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A B S T R A C T

Proton NMR tests on hydrating white cement paste provide access to the mix-, storage-, and temperature-
dependent evolutions of the hydrogen portions found in capillary and gel pores, solid C-S-H, and calcium
hydroxide, respectively. The aforementioned dependencies vanish once the hydrogen molar fractions are
plotted as functions of the precipitation degree, which we have introduced here as the ratio of the amount
of hydrogen bound in solids, over the total amount of hydrogen. The precipitation rate is governed by
one activation energy and a linear affinity function of the current precipitation degree normalized by its
maximum value. The latter decreases linearly with increasing curing temperature, being consistent with the
temperature-dependent water content of solid C-S-H. The corresponding water-to-silica ratio, together with
the precipitation degree and the mix and storage characteristics, provide access to the volume fractions of the
hydrogen-containing phases, of clinker, and of voids, as well as to the degree of hydration.
1. Introduction

Cement hydration [1] comprises a number of chemical reactions
between water and different clinker components [with the most promi-
nent ones being tricalcium silicate or alite, with chemical formula
(CaO)3(SiO2) or, in short, C3S, and dicalcium silicate or belite, with
chemical formula (CaO)2(SiO2) or, in short, C2S], leading to the for-
mation of hydration products [with the most prominent ones being
calcium-silicate-hydrate, with chemical formula (CaO)𝑥(SiO2)(H2O)𝑦
or, in short, solid C-S-H, and calcium hydroxide or portlandite, with
chemical formula Ca(OH)2 or, in short, CH]. More explicitly, when
not differentiating between the individual reactants and the individual
products, a single chemical equation appears as appropriate, reading as

𝑐𝑙𝑖𝑛𝑘𝑒𝑟 +𝑤𝑎𝑡𝑒𝑟 → ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 . (1)

In this context, one may add that Eq. (1) is strictly fulfilled only
at the end of the hydration reaction of mixes with a ‘‘stiochiometric
value’’ [2] of the (initial) water-to-cement (mass) ratio amounting to
𝑤∕𝑐 = 0.42. Then, clinker and water are completely transformed into
hydration products. In the case of 𝑤∕𝑐 < 0.42, some clinker would be
left on the right-hand side of the reaction; and in the case of 𝑤∕𝑐 >
0.42, some (capillary) water would be left on the right-hand side of
the reaction [2]. The kinetics associated with Eq. (1) is traditionally
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monitored by means of the degree of hydration, 𝜉, a standard definition
of which is the following [2–7]

𝜉(𝑡) = 1 −
𝑚𝑐𝑙𝑖𝑛(𝑡)

𝑚𝑐𝑙𝑖𝑛(𝑡=0)
, (2)

with 𝑚𝑐𝑙𝑖𝑛 standing for the mass of clinker and 𝑡 denoting the age of the
material.

However, Eq. (1) conceals that the chemical reactions between
clinker and water, resulting in the formation of hydration products falls
into (at least) two processes [8–12]: (i) the (exothermic) dissolution
of clinker, providing an ionic solution; and (ii) the precipitation of
the hydration products (mainly calcium-silicate-hydrate and calcium
hydroxide) out of the aforementioned ionic solution. When focusing
on the latter precipitation process, a radically simple chemical reaction
equation may be adopted, namely

H𝐻𝑀 → H𝐿𝑀 , (3)

with H standing for the hydrogen atoms, highly mobile (𝐻𝑀) in the
ionic solution, and bound (and hence with low mobility - 𝐿𝑀) in
solid C-S-H or CH. A particularly interesting feature of the precipitation
equation, Eq. (3), is that its kinetics can be followed from proton
nuclear magnetic resonance relaxometry (proton NMR). This technique
delivers T2 relaxation times which quantify the decay of a magnetic
signal associated with the movement of hydrogen atoms. In more detail,
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hydrogen atoms in cement paste fall into four mobility classes associ-
ated with four typical relaxation times: (i) stronger chemical bonding
in crystals such as calcium hydroxide, (ii) weaker chemical bonding
in calcium-silicate-hydrate building blocks (solid C-S-H), (iii) stronger
confinement in gel pores, and (iv) weaker confinement in capillary
pores. As regards terminology, the composite made of solid C-S-H
building blocks and gel pores is referred to as the ‘‘C-S-H gel’’ [13–15].
In the existing literature, water bound in solid C-S-H is also referred
to as ‘‘interlayer water’’ [16], gel pores as ‘‘intra-C-S-H pores’’ [16],
and capillary pores as ‘‘inter-C-S-H pores’’ [16] as well as ‘‘interhydrate
pores’’ [17], respectively. The essential result of one proton NMR test
are four signal intensities. Their sum is referred to as the ‘‘total signal
intensity’’.

The evolution of the total signal intensity depends on the storage
conditions. It is constant under sealed conditions [17,18], because no
hydrogen enters or leaves the tested specimen, see Fig. 1 for pastes with
different 𝑤∕𝑐 ratios. As regards cement pastes being cured under water,
however, the total signal intensity increases with increasing material
age [19,20], because of uptake of water, see Fig. 2 for pastes cured
at different temperatures. This water fills the space which emerges
as the hydration products fill a smaller volume than the reactants
they are made of (i.e. a smaller volume than that originally filled by
clinker and water). The latter phenomenon is usually referred to as
chemical shrinkage [21,22]. Under sealed conditions, in turn, chemical
shrinkage results in a progressively increasing hydrostatic tension of
the porewater. This tension causes water to cavitate [23], which leads
to the creation of voids filled by water vapor. Their volume fraction
increases with increasing material maturation [11,12].

The experimental data illustrated in Figs. 1 and 2, associated to
clinkers with mineralogical compositions given in Table 1, are the
basis for the present analysis, dealing with the quantification of the
precipitation process in terms of differently mobile hydrogen fractions.
As a naturally emerging quantity describing exactly this precipitation
in the context of proton NMR data, we resort to the amount of solidly
bound hydrogen (i.e. that with relaxation times of 𝑇2 ≈ 100 μs and
maller [24]), and relate it to the overall hydrogen (irrespective of
ts mobility). Accordingly, we here coin the term of ‘‘precipitation
egree’’ 𝜂 as

= H𝐿𝑀

H𝐻𝑀 + H𝐿𝑀 =
𝑎𝐻,𝐶𝐻 + 𝑎𝐻,𝑠𝐶𝑆𝐻

𝑎𝐻
, (4)

with 𝑎𝐻,𝐶𝐻 and 𝑎𝐻,𝑠𝐶𝑆𝐻 standing for the amounts of hydrogen bound
nto calcium hydroxide (𝐶𝐻) and into solid C-S-H (𝑠𝐶𝑆𝐻), respec-

tively, and with 𝑎𝐻 as the total amount of hydrogen found in the
tested sample at the time of testing, including both solidly bound
hydrogen and hydrogen in liquid form, the latter filling either the
gel (𝑔𝑝𝑜𝑟) or the capillary pores (𝑐𝑝𝑜𝑟): 𝑎𝐻 = 𝑎𝐻,𝐶𝐻 + 𝑎𝐻,𝑠𝐶𝑆𝐻 +
𝑎𝐻,𝑔𝑝𝑜𝑟 + 𝑎𝐻,𝑐𝑝𝑜𝑟. As a function of this newly introduced precipitation
degree, we will study paste composition, reaction kinetics, as well as
the evolution of the mass density of solid C-S-H, and we will finally
link all the insight gained here to the key quantity of traditional cement
chemistry: the degree of hydration according to Eq. (2). Accordingly,
the remainder of the present paper is organized as follows: Section 2
covers the evolution of the amounts of differently bound hydrogen
portions; and then elucidates characteristics which are independent
of initial composition, curing temperature, and storage conditions.
The temperature-independent aspects of the precipitation kinetics are
quantified in Section 3, in terms of an affinity function depending on
a normalized precipitation degree only, while temperature intervenes
through an Arrhenius-type activation term. Section 4 translates the mo-
lar fractions of hydrogen into masses, linking the precipitation degree
to the classical hydration degree. Section 5 translates these masses into
phase-evolution diagrams, providing volume fractions of gel and capil-
lary porosities, calcium hydroxide, and solid C-S-H, together with the
ones of clinker and vapor-filled voids as functions of the precipitation
degree. Then, Section 6 (Discussion and Conclusion) puts the novel
2

results in context with the current state of the art. 1
Table 1
Phase composition (in weight-%) of the batches of white cement from Aalborg Portland
used for pastes cured under sealed conditions [18] and under water [19].

Phases Sealed curing Underwater storage

batch 1 batch 1 batch 2

alite 66.9 66.9 64.0
belite 20.0 19.7 19.5
aluminate 3.5 3.6 3.3
ferrite 1.0 0.8 0.0
calcium hydroxide 1.0 0.7 1.8
anhydrite 2.3 2.6 –
bassanite 2.1 2.1 2.1
lime 0.3 – –
gypsum – – 3.3
amorphous 2.9 3.6 6.0

2. Temperature-, storage-, and mix-invariant relations between
molar fractions of differently mobile hydrogen portions and the
precipitation degree 𝜼

2.1. Normalized NMR signals, molar fractions of differently mobile hydro-
gen portions, and the precipitation degree

Muller et al. [17,18] and Gajewicz et al. [19,20] published normal-
ized NMR signals intensities:

𝐼𝑗 (𝑡) ∶=
𝑆𝐻,𝑗 (𝑡)
𝑆𝐻 (𝑡=0)

, 𝑗 ∈ [𝐶𝐻, 𝑠𝐶𝑆𝐻, 𝑔𝑝𝑜𝑟, 𝑐𝑝𝑜𝑟] , (5)

see Figs. 1 and 2. 𝑆𝐻,𝑗 stands for the signal intensity associated with
hydrogen in calcium hydroxide, solid C-S-H, gel pores, and capillary
pores, 𝑆𝐻 for the total signal intensity, 𝑡 for the time, and 𝑡=0 for the
time instant of the first NMR measurement. 𝑆𝐻,𝑗 is proportional to the
amount of hydrogen in material domain 𝑗, while 𝑆𝐻 is proportional
o the total amount of hydrogen in the tested sample of cement paste.
herefore, Eq. (5) can be re-written in terms of amounts of hydrogen:

𝑗 (𝑡) =
𝑎𝐻,𝑗 (𝑡)
𝑎𝐻 (𝑡=0)

, 𝑗 ∈ [𝐶𝐻, 𝑠𝐶𝑆𝐻, 𝑔𝑝𝑜𝑟, 𝑐𝑝𝑜𝑟] . (6)

q. (6) allows for expressing 𝜂 according to Eq. (4) as:

(𝑡) =
𝐼𝐶𝐻 (𝑡) + 𝐼𝑠𝐶𝑆𝐻 (𝑡)

𝐼𝐶𝐻 (𝑡) + 𝐼𝑠𝐶𝑆𝐻 (𝑡) + 𝐼𝑔𝑝𝑜𝑟(𝑡) + 𝐼𝑐𝑝𝑜𝑟(𝑡)
. (7)

Notably, the precipitation degree according to Eq. (4) relates the
amount of solidly bound hydrogen, at any time 𝑡, to the total amount
of hydrogen which is in the system at that time, rather than to the
initial amount of hydrogen. This provides the motivation to introduce
the molar fractions of the differently bound hydrogen portions

𝐻,𝑗 (𝑡) ∶=
𝑎𝐻,𝑗 (𝑡)
𝑎𝐻 (𝑡)

, 𝑗 ∈ [𝐶𝐻, 𝑠𝐶𝑆𝐻, 𝑔𝑝𝑜𝑟, 𝑐𝑝𝑜𝑟] , (8)

where, differing from the situation encountered in Eqs. (5) and (6),
𝑎𝐻 (𝑡) rather than 𝑎𝐻 (𝑡=0) appears in the denominator. Therefore, the
sum of all four different hydrogen molar fractions is, at any time 𝑡,
equal to 1:

1 = 𝐻,𝐶𝐻 (𝑡) + 𝐻,𝑠𝐶𝑆𝐻 (𝑡) + 𝐻,𝑔𝑝𝑜𝑟(𝑡) + 𝐻,𝑐𝑝𝑜𝑟(𝑡) . (9)

he corresponding expression for the precipitation degree 𝜂 as a func-
ion of the molar fractions of the differently mobile hydrogen portions
s obtained from inserting Eq. (8) into Eq. (4), yielding

(𝑡) = 𝐻,𝐶𝐻 (𝑡) + 𝐻,𝑠𝐶𝑆𝐻 (𝑡) . (10)

nsertion of Eq. (10) into Eq. (9) allows one to express the molar
raction of hydrogen in liquid form, as function of the precipitation
egree:
− 𝜂(𝑡) = 𝐻,𝑔𝑝𝑜𝑟(𝑡) + 𝐻,𝑐𝑝𝑜𝑟(𝑡) . (11)
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Fig. 1. Proton NMR signal fractions as function of material age, obtained from white cement paste samples of 8mm diameter and 10mm height, with 𝑤∕𝑐=0.32 (red), 𝑤∕𝑐=0.40
blue), and 𝑤∕𝑐=0.48 (green), cured under sealed conditions at 𝑇 =20 °C [17,18]: normalized signal intensities of hydrogen (a) in capillary pores (𝑐𝑝𝑜𝑟), (b) in gel pores (𝑔𝑝𝑜𝑟),
c) in solid C-S-H (𝑠𝐶𝑆𝐻), and (d) in calcium hydroxide (𝐶𝐻). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
his article.)
t
w
b
i
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.2. Identification of mix-invariant relations between hydrogen molar frac-
ions and precipitation degree; obtained from NMR data of samples cured
nder sealed conditions

Sealed samples are closed systems. The total amount of hydrogen is
onstant over time, and equal to the initial amount: 𝑎𝐻 (𝑡) = 𝑎𝐻 (𝑡=0),
nd the same holds for the total NMR signal intensity: 𝑆𝐻 (𝑡) = 𝑆𝐻 (𝑡=
). Therefore, the molar fractions of the differently mobile hydrogen
ortions according to Eq. (8) are equal to the normalized NMR signals
ccording to Eqs. (5) and (6), see Fig. 1 for experimental data:

𝐻,𝑗 (𝑡) = 𝐼𝑗 (𝑡) , 𝑗 ∈ [𝐶𝐻, 𝑠𝐶𝑆𝐻, 𝑔𝑝𝑜𝑟, 𝑐𝑝𝑜𝑟] . (12)

parametric plot showing the molar fraction of hydrogen in solid
-S-H over the precipitation degree, produced from the normalized
MR signal intensities from Fig. 1, in combination with Eqs. (7) and

12), underlines that 𝐻,𝑠𝐶𝑆𝐻 increases overlinearly with increasing 𝜂,
ndependently of the initial water-to-cement mass ratio, see Fig. 3. This
verlinear trend can be quantified by means of a power law:

𝐻,𝑠𝐶𝑆𝐻 = 𝜋1 𝜂
𝜋2 , (13)

ith the numerical values of the constants 𝜋1 and 𝜋2 being listed
n Table 2. The mathematical relation between the molar fraction of
ydrogen in calcium hydroxide and the precipitation degree is obtained
rom inserting Eq. (13) into Eq. (10), and from solving the resulting
xpression for 𝐻,𝐶𝐻 :

𝐻,𝐶𝐻 = 𝜂 − 𝜋1 𝜂
𝜋2 . (14)
3

Table 2
Factorial, exponential, and proportionality constants quantifying mix-, storage-, and
temperature-independent precipitation characteristics, identified from the NMR data of
Fig. 1.

Context Value of the constant References

precipitation of solid C-S-H 𝜋1 = 0.6419 Eq. (13), Fig. 3
precipitation of solid C-S-H 𝜋2 = 1.3000 Eq. (13), Fig. 3
development of gel and capillary pores 𝜋3 = 1.9095 Eq. (19), Fig. 4

In order to differentiate, within the total water-filled pore space,
between gel and capillary pores, volume fractions of gel and capillary
pores with respect to the total pore volume are introduced as:

𝜑𝑔𝑝𝑜𝑟(𝑡) =
𝐻,𝑔𝑝𝑜𝑟(𝑡)

𝐻,𝑐𝑝𝑜𝑟(𝑡) + 𝐻,𝑔𝑝𝑜𝑟(𝑡)
, (15)

𝜑𝑐𝑝𝑜𝑟(𝑡) =
𝐻,𝑐𝑝𝑜𝑟(𝑡)

𝐻,𝑐𝑝𝑜𝑟(𝑡) + 𝐻,𝑔𝑝𝑜𝑟(𝑡)
, (16)

such that 𝜑𝑔𝑝𝑜𝑟(𝑡)+𝜑𝑐𝑝𝑜𝑟(𝑡) = 1. Illustrating 𝜑𝑔𝑝𝑜𝑟(𝑡) and 𝜑𝑐𝑝𝑜𝑟(𝑡) according
o Eqs. (15) and (16) over 𝜂(𝑡), based on NMR signals from Fig. 1 as
ell as Eqs. (7) and (12), evidences a virtually linear dependence of
oth 𝜑𝑐𝑝𝑜𝑟 and 𝜑𝑔𝑝𝑜𝑟, on the precipitation degree, with decreasing and
ncreasing trends, respectively, and independent of the initial water-to-
ement mass ratio, see Fig. 4. The point-wisely resolved relationship is
eproduced by means of the following bilinear functions:

𝑔𝑝𝑜𝑟 =
{

𝜋3 𝜂 … 𝜂 ≤ 1∕𝜋3 ,
1 . … 𝜂 > 1∕𝜋3 ,

(17)

𝜑𝑐𝑝𝑜𝑟 =
{

1 − 𝜋3 𝜂 … 𝜂 ≤ 1∕𝜋3 , (18)

0 . . . … 𝜂 > 1∕𝜋3 ,
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Fig. 2. Proton NMR signal fraction as function of material age, obtained from white cement paste samples of 8mm diameter and 10mm height, with 𝑤∕𝑐=0.40 and cured under
water at different temperatures [19,20]: 𝑇 = 10 °C (red), 𝑇 = 20 °C (blue), 𝑇 = 30 °C (green), 𝑇 = 40 °C (pink), 𝑇 = 50 °C (orange), and 𝑇 = 60 °C (yellow): normalized signal
ntensities of hydrogen in (a) capillary pores (𝑐𝑝𝑜𝑟), (b) gel pores (𝑔𝑝𝑜𝑟), (c) solid C-S-H (𝑠𝐶𝑆𝐻), and (d) calcium hydroxide (𝐶𝐻). (For interpretation of the references to color
n this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Molar fraction of hydrogen in solid C-S-H, 𝐻,𝑠𝐶𝑆𝐻 , as function of the
precipitation degree 𝜂: the points are derived from NMR data of Fig. 1, the solid line
refers to the power-law of Eq. (13), with constants listed in Table 2. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

with the numerical value of the constant 𝜋3 being listed in Table 2. The
mathematical relation between 𝐻,𝑔𝑝𝑜𝑟, the molar fraction of hydrogen
in gel pores, and 𝜂 is obtained from solving Eq. (15) for 𝐻,𝑔𝑝𝑜𝑟 and from
inserting Eqs. (11) and (17) into the resulting expression, yielding

𝐻,𝑔𝑝𝑜𝑟 =
{

(1 − 𝜂) (𝜋3 𝜂) … 𝜂 ≤ 1∕𝜋3 , (19)
4

1 − 𝜂 . . . … 𝜂 > 1∕𝜋3 .
Similarly, the mathematical relation between 𝐻,𝑐𝑝𝑜𝑟, the molar fraction
of hydrogen in capillary pores, and 𝜂 follows as

𝐻,𝑐𝑝𝑜𝑟 =
{

(1 − 𝜂) (1 − 𝜋3 𝜂)… 𝜂 > 1∕𝜋3 ,
0 . . . . . . … 𝜂 > 1∕𝜋3 .

(20)

qs. (13), (14), (19), and (20) quantify the four different molar frac-
ions of hydrogen, as functions of the precipitation degree, indepen-
ently of the initial water-to-cement mass ratio, see Fig. 5. In order to
heck whether Eqs. (13), (14), (19), and (20) are also independent of
uring temperature and storage conditions, the NMR data of Gajewicz
t al. [19,20] will be analyze next, see also Appendix for further details
n the essentials concerning tested materials and testing procedures.

.3. Testing temperature- and storage-invariance of the relations between
ydrogen molar fractions and the precipitation degree: evaluation of NMR
ata from samples cured under water at six different temperatures

Samples cured under water are open systems. Driven by chemical
hrinkage, water is sucked into the open porosity of the samples.
his results in a progressive increase of the total amount of hydrogen

n the sample, as indicated by the total NMR intensity. Under these
onditions, the molar fractions of hydrogen according to Eq. (8) are
qual to normalized signal intensities according to Eqs. (5) and (6),
ivided by the sum of all four normalized signal intensities:

𝐻,𝑗 (𝑡) =
𝐼𝑗 (𝑡)

𝐼𝐶𝐻 (𝑡) + 𝐼𝑠𝐶𝑆𝐻 (𝑡) + 𝐼𝑔𝑝𝑜𝑟(𝑡) + 𝐼𝑐𝑝𝑜𝑟(𝑡)
,

𝑗 ∈ [𝐶𝐻, 𝑠𝐶𝑆𝐻, 𝑔𝑝𝑜𝑟, 𝑐𝑝𝑜𝑟] . (21)
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Fig. 4. Trends of gel and capillary pore fractions, with the precipitation degree: the
oints are derived from NMR data of Fig. 1, the solid line refers to the bilinear function
f Eqs. (17) and (18), see also Table 2. (For interpretation of the references to color
n this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Cumulative molar fractions of hydrogen found in capillary pores (𝑐𝑝𝑜𝑟), gel
ores (𝑔𝑝𝑜𝑟), solid C-S-H (𝑠𝐶𝑆𝐻), and calcium hydroxide (𝐶𝐻), as functions of the
recipitation degree: the data points refer to NMR data from sealed-cured cement
astes with different initial water-to-cement mass ratios [17,18]: 𝑤∕𝑐 = 0.32 (circles),
∕𝑐 = 0.40 (crosses), and 𝑤∕𝑐 = 0.48 (triangles); the shaded domains refer to hydrogen

n calcium hydroxide (𝐶𝐻 , pink), solid C-S-H (𝑠𝐶𝑆𝐻 , green), gel pores (𝑔𝑝𝑜𝑟, purple),
nd capillary pores (𝑐𝑝𝑜𝑟, blue); the boundaries between the shaded domains refer
o Eqs. (13), (14), (19), and (20), together with the constants of Table 2. (For
nterpretation of the references to color in this figure legend, the reader is referred
o the web version of this article.)

nserting the NMR data from Fig. 2 into Eqs. (7) and (21) allows for
llustrating the evolution of molar fractions of hydrogen as a function of
he precipitation degree, see the points in Fig. 6. The obtained chains of
ata points referring to NMR data of under water cured samples agree
ell with the model predictions derived from samples cured under

ealed conditions, according to Eqs. (13), (14), (19), and (20), together
ith the constants of Table 2; these predictions being indicated through

he boundaries between the differently shaded domains in Fig. 6.
Notably, the boundaries between the differently shaded phase do-

ains in Figs. 5 and 6 are the same. The data points, in turn, come
rom two different laboratories and refer to two different NMR testing
evices, two different cements, three different values of the initial
ater-to-cement mass ratio, six different values of the curing tempera-

ure, and two different types of storage conditions. Thus, Figs. 5 and 6
orroborate the remarkable ‘‘universality’’ of the Eqs. (13), (14), (19),
5

Fig. 6. Exemplary model validation: cumulative molar fractions of hydrogen as
function of the precipitation degree: the data points refer to NMR data from under
water cured cement pastes stored at different temperatures [19,20]: 𝑇 = 10 °C (circles),
= 20 °C (squares), 𝑇 = 30 °C (triangles), 𝑇 = 40 °C (crosses), 𝑇 = 50 °C (diamonds),

nd 𝑇 = 60 °C (stars); the shaded domains refer to hydrogen in calcium hydroxide (𝐶𝐻 ,
ink), solid C-S-H (𝑠𝐶𝑆𝐻 , green), gel pores (𝑔𝑝𝑜𝑟, purple), and capillary pores (𝑐𝑝𝑜𝑟,
lue); the boundaries between the shaded domains are model-predictions according
o Eqs. (13), (14), (19), and (20), together with the constants of Table 2. (For
nterpretation of the references to color in this figure legend, the reader is referred
o the web version of this article.)

Table 3
Temperature-independent binary variable 𝜋4 distinguishing be-
tween two types of curing conditions: (i) sealed storage (= closed
system), and (ii) underwater storage (= open system), leading to
the increase of the total amount of hydrogen resulting from uptake
of water driven by chemical shrinkage.

Curing conditions Value of the binary variable

sealed storage 𝜋4 = 0.0000
underwater storage 𝜋4 = 0.1880

and (20), see also Table 2. These relations are independent of initial
composition, curing temperature, and storage conditions.

2.4. Water and hydrogen uptake characteristics of cement pastes cured
under water

Cement pastes cured under water suck in water in order to fill the
space provided by chemical shrinkage (Le Châtelier contraction). It is
instructive to plot the corresponding hydrogen uptake normalized by
the initial hydrogen amount, 𝛥𝐼𝐻 , which reads, under consideration of
Eq. (6), as

𝛥𝐼𝐻 (𝑡) =
𝑎𝐻 (𝑡) − 𝑎𝐻 (𝑡=0)

𝑎𝐻 (𝑡=0)
=

𝐼𝑡𝑜𝑡(𝑡) − 𝐼𝑡𝑜𝑡(𝑡=0)
𝐼𝑡𝑜𝑡(𝑡=0)

, (22)

with 𝐼𝑡𝑜𝑡(𝑡) = 𝐼𝐶𝐻 (𝑡) + 𝐼𝑠𝐶𝑆𝐻 (𝑡) + 𝐼𝑔𝑝𝑜𝑟(𝑡) + 𝐼𝑐𝑝𝑜𝑟(𝑡), as function of the
recipitation degree, see Fig. 7. One observes that also the hydrogen-
ptake of cement pastes cured under water turns out as a temperature-
ndependent linear precipitation characteristic, which can be mathe-
atically quantified as

𝑡 ∶ 𝛥𝐼𝐻 (𝑡) = 𝜋4 𝜂(𝑡) , → 𝛥𝐼𝐻 = 𝜋4 𝜂 =
𝑎𝐻 (𝜂) − 𝑎𝐻 (𝜂=0)

𝑎𝐻 (𝜂=0)
, (23)

with the numerical value of the constant 𝜋 being listed in Table 3.
4
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Fig. 7. Relative increase of the total NMR intensity (reflecting water uptake by cement
pastes cured under water) as function of the precipitation degree; the points are derived
from the NMR data of Fig. 2, the solid line refers to the linear function of Eq. (23),
see also Table 3. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 8. Temporal evolution of the precipitation degree of cement pastes with 𝑤∕𝑐 = 0.40
ured under water and isothermally at: 𝑇 = 10 °C (red), 𝑇 = 20 °C (blue), 𝑇 = 30 °C
green), 𝑇 = 40 °C (pink), 𝑇 = 50 °C (orange), and 𝑇 = 60 °C (yellow); the points were
btained from insertion of the data of Fig. 2 into Eq. (7). (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
his article.)

Fig. 9. ‘‘Eventually’’ reached ‘‘maximum’’ precipitation degree of cement pastes with
∕𝑐=0.40 cured under water at different temperatures; the points refer to the rightmost
ata points in Fig. 8, the line refers to the best linear regression function, see Eq. (24)
nd Table 4.
6

b

Table 4
Constants quantifying the influence of temperature on the precipitation kinetics.

Context/quantity Value of the constant Reference

slope in Fig. 9 𝜋5 = −1.425 × 10−3 °C−1 Eq. (24)
intercept in Fig. 9 𝜋6 = 0.5240 Eq. (24)
reference water-to-silica ratio [(H2O)∕(SiO2)](𝑇 =20 °C) = 1.8 [17,25]
activation energy 𝐸𝑎 = 33.260 kJ∕mol [26,27]
universal gas constant 𝑅 = 8.3145 J∕(mol°C)
chemical affinity function 𝐴0 = 6.124 s−1 Eq. (28)

3. Precipitation kinetics

3.1. Precipitation evolutions governed by curing temperature, derived from
NMR data

Translating, by means of Eq. (7), the NMR data of Fig. 2 into
values of the precipitation degree, and illustrating them as a function of
the age of the material, provides quantitative insight into remarkable
features, as can be seen from Fig. 8: (i) at early age, the precipitation
process is the faster, the higher the curing temperature, (ii) at mature
material ages, the reaction kinetics decays by orders of magnitude,
such that the precipitation degree reaches a virtually constant value,
and (iii) the ‘‘eventually’’ attained ‘‘maximum’’ precipitation degree,
𝜂𝑚𝑎𝑥, decreases with increasing curing temperature, in a virtually linear
fashion, see Fig. 9.1 The corresponding best linear regression function
reads as

𝜂𝑚𝑎𝑥(𝑇 ) = 𝜋5 𝑇 + 𝜋6 , (24)

ith the numerical values of the constants 𝜋5 and 𝜋6 being listed in
able 4. The ‘‘eventually’’ attained ‘‘maximum’’ precipitation degrees
f Fig. 9 suggests the introduction of a normalized precipitation degree,
̃, which increases from zero to one:

̃ =
𝜂

𝜂𝑚𝑎𝑥(𝑇 )
, 0 ≤ �̃� ≤ 1 . (25)

t is important to note that the termination of the precipitation degree
volution at an ever lower value for increasing temperatures does not
eflect kind of a premature termination of a chemical reaction, but
ather a smaller amount of water in the same amount of solid C-S-H,
s was evidenced by scanning electron microscopy, X-ray diffraction,
nd Si29 NMR spectroscopy applied to cement paste samples cured at
ifferent temperatures [28]. Considering, accordingly, a water-to-silica
atio of 1.8 at 𝑇 = 20 °C [17,25], the maximum precipitation degree of
q. (24) proposes the former to decrease with increasing temperature
n the form

(H2O)∕(SiO2)](𝑇 ) = [(H2O)∕(SiO2)](𝑇 =20 °C)
𝜂𝑚𝑎𝑥(𝑇 )

𝜂𝑚𝑎𝑥(𝑇 =20 °C)

= 3.6327
(

𝜋5 𝑇 + 𝜋6
)

, (26)

whereby we have made use of Eq. (24) and Table 4. The corresponding
trend, illustrated in Fig. 10, agrees well with an independent testing
campaign on oil-well cement, comprising X-ray diffraction with Ri-
etveld analysis and thermogravimetry [29]; see Fig. 10. An even more
‘‘perfect’’ match between the solid line and the series of five data points
in Fig. 10 is not necessarily expected, since the line and the points refer
to different cements (white Portland cement versus oil-well cement),
different hydration periods (100 versus 28 days), and different initial
composition (𝑤∕𝑐 = 0.40 versus 𝑤∕𝑐 = 0.44). Still, the accordance of
trends seen in Fig. 10 strongly motivates the development of a kinetics
model on the normalized precipitation degree according to Eq. (25), as
described next.

1 The words ‘‘eventually’’ and ‘‘maximum’’ were put under quotation marks,
ecause, strictly speaking, hydration does never stop completely.
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Fig. 10. Water-to-silica ratio of solid C-S-H: line computed from Eq. (26); data points
from independent thermogravimetry [29].

3.2. Identification of Arrhenius-type precipitation kinetics law

In line with pertinent hydration modeling on the basis of the de-
gree of hydration [26,30–32], the evolution of �̃� is represented by an
Arrhenius law [33]
d�̃�
d𝑡

= 𝐴(�̃�) exp
(

−
𝐸𝑎

𝑅
[

𝑇 (𝑡) + 273.15°C
]

)

, (27)

where 𝐴(�̃�) denotes the chemical affinity function, 𝐸𝑎 = 33.260 kJ∕mol
stands for the activation energy [26,27], and 𝑅 = 8.3145 J∕(mol°C) the
universal constant for ideal gases. 𝑇 (𝑡) is the temporal evolution of the
curing temperature in degrees centigrade. Analyzing isothermal NMR
experiments, 𝑇 (𝑡) becomes a constant.

As regards properties of 𝐴(�̃�), Fig. 8 suggests that the chemical affin-
ity function is positive for small values of �̃�, and that it monotonously
decreases with increasing �̃�, approaching zero as �̃� approaches 1. From
classical physical chemistry [34], a linear function is used:

𝐴(�̃�) = 𝐴0
(

1 − �̃�
)

, 0 ≤ �̃� ≤ 1 , (28)

where 𝐴0 is a constant which needs to be identified from experimental
data. In order to derive a closed-form-solution for the time-evolution of
�̃�, Eq. (28) is inserted into Eq. (27). This delivers (under consideration
of isothermal curing: 𝑇 = const.) a linear, inhomogeneous, ordinary,
first-order differential equation with constant coefficients. Its solution
reads as

�̃� = 1 − exp
(

− 𝑡
𝑡0

)

, (29)

where 𝑡0 denotes a temperature-dependent characteristic time depend-
ing on 𝐴0 and 𝑇 , reading as

0 =
1
𝐴0

exp
(

𝐸𝑎

𝑅
[

𝑇 + 273.15°C
]

)

. (30)

closed-form expression for the precipitation degree 𝜂 as a function
f the age of the material and of the curing temperature is obtained
rom insertion of Eq. (30) into Eq. (29), from insertion of the resulting
xpression for �̃�, together with Eq. (24), into Eq. (25), and from solving
he obtained equation for 𝜂:

𝑚𝑜𝑑 =
[

1 − exp
(

−𝑡 𝐴0 exp
(

−
𝐸𝑎

𝑅
[

𝑇 + 273.15°C
]

))]

× (𝜋5 𝑇 + 𝜋6) , (31)

where the subscript 𝑚𝑜𝑑 stands for ‘‘modeling’’.
For the identification of a value for 𝐴0, and the subsequent check-

ing of the significance of this value, we perform the following steps:
7

First, we consider the NMR data associated with the experiments F
Fig. 11. Temporal evolution of the precipitation degree of cement pastes with 𝑤∕𝑐 =
0.40 cured under water and isothermally at: 𝑇 = 10 °C (red), 𝑇 = 20 °C (blue), 𝑇 = 30 °C
green), 𝑇 = 40 °C (pink), 𝑇 = 50 °C (orange), and 𝑇 = 60 °C (yellow); the points were
btained from insertion of the data of Fig. 2 into Eq. (7), the solid lines were obtained
rom Eq. (31) and constants listed in Table 4. (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of this article.)

Table 5
Root-mean-square errors according to Eq. (32), referring to the differences between
experimental data points and Arrhenius-type kinetics model predictions of Fig. 11.
𝑇 10 °C 20 °C 30 °C 40 °C 50 °C 60 °C

𝜖(𝑇 ) 0.0223 0.0260 0.0185 0.0171 0.0182 0.0182

performed under the highest curing temperature: 60 °C. The following
root-mean-square error function is minimized:

𝜖(𝑇 ) =

√

√

√

√

1
𝑛𝑇

𝑛𝑇
∑

𝑖=1

[

𝜂𝑚𝑜𝑑 (𝑇 , 𝑡𝑖;𝐴0) − 𝜂𝑒𝑥𝑝(𝑇 , 𝑡𝑖)
]2

, (32)

here 𝑛𝑇 denotes the number of available experimental data points re-
erring to curing temperature 𝑇 , and where 𝜂𝑒𝑥𝑝(𝑇 , 𝑡𝑖) denotes
xperimental values resulting from insertion of NMR data of Fig. 2 into
q. (7). The smallest attainable value of 𝜖(60 °C) amounts to 0.0182,
nd it is obtained for

0 = 6.124 s−1 , (33)

ee also the yellow graph and data points in Fig. 11.
Next, we evaluate Eq. (31) for the affinity value given in Eq. (33),

ogether with the kinetics constants of Table 4, for the remaining curing
emperatures of 10, 20, 30, 40, and 50 °C, see Fig. 11. The correspond-
ng model curves agree remarkably well with the experimental data
epicted in Figs. 8 and 11. Corresponding prediction errors according
o Eq. (32) are satisfactorily small: even for the two smallest curing
emperatures (10 °C and 20 °C, respectively) they are smaller than
.5 × 𝜖(60 °C), see Table 5. This underlines that one value of 𝐴0, see
q. (33), is sufficient for an appropriate description of the reaction
inetics, for curing temperatures ranging from 10 °C to 60 °C.

The NMR data, together with the validated kinetics model, provide
quantitative description of the following precipitation characteristics:

he higher the curing temperature, the faster the reaction kinetics, but
he smaller the finally attained precipitation degree [35], see Fig. 12.

hile the paste composition is solely governed by the precipitation
egree, see Figs. 5 and 6, and while the precipitation kinetics can be
escribed by one temperature-invariant chemical affinity function, see
qs. (28) and (33) as well as Fig. 11, the ‘‘eventually’’ attained ‘‘max-
mum’’ precipitation degree does depend on the curing temperature.
ore precisely, it decreases with increasing curing temperature, see

igs. 11 and 12.
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Table 6
Physical properties of water, calcium-silicate in C-S-H, and calcium hydroxide [17,25,28].

Water Calcium-silicate in C-S-H Calcium hydroxide

chemical formula H2O (CaO)1.7SiO2 Ca(OH)2
hydrogen atoms per molecule [–] 𝑛𝐻,H2O = 2 – 𝑛𝐻,𝐶𝐻 = 2
molar mass [g/mol] 𝑀H2O = 18.01 𝑀𝐶𝑆 = 155.4 𝑀𝐶𝐻 = 74.09
t
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Fig. 12. Precipitation degree reached after 𝑡 = 1 day (blue), 𝑡 = 2 days (green), 𝑡 = 3 days
(yellow), and 𝑡 = 28 days (red), as a function of curing temperature, according to the
predictions of Eq. (31) and Table 4. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

4. Precipitation-driven constituent masses in the cement paste
system, and corresponding degree of hydration

Having identified the precipitation degree as mix-, storage-, and
temperature-invariant driver of all the hydrogen portions within a hy-
drating cement paste system, together with its temperature-dependent
evolution characteristics, it is now time to relate the aforementioned
hydrogen portions to all the constituents or phases which make up
the investigated material system, as well as to the classical hydration
degree. Starting with the hydrogen-containing phases, and denoting by
𝑛𝐻,𝑗 the number of hydrogen atoms in one molecule of phase 𝑗, the
mass of hydrogen-containing phase 𝑗 amounts to

𝑚𝑗 (𝑡) =
𝐻,𝑗 (𝑡)
𝑛𝐻,𝑗

𝑀𝑗 𝑎𝐻 (𝑡) , 𝑗 ∈ [𝐶𝐻, 𝑠𝐶𝑆𝐻, 𝑔𝑝𝑜𝑟, 𝑐𝑝𝑜𝑟] , (34)

ith 𝑀𝑗 as the molar mass of phase 𝑗, i.e. the mass of one mole of phase
. The number of hydrogen atoms per molecule is constant in the case
f calcium hydroxide and of the water filling the gel and capillary pores
see Table 6), while it depends on the curing temperature in the case
f solid C-S-H, with the water-to-silica ratio [(H2O)∕(SiO2)](𝑇 ) following
q. (26). This leads to

𝐻,𝑠𝐶𝑆𝐻 (𝑇 ) = 𝑛𝐻,H2O × 3.6327
(

𝜋5 𝑇 + 𝜋6
)

. (35)

ccordingly, the molar mass of solid C-S-H is temperature-dependent
s well, in the following way,

𝑠𝐶𝑆𝐻 (𝑇 ) = 𝑀𝐶𝑆 +𝑀H2O × 3.6327
(

𝜋5 𝑇 + 𝜋6
)

, (36)

ee also Table 6.
Turning to the only constituent which is free of hydrogen, namely

linker, we consider the beginning of the dissolution-precipitation re-
ction, with 𝜂=0, when the initial water-to-cement mass ratio, (𝑤∕𝑐),
ives access to the mass of clinker, through

𝑐𝑙𝑖𝑛(𝜂=0) =
𝑚H2O(𝜂=0)

(𝑤∕𝑐)
=

𝐻,H2O(𝜂=0)
(𝑤∕𝑐)

𝑀H2O

𝑛𝐻,H2O
𝑎𝐻 (𝜂=0)

= 1
(𝑤∕𝑐)

𝑀H2O

𝑛𝐻,H2O
𝑎𝐻 (𝜂=0) , (37)
8

c

whereby we have made use of Eq. (34) with 𝑗 = H2O, and of 𝐻,H2O(𝜂=
0) = 1. At 𝜂 = 0, the system consists only of water and clinker, so that
he mass of overall cement paste follows as

𝑐𝑝(𝜂=0) =
(

1 + 1
(𝑤∕𝑐)

)

𝑚H2O(𝜂=0) =
(

1 + 1
(𝑤∕𝑐)

) 𝑀H2O

𝑛𝐻,H2O
𝑎𝐻 (𝜂=0) .

(38)

nder sealed conditions, 𝑚𝑐𝑝 remains constant over time, so that
q. (38) stays relevant also for any value 𝜂 beyond zero. However, when
ubmerged under water, the cement paste system absorbs additional
ater molecules, as quantified in Section 2.4 in terms of the normalized
ydrogen increase 𝛥𝐼𝐻 (𝜂), see Eq. (23). Accordingly, the mass of
ement paste is composed of its initial value (at zero precipitation
egree) and the mass resulting from the water uptake,

𝑐𝑝(𝜂) = 𝑚𝑐𝑝(𝜂=0) + 𝛥𝐼𝐻 (𝜂)
𝑀H2O

𝑛𝐻,H2O
𝑎𝐻 (𝜂=0) . (39)

The initial amount of hydrogen can be expressed in terms of the mass of
clinker and the initial water-to-cement mass ratio, by means of solving
Eq. (37) for 𝑎𝐻 (𝜂=0):

𝑎𝐻 (𝜂=0) = 𝑚𝑐𝑙𝑖𝑛(𝜂=0) × (𝑤∕𝑐)
𝑛𝐻,H2O

𝑀H2O
. (40)

Insertion of Eq. (38) into Eq. (39), while considering Eq. (40), yields

𝑚𝑐𝑝(𝜂) =
[

1 + (𝑤∕𝑐)
(

1 + 𝛥𝐼𝐻 (𝜂)
)

]

𝑚𝑐𝑙𝑖𝑛(𝜂=0) , (41)

ith 𝛥𝐼𝐻 (𝜂) according to Eq. (23), see also Table 3 for values of 𝜋4 as a
unction of storage conditions. The mass of cement paste is also equal
o the sum of the masses of all its constituents,

𝑐𝑝(𝜂) = 𝑚𝑐𝑙𝑖𝑛(𝜂) + 𝑚𝑔𝑝𝑜𝑟(𝜂) + 𝑚𝑐𝑝𝑜𝑟(𝜂) + 𝑚𝑠𝐶𝑆𝐻 (𝜂) + 𝑚𝐶𝐻 (𝜂) , (42)

hereby the masses of hydrogen-containing phases can be readily
etrieved from the their specific masses according to Eq. (34), via

𝑗 (𝜂) =
𝐻,𝑗 (𝜂)
𝑛𝐻,𝑗

𝑀𝑗 × 𝑎𝐻 (𝜂=0)×
(

1+𝛥𝐼𝐻 (𝜂)
)

, 𝑗 ∈ [𝐶𝐻, 𝑠𝐶𝑆𝐻, 𝑔𝑝𝑜𝑟, 𝑐𝑝𝑜𝑟] .

(43)

nsertion of Eq. (40) into Eq. (43), and of the corresponding result and
f Eq. (41), into Eq. (42) yields an equation for the mass of clinker, the
olution of which yields

𝑐𝑙𝑖𝑛(𝜂) = 𝑚𝑐𝑙𝑖𝑛(𝜂=0)

{

1 −
[

(

𝜂 − 𝜋1 𝜂
𝜋2
) 𝑀𝐶𝐻

𝑛𝐻,𝐶𝐻

𝑛𝐻,H2O

𝑀H2O
+ (44)

(

𝜋1 𝜂
𝜋2
)

( 1
3.6327

(

𝜋5 𝑇 + 𝜋6
)

𝑀𝐶𝑆

𝑀H2O
+ 1

)

− 𝜂
]

(𝑤∕𝑐)
(

1 + 𝜋4 𝜂
)

}

,

whereby we have made use of Eqs. (35), (36), and (26), Table 6, and
Eq. (23), see also Table 3 for values of 𝜋4 as a function of storage
conditions. Insertion of Eq. (44) into Eq. (2) delivers the hydration
degree as a function of the precipitation degree, in the format

𝜉(𝜂) = (𝑤∕𝑐)
(

1 + 𝜋4 𝜂
)

[

(

𝜂 − 𝜋1 𝜂
𝜋2
)

(𝑀𝐶𝐻
𝑀H2O

𝑛𝐻,H2O

𝑛𝐻,𝐶𝐻
− 1

)

+
𝜋1 𝜂𝜋2

3.6327
(

𝜋5 𝑇 + 𝜋6
)

𝑀𝐶𝑆
𝑀H2O

]

, (45)

with 𝜋4 = 0 for the sealed case and with 𝜋4 = 0.1880 for under water
uring, according to Table 3. For any specific value of the precipitation
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Fig. 13. Hydration degrees as functions of the precipitation degree, according to Eq. (45), for cement pastes with initial water-to-cement mass ratios 𝑤∕𝑐 = 0.15 (red), 𝑤∕𝑐 = 0.24
(blue), 𝑤∕𝑐 = 0.32 (green), 𝑤∕𝑐 = 0.40 (pink), 𝑤∕𝑐 = 0.48 (orange), and 𝑤∕𝑐 = 0.80 (yellow); 𝑇 = 10 °C (dotted lines), 𝑇 = 20 °C (solid lines), and 𝑇 = 60 °C (dashed lines); cured
(a) under sealed conditions, and (b) under water. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
o
F

Table 7
Mass densities of water, calcium hydroxide, and clinker [17].

Water Calcium hydroxide Clinker

mass density [g/cm3] 𝜌H2O = 1.00 𝜌𝐶𝐻 = 2.24 𝜌𝑐𝑙𝑖𝑛 = 3.15

degree, the associated value of the hydration degree is the larger, the
larger the initial water-to-cement mass ratio and the larger the curing
temperature, see Fig. 13 and note that 𝜋5 in Eq. (45) is negative, see
Table 4. Also, the associated value of the hydration degree is larger
in under-water-cured samples than in sealed-cured samples, and this
difference increases with decreasing initial water-to-cement mass ratio.

5. Precipitation-driven constituent volumes of the cement paste
system, and corresponding mass density of solid C-S-H

5.1. Volumes of invariably dense material constituents and of overall ce-
ment paste

Determination of volumes from masses require the knowledge of
mass densities. The latter are constant for all phases except solid C-S-H,
the mass density of which has been reported to depend on temperature
and maturity [20,29]. Thus, the volumes occupied by every phase
except solid C-S-H are obtained from dividing their masses 𝑚𝑗 (𝑡), from
qs. (43) and (44), by their mass densities 𝜌𝑗 :

𝑗 (𝜂) =
𝑚𝑗 (𝜂)
𝜌𝑗

, 𝑗 ∈ [𝑐𝑙𝑖𝑛, 𝐶𝐻, 𝑔𝑝𝑜𝑟, 𝑐𝑝𝑜𝑟] , (46)

here 𝜌𝑔𝑝𝑜𝑟 = 𝜌𝑐𝑝𝑜𝑟 = 𝜌H2O, see Table 7 for numerical values.
Irrespective of the storage conditions (i.e. under water or selaed),

he total volume of cement paste 𝑉𝑐𝑝 may be treated as being virtually
onstant throughout hardening, because bulk volume changes at the
acroscopic scale of cement paste are by two orders of magnitude

maller than chemical shrinkage [36,37]. Thus, 𝑉𝑐𝑝 is set equal to the
nitial volume of cement paste, i.e. to the sum of the initial volumes
f water and clinker. Under consideration of Eqs. (46) and of (𝑤∕𝑐) =
H2O(𝜂=0)∕𝑚𝑐𝑙𝑖𝑛(𝜂=0), this yields

𝑐𝑝 = 𝑉𝑐𝑝(𝜂=0) = 𝑉H2O(𝜂=0) + 𝑉𝑐𝑙𝑖𝑛(𝜂=0) = 𝑚𝑐𝑙𝑖𝑛(𝜂=0)
[ (𝑤∕𝑐)
𝜌H2O

+ 1
𝜌𝑐𝑙𝑖𝑛

]

.

(47)

The constituent volumes according to Eq. (46), together with Eqs. (43)
and (44), and the volume of cement paste according to Eq. (47) give
9

access to the volume fractions of the phases with invariable mass i
density, 𝑓𝑗 = 𝑉𝑗∕𝑉𝑐𝑝, in the form

𝑓𝑐𝑙𝑖𝑛 =

{

1 + (𝑤∕𝑐)
(

1 + 𝜋4 𝜂
)

−
[

(

𝜂 − 𝜋1 𝜂
𝜋2
) 𝑀𝐶𝐻

𝑛𝐻,𝐶𝐻

𝑛𝐻,H2O

𝑀H2O
+
(

1 − 𝜂
)

+(48)

(

𝜋1 𝜂
𝜋2
)

( 1
3.6327

(

𝜋5 𝑇 + 𝜋6
)

𝑀𝐶𝑆

𝑀H2O
+ 1

) ]

(𝑤∕𝑐)
(

1 + 𝜋4 𝜂
)

}

[ (𝑤∕𝑐)𝜌𝑐𝑙𝑖𝑛
𝜌H2O

+ 1
]−1

,

𝑓𝐶𝐻 =
𝑛𝐻,H2O

𝑀H2O

𝑀𝐶𝐻

𝑛𝐻,𝐶𝐻

(

𝜂 − 𝜋1 𝜂
𝜋2
)(

1 + 𝜋4 𝜂
)

[ 𝜌𝐶𝐻

𝜌H2O
+

𝜌𝐶𝐻

(𝑤∕𝑐)𝜌𝑐𝑙𝑖𝑛

]−1
, (49)

𝑓𝑔𝑝𝑜𝑟 =

⎧

⎪

⎨

⎪

⎩

(

1 − 𝜂
)(

𝜋3 𝜂
)(

1 + 𝜋4 𝜂
)

[

1 +
𝜌H2O

(𝑤∕𝑐)𝜌𝑐𝑙𝑖𝑛

]−1
… 𝜂 ≤ 1∕𝜋3 ,

(

1 − 𝜂
)(

1 + 𝜋4 𝜂
)

[

1 +
𝜌H2O

(𝑤∕𝑐)𝜌𝑐𝑙𝑖𝑛

]−1
. . … 𝜂 > 1∕𝜋3 ,

(50)

𝑓𝑐𝑝𝑜𝑟 =

⎧

⎪

⎨

⎪

⎩

(

1 − 𝜂
)(

1 − 𝜋3 𝜂
)(

1 + 𝜋4 𝜂
)

[

1 +
𝜌H2O

(𝑤∕𝑐)𝜌𝑐𝑙𝑖𝑛

]−1
… 𝜂 ≤ 1∕𝜋3 ,

0 . . . . . . . . . . . . . . . . . . . . … 𝜂 > 1∕𝜋3 .
(51)

The remaining volume fraction, complementing the sum of Eqs. (48)
to (51) to one, is associated to solid C-S-H and vapor-filled voids in the
case of sealed curing, and by solid C-S-H only in the case of under water
curing.

5.2. Determination of mass density of solid C-S-H , from under water cured
samples

For under-water-cured samples, the total volume of cement paste is
made up of the volumes of clinker, of calcium hydroxide, of gel pores
and capillary pores, and of solid C-S-H. Hence, the latter volume can
be computed from

𝑉𝑠𝐶𝑆𝐻 (𝜂, 𝑇 ) = 𝑉𝑐𝑝 −
[

𝑉𝑐𝑙𝑖𝑛(𝜂, 𝑇 ) + 𝑉𝐶𝐻 (𝜂) + 𝑉𝑔𝑝𝑜𝑟(𝜂) + 𝑉𝑐𝑝𝑜𝑟(𝜂)
]

. (52)

This volume allows for determination of both the volume fraction of
solid C-S-H in under-water-cured samples, as

𝑓𝑠𝐶𝑆𝐻 =
𝑉𝑠𝐶𝑆𝐻
𝑉𝑐𝑝

= 1 −
[

𝑓𝑐𝑙𝑖𝑛 + 𝑓𝐶𝐻 + 𝑓𝑔𝑝𝑜𝑟 + 𝑓𝑐𝑝𝑜𝑟
]

, (53)

see Fig. 15, and of the mass density of solid C-S-H, 𝜌𝑠𝐶𝑆𝐻 = 𝑚𝑠𝐶𝑆𝐻
𝑉𝑠𝐶𝑆𝐻

, as

𝜌𝑠𝐶𝑆𝐻 =
(

𝑀𝑠𝐶𝑆𝐻 (𝑇 )
𝑛𝐻,𝑠𝐶𝑆𝐻 (𝑇 )

𝜋1 𝜂
𝜋2

)

{

𝑀H2O

𝑛𝐻,H2O

[

1
𝜌H2O

(

1
1 + 0.188 𝜂

+ 𝜂 − 1
)

−
𝜂

𝜌𝑐𝑙𝑖𝑛

]

+
(

1
𝜌𝑐𝑙𝑖𝑛

− 1
𝜌𝐶𝐻

)

𝑀𝐶𝐻

𝑛𝐻,𝐶𝐻

(

𝜂 − 𝜋1 𝜂
𝜋2
)

+ 1
𝜌𝑐𝑙𝑖𝑛

𝑀𝑠𝐶𝑆𝐻 (𝑇 )
𝑛𝐻,𝑠𝐶𝑆𝐻 (𝑇 )

𝜋1 𝜂
𝜋2

}−1

,(54)

where 𝜋4 was set equal to 0.188, and whereby we have made use
f Eqs. (52), (47), (46), (44), (43), (13), (14), (19), and (20), see
ig. 14. We note that the mass density of solid C-S-H decreases with
ncreasing precipitation degree and with decreasing temperature, while
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e

Fig. 14. Density of solid C-S-H in cement pastes cured under water and isothermally
at: 𝑇 = 10 °C (red), 𝑇 = 20 °C (blue), 𝑇 = 30 °C (green), 𝑇 = 40 °C (pink), 𝑇 = 50 °C
(orange), and 𝑇 = 60 °C (yellow); from Eq. (54). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

being independent of the initial water-to-cement mass ratio; and the
corresponding range of values agrees very well with the range of values
reported in the open literature [17,20,25,28,29,38,39].

5.3. Volume fractions in cement paste precipitating under sealed conditions

When considering that the precipitation- and temperature-dependenc
of the mass density of solid C-S-H according to Fig. 14 and Eq. (54)
holds also for sealed curing conditions, the volume occupied by solid
C-S-H is obtained as

𝑉𝑠𝐶𝑆𝐻 (𝜂, 𝑇 ) =
𝑚𝑠𝐶𝑆𝐻 (𝜂, 𝑇 )
𝜌𝑠𝐶𝑆𝐻 (𝜂, 𝑇 )

, (55)

with the mass of solid C-S-H following Eq. (43), with 𝜋4 = 0, expressing
sealed conditions, see Table 3; and with the mass density of solid C-S-H
following Eq. (54), expressing that the mass density of solid C-S-H does
not depend on storage conditions. This yields

𝑉𝑠𝐶𝑆𝐻 (𝜂, 𝑇 ) = 𝑚𝑐𝑙𝑖𝑛(𝜂=0) × (𝑤∕𝑐)
[

1
𝜌H2O

( 1
1 + 0.188 𝜂

+ 𝜂 − 1
)

−
𝜂

𝜌𝑐𝑙𝑖𝑛

+
( 1
𝜌𝑐𝑙𝑖𝑛

− 1
𝜌𝐶𝐻

) 𝑀𝐶𝐻
𝑛𝐻,𝐶𝐻

𝑛𝐻,H2O

𝑀H2O

(

𝜂 − 𝜋1 𝜂
𝜋2
)

+ 1
𝜌𝑐𝑙𝑖𝑛

( 1
3.6327

(

𝜋5 𝑇 + 𝜋6
)

𝑀𝐶𝑆
𝑀H2O

+ 1
)

𝜋1 𝜂
𝜋2

]

. (56)

We are left with the determination of the volume filled by voids
resulting from chemical shrinkage under sealed conditions, based on
representing the overall cement paste volume as the sum of the volumes
of all phases, and solving this volume accumulation equation for 𝑉𝑣𝑜𝑖𝑑 .
Mathematically, this reads as

𝑉𝑣𝑜𝑖𝑑 (𝜂) = 𝑉𝑐𝑝 −
[

𝑉𝑐𝑙𝑖𝑛(𝜂, 𝑇 ) + 𝑉𝐶𝐻 (𝜂) + 𝑉𝑠𝐶𝑆𝐻 (𝜂, 𝑇 ) + 𝑉𝑔𝑝𝑜𝑟(𝜂) + 𝑉𝑐𝑝𝑜𝑟(𝜂)
]

,

(57)

whereby the volume expressions on the right-hand side of Eq. (57)
follow from Eqs. (47), (46), (56), (44), (43), (13), (14), (19), and
(20), so that the temperature dependence vanishes. Thus, the volume
fractions of calcium hydroxide, of gel and capillary pores, and of clinker
in sealed samples follow from Eqs. (48)–(51), for 𝜋4 = 0, see Table 3.
The volume fraction of solid C-S-H, in turn, follows from dividing
Eq. (56) by Eq. (47), yielding

𝑓 𝑠𝑒𝑎𝑙
𝑠𝐶𝑆𝐻 =

[

1
(

1 + 𝜂 − 1
)

−
𝜂
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𝜌H2O 1 + 0.188 𝜂 𝜌𝑐𝑙𝑖𝑛
+
(

1
𝜌𝑐𝑙𝑖𝑛

− 1
𝜌𝐶𝐻

)

𝑀𝐶𝐻
𝑛𝐻,𝐶𝐻

𝑛𝐻,H2O

𝑀H2O

(

𝜂 − 𝜋1 𝜂
𝜋2
)

+ 1
𝜌𝑐𝑙𝑖𝑛

( 1
3.6327

(

𝜋5 𝑇 + 𝜋6
)

𝑀𝐶𝑆
𝑀H2O

+ 1
)

𝜋1 𝜂
𝜋2

]

[

1
𝜌H2O

+ 1
(𝑤∕𝑐)𝜌𝑐𝑙𝑖𝑛

]−1
, (58)

where 𝜌𝑠𝐶𝑆𝐻 (𝜂, 𝑇 ) was taken from Eq. (54). Finally, the volume fraction
of voids reads as

𝑓𝑣𝑜𝑖𝑑 = 1 −
[

𝑓𝑐𝑙𝑖𝑛 + 𝑓𝐶𝐻 + 𝑓𝑔𝑝𝑜𝑟 + 𝑓𝑐𝑝𝑜𝑟 + 𝑓 𝑠𝑒𝑎𝑙
𝑠𝐶𝑆𝐻

]

, (59)

see Fig. 15.
As discussed in Section 4, the precipitation degree and the hydration

degree are uniquely related, see Eq. (45). Therefore, the derived volume
fractions can be also expressed in terms of the hydration degree, see
Fig. 16.

6. Discussion and conclusion

We have presented a new cement hydration model which explicitly
accounts for the increasing evidence that hydration is a combined
dissolution-precipitation process [8–12]. Accordingly, the formation
of calcium hydroxide and C-S-H is quantified through a precipitation
degree defined, from proton NMR data [17,20], as the amount of bound
hydrogen over the total amount of hydrogen found in a hydrating
cement paste sample. As the only functional argument, fully indepen-
dent of mix proportions, of storage characteristics (sealed versus under
water curing), and of curing temperature, the precipitation degree
governs the hydrogen molar fractions associated with the gel and
capillary porosities, as well as with calcium hydroxide and solid C-S-H.
Moreover, the precipitation degree provides temperature-independent
linear water uptake characteristics, as driven by chemical shrinkage of
cement pastes.

In this context, it seems appropriate to discuss the source of the
aforementioned molar fractions of differently bound hydrogen in the
cement paste systems, i.e. the identification of differently strongly
bound hydrogen populations from NMR experiments: From a historical
perspective, Holly et al. [40] were the first to resolve four hydrogen
populations in white cement paste systems, and their partition of the
hydrogen into different groups is in full consistency with the results
provided by Muller et al. [17] and Gajewicz et al. [20], used in the
present contribution; as well as with the study of Bahafid et al. [29] on
class G cements, referred to in more detail further below. In contrast
to these results, Muller et al. [17] report that earlier studies either
lacked the temporal resolution to see the fastest relaxing components,
e.g. calcium hydroxide-bound hydrogen, or failed to separately resolve
the protons in solid C-S-H and gel pores.

Apart from these mix-, storage-, and temperature-invariances, the
precipitation degree also provides an interesting complement to per-
tinent hydration degree-based kinetics modeling [31,41,42]; namely
through consideration of the temperature-driven stoichiometry of solid
C-S-H, a characteristic which has become more and more evident
in recent years [28,29]: Hydration products arising in pastes cured
isothermally under different temperatures exhibit a water-to-silica ra-
tio which decreases with increasing temperature; and such a loss of
water bound to calcium-silicate is even recorded when changing the
temperature of cement pastes at a constant maturation state, resulting
in water redistributions towards the gel and capillary porosities [43],
as well as to the vapor-filled voids in the context of hygrothermal
effects [44]. Accordingly, we have normalized the precipitation degree
by its temperature-dependent maximum, and this normalized quantity
turns out to be governed by a thermally activated Arrhenius-type reac-
tion. The latter is characterized by a simple, linear affinity function, as
normally expected in standard physical chemistry applications. We note
that pertinent kinetics modeling approaches based on the degree of hy-

dration required the introduction of a more complex, non-linear affinity
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Fig. 15. Evolution of phase assemblage of cement pastes with (1) 𝑤∕𝑐 = 0.32 and (2,3) 𝑤∕𝑐 = 0.40; cured at (1,2) 𝑇 = 20 °C and (3) 𝑇 = 60 °C; stored (a) under sealed conditions
nd (b) under water, as functions of the precipitation degree. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
rticle.)
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unction [26,30,31], indicating the presence of quite distinct chemical
rocesses having been, somewhat arbitrarily, lumped together.

Finally, mass and volume balancing shows that the mass density
f solid C-S-H is dependent on both the precipitation degree and
he curing temperature, spanning over a range of numerical values
hich is fully consistent with the variations known between earlier
stimations provided in the open literature, encompassing values from
.5 g/cm3 [29,39], via 2.6 g/cm3 [25,38] to 2.7 g/cm3 [17,20]; and
imilar balancing considerations provide also links between the pre-
ipitation degree introduced in the present paper, and the classical
ydration degree, as well as the volume fractions of material con-
tituents. The latter allow for linking the novel developments presented
erein with the rich world of micromechanical modeling [4,6,45–
7]; especially to models accounting for different pore structures and
11

f

ydrate densification [48,49]. Over the last two decades, such models
ave become major theoretical and computational tools for innovative
oncrete design.

The aforementioned link between precipitation degree and hy-
ration degree was derived on the basis of a curing temperature-
ndependent calcium-to-silica ratio in solid C-S-H. This independence
as shown by combination of NMR, X-ray diffraction (XRD), and

hermogravimetry (TGM) data, with mass, volume and oxides balance
quations [20,28], in consistency with the calcium-to-silica ratio of 1.7
videnced from combining small-angle neutron and X-ray scattering
SAXS and SANS) data, and by exploiting the hydrogen/deuterium
eutron isotope effect both in water and methanol [25]. In this context,
t is interesting to note that in a cement paste system which is different
rom the one analyzed here, namely in a class G oil-well cement (also
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Fig. 16. Evolution of phase assemblage of cement pastes with (1) 𝑤∕𝑐 = 0.32 and (2,3) 𝑤∕𝑐 = 0.40; cured at (1,2) 𝑇 = 20 °C and (3) 𝑇 = 60 °C; stored (a) under sealed conditions
nd (b) under water, as functions of the hydration degree. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
rticle.)
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haracterized by XRD, TGM, and balance equations), the calcium-to-
ilica ratio might well decrease with increasing curing temperature
etween 0 and 100 centigrades, ranging then from 1.93 to 1.7 [29].
or the study of such a system, our approach would need to undergo
nly relatively slight modifications. Namely, the molar mass of the
alcium-silicate in C-S-H, 𝑀𝐶𝑆 , in Eq. (36) would become temperature
ependent, i.e.

𝐶𝑆 (𝑇 ) = 𝑀𝑆 +𝑀𝐶 × [(CaO)∕(SiO2)](𝑇 ) , (60)

here the molar mass of silicate is 𝑀𝑆 = 60.1 g∕mol, the molar mass
f calcium oxide is 𝑀 = 56.1 g∕mol, and [(CaO)∕(SiO )](𝑇 ) refers
12

𝐶 2 f
o the temperature-dependent calcium-to-silica ratio. The introduced
emperature-dependence of the calcium-to-silica ratio would affect the
elation between the precipitation degree and the hydration degree, see
q. (45), as well as the mass density of solid C-S-H, see Eq. (54). How-
ver, numerical evaluations of class G cements with such a modified
odel go beyond the scope of the present contribution.

Conclusively, the proton-NMR-derived mix-, storage-, and
emperature-invariant relations between the herein newly introduced
recipitation degree and the molar fractions of hydrogen found in
apillary and gel pores, as well as in solid C-S-H and portlandite,
urther confirm the existence and chemical relevance of four different
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hydrogen populations in cement paste, as probably first discovered
by Holly et al. [40]. Moreover, the consistency of the evolution of
this precipitation degree with a linearly decreasing chemical affinity
function, in full consistency with classical physical chemistry [34],
further confirms the eminent importance of the hydrate precipitation
process in the overall hydration process, the latter being then seen as
a coupled dissolution-precipitation process [50].
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ppendix. NMR testing of cement pastes at different temperatures
y Gajewicz et al. [19,20]

Proton NMR tests were performed on a permanent bench-top NMR
agnet equipped with a Kea2 (Magritek, New Zealand) NMR spec-

rometer, at 20 MHz frequency. They allowed for recording of quadra-
ure ‘‘solid’’ [51] and Carr-Purcell-Meiboom-Gill (CPMG) [52,53] echo
rains. Both 90◦ and 180◦ excitation pulses exhibited a duration of 5 μs,
hile the intensity of the 180◦ pulses exceed those of the 90◦ pulses by
factor of two. The CPGM decay data were evaluated by a constrained

xponential stripping method, see [20] for further details.
As regards cement paste preparation, we cite from [20]: ‘‘Distilled

ater was added to 80 g of anhydrous powder. Pastes were mixed for 3 min
t 500 rpm, rested for 2 min and then further mixed for 2 min at 2000 rpm.
mmediately after mixing, aliquots of paste of circa 0.4 cm3 were inserted
nto 10 mm outside diameter NMR tubes using a plastic pipette. [. . . ] A few
rops of saturated calcium hydroxide (CH) solution were added on the top
f pastes for ‘‘underwater’’ curing. The NMR tubes and larger containers
ere tightly closed using parafilm®’’.
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