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Abstract: An accurate prediction of time-dependent autogenous shrinkage behaviors of concrete, especially for
high performance concrete (HPC) at an early age, is of great significance to assess and control the cracking risks of
restrained structural elements. In this study, based on the capillary tension theory, a mechanistic model for
evaluating the time-dependent autogenous shrinkage behaviors of high performance concrete is proposed. A total of
416 data points including the concrete composition, curing condition, age of concrete, water-to-cement (binder)
ratio, internal relative humidity, elastic modulus, and measured autogenous shrinkage are selectively collected for
the model establishment. The effects of silica fume on the development of autogenous shrinkage are also
considered. Upon the sound physical basis, the model requires only a few parameter inputs related to the mixture
proportion and physicochemical properties of components. The reasonable agreements between the analytical
predictions and independent experimental results, as well as common used formulas from different codes (i.e., ACI
209, Eurocode 2, and Model Code 2010), demonstrate that the time-dependent evolution of autogenous shrinkage
of HPC can be reasonably predicted by the model proposed in this study.

Keywords: time-dependent model; autogenous shrinkage; high performance concrete; capillary tension; silica
fume

Nomenclature
& autogenous shrinkage P capillary tension
o surface tension of pore water 0 contact angle between water and gel solid
re radius of menisci p, M density and molar mass of the pore fluid
R universal gas constant, 8.314 [J/(mol-K)] T Fahrenheit temperature
Ky bulk moduli of the whole porous body K moduli of the solid skeleton
Sw degree of saturation RH internal relative humidity
a degree of hydration wlc, w/b  water to cement (binder) ratio
t age of concrete Teri critical time related to RH
a, by parameters related to the age of concrete a, f,y parameters related to e
Vew, Vaw volume of capillary water and gel water Ves, chemical shrinkage
E elastic modulus 0 Poisson’s ratio
Ens 28 d elastic modulus A a constant related to Easg
p initial porosity s, C weight of silica fume and cement
SF mass percentage of silica fume, s/ (s + ¢) Sk, fem characteristic and mean compressive

strengths of concrete at the age of 28 d
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1. Introduction

After decades of rapid development, high performance concrete (HPC) has become one of the most recent types
of construction materials applied routinely in critical civil infrastructure. Compared with normal performance
concrete (NPC), HPC is generally characterized by using high-strength Portland cement, fine-grained sand, silica
fume, and in many cases, an elimination of coarse aggregate [1,2]. Substantial research has demonstrated that upon
such an innovative mixture, superior mechanical performance [3], better rheological properties [4] and durable
resistance against environmental attacks [5] can be satisfactorily obtained. However, due to the high binder content
and low water-to-binder ratio (< 0.4, in general), plus the pozzolanic effect of silica fume, the competition inside
HPC between the developments of tensile strength and stress that evolves with hydration process is likely to be
inclined to against the former [6]. Hence, the potential risk of autogenous shrinkage cracking of HPC induced by
self-desiccation will be greatly amplified, as illustrated in Fig. 1. Although direct relation between this detrimental
effect and structural premature failure has not been evidenced, it will significantly decrease the strength and
durability of structures, particularly for those in harsh environments [7].

On the other hand, in some landmark projects or lifeline engineering, massive HPC is widely used and the
volume of hardened blocks is quite remarkable [8]. In such cases, the majority of the non-load induced
deformations of inner concrete, which may probably last for many decades, are related to the autogenous shrinkage,
because other types of shrinkage are generally excluded [9]. Hence, under these circumstances, the development of

autogenous shrinkage against time becomes one of the main issues that concern.
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Fig.1 Illustrative comparison of the autogenous shrinkage developed in NPC and HPC.

On account of these reasons, the autogenous shrinkage of HPC has been frequently reported in recent years
[10,11]. Although the experimental results vary greatly due to the increasing diversification of material
compositions, it has been commonly acknowledged to be one of the crucial causes of the immature cracking of
young hardening concrete [12-14]. Regarding the formation mechanism of autogenous shrinkage, a general
consensus also has been reached that the induced pressure differential in pores as the hydration process advances,
termed capillary tension, is the main driving force, accompanied by the gradual reduction of internal relative
humidity [15,16]. Hence, compared to conventional concrete, higher negative pore pressure is generated during
self-desiccation as a consequence of lower w/b ratio and finer pore structure formed in HPC, resulting in a much
larger autogenous shrinkage [17].

Concerning the quantitative evaluation of the development of autogenous shrinkage, the available analytical
solutions can be roughly classified into three categories, i.e., pure mathematical models, empirical equations, and
theoretical approaches [18-20]. The pure mathematical models may be most straightforward but of no physical
significance [21]. For example, Nehdi et al. [22] built an artificial neural network model upon the artificial
intelligence technique, which does not require any physical relationships between different variables. The empirical
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equations generally use simple formulas incorporating the key variables by means of statistical analysis on
numerous experimental results, which are widely adopted by standards or specifications from different countries
[23-26]. For theoretically based approaches, the main probable governing mechanisms responsible for the
shrinkage, like capillary tension [20], disjoining pressure [27], and surface free energy [28], all have been exploited
so far. However, it should be noted that in general, the abovementioned models are limited to normal concrete with
a compressive strength ranging from 30 to 60 MPa [29], and the effects of high contents (= 10%) of supplementary
cementitious materials, especially the silica fume, are not taken into account [30].

Thus, the main purpose of this study is to propose a model for the evaluation of time-dependent autogenous
shrinkage of HPC, based on the well-established capillary tension theory. To this end, hundreds of data points in
terms of the composition of concrete, curing condition, age of concrete, water-to-cement (binder) ratio, internal
relative humidity, elastic modulus, and measured autogenous shrinkage are selectively collected for the model
establishment. It is hoped that upon the solid theoretical basis, followed by reliable independent validations, the
proposed mechanistic-based model is of beneficial to better understand the autogenous shrinkage development in

HPC, and estimate the potential cracking risk in the design of durable concrete infrastructure.

2. Overview of the capillary tension approach

Regarding the modelling of autogenous shrinkage of cementitious materials, the widely adopted capillary
tension theory is regarded as the most appropriate approach for its sound mechanical and thermodynamic
background [31]. In this section, a brief overview of the capillary tension theory is first presented.

2.1 Theoretical basis of capillary tension

For cementitious materials, it is generally thought that there is no evaporation occurs initially, because from a
thermodynamic viewpoint, at this stage a vapor-water equilibrium is reached where the rate of evaporation is equal
to that of condensation on a molecular level [32], as shown in Fig. 2 (a). However, as the hydration process
advances, relative humidity RH gradually reduces from 100%, and the original vapor-water equilibrium is violated,

resulting in the formation of menisci in the pores to restore the pressure balance, as shown in Fig. 2 (b).

(2) (b) RH<100% Capillary pressure
RH=100% Surface tension o l °o o o Surface tension

Hydration Hydration

t particl i |
Cement particle Cement particle ‘ product i |

Ly

initial status after RH decreases

Fig.2 Schematic illustration of the evolution of capillary tension during the hydration process.

Based on the Laplace equation [33], the difference between vapor pressure P, and water pressure P,, named
capillary tension P., can be calculated as

p=p_p-_20%5Y W
r

c

where ¢ is the surface tension of pore water,  is the contact angle between water and gel solid, 7. is the radius of
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menisci. With relative humidity RH further decreases, the curvature radius of menisci gradually reduces while its
surface tension rises simultaneously, leading to a more pronounced pressure differential. This physical evolution
can be characterized by the Kelvin equation as follows [34],
P PRT In(RH/100) o

M
where p is the density of the pore fluid and M is its molar mass correspondingly, R = 8.314 [J/(mol-K)] is the

universal gas constant, and 7 is the Fahrenheit temperature. In general, p = 1000 kg/m3 and M = 18 x10- kg/mol

are roughly assumed.
2.2 Calculation of autogenous shrinkage

The Kelvin-Laplace equation shown in Egs. (1) and (2) indicates that the radius of menisci is mainly dependent
on the relative humidity RH and related water properties, regardless of the pore size, Hence, as illustrated in Fig. 3,
for a given RH, the meniscus in all the pores are equal under otherwise identical conditions, generating a constant

capillary tension among these pores.

Shrinkage
Vapor
r>r. re=r-t e rc’/
Adsorbed
liquid
Solid fondensgd
skeleton liquid

Fig.3 Schematic illustration of the generation of capillary tension considering the effect of pore sizes, after [32].

Assuming that the whole paste at this stage are ideally elastic and isotropic, the autogenous shrinkage &

resulting from the induced capillary tension therefore can be expressed as [32]

e OO 2

where K, and K are the bulk moduli of the whole porous body and solid skeleton, respectively; Pc(r) is the
capillary tension in the pores with a radius of 7; £(r) is the probability density function of the volume of pores with
a radius of 7. Considering the fact that the capillary tension is only generated in the pore whose radius is smaller
than the radius of menisci that corresponds to the give relative humidity RH, Eq. (3) can be rewritten as

7. {1 1
EC :_-[0 f(l") d?’g(g—?JPc (4)

A

It is interesting to find that when the amount of adsorbed water is negligible in comparison with that of capillary
water, the term of .[(: f (r) physically approaches the degree of saturation S, which is defined as the ratio of the

volume of saturated pores to the total pore volume. With this, the linear relationship between autogenous shrinkage
&c and degree of saturation S), is established [31,35,36],



~N SN W

10
11
12
13

14

15
16
17

18
19
20
21

=% |k (5)

3. Time-dependent autogenous shrinkage model

However, considering the fact that concrete, or, more accurately, the cement paste within the concrete, is a
mixture of many kinds of compounds including CsS, CS, and C3A and ferrite-based phases, and each of them will
react with water to form varying hydrates in different rates [37]. Thus, the physicochemical properties of cement
paste have long been understood to evolve gradually as the cementation process advances.

As such, taking the effects of curing time into account, the autogenous shrinkage of HPC, &. (), during the
cement hydration is defined as a variable which changes as a function of time ¢, accordingly, it is rewritten as:

a(n--2W L5 ©

3 (K1) K1)

in which the time-dependent evolutions of capillary tension P.(¢), degree of saturation S.(f), and porous body

modulus K5(¢) and solid skeleton modulus K(?) all are regarded to be closely associated with the age of concrete.

In this section, based on the aforementioned capillary tension theory, a time-dependent model for determining
the autogenous shrinkage of HPC is proposed, in which three respective prediction models for relative humidity,
degree of hydration, and elastic modulus are adopted. The main methodology for the establishment of the model is

briefly illustrated in Fig. 4.

Data collected from literatue . Analysis and modeling Outcomes
I = \
(1) Composition of (5) Internal relative Prediction model for =i :
i g g pillary tension
concrete humidity i relative humidity Prediction model of
[ < J >
‘ g \ ) = autogenous shrinkage
e modulus Prediction model for i Porous body modulus;
(2) Curing condition . elastic modulus Solid skeleton modulus
St H =1 [ ‘ e
||| Prediction model for
e —F e 1 = FPoisson'satio Validation of the
== proposed model; and
(7) Measured - Further discussion
i, wib autogenous shrinkage | Degree of saturation -~
w/c ratio, w/b ratio P ;
. | | = =

Fig.4 Overview of the methodology for establishing the predictive model for real-time autogenous shrinkage.

3.1 Capillary tension P.(?)

As stated earlier, autogenous shrinkage is the direct consequence of the decline of relative humidity due to
self-desiccation over time. This phenomenon can be theoretically explained by the induced variation of capillary
tension, Pc(f), during the cementation process,
» PRT In[RH (1)/100]

(-2
which acts as the main driving force in the formation of shrinkage. Hence, an exact determination of real-time

™)

relative humidity RH(?) is of vital significance in predicting the capillary tension accurately.
To date, significant progress has been made on developing models that can predict the moisture transport within

concrete [38]. In this study, for practical purpose, the empirical piecewise model suggested by [39] is adopted, in
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which the two most crucial factors, i.e., w/c ratio and curing age, are taken into consideration,

100 t<T,.
RH ()= 100+a,\/wjc+b, T, <t<28d ®
where ¢ is the age of concrete (1 d < ¢ <28 d, in unit of day); a; and b, are parameters related to the age of concrete,
defined as a; = 7.295 + 20.5861In(?), b; = —1.822 — 17.052In(¢), respectively; T, is the critical time (in unit of day),
given as Ty = o X (wW/c)> + B x (w/c) + vy, in which a, B, and y are the parameters determined with regression

analysis of experimental data, and in general, a = 31.092, f = —16.983, and y = 3.218 are recommended under

normal circumstances.
3.2 Degree of saturation S,(7)

It is well known that in fresh concrete, almost all pores are initially filled with water, which however will
gradually change into an unsaturated state due to the continuous water consumption in the hydration process. Hence,
strictly speaking, concrete should be treated as a partially saturated porous construction material composed of vast
aggregates, cement pastes and water in various forms, as shown in Fig. 5.

Air voids (V) Air voids (V) Air voids (V)
Unreacted water (V) Unreacted water (V,,,,)
___________________________ Chemica}/shrinkage
Water (Ves)
V) Reacted water
(Vi)
E Reacted cement E
Cement V)
") L
[Unreacted cement (V)| \Unreacted cement (V.

Before mixing Hydration process Hardened concrete

Fig.5 Evolution of the volume of various components during the cementation process.

According to the Powers' volumetric model [40], during the hydration process, the water retained in cement
pastes can be generally classified into three phases, namely, capillary water (free water), gel water (physically
bound water), and non-evaporable water (chemically bound water). Among them, the former two phases are highly
related to the degree of saturation, which are empirically given as,

v, =p-132(1-p)a ©9)

Vv, =06(1-p)a (10)
where Ve, and Vg, are the volumes of capillary water and gel water, respectively; a is the degree of hydration (kg
cement reacted/kg initial cement); p is the initial porosity, defined as p = (w/c)/( w/c + pw/pc), in which p,, and p. are
the densities of water and cement, respectively. Moreover, it is also found that the volume of the formed gel solids
is always smaller than the superposition of cement and water reacted, and this volume reduction, termed chemical
shrinkage V., approximately amounts to 6.4 ml/100 g cement reacted, i.e.,

V,=64x10"p (1-p)a=02(1-p)a (11)

Hence, the degree of saturation S, is expressed as
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vtV p-072(1-p)a
vV, V. p-052(1-p)a (12

Given the evolution of hydration, the following equation is suggested to describe the time-development of

w

saturation degree:
5.(1)- p-072(1-p)a(t)
p—-052(1-p)a(r)

where the degree of hydration a(¢) here is a time-dependent variable that can be determined by the recommended

(13)

equation in previous works [41],
0.09 0.07
! 0.01(#/30)
al(t)=072| — | exp| ——————— 14
()-072( | { - 0
where w/b is the water to binder ratio.

In the case of incorporation of silica fume to enhance the strength of HPC, the degree of saturation should be
further refined as [42],

p—0.72k(1-p)a(r)
Sw (t) =
p—k[0.52-0.69(s/c)|(1-p)a(t)
where the initial porosity p = (w/c)/[w/c + pw/pc + (pw/ps)(s/c)], and s and ¢ are the weight of silica fume and cement,

(15)

respectively; k= 1/[1 + (pc/ps)(s/c)], and ps is the density of silica fume.
3.3 Porous body modulus Kx(f) and solid skeleton modulus K(?)

As illustrated in Fig. 5, with the cement hydration advances, the induced volume reduction cannot be
completely reflected by the macroscopic measured shrinkage, due to the gradual formation of the solid skeleton.
The volumetric unbalance is compensated by the larger number of capillary pores formed within the pastes.

For such a porous cementitious material, the bulk modulus of the whole paste K; is commonly calculated using
the following formula [43],

K - E

" 3(1-20) (16
where E is the elastic modulus, and v is the Poisson’s ratio. However, instead of assuming a constant value of 0.2
for Poisson’s ratio, the bulk modulus of the whole paste in this study is modeled as a continuous development

against the degree of hydration which relates to the age of concrete [44], as follows,

K, (1) __EW (17)

3[1-20(a)]

and
u(a):O.lSsin{%(t)}+0.Sexp[—10a(t)] (18)

For the bulk modulus of the solid skeleton K(¢), it can be further obtained in terms of the bulk modulus of the
whole paste Kj(), the shear modulus G(7), and its initial porosity p, upon the poromechanical approach [45],

4 K
K (1) —tG0K)
4G, (1)(1-p)=3pK, (1)
For simplification, a constant value of Gy«(f) = 19.1 GPa is adopted. Hence, from Eqgs. (17) and (19), it can be seen

(19)

that the generation of the bulk moduli of both the whole porous body and skeleton solids is largely dependent on

7
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the knowledge of elastic modulus evolution, which considerably determines the magnitude of the autogenous
shrinkage.

Extensive experimental results have demonstrated that the evolution of elastic modulus is characterized by the
feature that it increases rapidly at an early age of 1-7 d, while the growth rate tends to level off after 28 d [46], as
shown in Fig. 6 (a). Hence, a non-linear exponential model was proposed as the form,

E(z) =k, [1 —exp(—At)]

where E»s is the 28 d elastic modulus, and 4 is a constant that can be determined by experimental results. Through

(20)

the regression analysis of several existing research, as shown in Fig. 6 (b), the calculation of E»s considering the

variations of w/c is given,
E,, =93.58exp[-3.2(w/c)] @1
With all preceding definitions in mind, it becomes evident that by introducing Eqgs. (7), (15), (17), and (19)) into

Eq. (6), the real-time shrinkage ¢. (¢) is expected to be obtained with only a few parameter inputs, such as water to

cement (binder) ratio, curing age, mix compositions, etc.

(@) A (®) 100 : : :
—_ o Leroy, 1996 O Helmuch et al., 1966
mpkF--—-——————-——— 9‘3 A Princigallo et al., 2003 Dejenlis et al., 2008
E 30 ¢ Beushausenetal.,, 2015 x Mengetal., 2017
— ~ A Justsetal,2015 Yoo etal., 2013
=2 i Cracye et al., 2011 +  Zhouetal, 1994
N 75 > Sun et al., 2005 Haecker et al., 2005
X S 60
> S N‘ | |
= & E, =93.58¢"""
_g 50 5 4 .i 28 ‘
3 . s 40 & b |
g —-6— Experimental results E \o%\ (R=0912)
= Q ’
o .
= — Proposed equation °
7 25 P a 2 20 F T~ |
g o |
S a d Ot
= é Fitting line q
<
0 L I L > [£a] 0 l l T T
7 14 28 0.1 0.2 0.3 0.4 0.5 0.6

Age of concrete (d)

Water-to-cement ratio w/c

Fig. 6 Evolution of elastic modulus at early age and the determination of Ebs.

4. Model validation

In this section, to validate the applicability of the proposed time-dependent model, four typical experimental
research particularly targeting the autogenous shrinkage of HPC were chosen firstly, involving different kinds of
concrete types. Secondly, upon an individual experiment study, the analytical predictions of the proposed model

were compared with several commonly used formulas for further validation.
4.1 Comparisons between individual experimental results

For the selection of experimental cases, the main strategy was to ensure both the data of internal relative
humidity against curing age and corresponding autogenous shrinkage are available, making the comparisons more
reliable. Moreover, to isolate the interferences from other types of shrinkage as much as possible, the test
specimens should be cured in a sealed condition and the water-to-binder ratio should be around or smaller than 0.4.

With these intentions, the following four experimental cases were adopted for comparison:

Case I: To investigate the effects of water-binder ratio and coarse aggregate on internal humidity and shrinkage
of concrete, Zhang et al. [47] conducted a series of tests, of which three groups of high strength concrete (= 80 MPa)
were sealed curing for autogenous shrinkage measurement. During the whole test, the relative humidity at the

center of the specimen and its longitudinal deformation were measured simultaneously using a two-in-one setup, as

8
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shown in Fig. 7 (a).

Case 1I: A little earlier, Li et al. [48] also conducted a similar experimental study, of which both the fine and
coarse aggregates, however, were excluded. The relative humidity of the hardened cement paste was continuously
recorded through a single setup (Fig. 7 (b)), while the autogenous shrinkage was measured using another prismatic
specimen from the same batch.

Case 11I: In 2010, Hu et al. [49] performed some tests on the autogenous shrinkage of cement-based specimens
mixed with fly ash, a type of supplementary cementitious material. The influences of expansive agent and different
water-releasing materials on the variations of internal relative humidity and autogenous shrinkage were
emphatically analyzed.

Case 1V: To control the internal relative humidity and reduce early autogenous shrinkage, Ye et al. [50] replaced
some proportions of coarse aggregate with pre-wetted light-weight aggregate. Based on the test results, the
relationship between the content of water carrying and the autogenous shrinkage at 28 d was discussed.

The detailed information about the above four cases was summarized in Table 1. It should be noted that for

simplification, only one group of the specimens was finally compared for each case.

(a) (b)
Temperature & Humidity Transmitter
\ Connect with
PMMA Mould Plastic Pipe Data Collector 1. Temperature&Humidity sensor
Connect with \ \ Conneet with 2. Conqect with data collector
Data Collector I T = T —T Data Collector 3. Pl'asnc Mould
\» i ) 4. Film
| 50mm =
' —H 100mm e B v 5. Spacer Rod
i Concrete 6. PVC Tube
: i/
8

. Exposed to Air
. Concrete

| .
Displacement Sensor = Thin Plate to be 150mm
| | pulled out

i PTFE Plate Specimen

Fig. 7 Typical schematic diagram of the setup for internal relative humidity and shrinkage measurement, (a) two-in-one setup

[47]; (b) single /RH measurement setup [46].

Table 1

Detailed information obtained from the literature.

Data collected from references

fems Zhang et al., 2014 [47] Lietal., 2013 [48] Hu et al., 2010 [49] Ye et al., 2006 [50]

Sample ID C80-V60 A-1 2# No.5

Specimen size (mm) 60 x 100 x 400 50 x 50 x 50° 150 x 150 x 1502 150 x 150 x 1502
40 x 40 x 160° 100 x 100 x 515° 100 x 100 x 300

Cement content (kg/m?) 552.6 1800 450 423.5

Fly ash content (kg/m?®) - - 50 105.9

Silica fume content (kg/m?) 61.4 - - -

Coarse aggregate (kg/m?) 894.3 - 900 852.1

Fine aggregate (kg/m?) 712.3 - 640 319.5

Water content (kg/m?) 184.2 540 145 180.0

Curing temperature (°C) 23+£2 20+£2 20+2 20+3

w/c ratio 0.33 0.30 0.32 0.42

wi/b ratio 0.30 0.30 0.29 0.34
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Note: @ refers to the samples for relative humidity measurement, and® refers to the samples for autogenous shrinkage measurement.

The comparisons between the measured autogenous shrinkage, as well as internal relative humidity, from

different experimental cases and the predicted values obtained from the proposed time-dependent model are shown

in Fig. 8. It is clear that although some discrepancies are observed at the beginning of cement hydration, the

analytical predictions agree quite well with the test results in general, and the main feature that autogenous

shrinkage has an initial high rate and then gradually slows down with age was captured.

With respect to the underestimation of the measured results commonly observed in Fig. 8, it can be mainly

attributed to the fact that the proposed model is purely developed based on the capillary tension approach, which

assumes an elastic behavior of cementitious paste. Theoretically, this approach is only valid for a fully saturated

linear elastic material, and at partial saturation state, it is approximate. Moreover, given the contributions of creep

and plastic deformation of the hardening paste are not taken into consideration, the model therefore can only
account for part of the measured shrinkage.
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Fig.8 Comparison between the test results from different references and analytical predictions obtained from the proposed model.

4.2 Comparisons between typical prediction formulas

For the purpose to compare the proposed model to other commonly used formulas, the experimental research
conducted by Mazloom et al. [51] was quoted for further validation. In their study, to overcome the shortfall that

the development of high strength concrete is generally at the cost of low workability, the component of cement was

10
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partially replaced by silica fume. Four cylinder specimens of 80 mm x 270 mm (diameter x height) with different
percentages of silica fume (0, 6%, 10%, and 15%) were cured in water for 7 days, followed by a sealed curing in a
controlled environment of 20 + 2 °C and 50 + 5 % RH throughout the whole test duration. The details related to

these four specimens are summarized in Table 2.

Table 2

Detailed information obtained from the Mazloom et al [51].

Concrete mixes

Items

OPC SF6 SF10 SF15
Cement content (kg/m?) 500 470 450 425
Silica fume content (kg/m?) - 30 50 75
Aggregate content (kg/m?) 1850 1850 1850 1850
Water content (kg/m?) 184.2 540 145 180.0
wic ratio 0.35 0.37 0.39 0.41
w/b ratio 0.35 0.35 0.35 0.35
SF content (%) 0 6 10 15
Initial porosity 0.524 0.519 0.516 0.510
28 d compressive strength (MPa) 58 65 67.5 70

To estimate the autogenous shrinkage of high-strength concrete with silica fume more accurately, an alternative
empirical prediction model based on the test results was suggested by them,

14SF+039
e (1), =516t—————"7 %10
(o 30SF+12.6+¢

where SF is the mass percentage of silica fume, i.e. SF =/ (s + ¢). It is worth noting that the period of shrinkage

(22)

monitoring was not only limited to an early age but a long time of 587 d, due to the concern of the long-term
property.

Three typical formulas in different codes specified for the estimation of shrinkage as follow were also
referenced,
1. ACI 209 [24]:

(23)

c

.t [(1L4-0.01RH) 40<RH <80
£,(1) oy = 780%10 x

35+t [(3.0-0.03RH) 80<RH <100
2. Eurocode 2 [25]:

(1) =25(/, ~10)| 1-exp(-02V7) |x10° (24)

c

where f is the characteristic compressive strength of concrete at the age of 28 d.
3. Model Code 2010 [26]:

() —— (f“"—/lor [ 1-exp(-027) [x10° (25)

6+ f,/10

where fon is the mean compressive strength of concrete at the age of 28 d, defined as fon = for + 8 MPa; 04 is a
coefficient related to the cement type, and the values of 800, 700, and 600 are recommended for a cement of types
32.5N, 32.5R/42.5 N, and 42.5 R/52.5N/52.5 R, respectively.

Having the above formulas, the development of predicted autogenous shrinkage against time, as well as
measured real-time values, are plotted in Fig. 9. From the comparisons, the following observations can be seen,

11



i) Among all of the formulas, the proposed time-dependent model exhibits the best accuracy in the whole
measuring period, even though it is originally aimed at the prediction of early age property. The influence of silica
fume that the autogenous shrinkage of concrete increases as its amount increases is reasonably reflected. This
implies that the proposed model is of great potential ability to estimate the long-term autogenous shrinkage of HPC
containing different amounts of silica fume.

ii) The fitting model suggested by Mazloom et al. also shows a good agreement in spite of an obvious
overestimation of the shrinkage in the early stage of the test. Owing to the satisfactory agreement with the
measured autogenous shrinkage in the late stage, this empirical model therefore is particularly suitable for the
evaluation of the long-term deformation.

iii) The formula from ACI 209 significantly overestimates the development of autogenous shrinkage, while the
formula from Eurocode 2 shows a great underestimation, especially in the late stage. The main reason for the
former is that basically, it is more suitable for calculating the collective contributions of all types of shrinkage,
including autogenous shrinkage, drying shrinkage, carbonation shrinkage, etc. The latter is probably due to the
inappropriate application range of formula, which seems to be more adequate for the early age prediction.

iv) The formula from Model Code 2010 exhibits an acceptable accuracy in the case of silica fume-free, which
however becomes more conservative as the amount of silica fume increases, albeit a slight increase of shrinkage is
observed. This suggests that the contribution of silica fume in facilitating the development of autogenous shrinkage
is not well represented in this model.

Hence, to sum up, from the viewpoint of application, the models suggested by Eurocode 2 and Mazloom et al.
are more suitable for predicting the short- and long-term deformations, respectively; the formula of Model Code
2010 is more adequate for the estimation of HPC without silica fume; while the proposed model in this study, based

on a sound theoretical background, represents a compromise between accuracy and generality.
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Fig. 9 Comparison between the test results and analytical predictions obtained from different formulas, considering the effect of

silica fume on the evolution of autogenous shrinkage.
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5. Conclusions

In this study, based on the capillary tension theory, a time-dependent model for evaluating the autogenous
shrinkage of high performance concrete was proposed. To this end, hundreds of data points from tens of literature
in terms of the composition of concrete, curing condition, age of concrete, water-to-cement (binder) ratio, internal
relative humidity, elastic modulus, and measured autogenous shrinkage were selectively collected. Through a
number of comparisons between analytical predictions and independent experimental results, the following
conclusions can be drawn:

(1) Upon appropriate evolution laws of capillary tension, degree of saturation, porous body modulus and solid
skeleton modulus, the time-dependent autogenous shrinkage of HPC can be reasonably predicted by means of the
capillary tension approach.

(2) Taking the change of saturation degree during the hydration process into consideration, the effect of silica
fume on the development of autogenous shrinkage can be well reflected within the proposed model.

(3) Due to the inherent shortfall of the capillary tension approach that assumes an elastic behavior of
cementitious paste, plus the neglect of the contributions of creep and plastic deformation, the proposed model is
prone to slightly underestimate the development of autogenous shrinkage.

(4) Compared with the commonly used formulas in different codes, the proposed model exhibits a consistent
agreement with the measured value in a long-time range in general, representing a compromise between accuracy

and generality of application.
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