early ages

(low shrinkage values in Fig. 5) respect to the

Eurocode and CEB models.

Figure 5 shows the prediction versus the reported

values for the models (note that the range of axis is not

the same in Fig. 5 as the composition-based model and

the JSCE could fit more tests). The JSCE, Eurocode

and CEB MC90-99 tend to underestimate most of the

data points. One reason for the underestimation,

especially for long times, is the incorrect final bound.

The autogenous shrinkage strain tends to grow for

years and probably decades, with no end in sight,

while these models stop growth at almost only one

month after setting. This general misconception has

doubtless been caused by plotting the data in linear

time scale. Also in linear scale time, error of the early

data points can be many hours and an approach to a

final asymptotic bound is an illusion. Another source

of the error of these models is ignoring the effect of the

aggregate content, whose increase greatly reduces

autogenous shrinkage.

On the other hand, both present models can capture

the data trend very well and show no systematic bias

toward under- or over-prediction. Some, or much, of

the large scatter seen in data could have been due to

lack of precision in lab procedure or measurement. For

many autogenous shrinkage tests, the sealing might

not have been perfect and moisture loss might have

occurred, which could have been detected by precision

weighing of the specimens [48, 62]. Other sources of

error could have been the lack of control on ambient

temperature, certain chemicals, or reactive aggregates.

Fig. 7 Predictions compared to test data of Nakanishi
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6.2 Predictions of various models for individual

lab tests

For comparison, three data sets were selected which

both the compressive strength and the concrete

composition parameters have been reported. So, for

these tests, it is possible to compare all the models.

These three sets include 10 individual tests that are

here selected so as to cover a wide range of compo-

sitions, strengths and test durations.

Set 1 In 1984, Brooks [85] reported a set of 36

shrinkage tests of which 18 were autogenous. The

specimens were cylinders of radius 38 mm and height

255 mm, wet cured for 14 days. Figure 6 shows the

predictions of all the models for the sample of four

specimens (the error bar shows uncertainty in recov-

ering data).

Both present models gave better predictions than

the previous ones. The time curves of all three models

flatten too quickly and cannot capture the data trend

seen in log-time scale. On the other hand, the presently

proposed models capture the data trend satisfactorily.

Set 2 Nakanishi et al. [104] tested shrinkage of ten

specimens, of which two were sealed. They were

prisms with cross section 100� 100 mm and height

400 mm, cured for one day, made with ordinary

Portland cement and crushed sandstone, containing

the same dosage of silica fume. Figure 7 shows the

predictions of each model. The result of comparison is

Fig. 8 Predictions compared to test data of Mazloom et al.
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the same with the previous case. Again, both present

models gave better predictions than the others.

Set 3 Mazloom et al. [95] tested shrinkage of four

sealed specimens, shown in Fig. 8. They were cylin-

ders of radius 40 mm and height 270 mm, wet cured

for the periods of 7 days. The present composition-

based formula gave excellent fits, while the other

models underestimated the observed shrinkage.

The present composition-based model correctly

captures the magnitude and evolution of the shrinkage

curve. The European models usually underestimate

the autogenous shrinkage for the North American

concretes. Part of the reason could be that the

European models were calibrated for European con-

cretes, which generally show lower autogenous

shrinkage [102]. The underestimation of the JSCE

model is due to incorrect evolution shape of shrinkage

curve. The JSCE function first rises fast and then

flattens quickly. So, if the measurements begin after

the curing period, the JSCE function does not show

much of shrinkage. Also, the assumption of a

horizontal asymptote for shrinkage caused the models

to underestimate the long-term shrinkage. The pro-

posed models showed good predictions for both short

and long term. The JSCE model is insensitive to silica

fume, which may explain the underestimation for

specimens with silica fume content.

7 Conclusions

1. The autogenous shrinkage, driven by the hydra-

tion reaction, continues at a decaying rate for

decades of years. The existing test data give no

sign of approach to a finite asymptotic bound.

2. From hours up to decades of years, the autogenous

shrinkage evolution is well approximated by a

power law of the time, whose exponent is roughly

0.2.

3. Among the material composition factors, the

water-cement and aggregate-cement ratios are

the most important influencing factors. Further

ones are the type and fineness of cement, additives

such as blast-furnace slag and silica fume, and the

type of curing (in fog or underwater).

4. Instead of the aforementioned composition factors

the factors that can predict autogenous shrinkage

almost equally well are the 28-days compressive

strength of concrete, and the volume fraction of

aggregate.

5. In data evaluations, the bias due to crowding of

test data at short times, and to differences in the

time ranges and the numbers of data reported by

various experimenters, must be eliminated by

proper weighting in the statistical regression.

Closing comment Finally it is emphasized that, in

presence of external drying and creep due to applied

load, accurate predictions will require treating the

autogenous shrinkage as a consequence of pore

humidity drop caused jointly by self-desiccation due

to hydration and moisture diffusion. This will require

considering the time evolution of humidity profiles.
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Moisture Diffusion in Unsaturated Self-Desiccating Con-
crete with Humidity-Dependent Permeability and Non-
linear Sorption Isotherm. J Eng Mech 145(5):04019032

8. Baroghel-Bouny V, Mounanga P, Khelidj A, Loukili A,
Rafai N (2006) Autogenous deformations of cement
pastes: part II. W/C effects, micro–macro correlations, and
threshold values. Cem Concr Res 36(1):123–136

9. Rasoolinejad M, Rahimi-Aghdam S, Bažant ZP (2018)
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