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Abstract

Introduction: This study focuses on autogenous shrinkage in cement pastes and presents a novel calculation method
considering variations in internal relative humidity (IRH). IRH significantly influences autogenous shrinkage, and its
evolution is modeled based on decline curves. The proposed method accurately evaluates autogenous shrinkage and
aligns well with experimental data. Additionally, we calculate capillary depression and meniscus radius using the Laplace—
Kelvin equation. Methods: To address early autogenous shrinkage in construction materials, we developed our calculation
method, emphasizing IRH variation. We analyzed decline curves to model IRH and validated our model using literature-
based experimental data. Results: Our validated model for predicting IRH and autogenous shrinkage in Portland cement
pastes, based on cement paste hydration degree, water-to-cement ratio (w/c), and the critical degree of hydration (a_,),

closely aligns with experimental data and existing models.
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Introduction

Autogenous shrinkage refers to the chemical
shrinkage due to Le Chatelier contraction derived
by the difference in density between hydration
products and reactants (Davis, 1940); generally,
it is a phenomenon caused by three parameters:
depression capillary, superficial tension, and
disjoining pressure (Mounanga, 2004).

A decrease in w/c ratio leads to an increase in
autogenous shrinkage; this is due to the spacing
between the particles. A low value of the radius
of the meniscus generates a difficult circulation of
water (capillary depression) which creates stresses
in the matrix leading to its contraction.

Due to its complex composition, there are
difficulties with modeling the shrinkage of cement
paste. The researchers work on two types of models:
macro (or phenomenological) and micromechanical
models. Both have limitations because they do
not take into consideration that cement paste is a
porous medium, and fail to take into account time-
dependent properties. In addition, identifying the
model parameters for most of these models is rather
complicated as well (Mounanga, 2004).

Internal relative humidity (IRH) plays a role in
the development of capillary depression. During
the progression of hydration, the reduction of IRH
generates capillary tension in the interstitial water,
then a maodification of the radius of the capillaries
to balance compressive stress in the solid skeleton;
compressive stresses are accompanied by
deformations (van Breugel, 2001).

IRH is a key parameter influencing the
microstructure and durability of cement-based
materials. Understanding the relationship between
IRH and autogenous shrinkage is important for
the design and performance evaluation of these
materials. The evolution of degree of hydration, which
is influenced by factors such as cement composition,
curing conditions, and environmental exposure,
affects both IRH and autogenous shrinkage. In this
context, several models (Bazant and Prasannan,
1989; Bentz et al.,, 1994; Eguchi and Teranishi,
2005; Haecker et al., 2005; Hua et al., 1995, 1997;
Koenders and van Breugel, 1997; Lura et al., 2003;
Mabrouk et al., 2004; Neubauer et al., 1996; Paulini,
1994; Shimomura and Maekawa, 1997; Ulm et al.,
2004; Xi and Jennings, 1997) have been proposed
to predict the variation of autogenous shrinkage over
time. However, the majority of these models do not
account for the evolution of hydration degree, which
limits their accuracy and applicability. Additionally,
there are models predicting other properties such
as IRH, Young’s modulus, and temperature, all of
which are in direct relationship with the progression
of hydration degree.

The main goal of this study was to develop
a comprehensive calculation method for early
autogenous shrinkage in construction materials. To
achieve this goal, we took into account the variation
of IRH as a crucial factor in the shrinkage process.
In a second step, we analyzed decline curves to
model IRH. Furthermore, we validated the proposed
model using experimental data from the literature
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and compared its performance with that of other
models. The paper is organized as follows. Section 2
describes the method used to calculate autogenous
shrinkage. Section 3 presents the proposed model
for predicting IRH. Section 4 presents the validation
results of the proposed model and calculation method
and compares their performance with that of other
models. Section 5 presents a discussion. Finally,
Section 6 summarizes the conclusions of the study.

Calculation of Autogenous Shrinkage

Let us consider a small piece of material located
in the full mass of the paste of cement subjected to
compressive stress generated by the depression of
the water in the capillaries (Fig. 1). The interstitial
fluid in depression exerts a pressure on the element
in question so that the element is subjected to
a uniform triaxial stress (Fig. 2).

We can write the volume change ¢ as:

AV

8=7=8x+8 +g,. (1)

y

By applying this equation to a differential element
of volume and then integrating it, we can obtain the
change in volume of a body even when the normal
strains vary throughout the body.

By Hooke’s law in mechanics of materials, the
element is subjected to triaxial stress (beer et al,
2012):

gzﬂ(

cx+cy+cz). (2)

In the case of uniaxial stress (prismatic specimen
in compression), Eq. 2 is simplified to:

g:M:(I_ZV)G
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where v is Poisson’s ratio and E is the elastic
modulus of cement paste.

The determination of the deformation (¢) requires
the knowledge of stress (o), which is the value of
the constraint generated by capillary depression.

, )

Fig. 1. Cement paste subjected to capillary depression

At younger ages, deformation mechanism by
capillary depression is dominant due to high internal
relative humidity; stress o in this case is given by the
Laplace—Kelvin equation:

o=2 = KTy (rA), 4)

r m

where o is the capillary depression (Pa), R is the
universal gas constant [8.314 J/(mol K)], T is the
internal temperature in (K), V,_ is the molar volume
of water [18.02 10-° m®mol], and IRH is the internal
relative humidity (with values between 0 and 1), y is
the superficial tension (N/m) and r is the meniscus
radius (m).

By bringing Eq. 4 into Eq. 3, we can deduce the
equation of autogenous shrinkage:

(1-2v) Ln(IRH)RT
E v,

m

The unknowns in this equationare IRH, E,vand T.
There are several models proposed in literature to
calculate these variables. For example, L. Stefan
et al. (2010) proposed an equation to predict the
evolution of E as a function of hydration degree
(Eq. 6); other authors considered the relationship
between adiabatic temperature and degree of
hydration (Cervera et al., 1999) (Eq. 7):
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where B =w/c is a material parameter, a_=0.75
(Cerveraetal., 1999) and a, = 0.2.
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where T/ = 80°C and T, = 20°C.

In the upcoming section, we will present a model
that predicts the IRH variable, which is the primary
cause of autogenous deformations in Portland
cement pastes. This model is a function of the degree
of hydration developed and validated using the

(7)
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Fig. 2. Element in triaxial stress
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data from previous studies. To accomplish this, we
connect all variables in Eq. 5 to a single parameter,
the degree of hydration (a), which we calculate using
the three-parameter model (TPM) (Schindler and
Folliard, 2005):

§
o = a, exp (ij , (8)

teq

where t and B’ are parameters of the model, a, is the

ultimate degree of hydration and a function of w/c

ratio, with the following equations:
1,031 w/c

= 9)
0,194 +wic

_ —0.154 p—0.401 . —0.804 p—0.758.
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where P is the weight ratio in terms of total cement
content.

The equivalent age can be defined as the same
level of maturity of cement (mechanical properties
and degree of hydration) acquired by specimens
of the same composition but under different
temperature history. Using the Arrhenius Law, we
obtain (Hansen and Pedersen, 1977):

f E,[ 1 1
t,, = lexp(——%| ————— |)d, 12
e £ p(-— [T(T) Tmf} (12)
where E_ is the activation energy, T(1) is the
temperature history, and T _ is the reference
temperature generally equal to 20°C, R is the
universal gas constant; the ratio E/R =4000 for
T = 20°C for Portland cement (RILEM TC 119-TCE,
1997).
Modeling of Internal Relative Humidity
From the research of Bentz et al.(2004), we can
deduce that the fineness of cement has no significant
influence on the IRH—a relation. An IRH reduction
is less in the systems with higher w/c ratio, due to
low values of capillary depression. This is due to
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Fig. 3. Relation between IRH and degree of hydration
(experimental data from Wyrzykowski and Lura (2013))

16

the initially larger spacing between cement particles
(larger pore radius) (Bentz and Aitcin, 2008), and
is demonstrated mathematically by the Laplace—
Kelvin relation.

As shown in Fig. 3, the variation of IRH with the
progression of hydration degree is influenced by the
w/c ratio. The evolution of IRH with the degree of
hydration exhibits a critical point where a decrease
begins; we call it the critical degree of hydration (a_).

The critical degree of hydration (a_) corresponds
to the maximum value of the degree of hydration at
which the decrease of IRH begins. It varies linearly
between different ratios, as shown in Fig. 4, and can
be determined through experimental tests.

In Fig. 5, we observe a simplified representation
of the variation of IRH with the ratio f, where f
(abscissa) is divided into two parts — negative and
positive. The first part corresponds to the initial
stages of hydration when the cement matrix is in a
saturated state, while the second part exhibits an
almost linear decrease in IRH with the degree of
hydration, indicating the consummation of combined
water with the progression of hydration reactions.
To predict the IRH variation with f, we employ the
classical analysis of decline curves (Arps, 1945).

The loss ratios are represented by an arithmetic
series (Fig. 6), where the difference between
successive loss ratios is the hyperbolic exponent
n, which is approximately constant. Using this
information, we can establish the following differential

equation:
IRH
dl —
(d(IRH)/de
=-n. (13)
df
Integration of Eqg. 13 gives:
IRH
———————=-nf —ay. 14
J(RH) ()

The constant loss ratio at f = 0 is denoted by a,.
We can simplify the above equation as follows:
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Fig. 4. Variation of the critical degree of hydration with w/c ratio
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d(IRH) _ . (15)
IRH ag +nf
To eliminate the constants of integration from
the previous second-order differential equation, we
assume that IRH is equal to IRH,, which is 100%
for f = 0. This results in the following relationship
between IRH and f:

~1/n
IRH =1RH, [1+EJ . (16)
a
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Fig. 6. Variation of the loss ratios a = with

The equation to predict the variation of IRH with
a can be expressed as follows:

100 % when a < o,

-1
IRH = o—a. )" .(17)
IRH, l—k( C’] when o > o,

Qy

where n and k are parameters of the model that can
be determined with regression from experiments as
a function of w/c ratio and cement composition (C,S
and C,A contribute most to heat release at early
ages).

Validation

The free method for measuring autogenous
shrinkage of cement pastes involves the preparation
of unrestrained specimens, typically prismatic or
cylindrical in shape. These specimens are allowed
to undergo natural shrinkage without any external
restraints, and their dimensional changes over
time are measured. Various techniques such as
linear displacement sensors, dilatometers, or image
analysis can be employed to accurately monitor
the specimen’s length or volume. By analyzing the
collected data, the autogenous shrinkage behavior
of cement paste can be evaluated, providing insights
into the material’s intrinsic characteristics. The free
shrinkage method offers a direct measurement of the
unrestrained behavior of cement pastes, allowing for
a better understanding of their volume changes and
potential cracking risks.

To validate the proposed IRH model, we used
the calculated degree of hydration values (obtained
using Eq. 8) of the cements reported in literature
(Huangand Ye, 2016; Kumarappa et al., 2018; Lu et
al., 2020; Wei et al., 2015; Wyrzykowski and Lura,
2013). Subsequently, we used the last proposed
method to calculate autogenous shrinkage for
the experiments conducted in the work of Song et
al. (2020). Table 1 presents the parameters of the
proposed IRH model for various cement pastes.

Fig. 7 depicts the predicted values of the proposed
IRH model with an overlay on experimental data from

Table 1. Values of the IRH model parameters

References wlc

cr

a

u

-K

—-n

Wyrzykowski and Lura, 2013 0.22

0.28

0.5479

1.997

8.938

0.325

0.5805

2.13

10.65

0.4

0.626

2.696

16.85

0.475

0.663

6.14

18.49

Huang and Ye, 2016 0.25

0.31

0.5805

2.41

9.44

Lu et al., 2020 0.3

0.38

0.626

2.47

10.7

0.52

0.69427

1.95

9.92

Huang and Ye, 2016 0.25

0.1

0.5805

1.19

12.63

Wei et al., 2015 0.3

0.2

0.626

1.495

15.8

Wyrzykowski and Lura, 2013 0.35

0.3

0.663

1.986

34.35

Kumarappa et al., 2018 0.4

0.4

0.694

2.68

63.395
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literature (Huang and Ye, 2016; Lu et al., 2020). The
results show a strong agreement between the model
predictions and the experimental tests, indicating the
effectiveness of the proposed model in predicting
the variation of IRH with a. This validates the use
of the model for further analysis and predictions in
similar experiments.
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Fig. 7. Measured and calculated IRH (experimental data from
Huang and Ye (2016), Lu et al. (2020))
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(experimental data from Huang and Ye (2016))
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Fig. 9. Measured and calculated IRH for w/c = 0.3 (experimental

data from Wei et al. (2015))
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In Figs. 8 to 11, we present the validation results
of our proposed model using data from previous
studies (Huang and Ye, 2016; Kumarappa et al.,
2018; Wei et al., 2015; Wyrzykowski and Lura,
2013). Additionally, we compare the performance of
our model with that of two other models in literature,
namely the Song model (Song et al., 2020) and the
Shen model (Shen et al., 2018).

Upon examining the figures (Figs. 8-11),
itis evident that the proposed model exhibits an
excellent agreement with the measured data, thus
establishing its reliability in predicting the behavior
of IRH. Moreover, a comparative analysis with two
other models (Song (Song et al., 2020) and Shen
(Shen et al., 2018)) demonstrated that the proposed
model's performance was comparable to these
existing models. This validation process offers robust
evidence of the accuracy of the proposed model in
predicting IRH.

For the 11 mixtures (Table 1) found in literature,
we suggest the following equations of the parameters
of the proposed IRH model:

100 4
= Measured
98 - Shen (Shen et al, 2018)
N Song (Song et al, 2020)
. 96 Model
&
T 4
i 94
92
90
A
0 100 200 300 400 500 600 700
Age (hours)
Fig. 10. Measured and calculated IRH for w/c = 0.35
(experimental data fromWyrzykowski and Lura (2013))
103 -
102
101
; u = Measured
100 4 - Shen (Shen et al, 2018)
994 - """ Song (Song et al, 2020)
N Model
98
& o]
Z 9

T T T T T T T T T T T T T T
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Age (hours)

Fig. 11. Measured and calculated IRH for w/c = 0.4
(experimental data fromKumarappa et al. (2018))



Abdelghafour Saadi, Abdelmalek Brahma — Pages 14-22
ON THE AUTOGENOUS SHRINKAGE OF CEMENT PASTES

1.02-2.663 (EJ
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c c

n= S.OSPC3S — 36'24PC3A —
E E
~190.27(In (EJ) + 5.81(PCSS )1n (Ej -

E
~25.92(Pc, A)(ln (ED ~250.37. (19)

The observed small p-values (0.01) indicate
significant relationships between the independent
variables and the IRH parameters. The F-test shows
improved prediction accuracy with each additional
variable.

The following tables (Tables 2-5) present the
calculated values of IRH and autogenous shrinkage
along with their corresponding parameters. The
results are then compared to the experimental data
from Song et al. (2020).

k:

(18)

Upon examining the tables (Tables 2-5), we
can conclude that the autogenous shrinkage values
obtained from the proposed model are in very good
agreement with the experimental results from Song et
al. (2020). Additionally, the calculated values of capillary
depression are consistent with the values reported in
literature (Lu et al., 2020; Song et al., 2020).

Discussion

The proposed model for predicting the internal
relative humidity (IRH) and autogenous shrinkage of
Portland cement pastes was validated using the data
from previous studies. The model is based on the
degree of hydration of the cement paste and takes
into account the water-to-cement ratio (w/c) and the
critical degree of hydration (a_) at which IRH starts
to decrease. The validation results show that the
proposed model fits very well with the experimental
data and is comparable with other models in
literature. The calculated values of autogenous
shrinkage and capillary depression are also close to
the experiments and literature values, respectively.

Table 2. The case of w/c = 0.25

?ﬁ)e a | IRH (calculated) | E (GPa) V;|St Zfoa1n0ft T(K) (ca(l,lc(:lt\fl:?gd) (cil(::‘t:l:;rtr;)cl) (rﬁéggﬂxh)
0 0 100 0 04 273.15 0 0 0
10.5 0.25 98 19 0.235 293.12 2.73 73 100
21 0.39 93 26 0.225 304.41 10.19 202 200
42 0.48 88 29 0.225 311.73 18.39 330 300
84 0.53 85 30 0.22 315.72 23.67 415 400
Table 3. The case of w/c =0.3
o | @ | RH(calculated) | E(@Pa) | ISR | TR0 | (S EITR) | (caleutated) | (mensured)
0 0 100 0 0.4 273.15 0 0 0
10.5 0.2 99.93 13 0.265 289.15 0.13 3 75
21 04 96 23 0.235 305.15 5.75 133 150
42 0.51 93 26 0.23 313.95 10.51 217 230
84 0.55 90 27 0.225 317.15 15.42 313 300
Table 4. The case of w/c = 0.35
A fan MP m/m m/m
| o |IRH (calculated)| E (GPa) Va(lSt Z&oft T (K) (cglt(:ula:gd) (csal(guléte)d) (r;e(gsérell)
0 0 100 0 0.4 273.15 0 0 0
10.5 0.2 100 7 0.28 289.15 0.09 6 5
21 0.4 99 14 0.25 305.15 1.41 50 75
42 0.51 97 16 0.24 313.95 4.41 140 150
84 0.58 95 18 0.234 319.55 7.56 229 230
Table 5. The case of w/ic = 0.4
?r?)e a  |IRH (calculated) | E (GPa) Vélst ;foa1no;at T(K) (cgléll\flzfe)d) (c;I(g:I]elxrtr;)d) (riéﬁ?lfr"&)
0 0 100 0 04 273.15 0 0 0
10.5 0.27 100 6 0.33 294.37 0.002 1 25
21 0.43 99.5 10 0.275 307.47 0.71 45 60
42 0.55 99 12 0.25 316.80 1.47 88 90
84 0.62 98 13 0.24 322.38 3.01 159 150
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Conclusion

In conclusion, this study proposes a model for
predicting the variation of internal relative humidity
(IRH) with the progression of hydration in cement
pastes. The proposed model was validated using
the data from previous studies and showed good
agreement with the experimental results.

Moreover, the study shows that there is a direct
relationship between the decrease in IRH and the
increase in autogenous shrinkage. This finding is
important for the design of concrete structures, as
it highlights the importance of controlling internal

The proposed IRH model can predict the decrease
of IRH at both early and late ages, and it can be used
to calculate the capillary depression and the meniscus
radius using Laplace—Kelvin equation. Additionally, the
proposed method of calculating autogenous shrinkage
at early ages gives significant results, and the calculated
values are close to the experimental data.

In summary, this study provides a comprehensive
understanding of the relationship between IRH and
autogenous shrinkage in cement pastes, and offers
a practical model for predicting IRH and autogenous
shrinkage at early and late ages. These findings are

useful for the design and maintenance of concrete
structures.

humidity in order to avoid excessive autogenous
shrinkage.
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AHHoOTauus

BBepeHue: [JaHHOEe uccrefoBaHWE MOCBSLLIEHO MCCIENOBaHMIO NPOLECCOB Pa3BUTUS ayTOTEHHOW YCafKkv LEMEHTHbIX
nacT W NpeacTaBrnsieT HOBbIM METOo pacyeTa, YYUTbIBAKOLWUIA U3MEHEHUS BHYTPEHHEW OTHOCUTENbHOW BMaXHOCTU.
BHYTpeHHsAs1 OTHOCUTENbHAsA BMaXHOCTb CYLLECTBEHHO BIUSIET HA ayTOrEHHYK YCaaKy, U ee 3BOMOLMSA MOAENMpyeTcs
Ha OCHOBE KpMBbIX CHWXEHUS. [peanoXeHHbIn MeTod TOYHO OLIEHMBAET ayTOreHHyH ycaKy M XOpOLUO cornacyeTcst ¢
3KCnepuMeHTanbHbIMU AaHHbIMKU. Kpome Toro, mo ypaBHeHuto Jlannaca-KenbBuHa Obinv paccyvTaHbl KanunnspHasi
penpeccua 1 paguyc meHucka. Metoabl: UToObl NpenoTBpaTUTe pasBUTUE paHHEWR ayTOreHHOW ycaaKu CTPOUTENbHbIX
maTtepuanos, Obin pa3paboTaH HOBbI METOA pacyeTa, KOTOpbI YYUTHIBAET U3MEHEHME BHYTPEHHEN OTHOCUTENbHOW
BraXHocTW. [poaHanuanpoBaHbl KPUBbIE CHWXEHWS, UCMONb30BaHHbIE ANsi MOAENUPOBaHWUS U3MEHEHUS BHYTPEHHEW
OTHOCUTENbHOM BNaXHOCTWM, U MoATBepXAeHa [OCTOBEPHOCTb HOBOM MOAENM Ha OCHOBE aHanmMsa 3MMIUMPUYEcKnX
OaHHbIX, MpeAcTaBneHHbIX B ApYrux uccriegoBaHusix. Pesynbrartbl: HoBas mopenb NporHO3MpoBaHUS U3MEHEeHUst
BHYTPEHHEN OTHOCUTENbHOW BNAXHOCTU U ayTOFEHHOW ycaaku B MOPTNaHALEMEHTHbIX NacTax, OCHOBaHHAsi HA CTENeHn
rmapataumm LeMeHTa, COOTHOLEHUN BoAbl U LUeMeHTa (B/U) U KPUTUYECKOW CTeneHun ruapartaumm (acr), cornacyetcst ¢
3KCNnepUMeEHTarnbHbIMU AAHHBIMU U CYLLECTBYHOLLUMMU MOZENsMU. OTO UCCNENOBaHNE NOAYEPKMBAET BAXHOCTb KOHTPOMS
BHYTPEHHEN BNa)KHOCTU A1 YMEHbLUIEHUS ayTOre€HHOW ycafku B GETOHHbIX KOHCTPYKLIMSIX.

KniouyeBble cnoBa: LleMEHTHOE TECTO, ayTOoreHHasa ycaaka, BHYTPEeHHAA OTHOCUTESIbHaA BNaXHOCTb, NPOrHo3npoBaHue,
mMogennpoBsaHue, KpuBble CHMXEHUA.

22



